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Foreword 

T H E ACS S Y M P O S I U M S E R I E S was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

A C S B O O K S D E P A R T M E N T 
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Preface 

T H I S B O O K I N T E G R A T E S T H R E E D I F F E R E N T P E R S P E C T I V E S on size 
exclusion chromatography (SEC): detector-focused approaches, 
chromatography-focused approaches, and synthesis and characterization 
of porous packings. The symposium that engendered this book, "Cross-
evaluation of Strategies in Size Exclusion Chromatography," was similarly 
developed to represent the three main themes in modern SEC. The goal 
of this book is to present these co-existing themes and to reveal their 
merits to practitioner and researcher. 

In the first approach, SEC per se comprises one component of an 
analytical system, the purpose of which is to separate the sample prior to 
spectroscopic or hyckodynamic characterization. This approach is not 
much concerned with the separation mechanism. In the second approach, 
the objective being pursued in SEC is a clear definition of "size" and the 
concomitant answers to basic questions about the separation process. 
The chemical and structural nature of the stationary phase is the focus of 
the third approach, in which one seeks to optimize chromatograhpic effi
ciency, steric selectivity, and the chemical surface properties of the pack
ing. 

Current and potential workers in the field of SEC have varied back
grounds and interests. Some need to carry out one particular measure
ment with maximum accuracy and reliability, and they might confront 
technological problems, such as the need to operate with exotic solvents 
at high temperature. Others, dealing with branched or chemically hetero
geneous polymers, may seek more sophisticated information on polymer 
structure. For some, particularly in the biological realm, SEC may be a 
"sizing" technique used to observe, for example, protein aggregation. 
Finally, some readers would like to explore novel applications of SEC as 
a tool, for example, in studying the surface structure of porous materials. 
We have intentionally chosen, in this book, a broad range of problems so 
that readers may find some unexpected insights along with anticipated 
information. 

An analysis of literature citations on the subject of SEC is informa
tive. First, it shows how nomenclature served to fragment and distort the 
field, inasmuch as the terminology "gel filtration," "gel permeation," and 
"molecular sieving" divided a uniform phenomenon into the bailiwicks of 
biochemists and polymer chemists, and furthermore propagated misunder
standings of the fundamental nature of the chromatographic process. 

xi 
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Second, the number of articles with size exclusion chromatography ( S E C ) 
in the title is diminishing, but the number that contain references to it is 
increasing. This development might seem an indication of the maturity of 
the field, but, as noted, we can now identify areas of significant activity. 
F o r example, technology is currently focused on the use of multiple 
detectors. In addition to the classical refractive index and U V detectors, 
we now see viscometric, light-scattering (both static and dynamic), and 
infrared detectors coupled to S E C . The application of these detector sys
tems to biopolymeric conjugates or to the analysis and characterization of 
complex synthetic polymers—heterogeneous with respect to branching, 
composition, or both—is still a subject of vigorous investigation. 

In addition to this technology-driven exploration, a long-term effort to 
resolve fundamental issues is still underway. A rather remarkable fact is 
that no one is completely sure what "size" means in the context of S E C . 
Generally, one could define this "size" as the dimension of a hard sphere 
that has the same migration velocity as the macromolecule i n question. 
But there is no a priori reason to assume that this is either the viscosity 
radius or the Stokes radius, although both convenience and phenomenol
ogy have persuaded many workers to adopt this position. The problem 
arises from several sources: the paucity of such "ideal" spherical solutes, 
the complexity of modeling permeation in real porous media, and the dif
ficulty of ensuring the absence of solute-stationary phase interactions. 
Even a fundamental (and possibly simplistic) question—what do 
apparently successful treatments of S E C as an equilibrium phenomenon 
imply about the dynamic nature of the process?—still lacks a definitive 
answer. 

F r o m the point of view of fundamental theory, macromolecule-
stationary phase interactions represent a serious complication. Yet , 
appropriate manipulation of either coulombic or nonelectrostatic solute-
packing interactions leads to some useful separation strategies. Two 
cases in point are the separation of proteins by "mixed-mode ion-
exchange S E C " and "critical-condition chromatography" of polymers. 
Thus, the role of solvent in S E C is the subject of continued study. This 
work is represented in the chapters by Soria et al., Hunkeler et al., Belen-
k i i et a l , M o r i and Oosaki, and Meehan et al. 

The relationship of S E C to other phenomena is gaining increased 
recognition. Close parallels may be drawn between the permeation of 
macromolecules in porous stationary phases, through porous membranes, 
or in biological matrices. S E C should be viewed in the context of other 
characterization methods that also involve hydrodynamics. Hoagland 
makes such comparisons between S E C , hydrodynamic chromatography, 
and gel electrophoresis, and Sarkanen explores the relationship between 
S E C and ultracentrifugation. Macromolecular permeation is also the 
foundation of the inverse chromatography method described by Jef âbek. 
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The goal of a fundamental understanding of the separation process, with 
the expectation that this wi l l lead to the measurement of a well-defined 
and significant quantity, a molecular dimension, from S E C alone is the 
approach implicit in the papers by Busnel et al., Potschka, and Hoagland. 
The application of multiple detection, as portrayed in the studies by 
Radke and Mi i l l e r , Reed, Meehan et al., and Vilenchik et al., is being 
explored for the characterization of macromolecules more complex than 
nonionic linear polymers. A t the same time, efforts are being directed to 
solve problems specific to certain classes of macromolecules, such as 
polysaccharides (Huber and Praznik and Striegel and Timpa), and pro
teins (le Maire et al.). 
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Chapter 1 

Molecular Weights of Copolymers Obtained 
by Gel Permeation Chromatography—Light 

Scattering 

Wolfgang Radke and Axel H. E. Müller 

Institut für Physikalische Chemie, Universität Mainz, Welderweg 15, 
D-55099 Mainz, Germany 

The true number-average molecular weight, Mn, of copolymers is 
obtained by GPC coupled with a light scattering detector even if the 
composition and therefore the refractive index increment varies with 
elution volume, provided slices taken are monodisperse with respect to 
molecular weight and composition. In contrast, only an apparent 
weight-average molecular weight, Mwapp, can be obtained by the con
ventional GPC-light scattering combination, even for a perfect chroma
tographic resolution. 

Gel permeation chromatography (GPC) has become a powerful method for the deter
mination of the molecular weight distribution (MWD) of polymers. For homopolymers 
the column set can be calibrated with standards of narrow M W D or by using universal 
calibration (J) if the Mark-Houwink parameters for the polymer under investigation in 
the eluent are known. The lack of suitable standards for column calibration has been 
overcome by the use of molecular weight-sensitive detectors, such as on-line viscosity 
or light-scattering detectors (2-7). 

For copolymers a multi-detector approach (8) has been used as an approximate 
method which involves the use of at least one concentration detector for each compo
nent. From the ratios of the signals of the various detectors the composition in each 
slice is calculated and the molecular weight in this slice is determined as the weighted 
average of the molecular weights obtained from the calibration curves for the 
homopolymers. This method, although simple, has serious disadvantages: it needs cali
bration of the detectors and of the column set for each homopolymer (or, for universal 
calibration the Mark-Houwink constants must be known in the GPC eluent). Moreo
ver, the hydrodynamic volume of the copolymer does not necessarily depend on com
position in a linear way. 

0097-6156/96/0635-0002$15.00/0 
© 1996 American Chemical Society 
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1. RADKE & MULLER Molecular Weights of Copolymers 3 

The use of a light-scattering detector for copolymers is complicated by the fact 
that for chemically non-homogeneous copolymers the composition of the eluted mole
cules will vary as a function of elution volume, even if the slices are monodisperse. This 
leads to a change in the refractive index increment with elution volume and therefore 
introduces errors in the determination of the copolymer concentration, if a refractive 
index detector is used for the determination of the concentration. The same is true for 
the absorption coefficient in U V detection. 

The most rigorous method to overcome these problems would be a two-
dimensional separation according to both molecular weight and chemical composition 
(9-13). Such systems have become commercially available (14). The individual frac
tions would have to be analyzed in terms of composition using the multi-detector 
approach. Knowing the concentrations of the individual components, the total copoly
mer concentration and the refractive index increments could be calculated for each 
GPC slice. Using these informations, correct molecular weight distributions could be 
obtained by on-line light scattering or viscometry. Obviously, this method, although 
probably the most correct one, involves a lot of labor. 

Goldwasser (15) and Rudin (16) proposed a method for the determination of 
Mn of copolymers using exclusively an on-line viscosity detector together with a uni
versal calibration curve, which overcomes the problem of compositional drift. The 
application of GPC-light scattering (GPC-LS) to copolymers has yet not reached much 
attention. It will be shown, that under certain conditions this method provides the true 
number-average molecular weight of copolymers without the use of two-dimensional 
methods. 

Theory 

We assume the GPC slices to be monodisperse in composition as well as in molecular 
weight. Since the concentrations in (GPC-LS) are low, the true molecular weight, Mi9 

in the ι-th GPC slice of constant volume AV which is assumed to be monodisperse with 
respect to composition and molecular weight, is obtained from the equation: 

M _ Φ = Q) œ 

Here, Λ(Θ = 0) is the Raleigh ratio extrapolated to the angle Θ = 0, c is the 
weight concentration and the optical constant Κ is defined as 

where ν = ànlàc is the refractive index increment, λ 0 is the wavelength of the incident 
beam in vacuum and nQ is the refractive index of the solvent at λ 0 . 

The signal S of the refractive index detector which is conventionally used as a 
concentration detector in GPC-LS experiments, is proportional to the product of 
refractive index increment and weight concentration, c. = mJfcV, 
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4 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

α κ Α κ Si (2) 

where km is the absolute response factor of the instrument and m. is the polymer mass 
within the slice of constant volume AV. 

Using the definition of the number-average molecular weight and eq. 1 we 
obtain: 

M _ Σ* _ " ^ / A V < 3 ) 

where min-is the total polymer mass injected. 
Combination with eq. 2 renders 

kh-m^lW (4) 
Mn = 

Ki-Sf 
v? ·*,·(© = ()) 

However, K( is not a constant but depends on the copolymer composition in the 
particular slice, due to the dependence on vt. Thus, it is convenient to define the true 
constant K' = K/v?. Doing so the refractive index increments cancel out and we finally 
obtain 

k2

RI.minl/K'-AV (5) 
M ^ ~ — 2̂ 

^ Ri(® = 0) 

In this equation the right hand side consists of known constants in the numera
tor and measurable quantities in the denominator only. Thus, according to eq. 5 the 
true number-average molecular weight of the copolymer can be obtained without 
explicit knowledge of the refractive index increment, when the absolute calibration 
constant of the refractive index detector has been determined. 

For other moments of the molecular weight distribution the situation is differ
ent. For the weight-average molecular weight the same approach leads to 

γ * , ( Θ = 0) (6) 

K'-minjJAV 

Since the refractive index increments of the individual fractions, vp enter into 
this equation, it is not possible to determine the true weight-average molecular weight 
of the copolymer by GPC-LS unless the refractive index increments of all fractions are 
determined. When using the average refractive index increment of the whole sample, 
ν = Σ WjVj, we can obtain an apparent weight-average molecular weight 
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1. RADKE & MULLER Molecular Weights of Copolymers 

Z cfppRi(® = 0) (?) 

MaPP ^ - « X ' - V ' - C T Σ ^ Θ = °) 

where cf7^ is an apparent concentration calculated according to eq. 2 using ν . The 
apparent molecular weight calculated according to eq. 7 is identical to the one obtained 
by a conventional batch measurement^/ 7) as is easily shown by introducing eq. 1 into 
eq. 7. 

Results and Discussion 

In order to test the usefulness of the method, mixtures of poly(methyl methacrylate) 
and polystyrene with narrow molecular weight distribution were prepared. These 
mixtures represent the limiting case of a "copolymer with infinite chemical heterogene
ity". In contrast to real copolymers, the molecular weight averages of the mixtures can 
be easily calculated from composition and molecular weights of the individual 
homopolymers. The experimental number- and weight-average molecular weights of 
the mixtures were determined by GPC-LS and compared to the calculated ones 
(Radke, W.; Simon, P.F.W.; Muller, A.H.E., submitted to Macromolecules) 

As predicted, the Mw values determined experimentally strongly deviate from 
the true weight-average molecular weights. They are close to the expected apparent 
molecular weights calculated using the average refractive index increments, the com
position and molecular weights of the components. In contrast to this observation, the 
calculated number-average molecular weights and those obtained by GPC-LS differ by 
less that ±10 %, showing the correctness of eq. 5, and indicating that the polydispersity 
of the slices with respect to both molecular weight and chemical composition can be 
neglected. This seems to indicate, that at least in our mixtures, the method is also not 
very sensitive towards the chemical heterogeneity in the GPC slices. 

Although it is shown that the requirement of monodisperse slices is of minor 
importance is in our investigation, it should be kept in consideration. Copolymers 
which sufficiently meet the requirement will probably be copolymers synthesized by 
"living" polymerization, since these polymers only show chemical heterogeneity of 
second order (i.e. compositional changes along the polymer chain). 

Conclusions 

It has been shown that the true number-average molecular weight, Mn, of copolymers 
is obtained by GPC coupled with a light scattering detector even if the composition and 
therefore the refractive index increment varies with elution volume. Although the slices 
taken should be monodisperse with respect to molecular weight and composition this 
effect does not lead to significant deviations in the result. 

It should be stressed again at this point, that the determination of molecular 
weights of copolymers by light scattering is a problem due to the two-dimensional dis
tribution function of the polymer. Even if we would be able to determine the composi-
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6 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

tion and therefore the refractive index increments of the individual slices, the determi
nation of the molecular weights would not be correct, unless the slices are truly mono-
disperse. Therefore the use of a two dimensional chromatographic system, not the 
implementation of further detectors, will be the method of choice to overcome this 
problem. 

As shown by Goldwasser (15) and Rudin (16), GPC-viscometry yields true Mn 

values for copolymers, even if the slices are heterogeneous. Their method relies on the 
validity of universal calibration for the copolymer under investigation whereas this 
requirement is not necessary for GPC-LS, i.e. separation according to size exclusion is 
not even required. In contrast, GPC-LS (in principle) requires monodisperse slices. 
Thus, both methods depend on different requirements, and can be used to cross-check 
the results when using GPC equipped with both light scattering and viscometric detec
tion. 
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Chapter 2 

Coupled Multiangle Light-Scattering 
and Viscosimetric Detectors for Size 

Exclusion Chromatography with Application 
to Polyelectrolyte Characterization 

Wayne F. Reed 

Department of Physics, Tulane University, New Orleans, L A 70118 

Theoretical and technical aspects of coupled multi-angle light 
scattering (MALLS), refractometric and viscosimetric detectors for 
SEC applications are considered. Absolute mass, radius of gyration 
and reduced viscosity distributions are obtained in this configuration, 
and an example application is made to characterizing water soluble 
polyelectrolytes. This characterization also includes illustrations of 
polymer form factors, interparticle structure factors, the failure of 
'universal calibration', and a comparison of low angle light scattering 
(LALLS) and M A L L S . Finally, a summary of sources of systematic 
and random errors is given, with estimates of the effects of each 
source on the characterization parameters. 

Polydispersity has long been the bane of macromolecular characterization. Different 
techniques applied to unfractionated batches' of polymer, such as static and dynamic 
light scattering, osmotic pressure and viscometry, all yield different averages over 
the mass distribution for the quantities they measure. The averages are often difficult 
to interpret and compare to each other, and contain no direct information about the 
width, shape, or peculiarities of the mass distribution. 

It is hence desirable that fractionation techniques, such as size exclusion 
chromatography (SEC), be able to provide an absolute determination of the mass 
distribution, from which all the mass moments can be computed, and, 
simultaneously, be able to measure as many useful , associated, mass-dependent 
properties, X(M) as possible. These latter properties may include the root mean 
square radius of gyration Rg (=<S^>l/2> where <S^> is the mean square radius of 
gyration), intrinsic viscosity [η], diffusion coefficient, specific conductivity, etc. 
Over the past fifty years a large body of theoretical and empirical knowledge has 
been built up concerning the physical relationship between polymer structure, 
dimensions, interactions and hydrodynamics, as revealed by such properties. Many 

0097-6156/96/0635-0007$17.00/0 
© 1996 American Chemical Society 
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8 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

of the theories are formulated in terms of mass scaling laws, which is precisely what 
coupled detectors in the SEC context permits measurement of. For example, 
Rg(M) and [η](Μ) often follow scaling relations of the form 

Rg = AM7 (la) 
and 

[η] = ΒΜβ (lb) 
[η] is actually proportional to hydrodynamic volume V J J divided by M , so that when 
V R is proportional to Rg-*, 

£ = 3 r - l (2) 
For the purposes of determining the relationship among different polymer 

properties, both for testing and developing theories and for practical purposes, the 
greater the polydispersity of the polymer sample, the wider the window of 
opportunity for characterization. 

This chapter deals with coupled multi-angle light scattering (MALLS), 
viscosimetric, and refractometric (RI) detectors. These allow for absolute 
determination of the mass distribution C(M), (in this chapter, C(M)dM denotes the 
concentration, in g/cnv*, of polymer in a given solution with mass between M and 
M+dM), the root mean square radius of gyration distribution Rg(M), and something 
close to the intrinsic viscosity distribution [η](Μ). Basic principles of the M A L L S 
and viscosimetric detectors are briefly discussed, specific characterization examples 
are given, sources of error are pointed out, and associated expressions for error 
estimates are given. While this detector scheme is presented within the context of 
SEC, it should be readily adaptable to systems using other fractionation methods, 
such as Field Flow Fractionation (1) and Capillary Hydrodynamic Fractionation (2). 

Polyelectrolytes, electrically charged polymers, are used as a specific 
application of SEC with combined detectors in this work. While a fairly satisfactory 
state of understanding has been reached for neutral polymers in organic solvents, 
many problems associated with understanding polyelectrolytes, both naturally 
occurring and synthetic, remain unresolved. 

Instrument considerations 

Viscometer. Single capillary (3) and hydraulic Wheatstone bridge (4) capillary 
viscometers are commonly used as SEC detectors. Both assume that SEC flow in 
the cylindrical capillaries is viscous and laminar, and obeys Poiseuille's equation: 

xR4AP 

where η is the total solution viscosity in Poise (g/cm-s), AP=the pressure drop (in 
dynes/cm2) across the capillary of radius R and length L , through which liquid flows 
at a volume flow rate Q (in crntys). Normally, a differential pressure transducers) is 
used to give a voltage output signal proportional to ΔΡ. In turn, η is proportional to 
this voltage. 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 9 

One is normally first interested in the reduced viscosity η Γ of the polymer 
itself which is related to the measured, total solution viscosity η by 

r i r - ^ - (4) 

where η 8 is the viscosity of the pure solvent, and c is the polymer concentration. 
Ultimately, one normally wishes to know the intrinsic viscosity of the polymer [η], 
for which most polymer viscosity models are made. This is obtained from 
extrapolation of η Γ to zero polymer concentration, c=0, and to zero shear rate by 

[i7] = lim i7r 

c-*0 (5) 
γ ->0 

m 
where the shear rate, is given for laminar, parabolic flow in a capillary by 

where r is the distance from the center of the capillary. The negative sign indicates 
that the fluid velocity v(r) is zero at the capillary wall (maximum shear surface) and 
maximum at the center. The shear rate averaged over the cross section of the 
capillary is 

Υ = ^ τ (7) 

For typical SEC conditions of Q= 1 mlVrnin (0.0167cm3/s) and R = 0.02cm , the 

average shear rate is γ a v e ~ 1800 s"*. Shear rates may be even higher in other 
parts of the SEC system, such as in the columns. Such shear rates are actually quite 
high, well above the region where many polymers show non-Newtonian behavior, 
such as shear-thinning (5,6). Fortunately, such effects usually decrease significantly 
with polymer concentration, and SEC measurements are typically performed at very 
low c. Nonetheless, attention should be paid to the shear rate when using these 
viscosity detectors. 

An advantage of the single capillary detector, besides its simplicity and low 
cost, is that no calibration factors are needed to compute the reduced viscosity η Γ . It 
suffices to measure the baseline voltage V ^ ç , then η Γ at elution volume ν is related 
to the voltage at that volume Vy(v), by 

^nzJLj^p^ (8) 

W Kjbas.C 

The main advantage of the 'hydraulic Wheatstone1 Bridge viscometer is that 
it can smooth out pressure pulses from poorly damped pumps, as well as small 
thermal fluctuations. It requires, however, two absolutely calibrated (i.e. 
Pascals/volt) pressure transducers. Attention should be given to the long term 
stability of the calibration factors. We are currently making a detailed, simultaneous 
comparison of single capillary and bridge capillary detectors on our SEC system at 
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10 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Tulane (7), which is similar to the one at the C E R M A V in Grenoble, described 
below. 

Light scattering principles. Static light scattering has long been a standard tool 
for absolute characterization of polymer molecular weights. The celebrated Zimm 
equation (8) relates the absolute, angular dependent excess Rayleigh scattering ratio 
I(q), of a solution of scattering particles to the particles' weight averaged molecular 
weight M w , second virial coefficient A2, and scattering form factor P(q), via 

— = ! (9) 
US) MJ>{q) 2 

where Κ is an optical constant, given for vertically polarized incident light as 

v _47?n2{dnldcf 

where η is the index of refraction of the solvent, dn/dc is the differential refractive 
index of the polymer in the solvent, λ is the vacuum wavelength of the incident light, 
and is Avogadro's number. The scattering wave vector q, is given by 

( 4nn 
jsin(0/2) (11) 

where θ is the scattering angle. I(q) represents the fraction of incident intensity 
scattered per unit solid angle (steradian) at q, per cm of pathlength in the scattering 
solution. I(q) is an 'excess' quantity, in that it represents, at a given q, the total 
scattering from the solution minus the pure solvent scattering background. In static 
light scattering the scattering volume (i.e. the portion of the iUuminated volume 
allowed to reach a given photodetector, using lenses, apertures, or any other means 
of optical field définition), is made large enough that intensity fluctuations due to 
particle diffusion are negligible compared to the total scattering; i.e. the detector 
should subtend many coherence areas. In contrast, dynamic light scattering (9) 
measures and autocorrelates the intensity fluctuations, so that a minimum number of 
coherence areas are subtended by the detector. In this sense, static and dynamic 
light scattering are antagonistic towards each other in terms of the amount of 
illuminated sample volume they should sample. 

When the particles are small enough that q 2<S 2> « 1, then P(q) converges 
to the same limiting form for all particle shapes (spheres, rods, random coils, 
wormlike chains, etc.), and yields 

Kc 

m 
Traditionally, in 'batch' (unfractionated) mode, I(q) is determined for a 

family of concentrations, from which M w , A2, and <S 2> Z are subsequently 
determined (<S 2>Z is the z-average mean square radius of gyration). In SEC, c at 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 11 

each elution slice is usually so low, that the extrapolation to c=0 can be considered 
obtained, although it is generally better to introduce A2 into the computation for 
M w and <S 2> Z to account for finite concentrations, especially when polyelectrolytes 
at low ionic strengths are involved. A2 must be known or determined 
independently, in a 'batch' light scattering experiment, for example. In principle, A2 
is a function of M , but often the variation is small enough, that a single value from a 
batch determination is adequate. For example, for an ideal random coil A2 should 
vary as Μ " 0 · 2 (10). Errors arising from A2 effects are discussed below. 

It should also be pointed out that there are finite shear rates in a M A L L S 
scattering flow cell. For a capillary type, such as in the Wyatt Dawn-F system, for 
example, the average shear rate can be computed from eq. 7 with R being replaced 
by the flow cell radius Rcell- Th*s R is typically far greater than that for the capillary 
viscometer, giving much lower shear rates in the Dawn-F flow cell than in the 
viscometer, e.g. the Dawn flow cell has R^ipO.OoScm, giving an average shear rate 
of about 57 s"l for a flow rate of 1 mL/minute. The laser beam in the cell actually 
samples an even lower average shear rate than this. The sampled shear rate 
(Ignoring corrections due to integrating over a Gaussian or other laser beam profile. 
A Gaussian profile would lead to an even lower sampled average shear rate.), is 
given by 

The stock laser beam diameter in the Dawn system is about 0.4mm, so that the 
average shear rate is about 18 s~*. 

Normalization of multiple photodetectors. When multiple, fixed angle 
photodetectors are used, each one generally has a different response when exposed 
to the same scattered intensity, and each detector may detect light from different 
size scattering volumes. Normalization refers to the procedure whereby the 
response of each detector is scaled to the response of a single detector in the group 
(often the 90° detector is chosen as the reference detector). As long as a scattering 
sample is homogeneous throughout its illuminated volume, it is not necessary that 
each photodetector be sampling the same amount of volume, (nor the same volume 
corrected by sinG, as has been traditionally required for single detectors on movable 
rotary stages). The only requirement to make the normalization procedure valid, is 
that all the photodetectors be working within their linear response range. 

A normalization solution is one which scatters isotropically (a Hayleigh 
scatterer1); that is, one which has no angular dependence in its scattered light. This 
will occur for particles whose characteristic size (e.g. diameter) d is such that d « X . 
For X=632nm light from a Helium-Neon laser, particles such as low molecular 
weight dextrans or polyethylene oxides, (e.g. M~l5,000), and sodium dodecyl 
sulfate micelles, are reasonable choices for aqueous solutions. 

If cylindrical, upright sample cells are used, then there is no change in θ 
along the line of sight through the interfaces from the scattering volume to the 
detectors, no matter what the index of refraction of the solvent in the sample cell, so 
that a pure solvent, such as toluene, may be used for normalization, as well as 

(13) 
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12 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

calibration. For geometries where refraction at one or more interfaces yields a 
difference in scattering angle between light traveling in the solvent and that passing 
through any of the interfaces intervening between the illuminated volume and the 
detector (e.g. the longitudinal cylindrical cell in the Wyatt Dawn F, where the 
cylinder and laser beam axes are parallel), it becomes necessary to use a 
normalization solution in the same solvent as the sample to be measured. 
Unfortunately, for aqueous SEC applications, water cannot be used, because its 
scattering is too weak for reliable measurement. 

As mentioned, aqueous normalization solutions can include low molecular 
weight dextran, polyethylene oxide, and small neutral or zwitterionic micelles, etc. 
When possible, concentrations should be high enough that the excess scattering 
signal is well above the pure solvent level, and amounts to a significant percentage 
of the full scale voltage of each detector. 

Once the normalization solvent is chosen, the normalization coefficients are 
computed as follows: 

where V n (q r ) is the scattering voltage from the normalization solution at the 
scattering vector q r that corresponds to the reference angle ΘΓ, V s(qr) is the 
scattering voltage at q r from the pure solvent the normalization solution is made in, 
and V n (q) and V s(q) are the normalization solution and pure solvent scattering 
voltages, respectively, at angle Θ. In the case of the upright sample cells, where a 
pure solvent could be used as the normalization solution, V s (q r ) and V s(q) refer to 
the photodetector dark counts (i.e. the voltage measured from a photodetector when 
no light is incident on it), at the reference angle ΘΓ and the angle Θ, respectively. 

It is pointed out that this procedure automatically subtracts out constant 
stray light in the system. Constant stray light results from 'glare' off of slightly 
misaligned or optically 'dirty windows, imperfections in spatial filtering of the 
incident laser beam, etc.; it is virtually impossible to totally eliminate stray light, and 
it is most pronounced at very low and very high scattering angles. In general, large, 
'batch' scattering cells exhibit less glare than the small volume flow cells used for 
SEC. Schmidt (11) has proposed using the ratio of reference solvent (e.g. toluene) 
scattering with the SEC cell to that of a batch cell as a measure of how well stray 
light is minimized in the more optically difficult SEC situation. While this ratio is 
valuable for batch and flow cells of identical geometry, it cannot be used to compare 
flow and batch cells of different geometry (e.g. upright cylindrical batch cell and a 
longitudinal flow cell, such as for the Wyatt Dawn F). 

As long as the glare remains constant, the normalization, calibration and 
computational procedures are valid. Care should be taken, however, to reduce stray 
light to a minimum, by proper sample cell and laser beam alignment and optical 
cleanliness, and by frequent checks that no additional stray light has built up. 

Calibration. Calibration is needed to relate the voltages due to the 
scattered light to the corresponding, absolute Rayleigh ratio. This requires that a 
reference scatterer be used, whose absolute Rayleigh ratio 1^ is known. Toluene is 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 13 

a convenient standard, whose Rayleigh ratio at T=25°C has been measured to be I a 

= 0.00001408cm"1 for X=632nm, and 0.0000396cm"1 at X=488nm. The Absolute 
Rayleigh ratio I(q) for a scattering voltage V(q) is then given by 

I(q) = n*)-V,(q) N { q ) I a F ( 1 5 ) 

where V a(qr) and V^(qr) are the scattering voltages of the calibration reference 
solvent and the dark voltage, respectively, at the reference angle ΘΓ. Again, this 
procedure automatically eliminates, by subtraction, the effects of any constant stray 
light at Θ. 

F in the above equation is an optical constant which accounts for two 
effects: First of all, there is a reflection loss at each interface, and, secondly, 
because of refraction effects in two dimensions at the sample cell interface, the 
luminosity of the sample volume will appear smaller for solvents of higher index of 
refraction. Hence, if samples are measured in solvents different from that of the 
absolute calibration solvent, a correction for this effect must be made, which 
depends both on the cell geometry, and the solvents used. This effect has long been 
recognized (12,13). In the Wyatt Dawn F longitudinal, cylindrical flow cell, it 
essentially amounts to the ratio of the index of refraction of the sample pure solvent 
to that of the reference solvent (14). 

Minimum measurable mean square radius of gyration <S2> m u v It is 
worthwhile to estimate the minimum mean square radius of gyration < ^ > m i n » 
which can be measured by a M A L L S detector. This estimate addresses the limit set 
by the actual signal and noise levels of the photodetectors/associated electronics and 
signal variations of the scattered photon field, and does not include fitting, 
normalization, glare, scattering impurities or other errors. 

< S 2 > m i n depends on the concentration of the scatterer as well as the noise 
level and resolution of the detectors. If s in 2 (0 m a x /2) ~1, then it is easy to show that 
<S 2 > r n i n is approximated by 

( * ) J - T Υ π ] 0 0 

\ min J ^ ̂ \̂ 7αϋη / J 
where AV=N5V is the measured voltage difference between scattering at high and 
low angles (where sin 2 (9 m i n /2) is taken as approximately 0) normalized to that at 
q m a x , and Ν is the number of minimum measurable voltages 5V, in A V . The 
minimum measurable voltage 5V, can be taken as the standard deviation of the 
voltage fluctuations. The standard deviation squared for the voltage from detector 
x, V x , is termed σ*ν, and can be computed from a series of m voltage 
measurements, following the standard definition; 
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14 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

where Vx is the average voltage of the m measurements from detector x, and V ^ j is 

the voltage of the i*h measurement. If σ*ν, is determined from the baseline voltages 
in an SEC run, then V ^ j is the voltage of the i t n elution point. It should be pointed 
out that the origin of 6V is actually quite complicated, and embodies noise sources 
from Poisson fluctuations in the scattered photon field, particle fluctuations in the 
scattering volume, quantum efficiency of the photodetector, and Gaussian and non-
Gaussian noise in the electronics. Highly asymmetric noise from 'dust' and other 
impurity particles which give a long tail towards the high end of the voltage 
distribution may also be present, but is not assumed to be part of ÔV. As such, 6V 

may depend on Vx itself and, in principle, 6V should be determined at the voltage 
level Viqmax) in eq. 16. 

The error estimate is 2 5 V / V ( q m a x ) , taking into account errors from the high 
and low detectors, and assuming the 5V of each is the same. For small errors, the 
error in R g = < S 2 > m i n

1 / 2 goes as 1/N. For example, the system at the C E R M A V 
had 6V =0.001 V for a typical detector. Then, for V ( q m a x ) = 1.0 V , (qmax^- 6 4 x 

Î O W 1 ) , Ro=100 A +/- 4.3%, and 60A+/- 12%. 
It is clear from equation 16 that the higher the scattering voltage V(qmax)> 

the smaller the < S 2 > r n i n that can be resolved. The error level, however, will depend 
on the details of how 5V varies with Vfamax). 

Minimum measurable mass M , by MALLS. Actually, one cannot state 
the minimum mass Mm^n which is measurable by M A L L S , since the minimum 
detectable intensities depend on all the factors in equation 9. As in the case in the 
preceding section, the following estimates concern only errors arising from detector 
signal to noise ratio and scattered field fluctuations. Assume that for minimum 
measurements the particles will often be quite small and dilute, so that P(q)«l and 
A 2 C « 1 . Then, using equations 12 and 15 (with F ~ l in the latter), yields, for a 
typical detector at any angle; 

AVI 
KMc=I= a (18) 

Here AV=Vp-V s , where V p is the voltage of the detector measuring the 
solution with polymer, and V s is the voltage measuring pure solvent, I a is the 
Rayleigh ratio of the calibration solvent (e.g. toluene), V a is the voltage of the 
detector measuring the calibration solvent, and Vd is the dark count of the detector. 
As in the preceding section A V can be expressed in terms of the number of minimum 
measurable voltages N , as AV=N5V. Eq. 18 suggests that the sensitivity S, of a 
detector can be defined in terms of volts per unit Rayleigh ratio, that is, 

V -V 
S= a d (19) 

I a 

The minimum value of the product K M c which can be measured is 
(KMcJnun, md can be expressed as, 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 15 

\ Jram s Δ γ 
(20) 

For example, a typical detector in the C E R M A V system had 5V ~0.001V, 
for V p ~ l V , and Va-V<i~1.30V for toluene at 25°C and for λ=632ηηι. Such a 
detector thus has a sensitivity of S=9.2 χ 10 4 (volts per unit Rayleigh ratio). For an 
accuracy of 10%, Ν must be 10, so that the minimum measurable K M c at this level 
of accuracy is around 1.1 χ 10"6. For a typical water soluble polymer, dn/dc is 
around 0.15, so that K=1.64 χ 10"7 and so Mc=0.65 at the 10% error level. Hence, 
to measure a polymer of M=l0,000 to 10%, the minimum concentration would be 
6.5 χ 10"5 g/cnA At the same concentration as this, a polymer of mass 5,000 
could be measured to ±20%. Care must be taken, however, not to overload the 
columns by using excessively high injection concentrations. A rough rule is that the 
injection concentration should be below the overlap concentration of the polymer c* 
for the given eluant conditions, where c*~M/(4nRg*l<l/J3). 

In this context, where P(q)~l, averaging multiple detectors will give a more 
accurate representation of the true mass of the polymer in a given slice, from the 
point of view of detector limited noise. Hence, from detector limited errors, making 
a single SEC injection with a M A L L S system of, say, 15 light scattering detectors is 
equivalent to making 15 separate, identical SEC injections into a single angle 
detector, providing anomalous scattering, such as from 'dust', is not present. 

The preceding considerations on minimum measurable Rg and M apply 
equally to static light scattering in both SEC and 'batch' modes. 

Refractometer. RI detectors in the SEC usually use split sample cells in which one 
half of the sample cell contains the reference solvent, and the flowing sample passes 
through the other half. A common detection scheme involves passing a laser beam 
through the cell, which suffers a slight deflection proportional to the index of 
refraction difference between the liquids in the two halves of the cell. A balanced, 
split detection diode, which gives a null signal when the liquid in each half of the cell 
is identical, gives a measurable imbalance signal proportional to this difference. 
These detectors are usually quite sensitive and can easily measure differences in 
index of refraction as low as Δη=5 χ 10"^. Such RI detectors often come pre-
calibrated and give their calibration factor CF in terms of Δη/volt. For uncalibrated 
instruments, or aging pre-calibrated ones, it is recommendable to check the 
calibration periodically; e.g. by injecting saline solutions of known An through the 
flow cell. The Polymer Handbook, (15) for example, gives extensive calibration 
information for different salts in aqueous solution. For aqueous solutions of NaCl at 
T=25°c and λ=632ητη, 

where [NaCl] is measured in grams of NaCl per 100 grams of water. 
In order to compute the weight averaged mass of each elution slice i , 

termed Mj, it is necessary to know the concentration of the slice q, as well as the 

An = 1.766 xl0- 3 [NaCl] (21) 
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16 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

scattered intensity at each detector q, Ij(q). q can be computed two different ways: 
The absolute calibration factor CF, of the RI can be used; 

a = — — (22) 
' (dn/dc) v ' 

where A V R J J is the baseline subtracted RI voltage at the i t n elution slice. As long 
as one is confident of the values of CF and dn/dc, this method is preferable to the 
second method of assuming that all the injected material elutes completely through 
the SEC system (i.e. that Meluted^o^inj» where Vj n j is the injection loop volume 
and C 0 is the injected concentration) and summing the R I signal over the whole 
elution peak, with Avj the elution volume increment of the j ^ point, and taking 

(The error in eq. 10 in ref. 30 is noted here). The problem with this latter method is 
that, at least in aqueous SEC, there is often adsorption of material in the column, so 
that it cannot be assumed that all the material passes through. In fact, if the CF and 
dn/dc values are known, the fraction of material eluting through the columns is 
simply the sum over all i elution slices of qAvj, with q given by equation 22, divided 
by the total injected mass CoV^j . 

Instrumentation used. Data were collected from an SEC system at the 
CERMAV/CNRS in Grenoble, and consisted of a Waters 150c gel permeation 
chromatograph containing the injector and RI. A single capillary fitted with T-
junctions leading to a differential pressure transducer, was used for the viscometer. 
A Hewlett Packard series 1050 pump gave smooth operation with no pulsing in the 
viscometer input, whereas the stock pump of the Waters 150c gave a high level of 
pulsation. Originally the system was equipped with a Chromatix C M X 100 low 
angle light scattering detector (LALLS), and the system in that configuration was 
described earlier (16). A Wyatt Dawn F (MALLS) (17) was installed along with 
the other detectors. The SEC flow went from the columns to the viscometer, to the 
L A L L S , to the M A L L S , and finally to the refractometer. After a comparison 
between the L A L L S and M A L L S was made, the L A L L S was removed in 
subsequent work. 

Fifteen angles from the M A L L S and the RI signal were captured on the 16 
single input lines to the DT2801-A analog-to-digital (A/D) converter in the bus of 
an I B M compatible microcomputer. The DT2801-A has 12 bits of resolution. A 
second A/D board, a DT2808/5716, with 16 bit resolution and 8 differential inputs, 
was installed in the microcomputer and assigned to Direct Memory Access (DMA) 
channel #3. This board captured the full viscometer output signal, as well as the 
nulled output (i.e. with the solvent baseline viscosity voltage subtracted), and the 
L A L L S signal. Thus, a total of 19 signals were captured and analyzed. The author 
wrote software to simultaneously collect, and subsequently analyze, data from the 
coupled instruments. 

Interdetector dead volumes are critically important factors in accurately 
analyzing the data, as discussed below, and were roughly assessed to be 0.088mL 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 17 

between the viscometer and the L A L L S , 0.105mL between the L A L L S and 
M A L L S , and 0.230mL between the M A L L S and RI detectors. 

Materials. Highly purified bacterial sodium hyaluronate was obtained from both 
Sigma Chemical Co. and other industrial sources. Dialyzed sodium polystyrene 
sulfonate (NaPSS) was obtained from Pressure Chemical Co. Proteoglycan subunits 
were a gift from Dr. Anna Plaas at Shriners Childrens' Hospital (Tampa, Florida). 

The SEC eluants were aqueous solutions of NH4NO3 at varying ionic 
strengths. The pH of the eluant was unadjusted, and was around 6.0. Al l the 
polyelectrolytes used were fully ionized (at least to the 'counterion condensation 
limit') in these eluants. 

The SEC columns were Shodex OHpak SB-804HQ and OHpak SB-805HQ 
(from J M Science, Buffalo, NY) , connected in series. The column packing material 
was poly(hydroxymethyl methacrylate) gel. 

Results 

Typical Data. Figure la shows typical raw, unsmoothed data for scattering at θ 
=90°, the RI and single capillary viscometer data. Data were always clean enough, 
even at the low angles, that no type of smoothing was necessary. The sample was 
sodium hyaluronate (HA), partially degraded by HC1, eluted in a low ionic strength 
solution; 0.005M NH4NO3. At this fairly low ionic strength, A2=0.016 cnP-
mole/g2 (18), quite a large value compared to about 0.003 at high Cs, making its 
inclusion in the computation based on equation 9 important. The value of dn/dc was 
taken as 0.155. The flow rate was 1 mL/min, the injected volume of the 2 mg/mL 
stock solution was 0.2mL, and the detectors were sampled every two seconds. 

Figure lb shows the resulting distributions for C(M), Rg(M) and η(Μ), 
respectively. Table I gives the corresponding mass, Rg and viscosity averages and 
exponents, with estimates of errors from the different sources discussed below. The 
value of γ is consistent with high electrostatic excluded volume in the H A 
polyelectrolyte chain (18), and the value of β is consistent with equation 2. 

As a prehminary test of the system against 'known standards1, various 
fractions of NaPSS were measured. The manufacturer's value of dn/dc=0.189 
(based on multiple independent tests from outside laboratories) was used. The 
results are shown in Table Π. The measured M w for the nominal M ^ 35,000 and 
200,000 were basically exact, and showed very low polydispersity, whereas the 
nominal Mw=780,000 material was seen to be significantly degraded, with 
measurable polydispersity. 

Comparison of MALLS and LALLS. L A L L S detectors make the assumption 
that q2<S2> i s nearly zero in equation 12, so that the mass can be computed directly 
from the value of the low angle intensity. Since the low angle of the Chromatix 
C M X 100 subtends 5.1° to 6.1°, this assumption will be good to within 5%, for 
particles with Rg=170nm. In this case, the mass distribution C(M) resulting from 
extrapolation of M A L L S data to q=0 and that from the L A L L S data should agree. 

Figure 2a gives an example of the M A L L S / L A L L S C(M), taken on the same 
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STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

0.0 I I 1 1 1 1 I 1 
16 18 20 22 24 26 28 30 

Elution Volume (ml_) 

Figure la. Typical raw voltage signals from the RI, M A L L S (only the 9=90° 
signal is shown), and baseline-subtracted single capillary viscometer. The 
sample was partially degraded sodium hyaluronate in low ionic strength eluant 
(5mM NH4NO3). Flow rate was 1 mL/rnin, and 2 mg/mL were injected into 
a 0.2mL injection loop. 

Figure lb Analysis of data from fig. la in terms of C(M), Rg(M) and Tir(M). 
Table I gives the numerical values of the corresponding moments and 
exponents, and the error bars for each parameter. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

00
2

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



2. REED Coupled MALLS & Viscosimetric Detectors for SEC 19 

Table I SEC characterization of partially degraded HA. Eluant was 0.1M 
NH4NO^. Injection concentration was 2.0 mg/ml in an injection volume of 0-2mL 

MnkDaI M w kDal M z kDal. Rfi.w(Ang.) Y *lr.w Ρ 
Best value 339.8 392.8 486.9 710 0.603 2572 0.828 
Source of Error Errors in % 
Random noise/fitting 0.9 1.8 13.1 1.7 1.0 0.1 1.6 
ÔTi(0.15±0.05mL) - - - - - - 7.8 
ôx 2(0.105±0.08mL)2.0 - 1.4 0.6 6.8 - -
A 2 (0.016i0.002) 6.2 7.4 10.5 4.3 0.6 - 1.1 
dn/dc,(0.155± 5.2 5.2 5.2 - - 5.2 -
0.008cm3/g) 
RI cal.fact., CF 3.0 3.0 3.0 - - 3.0 -
Total error in % 8.9 10.0 17.9 4.7 6.9 6.0 8.0 

Table Π. Molecular weight results for NaPSS 'standards' (Pressure Chemical Co.). 
Manufacturer lists M w /M n £ l . lO . 

Nominal M w M n M w M z 

35,000 33,700 ±900 35,170 ±750 36,900 ±1,200 
200,000 199,300 ±1,700 200,200 ± 1,600 201,100 ±1,800 
780,000 464,500 ±20,100 567,500 ±15,800 659,100 ±15,400 
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STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 
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·-= LALLS 
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M. 
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1E5 1E6 

Figure 2a Comparison of L A L L S and M A L L S for partially hydrolyzed 
hyaluronate at [NH4NO3]=0.1M. The results are virtually identical. (Printed 
with permission from ref. 30) 
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_ , - "7*rr ,\$\ \ % » » » - V . 
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-Λ I 
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***** 

2E4 5E4 1E5 2E5 

Figure 2b Further comparison of L A L L S and M A L L S for lower mass HA. 
Again, agreement is good, but problems with 'scattering spikes' in L A L L S are 
more evident. (Printed with permission from ref. 30) 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 21 

injected sample, when the L A L L S and M A L L S were connected in series. The 
general agreement of the C(M) shapes, and corresponding moments are excellent. 
Because the M A L L S can measure multiple angles over a wide range, however, it 
has the advantages of sampling scattering at higher angles, which are less prone to 
scattering from 'dust* and other optical impurities, and also averages out anomalous 
fluctuations and noise by providing data from many angles. Figure 2b shows the 
comparison for more highly degraded, smaller mass H A than in figure la. The 
agreement between the M A L L S / L A L L S is again quite good, but with weaker 
scattering signals the problems of 'dust spikes' in the L A L L S spectrum are more 
apparent, but are absent in the M A L L S spectrum. 

Further advantages of the M A L L S are that it provides Rg(M) information, 
as well as possible detailed information on the form of the molecule from Ρ(θ). 
Figure 3 shows Kc/I vs. q 2 for a renatured xanthan (heated to 80°C then cooled), 
indicating a wormlike chain conformation (19) with mass around 2.5 χ 1(A The 
inset is a representation of ql/Kc, from whose plateau the mass per unit contour 
length of the polymer M / l can be determined according to (20) 

*-=π™ (24) 
Kc I 

The ratio of the peak height to plateau allows an estimation of the number of Kuhn 
segment lengths in the polymer using a procedure by Schmidt et al (21). For the 
xanthan of figure 3, there are about 6 Kuhn lengths, of length L ^ about 188nm, and 
the xanthan has a contour length of around 1130nm. 

A further advantage of the multi-angular P(q) data is to obtain possible 
information on interparticle correlation (see section "Liquid-like Correlations...M 

and figure 7, below). 
From these data and considerations it is clear that M A L L S is the method of 

choice for static light scattering detection in the SEC environment. Furthermore, 
the price of diode photodetectors is low enough, and the complete automation and 
powerful data storage and processing afforded by inexpensive microcomputers are 
so compelling, that M A L L S detectors should be outfitted with as many angles as 
possible. For utterly routine determinations of substances of low enough molecular 
weights and dimensions that the q 2<S 2> « 1 criterion is always fulfilled, a small 
number of detectors may nonetheless be adequate. For larger particles whose Ρ(θ) 
reveal important structural information, and/or whose interactions give significant 
interparticle structure information S(q), a large number of angles is desirable. 

Application to polyelectrolytes 

Ionic strength effects on elution behavior of polyelectrolytes. The effects of 
ionic strength on both columns and elution behavior have been dealt with by various 
authors (22,23). 

Figure 4 shows how strongly the elution profile of a highly charged 
polyelectrolyte, NaPSS of M=35,000 g/mole, is affected by changes in ionic 
strength; expansion of the molecule and the repulsive interaction of its more 
extended ionic atmosphere with the gel pores at low ionic strength (5mM), causes it 
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3E-6 
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q 2(Ang.- 2) 

Figure 3. Kc/I vs. q 2 for renatured xanthan fractionated by SEC, showing 
wormlike chain form factor. Xanthan concentration is 4.2 χ 10-6 g/mL. Inset 
shows ql/Kc, whose plateau at high q yields the mass per length of the 
xanthan M/L , via. equation 24. (Adapted from ref. 19) 
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Figure 4. Effect of ionic strength on elution profiles of two small polymers. 
35k NaPSS, a strong polyelectrolyte is highly affected by the change in ionic 
strength, whereas neutral dextran of similar mass, suffers a much smaller 
effect. 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 23 

to act as an effectively larger molecule and elute at lower volumes. Electrostatically 
neutral dextran of similar mass, in contrast, shows only a minor change in elution 
profile with changing ionic strength. 

Although the shifts in elution profiles for polyelectrolytes with changing 
ionic strength are irrelevant as far as data evaluation is concerned, since absolute 
parameter determinations using M A L L S are independent of the mode of separation, 
it is nonetheless instructive to see how such changes can radically affect the 
•universal calibration1 (24) procedure in the case of polyelectrolytes. It is recalled 
that this method involves plotting [η]Μ vs. elution volume to produce a single curve 
for all polymers of'similar architecture' (e.g. random coils). [η]Μ is proportional to 
the hydrodynamic volume of the polymer, which means that a single curve vs. 
elution volume will be produced as long as the SEC column truly separates polymers 
according to hydrodynamic volume. While this mechanism may often apply for 
neutral polymers in organic solvents (25), it frequently fails for aqueous solutions of 
polyelectrolytes (26-30). Figure 5a shows how much this can fail when different 
polyelectrolytes at different ionic strengths are used. Actually [η] is replaced by η Γ 

in [η]Μ , since it is η Γ which is measured by SEC. The failure of "universal 
calibration' in contexts such as figure 5a is thought to be due to non-size exclusion 
effects being involved in the separation, such as specific sorption and electrostatic 
effects. 

Whereas figure 5a shows that separation in the polyelectrolyte context does 
not take place according to hydrodynamic volume, figure 5b shows Rg vs. elution 
volume, illustrating the fact that the separation is also not taking place according to 
Rg; i.e. molecules of widely varying Rg can elute at the same elution volume. 

Determination of polyelectrolyte dimensions as a function of ionic strength. 
Decreasing the ionic strength of a solution of semi-flexible polyelectrolytes leads to 
an increase in the dimensions a polyelectrolyte coil, as the like charges on the chain 
repel each other. A full rodlike form is not easily reached, however, since the all-
trans form needed for the coil to become rodlike is the lowest entropy state of all the 
coil conformations. Hence, there is a balance between the tendency for the coil to 
expand due to electrostatic repulsion, and for it to remain highly random due to 
entropy. Several theories exist to quantify the dimensions of polyelectrolyte chains, 
which involve two main ideas; the local stiffening of the chain due to the charge, 
embodied in the 'electrostatic persistence length' concept (EPL) (31,32), and the 
long range effect of the electrostatic repulsion preventing distant monomers along 
the chain getting too close to each other, embodied in the electrostatic excluded 
volume (EEV) concept (33,34). Combinations of these theories, with no adjustable 
parameters, have enjoyed reasonable success in describing polyelectrolyte 
dimensions and second virial coefficients (A2) for moderate ionic strengths (i.e. 
roughly ImMto 1M) (18,35-39). 

Static light scattering has been a useful means of determining polyelectrolyte 
dimensions and interactions, especially since extremely low concentrations (less than 
10"5g/cm3), below the overlap concentration c* can be used. While neutrons and x-
rays allow direct determinations of the local stiffness of polymers, such experiments 
typically require at least one thousand times more concentration (>10_2g/cm^), well 
above c*, in order to be performed (40). Dynamic light scattering of 
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1 El 1 

Elution Volume (mL) 

Figure 5a Failure of universal calibration for various polyelectrolytes at 
different ionic strength. (Printed with permission from ref. 30) 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 25 

polyelectrolytes under changing ionic strength has been shown to be insensitive to 
changes in coil dimensions for several linear polyelectrolytes (18,35,38). 

Since SEC with the M A L L S and RI requires no calibration, eluting with 
different ionic strengths is a valuable means of studying changes in polyelectrolyte 
dimensions and viscosity. Figure 6, taken from ref. 36, shows the same H A as in 
figures la,b and 2a, eluted at different ionic strengths. The calculated grid is from 
the combined EPL and E E V theories, with no adjustable parameters. The 
experimental points fall virtually on top of the computations, indicating the adequacy 
of the calculations for the range of ionic strengths studied. 

Unfortunately, there is no adequate theory for polyelectrolyte viscosity, 
which accounts for excluded volume effects. A first approach, with no excluded 
volume corrections, however, is found in ref. 41. Usually, that theory seems to 
overestimate the viscosity (42). 

Liquid-like correlations of polyelectrolytes under shear flow. The light scattered 
from very dilute, salt-free polyelectrolyte 'batch' solutions often manifests a broad 
angular peak (39,43-45). Figure 7 shows the angular scattering envelopes under 
SEC flow (adapted from ref. 46) for proteoglycan subunits (aggrecan), which 
consist of a protein backbone to which many highly charged poly- and 
oligosaccharide chains are attached. The proteoglycan mass is about 1.5 million. 
The fact that the peaks continue to exist even under the high shear flow conditions 
in the SEC suggest that dynamic, liquid-like correlations are the origin of the effect, 
not any type of clustering or long range order. On the same figure, the normal, 
monotonically decreasing I(q) from elution with a moderate ionic strength is also 
shown. The peaks are lost, in fact, when the salt concentration is on the order of 
the concentration of charged monomers. 

Error analysis 

Systematic errors. These include errors in the physical parameters dn/dc and A2, 
and in the RI calibration constants, the factor F in equation 14, interdetector dead 
volumes, diffusion broadening effects, and anisotropic normalization. Most of these 
errors have been treated at length in ref. 30, and are only summarized here. 
Diffusion broadening has been treated elsewhere (47,48) 

Interdetector dead volume errors. This seemingly lowly source of error 
actually has very deleterious effects on the data evaluation from the coupled 
detectors. Let ôxj be the error in the dead volume determination between the 
viscometer and the M A L L S and 6x2 be that between the M A L L S and the RI. Let 
M n ' , M w ' , and M z ' be the erroneous values of the number, weight and z-averaged 
masses respectively, due to the dead volume error. Then, to first order, considering 
that bx\ and 6x2 much smaller than the width of the elution peak, it has been shown 
that to first order (30), 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

00
2

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Figure 6. SEC of hyaluronate at different ionic strengths. <S>2 is the vertical 
axis, vs. mass M , and 1/VCS. The grid is the calculation of <S2>, with no 
adjustable parameters, using combined EPL and E E V theories. (Printed from 
ref. 36). 

2.5E6 

l(q)/KCp 

2.0E6 + 

1.5E6 

1.0E6--

5.0E5--

0.0 
0.0 

in g/cm 3): • — · = 1 . 4 8 β - 5 
1.98β-5 

ο—oe3.27e-5 
4.91 β-5 

NO SALT 

1.0Ε-3 2.0Ε-3 
q (Ang.~1) 

Δ «1.20e-5, 0.1 M salt 

3.0E-3 

Figure 7. I/Kc vs. q for proteoglycan subunits. The peaks are obtained 
when elution is with pure water, and are presumably due to dynamic, liquid
like correlations between the highly charged proteoglycans in the shear flow. 
When salt is added (monotonically decreasing line), the peak disappears. 
(Adapted from ref. 46). 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

00
2

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



2. REED Coupled MALLS & Viscosimetric Detectors for SEC 27 

M'=M. ϊ-2δτ2 

Σ'·,Μ< 
(25a) 

where C / Ξ — is the derivative of the RI signal with respect to the elution volume, 

evaluated at the i t n elution slice. 
Fortunately, to first order there is no dead volume effect on M w , so that 

MW' = MW (25b) 

M z

f is affected according to 

Τ*1 M2 c 
Μ;=Μ,-δτ>%* ' (25c) 

Figure 8a shows the effects on M n ' , M w ' , and Μ ζ · due to errors in δχ2, using 
the same H A as in the other figures. It is seen that M n * and M z are affected in 
opposite ways, and hence the polydispersity indices Mz/Mv/ and My/Mn are 
overestimated by negative values of δχ2, and underestimated by positive values. 

To first order, the effect of δχ2 on <S2> is negligible at each elution slice, 
that is 

<S2>i'=<S2>i (26) 
Hence, the n-, w- and z-averages of <S2> are also only negligibly affected by 0X2. 

The effect of 0X2 on the exponent γ in equation la is quite alarming. In fact, 
an error in δΐ2 should cause a plot of log(<S2>) vs. logM to be non-linear, with an 
instantaneous slope γ* given by 

y - s r t ! - * ^ ) (27) 

This equation suggests that, in principle, the true γ can be found to a good 
approximation, despite dead volume error, from the slope of the log(<S2>) vs. logM 

curve, at the point(s) where d = 0, that is, at the peaks of the concentration elution 
profile c(v). Figure 8b shows γ from forced linear fits for different values of δχ2· 

For a log-normal polymer mass distribution of the form 

c(v) = c 0 exp[ -a (v -v 0 ) 2 ] (28) 

where 1/Va is the width of the distribution, the erroneous γ are given by 

/ = r [ l + 2 a ( v - v J 5 r 2 ] (29) 
This shows that the narrower the polymer mass distribution, the greater the error in 
γ for a given δχ2. 

The viscosity exponent β in equation lb depends, in principle, on both dead 
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STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Figure 8a Dead volume effect on Mn, Mw, Mz. For H A of figure la, except 
at 0.1M NH4NO3 elution. (Adapted with permission from ref. 30) 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 29 

1.2 
0= HA, 1/a a 5«=2.62mL 

· = PSS, 1/aa 5=1.46mL 

0.2 0.3 0.4 0.5 
dead volume Δν 2 (mL) 

0.7 

Figure 8b. Dead volume effects on Rg exponent γ in equation la. Same H A 
and conditions as figure 8a. (Printed with permission from ref. 30) 

1.0 

0.9 Φ 
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Figure 8c. Dead volume effects on viscosity exponent β in equation lb. 
Same H A and conditions as figure 8a. (Printed with permission from ref. 30) 
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30 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

volume errors δχι and δχ2· 
first order, 

Carrying out the analysis, however, reveals that, to 

(30) 

Figure 8c shows β' as a function of δτι ^X2, showing the dependence on δτ2 is 
much slighter than on δχ2· Furthermore, it turns out that to all orders, there are no 
dead volume effects on the weight averaged viscosity TJ w , that is 

( 3 1) 

Errors due to A2 . Values of A2 normally need to be determined in a 
separate experiment (e.g. a 'batch' static light scattering measurement). In the 
following, A2' is the erroneous value of A2 , and A2 is assumed to be independent 
of M . Naturally, the effects of A2 increase with the concentration of material 
injected into the SEC system. 

The n- and w- averages of mass are affected according to 

1+20V-4) Σ*<2 

(32) 

and 

MW

,= MW+2(A2'-A2) (33) 

To first order, there is no effect on γ from using an erroneous value of A2. 
The value of the w-averaged <S2>, however, is systematically affected according to 

<S> >W^<S> >w +2 (4 ' -Λ) Σ < C*'"*' (34) 

(The error in the denominator of the second term in eqs. 55 and 58 in ref. 30 for 
M w ' and <S 2 > W ' are noted here). 

Finally, T ] w is independent of errors in A2 to all orders, whereas small errors 
inA2 will have a slight effect on β. 

Details on errors due to 'fossilized' normalization errors and non-isotropic 
normalization can be found in ref. 30, whereas effects due to interdetector diffusion 
broadening, theories employed for light scattering interpretation, and flow effects of 
viscometry measurements can be found in refs. 49 and 50, respectively. 

Random errors. The main source of random errors is the random noise in each 
SEC detector, and long-term detector drift, which may be 'systematic' for a given 
run, but varies randomly from run to run. 
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2. REED Coupled MALLS & Viscosimetric Detectors for SEC 31 

The noise level in each detector is most simply characterized by the standard 
deviation of the baseline voltage. The standard deviation squared for the voltage 
from detector χ is given by equation 16. In fits and calculations involving voltages 

from detector x, weighting factors of 1/oV, can optionally be used, according to the 
procedures of Bevington (51), for example. Ref. 30 provides a compendium of 
expressions for estimating the errors in the mass, radius of gyration and viscosity 
averages, as well as on the exponents γ and β, based on these computed values of 

Drift in the detector baselines can lead to severe distortions in all of the 
distributions C(M), Rg(M) and r\T(M), and the corresponding moments and 
exponents. Examples of such distortions are given in ref. 30. The best means of 
avoiding this effect is obviously to use well stabilized detectors before beginning 
SEC runs. Data analysis programs often offer a linear correction to wandering 
baselines. While this latter method is no substitute for truly stable instruments, it is 
often a reasonable approximate solution, and better than using no correction at all. 

Table I gives the errors associated with the various parameters for the data 
and distributions from figures la,b. Since most of the errors are completely 
independent of each other, it is assumed they add in quadrature in determining the 
total error bar on each quantity. Interestingly, in this example the single largest 
error in most of the parameters is the value of A2, a systematic error independent of 
the SEC apparatus. Being a strong, semi-flexible polyelectrolyte, the value of A2 is 
strongly dependent on Cs (18, 35-39). At Cs= 5 mM, A2=0.016±0.002, which is 
quite high compared to the value at high Cs of about 0.003. Except for the effect on 
M z , the random fitting errors from the raw data are quite small compared to the 
systematic errors. It is noted that the viscosity and Rg exponents β and γ, 
respectively, fall clearly within the relationship of equation 2. 

Conclusions 

The use of coupled M A L L S , RI and viscosimetric detectors to SEC systems 
affords a comprehensive, practical characterization of polymers in terms of absolute 
mass distributions, static polymer dimensions and reduced viscosity. Furthermore, 
such characterizations allow current polymer theories to be tested. An example of 
the application to polyelectrolyte characterization shows the expected, strong effect 
of ionic strength on polyelectrolyte dimensions and viscosity. 

No type of 'universal* calibration (which can fail dramatically in many 
instances) nor other column-based calibration is needed when M A L L S and RI 
detectors are present. A number of sources of error, however, must be accounted 
for when analyzing data from the coupled detectors. Interdetector dead volume 
effects can be particularly pernicious, especially as concerns the scaling relations 
between Rg, η Γ and M . 

SEC with coupled RI, M A L L S and viscometric detectors can be usefully 
applied to the practical characterization of polyelectrolytes, including their behavior 
as a function of ionic strength. At high enough ionic strengths (often about 0.1M 
salt), polyelectrolyte behavior can resemble that of neutral polymers. Large, water 
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32 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

soluble polymers can also be characterized, but attention must then be paid both to 
whether they are truly separating on a given column, or merely coming out in the 
exclusion volume, and to the form of P(q) used in eq. 9. 

Symbols Used 

RI= refractive index detector 
MALLS= multi-angle laser light scattering 
LALLS= low angle laser light scattering 
SEC= size exclusion chromatography 
M= molecular mass 
M n = number averaged molecular mass 
M;y= weight averaged molecular mass 
M z = z-averaged molecular mass 
Μη·, M w ' , M z ' = erroneous mass averages 
<S^>= mean square radius of gyration 

A2= second virial coefficient (cm3-mole/g2) 
Vjj= polymer hydrodynamic volume 
c= polymer concentration (g/cm3) 
η= total solution viscosity (Poise) 
η Γ = reduced viscosity (cm3/g) 
^]=intrinsic viscosity (cm3/g) 
I(q)= excess Rayleigh scattering ratio from polymer (cm"l) 
P(q)= polymer form factor 
q^47cn/X)sin(9/2)=scattering vector (cm*1) 
n= solvent index of refraction 
0= scattering detection angle 
λ= vacuum wavelength of incident light source 
dn/dc= incremental refractive index for a polymer/solvent system 
N A = Avogadro's number 
Q= volume flow rate (cm3/s) 

γ= shear rate (s"1) 
C s = concentration of added salt 
CF= refractive index detector calibration factor (An/volt) 
N(q)= normalization factor for photodetector at scattering vector q 
q r= q of photodiode used for normalizing the other photodiodes 
Vn(<ô=voltage of photodetector at q due to scattering from normalization solution 
Vs(q)=voltage of detector at q due to scatt. from pure solvent of polymer solution 
V<j(q)= dark voltage (i.e. no scattering signal) of detector at q 
Va(qr)=voltage at q r due to scattering from calibration solvent (e.g. toluene) 
V v = voltage from the viscosity detector 
δτ\= error in dead volume determination between viscometer and M A L L S 
5x2= error in dead volume determination between M A L L S and RI detector 
EPL= electrostatic persistence length 
EEV= electrostatic excluded volume 
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NaPSS= sodium polystyrene sulfonate 
HA= sodium hyaluronate 
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Mass of Proteins 
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DK-8000 Aarhus C, Denmark 

Although experience with watersoluble, globular proteins supports Stokes 
radius as an appropriate size parameter, governing elution position, for both 
classical and HPLC gel columns, extrapolation of this concept to other kinds 
of conformation and substances requires caution. Current evidence suggests 
the viscosity based Stokes radius as the best suited size parameter for many 
flexible macromolecules (guanidinium HCl denatured proteins, dextrans), 
whereas many detergent micelles and detergent solubilized membrane 
proteins elute somewhat earlier, and elongated (e.g. myosin) or SDS 
denatured proteins elute later, than indicated by their hydrodynamic 
behaviour. The review includes a discussion of the use of globular proteins 
of known size to characterize gel pore size distribution. 

The purpose of this review is to briefly consider the scope of gel chromatography, 
or size exclusion chromatography (SEC), in the determination of sizes and molecular 
masses of proteins. This kind of separation is performed either as classical type 
chromatography, using gels such as Sepharose (agarose), Sephacryl (allyl-dextran 
crosslinked with Ν,Ν-methylene bisacrylamide) and Superose, or by HPLC with the 
aid of matrices capable of withstanding high pressures such as silica based TSK 
SW- or polyacrylamide based TSK PW columns. We first briefly review the 
theoretical foundation for use of the technique in the estimation of molecular mass 
and size of watersoluble, globular proteins. We then proceed to consider the use of 
the technique to analyze other kinds of proteins (elongated or fibrous type proteins, 
detergent-solubilized membrane proteins) and the effect of a disordered conformation 
(SDS- or GuHCl denaturation). Finally, we consider the use of globular proteins in 
the characterization of the pore characteristics of the gels. 

0097-6156/96/0635-0036$15.00/0 
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3. LE MAIRE ET AL. Gel Chromatography as an Analytical Tool 37 

Basic theory and application to watersoluble, globular proteins 

In gel chromatography it is assumed that there is an absence of interaction between 
the macromolecules and the gel. This may appear as an idealized assumption, given 
the high density of hydrophilic, charged, and hydrophobic amino acid side chains on 
the surface of the proteins. However, from a large number of experimental observa
tions on the elution of watersoluble proteins performed with the kind of chromato
graphic gels mentioned above, enthalpic interactions appear to be modest, so that the 
passage of the macromolecule can be described by processeses which include (i) 
convectional passage along the interstices, surrounding the gel particles, and (ii) 
delays caused by the diffusional entrance into size-discriminating pores in the gel 
particles. However, it should be noted that, especially for HPLC gels, convectional 
passage probably also occurs through large pores in the gel network (1). For large 
macromolecules, incapable of entering the size-discriminating gel pores, the elution 
volume defines the void volume, V Q , of the column, while small molecules, having 
free access to all pores, define V t , the total solution volume of the column. Macro
molecules of intermediate size, which have partial access to the pores, elute at a 
position, V e , located somewhere in between V Q and V r Provided that the column is 
run under equilibrium conditions, a partition coefficient, K D , independent of column 
dimension, defines the elution position of the macromolecule according to 

V - V 
K D = - 2 - (1) 

u V - V v t v o 

The value of is dependent on the pore characteristics of the gel in addition to 
the size and shape of the macromolecule. To obtain a good separation of 
molecules of widely different dimensions a dispersion of pore sizes is required, 
although some degree of separation, due to geometric constraints, can be obtained 
even if pores are of uniform dimensions (cf. the last Section and Figure 6). 
Compared to many other polymers, most watersoluble proteins in their native state 
are distinguished by being folded in compact conformations with a globular shape 
which make them good probes for estimating the size of the gel pores. These 
properties are also the basis for the popular use of estimating molecular mass of 
proteins from K D measurements, on the basis of a calibration curve obtained with 
a number of protein standards. However, the shortcomings of such a procedure 
can be appreciated from Figure 1, which shows that among a total of 15 selected 
watersoluble, globular proteins, covering a wide range of molecular sizes, three 
proteins (bovine serum albumin, tyrosyl-tRNA synthetase, and ferritin) fall outside 
a common calibration curve. Among these ferritin, as discussed below, presents a 
particular problem, due to the presence of iron in a variable amount. However, the 
other two proteins can be obtained in a homogenous state with a négligeable 
content of non-protein compounds. If we regard these as "test" proteins, we would 
from the calibration curve estimate molecular masses of 113 and 214 kDa, to be 
compared with documented values of 67 kDa and 94 kDa, respectively (2). 

What is the reason for these deviations? To analyze the situation it is 
necessary to enquire into the hydrodynamic properties of the proteins. The size of 
a hydrodynamic particle, P, can be expressed in terms of its Stokes radius (R§) 
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6 

- , ! ! , , 1 1 
0.0 .2 .4 .6 .8 1.0 

Figure 1. Calibration curve for watersoluble proteins on a TSK 3000SW 
column (7.5 χ 300 mm). The eluant and equilibration media contained 200 mM 
sodium acetate, 10 mM imidazol, 30 mM Hepes, 0.1 mM CaC^, pH 7.0, and 
0.5 mg/ml C j 2 E g . Flow rate was 0.5 ml/min. Abbreviations: Thyr, 
thyroglobulin; jS-Gal, /?-galactosidase; Fer, ferritin; ATC, aspartate trans-
carbamylase; Cat, catalase; Aid, aldolase; Tyr/S, tyrosyl-tRNA synthetase; Alk 
Ph, alkaline phosphatase; Trf, transferrin; BSA, bovine serum albumin; Ovalb, 
ovalbumin; 0-Lac, 0-lactoglobulin; STI, soybean trypsin inhibitor; Myo, myo
globin; Cyt c, cytochrome c. The calibration curve for the watersoluble proteins 
is represented as the logarithm of the molecular mass as a function of the K p . 
The fit was obtained with a polynomial of degree 5 but note that the points for 
ferritin, tyrosyl - tRNA synthase and BSA have not been included in this cal
culation. 
(Reproduced with permission from reference 2. Copyright 1986 
Academic Press, Inc.) 
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which is defined as the radius of a sphere that would have the same frictional 
coefficient as the particle under consideration. R § can be calculated from fp accord
ing to Stokes law 

f p = R T / N D p = 67T7,0RS (2) 

where Dp is the diffusion coefficient, η 0 is the viscosity of the solution, and 
R,T,N have their usual meaning. The frictional coefficient can be obtained from 
the sedimentation rate of the particle in an analytical ultracentrifuge or by 
measurements of the diffusion coeffient. In a hydrodynamic experiment, such as a 
determination of the sedimentation velocity in a centrifuge, proteins carry with 
them during their movement a certain amount of solvent, in addition to what is 
bound to the polar groups and in crevices (3). Furthermore, proteins are never 
perfectly spherical. As a result they behave as spheres with a somewhat larger 
radius than calculated from their protein mass and density. Typically, globular 
proteins have R s / R ^ n = f^min °^ a*"0111^ 1-2. But sometimes, as the result of an 
asymmetric shape, the ratio is higher, and this turns out to be the case for serum 
albumin and tyrosine synthetase for which values of f /f^n of 1.35 (3) and 1.48 
(2), respectively, are quoted. If instead of molecular mass we plot Stokes radius as 
a function of K D , all of the 13 standard proteins fall on a smooth curve (Fig. 2). 
Thus, the deviations from the calibration curve observed in Figure 1 are in 
accordance with the gel chromatographic principle that in these experiments we 
measure molecular dimensions rather than molecular mass. This is a point which 
needs to be stressed in view of the popular use of gel chromatography for 
estimation of molecular mass of proteins. 

To ensure sound estimations of molecular mass it is necessary to combine 
chromatographic data with an independent measurement of the hydrodynamic 
properties. Frequently this entails a determination of the sedimentation coefficient "s" 
(for a discussion of how this can be performed without the use of an expensive 
analytical ultracentrifuge, see e.g. Siegel and Monty (4) and Minton (5). From the 
Svedberg equation ( M p = R T s / ( l - v p ) D p ) and Eq (2) the following expression 
for the buoyant molecular mass ( M p (1 - ν p)) is obtained 

M p ( l - v p ) = 6 m } 0 R s N s (3) 

where ν is the partial specific volume of the particle and ρ is the density of the 
solution. A very careful analysis of a large number of proteins supports the use of 
this relation, originally suggested by Siegel and Monty (4), leading to an 
improvement of molecular mass estimations, as compared to data obtained by gel 
chromatography alone (6). 

To perform calibration of a column it is necessary to choose carefully the 
proteins to serve as standards. Several lists are available in the literature (see for 
instance Refs 2, 7-9). Problems that are often encountered comprise the tendency of 
proteins for reversible/ irreversible aggregation and the presence of impurities which 
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12 

ι 1 1 1 1 1 
0.0 .2 .4 .6 .8 1.0 

Ko 

Figure 2. Calibration curves for watersoluble proteins and detergent-solubilized 
membrane proteins on a TSK 3000SW column (7.5 χ 300 mm), using the fric
tional coefficient based Stokes radius as a size parameter instead of molecular 
mass. The eluant and equilibration media contained 200 mM sodium acetate, 10 
mM imidazol, 30 mM Hepes, 0.1 mM CaC^, pH 7.0, and 0.5 mg/ml C ^ E g . 
Flow rate was 0.5 ml/min. The membrane proteins are indicated by open 
symbols (Δ). Abbreviations, as in Figure 1, and: Fbg, fibrinogen; ATPase D, 
C a ^ + ATPase dimer; ATPase M , Car ATPase monomer; Reac C, reaction 
center; Bact R, bacteriorhodopsin. The calibration curve for the watersoluble 
proteins is based on the same data as in Figure 1 and was obtained with a 
polynomial degree of 5; note that in this representation all the 13 proteins, is 
included in the calibration curve. However, fibrinogen, (shown with a different 
symbol (•)), which is very asymmetrical (5), is excluded. Among the detergent 
solubilized membrane proteins, bacteriorhodopsin, which binds a large amount 
of Cj2Eg (2 g/ g protein), also shows a large deviation from the calibration 
curve. 
(Reproduced with permission from reference 2. Copyright 1986 
Academic Press, Inc.) 
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can result in broad, ill-defined peaks. With some elution media, especially of low 
ionic strength and high pH, basic proteins like cytochrome c and ribonuclease interact 
with the column material, precluding their use as standards (10). Ferritin is a special 
case: Commercial preparations are generally heterogeneous with respect to Mj. 
because of a variable iron content which, however, does not appreciably affect Stokes 
radius (Refs 2 and 10, see also Figure 2). If used as a standard it is therefore 
reasonable to assign to ferritin a molecular mass, corresponding to that of apoferritin. 
Finally, very elongated, fibre type proteins like fibrinogen, tropomyosin, or myosin 
should not be used for calibration, since the elution of these molecules is anomalous 
and with shapes that are difficult, or impossible, to characterize by one size para
meter only. 

The use of gel chromatography for characterization of randomly coiled and 
elongated polymers 

As an alternative to ultracentrifugation and diffusion, one can calculate a viscosity 
based Stokes radius, R^, on the basis of intrinsic viscosity, [η], and molecular mass 
by use of Einstein's relation 

Γ τ/1 = · R (4) 
1 η 3 Μ ρ V 

In the case of watersoluble, globular proteins no systematic difference has been 
found between R s and 1^ (8). For randomly coiled polymers R^ exceeds R s , 
theoretically by about 15 % (11). For rodshaped molecules 1^ is also larger than 
R s , typically by 10-25 % (12). But for SDS-denatured proteins with an 
asymmetric, but essentially unknown (pearl necklace?) conformation (13), we 
found no systematic difference between R § and in a plot relating these para
meters and molecular masses (14). Values of R^ for proteins can be found in Refs 
8, 9, 15-17; for an updated summary see Nave et al. (18). It has been pointed out 
that the elution position of proteins is better correlated with the viscosity-based 
Stokes radius than with R s , as calculated from the frictional coefficient. Therefore, 
the use of R^, rather than R s , has been recommended as a way to obtain universal 
calibration of columns, regardless of conformational class (9). We have tested this 
proposal by comparing the elution position of GuHCl (guanidinium hydrochloride) 
and SDS denatured peptides with that of watersoluble, globular proteins in their 
native state. As can be seen from Figure 3 there is good agreement between the 
elution of GuHCl-denatured and watersoluble, compact proteins. By contrast, the 
elution of the large SDS-protein complexes follows a different curve, being 
characterized by a relatively large R^ for the same elution volume. The data on 
GuHCl denatured and native proteins are in agreement with data reported by 
others (8, 15), and by Nave et al. (18) for TSK 6000 PW, but not for Superose 6 
columns. Horiike et al. (8) also showed that the agreement is less satisfactory if a 
frictional coefficient based Stokes radius is used. The deviating elution of SDS-
protein complexes found by us agrees with previous observations by Nozaki et al. 
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Figure 3. Relation between viscosity-based Stokes radii (R ) and partition 
coefficient (KQ) on a Sepharose 4B column for watersoluble, globular proteins 
( A ) , protein-SDS complexes (o, · ) , and proteins denatured in 6 M GuHCl in 
their reduced and carboxymethylated state ( O ) : For watersoluble, globular 
proteins chromatography was performed in a medium containing 10 mM 3-
[tris(hydroxymethyl)methylamino]-1 -propanesulfonic acid (pH 8.0) and 100 mM 
KC1. For protein-SDS complexes chromatography was performed in 3.4 mM 
SDS and either 0.01 (o) or 0.033 M phosphate ( · ) buffer. X O , xanthine 
oxidase; Phi, phosphorylase; S. Red, sulfite reductase; CA, carbonic anhydrase; 
Cht, chymotrypsinogen; Lyz, Lysozyme; Hgb, hemoglobin. (Reproduced with 
permission from Ref. 19. Copyright 1989 Academic Press, Inc.). 
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(7) who attributed the retarded elution to end-on insertion of the rod-like complexes 
into the gel pores. Supporting evidence for this idea comes from studies on the 
elution of native proteins with an elongated shape like fibrinogen and myosin which 
also elute later than expected from their Stokes radius (2, 7, 10, 19). Furthermore, the 
elution position may be affected by the flexibility of these large, elongated molecules. 
In this respect it is of interest that the structure of SDS solubilized complexes of 
large protein has been described in terms of a necklace model in which a small 
number of spherical micelles is dispersed around the unfolded polypeptide chain (see 
for example (20)). 

Similar results as for Sepharose 4B were obtained for the elution of SDS-
protein complexes and native proteins from 3000 SW silica gel columns. In this case 
the elution of proteins with a small appeared somewhat ahead of their native 
counterparts. But for large SDS-protein complexes the calibration curve was steep 
and rose above the calibration for native proteins in agreement with the data shown 
in Figure 3. Chikazumi and Ohta (15) also reported data that did not conform to a 
universal type plot, despite that they found lower values of I C for SDS-denatured 
proteins than previously obtained (21). This contrasts with Potschka (9) who also for 
elongated molecules reported satisfactory agreement between the elution of various 
types of macromolecules and their viscosity based Stokes radius. However, as 
mentioned above considerable uncertainty attends measurements of molecular radii 
of elongated, large macromolecules, and part of the discrepancy can probably also be 
attributed to experimental uncertainness in the assignment of Stokes radii (these were 
in part redetermined by Potschka (9) who generally obtained values lower than those 
previously reported). 

Concerning the effect of conformation on elution it is also of interest to 
compare the elution behaviour of proteins with that of flexible polymer chains. Early 
observations had indicated to us that dextran and polyethylene glycol fractions elute 
ahead of water-soluble, globular proteins when plotted as a function of the frictional 
coefficient-based Stokes radius (22). Figure 4 shows that when is used as a 
measure of molecular size instead of R s , satisfactory agreement is observed between 
the elution position of the dextran fractions and the water-soluble, globular proteins. 
However, the polyethylene glycol fractions still elute ahead of the proteins when 
plotted in this way. In comparison to dextrans, polyethylene glycol has been found 
to have a considerably more expanded structure which probably is the underlying 
reason for this deviation (22). 

Micelles of polyethylene glycol detergents also behave by gel 
chromatography as having a larger size than indicated by their viscosity properties. 
These kind of detergents are often used to solubilize integral membrane proteins in 
a native-like state (19). For many protein-detergent complexes an anomaly in their 
gel chromatography behaviour was earlier described which resulted in a too early 
elution, relative to their Stokes radii (2, 10). The anomaly is demonstrated in Figure 
2 for bacteriorhodopsin, solubilized by C ^ E g and applied to a TSK 3000 SW 
column. As can be seen this membrane protein with a relatively low molecular mass 
(Mj. 27 kDa), elutes earlier than the watersoluble standards of similar R § , whereas 
membrane proteins of higher molecular mass (photosynthetic reaction centre, M r 90 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
00

3

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



44 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

I 1 I • * « I I I I 1 
0.2 0M 0.6 0.8 1Û 

Kb 
Figure 4. Relation between viscosity-based Stokes radius (R^) and partition 
coefficient ( K D ) on a Sephadex G-200 column for dextran fractions (o), 
polyethylene glycol fractions (x), and watersoluble, globular proteins (A) . 
Narrow dextran fractions were characterized by average molecular weights of 
22,500, 33,500, 40,400, and 47,900 (Ref. 22). Polyethylene glycol fractions 
were PEG 4000, 6000, and 10,000. The polymer fractions were eluted with 0.15 
M NaCl, HSA, human serum albumin. (Reproduced with permission from Ref. 
19. Copyright 1989 Academic Press, Inc.). 
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kDa; Serca ATPase, 110 kDa) elute closer to the calibration curve. Similar 
observations were made by the use of other column materials. However, for TSK 
4000PW column the membrane proteins are retarded probably due to slight binding 
to the column materials (2). In this connection it is worth mentioning that monomer 
detergent binds to TSK SW columns and Superose so that it is necessary to saturate 
the column with detergent before using it for separation of membrane proteins (23). 
From the data of Fig 2 a misleadingly high value of R § for bacteriorhodopsin is 
obtained by comparison with the calibration curve (5.3 nm, compared to a Stokes 
radius of 3.5 nm as measured by hydrodynamic analysis). This difference is too large 
to be accounted for by the use of R s instead of in the graph. Probably the 
anomalous behavior is due to a high detergent binding of this membrane protein (2 
g/g protein, Ref. 23), a circumstance which would make the gel chromatographic 
behaviour of this protein-detergent complex similar to that of polyethylene glycol 
micelles. In comparison to bacteriorhodopsin, detergent binding by the other 
membrane proteins is lower (about 0.5-0.8 g C^Eg /g protein) which may result in 
a less pronounced detergent effect on the elution of these membrane proteins. 

From the data presented above it seems fair to conclude that R^ probably 
is a better parameter than R § with which to compare the size of different kinds of 
macromolecules. But as pointed out by Chikazumi and Ohta (15), "the universal 
calibration procedure for proteins and polypeptide presents some serious problems 
that needs to be solved". The inherent ambiguity in defining the molecular radius of 
macromolecules such as random coils and long rods, which in their conformation 
deviate very much from a compact, spherical shape, represents an obstacle to 
universal calibration of gel columns. The characterization of such molecules is 
probably best carried out by the combined use of many hydrodynamic techniques. 

Calibration plots and calibration curves 

As discussed above determination of R s of an unknown protein by gel 
chromatography requires a proper calibration of the column with proteins of known 
Stokes radii. On the assumption of a Gaussian distribution of pore sizes around a 
mean value a linear relationship between R s and erf 1 (1 - K Q ) was previously 
predicted by Ackers (24, 25), where erf ^(x) is the inverse function of the Gaussian 
probability integral. Due to the simplification that a linear plot provides, this 
procedure has been widely used for column calibration of proteins. However, we have 
shown that the derivation by Ackers is not strictly valid and that for any gel in 
common use the relationship between R s and erf (1 - K Q ) is found to be non
linear (26). This is in particular evident, when a large number of native proteins, 
covering a wide range of Stokes radii, is used to calibrate both classical gels and 
HPLC columns (2, 10). The same problems are encountered when other mathematical 
models of size distribution which are supposed to result in linear relationships are 
used (27). It should be stressed that a procedure which assumes approximate linearity 
in a given representation, and therefore makes use of few standards for calibration, 
may lead to gross errors in the determination of R s for some proteins. Thus, we 
believe it is better to avoid any a priori assumption on the properties of the gel and, 
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0.4 

- 0 . 3 

ε 

LTO.2 

0.1 

°1 2 3 4 5 6 7 8 
Rs (nm) 
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0.2 

0.1 0.3 0.5 0.7 0.9 
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Figure 5. 
5A. F for Sepharose 6B-CL, obtained as the derivative (multiplied by -1) of 
the polynomial of K Q as a function of Rg, suggesting the existence of two sets 
of pore sizes. 
(Reproduced with permission from reference 26. Copyright 1987 
Biochemical Society and Portland Press.) 
5B. K Q of native proteins plotted against the logarithm of Stokes radius (R^) 
for Sepharose 6B-CL. A semilogarithmic representation was chosen for the sake 
of comparison with theoretical calibration curves (cf. Figure 6). The points refer 
to data reported by le Maire et al. (JO), except that ferritin was added. Proteins 
may be identified on the basis of their R § values (see the legend to Figure 1 in 
Ref. 70, closed circles). The continuous line is the fit obtained with a 
polynomial of degree 5. 
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therefore, we have suggested to rely on a direct plot of R s versus K D obtained by the 
use of a large number of carefully chosen standards, covering the range of interest 
(26). With the advent of fast flowing columns calibration this is not a time 
consuming procedure. 

Nevertheless, a better understanding of the underlying mechanisms of SEC 
could provide better representations and be of help in improving the design of new 
columns. We have attempted to get some insight into the physical reality behind gel 
chromatography on the basis of an analysis of calibration curves of columns used in 
biochemical research (26). For the analysis of such curves let us define the function 
Fl(a), such that Fl(a)da = dVp is the increase in volume penetrable by solute 
molecules when their radius decreases from a to (a-da). 

Then V p = | * F l ( a ) d a , o r : 

K D ( a ) = /*F(a)da = l - / Q

a F(a)da (5) 

where: J a F(a)da = J a Fl (a )da j J°°Fl(a)da (normalization). In a simple 
model where the pore°volume, is freeiy accessible to the solute for pores having a 
diameter larger than that of the solute, Fl(a)da represents the volume of pores 
with radius between a and (a + da). Taking the first derivative of Eq(5) yields: 
dKjyda = - F(a) or, replacing the pore radius by Stokes radius, 

d K D / d R s = -F(Rs) . (6) 

For a given column, the calibration curve obtained by the experimental determination 
of K D for proteins of known Stokes radius is used to obtain F(R §). The experimental 
data can then be fitted to a polynomial which is formally differentiated to yield 
F(R S). By the use of carefully prepared calibration curves we obtained for both 
classical gel columns as well as HPLC columns a bimodal distribution of F(R S), most 
pronounced for classical gels (see the example of Sepharose 6B-CL shown in Figure 
5A). The appearance of the curves suggested that these columns are best described 
by the superimposition of two distribution of pore sizes centered on different mean 
values (26). A bimodal distribution is also reflected by the presence of a shoulder or 
plateau region which can be observed in the middle of the calibration curves, either 
in a direct representation or in a log representation (Kp as a function of log (R s), see 
Figure 5B). The same conclusions have also been drawn by Harlan et al. (28) for 
several types of gels, including Superose. These authors have recently used this result 
as the basis for a calibration method, following a reverse procedure. Assuming F(a) 
to be the superimposition of two Gaussian distributions with means a l , a2, and 
standard deviations b l , b2, and with a relative weight of each Gaussian f, they fit the 

/
Re 
o F (a) da. This procedure provides a nice fitting of 

the experimental points by five parameters which is applicable to gels used in both 
classical and HPLC chromatography. Concerning this procedure it is worth noting 
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that whereas a simple fit of the data to a polynomial usually yields a meaningless 
curve outside the extreme calibration points, this will probably not be the case for the 
fit used by Harlan et al. (28). 

The explicit meaning attributed here to F 1(a) is probably an oversimpli
fication of reality. As discussed in particular by Hagel (29), it fails to take into 
account geometric constraints on the distribution of solute between pore and 
surrounding medium. Take for instance the case of a spherical solute of radius A 
penetrating a cylindrical pore of radius a and length i. The pore volume accessible 
to the center of the molecule is reduced to a cylinder of radius (a-A) with volume π 
(a-A) 2 €. In such a pore the ratio of volume which can be occupied by the 
macromolecule to the pore volume is π (a - A ) 2 € / 7ra 2 € . Consequently K D is now 
given by: 

K D = | a ° ° [ ( a - A ) 2 / a 2 ] F ( a ) d a = | * ( l - A / a ) 2 F ( a ) d a (7) 

The correction factor (1 - A/a) 2 will of course be different (and more difficult to 
calculate) if the molecule is not spherical (if it is a rod for instance). In the case 
of spherical solutes, Knox and Scott (30) showed that differentiation of Eq 7 three 
times yields: 

F (a) = - a 2 / 2 ( d 3 K D / d a 3 ) (8) 

Thus F(a) can be obtained from an experimental determination of K D as a 
function of A . Using calibration curves of porous silica gel obtained with 
polystyrene samples, Hagel (29) obtained by this method a single distribution of 
pore sizes. We found this method (i.e. the use of Eq 8) difficult to apply to 
calibration curves obtained with proteins for two reasons. Firstly, Eq 8 is based on 
the assumption of spherical particles, which is certainly not valid for several of the 
proteins used as standards. Secondly, as noted by Hagel (29), the use of Eq 8 
requires a smooth expression of K D as a function of R § . Even the moderate scatter 
of the data which is inevitable in a calibration curve obtained with proteins, will 
have an enormous impact on the third derivative of a polynominal expression, and 
in many cases result in incoherent results. As indicated by Hagel (29), this 
problem can be circumvented by use of a log-logistic function if the curve to be 
fitted is sigmoid. However, as mentioned above, the calibration curves obtained 
with proteins as standards are not sigmoid. Rather they show a characteristic 
shoulder in the middle of the curve (Figure 5A), a behaviour which is precisely to 
be expected from a bimodal distribution of pore sizes, as shown theoretically by 
Yau et al. (31) and as can be seen from curve c) in Figure 6 (data given by Hagel 
(29)). 

Assuming that globular proteins are adequate as probes of pore size we 
therefore conclude that the properties of many gels in common use is best described 
as occurring through two distinct populations of pore sizes the exact properties of 
which are still subject to both theoretical and experimental investigation. It should be 
noted that among other methods commonly used to measure experimentally gel pore 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
00

3

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



3. LE MAIRE ET AL. Gel Chromatography as an Analytical Tool 49 

Distribution coefficient 

.4 

.8 h 

.6 h 

.2 

J . \ l 
1 2 0 3 4 

LOG(solute radius) 

Figure 6. Theoretical calibration curves: a) and b) single pore size distribution 
with a = 100 Â and 1000 Â, respectively; c) mixture of supports with a = 100 
Â and a = 1000 Â; d) multiple pore size support with à = 500 Â and σ = 200 
Â. (Reproduced with permission from Ref. (29) Copyright 1988 Elsevier 
Science Publishers). 

size (by electron microscopy, ^-adsorption, or mercury porosimetry, cf. the review 
by Hagel (29)), there are, to our knowledge, few indications of a set of very small 
pore sizes in the SEC columns (i.e. pores of less than 2 nm, see Figure 5A). 
However, the resolution by electron microsopy (which usually also involves coating 
with heavy metal) is probably too low for visualization of such pores. It is of interest 
that evidence for the presence of small pores (0.4 - 0.6 nm) was obtained by N 2 

adsorption at an early date in some kinds of silica gel (32). Furthermore, optical 
analysis and microscopic examination indicate heterogeneity of agarose gels, resulting 
from micro regions with a high concentration of agarose polysaccharide which may 
correspond to the set of smaller pores (33). 

Fractal Model. In a different approach the use of a fractal, and possibly more 
realistic model of pore properties, has been suggested (34). Grain or pores in porous 
media may have a smooth or corrugated surface. When the irregularity of the surface 
increases, the fractal dimension of the surface (Df) increases from 2 towards 3: 
= 2 corresponds to a smooth surface, while values close to 3 correspond to a highly 
disordered surface. When, by a suitable choice of the eluent or of surface treatment, 
the macromolecular solutes are not attracted by the walls of the porous fractal, they 
are repelled from the solid surface by a size exclusion effect because of their finite 
size. A depletion layer of size R s surrounds the fractal. This effect is precisely the 
basis of size exclusion chromatography. The application of fractal theory leads to the 
following equation. 
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In R s = In L + [In (1 - K D ) ] / (3 - D f ) (9) 

Where L is the maximum radius of the largest pores of the packing material. 
We have tested this expression by use of our experimental data. For the classical gels 
which are in fact of heterogeneous structure this relationship is not verified, but in 
the case of HPLC gels, a straight line was obtained when In R s is plotted as a 
function of In (1-K D ) . Thus, these gels can indeed be characterized by a fractal 
dimension Df and a maximum radius of the pores (35). Such values vary between 
2.1-2.6 for D f and between 87 and 209 Â for L in various TSK gels (35). 
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Chapter 4 

Modeling of Size Exclusion Chromatography 
by Monte Carlo Simulation 

Jean-Pierre Busnel, Christophe Degoulet, and Jean-François Tassin 

Laboratoire de Physico-Chimie Macromoleculaire, Université du Maine, 
Unité de Recherche Associée 509, BP 535, 72017 Le Mans Cedex, France 

By using Monte Carlo simulation, polymer chains of various 
flexibility and thickness can be constructed inside pores of various 
geometries. This allows to evaluate the corresponding steric 
partition coefficient Κ and the chromatographic radius R c defined as 
the radius of the rigid sphere with the same Κ value. When 
comparing with Rη defined as the radius of the sphere with the 
same product [η].Μ, Rc/Rη is clearly different from 1, and is not 
strictly independent of the flexibility and the relative thickness of the 
macromolecule. However, this ratio is generally almost stable and 
experimentally, for flexible polymers, the so-called universal 
calibration (UC) is often found to work well despite the lack of 
academic evidence. 

Size exclusion chromatography (SEC) is now the current denomination for the 
chromatographic process first introduced by Moore (/) as Gel Permeation 
Chromatography (GPC). SEC has rapidly become a powerful tool for 
characterising die molar mass distribution of polymers. Recent technological 
improvements have made this technique even more attractive. Unfortunately this 
method relies on calibration using standards and does not yield the absolute molar 
masses as soon as the studied macromolecule is different from the one used in the 
calibration. Universal calibration (2) is an elegant solution to that problem as is 
simply relates each macromolecule size (i.e. each elution volume) to a product 
[η]Μ. Although the on-line viscosity measurements (3-5) raise experimental 
problems (6,7) especially with high performance column sets, intrinsic viscosity 
([η]) measurements can nowadays be reliably (8,9) performed. 

0097-6156/96/0635-0052$15.00/0 
© 1996 American Chemical Society 
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It has been claimed by many authors (first by Benoît (JO)) that 
experimentally the UC is valid whatever the chemical nature and the structure of 
the polymer (77). However from a theoretical point of view the situation is 
different. Casassa (72)and Giddings (73) assume that the elution process is 
governed by the equilibrium distribution of the solute between the mobile phase 
and the stagnant phase inside pores. The equilibrium is characterised by the 
distribution coefficient, K, defined as the ratio between the concentration inside the 
pores to the concentration outside the pores. Using statistical mechanics, they have 
calculated Κ for random flight linear and branched chains as well as for rods, 
confined in pores with simple geometries. Casassa showed that UC is valid for any 
linear or branched macromolecule containing a large number of statistical 
segments. The results of Giddings lead to different distribution coefficients for a 
thin rod and for a flexible chain with the same viscometric radius. These idealised 
theoretical calculations indicate that UC can be applied to polymers of different 
architecture, but that rigidity might be a limiting factor. 

The aim of this paper is to study the influence of the flexibility of linear 
chains through a Monte Carlo simulation of the size exclusion phenomenon. 

Definition of Different Sizes of a Macromolecule 

A single macromolecule has a complex temporal and spatial distribution of 
conformations and only average dimensions can be calculated or measured. A 
special mention is given to the radius of gyration which corresponds to a clear 
geometric definition. The simplest way to compare sizes as measured by different 
experimental techniques is by defining the corresponding size as the radius of a 
rigid sphere which has the same measured property as the macromolecule. The 
following sizes can be defined : 

- The Stokes radius obtained from measurements of the transiational 
diffusion coefficient: 

^"oTcnoDt ( 1 ) 

where k, Τ, η ο and D t are the Boltzman constant, the absolute temperature, 
the solvent viscosity and the transiational diffusion coefficient. 

- The viscometric radius obtained from mass and intrinsic viscosity 
measurements: 

3[η]Μ 1/3 

(2) ΙΙΟπΝ, 
where N a is the Avogadro number. 
- The chromatographic radius R c obtained from SEC (Rc is the radius of 

the sphere that would have the same elution volume in a pure SEC experiment). 
Using these definitions, UC applies if the relation between and R c 

doesn't depend on the nature of the sample (linear or branched, flexible or rigid). 
For linear chains, a good estimate of R^ can be obtained from theoretical work of 
Yamakawa et al. (14). R c values have been calculated using a computer simulation 
in a wide range of realistic situations, especially for chains of variable stiffness 
ranging from freely rotating segments to rigid rods. 
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Principle of Simulation 

In a large variety of real situations SEC experiments appear as pure equilibrium 
chromatographic processes. Recent measurements in our laboratory show that 
there is no significant elution volume shift (less than 0.05%) when changing flow 
rate from 0.5 to 1 c ^ . m i n 1 for monodisperse standards analysed on classical 
columns either in THF or in water (Polystyrene standards in THF in the M W range 
2.104 to 2.106 g.mol"1 on columns PL GEL, mixed bead, particle diameter 10 μπι ; 
in water 0.1 M ammonium acetate, Pullulan standards in the M W range 2.104 to 
106 on TSK PW5000, particle diameter 10 urn). So the key parameter for SEC is 
the partition coefficient Κ related to the elution volume : V e =V 0 +KV p , where V e is 
the solute elution volume, V D the void volume and V p the pore volume of the 
column. For a rigid sphere of radius Rc, Κ is simply the volume fraction of the 
pores accessible to the centre of mass and for a number of pore geometries, there 
is a simple relation between R c and Κ : 

- For a cylindrical pore of circular section with radius R^ or of square 
section with side 2Rp : 

K = ( l - R c / R p ) 2 (3) 
- For a spherical pore with radius Rp or a cubic pore with side 2R^ : 

K - ( l . R ^ ) 3 (4) 
In the general case, Κ is best defined as the equilibrium constant for solute 

exchange from intrapore volume to bulk solvent as proposed by Casassa : 

Solute in bulk solvent > Solute inside pore 

Κ has been calculated as follows : 

For a given pore geometry, a macromolecule is created by randomly 
choosing a starting point inside the pore volume. Then segments are successively 
placed using a random walk taking into account conformational constraints. If a 
segment reaches a pore wall the macromolecule doesn't exist inside the pore. After 
a large number of trials, [S]b is proportional to the number of trials and [S]p is 
proportional to the number of successful trials. Therefore, Κ appears as the value 
of the fraction of successful trials, for a large number of trials. 
Chain geometry. We have studied freely rotating chains (Figure 1) defined by : 
- The number of segments N . 
- The length 1 and the diameter d of each segment 
- A fixed value of α 
- A value of β at random between 0 and 2π. 

For highly flexible chains α = π/2 and Ν varies from 100 to 104. For worm
like chains N=100 and a varies from π/2 to 0. To take into account the effect of 
segment thickness it is sufficient to note that a thin molecule of chromatographic 
radius Rc in a pore of linear dimension Rp corresponds to a thick molecule 
(segment diameter d) with a chromatographic radius Rc+ d/2 in a pore of size Rp + 
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d/2. Mean values of the radius of gyration are obtained directly after simulation, as 
the position of each segment is explicitly known. 

Pore Geometry. Observations by electron microscopy have been performed on 
various column packings : Controlled Porous glass (15-18) , Methacrylates gels 
(19), hydrophilic TSKPW gels (20), Styrene-Divinylbenzene gels (21). These 
packings are found to consist of beads obtained by partial fusion of small irregular 
particles. This produces very deep, tortuous channels whose cross sections are 
irregular but never with highly thin protuberances or sharp angles. To take into 
account the geometry encountered along a given pore, a reasonable model would 
be a combination of long cylinders with circular or square sections and of more 
compact closed volumes (spheres or cubes) and these four pore geometrical 
models were tested. Linear calibration curves are obtained by mixing several pore 
sizes, moreover due to the complex real geometry, each pore size corresponds to a 
distribution of sizes. So the elution volume for a given molecule in real situation is 
governed by the combination of different Κ values in different pore sizes and pore 
volumes and only an apparent Κ value is observed. For this reason we have tested 
situations with a unique pore size, for Κ values between 0.1 and 0.9, and in many 
cases it seems sufficient to check the situation for the central value K=0.5. 

Comparison with Theoretical Results 

The validity of the simulation procedure can be tested by comparison with explicit 
analytical results, available in limiting cases. The radius of gyration obtained by 
simulation using a pore of infinite size can be compared with theoretical values 
(22). For a chain with Ν freely jointed segments with length 1, R g is given by: 

N(N + 2)12

 ( 5 ) 

φ - 6(N + 1) 
Small values of Ν allow accurate checking of the uniformity of orientation 

4 
randomness. After generation of 5.10 chains, deviation with theory was less than 
0.1%. For a chain with a large number of freely rotating segments : 

N(N + 2)12 1 + cosa ^ 
6(N + 1) 1-cosa 

Using values of Ν from 100 to 500 and a from 0.2 to π/2, deviation with theory is 
less than 0.1% after generation of more than 10 chains. Pure helices are indeed 
obtained when β is fixed. 

Concerning theoretical values of the partition coefficient in simple pores, 
two special cases have been investigated in the literature. Casassa (12) predicted 
for random coils containing large numbers of segments in cylindrical pores : 

(7) 
i=i af 

Here <x{ is root of Ι 0(β) = 0 and J c is a Bessel function of first kind and order 0. In 
the case of rigid rods in cylindrical pores Giddings (75) has derived expressions for 
Κ which are combinations of elliptical integrals depending only on 1/R̂ . Taking 
fixed values of the segment length (1=1 in both cases), the molecular size to pore 

CO Λ 
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Figure 1. Schematic representation of a part of freely rotating chain. 

o.o I · 1 • 1 » 1 · 1 » 1—•— 1— 1—' 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

R g / R p 

Figure 2. Partition coefficient Κ as a function of the ratio of the radius of gyration 
to the pore radius (Rg/Rp) for two values of the segment number N . The results of 
Casassa and Tagami (12) (dashed line) andGiddings et al. (13) (solid line) are 
included. 
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size ratio was varied. Figure 2 shows that there is close agreement between 
simulation and theory in these two limiting cases ; N=l i.e. rigid rod and N=1000 
i.e. flexible coil. 

The limiting value K=l is reached as the pore becomes infinitely large 
compared with the chain. Geometrical details have no influence and the problem is 
reduced to the estimation of the depletion layer. For a polymer solution near a non 
interacting wall there is a zone where the segment concentration C(x) increases 
from 0 for x=0 to for x=oo.The depletion layer D is defined by : 

For a population of rigid spheres the depletion layer is simply the radius of 
the sphere and therefore when Κ -> 1 , R c -> D. For any kind of macromolecule, 
Cassasa (25) established that D=X/2, X being the mean projection of the 
unconfined molecule on an axis. 

Simulation of these two situations with K=0.98 recovers these values within 0.5%. 
In this study, the size of the test population is always chosen such that the 

error is less than 1%. It depends mainly on the number of segments, the angle 
between segments, and the value of the partition coefficient. Figure 3 illustrates a 
representative case for a chain with 100 segments of length 1 and with α=π/2, in a 
cylindrical pore of radius 15. A good balance between time of simulation (which is 
roughly proportional to N) and accuracy can be obtained with 5.10 chains. 

Results and Discussion 

Influence of pore geometry. To study the influence of pore geometry on the 
chromatographic radius we have plotted the dimensionless ratio Rc/Rg versus Κ in 
different situations (Figure 4 and Figure 5). 

For chains and for rods Rc/Rg depends on pore geometry and Κ values. For 
rods the variations are more pronounced and the ratio is strikingly unstable for low 
Κ values. Clearly the chromatographic radius is not an intrinsic property of the 
molecule and there is a coupling between the shape of pore and that of the 
molecule. This coupling is more important for rods and for low Κ values. So SEC 
cannot give absolute sizes. Nevertheless for rods (rejecting low Κ values), Rc/Rg is 
around 1±0.15 and for chains Rc/Rg is around 1. 1±0.1. 

Influence of flexibility. As it appears that the ratio Rc/Rg is different for coils and 
rigid rods for the same pore geometry it is interesting to study more precisely the 
intermediate situations. To characterise the overall chain flexibility a useful 
parameter is P, the ratio between contour length and persistence length. 

As shown in Figure 6 small values of Ρ give rod-like shapes (P<10), high 
values of Ρ give coils (P>100) and there is a gradual transition for intermediate Ρ 
values. 

bulk 
(8) 
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5.0 

2.5 ^ 1 1—1
 1 ι > 11 I I I I I 1 I I I I 1 I I ι Λ I I 11 

10 3 10 4 10 s 10 e 

Ν ti 
Figure 3. Chromatographic radius R«, radius of gyration Rg and ratio Rc/Rg as a 
function of Nt, the number of generated chains (simulations with 100 segments of 
length 1=1, and angle α=π/2 in a cylindrical pore of radius Rp=15). 
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Figure 4. Ratio of the chromatographic radius Rc to the radius of gyration Rg as a 
function of the partition coefficient Κ for rods in pores of various geometries. 
Curves are obtained with length of rod 1=1 and various pore sizes Rp. D
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0.8 I » « · 1 1 « • 1 • 1 
0.0 0.2 0.4 0.6 0.8 1.0 

Κ 

Figure 5. Ratio of the chromatographic radius to the radius of gyration as a 
function of the partition coefficient Κ for chains with N=100 segments in pores of 
various geometries. Curves are obtained with length of segment 1=1 and various 
pore sizes Rp. D
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P=l 

P=5 

P=50 

P=25 

P=100 

Figure 6. Shape of freely rotating chains as a function of flexibility parameter P. 
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10° 10 1 10 2 10 3 10 4 

Ρ 

Figure 7. Top : Ratio of the chromatographic radius to the radius of gyration as a 
function of the flexibility parameter Ρ for a cylindrical pore geometry. Results are 
plotted for three values of Κ . 
Bottom : Ratio of the viscometric radius to the radius of gyration as a function of 
the flexibility parameter P. Curves are obtained from theoretical work of 
Yamakawa (14), using persistence length q=100 and three values of diameter d. 
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For freely rotating chains and large Ν values, persistence length is half the 
value of the Kuhn segment length and Ρ is expressed as a function of Ν and α : 

On average similar shapes are observed when generating by simulations 
molecules with the same Ρ value from different sets of Ν and α values, so Ρ 
appears as an efficient parameter defining the overall flexibility. 

Dependence of Ro/Rg values with Ρ is plotted on Figure 7. The curve is 
shifted when Κ varies and similar curves are obtained for other pore geometries. 
The ratio is almost stable for rod-like shapes, then gradually increases during the 
transition from rod-like to coil shapes, and a stable value is again reached for large 
Ρ values. 

Effect of segment thickness is only significant for very short chains (with Ν 
values less than 100) and is not reported here. 

For flexible chains, persistence length is on the same order of magnitude 
than monomer length. So when analysing real flexible polymers, even with 
moderate molecular weight, we are generally concerned by high Ρ values 
corresponding to a stable Ro/Rg ratio. 

Dependence of R*/Rg values with Ρ is also plotted on the Figure 7. For 
worm-like chains with low d/q values R^ is obtained from the theoretical work of 
Yamakawa (14). Here the thickness of the segment has an important role. For 
thick chains the change of Rn/Rg when Ρ varies is less pronounced. For highly 
flexible chains d/q becomes too large to allow direct use of Yamakawa 
calculations, but the tendency is to observe a stable ratio Rf/Rg for high Ρ values. 

Comparing the two sets of curves we can discuss qualitatively what 
happens to the ratio Rc/Rq. Clearly in most cases there is a partial compensation 
between the variation of Rc and Rq and this ratio remains relatively stable. 

Highly flexible polymers correspond to a plateau zone with no Ρ 
dependence, in consequence Universal Calibration applies well. 

In the other cases the compensation is often efficient but the change in 
Rc/Rg ratio is not strictly correlated with the change in Rr/Rg ratio. 

In order to illustrate more precisely the consequence for U.C. in real 
situations we have studied the ratio Rc/R^ for Schizophyllan, D N A and Pullulan 
(Figure 8). The situation for a flexible polymer like Pullulan is represented by a 
stable value Rc/Rn=1.35. For D N A which is a relatively thick stiff chain R</Rq 
exhibits a complex variation. Roughly it changes from 1.55 down to about 1.4 for 
increasing R« values. For Schizophyllan, which is a very stiff chain relatively thin 
(24), the situation is extreme, and in this case the deviation from Universal 
Calibration is very important. 

This example indicates clearly that UC does not strictly apply for these 
polymers as for the same R« the values of Rq are not strictly the same. 
Nevertheless variations are important only for low M W and for high M W the three 
polymers tend to have the same ratio Rc/Rn. 

Experimentally similar behaviour has been reported by Dubin (25) who 
compared the "Universal Calibration" plots of Pullulans, D N A and Schizophyllan. 
On these plots same apparent Κ values means same Rc, and lower value of [η]Μ 
means higher BJR^ ratio. In these experiments, globular proteins have same BJR^ 

(9) 
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2.4 -

2.2 -

1.2 V 

1.0 I-

0 8 ι . 
10 100 

Rc(nm) 

Figure 8. Ratio of the chromatographic radius R« to the viscometric radius R n as a 
function of the chromatographic radius Rc or the molecular weight MW. The 
points corresponding to DNA ( · ) and Schizophyllan (O) are obtained by 
combination of R</Rg derived from simulations and R /̂Rg from theoretical work of 
Yamakawa (14), using chain parameters of D N A (persistence length q=55 nm and 
diameter d=2.4 nm) and Schizophyllan (q=125 and d=2.6 nm) Results are plotted 
for K=0.5. The solid line represents the situation of the Pullulan (see text). D
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ratio than Pullulan. Our interpretation is that R n represents the real hydrated radius 
of the protein, but Rc is much higher than this hydrated radius, due to electrostatic 
repulsion distance. Similar arguments have been presented by Potschka (26). 

Conclusion 

Monte carlo simulation of freely rotating chains allows detailed evaluation of the 
chromatographic radius of macromolecules with various flexibility. The 
chromatographic radius has not an intrinsic value since there is a shape-shape 
coupling between pores and macromolecules. Nevertheless the ratio Rc/Rg is 
increasing from 1.0 for rod-like shapes to 1.1 for coiled molecules. For highly 
flexible molecules this ratio becomes stable and this situation corresponds to 
synthetic polymers with M w higher than 10000. 

For stiff chains Yamakawa calculations allow us to estimate the viscometric 
radius. The Rr/Rg ratio is also increasing from rod-like to coiled species, the exact 
transition depending strongly on the chain thickness. For ideal, highly flexible 
chains this ratio has been estimated theoretically (27, 28, 29) and is about 0.87. 

So, it appears clearly that the chromatographic radius is significantly higher 
than the viscometric radius, the Rc/R*i ratio being around 1.35. 

It is necessary to admit that the origin of these two radii are physically very 
different. For viscosimetric radius each point is weighted with a non uVaining 
central part and an external zone in which draining effects become stronger and 
stronger, making the equivalent sphere smaller than the external dimension of the 
molecule. For chromatographic radius, each point in the external zone participates 
fully to the definition of the equivalent sphere and this explains why the ratio R«/Rn 

is much higher than 1. 
As Rc/Rg and Rr/Rg both increase when flexibility increases, it appears that 

the ratio Rc/Rn is generally almost stable, except in extreme situations, thereby 
confirming the practical efficiency of Universal Calibration. Nevertheless, it also 
indicates that there is no academic evidence for this rule. 
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Chapter 5 

A Soft-Body Theory of Size Exclusion 
Chromatography 

Martin Potschka 

Porzellangasse 19/2/9, A-1090 Vienna, Austria 

Evidence that retention and dispersion are governed by different 
shape criteria makes a hydrodynamic transport mechanism of 
retention unlikely. This encourages us to propose a process of 
thermodynamic partitioning between a mobile and other 
phase(s). Here, retention is the probability finding a molecule 
within the stagnant volume of the pores or adsorbed at their 
surface. Earlier concepts of size assumed effectively hard-core 
non-interacting bodies whereas in reality all molecular forces 
have finite extensions that overlap with the force fields of other 
objects. While this concern is secondary for chain-polymers, for 
which proper statistical configurations are crucial, this dis
tinction becomes essential for all compact bodies and interfaces. 
Fundamentally, size represents a distance average over the en
ergy of interaction, which itself depends on the medium and 
therefore can be purposefully manipulated, e.g. varying ionic 
strength helps to identify the force-fields of polyelectrolytes and 
ultimately illuminates the chromatographic process mechanism 
itself. It is already clear that a theory of forces works well for 
S E C , corresponding to a 'Universal Calibration' different from 
earlier propositions. 

The soft-body Model of Size Exclusion Chromatography 

In the past retention in size exclusion chromatography (SEC) has been ex
plained by two mutually exclusive models, namely by transport mechanisms 
or as an equilibrium process. Periodic arguments for an equilibrium process 
are based on the observation that retention normally is flow rate independent. 
The argument is insufficient, however, as Casassa (/) pointed out that even a 
transport mechanism would be independent of flow rate. On the other hand, 
overall transport rate through the column is too fast to permit complete 
equilibration of all of its pores. In support of this notion was quoted, that 
specially manufactured beads with a porous shell but a non-porous kernel did 
not improve dispersion (2). A strong argument against a transport determined 
mechanism of retention comes from studies of asymmetric solutes (5). In this 

0097-6156/96/0635-0067$15.25/0 
© 1996 American Chemical Society 
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68 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

study different effects of asymmetry were found for retention and dispersion. 
The principle factor of retention seems to be an excluded-volume effect differ
ent from the consequences that the presence of walls has on the rate of mi
gration for objects in similar sized cavities. 

The notion of Ogston (4) that SEC is a 'virial coefficient amplifier' thus 
seems to be correct in principle, except for the fact that he underestimated the 
importance of higher order virial coefficients (simultaneous contact of solute 
with more than one matrix element) (5). Also the particular excluded-volume 
functions are hard-body models and may not properly represent the actual 
matrix morphology. Virial expansion does not appear to be a meaningful de
vice to pursue. 

In the excluded-volume model of SEC, retention is related to the volume 
which is accessible within the pores (or a homogeneous portion thereof). The 
contour of accessible volume is described by the center of an object rolling over 
the surface of the pores. Therefore, larger objects will have a smaller accessible 
volume and elute first. Traditionally this has been viewed as a geometric 
problem where two surfaces limit the extension of bodies in an all-or-none 
fashion. This geometric view, of course, is only a special case of the more gen
eral thermodynamic point of view, namely, that the dimensions of a body are 
defined by a discontinuous potential. In the submicron-world such potentials 
are not to be found. Rather, energetic fields of various kinds extend often far 
into the space which surrounds a kernel that might still be called a body 
proper. These soft interactions have to be taken into account when asking for 
the probable space that a body occupies within a cavity. (It might seem per
plexing at first that extension is not a fixed property for any isolated body, 
however, measuring extension always depends operationally on the interaction 
with some other entity, be it another object in spatial contact or 
electromagnetic waves.) Because soft interactions are always present, it be
comes misleading to use the label 'non-ideal' for all interactions other than 
hypothetic rectangular all-or-none potentials. This critique can be put into 
thermodynamic terms: Traditionally, ideal S E C has been defined as a purely 
entropie volume-related process whereas ideal 'other chromatography' was 
considered an enthalpy driven surface phenomenon lacking any volumetric 
contributions. But with repulsive forces one observes strong enthalpic contrib
utions, yet a purely volume-related process (see below). I therefore argue for 
a reconsideration of the term 'non-ideal S E C . A l l the oddities of so-called 
premature elution of anions at low ionic strength follow strictly and compre
hensively from the indicated model. 

Because electrostatic interactions are rather well modeled and modifiable 
by ionic strength variation they are an ideal paradigm for the argument in 
general. The fact that the subsequent discussion will focus on polyelectrolytes 
should not make one forget, that the issue is broader with Van-der-Waals at
traction omnipresent. In absence of counteracting repulsive potentials solutes 
always adsorb to the chromatographic matrix and the premises of S E C are not 
even met (besides electrostatic one needs to mention solvation forces, since the 
miscibility energies in ternary mixtures are generally not zero). 

The soft-body model of SEC thus is general. For any particular analysis 
some simplifying modeling assumptions are in order. Whereas pores clearly are 
not cylinders, such a model is frequently applied for its simplicity. A t an em
pirical level one might model the true experimental calibration curve of a 
chromatographic column with some kind of pore size distribution, say cylin
ders of different width. The second major restriction at the level of quantita
tive analysis concerns the shape of solutes. For non-centrosymmetric objects 
the computation of (soft) contact hyperplanes becomes a tedious average of 
rotational configurations; for lack of analytical solutions one usually applies 
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5. POTSCHKA Soft-Body Theory of SEC 69 

Monte Carlo techniques. The initial restriction to centrosymmetrical objects, 
however, can be approximated on the experimental level by the choice of 
globular proteins as solutes. For computational amenities I shall thus limit the 
following quantitative considerations to such dense spherical objects with 
quasi-smeared surface charges that permeate cylinders. The extension to dis
tributions of cylinders of different radii is straightforward, but omitted below. 

The Model for electrostatic Forces 

We write for the retention volume V (in ml) 

y = Koié+iK^-KoJK (i) 

with Κ the partition coefficient. 

[solute]D O r e s 

Κ = - P— (2) 
[solute] b u l k 

of solute concentration inside the pores to solute concentration in bulk sol
ution. For SEC Κ ideally ranges from 0 to 1. For a hard-core sphere of radius 
R within a cylinder of radius RmaXi presenting a non-interacting wall, we have 

K - { ' - i t ï 
(3) 

This, of course, is only a special case of integrating the probability to find the 
object at radial position r (in the interval 0<r<Rmax)\ the probability is unity 
for r < RmiX - R and zero elsewhere. In the general case the probability is 
expressed by exp( - AG(Rmax - R - r)jkT) where AG{x) is the energy of inter
action between solute and pore wall. The details of the electrostatic model are 
outlined in Appendix A and B. From eq. (B.i) together with eq. (B.6) and 
(A. 13) we get 

*max ~ R 

(1/2) 
tf=-i— f 2 r e - « w ^ - r > - P ( - ^ - ^ ) ) ] d r ( 4 ) 

^max 

with σ the surface charge density of the cylinder pore, κτ 1 the Debye-Huckel 
length (defined in eq. (A.2)) and φι the pseudo-surface-potential of the sphere. 
The relationship of φι to the net charge Q is defined in eq. ( A . l 1), respectively 
(A. 12). β 

The integral in eq. (4) apparently has no closed analytical expression (see 
Appendix C). Intuitively one expects - for charge repulsion - a function 
with the following form 

/TTiax J j I\nax 

because experimentally one obtains approximately linear dependencies of the 
apparent elution radius Rstc on Debye-Huckel length. 0, adjusts the intercept, 
which is different from the radius R itself. Typical experimental data are 
shown in Fig. 1. This linearity was first reported in 1988 for proteins (6) and 
has since been confirmed with D N A and latex {7,8). 
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70 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Figure 1. Effective molecular radius for chromatographic retention as a 
function of Debye-Hiickel length in the case of charge repulsion. 
Superose-12, flow rate 0.5ml/min, room temperature. Eluent: T r i s /HCl 
plus NaCl of varying ionic strength at pH 8.0. Retention radii R^ were 
obtained by matching the elution volume to the known viscosity radii of 
some dozen calibration substances (see rcf. (5)) at high ionic strength. 
This type of calibration is a zero order approximation only, given that the 
true /?sec values are consistently different from ϋη (see text). Ovalbumin, 
slope âRstc I άκ~ι = 2.22 (o); calmodulin, slope 6R5tc / άκ~ι = 2.72 (Δ) . 
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5. POTSCHKA Soft-Body Theory of SEC 71 

A representative theoretical simulation of charge repulsion, eq. (4) plotted 
in terms of is shown in Fig. 2. On the scale of this plot a similar more 
exact equation based on eq. (B.2),(B.3),(B.4) is virtually indistinguishable from 
the curve for eq. (4). This proves the validity of the simplifications made to 
arrive at eq. (B.6) (7). The specific form of eq. (4) makes use of eq. (B.6) in
stead. 

The Poisson-Boltzmann equation can be solved for differing boundary 
conditions, either constant potential or constant charge, and it is not always 
clear which case is better to represent an experimental situation. Fig. 3 gives 
the comparison between eq. (4), which is based on eq. (B.6) and a similar 
equation based on eq. (B.10). It turns out that the constant charge case (eq. 
(B.10)) is more linear over the experimental range of interest ·— as shown in 
the case of small pore sizes (Fig. 3) - , but the distinction has little bearing on 
larger pore sizes, as expected. Experimentally, the decisive region, close to the 
void volume i.e. close to Rmax, is difficult to measure reproducibly. 

For charge attraction eq. (4) remains valid, but the functional appearance 
radically changes. This case is illustrated in Fig. 4 and demonstrates the need 
for gradient elution (as opposed to isocratic elution for charge repulsion). A 
similar equation presumably also applies to ion-exchange chromatography 
proper (which differs only in having higher matrix charges) except that eq. 
(A. 13) needs to be replaced by eq. (A. 14) and that at small distances repulsive 
forces have to be included. Furthermore it may not be permissible to ignore 
Van-der-Waals forces. The case of charge attraction will not be analyzed 
further. 

The mean-field Approximation 

To approximate the integral of eq. (4), one may start with a mean-field 
equivalence of the planar case (see Appendix C). Rather than integrating over 
all radial positions r, we assume that we can represent the distribution by a 
rectangular potential centered at the mean-field position, i.e. at the distance 
x = ^max + R — r at which AG = y kT . The situation is illustrated in Fig. 5. 
Solving eq. (B.l) w i t h / = 1 for χ one obtains 

jc - 1η(8π) + Ι η ^ Λ ) 4- \η{κ~Χσ) (6) 

Eq. (6) is a fair model of the planar case for large R^ . This is also borne out 
by analytical solutions to the integral in Appendix C. Similarily one may solve 
the cylinder case with eq. (B. l) and/expressed by eq. (B.6). The additional 
minor terms, however, produce a worse agreement than eq. (6) with the inte
gral solution eq. (4). According to the mean-field hypothesis we thus have 

R,ec = R + κ"1 χ (7) 

Comparison of eq. (7) with the exact solution of the integral in eq. (4) is shown 
in Figs. 2 and 3 and at once reveals the shortcomings for the cylinder case, 
namely a completely wrong intercept and failure to yield the proper depend
ence on pore size Rmax. However, eq. (6) recovers - in the linearized domain 
of φι - useful limit laws about the logarithmic proportionality of the slopes 
on charge (dR^ I oc In Q , dR^ / d * - 1 oc In σ ). 

Inspecting the numerical results of eq. (4), we see that charge effects di
rectly depend on pore size as well. To a first approximation 

(8) 
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- 1 
κ 

Figure 2. Theoretical simulation of the retention of charged spheres in 
cylindrical pores. Case of charge repulsion. Pore radius /?max= lOOnm, 
sphere radius R = 3nm, polyelectrolyte net charge Q = —12, cylinder sur
face charge density σ = -0.02nnr 2 . Solution of the integral in eq. (4) , 
which makes use of eq. (B.6), (—); the exact integral solution using eq. 
(B.2) instead (···); mean-field approximation eq. (7) based on eq. (6) 
( ). 
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5. POTSCHKA Soft-Body Theory of SEC 73 

- 1 
Κ 

Figure 3. Theoretical simulation of the retention of charged spheres in 
cylindrical pores. Case of charge repulsion. Pore radius Rmax = 25nm, 
sphere radius R = 3nm, polyelectrolyte net charge Q = —12, cylinder sur
face charge density σ = -0.02nm" 2. Solution of the integral in eq. (4) , i.e. 
the constant potential boundary condition eq. (B.6), (—); a similar integral 
based on the constant charge boundary condition eq. (B.10) instead 
( ); mean-field approximation eq. (7) based on eq. (6) ( ). Note 
that the correct integrals asymptotically approach the maximum pore size 
flmax, i.e. the void volume V^a. 
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- 1 
Κ 

Figure 4. Theoretical simulation of the retention of charged spheres in 
cylindrical pores. Case of charge attraction. Pore radius R^^ = 25nm, 
sphere radius R = 15nm, cylinder surface charge density σ = —0.0lnmr2. 
Solution of the integral in eq. (4). Polyelectrolyte net charge from right to 
left Q = -hi (...); Q = +2 ( ); Q = + 3 (».); Q = +4 (··.). The ordinate 
units correspond to a range of Κ = 2 — 0. 
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5. POTSCHKA Soft-Body Theory of SEC 75 

r 
Figure 5. Sketch of the probability of finding the solute at a particular 
radial position r. The argument of the integral in eq. (4) was calculated 
with Rmax = 14nm, Q = - 1 2 , σ = -0.02nm~ 2 , R = 3nm, κτ 1 = 3nm ( ). 
The mean field approximation of this case, eq. (7), ( ) fails to coin
cide with the exact volume - centroid position of the depletion layer at D
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Q 

Figure 6. Linear range of integral solution (eq. (4)) as a function of net 
charge Q . A linear least squares fit to the integral solution for was 
performed in a variable interval [1, κ^χ] adjusted to maximize the corre
lation coefficient (always >0.99). Parameters /? m a x =100nm, 
σ = 0.02nm _ 2, increasing values of R from left to right: R = 3nm( ), 
R = 1,9, 27nm (···). The onset of the plateau region of saturated charge 
is at about a scaled net-charge density Q/4nR ~ O.Çnm"1 . 
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5. POTSCHKA Soft-Body Theory of SEC 77 

(see Fig. 6). Scaling the R dependency is messy. Fig. 6 also shows that the 
function breaks into two regimes. A t low charge the mentioned log-linear de
pendency is observed. A t high net charge densities Q/4nR £ 0.9nm - 1 the 
slopes d/? s e c / dxr 1 reach a maximum plateau whose magnitude itself increases 
with R . This sharp transition from the linearized domain to the saturated 
range is a feature of eq. (A.4). 

Non-spherical Solutes 

I shall now compare the experimental results of two proteins, investigated on 
Superose-12, with the theoretical simulations in order to address possible ex
tensions of theory to non-spherical objects. 

Ovalbumin is a comparatively spherical, phosphorylated glycoprotein. 
The net charge at pHZ.O isQ= - 1 6 ± 2 if titration data (9) are adjusted to the 
more widely accepted pi = 4.7 . A t pH 8.0, Q is independent of ionic strength. 
The diffusional Stokes radius R5 = 2.96nm is based on critically selected 
sedimentation coefficients (10,11) together with a sequence molecular weight 
of 44310, which includes the carbohydrate content, plus two phosphate groups 
(12), and a partial specific volume of 0.748ml g _ 1 . Formerly a value of 2.83nm 
was used (5). Scaled net-charge densities of Q/4nR O^nm - 1 are quite 
typical of many acidic proteins and of the same order of magnitude as the 
critical range of 0.9nm _ 1 (see Fig. 6). Presumably, few natural biopolymers 
exceed this critical amount of net charge, and only the linearized domain of 
φι is ultimately relevant. 

Fig. 7 shows theoretical together with the experimentally determined 
slopes from Fig. 1. The matrix surface charge density was adjusted to 
σ = -0.02nm" 2 (-0.033//mol m~2, -0.0032 C n r 2 ) in order to match the sim
ulation to the experimental value of ovalbumin. The value is realistic given 
that the more highly charged C P G rigid porous glass gives about 
σ = -0.04nm- 2 at pH 5.0 (13). Based on a rough estimate of surface area 5 
from retention data in the limit of Κ -» 1 (14) 

V = ^total - * s e C S ( 9 ) 

we obtain for Superose-12 a surface area of 75m2/ml-bed and thus 
σ = — 2.5/zmol/ml-bed at pHZ.O. This corresponds well to an ionic capacity 
of —4.5^mol/ml-bed at pH 12 for the same material based on a method de
scribed by Korpela (15) (L. Hagel, pers. comm.). Dubin's group (16) report 
somewhat larger values. 

Calmodulin is a remarkably asymmetric calcium binding protein. Its axial 
ratio, approximately 5 (17), is significant in terms of surface area, yet too small 
to show an appreciable difference between Rv and Rs. Binding of up to 4 
calcium ions induces a conformational change that is substantial in terms of 
tertiary structure, but minor in terms of diffusional Stokes radii, Rs = 2.14nm 
without C a + + and /?s = 2.09nm with C a + + at physiological ionic strength 
(18). The Ca-free molecules undergo a continuous "conformational" change 
with decreasing ionic strength similar to charged coil-polymers. The viscosity 
radii are Rn = 2.15nm at / = 2 0 6 m M , /*7 = 2.31nm at / = 106mM and 
Rv = 3.0nm at / = 6mM based on intrinsic viscosity (19). This polymer swell
ing needs to be taken into account when analyzing electrostatic effects. Ac 
cording to the sequence (18) the net charge at pH 8.0 should be approximately 
Q = - 1 6 with C a + + and Q= -24 without. Calmodulin was injected in Ca-
bound form into a calcium free eluent. 

Because of its high asymmetry, the true surface charge density of the 
calcium free form of calmodulin is only QjAnR2 = -0.1 n m - 2 whereas the hy-
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Q 

Figure 7. Linear least-squares fit to the integral solution (eq. (4)) in the 
interval κ~ι = [2,4J as a function of net charge Q. Only points with corre
lation coefficients >0.99 are shown. Parameters of simulation were cho
sen to match the conditions in Fig. 1: Rmax = 14nm , σ = -0.02nm" 2 , and 
with R = 2.96nm(—) , R = 2.14nm ( ), R = 0.5nm(—). Exper
imental values of ovalbumin (net charge Q = —16) (o) and calmodulin (net 
charge Q = -24) (Δ) from Fig. 1 and calmodulin corrected slope according 
to text (A). 
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pothetical value based on the equivalent-volume Stokes-sphere is 
Q/4nR2 = -0.4nm~ 2 . Apparently this is not a problem, however. The prin
cipal factor of discrepancy appears to be polyelectrolyte expansion. After cor
recting the slope dRsec j άκ~ι = 2.72 for the concomitant change of viscosity 
radius, a slope of 2.4 is obtained, which fits well with theory. We may con
clude, that S E C is a promising device to measure charge, both for unknown 
solutes and for unknown porous materials alike. 

Universal Calibration of S E C 

Since the seminal theoretical work of Giddings et al. (20) and Casassa (21) a 
fundamental contradiction has persisted in the field of chromatography. Ex
perimentally, Universal Calibration in terms of viscosity radii works well in 
most, albeit not all cases (5,7,22), whereas theoretically it should not be so. The 
principle points are well summarized by Casassa (23). 

We define the viscosity radius Rv 

The mean linear extension RL is half the maximum linear extension averaged 
over all orientations and conformations. For ideal random chains the mean 
end-to-end_distance is equal to 2RL (24). Note that frequently one finds the 
notation X = 2RL . There are a variety of synonyms for X, e.g. average 
maximum linear extension, mean external length L-measure, mean maximal 
size, mean maximal projection, mean molecular projection, mean projection 
o_nto an axis, extent, span (see ref. (25)). It should not be confused with 
Q = 2RQ, the mean maximal cross-section, which some have used for uni
versal calibration (26,27). The mean linear extension is the theoretically deci
sive parameter for the depletion layer as long as the non-interacting wall 
borders a semi-infinite solution. We then have R^ = RL. Whenever, in a real 
pore, the concentration at r = 0 becomes different from bulk, viz. for K-+0, 
additional effects determine R^ which then becomes dependent on pore size 
and geometry (23,28). For coiled polymers these additional effects are least 
pronounced and RL is generally a good approximation of R^. We have 

The exact numerical value depends somewhat on the choice taken for the 
constant Φ (23). For spheres the geometric radius R is related to the 
diffusional Stokes radius RS and viscosity radius 

Casassa also gives values for rods ( eq. 14 in ref. (23)), for which antecedent 
numerical details might need some adjustment (5). Degoulet gives values for 
intermediate flexibilities and finite dimensions of the chains (28). Here we shall 
concern ourselves with comparing spheres and coils only. 

How did the experimental evidence on Universal Calibration emerge? A l l 
experimental evidence concerning co-elution of spheres with other geometric 
shapes has relied on globular proteins (7), i.e. has involved polyelectrolytes, or 
- as some would call it - charged spheres. In doing this it was always as
sumed that at high ionic strength, all specific polyelectrolyte effects vanish and 
the relevant radius is simply the geometric one. Fig. 8 shows that this 

(10) 

linear coiled polymers: R} 

/ \ 1 / 3 

Î = b U ( w m ) , / 3 = i - 3 2 ^ 
(11) 

spheres: ^ L = = R^ = R (12) 
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- 1 

Figure 8. Theoretical simulation of the retention of charged spheres in 
cylindrical pores. Pore radii /? m a x =14nm, polyelectrolyte net charge 
g = _16( ) and Q = - l ( . . . ), cylinder surface charge density 
σ = -0.02nm _ 2 , sphere radius R = 3nm. The position R = Rn and R^ are 
shown for / = 160mM(#). The figure illustrates that the elution position 
/Êsec of polyelectrolytes remain larger than expected on the basis of Stokes 
or viscosity radius, even at high ionic strength. 
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5. POTSCHKA Soft-Body Theory of SEC 81 

presumption is invalid. Even at / = 160mM ionic strength a typical charged 
sphere elutes with a soft radius about 30% larger than its geometric size 
(Kcc = 4nm vs. Rv = 3nm in Fig. 8 ). Thus at high ionic strength for 

This coincidence seems to reconcile experimental evidence (erroneously attri
buted to Κη congruence) with theoretical predictions. It illustrates the funda
mental consequences that a theory of charge effects has for a theory of S E C 
itself. 

A n example for this assertion is shown in Fig. 9. Two charge-mutants of 
the same protein, one being weakly positive charged (Q—hi) and one nega
tively (Q~ -1 ) at the pH of measurement, are studied as a function of ionic 
strength. Rather than transforming the data into plots like Fig. l the raw 
elution data are shown. In the case of the positively charged myoglobin species 
the matrix acts as a weak cation-exchange column, as expected. Because the 
involved amounts of charge are low, convergence is expected according to Fig. 
8, yet this is not reached at 0.2M ionic strength. 

Clearly the extent of extra size R^ — R varies with net charge also at high 
ionic strength (see Fig. 8). It will thus contribute a systematic error to the 
scatter of column calibration points, if these are performed in terms of core 
radius R5 = Rv , which is what has been done up to now. 

Fig. 8 also shows that we cannot generally get rid of this extra size in 
practical SEC experiments. Only for conditions well over 1M salt might we 
expect to squeeze the repulsive electrostatic layer to negligibility. It is well 
known that under such conditiqns adsorption commences, a condition called 
hydrophobic interaction chromatography, for the very reason that repulsive 
forces finally are overcome. 

There is another, more intriguing (and perhaps more speculative) thought. 
It is well known that at least large polyelectrolytes exhibit additional forces 
called hydration (solvation) forces that amount to l-2nm decay length 
(29,30). Thus the true difference between Rsec and R may well be larger at 
high ionic strength than suggested by electrostatic considerations alone. With 
chromatographic operations further improved, SEC could become a technique 
to measure these more subtle kinds of force-fields relevant in structure - func
tion relationships. 

Originally Universal Calibration meant calibration in terms of viscosity 
volume [η] M , respectively viscosity radius Rn. As I do not know how to make 
the term Universal Calibration more general than Universal, I propose to call 
Universal Calibration any attempt at a unified picture of elution. The hierar
chy of conditions relevant to such a novel theory would be: 1st) soft-body po
tentials because walls are always interacting; 2nd) proper statistical 
configurations; none of which actually scales with RT Yet by fortuitous coin
cidence, Rn will remain a useful and practical first guess at interpreting un
known data. 

It is already clear that a theory of forces works well for S E C , limited only 
by the fact that translation of detailed chemical anatomy into physical net 
forces becomes operationally intractable at very fine resolution. 

charged spheres: / ^ e c ~ 1.3Λ 

whereas for non-electrolyte 

coiled polymers: Rsec ~ 13RV ~ R} 

(13) 

(14) 
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23.0 
22.5 
22.0 
21.5 
21.0 

^ 20.0 
> 19.5 

19.0 
18.5 
18.0 

0.00 0.05 0.10 0.15 0.20 0.25 

I (M) 

Figure 9. Variation of S E C retention volume as a function of ionic 
strength. TSK5000PW column 3, which has an exceptionally low residual 
negative surface charge density. Eluent: Tr i s /HCl plus varying amounts 
of N a C l at pHS.O , flow rate 0.42ml/min, room temperature. Horse 
myoglobin (pi = 7.3) is anionic at this pH (o), sperm whale myoglobin 
(pi = 8.2) is cationic at this pH ( · ) , vitamin Bl2 is neutral and not affected 
by ionic strength (Δ). Its constant elution serves to indicate the degree of 
constancy in flow rate that was achieved in this experiment. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
00

5

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



5. POTSCHKA Soft-Body Theory of SEC 83 

Conclusions 

The elution of polyelectrolytes with its specific charge-related effects has been 
taken as model paradigm for a new conceptual approach to size exclusion 
chromatography. It was shown that soft-body potentials are crucial in defining 
universal elution characteristics. 

Appendix A: The Relationship between Surface Charge and Potential 

The best analytical approximations for the solution of the one-dimensional 
Poisson-Boltzmann equation are those of Ohshima et al. (31). Model I yields 
the surface charge density (their equations 10 and 47) 

r = [ — ? — 2/csinh(y/2){l + — τ - τ - } (A.l) 
4nR2 e K 2tf 2cosh 2(y/4) 

with Q the net charge at the surface of a sphere with radius R , y the true 
surface potential, κ the Debye-Huckel constant 

2 2e 2tf L , , 
ers0kT 

(there is an extra factor 10~15 in eq. (A.2) to yield κ~ι in units of nm), ε, the 
dielectric constant (80 for water at room temperature 293Κ), ε0 the vacuum 
permeability ( S ^ ' l O - ^ C V ^ m - 1 ) , e the elementary charge (1.60«10" 1 9C), k the 
Boltzmann constant (1.38·10- 2υκ _ 1), Τ absolute temperature, / the ionic 
strength, and NL Avogradro's number (6.02-1023mol"1). Without the square-
root term eq. (A . l ) is identical to the original result of Gouy for flat plates 
(32). 

Model II yields (their equations 10 and 24) 

Qe t tfiJtT , . w , 2 , 81n(cosh(W4)) , 1 / 2 

Γ = —7— 2 k sinh(v/2) {1 + + —r-z ζ } (^.3) 
4nR2 e KRcosh2(yl4) K2R2sinh2(yl2) 
Since the potentials always converge to an exponential decay at large distance 
one may model this relative to a pseudo-surface-potential φ (their equation 52) 

[ 1/2 " 1 — ^ 

1 + {1 - 2 k R + \ tanh2(y/4)} (A A) 

(KR + l ) 2 J 
The important feature of eq. (A.4) is that the pseudo-surface-potential φ re
aches a plateau for large amounts of charge whereas in theory the true surface 
potential rises unlimitedly. As a practical consequence different amounts of 
high surface charge density become indistinguishable when probed at medium 
to large distance. 

To solve for φ one first applies elementary transformations such as 

sinh(2z)= 2 t a n h ( ? (AS) 
1 - tanh2(z) 

cosh"2(z) = 1 - tanh2(z) (A.6) 
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δ < (KR + \)~1{2KR + l ) " 1 [1 - γ + ...] {Α. 10) 

In the Debye-Hûckel limit (y->0) one obtains a dimensionless potential in 
simple form 

P = 1 4nere0kT 1 R(\ + κ*) 

The general solution is then obtained by expansion of eq. (A . l ) and (A.4) 

4(4 
/> = 5-5 r- ( 1 - d ) (Λ.8) 

(4 + £ ^ 2 ) 2 - i /^ 2 

with 

Ε = 2**+l (A.9) 
\6{KR+ l ) 2 

where δ measures approximately the discrepancy of eq. (A.3) relative to the 
principal result of eq. (A. l ) 

Φ 

Thus 

Ψ ι = m ' ^ - T + l y 1 -El ( Α Λ Ϊ ) 

and for ρ - • 0 

,,, n r 1 - \2E , _3 , , 1 13£ , 1 1 £ 2

 Ί _5 ^ 7 , t o x 

The surface charge density of a flat wall (R oo) is 

4(4 + i 2 ) 1 / 2 - 8 
<h = — j (ΑΛ4) 

and for s -» 0 

^ - Τ ^ Ί ^ - ^ 7 1 ^ .15) 

Appendix Β: Potential Energy of a Sphere within a Cylinder 

A solution of the mixed-coordinate, linearized Poisson-Boltzmann equation 
has been given by Smith and Deen (33). For practical purposes the mirror 
charge effects are negligible and further simplifications can be made (7). The 
free energy of interaction, by nature enthalpic rather than entropie, is 

where φι is the apparent electric surface potential of a sphere and φ2 that of 
a plane wall representing the cylinder cavity (defined in Appendix A ) , R is the 
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sphere radius, R^* the radius of the cylinder, κ the Debye-Huckel constant, k 
is the Boltzmann constant, Τ absolute temperature, χ the distance between the 
two surfaces (of sphere and cylinder). For constant surface potential / is a 
function of the specific geometry (7) 

JT = {1 - e~2KX g W / ^ — R — x], κ ^ 3 Χ , -1 ) e - « V * - e~K*)} (A3) 

2(a-2) Ά ( - § - / (2f)! , 

g ( z A 0 = - L _ I0(z) 2 , * 2 Ι , ω [ « K , + 1 ( 2 a ) + ^-K ( (2a)] (ΒΑ) 

where I, and K , are the modified Bessel functions of the first and second kind 
respectively. Because typically jtf*~1 and 

I0(z) = - £ = { 1 + ^ 7 + . . · } (A5) 

eq. (B.2) simplifies to (7) 

/* = / ^ * (5.6) 

A t constant charge, one obtains by analogy (from eq. 29 of ref. (33) to
gether with eq. (A.7) and (A. 13)) 

, , l , ( C - M l ) e - ^ 
·> = 775—Ϊ ^ - ' J 

I i ( K / U J e - < K ^ JT' 

- {1 - c~2KXg(,c[/?majt-R-x],K/?max, +3) β~" V * - e"**) /(κΛ)} (5.8) 

^(Λ) - — â — / ! L \ < ! (B.9) 
K 1 1 + A 1 tanh(/l) Λ ' v ; 

and simplified (34) 

' - * ' - d ^ l , + ^ + ^ + i C T + " > ( Β Λ 0 ) 

Note that for large KRmax : 
Using the appropriate non-linear surface potentials (eq. ( A . l l ) and 

(A. 14)) the applicability of eq. (B.l) is extended. For support electrolytes 
other than type 1-1 further terms need to be considered. 

Appendix C: Solution to a Class of Integrals relevant in Chromatography of 
Polyelectrolytes 

Equations of the type fxe-^dx cannot be solved in closed form. To make 
matters comprehensible we further restrict the following discussion to a con
stant b independent of x. This corresponds to the assumption / = 1 instead 
of eq. (B.6) and belongs to the case of spheres against planar walls. A number 
of studies in fact have applied this planar model to chromatography (35-37). 
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This model bears crucial mathematical simplifications compared to eq. (4). 
Based on the relations 

= 1 + Σ ί^η+ηαχ 

ί xe e ax = 

we can solve 

( A x - 1 ) 

( C I ) 

(C.2) 

y = 2χ<Γ* d * = << x2 + 2κ" 2 ) (-1)" (wor -1 ) 
Jo J L_j η n\ I 

(C3) 

= c + 2k" 

where 6 has the meaning ft = 4πφ}φ2Κ and c = R^ — Λ . 
To find a term for /kc we need to determine y112 by series expansion 

y " 2 - c + - i - K-2C-\.]2 +1 »c- 3 c- 2 [ . .] 3 -1 K - V 3 ( . . ] 4 + ... (C.4) 

Using the relationship 

oo 

with Euler's constant y = 0.577216 and substituting for c we thus obtain 

*~c = Xm*-ym = R + + v } - + κ " ι ί Γ ' £ Γ d ' ] 

(C.5) 

( - ΐ ) ' 

ln(6) + y + 

„ * " ( β - " " « · « - * > - ΐ ) 

n 2 n! 
(C.6) 

+ ... 

The convergence of this series is poor once κ"1 -* (/?max — r) ; whereas the 
leading term increases indefinitely, the true R^ asymptotically approaches 
m̂ax* 

This derivation recovers the principal feature of the mean field approxi
mation, viz. 

ŝec = R + K ~ 1 ln(26) (C.7) 

except for the fact that Euler's constant is e* = 1.78 rather than 2. The integral 
term in eq. (C.6) is a minor correction for b >2. The limit for b -> 0 however 
is 
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= R 4- κ " 1 ft (C.8) 

i.e. a limiting slope of zero rather than — oo as in eq. (C.7). 

Literature Cited 

(1) Casassa, E. F. J. Phys. Chem. 1971, 75, 3929. 
(2) Huber, J. F. K. GIT Fachzeitschrift für das Laboratorium 1995, 39, 125. 
(3) Potschka, M . J. Chromatogr. 1993, 648, 41. 
(4) Ogston, A. G. J. Phys. Chem. 1970, 74, 668. 
(5) Potschka, M . Anal. Biochem. 1987, 162, 47. 
(6) Potschka, M . J. Chromatogr. 1988, 441, 239. 
(7) Potschka, M . Macromolecules 1991, 24, 5023. 
(8) Potschka, M . J. Chromatogr. 1991, 587, 276. 
(9) Cannan, R. K.; Kibrick, Α.; Palmer, A. H. Ann. Ν. Y. Acad. Sci. 1941, 

41, 243. 
(10) Miller, G. L.; Bolder, R. H. Arch. Biochem. Biophys. 1952, 36, 249. 
(11) Taylor, J. F. Arch. Biochem. Biophys. 1952, 36, 357. 
(12) Nave, R.; Weber, K.; Potschka, M. J. Chromatogr. 1993, 654, 229. 
(13) Dubin, P. L.; Speck, C. M.; Kaplan, J. I. Anal. Chem. 1988, 60, 895. 
(14) Gorbunov, Α. Α.; Solovyova, L. Y.; Pasechnik, V. A. J. Chromatogr. 

1988, 448, 307. 
(15) Korpela, T.K. J. Chromatogr. 1982, 242, 33. 
(16) Cai, C.-H.; Romano, V. Α.; Dubin, P. L. J. Chromatogr. 1995, 693, 

251. 
(17) Heidorn, D. B.; Trewhella, J. Biochemistry 1988, 27, 909. 
(18) Klee, C. B.; Crouch, T. H.; Richman, P. G. Ann. Rev. Biochem. 1980, 

49, 489. 
(19) Steiner, R. F.; Lambooy, P. K.; Sternberg, H. Arch. Biochem. Biophys. 

1983, 222, 158. 
(20) Giddings, J. C.; Kucera, E.; Russell, C. P.; Myers, M . N . J. Phys. Chem. 

1968, 78, 4397. 
(21) Casassa, E. F. J. Polymer Sci. Β 1967, 5, 773. 
(22) Dubin, P. L.; Principi, J. M . Macromolecules 1989, 22 ,1891. 
(23) Casassa, E. F. Macromolecules 1976, 9, 182. 
(24) Kuhn, H. Helvetica Chimica Acta 1948, 31, 1677. 
(25) Casassa, E. F. Macromolecules 1984, 17, 601. 
(26) Van Kreveld, M . E.; Van den Hoed, N . J. Chromatogr. 1973, 83, 111. 
(27) Knox, J. H.; Ritchie, H. J. J. Chromatogr. 1987, 387, 65. 
(28) Degoulet, C.; Busnel, J.-P.; Tassin, J.-F. Polymer 1994, 35, 1957. 
(29) Israelachvili, J. N . Intermolecular and Surface Forces ; Academic Press: 

London, 1985. 
(30) Parsegian, V. Α.; Rand, R. P.; Rau, D. C. In Physics of Complex and 

Supermolecular Fluids ; Safran, S. Α.; Clark, Ν. Α., Eds.; Wiley: New 
York, 1987; p.115ff. 

(31) Ohshima, H.; Healy, T. W.; White, L. R. J. Colloid Interface Sci. 1982, 
90, 17. 

(32) Verway, E. J. W.; Overbeek, J. T. G. Theory of the Stability of 
Lyophobic Colloids ; Elsevier: Amsterdam, 1948. 

(33) Smith, F. G.; Deen, W. M . J. Colloid Interface Sci. 1983, 91, 571. 
(34) Abramowitz, M . ; Stegun, I. A . Handbook of mathematical functions ; 

Dover: New York, 1973; §9.7. 
(35) Prieve, D. C.; Hoysan, P. M . J. Colloid Interface Sci. 1978, 64, 201. 
(36) Silebi, C. Α.; Mc Hugh, A. J. Am. Inst. Chem. Eng. J. 1978, 24, 204. 
(37) Malone, D. M . ; Anderson, J. L. Chem. Eng. Sci. 1978, 33, 1429. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
00

5

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Chapter 6 

Influence of Net Protein Charge 
and Stationary Phase Charge on Protein 

Retention in Size Exclusion Chromatography 

Vincent A. Romano, Tony Ebeyer, and Paul L. Dubin1 

Department of Chemistry, Indiana University—Purdue University, 
Indianapolis, IN 46202 

Protein retention on Superose 12 was studied at an ionic strength of 42 
m M over a wide pH (3.3 to 10.6). A chromatographic parameter, Q, 
which contains the electrostatic contribution to protein retention was 
defined. The relation of Q with the product of protein and packing 
charge densities was studied with the goal of providing a method for 
prediction of protein retention in mixed mode SEC-IEC. Protein 
charge heterogeneity effects were taken into account. The results 
indicate the general validity of the approach and suggest further 
refinements. 

Electrostatic interactions between proteins and various charged surfaces have been 
studied for many years [7,2,3]. These interactions play an important role in such 
diverse phenomena as protein binding within cell membranes [4], the formation of 
protein-polyelectrolyte complexes [5,6,7], and retention in protein chromatography 
[8,9,10]. Coulombic forces between proteins and packing materials govern the 
mobility of proteins in ion-exchange chromatography (IEC) columns and contribute 
significantly, along with size and hydrophobic effects, to retention in non-ideal size-
exclusion chromatography (SEC). This is because most SEC columns carry a slight 
negative charge over a wide range of pH due to the presence of carboxylate or silanol 
groups and can therefore be thought of as weak cation exchangers. Since proteins 
may bear either a net positive or negative charge, electrostatic forces will affect the 
retention of the protein on the column leading to delayed retention at low pH 
("attraction" or "adsorption") and early elution at high pH ("repulsion" or 
"exclusion"). 

1Corresponding author 

0097-6156/96/0635-0088$15.00/0 
© 1996 American Chemical Society 
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6. ROMANO ET AL. Net Protein Charge & Stationary Phase Charge 89 

Theories for adsorptive protein retention in IEC encompass stoichiometric 
displacement models [10,11] and electrostatic models [9]. The stoichiometric model 
of Kopaciewicz et ai [10] proposed visualizes a small, well-defined set of charged 
residues on the protein (charge patch) which displace a complementary set of small 
ions from charged groups on the packing. On the basis of this model Kopaciewicz 
et ai predicted a double logarithmic dependence of the capacity factor, k', with the 
inverse ionic strength, (1/1). It was also reported that the protein "patch" charge 
density could be calculated from the slope of this log k' vs. log 1/1 plot. On the other 
hand, Stâhlberg et al. [9] proposed a non-stoichiometric model which treats the 
interaction between the protein and the column packing as an electrostatic interaction 
between two charged surfaces separated by a buffered salt solution. In this 
electrostatic model, the protein charges are smeared over the surface of a sphere, half 
of which interacts with the column, so that protein charge heterogeneity is neglected. 
On the basis of this model, Stâhlberg et al. predicted a linear dependence of In k' on 
1 / . Consequently, either the protein or packing charge density could also be 
calculated from the slope of the k' versus 1/ iff plot. Recently, these two models 
were tested using protein chromatography data in which an SEC column (Superose 
12) operated as a weak cation exchanger [8]. The data were in good agreement with 
the electrostatic model of Stâhlberg et al. with respect to both the form of the 
dependence of k' on I and the calculated value of packing charge density. 

Electrostatic interactions between proteins and charged surfaces have also 
been considered computationally. Haggerty and Lenhoff [12] have shown an 
excellent correlation between the mean surface potential of proteins (calculated using 
the DelPhi electrostatics program) and their retention time on cation exchangers. 
Yoon and Lenhoff [2] found that the electrostatic interaction energy was dependent 
upon the orientation of the protein with respect to the charged surface as well as the 
separation distance between the two surfaces. Even when the net charge of the 
protein was opposite to that of the surface, a repulsive interaction was observed at 
certain orientations. Roush et al. (using the U H B D electrostatics program) [3] 
carried out similar calculations of electrostatic interaction energies between a protein 
and a simulated anion exchange as a function of orientation, separation distance, and 
ionic strength. In the latter two studies [2,3], a preferred orientation was found. 
This implies the existence of a localized area of charge that controls the retention of 
the protein, in contradistinction to the model proposed by Stâhlberg et al. 

In this paper, we consider the effects of both protein and packing charge 
density on protein retention using a Superose 12 column as a weak cation exchanger. 
More specifically we have tested the correlation that is given between 
chromatographic retention and the product of these two charge densities. Such a 
correlation could provide a method for the prediction of chromatographic retention 
from non-chromatographic data. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

00
6

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



90 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

TABLE I. CHARACTERISTICS OF PROTEINS USED IN THIS STUDY 

Protein8 Source MW pi R S

b 

V 
(nm) (nm) 

Ribonuclease (L-6876) Bovine Pancreas 13700 9.0 1.8 1.9 
Lysozyme (R-5503) Hen Egg White 14000 11.0 1.9 2.0 
Myoglobin (M-0380) Horse Skeletal Muscle 18800 7.3 1.9 2.1 
Ovalbumin (A-5503) Chicken Egg 45000 4.6 2.8 2.8 
Hemoglobin (H-4632) Horse 64650 7.0 3.2 — 

a Sigma lot numbers given in parentheses, 
b Stokes radius, from reference (13). 
c Viscosity radius, from reference (13). 

T A B L E II. CHARACTERISTICS OF P U L L U L A N STANDARDS 

Grade M w xl0-3(a) M w / M n * [η], (cm3/g) R s b , (nm) R h

c , (nm) 

P-1600 1660 1.19 306 d — 43.2 

P-400 380 1.12 115.5 17.6 19.1 
P-200 186 1.13 70.4 12.8 12.8 
P-100 100 1.10 45.9 8.8 9.0 
P-50 48 1.09 28.6 6.1 6.0 
P-20 23.7 1.07 18.1 4.0 4.1 
P-10 12.2 1.06 11.9 3.0 2.9 
P-5 5.8 1.07 7.9 2.1 1.9 
a From manufacturer (Showa Denko K.K.), in water at 25° C. 
b From reference (13), in pH 7.0,0.3M phosphate buffer, via diffusion coefficient by 
quasielastic light scattering (QELS). 

c Calculated using /?n = 

d From reference (13), by extrapolation from other data in this column using 
[η] = 0.02\χΜ*6Ί. 
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6. ROMANO ET AL. Net Protein Charge & Stationary Phase Charge 91 

Experimental 

Materials. Table I lists protein characteristics, including source, molecular weight, 
isoelectric point (pi), Stokes radius (R§), and viscosity radius (Rfc). Pullulan 
samples (Shodex Standard P-82 lot # 20101) from Showa Denko K . K . are described 
in Table Π. A l l buffers and salts were reagent grade from Sigma, Fisher or Aldrich. 
The raw Superose 12 column material used for titration was a gift from L . Hagel of 
Pharmacia. 

Methods 
Size-exclusion chromatography. A Superose 12 HR 10/30 (Pharmacia) column 

(12% cross-linked agarose medium) with a typical plate number of 40000 m~l was 
used throughout the study. A Rheodyne 0.2 mm filter was used to protect the 
column, and a 2 μπι frit was placed in-line between the column and a Rheodyne 
injector (Cotati, C A ) equipped with a 100 nL injection loop. A Gilson U V detector 
(254 nm) in series with a Millipore-Waters differential refractometer R401 was 
coupled to a Kipp & Zonen two-channel recorder. A Milton-Roy miniPump 
(Riviera Beach, FL) was set to deliver a flow-rate of typically 0.52 ml/min. The flow 
rate was obtained by weighing eluant collected over a timed period, and was 
measured at the beginning and end of each day's experiments; it was found to be 
constant within 1%. The buffer pH and ionic strength were confirmed with an 
Orion pH/millivolt meter 811 and a YSI Conductivity Bridge (model 31) 
respectively. 

The samples (proteins and pullulans) were dissolved in the buffer solution by 
the following procedure: after preliminary mixing with a Vortex Genie (Fisher 
Scientific), complete dissolution was carried out with a shaker (Thermolyne Speci-
mix, Sybron) or a tumbler (Labquake). Samples were filtered (0.45 mm Gelman) 
prior to injection. K $ E C w a s calculated with V Q determined from pullulan P-1600 
(MW=1.66 χ 1θ6) and V t determined from D 2 O . Typical values for V Q and V t were 
20.44 ± 0.04 ml and 7.10 ± 0.08 ml respectively. Every run was accompanied by at 
least one measurement with P-1600 and D 2 O on the same day. 

Superose 12 pH titration. In order to protonate all carboxylate groups on 
the surface of the gel, about 5g of Superose 12 column material was acid-washed 
thoroughly for more than three hours by tumbling in excess 0.5N HC1. The excess 
acid was removed by washing with water at least 30 times until the pH of the top 
layer became constant (pH=5.11). The water was then removed by freeze drying. 

Approximately 500 mg of dried gel was suspended in 10.00g of NaCl 
solution (5mM and 42mM), then degassed by N 2 for 10 minutes. A layer of N 2 was 
maintained on the liquid surface throughout the titration process. The gel was titrated 
with a 0.2 ml microburet (Gilmont) with 0.10N NaOH from the initial pH value to 
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pH 10 using an Orion Model 811 microprocessor pH/millivolt meter and a Cole 
Parmer glass body combination electrode (Model H-05990-40) calibrated with pH 4 
and pH 7 buffer standards (Fisher Scientific). The same amount (by weight) of 
NaCl solution was used for blank titrations: an acid blank titrated with 0.103N HC1 
(calibrated against 0.10N NaOH) and a base blank with 0.10N NaOH. The acid 
blank is used to determine the number of protons that dissociate initially when the 
fully protonated Superose 12 is suspended in the salt solution and the base blank is 
used to determine the number of free protons in the salt solution. 

Calculation of Protein Patch Charge Density. Structures for the five 
proteins were imported to Quanta from the Brookhaven Protein Databank as follows: 
2dhb (hemoglobin), 8rat (ribonuclease), lymb (myoglobin), lhel (lysozyme), and 
lova (ovalbumin). Solvent molecules were removed. U H B D calculations were 
carried out on all of the proteins with residue charges set to what they should be at 
each of the 5 pH values used above. Dipole moments were obtained from these 
calculations and the vectors were displayed along with the protein structures. A 
graphical slab with a thickness of a Debye length (14.84 Â at I = 42mM) was used to 
select a set of residues from the surface of the protein. The slab was oriented in a 
manner such that the dipole vector was orthogonal to the plane of the slab. The 
surface area of these residues was then calculated using the Molecular Surface utility 
of Quanta. The patch charge density was then calculated by summing up the net 
charge contained in the selected residues. 

Results and Discussion. 

Calculation of Superose 12 surface charge density (ss). Using methods 
described previously [8], the column surface charge density, σ 8 (C/m^), was 
calculated by: 

[Mb{Vs-Vb) + MaVa]-NA.e 

«ι,·310 W 

where M b is the molarity (mol/L) of the NaOH used in the titration, M a is the molarity 
(mol/L) of the acid used in the acid blank titration, V S is the volume (ml) of NaOH 
consumed in the sample titration, V F C is the volume (ml) of NaOH consumed in the 
blank titration, V A is the volume (ml) of acid consumed in the blank, Ν A is 
Avogadro's number (molecules/mol), e is the electronic charge 
(Coulombs/molecule), rris is the mass (g) of Superose 12 used in the titration, and 
310 is the Superose 12 pore area per gram (m2/g) [8]. Figure 1 shows the plot of 
Superose 12 charge density versus pH. 
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94 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Figure 2. Dependence of K S E c on radius for ovalbumin (O), hemoglobin ( Δ ) , 
myoglobin (v), ribonuclease (•), and lysozyme (O). The curve indicates the "ideal 
calibration curve" generated by pullulans (•). 
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SEC on Superose 12. Figure 2 shows the dependence of KSEC on solute radius 
for pullulans in pH 7.0 and I = 42mM phosphate butter. These solutes which are non-
ionic polysaccharides are used to construct what is known as an "ideal calibration 
curve" since there retention is dependent only upon steric effects [13]. KSEC values 
for proteins are given in Table ΠΙ and are shown by filled symbols in Figure 2. From 
Figure 2, the KSEC values for the proteins all deviated significantly from the "ideal 
calibration curve". Positive deviations indicate electrostatic attraction between the 
charged protein and the weakly anionic Superose 12 and likewise, negative deviations 
indicate an electrostatic repulsion. 

In order to examine these electrostatic phenomena, a parameter which isolates 
the electrostatic contribution to retention in SEC must be derived. Under the 
assumption that only steric effects and electrostatic effects contribute to retention, the 
Gibbs free energy of retention is given by: 

where AG e i is the electrostatic contribution to retention and AGt is the steric 
contribution. It then follows that: 

where KSEC is the chromatographic partition coefficient, Kd is the equilibrium 
coefficient for the electrostatic contribution to the free energy, and Ki is the KSEC 
obtained from the "ideal calibration curve" at the same radius as that of the solute of 
interest. By substitution of equations 3a-3c into equation 2, we get: 

AGSEC=AGel+AGi (2) 

AGSEC=-RT\nKl 

AGeï=-RT\nKeï 
AG, = -RT\nKi 

SEC (3a) 
(3b) 
(3c) 

(4). 

By rearrangement, equation. 4 reduces to: 

-\nKel = l n # , - l n £ . SEC (5). 

Now the parameter Q is defined as: 

(6). 

A negative value of Q indicates attraction and a positive value indicates repulsion. In 
principle, there are no upper or lower limits to Q: for large repulsion, Q approaches 
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infinity as Ksec approaches zero. For strong attraction, Q becomes a large negative 
number. In the attractive case, Q is somewhat analogous to the capacity factor, 
inasmuch as the retention time is being compared to that of a non-retained compound, 
although, in this case, we specify that the reference compound must have the same 
size as the protein of interest. Table IV shows Q values for the proteins at various 
pH and I = 42mM. 

Relation of Q with Protein and Packing Charge Densities. Previous 
experiments have shown that retention in IEC correlates well with mean protein 
surface potential [12] (which is a function of net protein charge). Stâhlberg et al. [9] 
also proposed a model for IEC in which protein retention is given as a function of 
both the protein and packing charge densities. However, attempts to rationalize our 
data by plotting both the Gibb's Free Energy, according to ref. 9, and Q versus pH 
were not successful. Therefore, as a zeroth order approximation we propose that the 
retention depends on the simple product of the protein charge density, σ ρ and packing 
charge density, σ 8 . Figures 3a-e show plots of σ ρ *σ 8 and Q (arbitrarily scaled) 
versus pH. An excellent correlation between these two functions is seen for 
ovalbumin (Figure 3a). Hemoglobin, myoglobin, and ribonuclease (Figures 3b-d) 
show progressive deviation from this prediction, while the correlation for lysozyme 
(Figure 3e) is poor. Figure 4 shows Q versus σ ρ*σ 8 for all proteins and all pH's of 
this study. The imperfect correlation suggests a need to refine this simple approach; 
nevertheless, a clear trend with a variation of ca. ±0.2 in Q is observed. 

Charge heterogeneity is a reasonable source for deviations from the 
predictions made above. Kopaciewicz et al. [10] have stated that retention in fact 
depends uniquely on some small well-defined set of charges ("charge patch") and 
both Yoon and Lenhoff [2] and Roush et al. [3] found that the electrostatic energy 
between proteins and packing surfaces depends on geometric orientaion. However, 
the concept of the "charge patch" remains fundamentally undefined. We may 
postulate that the "charge patch" is the area on the protein (sphere) that is within a 
Debye length (κ 1 ) of the packing surface when the protein is just in contact with the 
packing and is oriented with its dipole (m) pointing toward the packing (See Figure 
5). Charge densities for these patches, a p

e f f , were calculated using Quanta and 
U H B D software, as mentioned in the introduction, and plotted against the 
chromatographic parameter Q (Figure 6). The data for the neutral and acidic proteins 
(filled symbols) clearly show an improved correlation. For the basic proteins, on the 
other hand, the correlation at low pH (attractive regime) is poor. An interesting 
feature of this plot is the break point between the attraction (Q < 0) and repulsion (Q 
> 0) data. This indicates that the function which describes retention is not identical 
for atraction and repulsion. 

With appropriate refinements, this method might be useful for predicting 
protein retention in mixed mode SEC-IEC. One possible refinement involves the 
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T A B L E III - KSEC V A L U E S A T V A R I O U S pH A N D I = 4 2 mM 

PH 3.27 5.04 6.99 9.0 10.6 

Ovalbumin 0.56 0.45 0.36 0 .36 0.33 

Ribonuclease 0.85 0.79 0.79 0.77 0 .50 

Hemoglobin 1.13A 0.79 0 .52 0 .39 0.38 

Myoglobin 0.84 0.67 0.58 0 .52 0.44 

Lysozyme 0.98 0.86 0.83 0 .82 0.81 
a This value was obtained at pH = 3.5. 

2.0E-4 m 

1.5E-4 
a • 

• 
0.19 

1.0E-4 0.09 

5.0E-5 • 

u 
ff 
* 
b* 

0.0E+0 

-5.0E-5 

-1.0E-4 

-1.5E-4 

• D 

• • 
• 

• 

-0.01 

-0.11 

-0.21 

-2.0E-4 
• -0.31 

-2.5E-4 I . . . I -0.41 
0 2 4 6 8 10 12 

PH 

Figure 3. Electrostatic retention parameter Q ( · ) and the product of protein and 
packing charge densities (•) versus pH for (a) ovalbumin, (b) hemoglobin, (c) 
myoglobin, (d) ribonuclease, (e) lysozyme. 

Continued on next page 
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Figure 3b. Continued 

3.0E-4 

2.0E-4 

5: 1.Œ-4 

^ 0.0E+0 

-1.0E-4 h 

-2.0E-4 

• 
c • 

• 

• • _ 

• 

• 
• 

β 

• 

• -
• 

• 
I 1 1 ft 1 1 1 1 1 1 , , 1 ...... , .. , ...1—. u_ 

A 0.36 

0.26 

0.16 

0.06 

-0.04 

-0.14 
6 
PH 

10 12 

Figure 3c. Continued 
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T A B L E IV - Q V A L U E S AT VARIOUS pH A N D I = 42mM 

pH 3.27 5.04 6.99 9.0 10.6 

Ovalbumin -0.13 0.08 0.31 0.32 0.41 
Ribonuclease -0.36 -0.30 -0.29 -0.27 0.16 
Hemoglobin -0.92 -0.56 -0.15 0.15 0.17 
Myoglobin -0.40 -0.18 -0.04 0.08 0.24 
Lysozym -0.52 -0.39 -0.36 -0.35 -0.33 
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0.4 
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0 
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-0.6 

-0.8 
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• • 
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V V 
- g o ο 

V 
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: ° ο 

ο 
. . . . ι . . . . ι . . . . ι . . . . ι . 

-3.0Ε-4 -2.0Ε-4 -1.0Ε-4 0.0Ε+0 1.0Ε-4 2.0E »̂ 3.0Ε-4 4.0Ε-4 

a p *a s (C2 /A4) 

Figure 4. Relation of Q and the product of protein and Superose 12 charge densities 
for ovalbumin (Π), hemoglobin (O), myoglobin ( Δ ), ribonuclease (v ) , and 
lysozyme (O). 
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6. ROMANO ET AL. Net Protein Charge & Stationary Phase Charge 101 

Figure 5. Illustration of protein charge patch definition. The protein is shown as a 
sphere in contact with the packing surface. The charge patch is defined by all 
residues on the surface of the protein within one Debye length of the packing surface 
and is shown by the shaded area. 

-3.0E-5 -2.5E-5 -2.0E-5 -1.5E-5 -1.0E-5 -5.0E-6 0.0E+0 5.0E-6 1.0E-5 1.5E-5 

Figure 6. Relation of Q and the product of protein patch and Superose 12 charge 
densities for ovalbumin (•), hemoglobin ( • ), myoglobin (A), ribonuclease (V), and 
lysozyme (O). 
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procedure for defining the charge patch. Instead of using the dipole moment to 
determine the location of the patch, calculations similar to those of Haggerty and 
Lenhoff [72] and Roush et al. [3] could be used to determine the preferred 
orientation of the protein with respect to the packing. To evaluate the success of this 
approach, further experimental work should include a greater number of proteins. 

Conclusion. 

Protein retention in mixed mode SEC-IEC must depend on some function of 
the protein and packing charge densities. We found some correlation between the 
product of these two charge densities (σ ρ*σ δ) and the chromatographic parameter Q. 
A refined model using patch charge densities, a p

e f f , instead of the global protein 
charge density, σ ρ , showed improved correlation for the acidic proteins but not for 
basic proteins. 
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Chapter 7 

Modeling of Stationary Phase 
in Size Exclusion Chromatography 

with Binary Eluents 

V. Soria, A. Campos, J. E. Figueruelo, C. Gómez, I. Porcar, 
and R. Garcia 

Department de Quimica Fisica and Institut de Ciència dels Materials, 
Universitat de València, E-46100 Burjassot, València, Spain 

Distribution coefficients for polystyrene obtained from size-exclusion 
liquid chromatography experiments on a silica-based packing in 
benzene-methanol binary eluent, have served to test the validity of 
those theoretically predicted. For this purpose, we use the Flory
-Huggins lattice theory for the thermodynamic description of the 
polystyrene behaviour in mixed solvents as eluent, including the 
preferential solvation effect. Moreover, an structural description of 
the stationary phase is performed through a binary-layered-phase 
model for methanol adsorption on the pore wall, involving a self
-association process. Diverse alternative ways to evaluate the 
distribution coefficients are detailed in-depth and the results 
discussed. 

Multicomponent eluents are often used in Liquid Chromatography (LC) under 
isocratic conditions in both organic and aqueous environments (7,2). The inherent 
advantage of using these eluents is to change gradually some properties such as 
eluent strength, viscosity, solubility respect to the solute, to decrease the boiling 
point for volatile single eluents, polarity, etc. In the case of size-exclusion 
chromatography (SEC) of polymers, two applications of the multicomponent eluents 
deserve to be mentioned. The first one refers to a new mode of SEC, called Critical 
SEC often used to separate polymers of the same molar mass but different 
functionality, end-groups or topology (linear, branched, comb) (5-5). These critical 
conditions are created with specific multicomponent eluents often formed by a non-
solvent/solvent mixture at a given composition and temperature. However, the exact 
mechanism of the polymer retention under critical conditions is not clear yet. The 
second advantage of using this kind of eluents concerns the possibility to perform 
transient stationary phases by chemisorption of one or more components of the 
eluent on the active centres of the gel packing. Focusing our attention in a binary 
eluent formed by a solvent/non-solvent for the polymer, the stationary phase can be 
enriched or depleted in one of the components respect to the original composition of 
the mobile phase. This feature has been investigated in-depth many years ago from a 

0097-6156/96/0635-0103$16.00A) 
© 1996 American Chemical Society 
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104 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

experimental viewpoint in both organic and aqueous media (6-9). However, up to 
date, a lack on the theoretical interpretation still remains. In this way, it has been 
experimentally evidenced that the polymer elution profiles shift toward lower or 
higher elution volumes by comparison with the elution of the same polymer in a 
single good solvent as eluent. This behaviour has been quantified by changes in the 
partition coefficient, K p , which represents the solute partition between stationary 
and mobile phases. Values of Kp lower than unity mean that the polymer 
concentration (expressed in the usual weight/volume dimension) is larger in the free 
exterior volume respect to the interior of the pore. On the contrary, K p values larger 
than unity denote the opposite behaviour. 

Although significant progress has been made on the understanding of this fact, 
mainly from the experimental side, a general model has not been achieved yet. 
Much less work has been done on the description of the microscopic phase 
entrapped in the pores of the packing material, mainly if one of the components of 
the eluent specifically interacts with the active centres of the gel. In this regard, 
some contributions dealing with chromatographic modes other than SEC in 
multicomponent eluents have been published (10-12). Thus, Jaroniec and Martire 
(13) reported a description of solute retention in L C with mixed eluents involving 
non-specific solute-solvent and solvent-solvent interactions in both mobile and 
surface phases, as well as association equilibria in these phases. The surface 
(stationary) phase composition is expressed in terms of the volume fraction and of 
the activity coefficients of the components. Most recently, Boehm and Martire (14) 
have reported a statistical thermodynamic treatment based on the Bethe-
Guggenheim quasi-chemical approach to predict solute distribution between a 
binary solvent mobile phase and a stationary phase consisting of a monolayer of 
solvent molecules sorbed on a chemically homogeneous planar support surface. 

On the other hand, the use of multicomponent mixtures as mobile phases leads 
to the formation of extra peaks often called "system peaks", as a consequence of a 
thermodynamic phenomenon resulting from the perturbation of the chemical 
equilibrium (2,75). At the onset of this perturbation of equilibrium, the 
chromatographic system (stationary and mobile phases) begin to relax towards a 
new state of equilibrium by transferring mobile phase components, in addition to 
solute, between the two phases. In the field of polymers solved in a binary solvent 
mixture, preferential solvation generally occurs. At a molecular level, better 
solvation of the polymer by one of the solvents renders the solvent composition 
within the chain coils, different from that outside. SEC has been used for 
quantitative evaluation of the preferential solvation by analysis of an extra peak 
termed in this context as "vacant peak". An in-depth explanation of this 
methodology has been reported in the past (16-19). 

In a previous report (20), we have studied polymer retention in SEC with mixed 
eluents on silica-based gel packings. The distribution coefficient of the polymer 
between mobile and stationary phases was evaluated on the framework of the Flory-
Huggins (FH) lattice theory, including the preferential solvation of the polymer by 
one of the eluent components. In order to improve our previous proposal, we present 
here an extension of this thermodynamic treatment including more elaborated 
models for the stationary phase. As it will be explained throughout the text, the 
exact knowledge of the domains forming the stationary phase will be of paramount 
importance and a way to reach this purpose will be detailed in-depth. 

A mixed model is developed here to account for the solute retention 
mechanisms represented by the partition coefficient, K p , which denotes the solute 
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7. SORIA ET Al» Modeling of Stationary Phase in SEC 105 

transfer between the two chromatographic phases. The solute distribution is 
described by the conventional F H formalism often used to deal with the liquid-liquid 
phase equilibrium in polymer solutions (21,22). For the evaluation of the surface 
(stationary) phase composition, we have substantiated the theory of association 
equilibria (23,24) for a binary mixture when one component (the polar) can undergo 
self-association. The predictions of the present analysis are compared with 
experimental data on distribution coefficients obtained from SEC experiments for a 
set of narrow polystyrenes (PS) eluted on Lichrospher packing using Benzene-
Methanol (80/20, v/v) binary mixture as eluent. The system used in the current 
investigation is well suited for basic studies on elution mechanisms in SEC since 
most of the non-chromatographic parameters, such as polymer-solvent and solvent-
solvent interaction parameters, have been independently evaluated. In addition, the 
preferential solvation of PS in this mixture has been obtained from SEC 
measurements (17) being this phenomenon optionally introduced in our approach. 

Experimental 

Chemical and Reagents. Two sets of polystyrene samples with narrow molecular 
weight distributions were supplied by Waters Assoc. (Milford, Mass. USA) and by 
C R M (Strasbourg, France), respectively. The first set corresponds to W-2700, W-
240, W-130, W-27, W-9 and W-2.9, and the second one to F-314, F-136, F-24.5 and 
F-20.5. In both cases the numbers of the codes denote the weight average molar 
mass of the polymer sample in kg.moH. The reagents used, benzene (Bz) and 
methanol (MeOH) were of analytical reagent grade, distilled twice before use. The 
silica used for the adsorbent and for chromatographic packing was Lichrospher Si-
100, Si-300 and Si-500 (Merck, Darmstad, Germany). 

Column Preparation. Three stainless steel tubes of 30x0.78 cm. i.d. were packed 
with Lichrospher Si-100, Si-300 and Si-500. The packing of the chromatographic 
columns used here were carried out by the slurry technique. An adequate amount of 
gel was heated at 50 °C and dried under vacuum for 24 h. Next, the gel was 
dispersed in methanol and before packing the slurry was degassed and stirred by 
ultrasonic vibration to prevent possible particle aggregation and sedimentation. The 
mixture was introduced in a conventional slurry reservoir, connected with the 
column to be packed and the pump using n-hexane as displacing liquid. 

Chromatographic Measurements. A Waters Assoc. (Milford, Mass. USA) liquid 
chromatographic equipment has been used a description of which has been reported 
elsewhere (25). A set of three columns packed with 4.45 g (Si-100), 4.39 g (Si-300) 
and 4.89 g (Si-500) were used in all experiments. Single eluent such as benzene or 
binary ones Bz-MeOH (80/20, v/v) have been used, following degassing and 
filtration in all instances through regenerated cellulose 0.45 μια pore diameter filters 
from Micro Filtration Systems (Dublin, CA, USA). 

Adsorption Isotherms. In order to evaluate the volume fraction of the adsorbed 
component in the stationary phase, static experiments of Bz-MeOH binary mixtures 
in presence of Lichrospher were conducted. The adsorption experiments have been 
performed as follows: a fixed amount of dry Lichrospher (approx. 1 g.) was 
transferred to a 10 mL flask and then mixed with 4 mL of Bz-MeOH at a fixed 
composition. The mixture in the glass flask was mechanically shaken in a water bath 
attached with a shaker for 24 h to determine the adsorption isotherms. After this 
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period of incubation, long enough to reach an equilibrium, the supernatant was 
carefully withdrawn and the composition analysed. To this end, a calibration of 
refractive index against the composition of each liquid mixture was obtained in 
absence of gel. These reference mixtures were prepared in a graduate pycnometer, 
previously calibrated, to calculate the correction due to the excess volume. The 
adsorbed amounts of MeOH were determined from the difference of the 
concentrations between the dosage and the supernatant. 

General Considerations 

Let us consider a set of polystyrene (PS) standards of different molecular weight as 
solute (component 3) chromatographed in the eluent benzene-methanol (Bz-MeOH, 
80/20, v/v) considered as components 1+2, which behave as a good solvent and a 
non-solvent, respectively. The solvent (1) -solvent (2) and solvent (1 or 2)-solute 
interactions in the mobile (m) and stationary (s) phases will be described in terms of 
gjj-functions in the framework of the Flory-Huggins lattice model of polymer 
solutions. Specific interactions between component 2, methanol, and the active 
centres of the silanol groups on the Lichrospher gel will be located in the stationary 
phase only. Preferential interaction of the MeOH will change slightly the eluent 
composition near to the pore wall with respect to the original eluent composition. 
On the other hand, the PS can undergo preferential solvation by one of the 
components of the binary eluent (77,25). In this case, the composition of the liquid 
mixture near and far from the PS coil wil l also be slightly different. Both 
phenomena, preferential interaction and preferential solvation caused by the silanol 
groups and the PS, respectively, are included in this report. To this end, we have 
introduced the conventional notation often used in thermodynamics of polymers in 
mixed solvents systems to account for the composition of diverse domains in the 
multicomponent solution (26). Thus, φια (i= 1,2,3; a=m,s) refers to the volume 
fraction of the component i in the phase a. Hereafter subscript 1 denotes the apolar 
(inner) component, subscript 2 refers to the minority or polar component and 3 
refers to a monodisperse polymer sample. When a polymer sample is dissolved in a 
mixture of two single liquids, as in the present case, one can introduce the two 
microphase approximation consisting of a microphase or domain far away from the 
polymer coil (free of polymer) where the composition of the two liquids can be 

expressed as φ{α (i=l,2; a=m,s) i.e. the volume fraction referred to the binary 
3 2 

mixed solvents. Obviously, both ΣΦ\α = 1 and ΣΦια = 1 m u s t ^ fulfilled. In 
i=l i=l 

absence of polymer, the binary liquid mixture composition will be expressed by 
0iO,a (i=l,2; os=m,s), the volume fraction of the component i in the binary phase, 

2 
being Σ0ίο α = 1 ^ δ 0 fulfilled. The volume fraction of the solvent mixture in the 

i=l 
domain of the polymer coil will be denoted by uia (i=l,2; a=m,s) being X u j a = 1. 
For the phase a , the parameters φια and U j a can be easily correlated through 

uicr = ^ ι α Α 1 - 0 3 α ) · 
In a previous paper (20) we considered the stationary phase as an isotropic 

phase meaning that the composition is the same near or far of the pore wall. 
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7. SORIA ET AL. Modeling of Stationary Phase in SEC 107 

However, when the eluent is constituted by an inner (apolar) and an active (polar) 
components, the above scheme is not valid and more complex models of mobile 
phase must be implemented. Here, it has been assumed that the active centres of the 
gel, mainly consisting on free silanol groups, interact with the polar component via 
hydrogen bonding forming a monolayer of solvent molecules. Thus, we show in 
Figure 1 a pictorial representation of the mobile and stationary phases in SEC of 
binary eluents. The conventional stationary phase confined to the pores of the gel 
packing, will be considered as a binary-layered-phase made up by an inlet region 
(zone ΙΠ) which is formed by a monolayer of component 2, methanol in this case, 
chemically adsorbed on the silica gel surface. Next, zone II represents an outlet 
region, in contact with the mobile phase, formed by self-associated methanol and a 
Bz (l)-MeOH (2) mixture. Lastly, zone I refers to the mobile phase placed outside 
of the pores and formed by Bz (l)-MeOH (2) mixture of the same composition as 
the eluent. We consider that the polymer partition takes place between zone I (m-
phase) and zone Π (s-phase). According to this picture, the PS is fully excluded from 
zone ΙΠ since the polymer is not soluble in pure methanol. 

In order to clearly distinguish between the composition of the aforementioned 
inlet and outlet layers of the stationary phase, it is necessary to introduce a new 
parameter V| which denotes the volume fraction of the component i (i=l,2) 
"adsorbed" upon the pore surface. In the absence of polymer, the amount of i per mL 
of quasistationary phase can be expressed as Vj + (1 - ν^Φιο^- When the polymer is 
included in this phase, the amount of the component i can be expressed as follows: 
u i s = Vj + (1 - V^Ujs , where fts = u i s ( l - φ&) = [Vj + (1 - v^u^] (1 - 03S). It is well 
known that when an analytical chromatographic column is used, as the one 
considered here, the feed sample (about 50 μ ί ) is so small compared to the column 
volume of about 10 mL, that the elution can be considered to take place at infinite 
polymer dilution. Moreover, if the preferential solvation of the polymer by one of 

the two liquids is disregarded, then uj s « ^° s , and the above expression can be 
transformed into: 

We notice that the Vj evaluation is crucial and an attempt is made here to offer 
an adequate and quantitative description of the multilayer composition of the 
stationary phase in SEC with binary solvents on active gel packings. Thus, 0-ls 

evaluation demands to elucidate previously the entity of the right hand side of 
equation 1 which is often difficult and requires new rational assumptions. From a 
phenomenological viewpoint, this entity can be defined as: 

= [ ^ + ( 1 - ^ ) ^ 1 ( 1 - ^ ) (1) 

[Vi+(1-^ )^ .1 = 
cm of i in zone ΙΠ + cm of i in zone Π 

cm 3 of stationary phase 
cm 3 of i in zone ΙΠ + cm 3 of i in zone Π 

cm total pore volume 
(2) 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
00

7

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Figure 1. Pictorial representation of a binary-layered stationary 
phase (zones II and III) and mobile phase (zone I). Methanol 
(filled) and benzene (empty) symbols. 
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7. SORIA ET AL. Modeling of Stationary Phase in SEC 109 

Note that in liquid chromatographic experiments when a macromolecular solute is 
eluted according to a pure size-exclusion mechanism, the volume of the stationary 
phase agree fully with the total pore volume of the gel packing. 

Moreover, when the polymer is preferentially solvated by one of the 
components of the binary liquid mixture, a new notation dealing with this feature 
must be included. The preferential solvation parameter is commonly defined as 
λ = Δ0ί° α /ΰ3 α , being Αφ°α the excess of volume fraction of solvent i in ternary 
microphases with regard to that of bulk solvent per polymer concentration unit in 
phase a , c^a. Therefore, when the A parameter is included, the new solvent 

λ 
composition, φ[α, is given by: 

Φυχ = (1 " <ha)4a = (1 " <ha)(tia ± *tia) = 

= 0 i a ± ( 1 - ^ 3 a ) A C r 

where uf a = tfa ±Αφ\α. 

Solute Distribution Between Chromatographic Phases 

The Flory-Huggins equation for the Gibbs free energy of mixing, A G , can be 
written as: 

(RT) C 0 I I 1K (κτ)Γ ( 5 ί } 

AG 

RT VKWcomb 

where the subscripts comb and res stand for combinatorial and residual contributions 
to AG. When a ternary mixture is formed by two single liquids and a polymer, the 
above contributions are defined as follows (22): 

1^1 = n 1 l n 0 1 + n 2 l n 0 2 + n 3ln03 (5) 
v R 1 ĉomb 

and 

( R T ) = n i ^ g 1 2 + n i ^ g l 3 + n2<h&23 + *M0203gT ( 6) 

gy being Koningsveld-type functions (27) accounting for the nearest neighbour-
neighbour interchange interaction energies between the components i and j . gj is a 
fit parameter including other than two-body interactions as well as the non-
combinatorial contribution to the entropy of mixing. φ\(= nj/Znj) represents the 
volume fraction of the component i in the incompressible ternary mixture and nj the 
number of solvent molecules or segments of the macromolecule. For simplicity, we 
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110 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

will consider the component 3 as a monodisperse polymer sample, often represented 
by a narrow polymer standard. 

The chemical potential of the component 3, the polymer, can be easily obtained 
upon differentiation of equation 4 with respect to n 3 : 

Δ μ 3 = 1 ( dtXi\ J*Bl\ J^l) 
RT R T [ A i 3 J T p n i n 2 U T j r e s 

(7) 

where 

and 

fë-) = - ^ - ^ - ^ 2 + ^ - ( , η ^ + 1 - ^ ) (8) 
V R l /comb v 2 v 3 

1-03 <?03 

In general, for a L C process the polymer can be transferred from the m-phase to 
the s-phase according to partition models (28-33). For low molecular weight solutes, 
this transfer may occur through distribution ôf single solute molecules and a 1:1 
solute-solvent complexes between both phases (13). For high molecular weight 
solutes, such as polymers and other assemblies, it is often assumed that the solute 
transfer or distribution between both phases concerns exclusively to the polymer. 

For equilibrium partitioning of the polymer between both chromatographic 
phases at a given temperature, the solute chemical potential must be equivalent. 
Thus, μ 3 δ = μ 3 π ι and hence from equation 9 is obtained: 

-01s - 0 2 s + J-On 03s +1 " 03s) -
v 2 v 3 

^ 2 s g . 2 + Ml-*3s)gl 3 + f ^ ^ + 

^ 0 2 s ( l " 03s)g23 + ^ - ^ s _ f e + V 2

 S V 3 8 7 8 2 3 V 2 ( l - f c s ) d 0 3 

W l - 2 0 3 s ) g T + ^ ^ | f = 
l -03s *03 
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7. SORIA ETAL. Modeling of Stationary Phase in SEC 111 

-01m " 02m + 7 r ( l n 03m +1 " 03m)~ 
V 2 V 3 

01m02mgl2 + 01m(l ~ 03m)gl3 + Vf3" ^ " + 
l -03m d 03 

^ 0 2 m ( l - 0 3 m ) g 2 3 + f ; ^ ^ + V 2 V 2 ( l - 0 3 m ) d03 

0 1 m 0 2 m ( l - 2 0 3 m ) g T + ^ ^ t L ( 1 0 ) 

where Vj (i= 1,2,3) refers to the molar volume of the component i . The practical use 
of equation 10 requires clarification of the known parameters as well as the 
unknown ones. In our context, we consider as input parameters the g-type 
functionalities as well as other minor parameters such as the molar volumes of the 
components. The main features of gy and gj functions as well as their derivatives 
have been previously determined and their meaning widely discussed (see Table 1 
from ref. 20). The volume fractions φια are the magnitudes to be evaluated. The 
φιτη values can be easily obtained from the eluent composition as well as from the 
injected polymer concentration. On the contrary, the φ1Β evaluation is a difficult task 
since requires to perform models dealing with the composition of solvent layers 
adsorbed onto the pore. In the next sections we present the steps needed to carry out 
this purpose. 

Evaluation of the Total Pore Volume 

For the evaluation of the total pore volume, V p , in equation 2, two geometrical 
shapes for the pore can be assumed. Thus, for a spherical pore shape: 

Vp=V p ,exp«r>/r) 3 (11) 

and for cylindrical pores: 

Vp=V p ,exp((r ) / r ) 2 " (12) 

where V p stands for the average pore value; V p e x p for the experimental pore 
volume, (r) is an average pore radius, r the experimental pore radius, h = (r) + r 
and H = 2(r), respectively. 

The V n e x p values can be easily obtained from data of the elution volume of 
two standards falling within the linear region of the universal calibration plot log 
Μ[η] vs. V R . Thus, from the relationship K S E C = ( V R - V 0 ) / V p e x p , the V p e x p 

value can be extracted. A value of V p e x p =17.83 mL has been obtained for the PS 
standards in Bz-MeOH eluent on Lichrospher as gel packing. 
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Evaluation of the Average Pore Radius. The average pore radius, (r), has been 
calculated from data of the manufacturer for this gel. Thus, we have defined a 
weight average pore radius, (r w ) , as follows: 

Μ = (13) 

Wj being the mass of gel of pore radius η. Recalling that the columns used here 
were formed by 4.45 g of Lichrospher of 50 À (Si-100), 4.39 g of 150 Â (Si-300) 
and 4.89 g of 250 Â (Si-500), we obtain: 

. . 4.45x50 + 4.39x150 + 4.89x250 1 c o n * 
(r w ) = = 153.2 À (14) 

w 13.73 
In addition, a number average pore radius can also be defined by assuming an 

homogeneous distribution of the number of pores of a certain size. Thus, one pore of 
250 Â will be equivalent to 1.66 pores of 150 Â and to 5 pores of 50 Â, respectively, 
so that: 

<rn> = * M = 5x50 + 1.66x150 + 1x250 = ^ A 

Σ η , 7.66 

Evaluation of the Experimental Pore Radius. Two procedures have been used, 
the first one being based on the Dawkins and Hemming equation (34,35): 

/ χ R 2 K D In V R - V 0 = + ln—5. (16) 
*ι η 

where R is the hydrodynamic radius of the macromolecule, Τχ the experimental pore 
radius of the gel and the remaining parameters do have the conventional meaning. R 
can be obtained from the Einstein equation: 

R = 
( 30x l0 2 4 M[77]^ 1 / 3 

7tNA 

(17) 

where N A is Avogadro's number, [η] the intrinsic viscosity of the polymer in dL.g - 1 

and R in Â. According to equation 16, a plot of l n ( V R - V 0 ) vs. R, will give a 
straight line, from which τ γ is obtained from the slope. 

A second way is based on the insertion into equation 17 of the M[ t j ] values of 
the middle of the "plateau" extracted from the conventional universal calibration 
plot. The pore radius obtained with this last procedure is denoted by r 2 . A more in-
depth discussion about both methods has been reported in the past (6). Summarising, 
the values found for r̂  and r 2 were 63.21 Â and 48.20 Â, respectively. 
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At this point, we can use equations 11 and 12 to obtain the V p values by 
combining both (r w ) or (r n) with rj or r 2 values, taking into account the pore 
geometry for each combination, as it can be seen in Table I. 

Table I 
V p Data (in cm 3) from Equations 11 and 12 for Lichrospher 

Pore radii 
combination 

Spherical Cylindrical 

<rn>-*l 66.26 51.99 

<rn>-i2 149.44 98.60 

( r w ) - r l 253.89 148.90 

<rw>-r2 574.80 275.08 

Association Equilibria 

The next step deals with the evaluation of the amount of methanol chemiadsorbed 
on Lichrospher, closely related to the numerator of equation 2. For this purpose, we 
shall use the theory of association equilibria (23,24) based on the view of 
association complexes formed by hydrogen bonding between primary molecules 
being in mutual thermodynamic equilibrium. Let us first to apply this theory to the 
binary system formed by inert/polar components such as the referred Bz-MeOH 
(80/20, v/v) mixture in the presence of gel. This silica-based gel posseses active 
centres most of them coming from the silanol groups located at the gel surface. The 
adsorption of methanol on the pore wall can be regarded as a polymerisation 
reaction in chemical equilibrium. Thus, in a first step a molecule of methanol is 
bound to a silanol group according to: 

= SiOH + C H 3 O H -> s S i O H O H C H 3 

and in a second step the self-association of methanol can lead to chain-like 
complexes of any length. In general, the chain reaction mechanism proposed can be 
represented by: 
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S + M e O H — ^ S - MeOH 

S - MeOH + M e O H — - (MeOH) 2 

S - (MeOH) 2 + M e O H — S - (MeOH) 3 

S - (MeOH)^! + MeOH—^—>S - (MeOH)i 

where S and MeOH denote the silanol group and the methanol molecule, 
respectively. The equilibrium constants, assuming the hypothesis of equal reactivity, 
are η for the direct bond of the first methanol molecule to the silanol group, and δ 
for the self-association process. This mechanism can be condensed as follows: 

S + i MeOH<-^->S - (MeOH)j 

Κ being the overall equilibrium constant, given by: 

[MeOHftS] 

Although it has been proved by 2 9 S i - N M R that silica surface consists of various 
kinds of silanols and siloxanes (36), we have considered here, for simplicity, only 
silanols as active centres for strong adsorption whereas the siloxane sites are usually 
regarded as hydrophobic centres. In addition, silanol groups can exist in single, 
geminal or vicinal forms but for the sake of simplicity we will assume an unique 
single form for these groups. Up to date, controversy exists about the reactivity of 
different kinds of silanol groups. Mauss and Engelhardt (37) have shown by FTIR 
measurements that molecules with basic properties are adsorbed preferentially on 
acidic isolated silanols, whereas solutes with hydroxyl groups, such as the methanol 
considered here, are able to interact with vicinal hydrogen-bonded silanols being 
adsorbed on these sites. In contrast, Snyder and Ward (38) states the opposite, i.e. 
that vicinal hydrogen-bonded silanols form the so-called "reactive" silanols which 
are more reactive than single isolated silanols. For a discussion in-depth on this 
issue see refs. 36 and 39. 

Structural Description of the Stationary Phase 

Next we present two models of the methanol adsorption based on the above depicted 
mechanism: 

Model A 

By making assumptions about the distance between two vicinal reactive 
hydroxyl groups, represented by the oxygen atoms (do_o)» ftls feasible to perform a 
model for the methanol adsorbed on the gel. Thus, under static conditions, and 
assuming do_o = 9.3 Â, which corresponds to 4.6 hydroxyl/100 Â 2 very close to the 
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value of 4.56 hydroxyl/100 Â 2 reported for the randomly dehydrated β-crystobalite 
and calculated by a Monte Carlo method, three molecules of methanol hydrogen-
bonded between them can be placed (see Figure 2a). This assumption is also 
consistent with the distance between oxygen atoms d'o-o = 2.4-2.8 Â reported for 
the hydrogen bonding (38). Though, even in the static state conditions assumed for 
the chromatographic separation, the driving forces causing flow can distort the 
uniformity of the chemiadsorbed methanol monolayer, as depicted in zone ΠΙ from 
Figure 2b. This distortion can lead to long chain self-associated methanol partially 
located in the so-called zone Π, as illustrated in the same figure. Obviously, zone I 
refers to the mobile phase where no specific interactions of the eluent components 
with the silica surface take place. 

Notice that region ΙΠ from Figure 2 is exclusively formed by methanol 
molecules which behaves as a very poor solvent for the PS, rejecting the polymer 
chain from this space and causing a reduction on the available pore volume. This 
statement is supported by macroscopic evidence based on the deviations of the PS 
elution profiles toward lower elution volumes (25). This behaviour cannot be 
considered as a general trend in SEC of binary eluents. Thus, when the 
chemiadsorbed component of the binary eluent behaves as a good solvent for the 
polymer, as is the case for methyl ethyl ketone (MEK)-n-heptane mixtures (see 
Figure 2 from ref. 6), the PS exhibits a certain affinity for the M E K monolayer 
increasing its time of residence inside the pores and, consequently, the PS elution 
profiles wil l shift to the opposite direction. However, we do not consider it 
appropriate at this point to introduce new assumptions on the weak adsorption 
effects on SEC with binary eluents. In a following contribution we will deal with 
this other secondary effect, using a similar way as developed here. 

In light of the above arguments, zone Π will be considered as a true stationary 
phase. In this regard, in SEC experiments using this kind of binary eluents, the 
partitioning of the macromolecular solute will take place between zone I (mobile 
phase) and zone Π (stationary phase), as it can be seen in Figure 2b. 

Model Β 

This model is slightly different from the preceding one. Now, we have 
shortened the distance between two vicinal hydroxy Is, exactly at dg-o = 7.55 Â 
corresponding to 7 active hydroxyl groups/100 Â 2 (see Figure 3a). The methanol 
molecules are also chemically adsorbed on the active hydroxyls via hydrogen 
bonding but cannot be bounded between them due to the steric hindrance. The same 
methanol distribution on the Lichrospher surface can be assumed under flow 
conditions, being the self-association process allowed only in the direction depicted 
in Figure 3b. 

According to models A and B, under flow conditions, the maximum amount of 
methanol chemically adsorbed by weight of gel can be evaluated. Table Π shows the 
results obtained with both models. 
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SV Ψ <ί' <1' Ψ SV Ψ 
Ο Η - - Ο II- - Ο II - - Ο II- - Ο II - - Ο Η - - Ο Η - - Ο Η - - Ο Η 

b 
Figure 2. Planar view of the adsorbed methanol on the Lichrospher 
under static (part a) and under flow (part b) conditions according to 
model A. 
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Η ψ Η Η ψ Η Η ψ Η \ t H " Ψ " " Φ " 
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y \ y \ y \ y \ y \ y \ ^ ^ 
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\ ^ « \ 
ι » r ι 

^0 
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f 

ï t i 1 
1 
H 

1 
} III 
Gel Surface 

b 
Figure 3. Planar view of the adsorbed methanol on the Lichrospher 
under static (part a) and under flow (part b) conditions according to 
model B. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
00

7

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
00

7

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



7. SORIA ET AL. Modeling of Stationary Phase in SEC 119 

T A B L E Π 
Maximum Amount of Methanol (in cm 3/g gel) Adsorbed on the Lichrospher 

Surface 

Lichrospher Model A Model Β 

Si-100 0.2317 0.118 

Si-300 0.2317 0.118 

Si-500 0.0463 0.024 

Adsorption Isotherms 

In order to test the validity of the assumptions made before to justify the spatial 
distribution of the methanol molecules across the pore wall, it is convenient to 
evaluate the mobile and stationary phase compositions in the region encompassed 
by the polymer molecules. In principle, the relation between the compositions of the 
eluent components in both phases can be obtained through the equilibrium 
adsorption isotherms. 

Experimental data of methanol adsorption from the Bz-MeOH (80/20, v/v) 
mixture on Lichrospher with three different porosities can be seen in Figure 4. 
Initially, the isotherms rise steeply with the increase in the value of MeOH volume 
fraction in the Bz-MeOH mixture, and reach plateau regions. The amounts of 
saturated adsorption for MeOH in Si-100 and Si-300 are almost the same and much 
lower for the Si-500 gel packing. This trend is consistent with the specific surface 
data for this kind of gel, that is, 250 m 2 ^ 1 for Si-100 and Si-300, and 50 m^g" 1 for 
Si-500. In all cases, the amount of MeOH corresponding to the assayed mixture fall 
into the plateau region, where the amount (in cm 3/g gel) of adsorbed MeOH remains 
nearly constant as the volume fraction of methanol increases. These data also reflect 
the stronger interaction of MeOH with silica surface arising from its more polar 
character and greater hydrogen bonding ability. 

The comparison of data compiled in Table Π with those experimental coming 
from adsorption isotherms (see Figure 4) reveals that data from model Β agree well 
whereas large departures are observed when model A is used. This fact denotes that 
the assumptions introduced in model Β become apparently more congruents. 

Stationary Phase Composition 

According to equation 2, the stationary phase composition can be evaluated from v, 
data. Next, we present the method followed to obtain the values of this parameter as 
referred to the amount of methanol adsorbed within the pores under static conditions 
in absence of polymer. In the equilibrium constant for the associated-non associated 
methanol mixture detailed before (see equation 18), the values of η and δ have 
been taken from the literature (40,24), being 3 and 380, respectively. We have 
considered i=3, denoting that methanol can perform chains of trimers in both A and 
Β models. Therefore, the overall constant will be: 
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Κ = ηδ"-3χ3& = [*-<^?>>] (19) 
[MeOH]3[S] 

For practical purposes, equation 19 can also be expressed as a function of 
experimental parameters or magnitudes previously evaluated, so: 

z x 7 ^ — v M e O H 
Κ = = 3 χ 380 2 (20) 

^ X l O œ - ^ ^ V M e O H [S] 

Ζ being the amount of methanol adsorbed at saturation point on the gel (data listed 
in Table Π); v M e Q H the specific volume of methanol (density/molar mass), 02O,s the 
volume fraction of methanol in the s-phase from the adsorption isotherms, and 
Vp = Vp/3 x g gel, denoting the total pore volume for a given column per mass of 

gel. Then, from this equation, we obtain a value of [S] = 5.60 χ 10 - 9 which can be 
disregarded by comparison with the values of the remaining parameters. 

In order to calculate the amount of adsorbed methanol in zone Π, the s-phase, as 
illustrated in Figures 2 and 3, we assume the same value of Κ under static and flow 
conditions. The implementation of this assumption leads to: 

Ζ Z + x 
— vMeOH ~TT vMeOH 
— = — £ (21) 

0 2 O , s - ^ - V M e O H 02s vMeOH 

Note that [S] s t a t j c and [S]fl o w have been suppressed from the above expression 
because both should be approximately identical. The new parameter, x, represents 
the amount of methanol (in cm 3/g of gel) adsorbed in zone II which can be easily 
evaluated from equation 21. Recalling that the parameter of interest is the volume 
fraction v 2 instead of x, the transformation can be directly made using v 2 = x / V p . 
Table ΠΙ shows the V p data for each kind of gel according to the pore shape and 
pore radii combination. These data have been used to calculate the v 2 parameter 
through equation 21 listed in Table IV for model A and in Table V for model B . 

Next step deals with the evaluation of the polymer composition, 03 s, in the 
stationary phase. For this end, these values have been computed from equation 10 
for three different values of <fom and for a given PS sample inserting the gy and g T 

parameters, as well as the volume fractions of the binary eluent in both mobile and 
stationary phases. However, the <fos evaluation is not a trivial task since the referred 
equation 10 contains this variable in an implicit form and it cannot be directly 
extracted. 
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T A B L E ΠΙ 
Available Pore Volume, V p , (in cm 3) for Lichrospher in Bz-MeOH (80/20, v/v) at 

293 Κ 

Pore shape Pore radii 
combination 

Si-100 Si-300 Si-500 

S <rw>-ri 4.96 5.03 4.51 

S <*w>-*2 11.19 11.34 10.18 

S <rn>-ri 19.24 19.27 17.30 

S 43.05 43.64 39.18 

C <r w >-iï 3.89 3.94 3.54 

C < rw>" r2 7.38 7.48 6.72 

C < r n)- r l 11.15 11.30 10.15 

C <Γη>-Γ2 20.60 20.88 18.75 

S= spherical, C= cylindrical. 

T A B L E IV 
Values of v2 from Equation 21 According to the Model A for Lichrospher in Bz-

MeOH (80/20, v/v) at 293 Κ 

Pore shape Pore radii 
combination 

Si-100 Si-300 Si-500 

S < rw>" r l 0.01142 0.00818 0.00071 

S <*w>-*2 0.00193 0.00141 0.00013 

S <rn>-ri 0.00062 0.00047 0.00005 

S <rn)-i*2 0.00012 0.00009 0.00001 

C 0*w>-rl 0.02009 0.01421 0.00117 

C <rw>-r2 0.00470 0.00342 0.00031 

C <rn>-ri 0.00194 0.00142 0.00014 

C <Γη>-Γ2 0.00054 0.00040 0.00004 

S= spherical, C= cylindrical. 
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T A B L E V 

Values of v 2 from Equation 21 According to the Model Β for Lichrospher in Bz-
MeOH (80/20, v/v) at 293 Κ 

Pore shape Pore radii 
combination Si-100 Si-300 Si-500 

S 0.00333 0.00243 0.00023 

S < 0 - * 2 0.00061 0.00045 0.00004 

S <rn>-iï 0.00020 0.00015 0.00001 

S <Γη>-Γ2 0.00004 0.00003 0.00000 

C <rw>-ri 0.00561 0.00408 0.00037 

C frw>-*2 0.00144 0.00106 0.00010 

C < rn>- rl 0.00061 0.00045 0.00004 

C <Γη>-Γ2 0.00017 0.00013 0.00001 

A z-basic program has been implemented which briefly consists of calculating 
the right-hand side of equation 10 where all the parameters are known. Then, by an 
iterative process the program try different values of ^ s and calculates the left-hand 
side of equation 10 until the convergence is reached. The program stops when the 
absolute difference between both sides of the expression is lower than 10A 

Alternatively, one can also consider the preferential solvation of one component 
of the eluent by the polymer. Then, equation 3 should be used to evaluate the mixed 
solvent composition in each chromatographic phase. 

Distribution Coefficients 

Experimental values of the distribution coefficient, Kp (see Table VI), have been 
directly obtained from data on retention volumes, V R , considering an ideal reference 
system such as PS in benzene (20), according to: 

KL-MeOH = ( V R - V 0 ) B z - M e O H ( V R - V 0 ) B ; <22> 

and assuming [ K p ] B z = 1 for ideal SEC. 
For equilibrium partitioning of the polymer between the chromatographic m-

and s-phases, the theoretical distribution coefficient can be expressed as the ratio of 
the polymer concentration in both phases equivalent to the polymer volume fraction: 

(23) 
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T A B L E VI 
Experimental Distribution Coefficients, for Polystyrene in Bz-MeOH (80/20, v/v) 

binary eluent at 293 Κ 

M w (Kgmol-i) K P 

2.9 0.883 

9.0 0.858 

20.5 0.827 

24.5 0.821 

37.1 0.767 

50.0 0.774 

100.0 0.686 

130.0 0.613 

136.0 0.638 

240.0 0.639 

314.0 0.628 

450.0 0.390 

It is evident that a great number of theoretical Kp data can be generated owing 
to the different assumptions and alternative ways of calculation as explained in-
depth throughout the text. Briefly, we have considered two possible geometries for 
the pore shape, spherical and cylindrical (see equations 11 and 12); two average 
pore radii, (r w ) and (r n) (equations 13 and 15); two experimental pore radii, η and 
r 2 (equations 16 and 17); two structural models for the stationary phase (see Figures 
2 and 3) and the inclusion or not of the preferential solvation parameter, φ-ια. In 
addition, we have selected three arbitrary values falling within the range of 
concentrations loaded in SEC experiments in order to obtain proper elution profiles. 
The 03 m values used for computation of were: 1.3 χ 10" 4 ,3.24χ 10"5 and 4.5 χ 10"6. 
Note that the quantities related to the polymer volume fraction are very small 
because SEC experiments take place at very dilute concentration. However, the ratio 
03S / 03 m is often close to unity. 

For the sake of simplicity, we believe it to be more convenient to show 
graphically instead of numerically the comparison between experimental and 
theoretical values of distribution coefficients, due to the high number of parameters 

τ 
and combinations handled. Thus, Figure 5 shows, as an example, plots of K p 

against K p obtained with model Β for both geometries assayed, different radii 
combination and taking or not into account the preferential solvation parameter for a 
given value of 03 m =1.3xlO - 4 . As it can be seen in this Figure, good agreement 
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Figure 5 Comparison between experimental and theoretical 
distribution coefficients for polystyrene in benzene-methanol 
(80/20, v/v) mixture as eluent. Acronysms depicted into the plots 
refers to the model, pore shape, pore radii combination and 
preferential solvation parameter selected. 
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between experimental and predicted values is obtained in all cases, with deviations 
lower than 15%. However, the best fit is reached when model B, cylindrical pore 
shape, (rw)-rj combination and including the preferential solvation contribution 
(part b), where the observed departures are lower than 10%. Nevertheless, a 
generalization of this conclusion must be regarded with caution since each particular 
ternary system requires to model properly the stationary phase. 

Conclusion 

A generalized view of the obtained results allow us to elucidate that when the 
exclusion secondary effect takes place, best predictions are obtained with an 
structural description of the stationary phase given by model Β assuming a 
cylindrical pore shape, selecting a weight average pore radius and considering the 
influence of the preferential solvation. In addition, it can also be stated that values of 
03 m lower than 10 - 4 are not recommended since the predictions made do not seem 
to retain the molecular weight dependence on K p . 
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Chapter 8 

Behavior of Macromolecules 
in Nonhomogeneous Hydrodynamic Fields: 

Degradation Mechanism of Macromolecules 

Ε. V. Chubarova and V. V. Nesterov 

Institute of Macromolecular Compounds, Russian Academy of Sciences, 
Bolshoi pr. 31, 199004 Saint Petersburg, Russia 

The mechanism of degradation of macromolecules in 
a non-homogeneous hydrodynamic field is proposed. It is 
based on the distortion of homogeneous concentration 
in the bulk of polymer solution because 
macromolecules undergo directed migration transverse 
to flow lines. As a result, a layer of high 
concentration is formed near the surface. 
Degradation depends on both the properties of 
the retarding surface and the rate of the flow 
which tends to tear off this layer. The entangled 
layer is formed by the macromolecules of such a size 
that under these experimental conditions they can 
reach the surface during the experimental time. 

The behavior of s o l u t i o n s and/or melts of macromolecules i n non-
homogeneous hydrodynamic f i e l d s has been i n v e s t i g a t e d f o r a long 
time. At present i t a t t r a c t s even greater a t t e n t i o n because of i t s 
important p r a c t i c a l aspects. I t i s necessary to e l u c i d a t e the main 
features of polymer transport i n porous media 
(chromatography, o i l industry, etc.) and the concomitant changes i n 
the s t r u c t u r e and p r o p e r t i e s of macromolecules. Of p a r t i c u l a r 
i n t e r e s t i s the problem of the p o s s i b l e degradation of 
macromolecules. 

There are two fundamental t h e o r e t i c a l papers on polymer 
degradation. Frenkel (1) has shown that i n a s t r e t c h i n g flow the 
macromolecule o r i e n t e d along the flow i s e i t h e r degraded or 
reached s t a b l e deformation l i m i t . The most probable break occurs i n 
the chain center. Bueche (2) has considered the shear e f f e c t on the 
macromolecule placed i n a viscous medium and has shown that 
degradation can proceed only as a r e s u l t of chain entanglement of 
neighboring macromolecules, and the most probable place of 
degradation i s a chain p a r t near the center. 

In experimental papers (see f o r example review(3) ) i n order to 
ex p l a i n the r e s u l t s of degradation e i t h e r the theory considered i n 

0097-6156/96/0635-0127$17.50/0 
© 1996 American Chemical Society 
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128 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

(1) f o r d i l u t e s o l u t i o n s or that i n (2) f o r concentrated 
s o l u t i o n s i s u s u a l l y a p p l i e d . I t i s stated i n these works that the 
degree of degradation increases with' molecular weight (M) at a 
given shear s t r e s s and that i t i s t h i s s t r e s s , i . e . the product of 
shear rate by solvent v i s c o s i t y , that controls degradation. I t was 
found that degradation occurs f o r macromolecules i n s o l u t i o n s with 
concentrations ranging from 10~2 g/dl to those exceeding the 
c r i t i c a l chain overlap concentration Ç. : 

<^= - 6 1 < ί > « ,1) 
π Ν Α 

9 1/2 
where N A i s Avogadro's number and < Sr > i s the mean-square end-
to-end distance of a random c o i l ( c a l c u l a t e d from i n t r i n s i c 
v i s c o s i t y ) . The concept of degradation of macromolecules i n SEC i s 
considered i n greatest d e t a i l i n Giddings' review (4). This 
author b e l i e v e s that the i n d i v i d u a l molecule i s degraded because 
s t r e t c h i n g caused by shear degradation takes place near the walls of 
the widest i n t e r p a r t i c l e channels i n which the highest shear rates 
are observed. Giddings provides the recommendations f o r 
decreasing degradation by using sorbents with minimum p a r t i c l e 
s i z e and by decreasing the e l u t i o n rate. 

However, at present there are many f a c t s which do not agree 
with the general concepts (1-4). Thus, when degradation was 
studied i n d i l u t e aqueous polyacrylamide (PAA) s o l u t i o n s 
( M w « 5-106 Da) i n a Couette viscometer at high shear rates, low 
molecular weight degradation products c o n s i s t i n g of 5-10 monomer 
un i t s appeared (5) . During turbulent flow i n a c a p i l l a r y of 
p o l y ( d e c y l methacrylate) of d i f f e r e n t concentrations i t was a l s o 
found that small fragments are formed ( 6) . Subsequently i t has 
been shown (6-10) that degradation decreases with i n c r e a s i n g 
s o l u t i o n concentration and increases when solvent q u a l i t y becomes 
i n f e r i o r (8,11,12) . This f a c t seems strange because with i n f e r i o r 
s o l u t i o n q u a l i t y the macromolecule tends to adopt the conformation of 
a non-draining compact c o i l (13). A d d i t i o n a l e f f o r t i s needed to 
transform i t i n t o trans-conformation which undergoes degradation to a 
greater extent (14) . Moreover, i t has been shown (11) i n a model 
u n i t f o r d i l u t e s o l u t i o n s (C < 0.5 Cc) that the degradation of 
polystyrene (PS), poly(methyl methacrylate) (PMMA), and sodium 
polystyrene sulphonate occurs at a s t r e t c h i n g force a c t i n g on the 
-C-C- bonds which i s much lower than i t s t h e o r e t i c a l c r i t i c a l 
value (« 10"3dynes) . In the same work the concept of chain 
self-entanglement i n c r e a s i n g the p r o b a b i l i t y of i t s degradation 
has been proposed . However, t h i s concept c o n t r a d i c t s t h e o r e t i c a l 
c a l c u l a t i o n s (13) which show that chain self-entanglement i s 
e n e r g e t i c a l l y unfavourable. I t has been shown (15) that i n SEC the 
degree of degradation increases on sorbents with a smaller pore 
s i z e and a smaller s i z e of sorbent p a r t i c l e s . I t was a l s o 
e s t a b l i s h e d that degradation i s greater f o r more f l e x i b l e chains. 
The authors of (15) assume that the macromolecules are degraded at 
the pore entrance where the s e l f - e n t a n g l e d macromolecules 
" c l u t c h i n g " at a pore are subjected to the e f f e c t of the eluent 
flow passing the p a r t i c l e . According to the c l a s s i c a l mechanism of 
SEC, the " c l u t c h i n g " of macromolecules can take place only i n the 
case of the non-equilibrium of mass-transfer near the pore 
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8. CHUBAROVA & NESTEROV Behavior of Macromolecules 129 

entrance. However, i n chromatographic experiments i n which the 
degradation of macromolecules was observed the e q u i l i b r i u m always 
takes place because the time of passing of the macromolecular zone 
near the porous p a r t i c l e considerably exceeds the r e l a x a t i o n time of 
macromolecules. 

Hence, i t may be concluded on the basis of t h i s b r i e f 
l i t e r a t u r e review that there i s no s i n g l e degradation mechanism 
that could be ex p l a i n a l l experimental data. 

Experimental 

Three types of experiments were performed: on chromatographic 
columns, on membranes i n f l a t c e l l s , and during thermal f i e l d 
flow f r a c t i o n a t i o n (TFFF). 

In a l l cases degradation was studied f o r a PS sample with 
M w = 1.12· 107 Da and M„ = 7.64· 10e Da . Narrow-disperse PS ("Polymer 
Laboratories", USA) i n the M p range from 8.3-105Da to 12.25-106 Da 

were used as c a l i b r a t i o n standards (where M p = (M w M n ) 1 / 2 ) . In a l l 
experiments the concentration of PS sol u t i o n s and c a l i b r a t i o n 
standards d i d not exceed 0.03-0.05 g / d l . 

S i z e - E x c l u s i o n Chromatography (SEC).Standard chromatographic columns 
30 cm i n length with 0.4 cm i . d . packed with macroporous glass 
p a r t i c l e s (MPG) with a pore s i z e of 400, 115, and 25 nm were used as 
wel l as non-porous quartz p a r t i c l e s , s p h e r i c a l s i l i c a gels, and glass 
b a l l s . THF or mixtures of methyl-ethyl ketone (MEK) with methanol 
(MeOH) were used as eluents. A spectrophotometric detector at a 
wavelength of 210 nm (for MEK : MeOH eluents) and a d i f f e r e n t i a l 
refractometer f o r SEC i n THF were used. 

Degradation experiments i n SEC were c a r r i e d out as follows. 
Not l e s s then 25 solutes of the same PS i n v e s t i g a t e d with an 
i n i t i a l concentration of 0.03 g/dl were chromatographed under 
f i x e d experimental conditions (sorbent, eluent, and flow r a t e ) . 
The i n j e c t i o n loop volume was 20βΑ and the above numbers of 
i n j e c t i o n s were needed both to c o l l e c t a s u f f i c i e n t amount of 
sample f o r rechromatography and to exclude the concentration 
f a c t o r . The eluates were c o l l e c t e d at the o u t l e t of the columns 
and concentrated to c « 0.03 g/dl. Concentration procedure i n mild 
conditions (temperature 40°C ) d i d not r e s u l t i n degradation of 
macromolecules as was shown i n blank experiment. Concentrated 
eluates were analyzed i n the same two chromatographic columns with 
MPG 400 nm under the conditions excluding degradation (eluent -
THF, flow rate 5.9 ml/h). 

Experiments with Membranes.Macroporous glass membranes with d i f f e r e n t 
pore diameters and a non-porous t e f l o n support were used. The 
membrane thickness was *100|im, t h e i r e x t ernal diameter was 25 mm, and 
p o r o s i t y was 0.60-0.67. The membrane was placed i n a standard 
t e f l o n u l t r a f i l t r a t i o n c e l l i n which the s o l u t i o n can be s t i r r e d 
with a magnetic s t i r r e r . S t i r r i n g frequency was 400 rpm. At f i r s t 
PS s o l u t i o n was a g i t a t e d i n the c e l l over the membrane and the t e f l o n 
f i l m f o r one or two hours. A f t e r these time i n t e r v a l s the 
so l u t i o n s were poured out, and the molecular weight d i s t r i b u t i o n 
(MWD) of the PS sample was measured with the a i d of SEC under 
non-degrading c o n d i t i o n s . In the other experiment the PS s o l u t i o n 
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log M 

7.5H 

7.0-

6.5H 

6.0H 

4.4 4.S 5.2 5.6 6.0 V t (ml) 

Figure 1. C a l i b r a t i o n dependences f o r a system c o n s i s t i n g of 
two columns packed with MPG with a pore diameter of 400 nm. 
(1) eluent - THF, (2) eluent - ME:MeOH 89.3:10.7 mixture, (3) -
c a l c u l a t e d c a l i b r a t i o n dependence f o r PS i n eluent (2) . The 
f o l l o w i n g values of constants i n the Mark-Houwink equation were 
used: f o r PS i n eluent (2) a e= 0.5 and Κβ=7.3·10"2 d l / g , f o r PS 
i n THF a=0.766 and Κ=6.8·10"3 d l / g . Flow rate 5.9 ml/h. 
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was u l t r a f i l t r a t e d at an exceed pressure of 0.5 and 1.0 atm. One 
h a l f of the i n i t i a l sample volume (8 ml) was f i l t e r e d through 
membranes. In a l l cases the f i l t r a t i o n time was l e s s than 30 min. 
The MWD of f i l t r a t e s and concentrates was determined by SEC under 
non-degrading c o n d i t i o n s . 

Thermal F i e l d Flow F r a c t i o n a t i o n . For TFFF a u n i t s i m i l a r to that 
described i n r e f . (16) was used: the channel height was 200 urn, 
the width was 1 cm, the channel was u-shaped and 50 -2 cm i n 
length. The fractograms were recorded with a photometer at a 
wavelength of 254 nm. The loop volume was 20 μΐ, and the eluent 
was THF. The temperatures of the c o l d and hot walls were T c =10°C 

and T h = 20°C . For de t e c t i o n r e l i a b i l i t y the working concentration c 
was 0.05 g/ d l . In the experiments on degradation during TFFF the 
i n i t i a l concentration of the PS sample was 0.5 g/ d l . The MWD i n 
the TFFF method were determined i n the TFFF u n i t i t s e l f (TFFF 
column) at minimal e l u t i o n rate and using a standard c a l i b r a t i o n 
procedure. 

The degree of degradation i n a l l experiments was determined 
from the degradation index I : 

I = M ^ / M , , - 1 (2) 

where and M n are the number-average M of the i n i t i a l and 
degraded polymer. 

Results and Di s c u s s i o n 

SEC i n Good and Poor Solvents. The c a l i b r a t i o n curve f o r two columns 
packed with MPG with a pore s i z e of 400 nm (Figure 1, curve 1) was 
obtained i n THF (good solvent) with the a i d of narrow-disperse 
PS standards. This c a l i b r a t i o n has a l i n e a r part i n the range of 
2 106 Da-12-106 Da. With the a i d of t h i s c a l i b r a t i o n dependence 
obtained at an e l u t i o n rate of 5.9 ml/h the MWD and I of the 
i n i t i a l PS and a l l eluates were c a l c u l a t e d i n SEC and membrane 
experiments. 

Figure 2 shows degradation i n d i c e s of a PS sample that passed 
through columns packed with MPG of 400 nm (Figure 2a), 115 nm 
(Figure 2b) , and 25 nm (Figure 2c) pore s i z e s at d i f f e r e n t 
e l u t i o n rates. Corrected rates were determined from the re t e n t i o n 
volume of o-dichlorobenzene i n t e r n a l standard. I t i s noteworthy that 
the dependence of I on e l u t i o n rate i s non-monotonic. I t was 
detected that with i n c r e a s i n g e l u t i o n rate, hence, with i n c r e a s i n g 
shear s t r e s s as we l l , the degree of degradation can sometimes 
decrease. For each sorbent some optimum rates e x i s t at which I i s 
close to 0. In p a r t i c u l a r , f o r MPG of 400 nm t h i s f i r s t optimum 
rate i s equal to 5.9 ml/h. At t h i s rate the c a l i b r a t i o n 
dependence was obtained (curve 1, Figure 1). A s i m i l a r character of 
the dependence of I on e l u t i o n rate u i s al s o observed under 
other conditions (17) . The experimental r e s u l t s i n (17) show 
the r e l a t i o n s h i p between I and the shape and s i z e of sorbent 
p a r t i c l e s . In p a r t i c u l a r , at comparable rates degradation i s l e s s 
pronounced on b a l l s than on p a r t i c l e s of an i r r e g u l a r shape. 
Moreover, f o r each sorbent an optimum p a r t i c l e s i z e probably 
e x i s t s . 
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6-1 1 

MPG 400 ηηι/16μηι 
I I 

6-

4-

2- * · 
θ Ι * * >—* ' r , , 

10 20 30 40 60 u (ml/h) 
(a) 
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2H · · 

MPG 115 η π ι / Η μ ι η 
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··· 
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Figure 2. Degradation i n d i c e s vs flow rate i n SEC on MPG 
with d i f f e r e n t p a r t i c l e and pore s i z e s . 
(Reproduced with permission from reference 17. Copyright 1990 
Marcel Dekker, Inc.) 
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The indispensable c r i t e r i o n f o r "non-degradative" c o n d i t i o n 
i s the choice of the optimum rate at given pore and p a r t i c l e 
s i z e s . An n o n t r i v i a l conclusion follows from Figure 2 that i t i s not 
p o s s i b l e to apply SEC f o r the determination of the MWD of polymers 
with u l t r a h i g h M i f the pores of sorbents are smaller than the 
s i z e of the l a r g e s t macromolecules of the sample (e.g. f o r PS with 
M w « 1 0 7 the s i z e of the macromolecule i s about 200 nm (4)). Hence, 
for SEC of superhigh molecular weight polymers one cannot use any 
a r b i t r a r y column systems. Note that the r e s u l t s of PMMA 
degradation on a system of columns packed with MPG of 400 nm (17) 
show that at comparable e l u t i o n rates u the degree of degradation I 
i s lower f o r PMMA than f o r PS. This i s probably due to lower 
thermodynamic chain f l e x i b i l i t y of PMMA than that of PS (15). 

Since the experiments on the determination of I are long 
( p a r t i c u l a r l y at low u) and d i f f i c u l t , the question a r i s e s whether 
the experimental data are reproducible. A f t e r three months we 
performed a new checking s e r i e s of chromatographic experiments on 
degradation of PS at some e l u t i o n rates on a column with MPG of 
400 nm and a column with MPG of 25 nm. Calc u l a t e d degradation 
i n d i c e s f o r previous ( ̂  ) and checking ( l 2 ) s e r i e s were as 
follows. For columns with MPG of 400 nm at u=5.9 ml/h, I-, =0.025 
and l 2 =0.019; at u=14.4 ml/h, ^=0.344 and l 2=0.421. For column 
with MPG 25 nm at u=28.7 ml/h, we have I., =0.799 and l 2 =0.812. 
Therefore, the er r o r s i n determining I are much l e s s than the 
d i f f e r e n c e s i n I values measured at d i f f e r e n t rates u. An i n d i r e c t 
confirmation of the r e p r o d u c i b i l i t y of r e s u l t s i s the coincidence of 
optimum rates f o r PS and PMMA ( i . e . the rates at which l « 0 ) , 
although the time between these two s e r i e s of experiments was 
more than s i x months (17). 

Now l e t us consider the r e t e n t i o n e f f e c t of macromolecules on 
the surface of sorbent p a r t i c l e s . The assumption of the p o s s i b l e 
" r e t a r d a t i o n " of macromolecules has already been formulated i n 
(18) and i t has been shown that with i n c r e a s i n g e l u t i o n rate the 
re t e n t i o n volumes of the low molecular weight reference sample and PS 
on porous and non-porous sorbents increase. Moreover, the 
d i s t r i b u t i o n c o e f f i c i e n t s l i g h t l y decreases In our experiments the 
re t a r d a t i o n e f f e c t i s most pronounced on non-porous b a l l s and f o r 
those porous sorbents the pore s i z e of which i s smaller than the 
s i z e of PS molecules. Figure 3a shows overlapping chromatograms of a 
mixture of PS and o-dichlorbenzene obtained at d i f f e r e n t u on a 
column packed with glass b a l l s . I t i s c l e a r that PS i s el u t e d at a 
higher volume than that of the low molecular weight reference 
sample. Furthermore, the e l u t i o n volumes of PS increase with u. 
S i m i l a r r e s u l t s are shown i n Figure 3b f o r the s p h e r i c a l s i l i c a gel 
with a pore s i z e of 30 nm (Si-300) and a p a r t i c l e s i z e of 10 mm. In 
t h i s case a par t of the PS sample i s eluted at a re t e n t i o n 
volume smaller than that of the low molecular weight reference 
sample and another part i s el u t e d at a greater volume. With 
i n c r e a s i n g rate an i n c r e a s i n g part of the PS i s "retarded" and at a 
r e l a t i v e l y high rate a l l polymer i s elut e d with r e t e n t i o n volume 
exceeding that of the low molecular weight reference sample. 

In order to make sure that the PS molecules are a c t u a l l y 
retarded on the sorbent surface and are el u t e d at re t e n t i o n 
volumes exceeding the t o t a l e l u t i o n volume, the following 
experiment was c a r r i e d out. At a flow rate of 16 ml/h the PS 
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glass balls 
o-DCB 

VJ Ve(ml) 

(b) 

Figure 3. Overlapping chromatograms of a mixture of PS 
and o-dichlorobenzene, obtained for SEC on non-porous glass 
b a l l s with a mean p a r t i c l e diameter (dp) of 7.3 ρ (a) and a 
sp h e r i c a l Si-300 s i l i c a gel with a pore diameter of 30 nm and an 
average p a r t i c l e diameter of 10 μπ\ (b) . V t - the t o t a l e l u t i o n 
volume. 
(Reproduced with permission from reference 17. Copyright 1990 
Marcel Dekker, Inc.) 
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samples at a concentration of 0.03 g/dl were i n j e c t e d 60 times i n 
THF on a column with a Si-300 sorbent. In each i n j e c t i o n f r a c t i o n s 
were c o l l e c t e d as i s shown i n Figure 4a. F r a c t i o n I was e l u t e d at 
the minimum r e t e n t i o n volumes, i n contrast, f r a c t i o n I I I was 
e l u t e d at the maximum r e t e n t i o n volumes, and f r a c t i o n II at 
intermediate volumes. The c o l l e c t e d f r a c t i o n s were concentrated to 
the i n i t i a l concentration ( 0.03 g/dl) and analyzed again on an 
a n a l y t i c a l system of columns the c a l i b r a t i o n dependence of which i s 
shown i n Figure 1 (curve 1) . The MWD of these f r a c t i o n s obtained with 
the a i d of t h i s c a l i b r a t i o n dependence are shown i n Figure 
4b, and the r e s u l t s of c a l c u l a t i o n s of t h e i r average molecular 
weight c h a r a c t e r i s t i c s are given i n Table I. 

Table I. Average M o f f r a c t i o n s of a PS sample 
Fraction 

Da Da 
M w 

I 6.89 2.90 2 37 
II 16.09 9.84 1. 63 
III 13.84 9.72 1 42 

I t follows from a l l these experimental data that when s t e r i c 
hindrance e x i s t s , the l a r g e s t macromolecules are retarded to the 
greatest extent, and much smaller macromolecules (evidently, a 
p a r t of macromolecules from the i n i t i a l d i s t r i b u t i o n , which have not 
been degraded, and fragments of degraded macromolecules) are eluted 
at smaller r e t e n t i o n volumes. 

For sorbents with pore s i z e s exceeding those of PS molecules 
the r e t a r d a t i o n e f f e c t with i n c r e a s i n g rate has als o been observed 
(17), but the i n v e r s i o n of the e l u t i o n order of the low M 
(o-dichlorobenzene) component and the polymer was not observed. I t 
should be noted that the r e t a r d a t i o n e f f e c t i s more pronounced not 
only on sorbents with a smaller pore s i z e but a l s o on those with a 
smaller p a r t i c l e s i z e (17). 

The problem of the r e l a t i o n s h i p between polymer degradation 
and the thermodynamic q u a l i t y of the solvent has not yet been 
solved (6,19-21) . Zimm (22) has studied t h i s problem on model 
u n i t s . In p a r t i c u l a r , because of the ambiguous experimental data, he 
has suggested that degradation depends not only on the q u a l i t y of 
the solvent but a l s o on i t s v i s c o s i t y . When we studied the 
e f f e c t of solvent q u a l i t y on degradation i n SEC, a good solvent 
(THF) and a solvent c l o s e to the θ-solvent f o r PS (the MEK : MeOH 
mixture) were used. For the θ-solvent (MEK:MeOH 88.7:11.3) the 
Mark-Houwink constants f o r PS; Kg and a , are known (19): 

Κ θ = 7.3· 10"2 d l / g and βθ=0.5. In the MEK : MeOH 89.3:10.7 eluent 
(which i s c l o s e to the θ-eluent) the experimental c a l i b r a t i o n 
dependence f o r two columns with MPG 400 nm (Figure 1, curve 2) 
was obtained. Moreover, with the a i d of ΚΘ, BQ , constants Κ and a 
fo r good solvent (THF) Κ = 6.8· 10~3dl/g and a=0.766 (19) and the 
r e l a t i o n s h i p 
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Φ ( Μ ) · 1 0 8 

(b) 

Figure 4. Chromatogram of a PS sample obtained on a Si-300 
column at u=16 ml/h with f r a c t i o n s i n d i c a t e d (a) . Overlapping 
MWD of f r a c t i o n s obtained under conditions corresponding to 
curve 1 i n Figure 1: 1 - MWD of i n i t i a l PS, 2 - MWD of 
f r a c t i o n I, 3 - MWD of f r a c t i o n I I , 4 - MWD of f r a c t i o n I II (b). 
V t - the t o t a l e l u t i o n volume. 
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„ Μ I C Q ( K / K . ) t i ! 1 ( 3 ) 

θ ae • ι • ι 

the h y p o t h e t i c a l c a l i b r a t i o n dependence (Figure 1, curve 3) was 
c a l c u l a t e d . Here logM@ and log M are r e l a t e d to the same e l u t i o n 
volume f o r θ-solvent and good solvent (Figure 1, curve 1). 

Figure 1 shows that experimental c a l i b r a t i o n i n a poor 
solvent (curve 2) i s d i s p l a c e d towards higher e l u t i o n 
volumes i n comparison with c a l i b r a t i o n i n a good solvent (curve 1) 
but does not coinc i d e with h y p o t h e t i c a l c a l i b r a t i o n . The 
displacement towards higher e l u t i o n volumes (for l i n e a r part of curve 
2) can be explained by a decrease i n the hydrodynamic s i z e 
of the macromolecular c o i l i n the poor solvent. Non-coincidence of 
curves 2 and 3 can be explained by i n c o r r e c t values of Mark-
Houwink constants which we used f o r the MEK:MeOH 89.3:10.7 eluent as 
i f i t were a θ-solvent (MEK:MeOH 88.7:11.3). However, the d e v i a t i o n 
from l i n e a r i t y of the c a l i b r a t i o n i n the poor solvent i n the range 
of Μ >4 ·10 6 Dacannot be explained by these reasons. 

In order to e l u c i d a t e t h i s s i t u a t i o n , the e f f e c t of the 
i n f e r i o r eluent q u a l i t y (obtained by adding MeOH to the MEK:MeOH 
mixture) on the separation of PS and THF was i n v e s t i g a t e d . Figure 5 
shows overlapping chromatograms of a PS sample and THF when the 
eluent q u a l i t y became s u c c e s s i v e l y more and more i n f e r i o r . I t i s 
c l e a r that i n t h i s case r e s o l u t i o n a l s o becomes i n f e r i o r , and very 
clo s e to the θ-conditions (MEK:MeOH 88. 9:11.1) the peaks of PS and 
THF v i r t u a l l y cannot be separated. I t i s c l e a r that the reason 
f o r t h i s i s not a decrease i n hydrodynamic dimensions of PS 
because even under θ-conditions the s i z e s of the molecules of THF 
and PS with M w =10 7 d i f f e r g r e a t l y . 

Figure 6a shows overlapping chromatograms of a PS and THF 
mixture and an i n d i v i d u a l THF peak i n an eluent of the most 
i n f e r i o r thermodynamic q u a l i t y (MEK:MeOH 88.9:11.1) at d i f f e r e n t 
e l u t i o n r a t e s . With i n c r e a s i n g e l u t i o n rate the separation of THF 
and PS seems to improve but a part of the polymer remains i n the 
column, which can be c l e a r l y seen from a decrease i n polymer peak 
c o n t r i b u t i o n to the common (with THF) chromatogram. I t i s assumed 
that at a flow rate u = 5.8 ml/h the area under the PS+THF 
chromatogram corresponds to 100% y i e l d , then at u = 9.3 ml/h 
the y i e l d i s 85%, at u = 18.7 ml/h i t i s 98% and at u = 69.6 ml/h i t 
i s 91%. In other words, polymer y i e l d depends non-monotonically on 
the flow r a t e . During the experiment volume e l u t i o n rates were 
measured d i r e c t l y , which made i t p o s s i b l e to c a l c u l a t e e x a c t l y the 
r e t e n t i o n volumes of PS and THF (Table I I ) . F o r convenience e l u t i o n 
volumes were c a l c u l a t e d and compared according to the beginning of 
the appearance of the polymer peak V b

r e a n d the THF peak V b

r e . Table 
II shows that with i n c r e a s i n g rate r e t e n t i o n volumes decrease 
f o r PS and THF more or l e s s to the same extent. The decrease 
i n r e t e n t i o n volumes of THF shows that a part of a c c e s s i b l e 
pore volume i s blocked by immobilized PS molecules. This blocking 
was i r r e v e r s i b l e : i t was not p o s s i b l e to el u t e l a t e r the polymer 
from the columns even when a good solvent (THF) was pumped through 
them f o r a long time. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

00
8

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



138 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

PS+THF 

Vt V e (ml) 

Figure 5. Retention volumes of PS and a low M reference 
solvent (THF) vs thermodynamic q u a l i t y of the eluent. 
Two columns packed with MPG of 400 nm, flow rate 5.8 ml/h. V t -
the t o t a l e l u t i o n volume. 
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(b) 

Figure 6. Chromatogram shape f o r a PS+THF mixture vs flow rate 
i n (a) the eluent of the lowest q u a l i t y MEK:MeOH 88.9:11.1 and 
(b) an eluent MEK:MeOH 89.3:10.7 . Two columns packed with MPG 
of 400 nm, sample concentration 0.03 g / d l . Broken l i n e 
shows i n d i v i d u a l THF chromatography obtained under the same 
condit i o n s . 
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Figure 6b shows overlapping PS chromatograms at d i f f e r e n t 
e l u t i o n rates i n a binary eluent of a b e t t e r thermodynamic q u a l i t y 
(MEK:MeOH 89.3:10.7) as compared to that i n Figure 6a (MEK:MeOH 
88.9:11.1). I t i s i n t h i s eluent that c a l i b r a t i o n dependence 2 i n 
Figure 1 was obtained. Q u a n t i t a t i v e c a l c u l a t i o n s of polymer y i e l d 
c a r r i e d out by analogy with Figure 6a show a s i m i l a r p i c t u r e , and the 
120% polymer y i e l d at a rate of 18.7 ml/h as compared to the 
assumed 100% y i e l d at a minimum rate of 5.8 ml/h i n d i c a t e s that 
the polymer p a r t l y remains i n columns at any e l u t i o n rate. 
However, with improving solvent q u a l i t y polymer y i e l d increases. 
This f a c t i s suggested by comparison of the areas under e l u t i o n 
p r o f i l e s at corresponding u i n Figure 6a and Figure 6b. With 
i n c r e a s i n g flow rate the transformation of the polymer part 
of the chromatogram i n Figure 6b i s mainly due to the displacement 
of the corresponding peak towards higher r e t e n t i o n volumes. 

Table I I . Retention volumes of PS and THF i n MEK:MeOH 88.9:11.1 
vs e l u t i o n r a t e on columns packed with MPG and g l a s s b a l l s 

u 
ml/h 

v w 

ml 
vb

r e 

ml 
MPG 400 nm 5.8 6.17 5.27 

9.3 5.93 4.88 
18.7 5.80 4.52 
37.1 5.59 4.38 
69.6 5.27 4.35 

glass balls 3.8 1.45 1.34 
5.6 1.36 1.23 
9.2 1.35 1.20 

14.0 1.32 1.20 
18.5 1.29 1.18 
27.8 1.28 1.18 
36.8 1.25 1.18 
46.5 1.26 1.20 

S i m i l a r experiments were also c a r r i e d out on a column packed 
with glass b a l l s i n an eluent the q u a l i t y of which i s c l o s e s t to 
that of the θ-solvent (MEK: MeOH 88.9:11.1). With i n c r e a s i n g flow 
rate the separation of the THF and PS peaks decreases, but at a l l 
rates e l u t i o n volumes of PS were smaller than those f o r THF. This i s 
opposite to the s i t u a t i o n observed i n analogous experiments on the 
same columns i n a good solvent (Figure 3a) . The c a l c u l a t e d 
values of r e t e n t i o n volumes f o r PS and THF are also given i n 
Table I I . I t i s c l e a r that with i n c r e a s i n g rate r e t e n t i o n volumes 
decrease, j u s t as i n the case of a porous sorbent. Moreover, they 
decrease almost to the same extent f o r PS and THF, which i n d i c a t e s 
that the polymer p a r t l y remains i n the column. 

The observed transformation of the polymer peak at d i f f e r e n t 
e l u t i o n rates on d i f f e r e n t sorbents i n a poor solvent can be due 
both to the r e t a r d a t i o n e f f e c t and to the degradation of some 
macromolecules. Degradation experiments i n a poor solvent were 
performed according the scheme described above. I t should be noted 
that the eluates obtained i n poor solvent were concentrated and 
analyzed i n THF on an a n a l y t i c a l column system under conditions 
excluding degradation. Table I I I gives the corresponding 
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degradation i n d i c e s of some eluates c a l c u l a t e d from the 
chromatograms. These i n d i c e s obtained p r e v i o u s l y (Figure 2a) with 
THF are given f o r comparison. Table I I I shows that i n 
chromatography on a porous sorbent i n a θ-eluent PS-degradation i s 
much higher than that i n chromatography on non-porous b a l l s . In 
THF the corresponding degradation values are comparable. 
Furthermore, i n chromatography on a porous sorbent degradation i s 
greater i n a θ-eluent than i n THF, whereas i n chromatography on 
non-porous b a l l s the opposite s i t u a t i o n i s observed. 

Table I I I . Degradation i n d i c e s o f PS, obtained i n chromatography i n 
d i f f e r e n t eluents on columns packed with d i f f e r e n t sorbents a t 

d i f f e r e n t e l u t i o n r a t e s 
SorJbent u 

ml/h 
Eluent I 

MPG 400 nm 5.9 THF 0.02 
19.4 THF 1.30 
5.8 MEK:MeOH* 1.90 

18.7 MEK:MeOH 3.26 
Glass balls 5.7 THF 0.32 

19.2 THF 1.47 
5.6 MEK:MeOH 0.24 

18.5 MEK:MeOH 0.66 
a Composition of MEK:MeOH 88.9:11.1 

Experiments with Membrane. In order to e l u c i d a t e the d e t a i l s of 
degradation mechanism i n SEC, model experiments were c a r r i e d out by 
s t i r r i n g PS so l u t i o n s above the membranes with d i f f e r e n t pore 
s i z e s and a non-porous t e f l o n support without excess pressure as 
well as by s o l u t i o n u l t r a f i l t r a t i o n at a low excess pressure. 

Figure 7 shows the MWD of a PS sample obtained a f t e r 
s t i r r i n g i t s s o l u t i o n above membranes with d i f f e r e n t pore s i z e s 
for two hours. I t i s c l e a r that the MWD shape depends on membrane 
type. When the solvent i s s t i r r e d above a membrane with a pore 
diameter of about 580 nm which i s higher than the average s i z e 
of the macromolecules (about 200 nm) , the degree of degradation 
i s highest. Both l a r g e fragments with Μ * 5 · 1 0 6 and small fragments 
with Μ * Ζ 5 · 1 0 6 and M^10 8 (Figure 7, curve 2) are formed. When 
s t i r r i n g i s performed over a membrane with a pore diameter of 
about 110 nm, la r g e fragments are not formed and the degree of 
degradation and the f r a c t i o n of degraded macromolecules are much 
lower than i n the former case (Figure 7, curve 3). For a t e f l o n f i l m 
(Figure 7, curve 4) the s i t u a t i o n seems intermediate. I t may be 
assumed that the defects on the surface of the f i l m (the existence of 
which, j u s t as a p o s s i b l e presence of through pores proven by 
measuring the mechanical and e l e c t r i c a l f i l m c h a r a c t e r i s t i c s (23) ) 
are of intermediate s i z e s with respect to membrane pores. Table IV 
l i s t s degradation i n d i c e s , average M, and p o l y d i s p e r s i t i e s of 
the sample, which are c a l c u l a t e d from MWD. I t can be seen that 
f o r marked sample degradation considerable time (about 2h) i s 
necessary. 
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Table IV. Calcul a t e d M c h a r a c t e r i s t i c s and degradation indices of 
samples i n membrane experiments without f i l t r a t i o n 

Sample M w 1 0 6 

Da 
Mn.10-« 

Da 
M w / M n 

Stirring 
time, 

h 

Mean pore 
diameter, 

nm 

I 

Initial PS 11.18 7.64 1.47 
After stirring 

above 
a teflon fi^lm 10.44 7.14 1.46 1 - 0.07 

8.54 6.04 1.42 2 - 0.27 
After stirring 

above 
membranes 10.10 7.58 1.33 1 580 0.01 

7.72 4.19 1.84 2 580 0.82 
11.52 7.40 1.56 1 110 0.03 
10.99 6.89 1.60 2 110 0.11 

The r e s u l t s of experiments on PS so l u t i o n f i l t r a t i o n through 
membranes with d i f f e r e n t pore sizes are given i n Table V and 
Figure 8. I t i s cl e a r that during f i l t r a t i o n degradation increases 
with decreasing pore s i z e , which i s opposite to degradation e f f e c t 
occurring for s t i r r i n g without f i l t r a t i o n . For f i l t r a t i o n through 
membranes with a pore diameter of 110 nm (smaller than the mean 
si z e of PS molecules) a large number of degraded macromolecules i s 
observed both i n the f i l t r a t e and i n the concentrate (Table V) . 
In t h i s case some la r g e s t macromolecules were not degraded during 
f i l t r a t i o n , which indicates that they can undergo deformation and 
pass through pores without degradation (Figure 8, curve 2). For 
membranes with a mean pore diameter of 580 nm, f i l t r a t i o n does not 
lead to any degradation, although a considerable rate gradient 
e x i s t s : 0.7-103s"1. In fact, i n t h i s case the MWD of the f i l t r a t e 
(Figure 8, curve 3) coincides with that of the i n i t i a l PS. For 
membranes with a pore s i z e of 238 nm, which i s comparable to that of 
PS molécules, degradation indices have intermediate values(Table 
V) . 

Table V. Calculated molecular c h a r a c t e r i s t i c s and degradation 
i n d i c e s of samples i n membrane experiments with f i l t r a t i o n 

Mean pore 
diameter, 

nm 

Pressure 
above the 
membrane, 

atm 

M^IO"6 

Da Da 
M w / M n 

J Comments 

238 1.0 10.19 6.90 1. 48 0.11 F* 
238 1.0 9.31 5.94 1 57 0.29 & 
286 0.5 11.03 7.80 1 41 0.00 F 
286 0.5 11.18 6.94 1. 47 0.10 C 
110 1.0 9.12 5.35 1 71 0.43 F 
110 1.0 9.51 5.73 1 66 0.33 C 

8 Filtrate 
b Concentrate 
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8 12 16 20 2 4 M-10*e(Da) 

Figure 7. Comparative MWD of a PS sample, obtained a f t e r 
s t i r r i n g f o r two hours above membranes with d i f f e r e n t pore s i z e s 
d . ( l ) - MWD of the i n i t i a l PS, (2) - membrane d = 580 nm, (3) -
membrane d = 110 nm, (4) - t e f l o n f i l m . 

Figure 8. Comparative MWD of s o l u t i o n f i l t r a t e s of a PS sample 
for membranes with d i f f e r e n t pore s i z e s . (1) - MWD of the 
i n i t i a l PS, (2)- membrane d = 110 nm, (3) - membrane d = 286 nm. 
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h (mm) 
peak ( 3 ) 

120 t_(mln) 

Figure 9. Overlapping fractograms of PS standard, Μρ=7.7·106 Da 
at d i f f e r e n t times of zone formation and ν = 0.08 cm/s. 
(1)- τ = 0 min, (2)- τ = 2 min, (3)- τ = 10 min, (4)- τ = 20 min. 

• up to h=233 mm 

100 

80 

60 

40 

20 

h (mm) 

peak(1) 
I total channel volume 

10 15 20 25 tR (mln) 

Figure 10. Overlapping fractograms of PS standards, h^,=7.7-106 Da 
at d i f f e r e n t times of zone formation and ν =0.4 cm/s. (1)- τ - 0 
min, (2) - τ= 2 min, (3)- τ = 5 min, (4)- τ = 10 min. 
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Thermal F i e l d Flow Fractionation. F i n a l l y , we have studied the 
behavior of a PS sample under TFFF conditions i n connection 
with a unique p o s s i b i l i t y of applying t h i s method to the 
determination of the MWD of synthetic polymer with Μ > 2 · 1 0 6 Da 
(24) . The experiments on TFFF may be regarded as a model for the 
behavior of macromolecules in* the simpler variant of the shear 
f i e l d i . e . i n flow with the P o i s e u i l l e p r o f i l e of rate 
d i s t r i b u t i o n between two p a r a l l e l plates. The separation by the 
TFFF method (16) i s based on the formation of a temperature 
gradient along the channel height. This gradient leads to non
s e l e c t i v e thermal d i f f u s i o n of macromolecules towards the cold wall 
{25, 26) and, hence, to t h e i r concentration at t h i s w a l l . This 
separation i s also based on the Brownian motion which re s u l t s 
i n the d i s t r i b u t i o n of macromolecules along the channel 
height. As a r e s u l t of the P o i s e u i l l e p r o f i l e of flow rate 
d i s t r i b u t i o n i n the long i t u d i n a l d i r e c t i o n , the smallest 
macromolecules w i l l move i n the channel at a higher rate, whereas 
the l a r g e s t macromolecules w i l l move at a minimum rate. At the 
moment when the zone leaves the channel, the macromolecules become 
d i s t r i b u t e d according to si z e . This d i s t r i b u t i o n recorded by a 
concentration detector i s c a l l e d a fractogram. The minimum retention 
volume corresponds to the t o t a l volume of the TFFF channel (or TFFF 
column) determined from the retention volume of a low 
molecular weight substance (e.g. o-dichlorobenzene). The retention 
volume increases with the M of the corresponding f r a c t i o n . I t 
was found that f o r high molecular weight PS the minimum change 
i n operating parameters (temperature of the cold, T c, and hot, T h , 
walls, l i n e a r e l u t i o n rate v, and polymer concentration c) 
profoundly a f f e c t s the shape of the fractograms and retention 
volumes. This has never been observed i n the range of M < 2-10 
Da. The e f f e c t of operating parameters on the behavior of the 
superhigh molecular weight PS has been analyzed by us i n d e t a i l 
(27) and has been confirmed by independent investigations (28). 

I t was shown i n studying the e f f e c t of el u t i o n rate on el u t i o n 
volumes and the fractogram shapes at constant T h = 20°C and T c = 10°C 
f o r a PS standard with M p = 4.4-106 Da that with increasing ν from 
0.025 to 0.8 cm/s retention volumes decreased s l i g h t l y but the 
fractogram shape d i d not change. For a PS standard with Mp=7.7-106Da 
and higher and for the investigated PS sample the change i n the 
rate from 0.04 cm/s to 0.8 cm/s leads to a *" change i n the 
fractogram shape. Moreover, t h i s change also depends on the time 
of zone formation near the cold wall τ, i . e . the time during which 
the eluent flow along the channel was stopped and the 
macromolecules were d i s t r i b u t e d along the channel height because 
of thermal d i f f u s i o n and Brownian motion. 

Overlapping fractograms of a PS standard with M p=7.7-106at 
d i f f e r e n t τ and e l u t i o n rates of 0.08 and 0.4 cm/s are shown i n 
Figures 9 and 10, resp e c t i v e l y . I t should be noted that at other 
rates from the same range of 0.04-0.8 cm/s the shape of the 
fractograms at d i f f e r e n t τ does not d i f f e r q u a l i t a t i v e l y from 
those shown i n Figures 9, 10 for both the PS standard and the PS 
sample. Three peaks can be distinguished i n Figure 10: (1) a 
polymer peak with a smaller retention volume than the t o t a l 
channel volume (the so - c a l l e d "relaxation peak" (29)); (2) a peak 
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Figure 11. Combined fractograms of a PS sample at v=0.04 cm/s, 
τ = 0. ( l ) - i n i t i a l fractogram, (2) - fractogram of an eluate 
obtained at v=0.04 cm/s, τ = 0, (3) fractogram of an eluate 
obtained at v=0.8 cm/s (τ= 10 min). 

Figure 12. C a l i b r a t i o n curve: peak value f o r narrow-
disperse PS standards vs t h e i r r e t e n t i o n volume at v=0.04 cm/s, 
τ = 0. 
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following the low molecular weight reference peak, and (3) the 
main polymer peak. At r e l a t i v e l y low rates peak (1) can be absent 
at a l l τ values (Figure 9). In contrast, at r e l a t i v e l y high rates and 
τ = 0 only peak (1) i s present, i . e . the whole sample i s eluted at a 
retention volume smaller than the t o t a l channel volume. Our 
in v e s t i g a t i o n s have shown that the retention volumes of peak (1) 
and (2) remain constant at a l l rates and a l l τ. The retention 
volumes of polymer peak (3) increase with τ and decrease with 
increasing rate. Furthermore, the height of peak (1) increases with 
increasing rate and decreases with increasing τ. 

In order to detect possible degradation during TFFF, the 
e f f e c t of flow rate ν i n the 0.04-0.8 cm/s range and zone 
formation time τ (at a constant temperature gradient T c = 10°C, 

T h = 20°C ) were studied. At fi x e d ν and τ the so l u t i o n of PS 
sample with the concentration of 0.5 g/dl was i n j e c t e d and the 
eluate was c o l l e c t e d at the o u t l e t of the TFFF column and 
concentrated to c=0.05 g/dl. Then t h i s concentrated eluate was 
analyzed on the TFFF column at the same temperature gradient, 
minimal flow rate (v=0.04 cm/s) and τ =0. These experimental 
conditions provided the p o s s i b i l i t y of obtaining l i n e a r 
c a l i b r a t i o n i n the range of M 106 -10 7 Da and the absence of 
rel a x a t i o n peaks. Figure 11 shows as an example three' 
overlapping fractograms: (1) the primary fractogram of the PS 
sample at the minimal rate of 0.04 cm/s, τ = 0; (2) the fractogram 
of the eluate obtained at ν = 0.04 cm/s, τ = 0; (3) the fractogram of 
the eluate obtained at ν = 0.08 cm/s and τ = 10 min. A l l other 
eluate fractograms obtained by us at d i f f e r e n t ν and τ, j u s t as those 
shown i n Figure 11, d i f f e r from the primary fractogram by the 
transformation of s i z e d i s t r i b u t i o n of macromolecules with 
i n c r e a s i n g content of a f r a c t i o n with M about 106 Da and l e s s , which 
i s absent i n the primary fractogram. This s i t u a t i o n indicates that 
polymer chains are degraded during f r a c t i o n a t i o n . 

In order to evaluate q u a n t i t a t i v e l y the degree of 
degradation, the average M of PS were calculated from the 
fractograms of the eluates with the a i d of a c a l i b r a t i o n 
dependence (Figure 12) obtained at the minimal rate of 0.04 cm/s 
(τ = 0), i . e . with the use of primary fractograms of PS standards. The 
t e s u l t s of these c a l c u l a t i o n s and also those of average M of the 
standards used and the PS sample from primary fractograms are given 
i n Tables VI and VII. 

These r e s u l t s provide only q u a l i t a t i v e information because of 
the f a c t that p a r t i a l degradation occurs even at minimal flow 
rate. Nevertheless comparative analysis i s desirable. 

The average M values given i n Table VII and calculated with 
the fractograms of the eluates show that polymer chains undergo 
degradation, because only degradation can explain a decrease i n 
the M w and M n and a increase i n M w / M n as compared to the i n i t i a l 
c h a r a c t e r i s t i c s . Note that the cal c u l a t e d M values are even too 
high because fragments with M < 106 Da were not taken i n t o account. 
The s e l e c t i v i t y i s absent i n the range M<106 Da and macromolecules 
with M <106 Da are eluted with the t o t a l column volume (Figure 
12) . I t i s i n t e r e s t i n g that M does not decrease monotonically 
with increasing rate and, moreover, depends on τ. I t i s cl e a r that 
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with increasing e l u t i o n rate degradation can also decrease as 
i n the above chromatographic experiments. The data i n Table VII 
show that degradation decreases with increasing τ at the same 
rates. The data calculated from fractograms also show higher 
average M for higher concentrations of the PS sample (Table VI). 

Table VI. Average molecular c h a r a c t e r i s t i c s c a l c u l a t e d from 
i n i t i a l fractograms of PS standards and of a PS sample 

PS standards 

Mp-lO"6 MB.l<r« Mw / M . 
Da Da Da 

1.00 0.997 0.810 1.23 
2.30 2.214 1.980 1.12 
4.40 4.246 3.756 1.13 
7.70 6.557 5.066 1.29 

12.25 10.166 7.124 1.43 
PS sample 

c 
g/dl 

Mw-10^ 
Da Da 

M w / M n 

0.025 8.455 4.072 2.08 
0.050 9.665 5.639 1.71 

Table VII. Average molecular c h a r a c t e r i s t i c s c a l c u l a t e d from 
eluate fractograms of a PS sample obtained at d i f f e r e n t e l u t i o n rates 

(v) and d i f f e r e n t times of zone formation (τ) 
V 

cm/s 
τ 

min 
M w · 10"6 

Da 
Mn-10^ 

Da 
M w 

0.04 0 6.555 3.115 2. 10 
0.08 0 5.880 1.583 3. 72 
0.20 2 8.654 2.282 3. 79 
0.20 10 9.101 2.437 3. 73 
0.80 2 6.303 2.018 3. 12 
0.80 10 13.642 3.877 3. 52 

P h y s i c a l Degradation Model . In order to explain a l l these complex 
and at f i r s t sight contradictory data, one should bear i n mind the 
r e s u l t s of the works i n which the behavior of macromolecules i n 
non-homogeneous hydrodynamic f i e l d s of the Couette and P o i s e u i l l e 
types has been studied. 

For both type of f i e l d s i t has been shown i n experiments and 
t h e o r e t i c a l l y (30-36), that the concentration of macromolecules i s 
r e d i s t r i b u t e d as a r e s u l t of t h e i r migration under the e f f e c t of 
shear transverse to the flow l i n e s to the curvature center i n the 
Couette f i e l d (in p a r t i c u l a r , to the i n t e r n a l r o t a t i n g 
c y l i n d e r i n the Couette viscometer) and to the c a p i l l a r y center i n 
the P o i s e u i l l e f i e l d . The r e d i s t r i b u t i o n of polymer concentration 
due to c i r c u l a r and c a p i l l a r y flows should occur i n streams 
through disperse media formed by both porous and non-porous 
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p a r t i c l e s as i s supported by the r e s u l t s of a number of papers 
(37-39) . In p a r t i c u l a r , i t has been shown i n the study of polymer 
s o l u t i o n flow through the porous packing of chromatographic 
columns (39) that polymer retention increases with increasing 
flow rate and decreases i n the opposite case. Retention also 
increases with M. The e f f e c t of t h i s change i n retention was 
a t t r i b u t e d by the authors of (39) to concentration r e d i s t r i b u t i o n of 
the macromolecules caused by the migration to the surface of 
sorbent p a r t i c l e s i n the eluent flow moving past a sorbent 
p a r t i c l e ( c i r c u l a r flow). On the basis of the analyses of 
published t h e o r e t i c a l and experimental works and our experimental 
data we attempt to formulate the degradation mechanism i n SEC. 

This mechanism i s based on the d i s t o r t i o n of the 
concentration homogeneity of the macromolecules inside the 
chromatographic column. This d i s t o r t i o n i s caused by the 
a c t i o n of a non-homogeneous hydrodynamic f i e l d . In the flow 
moving past a sorbent p a r t i c l e ( c i r c u l a r flow) the macromolecules 
migrate to i t s surface. I f the pores s i z e i s s u f f i c i e n t l y 
large, the macromolecules pass through them (40-42) without 
undergoing degradation. When s t e r i c hindrance exists (small 
pores), the macromolecules are concentrated near t h e i r surface 
forming an entangled matrix which i s retained on t h i s surface 
• p a r t i a l l y penetrating i n t o the pores (43). Giddings (4) has 
pointed out that macromolecules can concentrate near the p a r t i c l e 
surface and has c a l l e d t h i s phenomenon the " p o l a r i z i n g e f f e c t " . In 
t h i s case the greater the concentration of macromolecules near 
the surface, the easier can entangled matrix penetrate into the 
pores to a large depth (43) . Hence, with increasing s t e r i c 
hindrance the concentration near the surface of sorbent p a r t i c l e s 
increases, the matrix penetrates i n t o the p a r t i c l e to a greater 
depths, and the retention of the matrix on the surface increases 
and becomes even more pronounced when the through-pore flow 
e x i s t s . The flow moving past the p a r t i c l e t r i e s to drag the matrix 
from i t s surface. Degradation can evidently proceed both at the 
outer boundary of the entangled layer because the free ends 
of macromolecules are entrained by the flow and at the inner boundary 
because the layer i s torn o f f as a whole. A f t e r the entangled 
matrix i s torn o f f from the surface, the macromolecules are 
disentangled at once. Subsequently, the migration and degradation 
process i s repeated many times along the length of the packed 
l a y e r u n t i l a l l the macromolecules capable of p a r t i c i p a t i n g i n 
t h i s process under these condition are degraded. This mechanism 
explains the retardation e f f e c t and also the increasing degree of 
degradation with decreasing pore and p a r t i c l e s i z e and 
in c r e a s i n g M. I t becomes clea r that the degree of degradation i s i n 
agreement with thermodynamic chain f l e x i b i l i t y (5) . In fact, the 
higher the f l e x i b i l i t y , the easier i t i s for the 
macromolecules to become entangled, the smaller i s the distance 
between the network junctions and, hence, the stronger the 
retardation e f f e c t (43). I t i s known that r i g i d macromolecules do 
not undergo degradation. Degradation mechanism i n the most 
complex case, SEC, i s schematically shown i n Figure 13. 

From the viewpoint of the proposed mechanism the r e s u l t s of 
polymer degradation i n model units ( Couette viscometer) can be 
regarded i n a new way. I t i s claimed that i n these units i n d i v i d u a l 
macromolecules are degraded by stre t c h i n g i n the shear flow 
(4,5,7,8,12,22). According to our mechanism, the macromolecules 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

00
8

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



150 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

(a) (b) (c) 

Figure 13. Scheme f o r the -degradation mechanism of 
macromolecules on a sorbent with d i f f e r e n t pore s i z e s :(a)-pore 
s i z e exceeding that of macromolecules, (b)-pore s i z e smaller 
than that of macromolecules, and (c) - non-porous sorbent. 
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are not i n d i v i d u a l l y degraded but degradation occurs i n the 
entangled l a y e r which i s formed as a r e s u l t of t h e i r migration to 
the inner r o t a t i n g c y l i n d e r . I t i s desirable to e s t a b l i s h whether 
under given experimental conditions the macromolecules can pass 
the distance between two coaxial cylinders during the time 
necessary f o r e s t a b l i s h i n g e quilibrium i n t h i s degradation 
experiment i n a Couette viscometer. According to (30), the average 
migration rate ν of the non-draining c o i l transverse to flow l i n e s i n 
the Couette f i e l d i s given by 

R 3 R 3 « < c2 

v ^ . o o s e s n 2 ^ V 2 a l r <4> 
( R 2

2 - R i 2 ) 3 k T 

here Ω i s the angular r o t a t i o n v e l o c i t y , and R2 are the r a d i i 
of the inner and outer c y l i n d e r s , respectively, η i s the 
solvent v i s c o s i t y , k = 1.38· 10"23JK i s the Boltzmann, constant, 7 i s the 

2 1/2 

temperature, <S > i s the mean-square end-to-end distance 
<S2 >1/2= (ΚΜ α + 1) 1 / 3Φ~ 1 / 3 , where Κ and a are constants i n the Mark-
Houwink equation, and O = 25-10 2 1is the Flory constant. 

In experiment with PS solutions with Μ η=10.7·10 6 Da (22) the 
values of parameters i n eq.(4) were: Rie0.236cm, R2=0.238cm, 
T=300 Κ, η=10" 7 Ns/cm2, and the shear rate γ= 4.4-106 S*1 . The c a l c u l a t i o n 
gives V = -329· 10"2 cm/s and the mean migration time i s f = 6.1 10~2 S. 
The experimental time (rotation of the inner cylinder) was 1-2 S. 
In a s i m i l a r way the values of V and t can be calculated for an 
experiment with aqueous solutions of polyacrylamides with 
Μ η = 5 · 1 0 6 (5) and Μ η =4 .6·10 6 (12) c a r r i e d out during 60 s. The 
cal c u l a t e d values were V =-3.17 ·10~4 cm/s, f = 8s and V=-4.3-10~4cm/s, 
f = 5.8s, r e s p e c t i v e l y . 

The c a l c u l a t i o n s show that during experiment the macromolecules 
with a r e l a t i v e l y high M can reach the surface of the inner cylinder 
and form the entangled matrix along i t s perimeter. Hence, the 
re s u l t s of experiments on degradation i n a Couette viscometer can 
be e a s i l y explained on the basis of the proposed mechanism. In 
fa c t , shear s t r e s s i s the parameter determining the degree of 
degradation i n these experiments, and i t follows from eq. (4) 
that V i s proportional to Ω2η. The existence of a c r i t i c a l M 
value under these experimental conditions follows from the 
dependence of V on < s2 > 5 / 2 i n eq. (4). With the a i d of t h i s mechanism 
i t i s easy to explain the decrease i n degradation with increasing 
i n i t i a l concentration. The higher the i n i t i a l concentration, the 
greater the thickness of the layer near the surface. Therefore, 
the r e l a t i v e number of degraded macromolecules at the boundaries of 
th i s l a y e r w i l l be smaller for a thicker layer and, hence, for 
higher i n i t i a l s o l u t i o n concentration. Degradation w i l l n a t u r a l l y 
also depend on the properties of the retarding surface and w i l l 
be higher i f cylinders with rough surfaces are used (22). 

According to our mechanism, degradation should depend on the 
density of thé entangled layer. At low shear rates the la y e r i s 
looser, the distance between the entanglement junctions i s 
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r e l a t i v e l y large, and the chain can be broken near the center. At 
high shear rates a denser layer i s formed during the same period, 
the i n t e r - j u n c t i o n s distance decreases, which leads to the 
formation of small fragments during degradation. The layer density i s 
also a f f e c t e d by solvent q u a l i t y : at i n f e r i o r q u a l i t y the layer 
becomes dense, and the i n t e r - j u n c t i o n distance decreases. However, 
for d i l u t e solutions with i n f e r i o r solvent q u a l i t y the s i z e of 
macromolecules decreases. Therefore, ν also decreases and, hence, 
with a simultaneous change i n shear rate and solvent q u a l i t y 
degradation can change i n d i f f e r e n t d i r e c t i o n s . Thus, i t may be 
assumed that at low shear rates degradation can decrease 
when solvent q u a l i t y becomes i n f e r i o r . In the l i m i t i n g case, when 
a solvent close to the θ-solvent i s used, the concentration 
layer can become very dense and non-draining for the solvent, 
which can also lead to decreasing degradation. 

Let us now consider the result s of our experiments from the 
viewpoint of the degradation mechanism. 

In the experiments on TFFF the formation of the entangled 
matrix near the cold wall i s determined by the d i f f u s i o n of 
macromolecules caused by temperature gradient along the channel 
height. The thickness and density of the entangled layer depend on 
experimental conditions (T, c, t , v ) . The concentration layer i s 
fi x e d on the surface of the cold plate, and the l o n g i t u d i n a l flow 
leads to the degradation of macromolecules at the boundaries of 
t h i s layer. This layer i s a macroscopic formation and, 
therefore, when transverse scratches were made on the cold wall, 
i . e . surface roughness increased, an increase i n retention 
volumes of the fractograms was observed (44), Individual 
macromolecules would not be s e n s i t i v e to these scratches. Being 
macroscopic, the concentration layer i s not immobile but 
i n t e r a c t s with the flow. In addition to f r i c t i o n force holding i t .on 
the surface of the co l d p l a t e , i t i s subjected to a force that tends 
to d i s p l a c e i t to the region of minimum deformation (to channel 
center) (36). The predominance of the l a t t e r force (e.g. owing to 
increasing e l u t i o n rate) can lead to the tearing o f f of the 
entangled layer from the cold wall, chain disentanglement, and, 
correspondingly, to a decrease i n degradation with increasing ν 
observed i n the experiment with the i n v a r i a b i l i t y of other 
operating parameters. The presence of relaxation peaks i n the 
fractograms at r e l a t i v e l y high e l u t i o n rates i s an evident 
confirmation of the fact that macromolecules migrate to the 
zero rate gradient ( i . e . to the channel center), as has been 
pointed out f i r s t by Giddings (45). 

The processes occurring i n TFFF represent adequately the 
s i t u a t i o n i n chromatographic columns. Just as i n TFFF, the 
non-monotonic character of the dependence of degradation indices on 
flow rate i n SEC i s due to two competing processes taking place i n 
packing. This i s the migration of macromolecules to p a r t i c l e 
surface (as a r e s u l t of the curvature of the .flow moving past 
t h i s p a r t i c l e ) and to zero flow rate gradient, i . e . to the 
center of i n t e r p a r t i c l e channels ( c a p i l l a r i e s ) . The s i t u a t i o n i s 
complicated by the possible occurrence of the pore flow (40-
42).Degradation may be absent e i t h e r when the macromolecules 
pass through pores without forming concentration layer or 
when migration from p a r t i c l e surface p r e v a i l s at r e l a t i v e l y high 
flow rates. The l a t t e r i s i n d i r e c t l y confirmed by c a l c u l a t i o n s 
and rh-iological experiments (46,47). 
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Now the r e s u l t s of SEC i n solvents of d i f f e r e n t thermodynamic 
q u a l i t i e s w i l l be considered. 

In an eluent of good thermodynamic q u a l i t y the concentration 
la y e r can be draining for the solvent, which favors complete 
e l u t i o n of the polymer from columns. I f the pores are r e l a t i v e l y 
large, the p o s s i b i l i t y of layer formation and, hence, of 
degradation also decreases. The presence of pores the s i z e of 
which i s comparable to that of the macromolecules and, 
p a r t i c u l a r l y , of those with a smaller s i z e , enhances degradation. 
On a non-porous surface the formation of the concentration layer 
leads to the retardation e f f e c t (Figure 4). However, the degrading 
e f f e c t of the retarding non-porous surface at comparable e l u t i o n 
rates i s always lower than that of the porous surface and, 
correspondingly, degradation i s lower. 

At i n f e r i o r solvent q u a l i t y the macromolecules acquire the 
shape of a dense c o i l , lose t h e i r a b i l i t y to change conformations and 
tend to form associates (13) . In t h i s case also the 
concentration layer on the p a r t i c l e surface i s p a r t i a l l y degraded 
because i t i s influenced by the flow moving past the sorbent 
p a r t i c l e s , by the degrading e f f e c t of the surface and also 
because of the possible pore - through flow. However, because of 
conformation hindrance the torn-off part of the layer i s not 
disentangled and moves i n the form of associates. This fact 
e v i d e n t l y demonstrate c a l i b r a t i o n dependence (Figure 1, curve 2). 

Approaching the θ-conditions the layer on the surface of 
sorbent p a r t i c l e s becomes non-draining, and as a r e s u l t , i n 
p a r t i c u l a r , some pores are plugged by the fragments of t h i s l a y e r 
(Figure 6) and, hence, the loss of the accessible volume for PS and 
f o r low M components i s the same (Table II) . Because of 
conformation hindrance the fragments of the destroyed layer should be 
of the sizes comparable to those of pores the d i f f u s i o n i n which 
has l e d to degradation. Therefore, i n t h i s solvent 
degradation should occur by analogy with that i n a good solvent 
with the existence of s t e r i c hindrance. Hence, degradation on a 
porous sorbent i n a poor solvent i s greater than on non-porous 
b a l l s and i s greater than i n a good solvent on the same porous 
sorbent (Table I I I ) . 

When polymer solutions are s t i r r e d , inhomogeneous 
hydrodynamic f i e l d s are also formed, which should lead to 
concentration d i s t r i b u t i o n . At present i t i s not possible to 
describe t h e o r e t i c a l l y the d i s t r i b u t i o n of shear rates i n these 
f i e l d s . The r e s u l t s of degradation upon PS sol u t i o n s t i r r i n g above 
membranes with d i f f e r e n t pore sizes show that a high concentration 
3-ayer i s formed near the membrane surface. A s p e c i a l experiment on 
dye s t i r r i n g for two hours with subsequent f i l t r a t i o n at a low 
excess pressure showed (Figure 14) that the range of predominated 
concentration exists i n the c e n t r a l part of the membrane (membrane i s 
not uniformly colored i n the photograph). Consequently, 
according to the mechanism proposed by us, s t e r i c hindrance for 
macromolecules at the pore entrances not only favors the 
formation of an entangled matrix but also increases the 
retarding properties of the surface at an excess pressure and 
decreases these properties when s t i r r i n g occurs without 
f i l t r a t i o n . In the former case t h i s leads to increasing 
degradation indices with decreasing pore size, whereas i n the 
l a t t e r case the decrease i n the pore sizes leads to decreasing 
degradation indices (Table IV). 
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Figure 14. Membrane photograph a f t e r the dye suspension was 
s t i r r e d f o r 2h and then was f i l t e r e d through i t . 
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Conclusions 

The mechanism of degradation of macromoledules i n a 
non-homogeneous hydrodynamic f i e l d i s proposed. I t i s based on the 
d i s t o r t i o n of homogeneous concentration i n the bulk of polymer 
s o l u t i o n because macromolecules undergo di r e c t e d migration 
transverse to flow l i n e s . As a r e s u l t a layer of high 
concentration i s formed near the surface / and phase t r a n s i t i o n 
( p r e c i p i t a t i o n of polymer) can occur. Degradation depends on both 
the properties of the retarding surface and the rate of the flow 
which tends to tear o f f t h i s layer. The entangled layer i s formed by 
the macromolecules of such a si z e that under these experimental 
conditions they can reach the surface during the experimental 
time. The a b i l i t y of macromolecules to be entangled depends on the 
chain thermodynamic f l e x i b i l i t y and the c r i t i c a l entanglement 
length of t h i s type of macromolecules, but we d i d not discuss i n 
the a r t i c l e t h i s problem i n d e t a i l . 

The proposed mechanism explains a l l the known res u l t s on 
degradation, the concentration, and rate dependences of the 
d i s t r i b u t i o n c o e f f i c i e n t i n SEC, and some anomalous rheological 
e f f e c t s (in p a r t i c u l a r , the decrease i n v i s c o s i t y of polymer 
sol u t i o n s with increasing flow rate i n narrow c a p i l l a r i e s , 
which i s evidently connected with migration of macromolecules to 
the c a p i l l a r y center) . In other words t h i s mechanism i s universal 
and i s an inherent part of the separation mechanism occurring 
during SEC. 
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Chapter 9 

Intraparticle Convection in Chromatographic 
Permeable Packings 

Alirio E. Rodrigues 

Laboratory of Separation and Reaction Engineering, Faculdade 
de Engenharia, Universidade do Porto, 4099 Porto Codex, Portugal 

Permeable, "large-pore" materials are finding various applications in 
separation engineering as adsorbents, HPLC packings, and membranes. 
Intraparticle forced convection is a mass transport mechanism which, in 
addition to diffusive transport, can not be neglected in large-pore 
materials. The paper provides an historical retrospective of research 
work in intraparticle forced convection, stressing important and often 
forgotten contributions. The key concept to be retained is the 
"augmented" diffusivity by convection (Rodrigues et al., 1982) which 
explains why the efficiency of adsorptive separation processes is 
improved when using large-pore supports. An extended Van Deemter 
equation has to be applied when calculating the HETP of 
chromatographic columns with flow-through particles. It is shown that 
the effect of forced convective flow in pores is to drive the separation 
performance between diffusion-controlled and equilibrium limits. 
Experimental results for protein separation by high pressure liquid 
chromatography in new packing media POROS Q/M and Q HYPER D 
are discussed. 

"Large-pore" permeable materials are used in chemical engineering as adsorbents, 
H P L C packings, membranes, catalysts, building materials or supports for biomass 
growth and cell culture. Here we mean by "large-pores" those above 1000 À. A review 
of materials and processes used in separation engineering applications is shown in 
Table 1. Examples in this table include polystyrene materials for HPLC like PL4000 
with pore diameter of 4000 À or POROS with pores of 7000 À in diameter, BM329 
(Rhone-Poulenc catalyst) with pores of 10000 Â or V E R A X VX-100 beads with pores 
in the range of 20-40 μπι. 

The objectives of this review paper are: 
i) to provide an historical retrospective of research work on intraparticle forced 

convection stressing important and often forgotten contributions; 
ii) to discuss the concept of "augmented" diffusivity by convection and show 

how it explains the improved performance of separation processes; 
iii) to stress that an extended Van Deemter equation is needed when calculating 

the performance (HETP) of chromatographic processes using large-pore materials; 

0097-6156/96/0635-0157$15.00/0 
© 1996 American Chemical Society 
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158 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

iv) to focus on recent areas of application of permeable packings in proteins 
separation and suggest avenues for future work. 

Table 1. Applications of "large-pore" materials in chemical engineering 

Materials Processes References 
Catalysts /Supports 
α-alumina 
Vanadium and phosphorus 
oxides (Rhone Poulenc BM329) 
Mixture of iron and other oxides 
Ni/a-alumina 

Ethylene oxidation 
Butene oxidation to maleic 
anhydride 
Ammonia synthesis 
Steam-refonning 

(1) 
(2) 

(3), (4) 

Adsorbents 
Activated alumina (Selexsoib; 
Alcoa) 
Diatomite (Johns Manville) 

Removal of carbonyl disulfide 
from propylene 
Chromatography 

(5) 

HPLC packings 
Alumina (Unisphere, Biotage, 
USA) 
Polystyrene (PL4000, Polymer 
Laboratories, UK) 
Polystyrene (POROS, 
PerSeptive Biosystems, USA) 
Silica gel (Daisogel SP 2705, 
Daiso Co) 

Hyper D (BioSepra, USA) 

TSK- PW (Toso-Haas, Japan) 

Proteins separation (6) 
HPLC packings 
Alumina (Unisphere, Biotage, 
USA) 
Polystyrene (PL4000, Polymer 
Laboratories, UK) 
Polystyrene (POROS, 
PerSeptive Biosystems, USA) 
Silica gel (Daisogel SP 2705, 
Daiso Co) 

Hyper D (BioSepra, USA) 

TSK- PW (Toso-Haas, Japan) 

Proteins separation 

Proteins separation 

Proteins separation 

Proteins separation 

(7) 

(8), (9) 

(10), (11), 
(12), (13) 
(44) 

Ceramic membranes 
Alumina (Ceraflo, Norton, UK) Product concentration/ 

clarification 
Supports for mammalian 
cell culture 
Collagen particles (Verax 
VX100, Verax Corp, USA) 
Gelatin particles (Cultisphere-G; 
Percell Biolytica, Sweden) 

TPA from culture of Chinese 
hamster ovary cells 

(14), (15) 

Supports for Biomass 
Growth 
Sintered glass (SIRAN, Schott 
Engineering, Germany) 
Modified polyurethane (Bayer, 
Germany) 
Recycled glass (PORAVER, 
Dennert Poraver, Germany) 

Anaerobic digestion 

Anaerobic treatment of bleaching 
plant wastewater 
Cell immobilization for lactic 
acid production 

(16) 

(17) 

(18) 
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9. RODRIGUES Intraparticle Convection 159 

Historical Background 

The need for large-pores for mass transport associated with diffusive (small) pores has 
been already recognized in the patent literature in relation with catalyst preparation for 
reaction engineering applications (3,4). In "large-pore" materials intraparticle forced 
convection is a mechanism of mass transport which can not be neglected. Ahlborn 
Wheeler (19) claims that intraparticle convection will only be important for large-pores 
10000 Â or high-pressure (100 atm) gas phase reactions. This remarkable paper 
provides order of magnitude analysis and the equation for intraparticle forced 
convection, diffusion and reaction in isothermal pellets at steady-state. His parameter b 
(after making the equation dimensionless) is really the intraparticle mass Peclet number 
λ which relates the intraparticle convective velocity and diffusion clearly defined later 
by Nir and Pismen (20). Unfortunately, Wheeler did not solve the model equation and 
so he missed the point later recognized by Nir and Pismen, i.e., the enhancement of 
catalyst effectiveness by intraparticle forced convection in the intermediate range of 
Thiele modulus. The message to be learned here is that intuition, although important, is 
not enough. 

Komiyama and Inoue (21) solved the problem of intraparticle convection, 
diffusion, and first order reaction in a finite cylinder parallel to flow; the parameter 
relating intraparticle convection and diffusion is called in that paper PeB. The theory 
was tested with an ion exchange reaction H + / K + in a Dowex-50 ion exchange resin; 
spherical pellets of 11 mm in diameter were made by wrapping in nylon fabric resin 
beads of 1 mm diameter so intraparticle convection between the beads could be 
important. This important paper provides guidelines to estimate intraparticle convective 
velocity. Some experimental results were reported under reactive conditions (2223 ). 

The effect of intraparticle forced convective flow (viscous flow or Poiseuille 
flow) due to a total pressure gradient was noticed when measuring effective 
diffusivities by chromatographic techniques (2). The analysis of experimental results 
was first made with the conventional model ("simplified" model) which includes 
diffusion of tracer inside pores (in fact an "apparent" diffusivity lumping the "true" 
diffusivity and convection).The "apparent" effective diffusivity obtained was found to 
increase with the flowrate. The enhancement of diffusivity by convection was termed 
"augrnented" diffusivity as explained by Rodrigues et al (2). For inert tracers a simple 
relation between the "apparent" effective diffusivity, the "true" effective diffusivity and 
the intraparticle mass Peclet number was presented. 

The enhancement of the effective diffusivity by convection is the key to 
understand recent progress in improving adsorptive separation processes, e.g., high-
pressure liquid chromatography by using large-pore (gigaporous in Horvath's 
nomenclature, 24 ) packings for protein separations (6-8,24-26). The classic Van 
Deemter analysis of column performance is based on the concept of height equivalent to 
a theoretical plate (HETP). The HETP versus superficial (eluent) velocity in HPLC is a 
straight line in most of the domain when conventional supports are used; however, the 
use of large-pores reduces HETP and the curve goes to a plateau as the velocity 
increases. As a consequence the column efficiency and the speed of separation are 
enhanced by intraparticle convection. 

A literature survey on intraparticle forced convection in various fields of 
separation engineering is summarized in Table 2. 

The Concept of "Augmented" Diffusivity by Convection. 

There are three ways of eliminating or reducing mass transfer resistance inside particles 
(Figure 1): i) coating a nonporous support with an active species as it is done in 
pellicular packings but which have the disadvantage of low capacity; ii) reducing the 
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160 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

particle size so as to decrease the diffusion time constant; iii) increasing particle 
permeability by carefully providing large pores for transport connected to smaller 
diffusive pores. 

New packing materials for chromatographic separation of proteins have been 
developed in the last decade and can be classified in several groups (10): a) 
homogeneous cross-linked polysaccharides, b) macroporous polymers based on 
synthetic polymers, c) tentacular sorbents and d) materials based on the concept of 
"soft gel in a rigid shell". The first group include particles such as agarose which have 
good capacity. The second group of packing is used in "perfusion chromatography" 
(38-40) whose high speed is possible because of the augmented diffusivity by 
intraparticle convection. Chromatographic media as POROS Q/M have "throughpores" 
with diameter of 6000-8000 Â and short diffusive pores of mean diameter 500-1000À. 
This combination allows proteins to enter more readily into the diffusive pores. 
"Perfusion chromatography" allows better column efficiency and higher separation 
speed than with conventional packings. 

The materials in the group c) are designed in such way that interaction between 
proteins to be separated and interactive groups is faster. Finally materials in group d) 
are developed in order to combine good sorption capacity of soft gels and rigidity of 
composite materials. Materials of this group are marketed under the name of Hyper D 
media (BioSepra, Villeneuve la Garenne, France). 

The use of large-pore, permeable particles has been increasing recently in relation 
with proteins separation by high pressure liquid chromatography (HPLC). The key 
concept behind the improved performance of flow-through packings is that of 
intraparticle diffusivity augmented by convection inside transport pores as shown by 
Rodrigues et al. (2). In fact, the augmented diffusivity D e is related with the effective 
diffusivity D e by : 

D e = D e - \ - [1] 
f(k) 

Table 2. Literature Survey on Intraparticle Forced Convection 

Measurenment of effective diffusivities in large-pore materials 
Material Technique References 
Rhone Poulenc BM329 catalyst Chromatographic method (2) 
α-Alumina Chromatographic method (27) 
α-Alumina Diffusion-convection cell (28), (29) 
Separation Processes 
Process Application References 
H P L C 

HPLC; gas/solid 
chromatography 
Pressure swing adsorption 
Membrane chromatography 

Proteins separation 

Proteins separation 

(7), (8), (24), 
(25) , (30) 
(26) , (31), 
(32), (33) 
(34) 
(35) 

Separation/Reaction Engineering 
Process Application References 
Ceramic membrane reactors Facilitated transport (36), (37) 
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pellicular HPLC packings 

porous particles: 
^ reduce particle size 

flow-through particles: 
improve particle permeability 

Figure 1. Different ways of reducing intraparticle mass transfer resistances. 

where f(λ) = — 
λ f — - L ) 

I tanh λ λ J 
The key parameter is the intraparticle Peclet number λ defined as the ratio 

between the time constant for pore diffusion Xd = e p £ 2 / D e and the time constant for 
intraparticle convection Χς = e^t/ v 0 , i.e., λ = v0t / D e where I is the half-thickness of 
the slab particle and v 0 is the intraparticle convective velocity inside large-pores given 
by Darcy's law. 

The enhancement of diffusivity by intraparticle convection is l/f(A,). Equation (1) 
was derived on the basis of model equivalence between a complete model including 
mass transport inside pores by diffusion (D e) and convection and a simpler model 
which lumped diffusion and convection in an "apparent" or "augmented" diffusivity 
D e . 

The transient mass balance for an inert or passive tracer in a large-pore support 
with slab geometry (half thickness I) is then for the "lumped" model: 

[2] 

However, when diffusion and convection are considered as independent 
processes, the mass balance for the "complete" model is: 

[3] 

where D e is the effective diffusivity and vo is the intraparticle convective velocity. 
The particle transfer function, i.e., the ratio between the average concentration 

inside particle and the particle surface concentration in the Laplace domain, are for the 
"lumped" and "complete" model, respectively: 

gp(s) = 
tanh V t d s 

[4a] 
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and 

/ x (e 2 1 2 - l ) (e 2 r l -1) +TdS 
[4b] 

where r i , r 2 = | ± ^ 
λ* 
4~ + Xds and the "apparent" diffusion time constant 

Xd = ερ€ 2/ C e . The equivalence between the "lumped" and "complete" models, leads to 

Td = Xdf&)orCe = De - 7 - . 
ί(λ) 

The key result is given by Eq(l); it was derived from the analysis of a 
chromatographic column with large-pore supports by Rodrigues et al. (2) and conveys 
the following message: 

In large-pore supports the diffusivity is "augmented" by convec
tion; the enhancement factor is llf(X). 

There are two limiting situations: 
i) diffusion-controlled case - At low bed superficial velocities UQ, the intraparticle 
convective velocity v 0 is also small; therefore ί(λ)=1 and so D e =D e. 
ii) convection-controlled case - At high superficial velocities UQ, and therefore high v 0 

and high λ, we get ί(λ)=3Α; the augmented diffusivity is then D e = D eX/3=v 0£/3 which 
depends only on the particle permeability, fluid viscosity and pressure drop across the 
particle. 

Figure 2 shows the enhancement factor l/f(X)=De/D e as a function of the 
intraparticle Peclet number λ. Carta et al (30,41) showed that Equation (1) is valid 
for spherical particles provided that the half thickness of the slab I is replaced by Rp/3 
where R p is the radius of the sphere. 

100 

Figure 2. Enhancement factor 1/ί(λ)= D e / D e as a function of λ. 
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Performance of Chromatographic Processes Using Permeable Particles. 

In the following section we will discuss applications of the above concept in the area of 
protein separation by HPLC. The Van Deemter equation (42) for unretained species in 
conventional packings of sphere geometry can be written as : 

HETP= A 4^- + γ~ g P ( 1 ^ ) b 2 . d u c [5] 
1 5 [eb+ep(l-eb)b]2 ° ^ 

where ε ρ is the intraparticle porosity, e b is the bed porosity, b=l+{(l-ep)/ep}m is the 
adsorption equilibrium parameter for a linear isotherm with slope m , and the time 
constant for diffusion is Xd=€pRp

2/De. In a condensed form Van Deemter equation is 

HETP= A + B / U Q + C U Q [6] 

For large-pore packings since D e = De/ f(λ) we have ~xd = Xd f(λ) and therefore 
the extended Van Deemter equation (26) is: 

HETP= E P ( 1 ' £ b ) b 2 , x d f ( λ) uo [7] 
"° 1 5 [eb+ep(l-eb)b]2 

or in a condensed form: 

HETP =A + ̂ - + C f(λ) u 0 Rodrigues equation [8] 

1 5 [eb+ep(l-eb)b]2 

The Van Deemter equation for conventional supports (dashed line) and Rodrigues 
equation for large-pore supports (full line) are shown in Figure 3 for a typical H P L C 
process. 

At low velocities ί(λ)«1 and both equations lead to similar results. However, at 
high superficial velocities, ί(λ)«3/λ, and therefore the last term in Rodrigues equation 
becomes a constant since the intraparticle convective velocity v 0 is proportional to the 
superficial velocity u Q . The HETP reaches a plateau which does not depend on the 
value of solute diffusivity but only on particle permeability and pressure gradient 
(convection-controlled limit). 

Two important features result from the use of large-pore, permeable packings: 
i) improved column performance since HETP is reduced when compared with 
conventional packings (the C term in Van Deemter equation is reduced); 
ii) the speed of separation can be increased (by increasing the superficial velocity ) 
without loosing column efficiency. 

Experimental results similar to the full line in Figure 3 have been reported in 
HPLC of proteins (7,8,43) and in size exclusion chromatography (44,45). 
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100 

0.4 0.6 
U 0 , c m / s 

Figure 3. HETP versus Uo (Van Deemter equation for conventional packings and 
Rodrigues equation for large-pore packings). 

On the Importance of Adsorption/Desorption Kinetics. 

The theoretical framework reviewed above allows complete calculations for linear 
perfusion chromatography. Protein separation by HPLC using large-pore packings is 
an area where the effect of intraparticle convective flow (of the order of 1% of the total 
flow through the bed) is sufficiently important to enhance the low diffusion coefficient 
for proteins (« 5 χ 10"7 cm2/s); therefore, intraparticle Peclet numbers λ of the order of 
30 are easily obtained. The optimistic analysis of perfusion chromatography is 
sometimes confronted with the question: What happens i f the kinetics of adsorption/ 
desorption at the active sites of the packing is the controlling step? The problem was 
dealt with in my group, considering that the kinetics of adsorption/desorption is given 

by -JJf- = k a c i ! - ka qi' where ci and qi' are the species concentrations in the fluid 
phase inside pores and in adsorbed phase, respectively and k a and kd are the kinetic 
constants for adsorption and desorption (46). 

The extended Van Deemter equation (46), accounting for axial dispersion, film 
mass transfer, intraparticle diffusion, intraparticle convection and kinetics of 
adsorption/desorption at the fluid/solid interface now becomes: 

HETP= A +-?- +C xd{f( λ ) + J - + 
Un Dim 

3(b-l) 

b2<t>2 
[9] 

Parameters accounting for film mass transfer are the Biot number Bim=kfRp/D e 

and the Thiele modulus φ<ι based on the desorption kinetic constant with <t>d=tdkd-
Figure 4 shows the effect of adsorption/desorption kinetics (φ<|) on the HETP versus 
u 0 curve. When the kinetics of adsorption/desorption is not infinitely fast, slower 
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9. RODRIGUES Intraparticle Convection 165 

kinetics (lower φ^) leads to higher HETP and so with a performance inferior to that 
obtained for infinitely fast kinetics. However, the performance of permeable packings 
is still better than that of conventional materials. In the extreme case of very slow 
adsorption/desorption kinetics die performances of both types of packings are very 
poor. One has to stress that intraparticle convection just enhances pore diffusivity but 
has no effect on the mechanism of adsorption/desorption. 

The extension of the Van Deemter equation to the case of bidisperse adsorbents 
containing macropores and micropores has been made by Carta and Rodrigues (41). 

200 

0.8 1.0 1.2 
u 0 , cm/s 

Figure 4. Influence of adsorption/desorption kinetics on HETP vs. u 0 curves 
(conventional supports : dashed lines; permeable packings: full lines). 

Estimation of intraparticle velocity v 0 

The calculation of the intraparticle Peclet number is the first step to assess the 
importance of convective flow in permeable particles. The difficulty here is to estimate 
the convective velocity v0 in pores. Kommiyama and Inoue (21) and Rodrigues et al. 
(2) estimated v0 based on the equality of pressure drops across the particle Δρ/dp and 
across the bed ΔΡ/L. In HPLC operation flow around the particles is in the laminar 
region (Re < 0.1 ) and the same applies for the convective flow inside pores. 

Since 

Ί Γ = BbU° m d l = B-p

vo [ 1 0 ] 

where Bb and Bp are bed and particle permeability, respectively, and η is the liquid 
viscosity we get 

The fraction of flowrate entering the column which goes through the macropores 
Β 

by convection is (1- ε) g £ · 
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As an example: for the Hyper D column (5mm χ 10cm) with 35 μιη particles at a 
flowrate of 8 ml/rnin or superficial velocity of 0.68 cm/s we get a bed pressure drop 
ΔΡ=7 bar and so a pressure drop across the particle Δρ = 245 Pa. 

Protein Separation by Liquid Chromatography Using Permeable Particles 
(POROS Q/M and Q HYPER D ) 

Elution chromatography experiments under unretained conditions allow the 
understanding of mass transport mechanisms inside particles in the absence of extra 
effects related with protein adsorption. In this work studies are carried out in two 
anionic columns: 

a) POROS™ Q/M (Prot. η* P011M526, Serial η δ 030, Packing Batch Number 
033) purchased from PerSeptive Biosystems, Cambridge M A , USA. POROS™ Q 
consists of a polystyrene/divinylbenzene support coated with crosslinked 
polyethyleneimine and quaternized. The ionic groups are quaternary amino groups. 
This strong anion exchanger was obtained in a pre-packed column. It was equilibrated 
with the appropriate solvent before use. The dimensions of the POROS column were 
4.6mm I.D. χ 100mm L with a bed volume of 1.7ml packed with 20 μηι diameter 
particles. 

b) Q Hyper D cat n 2 200227 Serial n s 32232 (UN 2196) from BioSepra Co., 
(Villeneuve la Garenne, France) with dimensions 5 mm (ID) χ 100 mm (length) packed 
with 35 μπι diameter particles. 

A l l proteins reported in this study were purchased from Sigma (ST Louis, MO, 
USA). Three proteins were used: Myoglobin (Horse Skeletal Muscle, 95-100% of 
purity), Ovalbumin (Albumin, Chicken egg, 99% of purity) and Bovine Serum 
Albumin (BS A) (fraction V , 98-99% of purity). 

The solvents used were TRIS-HC1 50mM, pH=8.6, mixed with NaCl 0.5M in 
HETP experiments. Temperature in all runs was 22 °C. 

The chromatographic experiments were carried on a Gilson 715 H P L C system 
equipped with a Model 360 pump, a manual injector (with an injection loop of 20μ1) 
and a Model 17UV (λ=280ηπι) detector. A computer system Gilson 715 H P L C 
software for data acquisition and a control system was used. Experiments with each 
protein were carried out at different flowrates up to 10 ml/min corresponding to 
superficial velocities up to 1 cm/s. 

The diffusivities of proteins: Myoglobin, Ovalbumin and BSA in aqueous 
solution at 25 °C are given by Tyn and Gusek (47) and are respectively 16.1 χ 10"7, 
6.4x10-7 and l x 10-7 cm2/s. 

Bed permeability. The measurement of the column pressure drop ( Δ Ρ ) as a function 
of the bed superficial velocity UQ allows the calculation of bed permeability. In laminar 
flow, the pressure drop Δ Ρ across a bed of length L packed with particle d p is given by 

ΔΡ flu 
Darcy's law — = - i - f i . where B b is the bed permeability given by 

L Bb 

44 
Bh = £—T. Bed permeabilities Βκ were obtained from the slope of the plot 

b 150(1-eb)2 

Δ Ρ / L versus UQ and then the bed porosity % was calculated. 
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For the POROS column (20 μπι particles) the bed permeability is Bb= 2.35 χ 
10" 9 cm 2/s and eb=0.34; for the Hyper D column (35 μπι particles) the bed 
permeability is Bb= 1.02 χ 10"8 c m 2 and £b= 0.37. 

Efficiency of chromatographic columns and HETP. Chromatographic peaks 
for the three proteins (BSA, Myoglobin and Ovalbumin) were obtained at various 
flowrates on POROS™ Q/M and Q Hyper D supports. The HETP as a function of 
superficial velocity has been calculated for each protein from the experimental peaks in 

elution chromatography by HETP-—%- where σ 2 = μ2 - μ? is the peak variance, μι 

oo 0 0 

J t c ( t ) d t i t 2 c ( t ) d t 

is the first moment of the peak μι = ̂  , μι = ~^ is the second 
J c(t) dt J c(t) dt 
0 0 

moment and L is the column length. Figure 5 shows the experimentally measured 
reduced height equivalent to a theoretical plate (h=HETP/dp) as a function of the bed 
superficial velocity. It can be seen that: 

a) for the POROS column, the HETP increases linearly at low superficial velocity 
and then,at high superficial velocities, reaches a plateau; 

b) for the HYPER D column the HETP is almost at a plateau, even at low uo. 

Analysis of HETP versus superficial velocity 

The efficiency of chromatographic columns can be easily characterized by its height 
equivalent to a theoretical plate (HETP); for columns packed with permeable packings 

β 
mass transport by convection equation (8) applies, i.e., HETP = A + — + Cf(X)u0. 
The A term accounts for eddy dispersion effects and becomes a constant at high 
superficial velocities, A=2dp ; B=22) m and so the term B / u q can be neglected in the 
case of proteins separation (at velocity u 0 =l cm/s, B / u q is around 10"7cm). Film mass 
transfer resistance can also be neglected; film mass transfer coefficients estimated by 
available correlations (48) developed for purely diffusive media are conservative; in 
fact, in perfusive materials, intraparticle convection enhances film mass transfer, as 
shown by L u et al (49). 

The simplified equation for HETP is: 

HETP = A + Cf(X)u0 [12] 

In the low velocity region where pore diffusion is the controlling mechanism of 
mass transfer, the slope of HETP versus Uo is: 

c_dH ^ 1 ν epd) 
du0 30(l + v)2 eb De

 [ 1 3 ] 
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30·; 

20-j 

10: 

oH 

(b) 

0.2 —ι—ι—ι—ι ι ι ι I 
0.4 0.6 
u 0 , cm/s 

0.8 

Figure 5. HETP versus superficial velocity for elution chromatography of proteins 
under unretained conditions: a) POROS ΟβΛ ; b) Q HYPER D. 

At high flowrates f(λ) « y and since v0 u0 we get 

Η*~~=Α + \-ηΊΓ*—ΊΓά, [ 1 4 ] 

^ 5 ( l + v ) 2 ε„ Bm ' 

where V is When the particle structure ( ε ρ ) is known these two 

equations provide measured values of De and Bp. 
The straight line at low flowrates crosses the plateau at a critical point 

1SD Β 
A + Cuoc = Hflmm and then u = . When the particle porosity ερ is 

d„ Bn 

Ρ Ρ 
known equations (13) and (14) provide measured values of D e and Bp. For POROS 
Q/M if we consider the value of ερ = 0.5 found by Afeyan et al. (25), we get Bp=1.5 
χ 10 " n cm 2 for an experimental "h plateau" of 36 (reduced HETP) and D e = 7 χ 10-
8 cm 2 /s . 

For the Q HYPER D particles, the particle permeability was calculated from 
breakthrough experiments (13) as Bp=8.9 χ 10 ~ 1 2 cm 2 and a particle porosity of ερ = 
0.13 is estimated from the plateau. Tne effective diffusivity calculated from modeling 
of breakthrough curves is D e = 8.1 χ 10~9 cm2/s. The experimental HETP versus uo 
plot is almost a plateau indicating that gel diffusion should be the controlling factor at 
very low velocity and then paths are opened to allow intraparticle convection. This is 
supported by results under weakly retained conditions described below. 
Frontal Chromatography Experiments 
In frontal chromatography experiments a solution of protein with concentration c 0 is 
continuously passed through the column under retained conditions (no salt in the feed). 
The concentration at the bed outlet as a function of time is the breakthrough curve from 
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which the amount of protein retained in the adsorbent q*0 is calculated by mass 
balance. Therefore a point of the adsorption equilibrium isotherm can be calculated 
from one experiment with a given feed concentration c 0 . The adsorption equilibrium 
isotherm of BSA in POROS Q/M shown in Figure 6a follows Langmuir equation. 
Adsorption equilibrium isotherms of B S A on Q H Y P E R D , at various salt 
concentrations, are shown in Figure 6b. With no salt the isotherm is almost 
rectangular. With NaCl 0.3M the protein is weakly retained with linear isotherm. 

ςοη ι̂ηΐ) ĉ mg BSA/ml solution) 

Figure 6. Adsorption equilibrium isotherms of B S A on POROS Q / M (a) and Q 
HYPER D (b) 

Elution Chromatography of BSA on Q HYPER D Under Weakly 
Retained Conditions. 

Elution experiments using BSA in a solution containing NaCl 0.3M were carried out; 
from the peaks HETP was calculated as a function of die superficial velocity. Results 
obtained in my laboratory (13) are shown in Figure 7. The theoretical line according 
Rodrigues equation reasonably fits the experimental results using the values of effective 
diffusivity and particle permeability reported above. Clearly, the tendency towards a 
plateau on HETP wouldn't be observed if intraparticle convection was not present. In 
this calculation linear adsorption equilibrium is taken into account 

0 —J—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—I—«—ι—*—•—I 
0 0.1 0.2 0.3 0.4 0.5 

u 0 , c m / s 
Figure 7. HETP versus superficial velocity for elution chromatography of B S A on Q 

HYPER D under weakly retained conditions. 
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Conclusions 

In this review it is shown that the key concept behind the improved performance of 
large-pore, permeable chromatographic packings is die "augmented " diffusivity by 
convection. This concept has long been recognized in the reaction engineering area and 
explains how perfusion chromatography works . Experiments with new 
chromatographic media (POROS Q / M and Q H Y P E R D) show that intraparticle 
convection is an important mass transport mechanism in such materials. 
Results obtained from elution chromatography experiments with POROS Q/M 
adsorbent show clearly the presence of a mass transfer intraparticle convection 
mechanism that enhances the mass transport performance of large-pore particles 
chromatographic supports. The reduced HETP vs superficial bed velocity plot, 
obtained for non-retained BSA, Myoglobin and Ovalbumin, allowed the calculation of 
a particle porosity ε ρ = 0.5 from the plateau and an approximate effective diffusivity De 
= 7 χ 10 - 8 crn^/s from the initial slope. 

Experimental results with Q H Y P E R D particles indicate that at very low 
flowrates gel diffusion is the control mechanism; as flowrate increases, pore diffusion 
becomes the main mass transfer process and at higher flowrates, the process is fully 
convection controlled. Otherwise no plateau could have been observed. From the 
plateau of the reduced HETP (Fig. 7), a particle porosity £p=0.13 is obtained; from the 
slope an effective diffusivity of De=8.1 χ 10~9 cm 2 / s is extracted. 

It is convenient to stress that intraparticle convection contributes to better mass 
transport in macropores. If the process is controlled by micropore diffusion , as in 
nitrogen production by pressure swing adsorption using carbon molecular sieves , or 
by chemical reaction as in various membrane processes, then intraparticle convection 
can do nothing to decrease those resistances. Applications in rapid pressure swing 
adsorption (RPSA), membrane chromatography, biofilm reactors with large-pore 
supports, reversal flow reactors, coupled separation/reaction are some examples of 
systems in which intraparticle convective flow should be considered. 

Notation 
B i m mass Biot number, dimensionless 
Bb bed permeability, cm 2 

Bp particle permeability, cm 2 

c p protein concentration in the pore fluid phase, mol/cm3 

CQ feed concentration of protein in the external fluid phase, mol/cm3 

c concentration in the fluid phase at the column outlet, mol/cm3 

dp particle diameter, cm 
OQ effective diffusivity, cm2/s 
De augmented effective diffusivity, cm2/s 
Sb m molecular diffusivity, cm2/s 
F flowrate, cm3/s 
h reduced HETP (HETP/dp), dimensionless 
H height equivalent to a theoretical plate, cm 
HETP height equivalent to a theoretical plate, cm 
kf mass transfer constant, cm/s 
I half thickness of the slab, cm 
L bed length, cm 
Δρ pressure drop across the particle, bar 
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ΔΡ bed pressure drop, bar 
q0 adsorbed phase concentration in equilibrium with C Q , mg/ml adsorbent 
Rp particle radius, cm 
t time variable, s 
UQ bed superficial velocity, cm/s 
Uo,c critical velocity, cm/s 
v 0 intraparticle convective velocity, cm/s 
V bed volume, ml 
ζ axial coordinate in the column, cm 
Greek symbols 
Eb bed porosity (interparticle volume/bed volume) 
£p intraparticle porosity (pore volume/particle volume) 
λ intraparticle Peclet number 
η fluid viscosity, g/cm. s 
μΐ 1 s t order moment of the impulse response 
ν (Ι-είερ/ε 
σ 2 variance 
τ space time, cm 
Tc time constant for convection, s 
Té time constant for diffusion, s 
?d "apparent" time constant for diffusion, s 
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Chapter 10 

Unified Thermodynamic Model for Polymer 
Separations Produced by Size Exclusion 

Chromatography, Hydrodynamic 
Chromatography, and Gel Electrophoresis 

David A. Hoagland 

Department of Polymer Science and Engineering and Materials Research 
Science and Engineering Center, University of Massachusetts, 

Amherst, MA 01003 

Polymer separations by size exclusion chromatography, 
hydrodynamic chromatography, and gel electrophoresis are discussed in 
the context of a single unifying principle, that of local equilibrium. The 
principle holds whenever migrating solute can fully equilibrate with the 
local environments of the separation matrix. Assuming enthalpic 
interactions between matrix and solute are minimized, each of these 
separation methods relies on spatial variation of solute confinement to 
produce partitioning according to molecular weight or size. Under local 
equilibrium, the fundamental operating parameter becomes confinement 
entropy, and with curved/irregular matrix interfaces, this entropy may 
not admit the definition of an "effective polymer radius" that can 
correlate the elution behavior of different species. The failure will be 
illustrated for several polymer and matrix models. The principle of local 
equilibrium is well-established for size exclusion chromatography and 
hydrodynamic chromatography, but the apparent absence of large scale 
matrix structure makes the principle's role less obvious for gel 
electrophoresis. Nonetheless, under a broad range of operating 
conditions, all three methods can be understood by one physical model. 

Size exclusion chromatography (SEC), hydrodynamic chromatography (HDC), and gel 
electrophoresis (GE) all capitalize on the interaction of polymer solutes with porous 
supports to create polymer fractionations based on molecular weight or size (1-5). In 
fact, the parallels between the methods extend further. The pores of the support in each 
case are of molecular dimension, and the support/polymer enthalpic interaction, 
typically manifested as reversible or irreversible adsorption, is suppressed as much as 
possible. Differences between the methods are also obvious. Perhaps most 
importantly, GE can be applied only to charged polymers dissolved in high dielectric 
constant solvents, while SEC and HDC can be performed for essentially any 
polymer/solvent system that molecularly dissolves unaggregated polymer chains. 
Nearly as apparent is the reversal of migration patterns; large solutes move most rapidly 
through an SEC or HDC column, while in GE the order of elution is reversed, with 
large solutes moving most slowly. Nonetheless, theories for the methods possess 
many similarities, and investigators have frequently speculated that the methods 
separate polymers according to the same basic physical principles (6-8). 

0097-6156/96/0635-0173$15.00/0 
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A frequent assumption has been that separations are based on molecular size, and 
that one size parameter can correlate separation across a group of polymers possessing 
different chain structure (7,9-11). For example, the elution behavior of a spherical 
molecule would "map" onto the same behavior for a rodlike molecule when data is 
presented in terms of an appropriately defined molecular radius. This assertion, 
underpinning the concept of "universal calibration", has never been fully justified and 
will be discussed extensively in the present contribution. Recent reptation theories 
clearly demonstrate that molecular size is not necessarily the controlling parameter for 
GE, but the finding applies only to this single technique and then only in the limit of 
high molecular weight and large chain flexibility. We will focus on the more common 
scenario, one in which a flexible polymeric solute is not strongly entangled in the 
porous separation matrix. A rigorous understanding of the fractionation mechanisms 
under these conditions is not just of theoretical importance but will play an increasingly 
important role as SEC, HDC, and GE are considered for synthetic polymer systems 
with no calibration standards available. 

The interpretations given here for SEC and HDC are fairly standard, while that 
for G E is not. We consequently will devote a larger part of the theoretical discussion to 
GE, presenting SEC and HDC mainly to extract common physical principles. Our 
theoretical approach borrows heavily from the polymer partitioning models described 
by Laurent and Killander (72), Giddings et al. (13), Doi (14), Limbach et al. (15), 
Casassa et al. (16-18), and Ogston (19). In equal measure, Oie work borrows from the 
transport models developed by Altenberger and Tirrell (20), Maxwell (21), Koch and 
Brady (22,23), Brenner and Gaydos (24,25), and Muthukumar and Baumgartner 
(26,27). A recent contribution by Zimm and Lumpkin (28) closely guided our 
development of a quantitative entropie barriers model for GE. While focused on SEC, 
HDC, and G E as distinct entities, the present theory trivially encompasses potential 
hybrid technologies. For example, in one potential form of "electrochromatography", 
an electric field replaces the usual velocity field of an SEC experiment. Conventional 
separation technologies, inadvertently or not, may also produce mixed separations; 
SEC is often performed in the presence of the HDC mechanism, for example, and the 
entropie barriers transport described here for GE should play at least a minor role in 
SEC or HDC. 

General Transport Theory 

Mean Solute Velocity. When a constant driving force is applied in the ζ direction 
across a permeable separation matrix, dilute solute molecules introduced at axial 
position z=0 will migrate toward larger ζ with an average steady state velocity v. To 
relate this velocity to molecular level transport mechanisms, we consider a hypothetical 
case, one in which the solutes are injected at a constant rate, thereby yielding a uniform 
and steady solute stream for z>0. One can readily prove that a dilute pulse injection of 
solute at z=0 moves with the same mean velocity v; we choose to analyze the constant 
source case solely for its simplicity. The solute velocity can be expressed as a ratio of 
volume integrals involving the local solute concentration c(z,r) and local axial solute 
flux Jz(z,r), 

(1) ν = 
c(z,r) dz dr 

where r is a generalized radial position variable running orthogonal to ζ (in Cartesian 
coordinates, for example, dr = dx dy). For an inhomogeneous matrix, such as those 
typically employed in chromatography and electrophoresis, the integrals of eqn 1 must 
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be evaluated over a sufficiently large volume to average out local variations in J(z,r) and 
C(z,r). The range of integration includes all space inside the selected volume, including 
regions occupied by matrix material. 

Flux Equations. Further and more detailed calculations require the input of a 
constitutive relationship between Jz(z,r) and c(z,r). A generalized version of Fick's law 
linearly sums flux contributions from diffusion, field-induced migration, and 
convection 

τ / N ^ defer) Defer) 9φ(ζ,Γ) , . Jz(z,r) = - D — j - ^ — + vz(z,r)c(z,r) (2) 

Here, D is the solute diffusion coefficient within the matrix, Φ(Ζ ,Γ) is the potential 
energy of solute, and vz(z,r) is the z-component of solvent velocity . The second term 
also contains the factor kT, the product of the Boltzmann constant and temperature. 
The radial solute flux obeys an analogous equation, 

it Λ τίΛ x,dc(z,r) Defer) fokr) 
Jr(z,r) = Jr(r) = - D — — (3) 

with the convection term deleted if, as is conventional, the transverse solvent flow is 
weak. 

Expressions for the Solute Potential. When Φ(Ζ,Γ) includes the local variations 
of chemical potential arising from matrix inhomogeneity, and if D is equated to the free 
solution diffusion coefficient D 0 , equations 2 and 3 embody the principle of local 
equilibrium. The assertion of thermodynamic control becomes obvious when one 
recognizes that the entire alscrimination of dissimilar chemical species by the matrix can 
be traced to a single thermodynamic factor φ(ζ ,Γ) . We will show subsequently that 
equations 1-3, together with input of Φ(Ζ,Γ) , provide a unified understanding of the 
separations obtained by SEC, HDC, and GE. Our arguments will parallel those 
employed to justify the standard equilibrium theory of liquid chromatography. More 
accurate models might also account for the medium's impact on solute transport, thus 
introducing an additional kinetic component. For example, a highly constraining pore 
structure will raise the solute hydrodynamic friction coefficient above that in bulk 
solvent, with the consequence that D is locally smaller than D 0 . However, we believe 
that in most cases that the thermodynamic influence exerted through Φ(Ζ,Γ) is dominant. 

If the matrix can be considered homogeneous at macroscopic length scales, Φ ( Ζ , Γ ) 
separates into applied and intrinsic components, 

Φ(Ζ,Γ) = Ψ(Ζ,Γ)+Ψ(Ζ,Γ) (4) 

where ψ ( ζ ,Γ ) represents the energy increase due to an externally applied potential, and 
Ψ ( Ζ , Γ ) accounts for the local variations in chemical potential associated with 
inhomogeneous matrix microstructure. When enthalpic interactions between matrix and 
solute can be ignored, the latter term incorporates only entropie effects. In most 
subsequent calculations we will assume that Ψ(Ζ,Γ) can be written 

Ψ ( Ζ , Γ ) = - Τ Δ 8 0 ( Ζ , Γ ) (5) 

where AS c(z,r) is the entropy penalty to confine a solute molecule in the pores of the 
matrix. The reference energy is generally taken as that for the unconfined solute in bulk 
solution, implying that confinement raises Ψ ( Ζ , Γ ) while reducing conformational 
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entropy. If the externally applied field is modulated locally by matrix microstructure, 
there will be a coupling between \|/(z,r) and Ψ ( Ζ , Γ ) . For simplicity, these fluctuations 
in ψ ( ζ ,Γ ) will be disallowed in the present analysis, a reasonable approximation only in 
a dilute matrix structure. Fortunately, many experiments which impose an external 
potential also satisfy this matrix condition. 

Size Exclusion Chromatography 

Description. Size exclusion chromatography is performed in columns containing 
porous particles that can be either rigid or gel-like. For either case, one can identify 
two dominant microscopic length scales, the diameter of the particle dp and the average 
intraparticle pore size 1. With dp » 1 and/or the pores dead-ended, solvent flow within 
particles is minimal or nonexistent. Nonetheless, polymer solutes can readily diffuse 
from the interstitial volume into the intraparticle pore space, and depending on the 
extent of their penetration, be hindered in overall migration through the column. This 
hindrance results from the large difference in fluid velocity between the two regions, 
intraparticle and interstitial. Typical values for dp and 1 are 10 μιιι and 100 nm, 
respectively. 

Modeling. To analyze solute velocity, we first recognize that the concentration c 0 in 
the interstitial space is constant, a condition dependent on our placement of a steady 
solute source at z=0 and the lack of significant confinement effects across the interstitial 
region. Combined with the stipulation that no fluid motion occurs within particles, one 
deduces that the net radial and axial fluxes in the intraparticle pore space are identically 
zero for each value of r and z. Solving equations 3 and 4, we find the usual 
concentration mismatch between particle interior and exterior that defines the partition 
coefficient K g E c 

where q is the intraparticle solute concentration. To eliminate the r and ζ dependence of 
K S E C , we have assumed that no external potential is applied and that a uniform pore 
dimension prevails throughout each particle and for all particles in the bed. Otherwise, 
K S E C should be expressed by appropriate integrals over ζ and r. 

Substituting equations 2 and 6 into equation 1, we obtain 

where Aj are A 0 are the cross-sectional areas associated with the intraparticle and 
interstitial pores spaces, respectively. The integral in the numerator can be recognized 
as the total flow rate through the matrix. For a pointlike solute without enthalpic 
interaction, all accessible locations in the interstitial and intraparticle pore spaces are 
thermodynamically equivalent and K § E C equals unity. We denote the velocity of this 
pointlike solute as v m . Equation 7 can then be rearranged to its standard textbook form 

(6) 

(7) V = 
K S E C A i + A o 

V 
(8) 

m K S E c V i + V 0 

after multiplying by the column length to transform Aj and AQ into the intraparticle and 
interstitial volumes, Vj and V 0 , respectively. 
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Assertion of Equilibrium. The finite rate of solute permeation into packing 
particles might appear to place severe restrictions on the application of the equilibrium 
theory of SEC to real chromatography systems (29,30). A quick assessment of solute 
diffusion finds that a polymer transported past a single packing particle will not spend 
sufficient time in the particle's vicinity to sample all intraparticle pore space. In fact, a 
particle level Peclet number, Pe = v m d p / D , can be significantly greater than unity 
(Pe~300 for nominal values vm=0.03 cm/s, dp=10-3cm, and D=10"'cm2/s), revealing 
the dominance of interstitial convection over intraparticle diffusion. These factors 
suggest that the solute velocity might be regulated by the rate of intraparticle permeation 
and not by the extent of this permeation. Such reasoning, however, is misguided. A 
single polymer molecule migrating through a chromatography column, or even a pulse 
of these molecules, need not achieve equilibrium solute exchange at the length scale of a 
single particle or short column section for equation 8 to apply. Instead, equilibrium 
exchange must be established only prior to final elution from the column. The column 
length effecting equilibrium solvent exchange defines the Height Equivalent to a 
Theoretical Plate HETP (~ dRPe), and the HETP is always orders of magnitude less 
than the column length L . In tact, a steady solute velocity can not be assured until the 
solute has migrated through a column section longer than HETP. We conclude that it is 
the dimensionless parameter Pe(dp/L), and not Pe, which must be small for equation 8 
to apply. That the velocity from a steady solute source can be equated to the velocity 
from a pulse injection implicitly manifests the same result. 

Hydrodynamic Chromatography 

Description and Modeling. With nonporous packing particles of a size similar to 
those employed in SEC, solute partitioning in HDC is restricted to interstitial space. 
Chain confinement is consequently less severe than in SEC, being limited to near-
surface regions. To simplify analysis, both radial velocity components and the ζ 
dependence of ASc(z,r) are neglected (the former approximation is already implied in 
equation 3). These approximations eliminate the ζ dependence of c and yield a 
concentration profile conforming to equation 6. When this profile is substituted into 
equations 1 and 2, a standard governing equation for HDC is generated. 

f v z ( r ) e A S c ( r ) / k d r [ d r 
— = — — (9) 

Unlike SEC, the flow profile cannot be eliminated from the governing expression. 
Most theories assume that the interstitial space can be modeled as a capillary, and 
consequently, the flow profile is parabolic. (Remember that r has been defined as a 
generalized radial coordinate and cannot be equated to the radial variable R of a 
cylindrical coordinate system; if such a coordinate system is adopted for a tube 
geometry, then dr=2KRdR). 

Gel Electrophoresis 

Description. GE can be performed in many of the same media as SEC, although 
absence of the mechanical stress from an imposed flow permits broader use of "soft" 
gel matrices. During GE, a steady electric field of magnitude Ε drives solute outward 
from an injection site and into a bulk separation medium. Steady solute velocity v, or 
more fundamentally, solute mobility μ, characterizes the rate of field-driven transport. 
The mobility is obtained as the ratio v/E. At low applied fields, the only case to be 
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analyzed here, μ attains an Ε independent plateau; this feature reveals that equilibrium 
structures of solute and matrix are not altered by the field. In analogy, flow rate 
independent elution at low pressure drop for SEC and HDC similarly implies that 
equilibrium structures of solute and matrix are not modified. The porous support in a 
G E experiment is monolithic, lacking interstitial space. Electrophoresis gels are 
selected and modified to the ftillest extent possible to reduce enthalpic interactions 
between solute and support. As in SEC, a slight negative repulsion is common and 
acceptable, with origins in the residual matrix charge. The polymer concentration of an 
electrophoresis gel can range anywhere from 0.1% to 20%, with higher gel 
concentrations generally producing smaller and more uniform pores. Unlike SEC and 
HDC packings, GE media need not be reused, allowing pore size to be optimized for 
each experiment. These sizes range from one to several hundred nanometers. 

Molecular Origins of the Separation. In absence of a support matrix, the free 
solution electrophoretic mobility μ 0 of a long chain molecule is independent of 
molecular weight M (31,32). To obtain such independence in the presence of an 
electrostatic force F e linear in the number of chain segments N , the hydrodynamic drag 
Fh on a migrating chain must also be linear in N . Linearity of F^ can be traced to the 
cancellation by counterions of long range, field-induced hydrodynamic interactions 
between charged chain segments (an often cited alternative explanation for this linearity, 
relying on the intrinsic "free-draining" behavior of swollen polyelectrolytes, is 
incorrect; see refs. 33 and 34). The same cancellation occurs for chains enmeshed in a 
dilute gel, where F e changes little from free solution and remains linear in N . We infer 
that a support matrix must effectively increase hydrodynamic drag to yield a molecular 
weight separation. As we will show, the increase of apparent drag arises most 
prominently from spatial fluctuations in Ψ ( Ζ , Γ ) , not from coupled solute/matrix 
hydrodynamics or sliding friction. The key contribution of this article wil l be an 
explanation of GE using equations 1-5, the same equations that successfully explain 
SEC and HDC. 

The partitioning of solute is obvious and critical for SEC and HDC, while for GE 
the partitioning is more subtle, principally because a monolithic gel has only one 
obvious length scale, the average pore size. How can a solute partition within a 
homogeneous space? The key to this paradox lies in the detailed microstructure of a 
polymer gel. At length scales comparable to a migrating polymer chain, real gels are 
highly irregular, possessing a broad but not random pore size distribution (35-38). 
Given sufficient time, a flexible solute can partition locally, between the relatively open 
and the relatively constricted matrix regions. Figure l a shows a flexible chain 
enmeshed in an idealized random two-dimensional medium generated by the site 
percolation method. The volume fraction of the randomly placed square obstacles is 
20%. Figure lb shows a chain of comparable length placed inside a medium with 
regular structure. The matrix volume fraction is again 20%, and the average separation 
between obstacles is nearly the same as in the upper figure. Although the spatially 
averaged partition coefficients K S E C for the two matrices are nearly identical, the 
heterogeneity of the more random structure strongly perturbs the flexible solute's 
localized thermodynamics, creating substantial concentration gradients. Similar 
thermodynamic considerations apply whenever a flexible or nonspherical Brownian 
solute is placed in an irregular space. 

Modeling. A rigorous application of transport theory to the polymer and matrix of 
Figure l a would appear difficult. To simplify, we first note that the Jr(z,r) again 
averages to zero at each radial position, providing a cross-sectional concentration 
profile similar to that found in SEC and HDC, 

ε ( ζ , Γ ) = 0 ο ( ζ ) β

Δ 8 ^ (10) 
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where r and ζ dependencies have been made explicit. The unknown function c0(z) is 
evaluated by substituting equation 10 into equation 2 and then searching for a 
compatible solution for c(z,r). Such a solution can be written (28) 

c(z,r) = e ^ ( z ' r ) * T ^ ^ ^ (11) 

where constant c\ can be assigned by requiring the average of c(z,r) remain finite. In 
an irregular but isotropic matrix, the term within braces becomes independent of r for 
integration over a large enough ζ interval. The potential Φ ( Ζ , Γ ) for an electrophoresis 
experiment decomposes into separate external and intrinsic components, 

Φ(Ζ,Γ) = ^ Ε Ζ - Τ Δ 8 0 ( Ζ , Γ ) (12) 

where the first term, proportional to solute charge q, represents the macroscopic 
potential arising from the applied field. The localized perturbations of Ε caused by the 
matrix have been neglected. 

From the form of equation 11, the solute is seen to partition both in the radial and 
axial directions. While the latter partitioning has little role in either SEC or HDC, being 
ignored in standard molecular models of both, this partitioning provides the key to 
understanding GE under the local equilibrium hypothesis. One also notes that, while 
the axial solute flux J z is constant everywhere, the solute concentration c(z,r) fluctuates 
strongly along the axial direction. These properties reflect the accumulation of chains in 
the less confining matrix zones, where the axial rate of solute motion proportionately 
increases to maintain constant flux. This behavior is reminiscent of a sequence of 
chemical reactions operating at steady state; along the reaction pathway, chemical 
intermediates accumulate to a finite, but variable extent depending on their 
thermodynamic stability. The depleted solute zones then have an analogy to the 
thermodynamically unstable transition states between individual sets of reactants and 
products. 

Asserting that the local fluctuations in A S C are uncorrected with the globally 
applied steady electric field - an approximation rigorously valid only in a dilute gel - the 
integral of the equation 11 can be evaluated analytically and then substituted into the 
equation 1. After calculating the integration constant Cj, the two remaining integrals are 
readily performed over J z and c(z,r). The result is a general expression for the 
electrophoretic velocity, 

V = ^ ! (13) 
kT < e - A S ( A > < e A S c ^ 

where < >, the notation for an ensemble average, has replaced integrals effecting the ζ 
average; the averages are equivalent for an isotropic matrix. After normalizing ν with 
the electrophoretic velocity in the absence of confinement, 

= ! (14) 

a governing equation for G E analogous to those for SEC (equation 8) and HDC 
(equation 9) is finally obtained. Note that v=vm=qeD/kT when A S C has no spatial 
variation. If enthalpic interactions between solute and matrix are present, an extended 
version of equation 14 can be rewritten with AS C replaced by -Ψ/Τ. 
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Connections to Previous Theory. Equation 14 is essentially a new result, 
although there are weak connections between the ratio v /v m and the "constrictive factor" 
calculated by Giddings and Boyack (39,40). The present derivation most closely 
follows a recent analysis by Zimm and Lumpkin (28), who presented a specialized 
form of equation 14 that assumes reptation as the mechanism of solute transport in the 
absence of confinement fluctuations. Under reptation, the variable v m does not reflect 
free solution behavior as implied here. We do not believe that flexible chains "reptate" 
between regions of different confinement level, since matrix irregularities - such as 
those shown in figure la - usually occur at length scales comparable or smaller than the 
overall chain size. Zimm and Lumpkin assumed the opposite, that matrix structure is 
homogeneous at these length scales. Matrix fluctuations enter their analysis only at 
much greater length scales. Equation 13, however, admits the Zimm and Lumpkin 
result if D is assigned the reptation value. Reptation is a restricted mechanism of solute 
motion available only to flexible linear chain molecules, whereas equation 14 was 
derived without resorting to either a solute or matrix model, resulting in a wider range 
of applicability. In general, to correct for the potential impact of matrix structure on 
solute hydrodynamic friction, one can choose or calculate an appropriate expression for 
D and substitute this form into equation 13. Under the local equilibrium principle, D 
should be selected as D 0 , the value in absence of a matrix. 

Motion of a Pointlike Solute. To better understand equation 14, consider a 
matrix so dilute that the exponentials can be expanded for small values of their 
argument. Then, to second order, 

- = - r 1 (15) 
V m l+<(ASc/k) > - <ASc/k>2+... 

an expression that highlights the role of spatial fluctuations, rather than mean 
thermodynamic properties, in attenuating solute transport. A good illustrative 
calculation is that for a non-interactive spherical solute. Although the local confinement 
entropy of such a solute is poorly defined, the replacement of AS C by 1η<βχρ(-Ψ/Τ)> is 
rigorous in this instance, and Ψ for a spherical solute possesses unambiguous physical 
meaning even at the local level: Ψ is infinite for center of mass locations inside the 
matrix material, or within one sphere radius of the matrix surface, and zero everywhere 
else. With these choices, v m corresponds to the solute velocity in the absence of 
matrix, since Ψ equals zero in the reference thermodynamic state. Also note that Ψ 
follows a Poisson distribution in a hypothetical matrix imposing random obstacle 
locations. Combining these conclusions, and applying the relationship between the 
mean and variance of a Poisson distribution, a simplified version of equation 15 is 
quickly found 

f = ! <*> 
Vm 1 + <47kT> 

A Poisson distribution is not essential, as the same result applies to any dilute matrix 
with interactions sufficiently localized to write <βχρ(-Ψ/Τ)> as βχρ<-Ψ/Τ>. The mean 
solute potential can be written in terms of the excluded volume fraction p, using the 
standard thermodynamic formula for a dilute system <*F/kT> = ρ and expanding for 
small values of p, 
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For a pointlike solute, ρ is equal to the matrix volume fraction. Equation 17 has 
apparently not previously been presented in the form given here, although Altenberger 
and Tirrell (20) examined tracer diffusion in a similar environment and effectively 
derived the same expression. The formula can also be obtained from the classic 
Maxwell solution (21) for conduction in a composite medium if the applied field at the 
local level is constrained to be spatially uniform. 

The electrophoretic motion of spherical solutes in low porosity gel matrices has 
often been described in terms of the Ogston model (6,7,79), a semiempirical approach 
that models the matrix as a random array of obstacles, usual rods, and then equates 
v /v m to the solute's overall partition coefficient into this array, 

As noted by both Morris (8) and Cobbs (39), there is no sound theoretical justification 
for this assignment of v /v m . A comparison of equation 18 with equations 14 and 16 
shows that the Ogston approach provides a reasonable approximation under the 
condition that <Ψ^Τ> « 1 . Given the form of equation 16, <Ψ^Τ> « 1 corresponds 
to only a minor modification of ν by the matrix; thus, we believe the Ogston model has 
little practical import, even for compact spherical solutes. A detailed examination of 
equation 14 shows that the Ogston model incorporates only the first factor in the 
denominator of this equation, albeit with different spatial averaging. 

Motion of a Flexible Chain Solute. We and others have coined the term 
"entropie barriers transport" to describe both the electrophoretic and diffusive behaviors 
of a flexible polymer governed by matrix irregularity (26,27,42,43). Equation 14 is a 
general mathematical treatment for such transport if we identify the local entropy 
AS c(z,r) with the configurational degrees of freedom possessed by a polymeric solute 
with center of mass position ζ and r. Local equilibrium is a necessary condition for the 
solute to sample fiilly its accessible degrees of freedom and thus to interpret 
configurational transport effects via a thermodynamic formalism. Entropie barriers 
transport is an activated process in which Brownian fluctuations drive solute across a 
spatially distributed energy surface; a specific configurational pathway for each barrier 
crossing is not assigned, or even needed, as all such pathways are randomly sampled. 
Discussions of activated transport in the presence of a potential field date back at least to 
the early 1940's (44). 

Equation 15 is a considerable advance over our earlier, and more qualitative, 
discussions of entropie barriers transport (42,43). To place the equation into the 
context of polymer electrophoresis, we will analyze a second case, one based on the 
highly idealized matrix model shown in Figure 2. Here, a flexible chain is driven by an 
applied field down a periodic channel imposing alternating levels of confinement 
between two planar, parallel surfaces that locally define a slit geometry. Although this 
matrix is obviously not isotropic, one can demonstrate that the same formalism applies 
if the confinement entropy is analyzed as a cross-sectional average and the ensemble 
averages replaced by axial averages along the slit length. To further simplify, we 
stipulate that the alternating slit sections are much longer than the chain size, eliminating 
possible axial confinement effects for chains located near junctions. The ratio of chain 
size R to lateral dimension w thus dictates AS c(z,r), which can adopt two discrete 
values, ASC(1) and ASC(2), for sections 1 and 2, respectively. We first assume that the 
alternating slit sections are of equal length. Applying equation 15, we find that the 
electrophoretic velocity follows 

(18) 

ν 4 
(19) 

v, m [ e -AS c ( l ) /k + e-AS c(2)/k ] [ eAS c(l)/k + eASc(2)/kj 
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(a) (b) 

Figure 1. (a). A flexible polymer chain trapped in a random two-dimensional 
porous medium (volume fraction=0.2). The irregularity of the medium, coupled 
with the flexibility of the chain, wil l produce local fluctuations in chain 
concentration. To move macroscopically, the chain must traverse constricted 
zones under the action of Brownian motion, (b). A medium of the same volume 
fraction but more regular in microstructure. Here, the chain concentration is 
essentially uniform, and only weak energetic barriers must be surmounted for 
macroscopic chain motion. 

Section 1 

Figure 2. A periodically constricted channel that imposes entropie barriers on a 
flexible, translating polymer chain. The depth of the channel is infinite, but the 
lateral dimension w alternates between two discrete values. Lengths of sections 1 
and 2 are both much greater than w. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

01
0

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



10. HOAGLAND Unified Thermodynamic Model for Polymer Separations 183 

ν -ASc(l,2)/k A S c ( l , 2 ) / k » l (20) 

where ASC(1,2) is the difference in confinement entropy between section 1 and 2, i.e., 
ASC(1,2) = ASC(1) - ASC(2). Equation 20 corresponds to the limiting case in which 
chain motion is controlled by a single slow step, chain diffusion or "hopping" from 
section 1 into section 2; we have discussed this case previously (42). Similar analyses 
show, that with all other geometric factors fixed, ν is inversely proportional to the 
density of constricted zones in the periodic channel. Likewise, if the length of the 
narrow slit sections is a fraction F of the length of the wide sections, ν is inversely 
proportional F. We prefer the idealized periodic slit geometry as a gel representation, 
since many exact values of ASC are available for this environment; especially useful are 
the calculations by Laurent and Killander (72), Casassa and Tagami (76), and Giddings 
et al (73). 

Calculations of Confinement Entropy 

The models presented here for SEC, HDC, and GE predict that separations between 
dissimilar chemical species occur according to differences in AS C . In practice, the 
experimentalist's objective is nearly always to separate homologous polymer chains 
according to molecular weight M or molecular size R . The relationship between AS C 

and M or R thus becomes an important issue. Although the central role of A S C has 
been recognized often in the SEC and HDC literature, experimental results continue to 
be interpreted using R as the fundamental operating parameter. For example, the 
"universal calibration" approach pioneered by Benoit (45) for SEC shows that the 
product of M and the intrinsic viscosity [η] successfully collapses elution data for a 
variety of different flexible polymer systems. For large M , hydrodynamic analyses 
show that [η]Μ is universally proportional to R 3 ; thus, when universal calibration 
holds, chains of different M but identical R are expected to elute at the same v. The 
situation in GE is less clear, with the Ogston model asserting that R is the key operating 
parameter and the reptation approach alternatively suggesting that M assumes this role. 
As shown by our own earlier experiments with star, circular, and linear polymers (46), 
a large parameter range exists in which neither concept properly accounts for v. 
Applying the fundamental statistical definition of entropy, we can write 

where Ω Ϊ ( Ζ , Γ ) is the number of accessible configurations for a solute stationed at center 
of mass position ζ and r, and Ω 0 is the analogous number for the same solute in 
unconfmed space. Once models for the solute and matrix are available, equation 21 
poses a counting exercise. We are interested in determining which molecular property -
M , R , or something else - best correlates the averages over AS c(z,r) required in 
equations 6, 9 and 14. As there are many different ways to define R , this exercise 
might also provide guidance as to what molecular radius will be returned by a given 
method, if such a radius indeed exists. 

Matrix Models. To address these questions, a matrix model must be adopted first. 
Practitioners of SEC have generally preferred what we will term "internal" pore 
models, those that place the solute inside a cavity. Examples are shown in Figure 3a. 
In contrast, analyses of GE are generally performed for "external" pore models, those 
that place the solute on the outside of an array of rigid impenetrable obstacles. 
Examples are displayed in Figure 3b. Others have alternatively employed the terms 

ASc(z,r) = k In 
Ω Ϊ ( Ζ , Γ ) 

(21) 
Ω 0 
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"predominantly concave" and "predominantly convex" in place of "internal" and 
"external" (75). The internal models generally establish no connectivity criterion, a 
reasonable simplification i f axial transport pathways are unimportant and lateral 
partitioning is critical. We must only envisage that the cavity is part of a percolated 
network that eventually connects to interparticle space. For GE, on the other hand, the 
basic pore model must establish an axial pathway penetrating the entire network. HDC 
matrix models are most often based on an oriented capillary description, which can be 
viewed as a hybrid of the SEC and G E approaches. In cases where electron 
micrographs are available, the images are often more supportive of external pore 
models (38,47-49). 

Chain Models. To understand their transport, polymer chains have often been 
modeled as rodlike, Gaussian, or spherical. In reality, few polymers adopt the latter 
conformation, although effective sphere models are extremely useful in correlating 
chain properties in unbounded solution. So-called Gaussian chains, for example, are 
far from spherical in an instantaneous snapshot, but after the orientational and 
configuration averaging intrinsic to bulk solution properties, a single size parameter can 
characterize the chains' spatial extent. Consequently, Gaussian chains obey many of 
the solution models derived for spherical particles, with an "effective" or "equivalent" 
radius proportional to the size of the chain's averaged spatial envelope. Upon 
confinement, however, Gaussian chains will not sample the same range of orientations 
and configurations, rendering an effective solution radius of dubious consequence. 
Nonetheless, many investigators have sought to define a single universal size parameter 
R e f f that can correlate elution data from different polymer systems. A strongly 
connected issue is the relevance of this R^f, i f it exists, across different separation 
methods. Do SEC, HDC, and G E separate polymers according to the same molecular 
property? 

Failure of R eff. Calculations of confinement entropy for rod-like, Gaussian chain, 
and spherical solutes have been performed for all of the matrix models in Figure 3, 
using methods described in a previous paper (42). With the external pore models, 
analytical calculations for Gaussian chains have been restricted to large obstacle 
spacing, a condition necessary to preclude simultaneous chain interaction with more 
than one obstacle. The confinement entropy in each case has been determined as a 
function of center of mass position, and where necessary, averages applied over this 
entropy as suggested in the governing equations for SEC, HDC, and GE. The absurd 
cases, such as the HDC of solutes in a spherical cavity, have been skipped. 

The calculations show that, excepting a solute exposed to a single planar wall, the 
concept of R eff fails. Figure 4 is a typical example. The figure shows the change in 
partition coefficient K S E C f ° r spheres, Gaussian chains, and rods, as solute size varies 
in a dilute array of cylinders at volume fraction ε. A random cylinder array is regarded 
by many investigators as the simplest realistic matrix model for a swollen gel. The 
figure explicitly plots the dimensionless coefficient V d from the equation 

K S E C = 1 - V d e (22) 

that applies in the low ε limit [an arithmetic error has been corrected from an earlier 
presentation (42) of the same graph]. The abscissa normalizes molecular size - radius 
S, radius of gyration R„, or length H, respectively, for spheres, Gaussian chains, and 
rods - with cylinder ramus a. Note that a simple linear redefinition of abscissa cannot 
map the different curves onto one another except when dimensionless solute size is 
small. In this limited region, cylinder surfaces are effectively planar, and the different 
curves indeed collapse when the usual linear mapping R e fpS=L/4=2R g/4 is applied 
However, in the more relevant range of large dimensionless solute size, any linear 
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ί ί > ο 
Slit Capillary Spheric 

(a) "Internal" Pore Models 

Planar Slabs Cylinders 

(b) "External" Pore Models 

Figure 3. Matrix models employed to study chain motion in SEC, HDC, and GE. 
The obstacles of external pore models are typically oriented and positioned less 
regularly than implied by the sketch. 

40.0-, 

0.0 I , , , , , 
0.0 1.0 2.0 3.0 4.0 5.0 

S/a, R g/a, H/a 

Figure 4. Exclusion parameter V d as a function of dimensionless chain size for 
solutes modeled as spheres, Gaussian chains, and rods. Exclusion is from a 
dilute array of cylinders with radius a. The Gaussian chain curve crosses the 
sphere curve at an abscissa value near 2.8. Lower implies less exclusion from 
the matrix. 
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mapping fails, precluding the definition of Reff. The reason for the breakdown is 
obvious: in a curved confinement geometry, there is an extra length scale characterizing 
the radius of curvature of the matrix. In particular, Gaussian chains near cylinders are 
much less depleted than predicted by a sphere representation since the chains can adopt 
conformations that "wrap around" cylinders. This phenomenon, which has no 
manifestation in bulk solution properties, becomes more significant as chain size 
increases or as cylinder size decreases. For a gel matrix where cylinders represent gel 
fibrils, the ratio of chain to cylinder size will always much exceed unity, and in this 
geometric range, correlations by R ^ are the most problematical. 

Under confinement more severe than permitted by equation 22, the difficulty with 
Rçff becomes even more immediate. If we consider the slit representation of figure 3, 
for example, we recognize that a Gaussian chain can always migrate, albeit at much 
reduced velocity under stronger confinement. A sphere larger than the narrowest slit 
section can not migrate at all. In fact, applying the channel model with the two slit 
widths comparable or smaller than the radius of gyration, both ASC(1) and ASC(2) 
become linear in M for a flexible chain solute (see ref. 50 for an explanation). From 
equation 20, we observe that the electrophoretic velocity will then decay as an 
exponential of M . In this limiting case, separation is an indirect function of free 
solution molecular size, at best, no matter what size parameter is chosen. 

General Trends Discernible in Elution Behavior. Separations of flexible 
polymers by SEC, HDC, and GE fall broadly across a confinement spectrum. When 
pores are large and matrix curvature low, the elution velocity correlates well with the 
molecular size measured in unbounded solution. These are typical conditions for SEC 
and HDC, where the mean pore is an order of magnitude or more larger than the solute. 
In a gel matrix, on the other hand, pores are smaller and matrix curvature stronger, 
leading to a lessened role for molecular size. As confinement grows, i.e., with 
increasing chain length or gel concentration, the solute molecular weight begins to 
govern elution. These are typical conditions for GE. Ultimately, in a dense gel, kinetic 
effects overwhelm thermodynamic considerations and a flexible chain reptates (57,52), 
with the elution velocity controlled entirely by molecular weight. 

In overview, enhanced confinement of flexible chains leads to a better 
discrimination according to chain length and an inevitable crossover from molecular 
size-based separation to molecular weight-based separation. For rigid but nonspherical 
solutes, similar molecular size-based separation occurs at low confinement, but at 
moderate to severe confinement, different pore structures will separate solutes 
according to different size parameters; there is no simple formula or trend able to 
correlate elution behavior. When confinement of a rigid solute is not too severe, the 
calculation schemes outlined by Giddings et al. (13), Doi (14) and Limbach et al. (15) 
provide a quantitative framework for predicting the partition coefficient, but only given 
that the solute and/or matrix structures are known a priori. 

Constraints on the Thermodynamic Model 

Three conditions lead to the failure of the principle of local equilibrium: (1) the axial 
length of the separation medium is too short for migrating chains to sample fully a 
representative range of local positions and chain conformations; (2) the applied field is 
large enough to alter the average chain conformation (or even the average matrix 
structure); and (3) the chain friction coefficient within the medium diverges from that in 
unbounded solution. The latter problem arises only in the context of GE, since the 
friction coefficient does not enter governing expressions for SEC or HDC. In GE, the 
dependence of chain friction on gel density can be ignored only when chain 
confinement is below a critical level. Unfortunately, this level cannot be predicted by 
any current theory. With long and flexible chains, failure of local equilibrium via this 
route accompanies the onset of chain motion by reptation, a transport mechanism 
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impossible to frame in thermodynamic terms. For other solute types, hydrodynamic 
friction at high matrix density can only be assessed by calculating the friction for a 
representative set of local matrix geometries and then averaging (55). 

Returning to the failure list, item 1 is trivial, as a good separation cannot be 
obtained for matrices possessing lengths comparable or less than HETP. The 
remaining condition creates the greatest concern for all three separation techniques. The 
symptom of failure by item 2 is field dependent elution. In HDC, for example, high 
flow rates can produce hydrodynamic stresses at pore convergences able to stretch, or 
even break, flexible chain molecules. In the absence of breakage, the result is an 
unexpected increase in v. Likewise, GE models for the separation of flexible polymers 
at high Ε must account for chain orientation and stretching, phenomena that also 
increase v. Although thermodynamic factors may continue to play a role when items 1-
3 are operative, the governing equations given here must certainly be viewed with 
caution. 

A l l of the equations presented in this chapter were derived while neglecting the 
local fluctuations in the applied field that arise from matrix inhomogeneity. Locally, 
field lines in a GE experiment are distorted in response to the mismatch of electrical 
properties between matrix material and mobile phase. We have also assumed that this 
material is rigid, a potentially unsuitable approximation for many common gel media. 
Depending on the geometry, physical properties, and concentration of matrix, any of 
these added complications could lead to quantitative errors of considerable magnitude. 
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Chapter 11 

Packings for Size Exclusion Chromatography: 
Preparation and Some Properties 

D. Horák, J. Hradil, and M. J. Beneš 

Institute of Macromolecular Chemistry, Academy of Sciences 
of the Czech Republic, Heyrovského sq. 2, 162 06 Prague 6, 

Czech Republic 

Materials used as packings in size-exclusion chromatography can be 
divided into organic and inorganic ones. Organic packings include 
both synthetic and natural products. The preparation of these matrices, 
the mechanism of porous structure formation, depending on synthesis 
conditions, as well as the properties of packings, are reviewed. 

Since the column is the heart of any chromatographic system, the choice of packing 
greatly affects the success of any analysis. The basic requirements for the packing 
material for size-exclusion chromatography (SEC) columns include chemical inert
ness and minimal adsorption of separated compounds so that the retention may be 
strictly based on hydrodynamic volume. Further requirements include high porosity 
which can be either permanent in macroporous resins, or swelling in low-crosslinked 
polymers. In addition to the chemical properties, the importance of physical pro
perties such as the particle size must be stressed to achieve an adequate resolution 
of the packing. The particles should be spherical and uniform in size to minimize 
mass transfer limitations. Since the column separation efficiency increases with 
decreasing particle size, the size should be as small as possible, however, with good 
flow properties. High-speed, high-resolution chromatography also sets special re
quirements for geometrical and mechanical properties. They play a decisive role in 
the lifetime of the packing and the stability of the flow-rates through the column. It 
is therefore desirable that all the factors outlined above should be taken into account 
when choosing the packing. Generally, packings can be divided into universal and 
those that have a specific effect or "tailor-made" packings. A universal packing 
covers a broad molecular-weight distribution of the components of an unknown sam
ple. Such preliminary assessment allows the subsequent choice of a resin that has the 
optimum properties for a given separation problem. 

Chromatographical packings have been already systematically reviewed in many 
papers and monographs (7-9). The aim of article is to review the synthesis, 
morphology and other properties of packings which are important for SEC. 

0097-6156/96/0635-0190$15.25/0 
© 1996 American Chemical Society 
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Types of SEC Packings 

A classification according to the chemical nature of the matrix divides packing 
materials into several groups: packings based on both synthetic and natural organic 
polymers and packings based on inorganic materials. 

Packings Based on Synthetic Organic Polymers 

A basic contribution to the size-exclusion chromatography (SEC) with synthetic or
ganic polymer-based packings was made by Moore in 1964 who prepared a series 
of styrene-divinylbenzene resins by using various précipitants and a suitable concen
tration of the crosslinking agent (JO). Since then these resins have been extensi
vely used as packings for SEC (5). Therefore the following discussion is mostly con
fined to styrene-divinylbenzene copolymers, but the same principles are applicable 
to other supports, such as methacrylic ester packings which are becoming increasing
ly popular. Other monomer systems for SEC include acrylamide (77), trimethy-
lolpropane trimethacrylate (72), 4-methylstyrene crosslinked with l,2-bis(p-vinyl-
phenyl)ethane (75), glycidyl methacrylate crosslinked with divinylbenze-
ne (14) or ethylene dimethacrylate (75), etc. A number of packing materials 
are available on the market: they are based on both hydrophobic and hydrophilic 
synthetic resins, usually with several pore and particle sizes and suitable for SEC of 
compounds with molecular weights from below 2xl0 3 up to well over 107 (Table I). 
Recently, tentacle media, in which freely moving polymer chains are bound to the 
packing matrix by graft polymerization, have been developed by Merck. Due to the 
flexibility of polymer chains the tentacle media better fit the molecular structure of 
the analyzed compound and therefore they show better selectivity, higher capacity 
and higher separation speed compared with classical packings. Another modern ap
proach to SEC recently marketed by Supelco uses templated beads. Template poly
mers were excellently reviewed by Wulff (76). 

By far the most widely used technique to prepare the synthetic organic polymer-
based chromatographical packings remains to be classical suspension polymerization. 
In a suspension polymerization, monomers (or their solution) are suspended as a dis
continuous (organic) phase of droplets in a continuous phase and polymerized, typi
cally by free-radical mechanism, resulting in regular spherical beads. The continuous 
phase is usually water, as most monomers are water-insoluble. Suspension stabilizers 
must be used to protect monomer droplets against coalescence. Water-soluble poly
mers, both natural (natural gums) or synthetic ones (polyvinyl alcohol), polyvinyl
pyrrolidone), or hydroxypropyl cellulose) are the dispersing agents most generally 
used. Sometimes surfactants (such as sodium dodecyl sulfate) are added. Inorganic 
stabilizers, e.g., tricalcium phosphate, magnesium hydroxide, calcium carbonate, 
bentonite, alumina, are also used. The main parameters which determine the behavior 
of polymer packings are bead size and mechanical properties, porosity and chemical 
stability. 

There are two main classes of polymer packings - gel-type and macroporous re
sins. 
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Table I. Commercial Synthetic Organic Polymer Packings for SEC 

Product Name Matrix Producer 
(Distributor) 

Bio-Beads S-X ST/DVB Bio-Rad, USA 
Bio-Gel SEC ST/DVB Bio-Rad 
Hamilton PRP ST/DVB Hamilton, Switzerland 

(Alltech, USA) 
Nucleogel GPC ST/DVB Macherey-Nagel, 

Germany 
PLgel ST/DVB Polymer Laboratories, 

USA (Alltech) 
Progel-TSK H ST/DVB Supelco, USA 
Shodex GPC ST/DVB Showa Denko, Japan 

(Alltech, Waters, USA) 
Styragel ST/DVB Waters 
TSK-Gel H ST/DVB TosoHaas, USA 
Jordi GPC DVB Jordi (Alltech) 
Bio-Gel Ρ acrylamide and Ν,Ν'-methy- Bio-Rad 

lenebisacrylamide 
Trisacryl GF N-acryloyl-2-amino-2-hydro- Serva, Germany (Sigma, 

xymethyl-1,3-propanediol USA) 
Progel-TSK PW "ethylene glycol and Supelco 

methacrylate" 
TSK-GEL PW "ethylene glycol and TosoHaas 

methacrylate" 
Toyopearl HW "ethylene glycol and TosoHaas (Supelco) 

methacrylate" 
BiospherGM G M A / E D M A Labio, Czech Rep. 
Fractogel "methacrylate" Merck, Germany 
Separon H E M A / E D M A Tessek, Czech Rep. 
Shodex OHpak SB-800HQ " poly hydroxy methacrylate" Showa Denko, Japan 

(Waters) 
PL aquagel-OH "polyhydroxyl" Polymer Laboratories 
Asahipak GF-HQ poly(vinyl alcohol) Showa Denko 
Shodex OHpak Q-800 polyvinyl alcohol) Showa Denko (Waters) 
Nucleogel GFC (aqua-OH) "hydrophilic" Macherey-Nagel 

DVB - divinylbenzene, E D M A - ethylene dimethacrylate, G M A - glycidyl methacry
late, H E M A - 2-hydroxyethyl methacrylate (ethylene glycol methacrylate), ST -
styrene 
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Gel-Type Resins. The gel-type resins are generally low crosslinked (1-5% of cross-
linking agent) and appear translucent They do not exhibit any measurable (perma
nent) porosity in the dry state but swell to varying degrees in organic solvents. They 
swell much more in a thermodynamically good solvent for the basic uncrosslinked 
polymer than in a thermodynamically poor solvent. Gel-type resins are often referred 
to as microporous, because the spaces between the crosslinks occupied by the swell
ing solvent are considered as small pores. Therefore the gel packings are suitable for 
SEC of low-molecular-weight compounds. The equilibrium degree of swelling attain
ed is inversely proportional to the network density of the gel which also determines 
the working range of the gel; its decrease leads to an increase in the exclusion limit 
of the gel packing while at the same time reducing the mechanical strength of the 
particles, which is the limiting factor for the applicability of the packing. The 
drawback of insufficient resistance against volume changes is overcome in resins 
with permanent porosity which are used for SEC of high-molecular-weight 
compounds. 

Macroporous Resins. The materials referred to as "macroporous" (or "macroreti-
cular") resins, in contrast to the gel-type copolymers, contain a significant non-gel 
porosity in addition to the gel one, i.e., they are permanently porous in the dry state. 
Permanent (non-gel) porosity is characterized by the disappearance of transparency 
of the resin. The higher the porosity, the larger is the opacity. At sufficiently high 
concentrations of crosslinking agent the non-gel porosity is caused by the addition 
of an inert diluent to the monomers, which is removed from the final product Any 
compound which roughly meets the three conditions, can be used as an inert diluent: 
it must be soluble or miscible with the monomers, does not react during the copoly-
merization, and at the end of polymerization can be easily removed from the resin 
obtained. It is obvious that not many compounds fulfil these conditions. According 
to their properties they cause either only the increase in the gel porosity or non-gel 
porosity is obtained. The non-gel porosity in reality are channels between agglome
rates of microspheres of which the resin bead is composed. 

Mechanism of Porous Structure Formation. The mechanism of the 
macroporous structure formation was described by Kun and Kunin for the copolyme-
rization of styrene with divinylbenzene in the presence of non-solvating diluent as 
a process consisting of three stages (17). During the first stage, polymer micro-
gels soluble in the monomer-diluent system are formed. As the monomers are con
verted into copolymer, the polymer chains become less and less swollen and then 
become entangled (intramolecularly crosslinked) by further progress of the poly
merization. At the end of this stage, the nuclei (10-30 nm) are formed. Based on 
thermodynamic factors, the equation (1) for volume conversion ô . at which phase 
separation occurs was derived (5) 

l n ( l - acV3°°) + a cv 3°° + Xl3«xcv™)2 + ( v / V 3 ) V 1 a c v 3

0 O / 2 = 0 0 ) 

where v3°° is the volume fraction of monomers at the beginning of polymerization, 
χ 1 < 3 is the Flory-Huggins interaction parameter, v/V 3 is the effective degree of 
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o 1 · ' ' • 1 

0 10 20 30 40 50 

% Divinylbenzene 

Figure 1. Products of styrene-divinylbenzene copolymerization in the presence 
of a non-solvating diluent. 
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crosslinking and Vl is the molar volume of the diluent Phase separation is promoted 
with increasing concentration of both the crosslinking agent and diluent The phase 
separation of polymer and thus the size of pores are also closely related to the Flory-
Huggins interaction parameter χλ 3 . The lower the thermodynamic affinity of the di
luent for the network (i.e., the higher the value of interaction parameter), the larger 
pores are produced due to easier phase separation (5). The polymer-diluent inter
action parameter χ13 can be predicted by the knowledge of their solubility parameters 
(J 8). If the difference in the solubility parameter between a diluent and a formed 
copolymer is zero, miscibility is favored, i.e., the diluent is a good solvent which 
produces expanded network gel or small pores (14). If their difference is larger than 
3 (MPa) 1 / 2, miscibility does not occur spontaneously so that the diluent separates 
from the polymer phase and acts as a precipitant of the copolymer; hence phase 
separation occurs during the polymerization process (79). The higher the diffe
rence between the solubility parameters of the diluent and of the copolymer, the 
lower the diluent solvating power - and the porosity of the resin increases (20). 
Some authors suggest that it is rather the dipolar and hydrogen-bond contributions 
to the solubility parameter which are responsible for pore structure (27). The 
above qualitative description of formation of heterogeneous networks during the 
crosslinking polymerization is simplified. In addition to thermodynamic factors, also 
kinetic factors play a certain role and larger pore diameters and narrower pore size 
distribution are obtained when the rate of polymerization is lower (22). 

In the second stage of pore structure formation, the entanglements between the 
polymer chains increase and non-porous nuclei then aggregate into microspheres 
(100-200 nm). In the third stage, the microspheres aggregate forming particles more 
or less separated by large holes. Accordingly, the pores generated in this process can 
be classed into three groups of families: macropores, mesopores and micropores. The 
large pores (macropores, 50 nm - 1 μπι) are interstices between agglomerates of 
microspheres. They are responsible for high pore volumes (up to 3 ml/g of dry 
matrix). The intermediate pores (mesopores, 2-50 nm) which account for moderate 
surface area (ca. 50 m2/g) are the spaces between the microspheres that form these 
agglomerates. The smallest pores (micropores smaller than 2 nm) which are respon
sible for high surface area are formed by the voids between the nuclei that form the 
microspheres. In general, the size of agglomerates and macropores increase with the 
increase of the diluent and crosslinker proportion (5),(25). In a phase diagram 
with the amount of crosslinking agent as the abscissa and the amount of diluent as 
the ordinate (Figure 1), a macroporous domain may be defined, limited by two boun
daries, where the three-level morphology mentioned above may be observed(24). 
Below the lower boundary (low crosslinking agent and low diluent contents), a gel-
type material is obtained. Above the upper boundary (high diluent content) an un
stable morphology consisting of separate microspheres is visible. Only large pores 
are present and the surface area is very modest (around 20 m2/g) in this unstable 
region. The location of the boundaries is dependent on the nature of the diluent 
(24)y(25). 

An additional complication occurs in the copolymerization of styrene and di-
vinylbenzene. Due to the different reactivity of vinyl groups in the divinylic 
monomer, pendant vinyl is created on polymer chains during the course of the copo-
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lymerization reaction (26). The pendant vinyl groups thus formed can then parti
cipate in cyclization, crosslinking, or multiple crosslinking reaction, or remain 
unreacted. 

As it has been described (5),(25), the selection of a diluent added to the mono
mer phase is the main factor determining the porous structure of the obtained resins. 
Three main classes of diluent can be considered - solvents for the polymer formed, 
non-solvents for the polymer formed and finally polymers. 

Solvating Diluent as a Porogen Agent. When a solvating diluent is used in 
a polymerization mixture, large amounts of both the diluent and the crosslinking 
agent are necessary to get a permanent porosity (5). In such conditions, a copolymer 
is obtained which is characterized by exclusion limit of molecular weight around 
5X104, by a reduced swelling and by a certain, although limited, porosity in the dry 
state (pore volume around 0.5 ml/g). At the same time, high surface areas in excess 
of 500 m2/g, with a narrow distribution of small pores (10 nm) are obtained (25). 
Microscopic examination of the morphology of a fractured bead shows large agglo
merates of essentially one family of medium-sized nuclei (20-80 nm; Figure 2a). At 
low crosslinking agent and/or diluent content the final structure is only an expanded 
gel, since the chains are fully solvated during the polymerization and less shrinkage 
occurs than in the corresponding system in the absence of a solvating diluent (5). 

Toluene, ethylbenzene, 1,2-dichloroethane, tetrachloromethane are typical sol
vating diluents for styrene-divinylbenzene resins. 

Non-Solvating Diluent as a Porogen Agent Non-solvating diluents for the 
copolymer chains are the most frequent porogens added to the monomer phase when 
macroporous resins are to be obtained (Figure 2b). When such diluents are used 
phase separation appears at considerably lower crosslinking agent content and lower 
dilutions than in the case of solvating diluents. Copolymers that have exclusion limits 
from 107 to 108 molecular-weight units are obtained and characterized by an internal 
surface area varying from 10 to 100 m2/g, a large pore volume (0.6-3 ml/g), and 
a relatively large average pore diameter. The total pore volume and pore sizes of the 
resins are thus greater than for the similar resins prepared in the presence of sol
vating diluents (27). A higher degree of crosslinking shifts the pore distribution 
curves to smaller pore radius. 

Aliphatic hydrocarbons such as isooctane or heptane, and organic alcohols such 
as 1- or 2-butanol, terf-amyl alcohol, decyl alcohol are typical examples of non-
solvating diluents for styrene-divinylbenzene resins. 

When mixtures of solvating and non-solvating diluents are used the resins show 
porous structures with intermediary characteristics regarding the resins prepared with 
pure diluents (18). The effects of synthesis conditions on the swelling properties are 
considerably more complex for resins obtained with diluent mixtures. 

Polymer as a Porogen Agent Macroporous resin can also be obtained when 
a polymer or a solution of polymer is used during the copolymerization (5),(28). 
The size of the microspheres and their aggregates and of pores of the macroporous 
resin prepared using polymer porogens is much larger (Figure 2c) than that of the 
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Figure 2. Scanning electron micrographs of macroporous glycidyl methacrylate-
ethylene dimethacrylate resin prepared in the presence of (a) solvating diluent, 
(b) non-solvating diluent, (c) polymer. Reprinted with permission from ref.(2#). 
Copyright 1993 Butterworth-Heineman journals, Elsevier Science Ltd. 
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Figure 2b. Continued 

Figure 2c. Continued 
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conventional macroporous resins (Figure 2a,b). Addition of a polymer gives a resin 
characterized with a limited internal surface area smaller than 10 m2/g, pore volume 
up to about 0.5 ml/g, and a large average pore diameter (in the micrometer range). 
The phase separation and thus the pore size distribution is influenced not only by the 
concentration of the polymer diluent but also by its molecular weight and its intera
ction parameter with the copolymer formed (5). A minimum concentration of the 
added polymer is necessary to obtain a permanently porous product. Then the poro
sity increases with increasing concentration of the polymer porogen. Low-molecular-
weight polymer behaves as a low-molecular-weight solvating diluent (5). A polymer 
of high molecular weight (50,000 and more in the case of styrene-divinylbenzene 
resin when linear polystyrene is used as a diluent) behaves in this way only at low 
concentrations (up to 10 wt.%) (5). At higher concentrations phase separation occurs 
already at the beginning of crosslinking polymerization. As the molecular weight of 
linear polymer is increased, the average pore size becomes larger (5). The pore size 
distribution is dependent on the distribution of molecular weight of polymer diluent. 
It is narrowest for the linear polymer with the narrowest molecular weight distri
bution (29). Another factor which has an influence on the formation of perma
nent porosity is the concentrations of crosslinking agent. 

Polystyrene is the most frequently used polymer diluent in styrene-divinylben
zene resins. Other polymers were used as well: poly (methyl methacrylate), poly (vinyl 
acetate), copolymer of maleic ester with vinyl acetate, etc. 

An integral part of the production of macroporous resins is the removal of poro
gens by solvent extraction after polymerization. In contrast to the low-molecular-
weight porogens, the polymer porogens are not so easy to remove from the final pro
duct. The complicated removal of polymer porogens became the main obstacle of 
their application in the preparation of macroporous resins. 

Post-Crosslinked Resins. Post-crosslinked resins (so called macronetworks or also 
termed hypercrosslinked or isoporous polymers) are obtained by crosslinking linear 
polymers or swelled gel-type or macroporous resins using Friedel-Crafts alkylation 
or acylation. Typical crosslinking agents for polystyrene or low-crosslinked styrene-
divinylbenzene copolymers include chloromethyl methyl (or ethyl) ether (30), 
(31), chloromethyl polyethers (32), p-xylylene dichloride (33),(34), 
α,α-dichloro-p-xylene (35), 4,4'-bis-(chloromethyl)biphenyl (36), dimethyl-
formal (36), tris-(chloromethyl)mesitylene (36), l,4-bis-(4-chloromethylphenyl)butane 
(36), sulfur halides (37), and tetrachloromethane (38). As the catalysts, 
tin(IV), iron(III) and titanium(IV) chlorides are used. 

Post-crosslinked resins are characterized by high degree of swelling in thermo-
dynamically good solvents, narrow distribution of small pores (ca. 2 nm) and high 
specific surface area (around 1,000 m2/g). They also exhibit high thermal and mecha
nical stability. Commercially produced post-crosslinked resins such as Ambersorb 
372 (Rohm and Haas), Purolite M N (Purolite) and Wofatit EP63 (Bayer AG) are 
used mainly as adsorbents and so far their application in SEC has been rather 
limited. 
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Control of Bead Size and Bead Size Distribution. Since the size and size distri
bution of the beads in the suspension polymerization is influenced by many factors, 
it is not easy to predict and control them. The choice of the suspension stabilizer and 
stirring are two most important factors (39). The suspension stabilizer or sur
factant governs the interfacial tension between the continuous and discontinuous 
phase and determines thus bead size (40). Primarily, the stirring speed but also 
the design of the reactor and the stirrer control the shear distribution in various 
locations inside the reactor. 

Suspension polymerization affords beads that have rather broad particle size 
distribution which cannot be used directly in chromatography. Good flow properties 
of the resin are the necessary condition for high-speed, high-resolution chromato
graphy. In the case of polydisperse column packings, the flow-rate of eluent through 
the column is determined by the smallest particles, while its efficiency is controlled 
by the largest ones. While column efficiency increases as the bead size decreases, 
the column permeability decreases (41). To reduce the back pressure in the co
lumn and to increase its efficiency, i.e., to afford a narrow fraction of useful 
particles, careful and tedious size fractionation of the beads obtained by suspension 
polymerization has to be done. Although the fraction thus obtained has a reduced 
polydispersity, it is never strictly uniform, and the remainder is a waste. In the 
search for uniformly sized beads, Ugelstad developed a technique termed "activated 
multi-step swelling and polymerization" (42). In fact, this procedure is a suspen
sion polymerization in which the size of the starting droplets is not determined by 
the stirring conditions but by the use of an aqueous dispersion of preformed swelled 
monosized seed particles. Monosized seed particles are prepared by emulsifier-free 
emulsion or dispersion polymerization. If these seeds contain a certain amount of 
low-molecular-weight, water-insoluble "swelling activator" (a typical activator for 
polystyrene seeds is 1-chlorodecane), a large increase in the diameter of seeds then 
occurs when swelled with monomer. This step is followed by a standard suspension 
polymerization, under the conditions that exclude coalescence of the enlarged par
ticles. These recent technological developments make it possible to decrease the 
typically used particle size of SEC packings from 30-50 μπι (such size range was 
available in the 1970s) (43), to 3, 5, or 10 urn. 

Packings Based on Natural Organic Polymers 

Materials based on synthetic polymers are known to show a rather hydrophobic cha
racter causing nonspecific interactions. They are operative not only in styrene-
divinylbenzene resins but also in polymethacrylates which contain hydrophilic ester 
groups. Nonspecific interactions are highly undesirable especially in separation of 
biopolymers. Such effects are almost completely avoided in matrices from poly
saccharides which are highly hydrophilic. Dextran, agarose and cellulose are the 
most versatile polysaccharide matrices for SEC applications. Porous matrices of 
regular spherical shape are usually prepared by gelation of a solution of an appro
priate polysaccharide or its derivative dispersed in an immiscible medium. The 
sol-gel transition is induced by chemical reaction, e.g. elimination of groups respon
sible for solubility, or simply by lowering the temperature. 
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Dextran. Dextran and its derivatives are the most important polysaccharides used 
as a matrix in SEC (44). Dextran is produced from saccharose by bacteria Leuco-
monostoc mesenteroides or by other microorganisms. Its chain is formed by D-glu-
cose units connected predominantly with 1,6-glycosidic bond and to a lesser extent 
with 1,2-, 1,3- and 1,4-bonds. Crosslinking of alkaline aqueous dextran solution dis
persed in an inert medium which is immiscible with water (e.g., toluene (45), 
(46), silicone oil (47)) occurs on addition of bifunctional alkylating agent 
(e.g., epichlorohydrin). Epichlorohydrin can be also used as a dispersion medium 
(48). Dispersion is stabilized, e.g., by polyvinyl acetate) and tenside. Cross-
linking density and thus the exclusion limit is controlled in a broad range by the 
molar ratio glucose units/epichlorohydrin/sodium hydroxide, by molecular weight and 
concentration of starting dextran, by the reaction time and temperature. Particle size 
is controlled by the stirring conditions. The most frequently used dextran matrix in 
SEC is still Sephadex, product of Pharmacia Biotech which is available in a range 
of different exclusion limits and with various particle size (Table Π). Sephacryl is 
a porous crosslinked copolymer of allyldextran and Ν,ΛΓ-methylenebisacrylamide. 

Agarose. Agarose is a linear polysaccharide from algae in which alternating units 
of D-glucose and 3,6-anhydro-L-galactose are connected by 1,4- and 1,3-glycosidic 
bonds. Acid sulfate and carboxylic groups present in the starting natural product are 
removed by hydrolysis and reduction. Agarose is soluble in water at moderate tempe
ratures. Room temperature is sufficient for sol-gel transition. The material has rather 
poor mechanical and flowing properties. To improve these properties agarose is 
crosslinked with 2,3-dibromopropanol or epichlorohydrin (49),(50). Commer
cially available from Pharmacia is Sepharose 6B, 4B and 2B and its crosslinked 
analogs (Table II). High-crosslinked Superose has agarose matrix. Superdex is 
a composite matrix consisting of dextran covalently bonded to crosslinked agarose. 
It has excellent resolution and selectivity which are accompanied by chemical and 
physical stability. 

Cellulose. Beaded porous cellulose is also used in SEC. Of practical importance are 
products obtained by thermal sol-gel transition or acid regeneration of viscose 
(cellulose xanthate) dispersed in an immiscible continuous phase. Cellulose xanthate 
groups are decomposed by heating to 80°C or by addition of an acid. As a result, 
cellulose is regenerated. Organic solvents (e.g., chlorobenzene (57), 1,2-dichloro-
ethane (52), benzene (53)y(54)) or an aqueous solution of a hydrophi
lic polymer (either ionogenic, e.g., sodium polyacrylate, or nonionogenic such as 
poly(ethylene oxide) (55)) are used as a continuous phase. Solutions of cellulose 
in the Schweizer reagent, cadoxen, Fe(II) tartrate (54) and Ca thiocyanate (56) 
are also used for preparation of beaded cellulose. The pore structure is influenced by 
the concentration and molecular weight of starting cellulose, by the rate of regene
ration and by some additives. The product obtained is suitable for application at low 
or medium pressures. Their pressure properties can be improved by additional cross-
linking with epichlorohydrin. 
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Table II. Commercial Polysaccharide Materials for SEC 

Product Name Fractionation Range, \fW(xI03) Producer 
Globular Dextrans (Distributor) 
Proteins 

Sephadex G-10a <0.7 <0.7 Pharmacia Bio, 
G-15a <1.5 <1.5 Sweden 
G-25b 1-5 0.1-5 
G-50b 1.5-30 0.5-10 
G-75 c 3-80 (70) 1-50 
G-ioœ 4-150 (100) 1-100 
G-150° 5-300 (150) 1-150 
G ^ o œ 5-600 (250) 1-200 

PDX GF-25 d 1-5 Polydex, 
(dextran) GF-50 d 1.5-30 Canada 
Sephacryl S-100 HR e 1-100 Pharmacia Bio 

S-200 HR e 5-250 1-80 
S-300 HR e 10-1,500 1-400 (Sigma, USA) 
S-400 HR e 20-8,000 10-2,000 (Supelco, USA) 
S-500 HR e 40-20,000 
S-1000HR f 5,000-100,000 

Sepharose 6B (6B-CL) 8 10-4,000 10-1,000 Pharmacia Bio 
4B (4B-CL) 8 60-20,000 30-5,000 
2B (2B-CL) b 70-40,000 100-20,000 

Superdex 75* 3-70 0.5-30 Pharmacia Bio 
200j 10-600 1-100 

Superose 6 Prep gradej 

12 Prep gradej 

5-5,000 
1-300 

- Pharmacia Bio 

Beaded 90% porosity 10-1,000 - Lovochemie, 
cellulose Perloza MT100* Czech Rep. 

93% porosity 100-3,000 - (Sigma) 
Perloza MT200" 
95% porosity 2,000-5,000 -
Perloza ΜΤ500" 

Particle size in the dry state: a 40-120 μπι; b coarse: 100-300 μτη, medium: 50-
150pm, fine: 20-80 μτη, superfine: 10-40 μπι; c 40-120 μπι, superfine: 10-40 μπι; d 50-
150 urn, 100-300 μπι; particle size in water:e 25-75 μπι; f 40-105 μπι ; 8 45(40)-165 
μπι ; b 60-200 μπι; * 22-44 μπι; j 20-40 μπι; k (30-50 μπι), 50-80 μπι, 80-100 μπι, 100-
250 urn, 250-500 μπι 
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Porous polysaccharide materials (mainly agarose and cellulose, to a lesser extent 
also dextran) are often used for preparation of derivatives (e.g., ion-exchange and 
complexing). Polysaccharides are first activated by various methods which are 
followed by the immobilization of low- and high-molecular-weight ligands. Poly
saccharide derivatives are intended for separation of biopolymers; in addition to SEC, 
also other chromatographic modes (ion-exchange, hydrophobic, immobilized metal 
affinity, affinity, etc.) are operative. 

Packings Based on Inorganic Materials 

Silica Gel. Silica gel which is a form of silica is probably the most widely used 
packing material in SEC (57). Its composition can be described by the formula 
Si0 2 .xH 2 0 (58). Silicas are classified on the basis of their crystal structure, 
surface composition and porosity. Unlike crystalline silicas (e.g., quartz, tridymite, 
cristobalite, stishovite, coesite), amorphous silica (e.g., opal, diatomaceous earth) has 
no regular structure and exhibits a higher degree of hydration than the crystalline 
one. Quartz glass and supercooled silica is considered as an intermediate between the 
crystalline and amorphous forms. Silica is available as a solution, sol, gel, xerogel, 
aerosol or precipitate. Hydroxy groups, which are responsible for the hydrophilic 
character of silica, are weakly acidic, having a pK of about 7.0. Solubility of silica 
is pH-dependent and dramatically increases above pH 9. Macroporous silica gel is 
an amorphous material which is produced by sol-gel transfer (59). 

Preparation of Silica Gel and Formation of its Porous Structure. Many 
methods of producing silica particles have been described (60). Silica sols are 
made by acidifying concentrated sodium silicate solutions (the silicon dioxide to 
sodium oxide ratio 3.2) to pH 8-9. Silanol groups of the silicate oligomeric structures 
containing up to eight silicon atoms undergo complex condensation (67) 
according to the scheme 

I κα I 
— Si-OH — S i - 0 

On the surface of amorphous silicon dioxide, dissolved condensation products nu
cleate into colloid particles, 1-100 nm in size. This is called sol stage. The rate of 
nucleation reaction is proportional to the concentration of ionized silanol groups. 
Addition of salts accelerates nucleation and deposition of silicates. Silicate 
polymerization is sensitive to pH, ionic strength, dielectric constant of the solvent 
and temperature. The radius, r, of primary colloid particles is related to their 
solubility, 5, by the Ostwald-Freundlich equation (2) 

S = 50exp 
R7> 

(2) 
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where S0 is the solubility of a flat silica plate, y S L is the solid-liquid interfacial 
energy, Vm is the molar volume of the solid phase, R is the gas constant, and Τ is 
the temperature. The process of primary particle growth in which larger colloid 
particles grow at the expense of smaller ones (especially in strongly alkaline 
medium) is known as the Ostwald ripening. Low pH and high ionic strength promote 
the growth of smaller particles. 

Silica polymerization can be also elucidated on the base- or acid-catalyzed 
hydrolysis of tetraalkoxy- or tetrachlorosilane in alcohol-water mixture, which is 
another widely used method for preparation of spherical silica gel particles (62). 
Reaction conditions dramatically influence the properties of the product. For 
example, acid-catalyzed hydrolysis of tetraethoxysilane at low water content results 
in a linear polymer. On the other hand, high water content favors the formation of 
highly crosslinked polymer. In the presence of ammonia, spherical colloid particles 
are obtained. Silica gel particles produced by acid-catalyzed hydrolysis of 
tetraethoxysilane or by acidification of sodium silicate exhibit ladder structure which 
arises by linear condensation of oligomers. 

In the absence of stabilization, the dispersed primary colloid particles tend to 
aggregate. Four aggregation mechanisms are possible: gelation, coagulation, floccu-
lation and coacervation. Mainly first two mechanisms are operative in the pore struc
ture formation of silica gel. Gelation, i.e., interparticle aggregation with ultimate 
network formation, occurs if the concentration of silicon dioxide is sufficiently high 
(ca. 1 wt.%). As a result, a continuous silica gel structure is formed which appears 
to be uniform. Subsequent condensation within the gel causes shrinkage of the struc
ture and release of water. This is called syneresis. If coagulation of the primary 
colloid particles occurs, densely-packed clumps (coagulate) are formed. Silica 
xerogel is obtained by heating the washed silica gel. This removes water and is 
accompanied by additional shrinkage of particles. Xerogel is macroporous and it 
usually contains 3-15 wt.% of water. This water is partly held within the silica bulk 
phase, partly adsorbed on the surface. It also comes from condensation of hydroxy 
groups on the surface. In its fully hydrated state silica gel contains 8-9 umol hydroxy 
groups per sq.m. Silica gel can be further subjected to special thermal or hydro-
thermal treatment which changes its original porous structure, i.e. the shape of pores, 
their size and distribution. By heating silica at about 150-200°C under vacuum the 
adsorbed water is removed. When temperature is further increased, vicinal hydroxy 
groups react together, forming reactive siloxane groups. At about 600°C condensation 
of vicinal hydroxy groups is practically completed and condensation of isolated and 
geminal hydroxy groups follows. Sintering of xerogel at temperatures above 600°C 
leads to a decrease in porosity. This can be prevented if the pores are filled with 
sodium chloride. Silica gel annealed at 1100°C changes into a nonporous, crystal
line, rather hydrophobic material. 

To produce silica gel spherical particles, several micrometers in diameter, 
a silicate salt solution has to be dispersed as an emulsion in an organic liquid and 
the droplets are then gelled (63). Irregular porous glass particles are obtained 
from borosilicate glass which is heated at the melting temperature and etched with 
acidic or alkaline agents. These particles are characterized by relatively uniform pore 
size. 
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As an example of commercially produced silica gel we mention two materials 
supplied by Supelco which possess comparable properties. The first material is 
Progel-TSK SW which is available with particle diameter 5 or 10 um. The material 
with pore diameter 12.5 nm is suitable for separation of globular proteins with 
molecular weights 5xl0 3-150xl0 3 . Progel-TSK SW containing 25 nm pores separates 
molecular weight Ixl0 4 -50xl0 4 and Progel-TSK SW with pore diameter 45 nm sepa
rates molecular weights 2xl0 4 -l ,000xl0 4 . The second material is Supelcosil which 
is available with particle diameters 3 or 5 μπι, pore diameter 10 or 30 nm, and pore 
volumes 0.6 or 0.5 ml/g. Silica gel with a mean pore diameter of 30 nm is suitable 
for SEC of high-molecular-weight compounds, whereas materials with 10 nm pores 
can only be used for separation of small molecules (64). 

Silica Gel Modifications. Although silica gel obtained by various techniques 
is macroporous, it is of limited value for SEC of biologically active compounds, 
when used without modification. The ionic character of silica gel causes that it 
behaves as a weak ion exchanger. Since the surface silanol groups on silica are 
responsible for the adsorption and denaturation of proteins and enzymes, they must 
be substantially eliminated. The most effective way of achieving this is chemical 
modification of surface silanol groups with organosilanes which introduce either 
nonpolar (e.g., alkylsilyl- and arylsilyl-), or polar groups (e.g., diol-, cyanoethyl-, 
chloropropyl- and aminopropyl-). In some cases, electrostatical bonding of positively 
charged ligands to silica gel anion exchange matrix is sufficient to eliminate the 
undesirable matrix effects. The modification often improves the chemical stability 
of silica gel (58). Other methods which are used to overcome the adsorption and 
denaturation of biologically active molecules on silica gel include grafting or coating 
silica with natural or synthetic polymers, e.g., dextran, glucose, poly(ethylene oxide), 
poly(vinylpyrrolidone) and polystyrene. In this case, epoxysilica is often used which 
is formed by the reaction of silica gel with (3-glycidyloxypropyl)trimethoxysilane 
(65). The advantage of dextran grafted to epoxysilica gel compared with low-
molecular-weight ligands consists in steric shielding of residual silanols with grafted 
macromolecules (66). Dextran with positively charged 2-diethylaminoethyl func
tions immobilized on silica gel contributes to neutralization of the negative charges 
on silica gel surface, thus minimizing the nonspecific interactions (67)>(68). 
01igo(ethylene oxide)-modified silicas are prepared by the reaction of silanol groups 
with oligo(ethylene oxide) carrying trialkoxysilane (69), or coating silica gel with 
oligo(ethylene oxide) macromonomers which are then in situ polymerized (70) 
or by thermal immobilization of poly(ethylene oxide) (Carbowax 20M) on silica gel 
(71). N-vinylpyrrolidone is grafted to vinyltriethoxysilane- (72),(73) or 
3-aminopropyltriethoxysilane-modified silica gel (74), or it is attached by ra
diation-, or peroxide-induced polymerization (75). This sorbent is supposed to 
possess higher stability and better hydrodynamic properties than Sepharose 4B or 
porous glass. To cover silica gel with polystyrene, it is reacted with a copolymer of 
styrene and vinylmethyldiethoxysilane (76). Another proposed modification 
procedure employs copolymerization of acrylamide with vinyl-polymerizable silane 
bonded to silica gel (77). Coupling of poly(N-isopropylacrylamide) with carboxyl 
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end group to porous glass containing amino groups affords a temperature-responsive 
SEC packing (78). 

Other Inorganic Packings. In addition to silica gel, packings for SEC can be also 
prepared on the basis of aluminium(III), titanium(IV), or zirconium(IV) oxides 
(79). Similarly to the case of silica, they behave as weak ion exchangers, and 
therefore it is necessary to deactivate them in order to eliminate undesirable effects. 
Alumina and zirconia are modified by covalent attachment of styrene-vinylsilane 
copolymer which can be subsequently crosslinked or polybutadiene and polychloro-
methylstyrene are adsorbed on alumina and then crosslinked (80). 

Properties of Packings 

Silica-based SEC packings have very rigid matrix backbones, which do not increase 
their volumes by swelling, and can be prepared with relatively uniform pore size. 
The advantage of good mechanical stability and efficiency is, however, accompanied 
by the drawback of low chemical stability at high pH and deterioration of the bonded 
phase, which ultimately results in uncovering of reactive silanol groups, thus spoiling 
the separation. On the other hand, synthetic macroporous resins usually possess 
a wide pore distribution which is an advantage for the characterization of the broad 
molecular wight distribution of polymer samples, but the selectivity is lower. More
over, they can be used in a wide pH range and suit polar as well as non-polar sol
vents. Synthetic macroporous polymer packings are not only chemically stable but 
also resistant to the mechanical strains that prevail in a column and therefore, in 
contrast to the natural polymers, they permit elevated pressures and temperatures to 
be applied in the column. Increasing crosslinking improves the mechanical strength 
of the synthetic resins. On the other hand, their mechanical properties were observed 
to decrease with increasing volume of the diluent added to the monomers (81). 
Natural polymers, which are mostly soft, swell in solvents and have in some cases 
pores of nearly uniform size. Therefore their working range is limited. Moreover, 
their low-pressure stability precludes their use in high-performance SEC. The main 
advantage of natural polymer-based packings is the absence of non-specific inter
actions which is of utmost importance in separation of biopolymers. On the other 
hand, unlike silica or synthetic resins, polysaccharide packings do not resist micro
bial infection. 

The porosity of the organic matrices is dependent also on the history of the resin 
before and during drying. Due to the flexibility of the network chains the pore 
structure varies with the type of solvent in which the resin is swollen before drying 
(24)X82),(83). The drying of the resin swollen in a thermodynamically good 
solvent leads to a partial or total collapse of macropores, depending on the degree 
of crosslinking (82). In low-crosslinked resin the surface area completely disappears 
when it is dried from a solvent which is a good swelling agent. The same situation 
occurs by heating the synthetic resin above the glass transition temperature. These 
effects are explained by the decrease in glass transition temperature of the resin due 
to the plasticizing effect of a thermodynamically good solvent (22). The pores 
reappear after the resins are swollen in a thermodynamically good solvent, followed 
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by replacing this solvent with a thermodynamically poor one and drying. Takeda 
calls them "shape-memory" pores (22). Such pores are observed mainly in resins 
prepared in the presence of solvating diluents. 

Synthetic and inorganic SEC packings are most often characterized in the dry 
state using surface area measurements or mercury intrusion porosimetry. The two 
methods (mercury porosimetry and nitrogen adsorption) are complementary; each of 
them becomes increasingly uncertain as the pore size range approaches a limit: 
nitrogen adsorption at the upper end of the mesopore range and mercury porosimetry 
at the lower end. The adsorption analysis using nitrogen is suitable for the evaluation 
of pore diameters ranging from 2 to 20 nm, while mercury porosimetry is best suited 
for the mesopores and macropores, from above 20 nm to 1 urn. The combination of 
mercury porosimetry and nitrogen adsorption provides qualitative analysis of pore 
structure in the entire pore size range. Pore structure can be characterized also by 
other, although not very frequently available, methods, such as X-ray diffraction 
which does not perceive pores with the radius larger than 100 nm (81). 

However, in most chromatographic applications the resin is used in the presence 
of solvent where it swells to a varying degree. In resins, which involve polymer 
phase and pores, the pores are filled by the solvent and the polymer phase may be 
swollen to a varying extent. Therefore, the dry porosity of resins does not necessarily 
correspond to the swollen-state porosity. Two main methods are known to determine 
the porous structure of macroporous resins swollen by a solvent: thermoporometry, 
which is based on the dependence of the pore size on the freezing point of a filling 
solvent (84), and inverse size-exclusion chromatography (85). Another 
method to measure the pore size distribution of swollen gels, so called mixed-solute 
exclusion, is introduced by Kuga (86). It employs size exclusion chromatography 
to determine the difference in probe solute concentration between the initial stock 
solution and the equilibrated solution surrounding the resin. Due to the difference 
between solute size and pore size, some of the solutes can migrate into the resin 
while others cannot. 
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Chapter 12 

Inverse Steric Exclusion Chromatography 
as a Tool for Morphology Characterization 

Karel Jeřábek 

Institute of Chemical Process Fundamentals, Academy of Sciences 
of the Czech Republic, 165 02 Prague 6, Czech Republic 

Inverse steric exclusion chromatography is used to investigate material 
used as the stationary phase in a chromatographic column under 
conditions that minimize specific (enthalpic) interactions. It is possible 
to obtain information about the pore volume distribution of the studied 
material by suitable mathematical treatment of the elution volumes of a 
series of standard solutes with known molecular size. The method is 
especially suitable for characterization of the morphology of swollen 
polymer materials, where it provides data impossible to obtain by 
conventional methods. Besides selection of suitable experimental 
conditions, the successful application also requires appropriate design 
of a simple geometrical model of the porous environment. In the 
description of morphology of swollen polymers it is advantageous to 
combine the Ogston model (pores as spaces between randomly 
oriented cylindrical bodies) as representative of a polymer gel with the 
conventional model of cylindrical pores for the description of 
macropores. The usefulness of this approach will be demonstrated 
with a number of examples. 

Steric exclusion chromatography has a long history of application in the separation of 
investigated solutes according to molecular size by interaction with the pore system of 
the stationary phase of a calibrated chromatographic column. This chromatographic 
mode is operative when, due to a suitable choice of experimental conditions, all 
specific enthalpic interaction of the solutes with stationary phases are eliminated and 
the elution process is governed by entropie effects only. When this requirement is 
satisfied, it is possible to use the steric exclusion phenomena in the inverse mode. 
Inverse application of the steric exclusion chromatography, that is, characterization of 
the porous system of the column filling by measurement of the elution behavior of 

0097-6156/96/0635-0211$15.00/0 
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standard solutes with known molecular size was independently proposed by Halâsz 
and Freeman (7,2). Halâsz's approach to the problem of how to transform the elution 
data into porosimetric information was very straightforward. From the point of view 
of the accessibility of pores to solute molecules of certain dimensions, he proposed 
two categories: totally accessible pores with diameters greater than the effective 
dimension of the solute and pores smaller than the effective dimensions of the solute 
molecule which are completely inaccessible. In this case, a cumulative pore distribution 
curve can be obtained by plotting the difference between elution volume of a standard 
solute and the dead volume V 0 vs. the effective solute dimension. Using the effective 
dimensions of the standard solute molecules (a series of polystyrenes with narrow 
molecular weight), Halâsz found that by comparing the inverse steric exclusion 
chromatography (ISEC) data with the pore distribution determined by classical 
methods for various silicas and pore glasses, an effective molecular dimension for the 
application of his simplified concept has to be 2.5-times greater than the polymer coil 
diameter. 

Inverse Steric Exclusion Chromatography - Theory 

Halâsz's approach is a gross oversimplification of the exclusion phenomena. 
Partitioning of a solute molecule between the fluid phase and pore space continuously 
changes with changes of the solute molecular dimension even in a material with 
uniform pores. The elution volume Ve is given by equation 1, in which Κ is the 
equilibrium partition coefficient and Vp is the pore volume. 

V e = V 0 + K V p (1) 

For uniform cylindrical pores and spherical solute molecules, the dependence of the 
partition coefficient Kc on pore diameter dp and diameter of solute molecule dm is 
described by equation 2: 

K c = [ l - ( d m / d p ) ] 2 (2) 

The question how to expand the description of steric exclusion using equation 
1 for a more realistic case of a stationary phase with non-uniform pore sizes was 
solved by Freeman (2) who proposed the application of expressions developed by 
Giddings et al. for the partition coefficient Κ in random polymer networks (3). 
Cassassa et al. (4-6) proposed a solution for various pore geometries based on the 
Brownian motion of a particle. Information on pores in the stationary phase can then 
be obtained from analysis of the dependence of Κ on the size of solute molecules. A 
numerical procedure seeking the smoothest non-negative distribution consistent with 
experimental distribution coefficient K(dm) was proposed by Prausnitz et al. (7). 
Vilenchik et al. (8) developed a computer program solving the problem for 
triangularly-shaped pore size distributions. One drawback of these approaches is their 
dependence on the pre-defined shape of the pore size distribution, which may differ 
from that of the investigated material. However, the main problem is the correct 
determination of Κ from experimental data for which it is necessary to know the value 
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of the pore volume. Usually, Vp is determined from the elution volume of the smallest 
solute for which is declared Κ = 0. This could be an acceptable approximation for 
materials without meso- or micropores, but for the majority of materials, especially the 
swollen polymers, where ISEC can bring the most useful information, it is a too crude 
approximation. 

Instead of an analytical solution based on expressions for Κ in random pore 
systems, a better alternative is to use a "numerical" approach, based on the supposition 
that the most important unknown quantity in equation (1) is the pore volume Vp (9). 
It uses simple equations for Κ in uniform pores of well-defined geometrical shape and 
the description of the fundamentally polydisperse morphology of the investigated 
materials is built as a sum of contributions of a discrete number of pore fractions, each 
consisting of simple pores of a single size only. V e for a solute of the characteristic 
molecular dimension L in a porous system composed of η fractions is described by 
equation 3: 

V . = 2 K ' ( L ) V ; + V 0 (3) 
1=1 

The characteristic dimension of each fraction can be chosen in advance as a scale by 
which a real porous system will be described. The evaluation of investigated porous 
materials is then reduced to the determination of the volumes of individual pore 
fractions by a least square method which is minimized by the squared difference 
between experimental and computed values of V e . ISEC data treatment based on the 
representation of a real morphology by the set of discrete pore fractions was also 
proposed by Knox and Ritchie(/0), but their version includes the computation of Κ for 
each solute. Their treatment also contained a troublesome correction for the part of 
pore volume inaccessible even for the smallest solute. 

The ability of ISEC to provide information on swollen materials makes it 
especially valuable for the characterization of functional polymers, as e.g. catalyst 
carriers or adsorbents. For these materials an indiscriminate application of experience 
gathered on their much more familiar inorganic counterparts would be misleading. 
Swelling of polymer carriers changes their porous texture and enables the penetration 
of molecules from the fluid phase into the interior of the polymer mass. In fact, the 
working phase in a majority of cases is the swollen polymer gel and not the surface of 
pore walls. 

From the morphological point of view the polymer carriers are divided into 
two groups. The gel-type resins have no porosity in the dry state and their interior is 
accessible only after swelling in a liquid. Macroreticular (or macroporous) resins have 
a more complicated morphology. Beads of these resins can be imagined as clusters of 
polymer microparticles, featuring both swellable polymer mass and "true" pores which 
may remain open even in absence of a swelling (Figure 1). The model of cylindrical 
pores can be easily applied to the description of macropores (depicted in Figure 1 by 
the dashed lines). Characterization of the morphology of swollen polymer mass using 
the model of cylindrical pores can be successful from the mathematical point of view 
but the values of parameters (e.g. pore volume) may be unrealistic (77). A better 
model developed by Ogston (72), in which pores are defined by spaces between 
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randomly oriented rigid rods, may be regarded as a better approximation of the three 
dimensional polymer network. An expression for the partition coefficient of spherical 
molecules in such a system, Ko, is given by equation 4: 

K 0 =exp[ -7cC(d ,+d c ) 2 / 4 ] (4) 

This partition coefficient indicates which part of the total volume occupied by the 
porous system is accessible to spherical bodies having the diameter d s . The diameter of 
randomly distributed rigid rods representing polymer chains is de; C is their 
concentration in length units per volume unit (nm"2). It is important to remember that 
while in the model of cylindrical pores the distribution coefficient K c indicates the 
relative accessibility of the pore volume alone , K o in the Ogston model is related to 
the total volume of the porous system, i.e., to the sum of the volume of the free space 
and of that occupied by the skeleton. 

Experimental 

The requirements for interpretation of chromatographic data based only on steric 
effects in column packing for lipophilic polymers are satisfied with tetrahydrofuran as 
the mobile phase and n-alkanes and polystyrenes as standard solutes (2). ISEC 
investigation of hydrophilic polymers can be performed in 0.2 Ν aqueous sodium 
sulfate solution in heavy water with sugars and dextranes as standard solutes - the 
system proposed by Halâsz for investigation the swollen-state morphology of strongly 
acidic ion exchangers (13). 

Investigated materials were ground and the fraction < 0.2 mm was separated 
by sieving, from which dust fractions were removed by décantation in water or 
tetrahydrofuran, depending on polymer type. Stainless steel columns (4.1 χ 250 mm) 
were packed with a polymer suspension in the appropriate mobile phase. The 
efficiency of the resulting columns was sufficient if the individual solutes were injected 
independently. A conventional set-up consisting of a piston pump, Rheodyne 7125 
injector and a refractometric detector was used for the chromatographic 
measurements. The detector signal was fed to a PC computer and the data sampling 
was synchronized with the mobile phase flow rate using a drop-counting probe. 
Elution volumes were determined on the base of the 1st statistical moments of the 
chromatographic peaks. This arrangement allowed to measure the elution volumes 
with a reproducibility of 0.01 cm3. 

Examples of ISEC applications 

The most important field for ISEC is the investigation of polymer materials that are 
used as catalyst carriers or adsorbents. ISEC can provide information on their 
working, swollen-state morphology that is impossible to obtain by conventional 
porosimetric methods (mercury intrusion or nitrogen adsorption) which can work with 
the dry materials only. Knowledge of the swollen-state morphology of these materials 
is a great help in understanding relations between their structure and application 
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properties. In the following part of this report a few cases of significant ISEC 
contribution in such studies will be presented. 

Ion Exchanger Catalysts. Morphology of a wide series of ion exchanger catalysts 
ranging from low-crosslinked gel-type resin to high-crosslinked macroreticular types 
was characterized by ISEC and the information was successfully correlated with 
catalytic activity of the examined resins in the hydrolysis of sucrose (14) in aqueous 
solution. In the aqueous environment the active agent in the ion exchanger catalyst is 
the hydroxonium cation, more or less freely mobile in the vicinity of the anionic groups 
bonded to the polymer chains (75). The mechanism of the reaction is therefore very 
similar as that catalyzed by soluble acids. However, while for homogeneously 
catalyzed reactions the concentration of the reactant in free solutions is important, the 
rate of ion exchanger catalyzed reaction is determined by the reactant concentration 
inside the swollen gel cavities. In the absence of a specific affinity between the reactant 
molecules and the ion exchanger gel (which is the case for sucrose in water), the 
reactant concentration inside of the gel cavities is always lower than in the free 
solution, due to the steric exclusion depending on the local density of polymer chains 
and the size of the reactant molecules. The information about distribution of polymer 
chain density in the examined resin catalysts obtained by ISEC was used to express the 
relative decrease of the internal reactant concentration as a function of the reactant 
molecule size, ^ . ( L ) . These data were correlated with activities of the ion exchangers 
in sucrose hydrolysis expressed also as relative values, Rrei., related to the activity of 
p-toluenesulfonic acid as a soluble analog. Figure 2 shows the dependence of the 
squared differences between the relative catalytic activity Rrei. and the ISEC-derived 
steric exclusion of the reactants Arei.(L) (squared correlation error) on the effective 
reactant size L . The best agreement between values of the hydrolysis of saccharose 
and the Arei.(L) derived from ISEC data was obtained for a limited range of L , close to 
the value used for saccharose as one of the standard solutes in ISEC. The correlation 
of Rrei and Α,.β1 for the L corresponding to the lowest error is shown in Figure 3. It is 
an illustration how ISEC helped in this case to explain quantitatively the effects of 
neterogenization of a homogeneous catalyst on polymer support. 

Accessibility of the Gel Phase in Macroporous Network Polymers. Macroporous 
network polymers are widely used as adsorbents or carriers of centers active as 
catalysts or reagents. They have a complicated texture created during their preparation 
by the influence of the addition of a co-solvent to the polymerization mixture. 
Accessibility of the polymer gel phase of styrene-type copolymers alternatively 
crosslinked by divinylbenzene or by diisopropenylbenzene and prepared in the 
presence of either toluene or acetonitrile as a porogen was investigated using the 
fluorescence probe and inverse steric exclusion chromatography (76). Polymers were 
prepared by bulk polymerization with a high content (about 50%) of the crosslinking 
agent, divinylbenzene (DVB) or diisopropenylbenzene (DIB). The porogenic agent 
was either Toluene, which swells this type of polymer network (polymers DVB-50-B-
T and DIB-50-B-T), or acetonitrile, which is a precipitating solvent for such polymers 
(polymers DVB-50-B-A and DIB-50-B-A). All the polymers were laden with the 
Dansyl fluorescent probe. The utility of the Dansyl group as an environmental probe 
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Figure 1. Element in the morphology of macroreticular resin. A - swollen polymer 
mass, Β - real pore. Representation of the real pores as a set of cylindrical pores is 
depicted in dashed lines. 

0.8 1.2 1.6 

L, nm 

Figure 2. Dependence of the squared differences between the relative catalytic 
activity R^i. and the ISEC-derived steric exclusion of the reactants A^JfL) on the 
effective reactant size L . (Reproduced with permission from ref. 14. Copyright 
1990 John Wiley & Sons, Inc.) 
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originates from wavelength dependence of its fluorescence emission which varies as a 
function of the solvent microenvironment (77). Measurements of the solvatochromic 
shift of the Dansyl probe-laden polymers equilibrated in various solvents (hexane, 
toluene, tetrahydrofuran, dichloroethane, ethanol and methanol) showed penetration of 
the solvents into the polymer mass of all examined polymers except DVB-50-B-A, 
where the probe microenvironment in all the solvents was a collapsed polymer 
network inhibiting the solvent access. 

In the ISEC evaluation of these macroreticular polymers all the pores with 
diameter > 10 nm were described using the model of cylindrical pores and the 
morphology of swollen polymer gel was depicted in terms of the Ogston model. 
Characteristic polymer chain concentrations C for individual fractions used for 
modeling the swollen polymer mass was chosen in the range C = 0.1 - 2 nm'2. The 
lower value corresponds to maximally swollen, effectively uncrosslinked polymer 
mass. A polymer fraction characterized by C = 2 nm"2 corresponds to a very dense 
polymer with a gel phase that is poorly accessible even for small solute molecules. The 
results are shown in Tables I and Π. 

Table L Data on Macropores. Comparison of the ISEC data on swollen polymers 
with BET surface determined on dry samples 

Polymer Results of ISEC measurements BET 
V P(cm J/g) Scum (m2/g) Surface Area 

(m2/g) 
DVB-50-B-T 0.10 16 455 
DVB-50-B-A 1.27 76 79 
DIB-50-B-T 0.03 0.8 0.6 
DIB-50-B-A 2.10 98 54 

(Reproduced with permission from ref 16. Copyright 1992 John Wiley & Sons, 
Inc.) 

A substantial difference was found in the gel structure of polymers prepared 
using either toluene or acetonitrile as porogen. Polymers prepared in the presence of 
acetonitrile have a well-developed macroporous structure with a substantial volume of 
pores wide enough that they cannot be described as part of swollen polymer gel phase 
(Table I). Particles of the polymers prepared with acetonitrile as the co-solvent 
probably consist largely of aggregated microspheres with voids between these 
microspheres forming the system macropores. Acetonitrile is a poor solvent for 
styrene-type polymers and it promotes the phase separation during polymerization 
process and formation of polymer microspheres. These microspheres consist of rather 
dense polymer gel which can swell to a very limited extend (Table Π). Such structure 
of the gel phase is probably the consequence of substantial entanglement of polymer 
chains resulting from the lack of separation by co-solvent during their growth. This 
finding is consistent with the fluorescence studies of DVB-50-B-A, which revealed 
that the polymer's gel phase maintains a dry "solvent-free" like environment even in 
good solvents. 

Polymers prepared in the presence of toluene have a negligible volume of pores 
which could be classified unambiguously as macropores. Practically all their porosity 
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belongs to the domain of pore sizes which in the model of cylindrical pores would 
have diameter < 10 nm. To describe the structure of these polymers also as a cluster of 
solid polymer microspheres with pores formed by voids between them would require 
to imagine that the polymer microspheres formed in presence of toluene are smaller 
than microspheres formed in the presence of acetonitrile, e.i. that the phase separation 
occurred in the presence of the "good solvent" (toluene) at lower conversion of 
monomers than in the presence of the "poor solvent" (acetonitrile). This is not 
probable. More plausible is to imagine the pore system of polymers prepared in the 
presence of toluene in the terms of Ogston model, that is composed only from 
expanded polymer mass (Table Π). This structure is a natural result of formation of the 
polymer in swollen state with the growing polymer chains solvated by toluene co-
solvent. As shown in Table II, the polymer mass of samples prepared in the presence 
of toluene contains both a dense fraction of polymer mass (gel phase) similar to that 
observed in polymer prepared with acetonitrile and a more expanded, effectively less 
crosslinked fractions of polymer mass characterized by concentrations of polymer 
chains C in the range 0.1 to 0.8 nm"2 (Table Π). 

Table Π. Gel-Type Porosity of Investigated Polymers 
Polymer Volumes of Swollen Polymer Fractions, V e(cm J /g) 

C(nm"*): 0.1 0.2 0.4 0.8 1.5 2.0 
DVB-50-B-T 0.13 0.32 0.51 0.0 0.0 0.65 
DVB-50-B-A 0.0 0.0 0.0 0.0 0.0 0.44 
DIB-50-B-T 0.0 0.0 1.40 1.93 0.05 0.27 
DIB-50-B-A 0.0 0.0 0.0 0.0 0.0 1.02 

(Reproduced with permission from ref. 16. Copyright 1992 John Wiley & Sons, 
Inc.) 

The different character of the gel phase produced during polymerization the 
presence of acetonitrile and toluene can be also documented by the comparison of 
surface areas computed from the data on macropores determined on solvent swollen 
polymers by ISEC and the BET surface areas measured on dry samples (Table I). In 
acetonitrile-modified polymers the surface area does not significantly change upon 
drying. In these materials, pores are liquid filled voids between polymer microspheres. 
The pore walls of these polymers are true interfaces between a polymer gel phase and 
a fluid phase. One can imagine that drying may deform this interface but does not 
substantially diminish its area - a process comparable with the formation of wrinkles 
on the skin of a dried fruit. On the other hand, in swollen toluene-modified polymers, 
the pores are in fact a part of the polymer gel phase and their stability during drying 
depends on the rigidity of polymer mass, i.e., to what extent is the swollen, expanded 
state fixed by crosslinks. The rigidity is indirectly proportional to the content 
unreacted double bonds. The residual content of unreacted double bonds in polymer 
DVB-50-B-T is much lower (9.8/%) than in the polymer DIB-50-B-T (25 %). Hence, 
a highly swollen gel phase observed the DIB polymer (fractions with C = 0.4 and 0.8 
nm" in Table II) is poorly fixed by crosslinks and, subsequently, during drying it 
completely collapses. In the more highly crosslinked D V B polymer, upon drying a 
pore structure with considerable surface area is maintained (Table I). 
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Combined ESR-ISEC Approach to Molecular Accessibility of Swollen Gel 
Resins. Conceptually and experimentally quite independent techniques, electron spin 
resonance spectroscopy (ESR) and ISEC were combined for investigation of a number 
of microporous, fairly hydrophilic poly{N,N-dimethylacrylamide-methylenebisacryl-
amide} resins (18). For this study was prepared a series of polymers (resins M l - M8) 
in which the cross-linking degree ranged from 1 to 8 %. The morphology of the 
investigated polymers in the swollen state is assumed to be composed of five discrete 
fractions of polymer mass, characterized by polymer chain density 0.1, 0.2, 0.5, 1.0 
and 2.0 nm"2, respectively. The pattern of volume distribution among the five fractions 
displayed by resins M l - M8 swollen in water, as obtained from ISEC, is depicted in 
Figure 4. 

The overall picture is very informative. Resins M8 and M6 appear to be 
dominated by high chain density (2 nm"2) fractions, while resins M l - M4 appear to be 
rather bidisperse materials. For ESR experiments each sample was analyzed after 
soaking the resin with a ΙΟ"4 M aqueous solution of the spin probe TEMPONE 
(2,2,6,6-tetramethyl-4-oxo-l-oxypiperidine). The ESR spectra of the aqueous solution 
of TEMPONE dispersed inside resins M l - M8 reveal that TEMPONE, a molecule of 
substantial size (ca. 0.2 nm^ ) easily gains access to the microporous domains in 
moderately cross-linked poly(dimethylacrylamide) matrices swollen in water. The 
probe rotates freely at room temperature inside the nanometer-sized cavities of these 
materials but the increasing rotational hindrance is experienced by TEMPONE in more 
highly cross-linked matrices reflects essentially a microviscosity phenomenon. The 
increase of viscosity is paralleled by an increase of polymer chain density, which, in 
turn, corresponds to a decrease of the size of the reticular cavities. 

A physico-mathematical model was formulated resulting in a description of the 
relations between rotational correlation time τ of the spin probe inside the resin and 
the resin morphology. The ratio of τ to τ0 (rotational correlation time τ of the spin 
probe to that in free solution) is for a resin of uniform chain concentration C given by 
equation 5 

τ / τ 0 = Α ε (5) 

where A is an adjustable parameter. For a resin composed of η fractions of various 
polymer chain concentrations it may be expected that the observable τ/το will be an 
weighed average taking into account the probe distribution (equation 6) 

Σ ( κ ο ν ' ) 
(6) 

] 
where K ' 0 is the Ogston distribution coefficient of the probe in the i-th polymer 
fraction of volume V 1 . Beside A, the other adjustable parameter is the molecular 
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Homogeneous 

Figure 3. Correlation of the relative catalytic activity Rrei. and the ISEC-derived 
steric exclusion of the reactants Arel.(L) for the effective reactant size L 
corresponding to the minimum in Figure 2. (Reproduced with permission from ref. 
14. Copyright 1990 John Wiley & Sons, Inc.) 

Figure 4. ISEC pattern displayed by resins M l - M8 in water. (Reproduced with 
permission from ref. 18. Copyright 1995 ACS) 
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dimension of the probe d m contained in K[ (see equation 4). In contrast with A, the 
parameter d m has a distinct physical meaning and its value should correspond to it. 
Figure 5 shows the dependence of the sum of squared differences of experimental and 
computed values of τ/τ0 on the parameter dm. Parameter A was optimized for each d m 

separately. The best agreement of the experimental and computed values of τ/τ0 was 
achieved for d m = 0.32 nm. The same value of the molecular radius of TEMPONE was 
reported by Freed et al. (19). The excellent correlation of the value obtained as an 
adjustable parameter with its supposed physical meaning supports the reliability of the 
proposed physico-mathematical model based on the ISEC characterization of the 
swollen-state morphology of the investigated resins. 

Simultaneous ISEC characterization of lipophilic and hydrophilic domains 
within one polymer. ISEC measurements generally require that the elution behavior 
of the solutes used for probing the pore space should be determined by steric effects 
only. To achieve this, it is important to use a mobile phase which is a very good 
swelling solvent for the investigated resin. Solvents which are "good" for the lipophilic 
polymers usually precipitate the hydrophilic polymers (and vice versa). Therefore, by 
alternate ISEC measurements in water and tetrahydrofuran, it is sometimes possible to 
characterize the morphology of polymers containing both the lipophilic and hydrophilic 
domains. 

This approach will be demonstrated by analysis of properties of functional 
polymers prepared by copolymerization of p-styrenesulfonyl chloride (SSC) with 
divinylbenzene and styrene (20). Unhydrolyzed, these polymers are completely 
lipophilic. After hydrolysis, the hydrophilic domains containing the strongly acidic 
groups, if neutralized with metal cations, do not swell in organic solvents. Similarly, 
the lipophilic domains do not swell in an aqueous environment. The ISEC 
measurements of the unhydrolyzed polymers were performed in tetrahydrofuran. 
During characterization of the hydrolyzed polymers (in the Na + form) alternatively in 
water and tetrahydrofuran all the standard solutes were eluted in order of their 
molecular sizes and the values of their elution volumes did not suggest a presence of 
non-steric interactions with the investigated polymers. Two selected polymers whose 
composition is shown in Table ΠΙ will be discussed. 

Table ΙΠ. Composition of the Polymerization Mixtures in Preparation of the 
Selected Polymers 

Polymer Monomer mixture composition, mol % Added 
SSC Styrene + E V B DVB solvent* 

A 89 5 6 Butanol 
Β 41 41 18 Butanol 

Solvents added to the polymerization mixture in the amount 2/3 of the weight of the 
monomers. (Adapted from ref. 20) 

Figure 6 depicts the results of the ISEC investigation of polymer A. For this 
polymer before hydrolysis the ISEC measurement in THF shows bidisperse 
morphology with a substantial volume of polymer fraction characterized by high chain 
density with C = 2 nm" 2 and a small volume of thinner fraction with C = 0.5 nm"2. 
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Figure 6. Comparison of the swollen-state morphologies of the polymer A before 
hydrolysis, from ISEC in THF and after hydrolysis, from ISEC in water and THF. 
(Reproduced with permission from ref. 20. Copyright 1995 ACS) 
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After hydrolysis by ISEC in water, a similar bidisperse morphology was detected, only 
more highly swollen. This is reflected in the shift towards lower polymer chain 
densities. The hydrolyzed polymer A in THF shows only a small volume of single 
fraction of poorly swollen, very dense polymer. This picture corresponds well with the 
composition of this sample that contains 89 mol. % SSC and hence, after hydrolysis, 
only a small part of the lipophilic polymer mass is swellable in THF. 

The polymer Β contains only 41 mol. % SSC and therefore in the hydrolyzed 
polymer the shares of the lipophilic and hydrophilic parts should be comparable. The 
results of the ISEC confirm it, as both in water and THF the hydrolyzed polymer 
shown substantial volumes of the swollen polymer mass (Figure 7). 

Fraction 
volume, 
cm A 3 /g 

Polymer chain density, nnrT-2 

Figure 7. Comparison of the swollen-state morphologies of the polymer Β before 
hydrolysis, from ISEC in THF and after hydrolysis, from ISEC in water and THF. 
(Reproduced with permission from ref 20. Copyright 1995 ACS) 

Observed separate swelling of the functionalized, hydrophilic and the 
unfunctionalized, lipophilic polymer mass would hardly be possible in a polymer 
composed from randomly alternating monomer units. This behavior is more 
compatible with a block copolymer morphology consisting of substantial lipophilic and 
hydrophilic domains. The creation of these separate domains could result from a 
possible phase separation of SSC-rich domains due to the strong mutual interaction of 
the functionalized monomer molecules or polymer segments. 
j 
Conclusions 

During many years of practical use ISEC has proved to be a valuable tool for 
characterization of the morphology of a wide spectrum of various materials. As with 
any indirect porosimetric method, it depends on modeling the complicated natural 
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morphology using a simple geometrical concept which makes it possible to define a 
clear relationship between the measured elution volumes and the structure of the 
materials studied. Experience with this model, which is based on a set of discrete pore 
fractions using either the cylindrical or Ogston model pore geometry, shows that this 
approach is a viable concept. It is simple enough to be easily applicable and yet 
sufficiently flexible to be used for the description of materials with complex 
morphology such as swollen macroreticular polymers. The credibility of the ISEC-
derived information was confirmed by successful correlation with results from various 
independent methods. 
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Chapter 13 

Characteristics of Modern Media for Aqueous 
Size Exclusion Chromatography 

Lars Hagel 

Pharmacia Biotech AB, S-75182 Uppsala, Sweden 

Important characteristics of media for size exclusion chromatography 
include particle size, pore volume, sorptive properties and matrix 
rigidity. However, the single most decisive parameter is the 
optimization of the selectivity to cope with the demands of high 
resolution separations. Whereas traditionally media are manufactured 
to encompass a broad separation range we now see a focus to a few 
key applications. These include a renewed interest in separation of 
smaller macromolecules, e.g. peptides and protein fragments and in 
dedicated separations such as monoclonal antibodies from growth 
media additives. The increase in selectivity may be obtained by selective 
grafting of polymers to reduce accessibility of pores to a small size 
range of solutes and in principle mimic the functionality of a single pore 
size support. The properties of such a medium designed for aqueous 
size exclusion chromatography, Superdex, is reviewed to elucidate the 
effect of important characteristics. 

By definition, aqueous size exclusion chromatography is carried out using a porous 
support. The molecules are separated due to the varying degrees of steric exclusion 
from the pore volume as caused by different molecular sizes of the solutes. This will 
result in the molecules being eluted from the column in order of decreasing size. 
Furthermore, the separation will only take place over an elution volume corresponding 
to the pore volume. Thus, the effective separating volume in aqueous size exclusion is 
small as compared to adsorptive techniques (i.e. solutes will ideally only be eluted 
within one column volume). In preparative purifications this limitation is generally of 
little importance since the desired separation is achieved through employing a ge)l 
medium with a suitable selectivity. Also for analytical applications where one 
component is of major interest it is often possible to find a gel of matching selectivity. 
However, the analysis of broad molar mass distributions may demand a wide 
separation range to encompass the whole distribution and this may be obtained by 

0097-6156/96/0635-0225$16.00/0 
© 1996 American Chemical Society 
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226 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

using a material of a large separation range or combination of several materials of 
different (but overlapping) separation ranges. It is also important to realize that 
chromatographic purification of peptides and proteins in most cases involves a 
combination of several techniques of complementary functional properties. 

Many designations have been used for characterizing the separation of 
molecules according to size (7-5). Gel filtration and gel permeation have gained 
acceptance for describing the application in respectively aqueous and non-aqueous 
media, however, the general principle of employing porous media for separation of 
solutes according to molecular size is now called size exclusion chromatography 
(SEC). 

Gel filtration, i.e. aqueous size exclusion chromatography has been utilized for 
more than thirty five years for separation of macromolecules according to size. The 
technique has proven to be an important complementary tool in purification schemes 
for proteins and peptides. This may mainly be attributed to gel filtration being a very 
gentle separation technique, thus preserving biological activity and yielding high 
recovery of sensitive proteins on gels consisting of natural polymers. Furthermore, the 
feature of separating reaction mixtures and solute aggregates , solely due to 
differences in solvated size of components has positioned aqueous size exclusion as a 
valuable tool for initial as well as final purifications. 

Preparative gel filtration is useful as an initial step in the purification scheme 
for a quick clean up of crude samples to remove contaminants, reaction products or 
uncleaved protein, as an intermediate step for sample conditioning or partial 
purification or late in the purification process for final polishing or final product 
formulation. 

During the last few years a trend towards using bench systems for small scale 
purification have been noticed. This is among other things due to the fact that the 
demand for material in subsequent steps (e.g. microanalysis, sequencing, PCR etc.) has 
been reduced but also that the interest in purifying very small sample volumes has 
increased, especially for studies of body fluids. The reliability and reproducibility of the 
performance of analytical systems have also made it possible to prepare sufficient 
amount of material through multiple cycle processing. However, the need for 
frequent column cleaning to ensure product integrity may cause multiple cycle small-
scale fractionations to be an unfavorable strategy for purifying large amounts of 
sample for other purposes than laboratory or diagnostic use. 

Development of media for size exclusion chromatography has been directed 
towards synthesis of gels with narrow pore size distributions to yield high resolving 
power and small particle sizes to yield efficient separations at high speed. However, 
since many parameters are interrelated, several factors must be considered when 
choosing a size exclusion column. The basic framework for understanding the theory 
behind the separation process in size exclusion has been established and this may be 
explored for optimization of size exclusion separations, though, as discussed below, 
there are still some fundamental issues, to be resolved. 
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13. HAGEL Characteristics of Modern Media for Aqueous SEC 227 

Important Parameters for Size Exclusion Chromatography 

Important inherent properties of materials for aqueous size exclusion are pore volume, 
selectivity and particle size which together with molecular characteristics such as 
molecular size and diffusivity and experimental parameters such as flow rate, column 
dimensions, sample volume and temperature will influence the separation result (i.e. 
resolvability, peak capacity, reproducibility and recovery). Different optimizations of 
the parameters are found for analytical and preparative separations. In some cases also 
non-size-exclusion effects are needed to take into consideration. 

Matrix Characteristics. The selectivity of SEC, i.e. the ability to resolve molecules 
of similar size can, in the ideal case, not be regulated by adjusting the composition of 
the mobile phase (e.g. as for ion-exchange or reversed phase chromatography). 
Instead, it is the inherent physical characteristics of the matrix that will have a decisive 
influence on the separation in SEC. 

Pore Volume. Since, in ideal SEC, no change in enthalpy takes place, the 
distribution coefficient will only depend upon the change in entropy as molecules 
diffuse from the extraparticle to the intraparticle space. The distribution coefficient is, 
macroscopically, a measure of the relative pore volume that is sterically accessible to 
the solute which yields the following expression for the retention (elution) volume, 
V R , in SEC 

where V 0 is the void volume of the column and Vp is the pore volume of the bed and 
K D is the distribution coefficient of the solute. The void volume, or dead volume, in 
SEC is equal to the interstitial volume occupied by liquid between the gel beads in the 
packed bed. From equation 1 it can be concluded that elution of solutes only takes 
place over the retention volume window given by V R = V 0 (i.e. K D=0) and V R =V 0 +Vp 
(i.e. K D=1) in ideal SEC. Thus, due to the limited separation volume the number of 
peaks that may be resolved by SEC is small as compared to ion exchange or reversed 
phase chromatography and a high pore volume is an important inherent parameter of a 
material for size exclusion chromatography. 

Selectivity. The selectivity is a function of the pore size distribution of the gel 
medium. This means that the retention in SEC may not be adjusted by changing the 
composition of the mobile phase as long as this change does not influence solute size 
or pore dimensions. The relative retention may be expressed by dK D /dR, the 
differential change in distribution coefficient , K D , for a change in solute radius, R. 
Thus, the larger the absolute value of the selectivity, the further apart will the solutes 
be separated. The selectivity curve, i.e. a plot of the distribution coefficient versus 
solute size, (as opposed to the calibration curve where the retention volume or the 
distribution coefficient is the independent variable) will have a sigmoid shape with an 
approximately linear center region if K T J is plotted versus logR. The maximal 
selectivity of a SEC material is given by the slope of the linear part and has been 
calculated to be (lnl0)/2 assuming spherical solutes separated on a single-pore-size 
support of cylindrical pore shape (4). This yields the following relationship for the 
selectivity 
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Distribution coefficient 

Figure 1. Selectivity curve of a standard size exclusion medium. Gel medium: 
Sephacryl S-300 ( · ) . Column dimensions: 50x1.6 cm I.D. Sample: Dextran 
fractions (Pharmacosmos, Box 29, DK 4130, Viby, Denmark). Viscosity radius 
calculated according to Ref. 4 from Rη= 0.271·ΜΓ°·498 j n e line represents the 
theoretical selectivity of a hypothetical support of monomodal distribution of 
cylindrical pore size having a slope of -(lnl0)/2 (4) . 
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dKD ^lnlO 
«1.15 (2) 

dlogR 2 

In practice, a very high selective media may separate rougly a decade in 
molecular size (4). Figure 1 illustrates the selectivity curve of a typical size exclusion 
medium as compared to the theoretical limit. It may be noted that a high selectivity is 
accompanied by a small separation range (i.e. the range of molecular size the medium 
will separate). Therefore analysis of samples of broad molecular mass distributions are 
preferentially carried out on a wide pore size distribution medium or a combination of 
columns packed with materials of different but overlapping pore size distributions. 

Particle Size. A small particle size will result in a low zone broadening of 
macromolecules, predominantly due to the small diffusion distances. The zone 
broadening of macromolecules may be related to the particle diameter, dp, by the plate 
height, H , from the van Deemter equation (cf. equation 4) where axial dispersion (i.e. 
the B-term) may be ignored due to the low diffusivities at the eluent velocities 
commonly used in SEC of macromolecules and the relationship H=L/(V R /a) 2 which 
yields 

where wj, is the base width of the peak (i.e. 4σ for a Gaussian peak), L is the bed 
height, λ is a geometrical factor of order unity, V Q / V R is the ratio of zone velocity to 
mobile phase velocity, u is the eluent velocity, D s is the diffusion coefficient of the 
solute in the pores of the matrix (which due to hindered diffusion may be as low as 5-
20% of the free diffusion (3)). For small solutes the diffusion coefficient may be 
substantially large to reduce the effect from multiple path dispersion which necessitates 
the expansion of the first term to include this coupling and at low velocities axial 
dispersion may also contribute to zone broadening (cf. equation 4 and Figure 4). 
However, as seen from equation 3 the peak width of macromolecules is, especially at 
high eluent velocities, approximately proportional to the particle size which indicates 
the relative importance of using small particle sized media to get high resolution in 
SEC The increase in column back-pressure, the need to decrease the pore fraction to 
increase the mechanical stability by adding backbone matrix, the difficulty of packing 
media of very small particle size and the shear effects on elongated solutes at high 
interstitial velocities are some factors which cause the lower limit for particle size of 
SEC media to be between 2 μπι and 5 μπι (5,6). It may also, in this connection, be 
noticed that increased zone dispersion from coupling column in series will probably be 
more serious for media of small particle size than for media of large particle size. 

(3) 
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Distribution coefficient 
1 

0.8 

0.6 

0.4 

0.2 + 

3.5 

• Proteins 

• Dextran 
α DNA fragments 

4.5 5 5.5 
Logtmolecular mass) 

6.5 

Figure 2. Distribution coefficient as function of molecular mass for solutes of 
different shape. Gel medium: Superose 6. Column dimensions: 30x1 cm I D . 
Sample: (•) Globular proteins, representing compact spheroids; 
( · ) Dextran fractions, representing flexible coils; ( ) D N A restriction fragments, 
representing rod-shaped molecules. Data for restriction fragments and proteins 
calculated from Ref. 8 by courtesy of Torgny Lââs, Pharmacia. 
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Solute Characteristics. The important properties of the solutes are molecular size 
which regulates the elution volume and the diffusion coefficient which will influence 
the zone broadening and thus the peak width. 

Molecular Size. The relationship between the molecular size and the 
molecular weight is dependent upon the shape of the molecule. Thus, the radius of 
gyration of a molecule varies with molecular mass according to R oc M r

1 / 3 for a 
compact sphere, R oc M r

1 / 2 for a flexible coil, and R oc M r for a rigid rod (9). This 
results in that the plots of distribution coefficient versus logarithm of molecular mass 
will differ substantially between solutes of different shape as illustrated by Figure 2. 
This leads to that the resolvability of e.g. DNA-fragments of intermediate length is 
larger than that of globular proteins of similar molecular masses. The Figure also 
demonstrates one of the shortcomings of using a calibration curve for evaluating solute 
size of unknown solutes in analytical SEC. Thus, unless the shape of the molecule is 
very close to that of the reference samples erroneous conclusions about the solute size 
will apparently be made. It has also been noted that the shape of solutes may vary as a 
function of molecular mass. Thus, the size of double stranded D N A of M r less than ca. 
13,000 has a rigid and globular shape, fragments of M r ca. 70,000 should be regarded 
as rods and fragments with M r larger than 700,000 forms random coils (10). The 
concept of universal calibration may be applicable to molecular shapes of flexible-coils 
and spheroids (77). However, this approach is not valid for all types of solutes, e.g. 
the elution of rod-shaped molecules differ from that predicted by universal calibration 
(72). This problem may be circumvented by employing the SEC column for separation 
of the solutes to be pure enough to allow an accurate size-determination of solutes in 
the effluent. Information about molecular mass or molecular shape may be done by 
sampling the effluent and a subsequent of-line size or mass determination or on-line by 
using mass-spectrometry, light scattering instruments, differential viscosity detectors 
etc. (13-15). The techniques mentioned yields complementary information, i.e. 
molecular mass, weight average molecular mass, radius of gyration, conformation, 
branching etc. and it is therefore advantageous to use them in series. Using on-line 
detectors also put lower requirements on the system, i.e. sorptive effects, flow rate 
variation and moderate column zone broadening will have no effect on the result. 

Molecular Diffusivity. The molecular diffusivity is inversely proportional to 
the molecular radius and the solvent viscosity, and proportional to the temperature. 
Furthermore, the actual diffusion coefficient of solutes within the bead may, especially 
for large solutes, be only a fraction of the free diffusion. As seen from equation 3 (and 
equation 4) the diffusion coefficient will affect the zone broadening of the solute. 
However, the effect is rather small due to the large contribution from the Α-term (cf. 
Figure 4) except at very low or very high velocities. Therefore, the zone broadening of 
solutes varies only slightly as can be seen from Figure 3. The negative effect of 
decreasing the molecular diffusivity seems to be partly compensated for by the 
decrease in retention volume of solutes of larger size (and thus low diffusion 
coefficient) except for very large solutes. 

Running the separation at high temperature reduces the viscosity and thus 
yields an increase in diffusion coefficients of the solutes which may be utilized to 
increase the resolution or decrease the analysis time for macromolecules. Again, this 
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Peak width (ml) 

10 τ 
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4 

2 

0 
40 50 60 70 80 90 100 110 120 130 

Elution volume (ml) 

Figure 3. Peak width as a function of elution volume. Gel medium: Superose 6 
prep grade. Column dimensions: 70x1.6 cm I.D. Solutes: thyroglobulin, ferritin, 
catalase, γ-globulin, BSA, ovalbumin and myoglobin. (•) Peak widths as 
calculated according to equation 3 with data from Figure 5 in Ref. 16. 
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strategy may not be applied to SEC of low molecular weight solutes for which an 
increased diffusivity may result in increased zone broadening due to axial dispersion 
(cf. Figure 4a). On the other hand, when performing SEC at reduced temperatures, 
e.g. for the analysis of temperature sensitive solutes, the increased viscosity has to be 
taken into consideration when choosing the experimental conditions (i.e. the flow rate 
may need to be reduced to maintain the resolution). Thus, employing a matrix yielding 
a minimum of hindered diffusion (i.e. low tortuosity factors, large pore size) and a low 
retention time will be favorable to keep the influence from molecular diffusion as low 
as possible. However, the last two requirements are contradictory and accordingly an 
optimum in resolution is found at an intermediate retention volume corresponding to a 
distribution coefficient around 0.2 to 0.4 (3). 

Experimental Parameters. The conditions that may be used to influence the 
separation result are the velocity of the mobile phase which will affect the peak width, 
the sample volume which under certain circumstances also will affect the peak width 
and finally the composition of the mobile phase to suppress solute-matrix interactions. 

Flow Rate. The effect from the flow rate on zone broadening may be 
illustrated by the variation of the plate height according to the van Deemter equation 
as applied to SEC (5,7 7,18) 

β 
H*A + — +Cu*2'Àd1 

0 . 6 - D _ + Z > . | ^ - - l Κ , , 2 

V A V r ) - - i l (4) 
u p u 3 0 D , 

The zone broadening is at low eluent velocities dominated by axial diffusion 
(the B-term) and at high eluent velocities mainly affected by the non-equilibrium term 
(the C-term), see Figure 4. At intermediate velocities a minimum plate height, which is 
proportional to the particle size of the medium is achieved (for well-packed columns 
this is close to 2 times the particle size).The position of the minimum is proportional to 
the ratio between solute diffusivity and particle size. Therefore, size exclusion of 
slowly diffusing solutes using particles of large size needs to be performed at low 
eluent velocity for optimal resolution (Figure 4b) whereas size exclusion of small 
solutes using particles of small size needs to be performed at high eluent velocities for 
low zone broadening (Figure 4a). The minimum is obtained at 4 to 6 times the 
quotient D^/dp (which corresponds to a nominal flow velocity, cm/h, of 5 to 7 times 
D m /dp , cm^/s/μηι). 

As noted above, the Α-term is not constant when solutes of high diffusivity are 
run (77). It may also be mentioned that a number of equations has been proposed for 
calculating zone broadening in liquid chromatography. However, a review of these 
showed that the van Deemter equation may be employed with confidence (19). 

For media of large pore size and small particle size convective transport has 
been reported, even though the actual flow through the particle is negligible (20). In 
this case the van Deemter plot may be expected to yield an overestimate of the plate 
height at high eluent velocity. 
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Figure 4. Influence of flow rate on zone broadening for large and small solutes. 
Gel medium: Superose 6 prep grade. Column dimensions: 70x1.6 cm I.D. 
Sample: a) cytosine; b) myoglobin. Dots represent experimental data and solid 
lines the theoretical contributions from the different terms in the van Deemter 
equation (equation 4). Reprinted from Ref. 3 with permission by V C H Publishers 
© (1989). 
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Sample Volume. The width of the injected sample plug will contribute to the 
peak width according to (27) 

2 
injector 

'peak 

1 + 
V • 

y T injector J 

(5) 

injector 

Ν 

where K ^ ^ f is a constant for the injection device used (a value of 5 was found for 
an ordinary laboratory valve injector) and approaches 12 for a square wave plug 
injection (27). From equation 5 it is seen that the influence of the sample volume is 
reduced by keeping the injected volume, V i n j e c t o r low as compared to the elution 
volume and also, keeping the plate number, N , low. This, perhaps surprising result, is 
due to that a column having a high plate number yields narrow peak widths which are 
more affected by a small increase in injected volume than broad peaks from a column 
of low plate count (of course, the peak width will in most cases be smaller on a high 
plate number column except when the injected volume totally dominates the peak 
width, e.g. as in desalting). These guidelines are illustrated in Figure 5 showing the 
influence of sample volumes on zone broadening, expressed as reduced plate height 
H/dp, for columns of various efficiencies and bed volumes. The conclusion drawn is 
that in analytical size exclusion, where the peak width is to be kept at a minimum to 
yield high resolution, the sample volume should generally not exceed 0.1% of the bed 
volume for columns having plate counts around 20,000. If the contribution from other 
parts of the system, e.g. connectors, tubings etc. are not insignificant then effects of 
the injected volume will first be noticed at higher volumes! 

For preparative applications the maximum applicable volume will be a 
compromise between the cycle time (i.e. zone broadening due to non-equilibrium 
effects at high solvent velocity) and the number of cycles (i.e. zone broadening due to 
large sample volumes) in order to process a given volume within a given time (22). 
The effect of increasing the bed diameter to allow for application of larger sample 
volumes without sacrificing the resolution is also illustrated in Figure 5. 

Non-size-exclusion Effects. Since the exposed surface of the solute, as well 
as of the gel matrix, may contain lipophilic, hydrophilic, and ionic groups, interactions 
between solutes and gel media are not uncommon. This may result in the solute being 
eluted earlier (e.g., as for ion-exclusion) or later (e.g., as for ionic or hydrophobic 
adsorption) than expected from the size of the solute. Fortunately, since the 
composition of the mobile phase may be chosen within wide limits the possibility to 
reduce or eliminate interaction phenomena in SEC is quite large. 

From the many suggestions found in literature regarding suppression of solute-
matrix interactions it may be concluded that it seems as though each solute-solvent-
matrix system is unique which prevents a generally valid suggestion of mobile phase 
composition. As many solutes and matrix surfaces posses both ionic and hydrophobic 
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sites the optimum composition of the mobile phase will have to balance the different 
effects (viz. the influence of the electric double layer and Van der Waals forces) to a 
net zero effect. Solute-matrix interactions may be explained by applying the theory of 
potential barrier chromatography, as recently demonstrated for proteins of different 
hydrophobicity and surface charge (25). Hydrophobic solutes were preferentially 
chromatographed at a pH exceeding the isoelectric point and with a mobile phase 
containing 0.1 M sodium chloride to balance hydrophobic interaction and ion-
exclusion effects. Solutes of intermediate hydrophobicity were chromatographed at 
higher ionic strength, 0.1 M sodium phosphate at a pH exceeding the pK a of the 
cationic groups on the matrix to prevent ion-exchange interaction. Addition of an 
organic modifier will cause a decrease of Van der Waals interactions. However, this 
approach may not result in pure size exclusion but in a quasi equilibrium state where 
the net effects on the retention are zero. Thus, a recent work illustrated that even 
though the mobile phase (i.e. 0.1% TFA, 0.12 M phosphate and 10% methanol) was 
optimized to yield good relationship between size and elution volume of a large 
number of model peptides, the experimental conditions did not yield separation 
according to molecular volume of peptides from casein hydrolysate (24). 

Since size exclusion is an entropy driven process, any large variation in 
retention due to temperature changes may be attributed to interaction phenomena, 
unless the conformation of the solute is extremely temperature sensitive. 

Deviation of a solute from a straight line calibration curve is not necessarily an 
indication of solute-matrix interactions. Since the separation is based on solute size, 
solutes of varying shape but of same molecular weight will elute at different retention 
volumes, as illustrated in Figure 2. The influence of protein and peptide shape may be 
eliminated by running the separation under denaturing conditions (e.g. using 8M urea 
or 6 M guanidine hydrochloride) which also will prevent reassociation of peptide 
fragments. 

Separation Result. The separation capability of a medium may be quantified by the 
resolvability, i.e. the smallest difference in molecular size that the medium is able to 
completely separate, or the number of peaks that hypothetically may be resolved, i.e. 
the peak capacity. 

Resolvability of SEC. The resolution in size exclusion chromatography, R s , is 
given by (3) 

where b is the slope of the selectivity curve, K D and H are respectively the average 
distribution coefficient and plate height, and L is the bed height (equation 6 may, by 
setting (VR-Vt)/Vt=k' be shown to be analogous with the resolution equation used in 
e.g. reversed phase chromatography). Thus, the resolution increases with increasing 

ρ 

(6) 
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slope, pore volume and bed height and with decreasing void volume, distribution 
coefficient (though there is an optimum value of K D as discussed above) and plate 
height. The plate height is in turn affected by solute diffusivity, particle size and 
solvent velocity as stated in equation 4. Utilizing gel media of high selectivity, large 
pore volume and long bed height may yield a resolution exceeding 1.5. This may be 
exploited to reduce the separation time by increasing the flow rate (or decreasing the 
column length). As an example, the increase in selectivity when going from a 
conventional gel filtration medium (e.g. Sepharose) to a medium of maximum 
selectivity (e.g. as indicated in Figure 1) may permit a doubling of the resolution or, in 
theory, reduce the separation time by a factor of four by increasing the flow rate 
(provided the third term in equation 4 is dominating) or decreasing the column length 
by this factor. 

The maximum theoretical resolvability of SEC may be calculated from 
equations 4 and 6 and is illustrated for some different experimental conditions in 
Figure 6. It is shown that it would be possible to completely resolve (i.e. Rs=1.5) 
spherical solutes differing 30% in molecular mass and rod-shaped molecules differing 
10% in molecular mass using a column having a plate count of 100,000 (7). If the 
difference in molecular mass is smaller than this, SEC is obviously not a suitable 
separation technique. 

Peak Capacity. The experimental parameters that affect the resolution are; 
selectivity, particle size, pore volume, column length and eluent velocity, provided the 
column is efficiently packed. The interplay of some of these parameters is illustrated by 
the equation for peak capacity, i.e. the number of peaks the column can resolve, which 
may be regarded as a measure of the analytical capability of the column (26) 

where n ^ is the number of peaks resolved with the resolution factor R s and N m a x is 
the maximum plate count of the column. The equation is a modification of the 
equation given by Giddings and takes into account the fact that in size exclusion of 
macromolecules the peak width (cf. Figure 3) and not the plate count, as originally 
proposed, is roughly constant over the separation range (27). It may be noted that the 
simplification of Giddings equation sometimes used, i.e. ηι #η=1+0.2·Ν 1 / 2 yields 
unrealistically high values for peak capacities, even considering the lower resolution 
factor specified. A maximum peak capacity of size exclusion chromatography around 
16 may be expected (26). This figure, albeit smaller than that for adsorptive 
techniques, is competitive compared with other size-separating techniques. For 
instance, the peak capacity of field flow fractionation was reported to be 15 at a 
resolution factor of unity, which corresponds to 10 at a resolution factor of 1.5 (28). 
The differences in peak capacity between traditional SEC columns and micro-
particulate media designed for analytical SEC is very small which is due to the fact that 
the latter columns are short and generally has low pore fraction. However, since the 
influence of the solvent velocity on the plate height is not as detrimental for particles 

rtf: 
4 « , 

max 

(7) 
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Reduced plate height 

I 1 1 1 ι 
0 1 2 3 4 

Sample volume (ml) 

Figure 5. Influence of sample volume on zone broadening. Gel medium and 
column dimensions: ( · ) Superose 6, 50x1 cm ID. , N=20,000; (•) Superose 6 
prep grade, 53x1 cm I.D., N=7,000; (A) Superose 6 prep grade, 51x1.6 cm ID . , 
N=7,000. Sample: Cytidine. Reproduced with permission from Ref. 21 . © 1985 
Elsevier. 

Molecular mass ratio 

1.00 A 1 1 1 1 1 I 1 1 1 I 
10000 28000 46000 64000 82000 100000 

Plate count 

Figure 6. Influence of solute shape and matrix pore volume on the resolvability 
of SEC. Theoretical calculation of smallest molecular mass ratio of solutes that 
may be completely resolved, i.e. Rs=1.5, with size exclusion chromatography 
columns of various plate counts and permeabilities, V p / V 0 . Conditions: (a) 
spherical molecules, V p /V o =0.78; (b) spherical molecules, Vp/V 0=2.23; (c) 
random coil molecules, Vp/V 0=2.23; (d) rod shaped molecules, Vp/V 0=2.23. 
Reproduced with permission from Ref. 25 . © 1995 Academic Press. 
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of smaller size as for traditional media fast analysis may be carried without too much 
loss in peak capacity as shown in Figure 7. 

Evaluation of the Properties of Novel Media for Size Exclusion Chromatography 

From the theoretical part it may be concluded that a high selectivity and a separation 
range being tailor made for the specific application, high efficiency to permit fast 
analysis and a large pore volume to allow large sample load are important 
characteristics of modern media for aqueous size exclusion chromatography. 

The properties of a new family of media, designed for high resolution aqueous 
size exclusion chromatography of small and medium size biomolecules was evaluated 
with respect to theoretical attainable functional performance. The media, Superdex, is 
a composite material where dextran is covalently bound to the backbone of cross-
linked agarose and the molecular mass and amount of dextran incorporated was 
adjusted to yield the desired selectivities (29). Data for this type of medium is given in 
Table I. The experimental evaluation was performed on FPLC system, and all 
materials used were from Pharmacia Biotech, Uppsala, Sweden unless otherwise 
stated. 

Pore Volume and Pore Size. The pore volume of Superdex is reduced as 
compared to the base matrix (see Table I). The permeability, V p / V 0 , is typically 2.3 
for the base matrix of Superdex prep grade and 1.8 for the base matrix of Superdex. 
The reduction in pore fraction is due to the matrix added in order to attain the desired 
selectivity (cf. Figure 9). Thus, it seems as though the manufacturer has prioritized 
selectivity over the pore volume. The pore fraction is still within reasonably high levels 
as compared with media of comparable selectivities, e.g. porous silica microspheres 
having a permeability, V p / V 0 , of 0.8 (3). 

The apparent pore dimensions of the gel may be estimated by comparing the 
selectivity curve with that of a hypothetical media. In this case, the selectivity curve of 
a media having cylindrical pores of a uniform size of 60 Â radius was calculated (4). 
The procedure in Ref. 4 assumes that the viscosity radius of dextran may be used as a 
measure of the radius of an equivalent hard sphere which is supported by the co-
elution of dextran and globular proteins of identical viscosity radius (30J,12). The 
result is shown in Figure 8 together with experimental data for Superdex 75. The 
figure indicates, as expected from separation characteristics, that the functional pore 
dimension sensed by the molecules is very uniform. The slight deviation from the 
calculated selectivity curve, especially at very small solute size reflects the difficulty of 
finding a molecule for determination of the total liquid-volume, a molecule which 
should not occupy any space itself! It may be noticed that we found that using glucose 
as a marker for total liquid volume an apparent selectivity curve which corresponds to 
a cylindrical pore radius of 64 Â is obtained, in good agreement with that roughly 4 Â 
of the radius will be occupied by glucose itself! 

Selectivity. The selectivity is very close to the theoretical maximum for a 
hypothetical cylindrical pore shape support, i.e. (lnl0)/2 (Ref. 4). This is illustrated in 
Figure 9 which also shows the impact of the derivatisation of the base matrix for 
producing Superdex 200. The selectivity change is caused by covalently attaching 
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0 10 20 30 40 50 
Nominal flow velocity (cm/h) 

Figure 7. Peak capacity of size exclusion columns. Theoretical calculation of 
number of peaks completely resolved, i.e. Rs=1.5, by columns of various particle 
size, column length and permeability. Conditions: (a) dp=4 μπι, L=25 cm, 
V p /V o =0.78; (b) dp=10 μπι, L=30 cm, Vp/Vo=1.30; (c) dp=60 μπι, L=60 cm, 
Vp/V o=2.20; (d) dp=100 μm, L=100 cm, V p /V 0 =2.25. Reproduced with 
permission from Ref. 26 . © 1992 Elsevier. 

Distribution coefficient 

1 τ 

0.8 + 

0.6 + 

0.4 + 

0.2 

0.1 

• Experimental 

• Calculated, 60 Â 

0.5 0.9 1.3 
log(R) 

1.7 2.1 

Figure 8. Selectivity curve of a high resolution medium as compared to a 
hypothetical single-pore size support. Gel medium: Superdex 75. Column 
dimensions: 30x1 cm I D . Sample: (•) Dextran fractions (Pharmacosmos). 
(•) K D calculated for a hypothetical support having pores of 60 Â radius. 
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Distribution coefficient 

Figure 9. Influence of dextran grafting on selectivity of Superdex. Gel medium: 
Superdex 200 ( · ) , and agarose base matrix (•). Column dimensions: 30x1 cm 
I.D. Sample: Superdex 200: dextran fractions (Pharmacosmos, Box 29, D K 
4130, Viby, Denmark). Agarose: broad dextran fraction (Pharmacia, Uppsala), 
procedure as described elsewhere (7). Viscosity radius calculated according to 
Ref. 4 from Rη= 0 .271 ·Μ Γ

0 · 4 9 8 . The line ln(10)/2 represents the theoretical 
selectivity of a hypothetical support of monomodal distribution of cylindrical 
pore size (4). Data for Superdex 200 used by courtesy of Torvald Andersson, 
Pharmacia. 
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dextran to the agarose skeleton (29). This will reduce the conformational entropy of 
the solutes entering the porous network and thus decrease the distribution coefficient, 
and as seen from Figure 9 the effect is more pronounced for solutes of increasing 
molecular size. The selectivity of Superdex Peptide may be of special interest since this 
gel separates in the very low molecular weight range. The separation range of this gel 
is shown in Figure 10 illustrating that separation of oligopeptides differing only one 
amino acid in length may be obtained. 

Particle Size. The particle size of Superdex varies between 13 μπι and 34 μπι 
(Table I) which probably is a compromise between highest attainable resolution, 
matrix rigidity and lowest possible matrix volume of the highly cross-linked agarose 
used as base matrix. The particle size of the bulk media is suitable for self-packed 
columns of larger dimensions (i.e. to accommodate larger sample volumes). For high 
speed analysis a particle size in the range of 3 μπι to 5 μπι would have been desirable, 
provided other characteristics could have been kept constant. However, a decrease in 
particle size is generally accompanied by a decrease in pore volume. For Superdex, the 
high selectivity and the comparatively large pore fraction may yield an excessive 
resolution that can be exploited to decrease the separation time, either by employing a 
shorter column or increasing the flow rate as exemplified in the theoretical section.. 

Molecular Size and Shape. The evaluation of molecular size from a 
calibrated column requires that the column is calibrated with proper reference 
substances and that solute-matrix interactions are absent. In many cases these 
conditions can be met and there are numerous examples given in literature where 
solute size has been successfully determined by SEC. However, with the development 
of on-line size detectors for SEC the possibility of using a high resolution column for 
separation and an on-line detector for characterization has rapidly been adopted. 
Particularly, the advancement in liquid interface of mass spectrometers leading to that 
the flow rates commonly used in liquid chromatography are now compatible with on
line mass spectrometry detection. One example was given by Nylander and co-workers 
who identified cleavage products of neuropeptides by electrospray ionization mass 
spectrometry connected to a high performance SEC column, Superdex Peptide, 
3.2x300 mm, (31). They concluded that the extremely stable flow rate of the system 
used (SMART, Pharmacia Biotech, Uppsala, Sweden) was advantageous for the 
connection to the mass spectrometer (Finnigan M A T 95Q, Finnigan M A T , Bremen, 
Germany). A suspected interaction of amastatin and the gel matrix did not interfere 
with conclusions drawn since no assumption about column calibration was made. They 
pointed out the benefit of using high resolution SEC to achieve correct assignment of 
ions of similar mass-to-charge ratio that otherwise were treated as one component by 
the mass spectrometry software. The system was also applied for purification of β-
amyloid peptide fragments which are extremely hydrophobic and could not be eluted 
from reversed phase chromatography (37). 

Molecular Diffusivity. The influence of matrix properties on molecular 
diffusivity is yet not understood in detail, except that the degree of hindered diffusion 
increases as the size of the solute and the size of the openings in the size exclusion 
matrix approaches each other. However, since data for hindered diffusion presented 
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214 
0.15 τ 

0.1 

0.05 

substance Ρ 
Mr 1 348 

aprotinin 
Mr 6 500 

cytochrome C 
Mr 12 400 Glfc (n-6-3-1) 

Mr 75 

10 
Retention 

Figure 10. Separation of natural peptide standards on Superdex Peptide. 
Column dimensions: 30x1 cm I.D. Sample: Mixture of reference substances as 
indicated in the figure. Reproduced with permission from Ref 42 (presented at 
ISPPP'94, Heidelberg, Germany, November 2-4, 1994). © 1995 Pharmacia 
Biotech AB. 

0.009-j 
1 1 1 . 1 1 

6 8 10 12 14 (min) 

Figure 11. Analytical size-exclusion chromatography for determination of 
aggregates in preparations of recombinant human growth hormone (rhGH). 
Gel medium: Superdex 75. Column dimensions: 30x1 cm I.D. Sample: 50 μΐ 
rhGH. Reproduced by courtesy of B. Pavlu, Kabi-Pharmacia Peptide Hormones 
and H. Lundstrom, Pharmacia from Ref. 7 with permission. © 1993 Elsevier. 
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hitherto, are rather disparate and seems to be related to the solutes and matrices 
studied it may be concluded that gel structure probably has an impact on hindered 
diffusion (32-39, 20). Data reported indicates that differences between different 
matrices are of a factor 2 to 3. 

A feature of small macromolecules such as peptides is their high diffusivity as 
compared to proteins. This permits rapid separations at higher eluent velocity and also 
that the zone broadening of molecules eluting near the void volume is not as excessive 
as noticed for proteins. This is shown in Figure 10 where the zone broadening of 
cytochrome C is of the same magnitude as for glycine. 

Matrix Interaction. The growing interest in size exclusion of peptides have 
promoted gel manufacturers to also develop media suitable for this type of solutes. 
However, as discussed above, the variety of structural features of peptides and the 
fact that the relative surface area of the molecules is large as compared to that of 
proteins, interaction phenomena with other surfaces, matrices or solutes, may be 
expected to be more common with this class of substances. Therefore few gels 
possessing pure size exclusion behavior will probably be seen. Therefore, researchers 
will from time to time find it necessary to add modifiers to the mobile phase to mask 
interactions. Unfortunately, due to the different origins of the interactions, it is not 
likely that mobile phase conditions may successfully be transferred between gel 
systems of different chemical nature without adjustments. Chromatography of 
synthetic peptides of varying size, charge, and hydrophobicity may be used to monitor 
interactions at different conditions (40). 

Resolvability. The resolvability of an optimal media for size exclusion 
chromatography should allow for a complete separation of globular proteins differing a 
factor of two in molecular mass (cf. Figure 6). This is exemplified in Figure 11 where 
the dimer of recombinant human growth hormone is completely separated from the 
monomer using Superdex 75. Furthermore, as noted, the separation was not affected 
by the addition of organic modifiers to the mobile phase, indicating that no solute-
matrix interactions was present (Lundstrôm, H . Pharmacia, personal communication, 
1992). 

An example of qualitative analysis of SEC was given by Soregan and 
coworkers who showed the different degree of aggregation of amyloid β peptides 
found in brain, a 42 residue β peptide, and in cerebrovasculum, a 40 residue β peptide 
(41). By selecting a gel where the aggregates were eluted in the void volume and the 
native form being eluted at an intermediate distribution coefficient a very favorable 
separation situation was created and this may have been used to further decrease the 
analysis time if necessary, see Figure 12. The column was calibrated and the apparent 
molecular mass of the second peak , i.e. 8-9 kDa, suggested that it represents a 
dimeric species in agreement with earlier results (41). 

Peak Capacity. The peak capacity of an analytical SEC column should, 
preferentially, exceed 10. The separation of natural peptide and protein standards oh 
Superdex Peptide is illustrative of the capability of modern media, from Figure 10 the 
peak capacity may be estimated to roughly 10 which may be expected to be the upper 
limit for a 13 μπι media at 20 cm/h (cf. Figure 7). Also, the separation range, down 
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Figure 12. Determination of aggregation of amyloid β peptides from different 
sources by SEC. Gel medium: Superdex 75. Column dimensions: 30x1 cm I.D. 
Samples: β1-42, 42 residue β peptide found in brain and β1-40, 40 residue β 
peptide found in cerebrovasculum. Note that the chromatograms for the two 
runs are superimposed! Reproduced from Ref. 41 with permission. © 1994 The 
American Society for Biochemistry and Molecular Biology. 
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into the low molecular mass range makes this gel very suitable for separation of low 
molecular mass nucleotides, carbohydrates in addition to peptides and protein 
fragments for which suitable high performance SEC columns have been missing (40). 

Conclusions 

The performance of media for SEC is a compromise between speed (i.e. amount of 
data or substance per unit time) and resolution (i.e. quality of data or purity of 
product). Modern media address these issues through high selectivity, large pore 
volume and favorable efficiency, also extending the separation range to low molecular 
mass biomolecules, while yielding optimal values of peak capacities, e.g 10 to 13 
peaks, and resolvability, e.g. separating protein monomer from dimer. 
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Chapter 14 

Review of Critical Conditions of Adsorption 
and Limiting Conditions of Solubility in the 

Liquid Chromatography of Macromolecules 

D. Hunkeler1, M. Janco2, and D. Berek2 

1Department of Chemical Engineering, Vanderbilt University, 
Nashville, TN 37235 

2Polymer Institute, Slovak Academy of Sciences, 
84 236 Bratislava, Slovakia 

The development of critical conditions of adsorption and limiting 
conditions of solubility of macromolecules are reviewed. These two 
related methodologies, which both involve the combination of entropic 
and enthalpic polymer-sorbent-mobile phase interactions, are contrasted. 
The unique separation mechanisms and area of applicability are also 
discussed. A summary of the systems for which critical conditions and 
limiting conditions have been observed is presented along with 
examples of some historical and key results. The limitations of these 
methodologies is also discussed. This brief review chapter concludes 
with a list of some unresolved problems and some possible future 
research directions. 

This chapter presents an introduction and concise review of two similar liquid 
chromatographic techniques which combine interactive and size exclusion separations 
of macromolecules. Critical conditions of adsorption (LCCC), as so named by 
Belenkii in his pioneering works in this area [1,2] , involve the combination of 
exclusion (SEC) and adsorption (LAC) mechanisms. By appropriately balancing the 
adsorption of macromolecules on the column packing and their exclusion from the 
packing pores the critical conditions are reached at which the retention volume is 
independent of the molar mass of solutes, i.e. macromolecules of different molar 
masses elute at the same retention volume roughly equal to the volume of eluent within 
the column. 

The extent of adsorption of macromolecules can be controlled by the 
composition of appropriate mixed mobile phases and alternatively by temperature or 
even pressure within the liquid chromatographic system. For critical conditions of 
adsorption the interactions between the polymer chain with the mobile and stationary 
phases control the elution. Therefore, the type of adsorbent utilized and its surface 
characteristics have significant effects on the separation characteristics. As we shall 
discuss, this permits the separation of macromolecules according to non-steric 
properties. The method has so far been limited to molar masses of approximately 
100,000 daltons. 

0097-6156/%/0635-0250$15.00/0 
© 1996 American Chemical Society 
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14. HUNKELER ET AL. Critical Conditions of Adsorption 251 

Hunkeler, Macko and Berek [3] attempted to modify the critical condition 
approach and sought a binary mobile phase where small changes in the composition 
had a significant effect on the thermodynamic quality of the solvent. Initially, the 
toluene-methanol system was investigated since the Mark-Houwink exponent is very 
sensitive to the level of methanol for polystyrene-toluene. The aim of the limiting 
condition work was to attempt to extend the molecular weight range where retention 
was independent of the size of macromolecules, particularly to high polymers so that 
the method could be applied to commercially relevant systems. The limiting condition 
approach of Hunkeler, Macko, Berek and later Janco [4,5] involved the exclusion of a 
polymer in a mobile phase which was indeed a non-solvent for the polymer probe. To 
accomplish this the polymer needed to be injected in a thermodynamically good solvent. 
For example, polystyrene was injected in toluene for the methanol-toluene system. The 
resulting mechanism, which will be detailed later in this chapter, is the combination of 
size exclusion, precipitation and possibly also liquid adsorption chromatography, with 
the result that the polymer elutes just on the 'limit1 of its solubility. These so named 
limiting conditions of solubility are not as sensitive to the mobile phase composition as 
they are for critical conditions of adsorption. They have, however, been identified for a 
variety of macromolecules for molar masses up to several hundred thousand daltons. 
For limiting conditions, the interaction between the polymer chain and molecules of 
mobile phase influences the retention of the solute. However, the chemical nature of 
the column packing surface does not seem to play an important role in the mechanism. 

It needs to be mentioned that the liquid chromatography under limiting 
conditions of solubility is a fairly recent development. Therefore, this review, while 
comprehensive, is somewhat limited in scope. Furthermore, extensive reviews on 
critical conditions are under preparation [6] and this chapter is not intended to duplicate 
such efforts. Rather, it is presented as an introduction to provoke some further basic 
and applied research in the combination of size exclusion and interactive mechanisms of 
chromatography. Both the critical and limiting conditions are potentially very powerful 
tools. If either method is to proceed significantly it will require the cooperation of 
synthesis and application chemists with those involved in the analytical methods 
development. The prospects for such techniques could be enormous since they 
basically involve the application of an inexpensive, and isocratic, liquid 
chromatography methodology to characterizations which would normally be limited to 
much more elaborate equipment. Alternatively, they have the potential to provide data 
that cannot be obtained by conventional methods, at all. One of the ultimate goals of 
either of these methods is the application to various types of polymer blends or 
copolymers. The evaluation of such potential is one of the likely directions for further 
research in the immediate future. 

Discussion 

Liqu id Chromatography of Macromolecules under Cri t ical Conditions of 
Adsorption. Belenkii and Gankina [1,2] first observed critical conditions by varying 
the eluent composition in a mixture of three solvents. Their experiments involved the 
size exclusion chromatography of polystyrene on silica gel in a thin layer 
chromatography arrangement. Through small adjustments to the eluent composition, a 
mobile phase was identified where the retention volume of a polymer was independent 
of its molar mass. Indeed, the polymeric retention volumes were as high as observed 
for inert low molecular weight substances. Belenkii and Gankina called these 
conditions 'critical' and postulated that under such an arrangement the macromolecules 
were 'invisible' to the gel. In this way the gel seemed to be totally permeable, 
independent of its pore size. Later, Tennikov found a similar effect in a column liquid 
chromatography arrangement [7] and noted that the critical conditions were highly 
temperature sensitive. Nefedov and Zhmakina have added that the critical composition 
of the eluent, for a given polymer and column packing, may also depend on the 
pressure within the system [8]. By comparison, Hunkeler, Macko and Berek [4] 
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showed that limiting conditions were unaffected by large changes in the operating 
pressure of a liquid chromatograph. 

Belenkii and Gankina [1,2] proposed that at the critical eluent composition the 
total free energy of the process which takes places around the gel is zero due to a 
balancing of entropie (exclusion) and energetic (adsorption) effects. This is somewhat 
unexpected since both the entropie and enthalpic terms change with the molecular 
weight of the polymer in a different manner, as is illustrated by the schematic in Figure 
1. To achieve a molar mass independent elution therefore requires the two effects to 
have an identical molecular weight dependence. This would certainly not be expected 
based on a priori knowledge, however, the elucidation of critical conditions is well 
documented in several polymer-binary eluent-stationary phase systems (Table I). This 
includes the separation of linear and cyclic oligomers and polymers with molar masses 
up to 100,000 daltons. The upper molecular weight limit may well be caused by the 
rapid increase in the extent of adsorption with chain length. 

Applications of Critical Conditions of Adsorption. Liquid 
chromatography under critical conditions of adsorption have been used for 
determination of functionality type distribution of oligomers [9], for separation of 
oligomers [10] and polymers [11] according to their topology, for separation of 
polymer blends [12] and our latest results indicate that L C C C can be used for polymer 
separation according to their tacticity [13]. Critical conditions are attractive for the 
chromatography of copolymers. If the stationary phase does not 'see' one part of the 
copolymer molecule the second Visible' portion can be separated as if it were in 
isolation and its molar mass (M) and molar mass distribution (MWD) can be determined 
[14-17]. Skvortsov and Gorbunov [18] have noted that it is necessary for the 
'invisible' portion of the chain to be a free end. This statement has not been disproved 
experimentally and thus far critical conditions have been limited to the characterization 
of the central block of triblock copolymers. It is generally believed that the critical 
condition concept cannot be used for the central block of a triblock copolymer or for 
random copolymers, although further investigations are proceeding. 

Liquid Chromatography of Macromolecules under Limiting Conditions 
of Solubility. The so-named 'limiting conditions of solubility1 are accomplished by 
employing an eluent which is a weak non-solvent, for the polymer probe, while the 
sample is dissolved in a thermodynamically good solvent. The mobile phases so far 
employed have been binary or ternary mixtures which, at the temperatures used for the 
measurement, consist of a thermodynamically good solvent and a non-solvent. In this 
case, homopolymers with different molecular weights elute from the chromatographic 
column at the same retention volume which is roughly equal to the volume of liquid in 
column. That is, under limiting conditions of solubility there is no separation according 
to molar mass, as is also the case for critical conditions of adsorption. This permits the 
method to be applied to separations based on other properties of the given polymer, as 
will be discussed later. 

The following mechanism is believed to cause the limiting condition 
phenomena: at low levels of non-solvent, such as methanol in toluene or water in 
tetrahydrofuran for the polystyrene or polymethylmethacrylate systems, the calibration 
curves shift slightly to lower retention volumes due to the suppression of adsorption 
and a reduced effective pore size of the column packing. The accumulation of non-
solvent in the sorbent pores may lead partitioning effects which reduce the retention 
volume in the pores of the column packing [19]. At higher quantities of non-solvent, in 
the vicinity of the theta-composition (e.g. 76.9 vol% of toluene for polystyrene in 
toluene-methanol at 25 °C [20], or 35.7 vol% of toluene for polymethylmethacrylate in 
toluene-methanol at 26.2 °C [21]) the thermodynamic quality of the solvent is strongly 
reduced. Mixtures containing more methanol are non-solvents for polystyrenes. If 
such a mixture is used as an SEC eluent and the injected polymer is dissolved in a good 
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Figure 1: Schematic of calibration curves obtained from size exclusion 
chromatography (SEC), liquid adsorption chromatography (LAC), liquid 
chromatography under critical conditions of adsorption (LCCC) and liquid 
chromatography under limiting conditions of solubility (LCLC). 

solvent (e.g. toluene), the macromolecules move together with the zone of their initial 
solvent. If macromolecules move faster due to exclusion processes they encounter the 
non-solvent and precipitate. They then redissolve as the injection zone (good solvent) 
reaches the precipitated polymer. This 'microgradient1 process of precipitation-
redissolution occurs many times throughout the column with the polymer eluting just in 
the front part of the solvent zone (Figure 2). As a consequence, the macromolecules 
move with a velocity similar to the velocity of the solvent zone and elute at the 'limit' of 
their solubility, hence the nomenclature limiting conditions. The reversibility of the 
polymer precipitation in limiting conditions is an essential component in the separation 
mechanism, as will be discussed later in this review. Because the polymer elutes very 
close to the solvent peak, mass specific detectors such as those based on evaporative 
light scattering, are preferable to DRI detectors in the operation of L C L C . Table II lists 
the limiting conditions which have been reported to date for various polymer-eluent 
combinations. 

The primary differences between 'Limiting Conditions of Solubility' and 
'Critical Conditions of Adsorption1 are summarized in Table III. 

Applicat ions of Limi t ing Conditions of Solubili ty. A limiting 
condition based method for the characterization of the molecular weight distribution 
(MWD) of one component of a binary polymer blend has been developed where both 
polymers co-elute. In this technique a polymer mixture is dissolved in a good solvent 
for both constituents and is injected into an eluent which is a weak non-solvent for one 
component of the blend while it is a solvent for the other component. A typical 
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T A B L E I: Summary of Critical Conditions which have been Identified 
for Polymer-Stationary Phase-Mobile Phase Combinations 

Polymer Stationary Phase Mobile Phase 
(vol %/voI %) 

Investigator 
[Reference] 

Polystyrene Unmodified Silica 
Gel 

10 nm Pore Size 
5-10 μπι Particle 

Size 

Cyclohexane/ 
Benzene/Actone 

(40/16/2)* 

Belenkii, Gankina 
[1,2] 

Polystyrene Unmodified Silica 
Gel 

10 nm Pore Size 
63-90 μΐη Particle 

Size 

Chloroform/Tetra-
chloromethane 

(5.5/94.5) 

Tennikov, 
Nefedov, Lazareva, 

Frenkel 
[7] 

Polystyrene Macroporous Glass 
25-110 nm Pore 

Size 
25-32 μΐη Particle 

Size 

Chloroform/Tetra-
chloromethane 

(4.5/95.5) 

Nefedov, Zhmakina 
[8] 

OHgo( 1,3,6-
trioxanes) 

Ci8 Modified Silica 
Gel 

Acetonitrile/Water 
(49.5/50.5) 

Schulz, Much, 
Kruger, Wehrsted 

[11] 
Polymethyl
methacrylate 

Unmodified Silica 
Gel 

Nucleosil 
10 nm Pore Size 

Methylethylketone/ 
Cyclohexane 

(73/27) 

Pasch, Augenstein 
[12,15] 

Polymethyl
methacrylate 

Unmodified Silica 
Gel 

Lichrosphere 
30 + 100 nm Pore 

Size 

Methylethylketone/ 
Cyclohexane 

(70/30) 

Pasch, Brinkman, 
Gallot 

[12,14,15] 

Syndiotactic 
Polymethyl
methacrylate 

Unmodified Silica 
Gel 

12 nm Pore Size 

Tetrahydrofurane/n-
Hexane 

(83.2/16.8) 

Berek, Janco, 
Hatada 
[13] 

Polydecyl-
methacrylate 

C i 8 Modified Silica 
Gel 

30 + 100 nm Pore 
Size 

Chloroform/Ethanol 
(61/39) 

Pasch, Augenstein, 
Trathnigg 

[16] 

Polystyrene Ci8 Modified Silica 
Gel 

30 + 100 nm Pore 
Size 

Tetrahydrofurane/ 
Acetonitrile 

(49/51) 

Pasch, Gallot, 
Trathnigg 

[17] 

Polybutadiene 
Oligomers 

Unmodified Silica 
Gel 

100 Â Pore Size 

Hexane/Toluene 
(85/15) 

Gorshkov, 
Evreinov, Entelis 

[24,25] 
Polybutadiene 

Oligomers 
Unmodified Silica 

Gel 
100 Â Pore Size 

Hexane/Dichloro-
methane 
(76/24) 

Gorshkov, 
Evreinov, Entelis 

[24,25] 
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Table I. Continued 

Polymer Stationary Phase Mobile Phase 
(vol %/voI %) 

Investigator 
[Reference] 

Polybutadiene 
Oligomers 

Unmodified Silica 
Gel 

100 Â Pore Size 

Heptane/Methylethy 
1-ketone 

(99.5/0.5) 

Gorshkov, 
Evreinov, Entelis 

[24,25] 
Polysulfone 
Oligomers 

Unmodified Silica 
Gel 

60 À Pore Size 

Chloroform/Tetra-
chloromethane 

(53/47) 

Guryanova, Pavlov 
[18] 

Polycarbonate 
Oligomers 

Unmodified Silica 
Gel 

60 Â Pore Size 

ChloroformATetra-
chloromethane 

(30/70) 

Guryanova, Pavlov 
[26] 

Polybutylene-
terepthalate 
Oligomers 

Unmodified Silica 
Gel 

60 Â Pore Size 

Tetrahydrofuran/ 
Heptane 
(80/20) 

Guryanova, Pavlov 
[26] 

Polypropylene-
glycol 

Unmodified Silica 
Gel 

100 À Pore Size 

Methylethylketone/ 
Ethylacetate 

(5/95) 

Gorshkov, 
Evreinov, Entelis 

[27] 
Polyethyleneglycol Unmodified Silica 

Gel 
Methylethylketone/ 

Chloroform 
(35/65) 

Filatova, Gorshkov 
[28] 

Polyethyleneglycol Unmodified Silica 
Gel 

Methylethylketone/ 
Hexane 
(92/8) 

Filatova, Gorshkov 
[28] 

Polyethyleneglycol Unmodified Silica 
Gel 

Tetrahydrofuran/ 
Ethylacetate 

(7/93) 

Filatova, Gorshkov 
[28] 

Polyethyleneglycol Unmodified Silica 
Gel 

Methylethylketone/ 
Ethylacetate 

(27/73) 

Filatova, Gorshkov 
[28] 

Polydiethylene-
glycol adipate 

Unmodified Silica 
Gel 

100 Â Pore Size 

Hexane/ 
Methylethylketone 

(8/92) 

Gorshkov, 
Evreinov, Entelis 

[29] 
Polymethyl
methacrylate 

Unmodified Silica 
Gel 

300 A Pore Size 

Dichloromethane/ 
Acetonitrile 
(41.5/58.5) 

Zimina, Kever, 
Melenevskaya, Fell 

[30] 
Polybutyl-

methacrylate 
Unmodified Silica 

Gel 
300 A Pore Size 

Dichloromethane/ 
Acetonitrile 
(90.7/9.3) 

Zimina, Kever, 
Melenevskaya, 
Egonnik[31] 

Oligocarbonates Unmodified Silica 
Gel 

600 A Pore Size 

Chloroform/ 
Tetrachloromethane 

(17/83) 

Gorshov, 
Prudskova, 
Guryanova 

[32] 

* volume ratio 
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256 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

toulene injected, Rl detector 

polystyrene in toulene injected 
Rl detector 

polystyrene in toulene injected 
Evaporative light scattering detector 

Figure 2: The elution of the polymer and solvent in a limiting condition 
experiment using differential refractive index (Rl) and evaporative light 
scattering detectors 
(Reproduced from reference 4. Copyright 1993 American Chemical 
Society.) 
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T A B L E II: Summary of Limiting Conditions which have been Identified 
for Polymer-Stationary Phase-Mobile Phase Combinations 

Polymer Stationary Phase Mobile Phase 
(w %/w %) 

Investigator 
[Reference] 

Polystyrene Unmodified Silica 
Gel 

10 μπι Particles 
800 Â Pore Size 

Toluene/Methanol 
(68/32)* 

Hunkeler, Macko, 
Berek 
[3,4] 

Polystyrene Unmodified Silica 
Gel 

10 μπι Particles 
1000 A Pore Size 

Toluene/Methanol 
50/50 

Hunkeler, Janco, 
Guryanova, Berek 

[5] 

Polystyrene Unmodified Silica 
Gel 

10 μπι Particles 
1000 A Pore Size 

THF/Water 
(64/36) 

Hunkeler, Janco, 
Guryanova, Berek 

[5] 

Polystyrene Unmodified Silica 
Gel 

10 μπι Particles 
1000 A Pore Size 

THF/n-Hexane 
(50/50) 

Hunkeler, Janco, 
Berek 
[23] 

Polymethyl
methacrylate 

Unmodified Silica 
Gel 

10 μχη Particles 
800 A Pore Size 

Toluene/Methanol 
(27/73)* 

Hunkeler, Macko, 
Berek 
[3,4] 

Polymethyl
methacrylate 

Unmodified Silica 
Gel 

10 μηι Particles 
1000 A Pore Size 

Toluene/Methanol 
(20/80) 

Hunkeler, Janco, 
Guryanova, Berek 

[5] 

Polymethyl
methacrylate 

Unmodified Silica 
Gel 

10 μπι Particles 
1000 A Pore Size 

THF/Water 
(64/36) 

Hunkeler, Janco, 
Guryanova, Berek 

[5] 

Polymethyl
methacrylate 

Unmodified Silica 
Gel 

10 μΐη Particles 
1000 A Pore Size 

THF/n-Hexane 
(82/18) 

Hunkeler, Janco, 
Berek [23] 

Polyvinylacetate Unmodified Silica 
Gel 

10 μΐη Particles 
1000 A Pore Size 

THF/Water 
(64/36) 

Hunkeler, Janco, 
Berek [23] 

Polyvinylacetate Unmodified Silica 
Gel 

10 μπι Particles 
1000 A Pore Size 

THF/n-Hexane 
(80/20) 

Hunkeler, Janco, 
Berek 
[23] 

Syndiotactic 
Polymethyl
methacrylate 

Unmodified Silica 
Gel 

10 μΐη Particles 
500 A Pore Size 

THF/n-Hexane 
(75/25) 

Berek, Janco, 
Kitayama, Hatada 

[22] 

Syndiotactic 
Polymethyl 
methacrylate 

Unmodified Silica 
Gel 

10 μΐη Particles 
1000 A Pore Size 

THF/n-Hexane 
(82/18) 

Berek, Janco, 
Kitayama, Hatada 

[22] 

* vol %/vol % 
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258 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Table III: Comparison of the Limiting Conditions of Solubility and 
Critical Conditions of Adsorption 

Liquid Chromatography under 
"Limiting Conditions" of 

Solubility 
(LCLC) 

Liquid Chromatography under 
"Critical Conditions" of 

Adsorption 
(LCCC) 

Eluent is a liquid (usually a mixture of 
liquids) which is a nonsolvent for the 

analysed sample. 

Eluent is a liquid (usually a mixture of 
liquids) in which specific adsorption 

effects have a place. It can be a mixture 
of a solvent and nonsolvent for the 
sample, but in any case the resulting 
mixture is a solvent for the analyzed 

sample. 
The sample is disolved and injected into 
the chromatographic column in a pure 

solvent. 

The eluent is disolved as a sample in the 
mobile phase. 

The hydrodynamic volume of the polymer 
coil is changed. 

In the optimum case, the hydrodynamic 
volume of the polymer coil is not 

changed. 
The result is achieved through a 

'microgradient' precipitation-redissolution 
process occurring throughout the column. 

The result is achieved through a 
combination of exclusion and adsorption 

mechanisms. 

T A B L E IV: Characterization of a Blend of Polystyrene and 
Polymethylmethacrylate under SEC and Limiting Conditions 

Separation 
Mechan

ism 

Stationary 
and 

Mobile 
Phases 

Polymer 
System Mn 

(xlO-3) 
Mw 

(xlO-3) 
Mw/Mn 

SEC PL-Gel/ 
THF 

Polystyrene 348 432 1.24 

SEC SMOOO/ 
THF 

Polystyrene 345 429 1.24 

SEC SI-1000/ 
THF: 

Hexane 
82:18 vol% 

Polystyrene 346 424 1.23 

SEC SI-1000/ 
THF 

Polystyrene 
+ PMMA 

251 391 1.55 

LCLC SI-IOOO 
THF: 

Hexane 
82:18 vol% 

Polystyrene 
+ PMMA 

368 453 1.23 
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example is the separation of polystyrene (PS) from polymethylmethacrylate (PMMA) 
over bare silica gel using THF/n-hexane as the mobile phase (Figure 3). In this case, 
the PS elutes under a size exclusion mechanism with its MWD correctly estimated. The 
second polymer (PMMA) elutes at its limiting condition. Its molecular weight 
distribution can also be determined, if desired, with the addition of a second step, i.e. 
conventional SEC separation. This is demonstrated in Table IV. The first two rows of 
Table IV show the number and weight average molecular weights for a polystyrene 
characterized on two different columns using THF as an eluent. The third row 
demonstrates that the characterization of the same polystyrene can be carried out using a 
binary eluent over the silica gel sorbent without losing any accuracy in the molecular 
weight estimation. The fourth row illustrates the drastic overprediction of the molecular 
weight averages for PS due to the influence of the P M M A when the measurement is 
made in the SEC mode. By comparison, the elution of the P M M A does not influence 
the quantification of the polystyrene peak when the separation is carried out under its 
limiting condition of solubility, as is shown in the fifth row data of Table IV. The 
characterization of polymer blends has also been accomplished using L C L C with 
THF/water and toluene/methanol as mobile phases. These provided limiting conditions 
for PS while either P M M A or polyvinylacetate eluted in the SEC mode. 

Berek et al. have shown that under limiting conditions of solubility the tacticity 
of macromolecules can also be estimated [13]. 

Future Research Directions in L C C C and L C L C . Before critical or limiting 
conditions can be applied to important unresolved issues in polymer characterization, 
such as the simultaneous estimation of the composition and molar mass distribution of 
copolymers, significant research is required on the further elucidation of the separation 
mechanism, as well as the generalization of these phenomena. Therefore, while it 
would be advantageous to examine different combinations of stationary phases, mobile 
phases and macromolecules, particularly if such studies were carried out systematically, 
more sophisticated investigations are also warranted. For example, it would be 
beneficial to generalize the macromolecular, sorbent and mobile phase requirements for 
attaining either critical or limiting conditions. This might include the correlation of 
polymer, sorbent and solvent parameters with the occurrence of critical or limiting 

Figure 3: Characterization of a blend of polystyrene and polymethylmethacrylate 
under limiting conditions of solubility (THF/n-hexane, 82:18 vol%). A bare 
silica gel column with a 100 nm pore size was utilized for the experiments. The 
peak at lower retention volumes is the polystyrene which is eluted in the SEC 
mode. The P M M A peak elutes under limiting conditions and its molecular 
weight distribution is not resolved. 
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conditions. In particular, sorbent properties such as the pore size, pore volume, 
chemical nature of the surface as well as the preferential sorption of liquids on sorbents 
could be investigated. Macromolecular characteristics such as their size in good, poor 
and theta solvents, the preferential solvation of chains, as well as the polymer solubility 
in various eluents should be quantified on well defined uniform molecular weight 
standards. Mobile phase parameters could include the elution strength of the solvent. 
Additionally, the effect of temperature on limiting conditions remains to be elucidated. 
Another area of research could be the effect of the polymer concentration and sample 
volume injected into the chromatographic column on the elution of solute in L C L C . 

Critical and limiting conditions may also be evaluated as potential tools to 
quantify the branching distribution, to evaluate mixtures of linear and cyclic 
macromolecules, and to distinguish polymer tacticity. Additionally, the application of 
either method for the high temperature characterization of polyolefins has not yet been 
established. 

Literature Cited 

1. Belenkii, B.G., Gankina, E.S., Tennikov, M.B., Vilenchik, L.Z., Dokl. Akad. 
Nauk SSSR, 1976, 231,1147 and J. Chromatogr., 1978, 147,99. 
2. Belenkii, B.G., Gankina, E.S., J. Chromatogr., 1977, 141,13. 
3. Hunkeler, D. Macko, T. Berek, D., Polymeric Materials Science and Engineering, 
1991, 65,101. 
4. Hunkeler, D. Macko, T. Berek, D., in Chromatography of Polymers: 
Characterization by SEC and FFF, C7, Provder, T. Ed., ACS Books, Washington, 
DC, 1993. 
5. Hunkeler, D., Janco, M., Guryanova, V.V., Berek, D., in Chromatographic 
Characterization of Polymers, Provder, T., Barth, H., Urban, M., Eds., ACS Books, 
Washington, DC, 1995. 
6. Pasch, H. in preparation; Janco, M., Berek, D., in preparation. 
7. Tennikov, M.B., Nefedov, P., Lazareva, M., Frenkel, S.Ja.,Vysokomol. soedin., 
1977, A19,657. 
8. Nefedov, P.P., Zhmakina, T.P., Vysokomol. soedin., 1981, A23,276. 
9. Entelis, S.G., Evreinov, V.V., Gorshkov, A.V., Adv.Polym.Sci., 1987, 76,129. 
10. Gorshkov, A.V., Evreinov, V.V., Entelis, S.G., Dokl.Akad.Nauk SSSR, 1983, 
272, 632. 
11. Schulz, G., Much, H., Kruger, H., Wehrsted, G., J.Liq.Chromatogr., 1990, 13, 
1745. 
12. Pasch, H., Polymer, 1993, 34,4095. 
13. Berek, D., Janco, M. , Hatada, K., in preparation. 
14. Pasch, H., Brinkmann, C., Gallot, Y., Polymer, 1993, 34,4100. 
15. Pasch, H., Augenstien, M., Makromol. Chem., 1993, 194,2533. 
16. Pasch, H., Augenstien, M. , Trathnigg, B., Makromol. Chem.Phys., 1994, 
195,743. 
17. Pasch, H., Gallot, Y., Trathnigg, B., Polymer, 1993, 34,4986. 
18. ,Gorbunov, A.A., Skvortsov, A.M., Vysokomol. Soedin., 1988, A30,895. 
19. Spychaj, T., Berek, D., Polymer, 1979, 20,1108. 
20. Rossi, C., Bianchi. U., Bianchi, E., Makromol. Chem., 1960, 41,31. 
21. Chinai, S.N., Valles, R.J., J.Polym.Sci., 1959, 39, 363. 
22. Berek, D., Janco, M., Kitayama, T., Hatada, K., Polym. Bull., 1994, 32, 629. 
23. Hunkeler, D. Janco, M . , Berek, D., Symposium on Size Exclusion 
Chromatography, Analytical Division, ACS Meeting, San Diego, CA, April 2-7, 1995. 
24. Gorshkov, A.V., Evreinov, V.V., Entelis, S.G., Zh.fiz.khim., 1985, 59, 1475. 
25. Gorshkov, A.V., Evreinov, V.V., Entelis, S.G., Zh.fiz.khim., 1985, 59, 2847. 
26. Guryanova, V.V. Pavlov, A.V., J.Chromatogr., 1986, 365,197. 
27. Gorshkov, A.V., Evreinov, V.V., Entelis, S.G., Zh.fiz.khim., 1988, 62, 490. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

01
4

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



14. HUNKELER ET AL. Critical Conditions of Adsorption 261 

28. Filatova, N.N., Gorshkov, A.V., Vysokomol. soedin., 1980, A30,953. 
29. Gorshkov, A.V., Evreinov, V.V., Entelis, S.G., Zh.fiz.khim., 1985, 59, 958. 
30. Zimina, T.M., Kever, J.J., Melenevskaya, E.Yu., Fell, A.F., J.Chromatogr., 
1992, 593,233. 
31. Zimina, T.M., Kever, J.J., Melenevskaya, E.Yu., Egonnik, V.N., Belenkii, 
B.G., Vysokomol. soedin., 1991, A33, 1349. 
32. Gorshkov, A.V., Prudskova, T.N., Guryanova, V.V., Eveinov, V.V., Polymer 
Bulletin, 1986, 15, 465. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

01
4

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Chapter 15 

Compositional Heterogeneity 
of Poly(vinyl alcohol): Characterization 
by Liquid Chromatography Techniques 

Elizabeth Meehan1, Simon P. Reid1,2, Frank P. Warner1, 
Michael Patterson2, and John V. Dawkins2,3 

1Polymer Laboratories Limited, Essex Road, Church Stretton, 
Shropshire SY6 6AX, United Kingdom 

2Department of Chemistry, Loughborough University of Technology, 
Loughborough, Leicestershire LE11 3TU, United Kingdom 

Samples of partially hydrolysed poly(vinyl alcohol) PVOH may 
contain several heterogeneities requiring the development of 
chromatographic techniques for characterization. Size exclusion 
separations have been carried out using a number of aqueous eluents, 
incorporating electrolyte, or electrolyte/organic modifier, or surfactant. 
The most favourable molecular size separation was obtained using 
0.25% w/v sodium lauryl sulfate as eluent. Compositional 
distributions for water-based polymers can be assessed using high
-performance liquid chromatography employing a reversed-phase 
column. For PVOH, gradient elution with water/tetrahydrofuran with 
a wide pore polystyrene-based packing produced separations 
dependent on degree of hydrolysis and sequence length distribution. 
The elution results were verified with a column packed with non
-porous beads. Partially hydrolysed PVOH samples appeared to have a 
broad distribution of composition. 

Size exclusion chromatography (SEC) is well established as a technique for determining 
the molar mass distribution (MMD) of homopolymers. Heterogeneous copolymers 
contain distributions in both molar mass M and copolymer composition. Copolymer 
characterization based on SEC is often performed with on-line selective concentration 
detectors (1.2). For heterogeneous copolymers this SEC-based method is only capable 
of producing average composition data across a chromatogram, because copolymer 
chains having the same molecular size in solution will have variations in molar mass and 
composition (3.4). 

Off-line light scattering has been developed to determine data for M and 
compositional heterogeneity for copolymers (5-8). The parameters used to quantify the 
compositional heterogeneity of a copolymer sample, as determined from light scattering 
data, represent the effect of M on compositional heterogeneity, and overall 
compositional drift. Therefore, addition of on-line low-angle laser light scattering 
detection to an SEC system with dual concentration detection can permit for some types 
of copolymers the calculation of compositional heterogeneity at each elution volume 
together with overall heterogeneity parameters (9.10). 
3Corresponding author 

0097-6156/96/0635-0262$15.00/0 
© 1996 American Chemical Society 
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When copolymers contain composition heterogeneities, some type of cross-
fractionation procedure, involving separating by composition fractions previously 
separated by size (or vice versa), can be attempted, but the experimental work involving 
transfers between techniques is quite time-consuming. In orthogonal chromatography, 
on-line transfer can be automated and Balke et al (11-14) demonstrated copolymer 
separations with two chromatographic systems in which copolymer is separated first by 
SEC and second by non-exclusion mechanisms. This procedure which may be termed 
coupled column chromatography (CCC) has been investigated further in order to 
demonstrate how non-exclusion separations dependent on copolymer composition in the 
second column can be influenced by choice of polymer-based stationary phase and by 
the liquid components in the mobile phase (15.16). 

A major aim of our continuing program on chromatographic techniques is to 
develop a methodology for separations of water-based copolymers according to 
composition with a polymer-based stationary phase. Such an objective would suggest 
studies of high performance liquid chromatography (HPLC) with aqueous eluents for 
more polar polymers with for example a crosslinked polystyrene-based packing, 
indicating a reversed-phase separation. A range of partially hydrolysed samples of 
polyvinyl alcohol) (PVOH) which is normally produced by hydrolysis of polyvinyl 
acetate) (PVAC) with an acid or a base catalyst was chosen for these investigations. 
Products with levels of hydrolysis above 70% are water soluble and have many useful 
applications (17). Characterization of partially hydrolysed PVOH may be regarded as a 
copolymer problem with heterogeneities in molecular weight M and composition (VOH 
content). An important extension of this work in the longer term is to perform an 
orthogonal, or two dimensional, experiment by coupling SEC with HPLC for partially 
hydrolysed PVOH, but as yet it is unclear whether CCC should operate by SEC-HPLC 
or HPLC-SEC. 

Aqueous SEC because of the nature of the analytical columns available and the 
polymer systems under investigation demands modification of the aqueous eluent in 
order to minimise secondary interaction effects whilst ensuring full dissolution of the 
sample (18). Aqueous SEC studies on PVOH have been reported (19), but it is 
apparent that the variation in properties associated with degree of hydrolysis render the 
interpretation of data difficult. If partially hydrolysed PVOH is to be characterized by 
aqueous SEC, the eluent employed needs to be such that there is no secondary effect on 
the size of the polymer in solution or on the retention mechanism on the column. 

HPLC methods for PVOH can be developed from observations on adsorption of 
PVOH onto polystyrene latex for which adsorption has been shown to increase with a 
decrease in the solvency of the medium, water being a better solvent as the degree of 
hydrolysis increases (20). This suggests that HPLC by a reversed-phase mechanism on 
columns packed with polystyrene beads may lead to a separation of PVOH based on 
V A C content. Gradient elution, where the solvent composition is gradually changed, 
will facilitate separation of multicomponent samples by HPLC. 

The aim in this paper is to report independent studies of separations of PVOH by 
SEC and HPLC. The work on SEC is directed towards the effect of changing the 
constitution of the mobile phase on the elution characteristics of partially hydrolysed 
PVOH. For HPLC a separation method suitable for the analysis of PVOH covering a 
wide range of V A C content is required. Results from these independent studies will 
permit consideration in the future on how to couple the two chromatographic systems. 

Experimental 

A range of PVOH samples was derived from a single source of P V A C by alcoholysis in 
a methanol/methyl acetate medium using an alkaline catalyst to produce blocky polymer 
and an acid catalyst to produce random polymer (17). The average degree of hydrolysis 
was determined by a titration method (17) and the blockiness factor was determined by 
1 3 C - N M R spectroscopy (21). 
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Sample solutions for chromatography were prepared by stirring an accurately 
weighed sample of polymer in eluent (SEC) or water (HPLC) and heating to 90°C for 
dissolution. 

SEC analysis was carried out using a system comprising a model 64 pump, a 
model 98 refractive index detector (both Knauer, Germany) and a model 7125 injection 
valve (Rheodyne, USA). The first columns used (two in series) were polymeric based, 
with a particle size of 8μτη and an exclusion limit based on poly(ethylene oxide) of 
200,000 (PL aquagel-OH 40, 300 χ 7.5 mm, Polymer Laboratories, UK). Further 
analysis used the same type of packing but with a higher exclusion limit of 1,000,000 
(PL aquagel-OH 50, 300 χ 7.5 mm). An eluent flow rate of lOmL/rnin was used and 
samples were analyzed in various eluent systems with an injection volume of 200|jL and 
sample concentration of 0.5% w/v. The eluent modifiers NaN03, methanol, sodium 
lauryl sulfate (Fisons, UK) required no further treatment and were used as supplied. 

HPLC analysis was carried out using a gradient system comprising two model 
64 pumps controlled by a model 50 HPLC programmer, a dynamic mixing chamber 
(Knauer, Germany), a model 7125 injection valve (Rheodyne, USA), and a model PL-
E M D 950 evaporative mass detector (Polymer Laboratories, UK). The column used 
was a polymeric-based reversed-phase packing of polystyrene/divinylbenzene 
(PS/DVB) with a particle size of 8μηι and a pore size designation of 4000Â (PLRP-S 
4000Â 8μηι 50 χ 4.6mm, Polymer Laboratories, UK). Further studies employed an 
experimental column of the same dimensions packed with non-porous PS/DVB particles 
of the same diameter. An eluent flow rate of l.OmL/min was used throughout and 
samples were analyzed at room temperature using a linear gradient of water and 
tetrahydrofuran (THF) with an injection volume of 50-1000pL and sample 
concentrations of 0.2-0.5% w/v. HPLC grade water (Rathburn, UK) and HPLC grade 
THF (Fisons, UK) were used throughout. The mass detector was operated at an 
evaporation temperature of 90-100°C using compressed air as nebulizer gas at a flow 
rate of 12-14I7min. 

Results and Discussion 

Polyvinyl alcohol). The two series of model PVOH polymers were derived by 
hydrolysis from a single source of PVAC, with blocky or random architectures 
dependent on the method of hydrolysis (17). In 1 3 C - N M R studies of PVOH when the 
methylene carbon is considered, the spectrum contains three peaks corresponding to the 
three possible chain sequences which can be used to calculate relative sequence lengths 
(21). Typically, alkaline hydrolysed samples with a degree of hydrolysis of 70% had a 
blockiness factor, n, of 0.4, which increased to 0.43 for a degree of hydrolysis of 80%. 
These results may be compared with acid hydrolysed samples with degrees of 
hydrolysis between 72 and 76%, having a value of η of 0.83. As values for η increase, 
the blockiness of the polymer decreases, (a perfectly random polymer would exhibit a 
value of n=l). These results confirmed that the alkaline hydrolysed samples were 
blocky and also the blockiness decreased with increasing degree of hydrolysis. 

Size Exclusion Chromatography. As the PVOH samples were all produced from a 
single source of PVAC, it was expected that the molecular size in solution of all the 
hydrolysed polymers would be similar, that is the SEC chromatograms would exhibit 
similar profiles. The first SEC eluent used was 0.05M NaN03 which had been reported 
in the literature as being suitable for a relatively high degree of hydrolysis PVOH (88% 
or greater) (22). Initial experiments were performed with alkaline hydrolysed PVOH 
covering the hydrolysis range 77.7% to 100. A general trend was observed, that as the 
degree of hydrolysis decreased the detector response decreased and the peak retention 
time increased. This type of behaviour could be caused by either adsorption of the 
polymer onto the column packing material or a decrease in molecular size or a change in 
polymer refractive index as the V A C content of a sample increased. In order to 
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investigate this further the eluent was modified to include a higher salt concentration 
(0.2M) and 20% by volume methanol. Previous studies (23) have indicated that the 
addition of this organic modifier is sufficient to suppress hydrophobic interactions for 
synthetic polymers. With this eluent modification chromatograms with improved 
consistency were obtained, presumably as a result of suppressed interaction or 
improved solubility, but there was still a gradual decrease in detector response as the 
degree of hydrolysis decreased. 

It has been suggested (24.25) that in aqueous solution sodium lauryl sulfate (SLS) 
binds readily with PVOH thus irihibiting intermolecular interactions resulting in 
dissociation of multimers which will reduce molecular size. If this were the case, then 
an eluent based on SLS may be useful since it will present the polymer molecules in an 
expanded form irrespective of degree of hydrolysis, and thus yield a separation based on 
true size in solution. However, SLS must be used at a level below its critical micelle 
concentration in order to avoid induced micellization. Initial SEC chromatograms for 
alkaline hydrolysed PVOH samples indicated similar elution patterns for all degrees of 
hydrolysis above 70%, but chromatograms for the PL aquagel-OH 40 columns 
exhibited peaks showing excluded chains. When the pore size was increased for the PL 
aquagel-OH 50 columns and the same eluent employed, all samples eluted with very 
similar profiles, see Figures 1 and 2, which suggested that a true size exclusion 
separation mechanism was taking place in the absence of secondary interaction effects. 

Determination of M M D from the chromatograms in Figures 1 and 2 must be 
determined carefully. Procedures based on molar mass calibrations should be attempted 
cautiously in view of the results on composition heterogeneity (see next section). 
Furthermore, application of a universal calibration approach may have to assess whether 
a blocky versus random chain architecture of V A C units may influence the dependence 
of chain size on M . Also it is possible that partially hydrolysed PVOH may contain 
long-chain branching dependent on the conditions of polymerization of V A C . A full 
characterization of some partially hydrolysed PVOH samples would therefore require an 
extensive programme of experiments to determine distributions in M , composition, 
sequence length and branching. 

High Performance Liquid Chromatography. Samples of PVOH were analysed using a 
PLRP-S 4000À 8μπι 50 χ 4.6mm column with gradient elution from 99% water/1% 
THF to 30% water/70% THF in 8 min. Typical HPLC chromatograms obtained for 
alkaline hydrolysed samples of different degrees of hydrolysis are shown in Figure 3. 
Fully hydrolysed PVOH always exhibited a relatively sharp early eluting peak, 
indicating limited interaction with the packing material. For samples of partially 
hydrolysed PVOH, broader and later eluting peaks were observed indicating stronger 
interactions at higher levels of V A C . 

Typical chromatograms for acid hydrolysed samples, shown in Figure 4, 
exhibited a similar trend to those for the alkaline samples. At lower degrees of 
hydrolysis, the increased V A C content enhanced interactions with the PS/DVB packing 
material at the start of the gradient (99% water/1% THF). Thus, a higher concentration 
of THF is required to release the samples resulting in increased elution time. A strong 
correlation was observed between elution time and degree of hydrolysis for both acid 
and alkaline hydrolysed samples. In general, the samples of alkaline hydrolysed 
(blocky) PVOH eluted later than the acid hydrolysed (random) samples for the same 
degree of hydrolysis. A more blocky distribution of acetate groups, that is a longer 
sequence length, presents a larger segment for column adsorption and requires 
correspondingly higher THF content to elute the sample. This difference is not 
observed at high degrees of hydrolysis, greater than 90%, where the sequence lengths in 
random and blocky samples are similar. 

As with the SEC experiments, it was desirable to ensure that the HPLC 
separations operated by a single mechanism. An HPLC column with very wide pores 
(designation 4000Â) was selected following consideration of the molecular size 
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/ \ 
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Figure 2. Effect of degree of hydrolysis on SEC chromatograms for acid 
hydrolysed (random) PVOH. Columns: 2 χ PL aquagel-OH 50, 8μ, 
300x7.5mm, eluent: 0.25% sodium lauryl sulfate. 1. 75.6%, 2. 84.6%, 3. 
93.9%, 4. 97.2%. 
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8 8 S 8 8 S 
<s rn »n « 

Figure 3. Effect of degree of hydrolysis on HPLC chromatograms for alkaline 
hydrolysed (blocky) PVOH. Column: PLRP-S, 4000Â, 8μ, 50x4.6mm, eluent 
A: 99% water / 1% THF, eluent B: 100% THF, gradient: 1 to 70% eluent Β in 5 
minutes. 1. 73.7%, 2. 83.6%, 3. 89.8%, 4. 100%. 
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Figure 4. Effect of degree of hydrolysis on HPLC chromatograms for acid 
hydrolysed (random) PVOH. Column: PLRP-S, 4000À, 8μ, 50x4.6mm, eluent 
A: 99% water / 1 % THF, eluent B: 100% THF, gradient: 1 to 70% eluent Β in 5 
minutes. 1. 75.6%, 2. 84.6%, 3. 93.9%, 4. 97.2%. 

information obtained by SEC. This wide-pore packing should not permit any separation 
based on a size exclusion mechanism although the possibility could not be overlooked. 
In order to investigate this further, an experimental column was packed with non-porous 
PS/DVB beads and the gradient elution analysis was repeated. Although retention times 
were shorter overall, due to the lower surface area for interaction compared to the 
porous beads, the trends in Figures 5 and 6 for the non-porous beads were similar to 
those reported for the wide-pore packing. A l l these results confirm that HPLC 
separations of partially hydrolysed PVOH are dependent on V A C content and sequence 
length distribution. 
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The PVOH samples studied were prepared by alcoholysis of P V A C in the 
presence of methanol/methyl acetate. However, it has been shown (26), that PVOH 
obtained by alcoholysis in the presence of methyl acetate exhibits a relatively wide 
distribution of degree of hydrolysis. This may explain the broad HPLC chromatograms 
observed for partially hydrolysed polymers in Figures 3 and 4, whereas, in the case of 
the fully hydrolysed sample, where no such compositional variation exists, the 
chromatogram was much narrower. 

Conclusion 

SEC analysis of PVOH covering a wide range of degrees of hydrolysis has proved to be 
difficult, but it has been found that 0.25% sodium lauryl sulfate as an aqueous SEC 
eluent results in chromatograms which appear to be consistent with a size exclusion 
mechanism. An HPLC method using gradient elution with water/THF has been 
developed for the separation of PVOH polymers based on degree of hydrolysis. These 
elution results were verified with a column packed with non-porous beads. The peaks 
observed for partially hydrolysed PVOH samples are relatively broad indicating a 
distribution of composition. Current work is directed to studies of CCC in order to 
determine the order of separation techniques. 
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Chapter 16 

Nonstandard Methods Based on Size 
Exclusion Chromatography Principles 

"Critical" Chromatography, High-Performance Membrane 
Chromatography, Thin-Layer Chromatography, 
and Microbore Size Exclusion Chromatography 

B. G. Belenkii, E. S. Gankina, G. E. Kasalainen, and M. B. Tennikov 

Institute for Analytical Instrumentation of Russian Academy of Sciences, 
26 Rijsky pr., 198103 Saint Petersburg, Russia 

For a long time chromatographic fractionation has been considered the most 
appropriate method for collection of narrow macromolecular fractions accor
ding to molecular weight (MW) and chemical structure. Very polydisperse po
lymers, consisting of macromolecules heterogeneous with respect to mass 
chemical structure require a high resolution method for high quality fractio
nation. For syntethic polymers a liquid chromatography is such a method 
(1,2), while for biopolymers gel electrophoresis or capillary electrophoresis in 
uncross-linked polymer solutions are the most suitable. 

The investigators have been trying to develop the theoretical concepts of 
chromatography of polymers which permit to determine the correlation of 
chromatographic parameters such as the retention volume, peak dispersion 
with polymer polydispersity parameters including molecular weight distribu
tion (MWD), the chemical structure, the compositional and functional group 
inhomogeneity. Development of conceptions of SEC such as the universal 
Benoit calibration, the modern theory of polymer adsorption chromatography 
on porous sorbents ("critical" chromatography) result in new possibilities for 
precise polymer fractionation. 

The technical development of macromolecular chromatography has pro
ceeded in following directions: two-dimensional fractionations according to 
several types of polydispersities; combination of chromatography with other 
fractionation methods (high- speed sedimentation, mass spectrometry): uti
lization of highly-informative chromatographic detectors such as Fourier tra
nsform infrared (FTÏR), low angle laser light scattering (LALLS). and multi-
angle laser light scattering (MALLS); preperation of SEC-column with linear 
weight range calibration dependencies, a micro-SEC-chromatography (3,4). 
The combination of SEC with MALLS-deteetor penults to solve the absolute 
MWD-determination problem (5). The matrix association light desorption 

0097-6156/96/0635-0274$23.25/0 
© 1996 American Chemical Society 
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16. BELENKII ET AL. Nonstandard Methods Based on SEC Principles 275 

ionization method (MALDI) permits us to directly determine all types of mac
romolecules from macromolecular population - polymers (6). So MALDI may 
solve the problem of the absolute determination of composition heterogeneity 
of copolymers and functionality of oligomers, which are now solved by "criti
cal" chromatography, although the latter is limited by oligomers and poly
mers with MW < 10 5 Da. 

Simultaneously two other analytical problems connected with the MWD 
of polymers have been solved: 
1. MWD-determination of giant-macromolecules (by increase of MW-sieving 
of S£C (7). employment of correlation laser spectroscopy (θ), hydrodynamic 
chromatography (9). and field flow fractionation (1)). 
2. Development of an express semi-quantitative inexpensive, yet highly 
informative method for determination of polymer polydispersity and purity 
using the thin-layer chromatography (TLC) has been developed (1,10). 

The success of high-performance analytical separation of biopolymers by 
gel electrophoresis is well known. This includes the complete separation of 
polypeptides of a mammalian cell lysate (MW > 12,000 Da) by 2-D gel-elect-
rophoresis (II), the separation of hemoglobins differing by one methylene-
group at MW - 66,000 Da (22), and the separation of more than 700 oligo-
and polynucleotides by HPCE. For synthetic polymers, for example, the 
complete separation of the polysterines of MW - 50 kDa with one, two , and 
without, carboxylic end groups by adsorption TLC is also possible (2). 

The preparative fractionation of polymers is much less successful, altho
ugh the demand for this is great. The higher the cost of polymers, the more 
important their separation according to chemical composition and MW. For 
successful preparative fractionation one has to solve a difficult problem of 
increasing the scale of the fractionation without losses in resolution. There 
are several ways of solving this problem: 
1. To move to fractionations with greater capacity and selectivity. For exa
mple, the use of adsorption chromatography instead of size exclusion chro
matography can be considered. 
2. To organize the separation process according to the definite parts of a 
polymer, while other groups are excluded from the separation, for example, 
by transferring them to "chromatographlcally invisible" ones using chroma
tography under "critical" conditions. 
3. To develop new hybrid high-performance separation methods. For exa
mple, high-performance membrane chromatography (HPMC) has been deve
loped by combining HPLC, with its high selectivity and efficiency, and Mem
brane Technology (MemTech), a cheap method with unlimited possibilities 
with respect to scaling up. 

This article presents a review of nonstandard SEC-methods for polymer 
analysis. These include micro-SEC and methods, which are based not only 
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Table I. Advantages of Microcolumn 3BC 

Ν Applications 

1. Decrease In the eluent 
consumption 

Analysis of MWD of polyamides 
using perfluorated alcohols 
and acids 

Decrease in the mass 
of polymeric analyte 

3. High performance columns 
with high quality sorbent 
packing ( a decrease in the 
effect of low diffusion 
coefficients for polymers 
and decrease in spreading 
caused by flow rate profile 

Determination of MW and MWD 
of biopolymers and synthetic 
polymers 
(investigation of new polymers) 

Analysis of the MWD of oligomers 
Precise analysis of polymer MWD 
Analysis of low- molecular-
weight additives to polymers 

4. The use of exotic eluents. 
precise sorbents and 
calibration standards 

5. Decrease in adsorption of 
polar polymers and proteins 
on the column walls and on 
the sorbent resulting from 
an increase in the ratio of 
the solute to sorbent masses 

6. High-speed separation Monitoring of polymerization 
and depolymerization 
Use in the second (isocratic) 
cascade of two-dimensional 
chromatography of 
macromolecules 

Physico-chemical investigations 
of new polymer solutions 

Trace analysis 
Precise analysis of high-
molecular-weight polymer 
fractions 

SOURCE: Adapted from ref. 4. 
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on the SEC-firactionation effect (genuine SEC), but also on the interaction of 
the analyte with the pore surface , such as the interactive (adsorption) chro
matography of polymers and oligomers ("critical" chromatography), thin-lay
er chromatography, and high-performance membrane chromatography. 

The authors of the present article have made the pioneering studies in 
these directions and take part in developing the above-listed chromatogra
phic methods and their practical applications. 

Mlcro-SEC chromatography of polymers 

The primary advantage of micro-LC is a decrease in the eluent sorbent, and 
sample requirements (13-1&. In fact special sorbents for size-exclusion 
chromatography (SEC) are expensive. Further, highly toxic solvents (perfluo-
rinated alcohols or acids) are often used for polymer analysis, and protein 
molecular weight determinations are difficult because large sample masses 
are not available. 

Therefore, the construction of a chromatograph for microcolumn size-
exclusion chromatography (MSEC) of polymers (micro- gel- chromatograph) 
is of considerable interest. A number of papers are dedicated to MSEC 
(17 -24). A flexible fused silica column for MSEC of oligomers was described 
first by D. Ishii and T. Takeuchi and by T. Takeuchi et al (25,26 ). Similar 
columns with inner diameters, dc, of 28 and 50 micrometers and lengths up 
to 90 cm (N = 90,000 plates) have also been used for MSEC of proteins (27). 
These advantages of MSEC are summarized in Table I. As is evident there 
is a uniqal field of application of MSEC to polymer MWD-analysis in which 
MSEC exhibits decisive advantages over SEC with conventional columns. 

However, the construction of a microcolumn gel chromatograph is very 
complex endeavor because a highly sensitive refiractometric detector with a 
cell volume less than 0.1 \iL should be used, and high reproducibility (0.1-
0. 3 %) of retention time for polymers with a distribution coefficient. kd . 
less than or equal to one should be ensured. There are some difficulties with 
high performance column preparations , calibration and information proces
sing for MSEC. In papers (3,4) the main problems of MSEC were considered: 
1. The achievement of retention volume reproducibility similar to that of gel 
chromatograph with conventional columns (cfc = 4-6 mm). 
2. The design of a refiractometric detector with a cell corresponding to a co
lumn diameter < 0.5 mm. 

The optimization of micro-LC has been described in the literature in 
great detail {13-16,28). However, the optimization of a syringe pump (only 
possible pump for micro-LC) is a relatively new problem and has not been 
considered sufficiently (3). The eluent delivery system works not only under 
conditions of constant elution rate, but also under transitional conditions 
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related to pressure changes In the pump chamber (ΔΡ which modifies the 
eluent volume when the pump is switched on and when troubles arise accor
ding to the compressibility factor β of the eluent). Moreover, the large pump 
chamber volume increases the time of the transitional process needed for 
stabilization of the eluent flow rate. These problems have been considered 
in (29). 

On the other hand, a large pump chamber and a small chromatographic 
column form a thermometer with great sensitivity to temperature changes, 
AT. This reaction is determined by thermal expansion, according to thermal 
expansion coefficient of the liquid, a. 

We can also define the requirements for the hydraulic system of the 
chromatograph with a syringe pump. The pressure , F, built up in the sy
ringe chamber and the flow rate, Q, of the eluent in the column are connec
ted by: 

9 = P/K (1) 

where Κ is hydraulic resistance of column. The transition time, τ, (to a new 
chromatographic regime after changing pressure) is: 

τ=νΡβΚ (2) 

where Vp is the pump chamber volume, β is the compressibility factor of 
the eluent. The liquid volume V in the pump with fluctuations in tempera
ture [AD and pressure {Aft is related to the volume of liquid, Vo, at the 
initial temperature as: 

V=Vo(l+aAT) (3) 

and at the initial pressure; 

V=Vo(l-flAP) (4) 

Hence, we have 

ΔΤ=-{β/α)ΔΡ (5) 

Since the related deviation in the retention time , AtR/tR. depends on pres
sure variations AP/P as follows: 

AtR/tR = AP/P (6) 
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we can obtain the desired dependence for ΔΤ. 

AT=-PJfl/a)S (7) 

where P^is the static pressure, and £ i s the predetermined value οΪΔίκ/ί^ 
The instability of eluent velocity is the main problem that should be sol

ved in the construction of a micro-gel chromatograph. The experimental de
pendence of the stabilization time τ (which is proportional to the logarithm 
of the disturbing factor amplitude .e.g. APf AT or AK) on the volume VP of 
the eluent delivery system is shown in Figure 1. It is clear that when 
Vp < 1 mL then at ΔΡ = 1 MPa we have τ = 2 min. In a real experiment when 
ΔΡ= OA MPa, a pump with Vp ̂  lmL ensures good reproducibility of tR 

(s?0.1%). 

Hence, the usage of microcolumns (dc < 1 mm) requires the volume of 
the eluent delivery system be minimized (Vp < 1 mL) and the system must 
be thermostatted at an amplitude ΔΤ< - Ρ„( α/β)δ. 

The other complicated problem of MSEC is the detection of the polymer 
solution - effluent from MSEC-column with an inner diameter < 0.5 mm. For 
precise polymer MWD determination it is necessary to use a detector with 
a minimal detectable refraction. An, of 3 χ 10~8 refractive index units, a dete
ctor cell volume of 0.1 mL. and a relative stability d(An)/An) < 0.5%. Exactly 
such a detector was designed for micro-gel-chromatograph on the basis of a 
polarizing interferometer with laser light source. The usage for MSEC of 
the goniometric (hollow prism) and Fresnel refractometers is impossible be
cause, for refractometers of these types, the cell has an unfavorable volume-
to-surface ratio. As a result the effect of surface cell contamination on the 
detector signal increases with a decrease in cell volume. As distinguished 
from the above detectors where the optical refraction effect takes place in a 
thin (approximately one light wavelength, λ) liquid layer near the wall 
where the liquid composition can differ from that in the bulk, in the interfe-
rometric detector the optical effect is determined by the bulk solution. Mo
reover, a goniometric cell contains poorly swept zones. 

A polarizing interferometer with biréfringent light beam splitting which 
has considerable advantages as compared both to the interferometers ope
rating in the visible light range and to other types of refractometers. The 
design of these refractometers is shown schematically in Figure 2. The high 
long-term stability (low drift) and low noise level (Figure 3) are due to a 
system of angular mirrors mounted on a glass ceramic monoblock and one 
planar-parallel caldte plate (10). The polarized light beams with equal inte
nsities pass through a half-wave plate (11), the sample and reference cells 
(12), and then are superimposed into one beam with the aid of the same cal-
cite plate. A&/4 compensating plate (13) is mounted directly on the mono-
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cnln 

Figure 1. Stabilization time rvs volume Vp of the eluent delivery system, 
Conditions: 300 mm χ 0.5 mm i.d. column, 6 mL/min - elution rate, 
AP » 3.0 MPa, after a rapid pressure change of + 1.0 MPa. 
(Adapted from ref. 4} 
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Figure 2. Diagram of the laser refractometric detector optics . 
(1) - Helium-neon laser. (2. 17and 19) - diaphragms. (3)- glass plate. 
(4) - photoresistance detector, (5) - right angle prism, (6) - polarizers, 
(7) -electrooptlcal modulator based on a DKDR-erystal, (8 . 16) - lenses. 
(9) - monoblock of the polarizing interferomemter,( 10) - planar-parallel 
calcite plate, (11) - half-wave plate. (12) - optical cells. (13) - protective 
glass window, (14) - mirrors , (15) - quarter-wave compensator, 
(18) - photodiode. 
(Adapted from ref. 4) 
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block. The superimposition of two orthogonally polarized light beams with 
the same intensities leads to the formation of an elliptically polarized light 
beam. 

The change in n(An) can be determined from the state of polarization of 
the light beam. If, before superimposition, each light beam passes through 
a differential planar-parallel cuvette with cell length I, then the change in 
analyze phase difference, ΔΘ, of the components of elliptically polarized light 
is related to Δη of the contents of the two cuvettes by the equation (29,30): 

ΔΘ=(2πΙ/ A) An (8) 

The design of this refractometer is not only compact but also ensures 
high detector stability because neither the change in beam propagation dire
ction, nor that in position of the mirror system as a whole, nor the effect of 
thermal strains, leads to a change in the difference between the Interfering 
light beams. 

The measurement of phase difference (4ft is carried out as the measu
rement of the angle φ between the polarization plane of linearly polarized 
light and the axis of the quarter wavelength plate axis {30,31) is: 

φ=θ/2 (9) 

The sample and reference detector cells are direct-flow cells and are 
shaped as rectangular channels 0.5 mm χ 0,5 mm, The geometric length of 
the beam path in the cell is 0.5 mm, and Vd corresponding to the height of 
the passing light beam (0.3 mm) is about 75 nL. 

The temperature control of the sample and reference cells of the refrac
tometer is particularly critical. Permissible temperature fluctuations [Δ1) 
are 10 °C or less. This problem is solved by placing both cells and the co
lumn in a single copper block heat exchanger, the temperature of which is 
maintained by a jacket thermostatted to within 40.05 °C with an external 
ultrathermostat. In an instrument of this construction the temperature dif
ference in cells as determined from heat calculation and as indicated by 
signal fluctuations in the base line drift does not exceed 10~5 to 10"4 °C. The 
limiting factors for the detector signal-to-noise ratio under these conditions 
are moisture concentration in solvent, optical noise, and temperature insta
bility. 

This design ensures the desired detector parameters: minimal detec
table Δη is 3*10"8 of refractive index units, detector volume (V#) is 0.1 JAL, 
and relative stability, ά(Δη)/Δη, is 0.5 %. However, there are characte
ristics which make it possible to use tills detector design for columns with 
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8 

7 

Figure 4. MSEC of PS standards on a Teflon 350-mm χ 0.5 -mm Ld. 
microcolumn ( Ν « 20,000 plates). 
Conditions: mixture of microspherical Nucleosil silica gels, dp m 5 μΐη, 
with a linear molecular weight calibration dependence; ethyl methyl 
ketone eluent, 7.6 pL/min elution rate; 0.1 mg/mL PS standards con
centration: sample volume V s • 0.06 jiL: 
MW:(1) 3m10PDa, (2) 8.3»105 , (3) 4.02· 105 , (4) 1.96*105 , 
(5) 9.72· 104 , (6) 5.5· 104 , (7) 2.6· 104 , (8) 1.3· 104 , (9) 5·103 , 
(10) 2,025·103, (11) 4.8·1θ2, (12) 78 (benzene). 
(Adapted from réf. 4) 
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inner diameters dc • 0.2 mm. The threshold sensitivity of such detector 
with respect to the substance mass will be approximately 1 pg. 

The modern concepts of a chromarograph for MSEC considered above, 
form the basis for the development of a microcolumn gel chromatograph 
with a reiractometric (interference - polarizing] detector. Teflon columns 
(dc « 0.5 mm) were used because the fused-quartz columns of such diame
ter lose flexibility and become brittle. Moreover, when the Teflon column is 
pac-ked at the pressure that exceeds the operating pressure, the sorbent in 
the column is compressed (radial compression) thus increasing the column 
efficiency (up to Ν = 15,000 - 20,000 plates for a length of 350 mm). 

The volume of the thermostatted eluent injection system of this chro
matograph {Vpm 1.5 mL) ensures determinations of the number average 
and weight average molecular weights, Mn and Mw, with reproducibilities 
of about 2-4 % (4). These data correspond to those of the MWD- analysis on 
modern high-performance gel chromatographs with conventional columns. 

This microcolumn chromatograph is fitted with a corrosion-resistant 
hydraulic system made of titanium - zirconium alloy. Therefore, it may be 
used with any eluents including corrosion-active ones with a solvent con
sumption of about 50 jiL (1 drop) for one analysis. The chromatograph utili
zes a computer system for data processing (24). 

Examples of analysis carried out with this micro-gel chromatograph 
are shown in Figures 4 - 8 . Figure 4 shows the chromatogram of polystyre
ne standards. Figure 5 demonstrates a calibration curve for retention volu
me VR vs. tog (MW) for this column. This curve was obtained by using 
different polystyrene standards (PS). Figure β demonstrates MSEC of pro
teins. This makes it possible to determine their MW with relatively high 
precision (to within 2 %) in the analysis of a 50-ng protein preparation (3ί). 
The application of MSEC to the analysis of the MWD of polar polymers (po
lyesters and polyamides ) is of particular interest because in this case high
ly toxic perfluorinated acids or alcohols should be used as eluents. Figures 
7, 8 show exclusion chromatograms of polyethylene terephthalate and poly-
amide fibers obtained with the micro-gel chromatograph using 50 ng of 
analyte and one drop (approximately 50 mL) of solvent. These samples were 
used as material evidence from a crime scene. The investigation was con
ducted to establish identities of the fibers and to compare them to fibers 
from suspected people. The unique characteristics of the MWD of each lot 
of polymers obtained in a certain polymer reactor made it possible to use 
the MWD as polymer "fingerprint". 

In further developments of this micro-gel chromatograph we anticipate 
replacing the Teflon columns with flexible fused-silica capillaries {dc = 0.2 
mm ). Moreover, as a result of sorbent particle diameter reduction it is 
possible to decrease the column length and analysis time. By reducing the 
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dgMW 
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* — 

~So SS 60 63 Τβ 7δ θο QS go 05 100 106 

FlgureS. Calibration dependence ofVpon IgMW for PS standards 
obtained on a column 730 mm χ 0.5 mm Ld. ( Ν = 35,000 plates) packed 
with a mixture ofNueleosil silieagels with a linear molecular weight 
calibration dependence . 
Conditions: ethyl methyl ketone eluent; 3 pL/mln flow rate; PS stan
dards were from the Institute of Macromolecular Compounds, Academy 
of Sciences of the USSR (*). Waters Associates (0). Altex (Δ), and Poly
mer Laboratories (*). 
The MW of PS lots were: (1) 3.000 Κ (Δ, Ν 902-64). (2) 2,950 Κ 
(*, Ν 20145-1) , (3) 2,300 Κ (ο, Ν 61970), (4) 1,987 Κ (ο, Ν 61970), 
5) 1.130 Κ (*. Ν 20141-1), (β) 1.000 Κ (Δ. Ν 902-63), (7) 830 Κ (ο. 
Ν 25167), (8) 655Κ (ο, Ν 25167), (9) 675 Κ Ν 29140-1), (10) 451 Κ (ο, 
Ν 25166). (11) 402 Κ (ο. Ν 25166), (12) 370 Κ (*. Ν 20138-1), 
(13) 300Κ (Δ, Ν 902-62), (14) 196Κ(ο, Ν 41984), (15) 171 Κ (ο, Ν 41984), 
(16) 120 Κ Ν 20135-7). (17) 100 Κ ( Δ. Ν 902-61). (18) 11 Κ (ο. 
41955), (19) 97.2 Κ (ο, Ν 41995), (20) 68 Κ & Ν 20134-1), (21) 50 Κ 
(ο. Ν 25170). (22) 34.5 Κ (ο, Ν 25170). (23) 34.5 Κ (ο. Ν 902-60). 
(24) 34.5 Κ (*, Ν 20132-2), (25) 20.5 Κ(ο, Ν 25168), (26) 19.75 Κ (ο, 
Ν 25168). (27) 9.8 Κ (ο, Ν 25171), (28) 10 Κ (ο, Ν 25171), (29) 9.4 Κ 
(*, Ν 20129-1), (30) 7.6 Κ (*, Ν 20128-1), (31) 4.8 Κ (ο, Ν 25169 ), 
(32) 3.55 Κ (ο. Ν 25169). (33) 3.1 Κ ft. Ν 20126). (34) 2.0125 Κ (ο, 
Ν 61971 ). 
(Adapted from réf. 4) 
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6 

< I 1 I 1 > 
t,min M 15 10 ? Ο 

Figure β. MSEC of proteins on a 30Û-mm χ 0.5 -mm i.d. column 
(N = 10,000 plates). 
Conditions: TSK - 3,000 SW sorbent, dp = 10 μπι, additionally treated 
with glyeidyl - propyltrimethxysilan; pH • 6.8 , phosphate buffer , 
0.2 M NaCl eluent. Peak identifications: (1) Thyroglobuline (MW « 6* 10s 

Da), (2) BSA-dimer (1.3*105 Da, MW » 1.36 *104 Da). (3) BSA (MW-
6.5* 104 Da), (4) ovalbumin (MW * 4.5*104 Da). (5) earboanhydrase 
(2.9*10 Da), (6) cytocliromC( 1.25*104 Da). (7) glycine. 
(Adapted from ref. 4) 
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Figure 7, MSEC of polyamide fibers in hexafluorolsopropanol with sodi
um triiluoroaeetate. 
Conditions: 350-mm χ 0.5-mm i.d. column; mixture of 5-μπι Nucieosil 
silica gels: 2.5 jiL/min elution rate. Peak identifications: (1) sample from 
the place of the crime (a rope from corpse that has been lying in water 
for six months), (2) sample found in the possession of the suspected 
person, (3, 4) sample from a collection. 
(Adapted from ref. 4) 
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Figure 8. MSEC of polyethylene terephthalate fibers in trifluoroaeetie 
acid. 
Conditions: 350-mm χ 0.5-mm i.d. column: 5-μΐϋ particles: 3 jiL/min 
elution rate. Peak identifications: (1) fiber from a shirt ( 7pg ) found at 
the place of the crime. (2 and 3} samples identlficated with fiber 1. 
(Adapted from ref. 4) 
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pressure it is also possible to considerably 
which is particularly important in oligomer analysis. 

"Ckittoar chromatography of polymers 

The development of polymer chromatography was accompanied by establi
shment of universal dependencies of retention volumes VR on macromole
cule gyration radius , R ~ η At where η is the intrinsic viscosity, M - mole
cular weight of polymer, and pore size (halfwidth -pore radius, d): for single 
sorbent id = const) - the Benoit experimental dependence VjJW (33) and for 
different sorbents - theoretical dependence established by Casassa (34) and 
confirmed by many experimentators V ^ , where g = R/dL 

The establishment of the single mechanism of exclusion and adsorption 
chromatography of macromolecules is an outstanding achievement of poly
mer chromatography (2,35-38}. The main features of unified mechanism of 
size-exclusion and adsorption chromatography of macromolecules on porous 
adsorbents are: 
1. A behavior of macromolecules in adsorption (interaction) chromatography 
on the porous adsorbent depends on the value of interaction energy with 
the pore surface. 
2. The critical value, -E^-E^ , at which the Gibbs energy of adsorption 
-AG-Ό and can be observed experimentally (first by B. Belenkii at al (35)). 
3. The ratio of ε to εσ determines the mutual influences of size-exclusion 
and adsorption interaction of macromolecules with porous adsorbent. 
In Figure 9 the dependencies of -AG vs ε for the chromatography of model 
chains in a slit are plotted for various volume fractions of acetone. A poro
us sorbent was used. When -ε < -ε^ a SEC mechanism operates. SE -effects 
are controlled by adsorption: the greater -ε the less the SE-effect. At 
ε = - the SE-effect and adsorption effect are mutually compensated 
(-AG = 0) and the macromolecules of all masses have the same distribution 
coefficient Kd = 1. This is "critical" chromatography at which the macro
molecules are "chromatographlcally invisible" and all elute at the same 
rate. When -ε> -ε^ one operates under adsorption chromatography. 

The single mechanism of exclusion and adsorption chromatography 
permits to propose the universal one-parametric dependence (36): 

Q = (K-Ksec)/(1 -Ksec)= π/2Γ'1 {1-Υ(Γ)} (10) 

where 
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(2) 13) (Η) · (5) 

Figure 10. The "critical" chromatography of block-copolymer "AB": Gibbs 
energy of AB adsorption l-aG/& ) vs energy of interaction of a segment 
of block Β with the adsorbent surface {-eB ). (1) S E C of AB, (2) "critical" 
on B, (3) "pre-eritical" on A, (4) "critical" on A, (5) "near-critical" on A. 
(Adapted from ref. 40) D
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YtT) = exp(I*){lerf(I)} (11) 

Here Γ= -R/H, where H is a dimensionless adsorption correlation length, 
erf (I) is a probability integral. The dependence Q(I) is correct for precritical 
(from genuine SEC to "critical" chromatography at -ε=-εσ), "critical" and 
adsorption chromatography l-e > The adsorption correlation length, H, 
determines a "near-wall" layer thickness of macromolecule. In adsorption 
area Η is positive and decreases with incresing (-ε). Under critical conditi
ons H is infinitely large. In the precritical area H is negative and decreases 
with decreasing (-ε). In SEC area (ε is infinitely large , Η is infinitesimal) 
the Q(D transforms to Casassa dependence. 

In the case of heteropolymers under "critical" conditions one part of 
macromolecule (the main chain of oligomer or one block of a block-copoly
mer) becomes chromatographically "invisible" (when -AG of the heteropoly-
mer does not depend on the MW of one of its parts). The "critical" conditions 
permit us to characterize the functionalities of oligomers, their MWD, the 
MWD of any block and, therefore, the composition inhomogeneity of block-
copolymers. 

Let us consider this phenomenon taking "AB" block-copolymer as an 
example (40), Figure 10 shows the dependence of Gibbs energy (-AG) of a 
block-copolymer on the energy of interaction between macromolecular seg
ments and the adsorbent surface -εΒ (under conditions when MB • const). 
This dependence is based on fact that the Gibbs energy of adsorption of 
block-copolymer AB (-AG^J is sum of Gibbs adsorption energies of block A 
(-AGA) and block Β (-AG^: 

One can see that the character of this dependence modifies passing 
through five zones of -εβ thus ensuring the following chromatographic 
modes: 
1. SEC of block-copolymers (-ε ab < -ε ABcr^ 
2. "critical" chromatography for the block Β (εg= - ε - ε Α < -ε 

3. "pre-critical" chromatography for the block Α (-ε&> -tfficr* ~^A < € Acr^ 
4. "critical" chromatography for the block Α (-ε' β = - £ β > - £ -£^= ε Acib 
5. "near-critical" chromatography for the block Α (-ε β> -ε -ε -ε /^i. 
The MWD and composition inhomogeneity of block-copolymers can be dete
rmined by mode (2), corresponding to the "critical" hromatography for a 
more "sticky" block Β and SEC for block A. Inthis case the block Β is chro
matographically "invisible". That permits us to determine precisely the 

M Q A S J = (-AGjJ+f-AGg) (12) 
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Figure 11. The determination of the MWD for one of the block (Α,Β) of 
block-copolymer AB by SEC in critical conditions for more stcky block : 
(a) -£Bcr>-EAcr "critical" on B. -AGQ = 0. SEC of A. -AGA = -TAS; MWD 
of A (in system "cyclohexan-toluene-MEK" 9:1:2,3) ; (b) CR > -*B C r : 

"critical" on A« -AGA = 0, SEC of B. -AGB = -TAS; MWD of Β (in system 
"cyelohexan-toluene-MEK-Pyr" 9:0.4:0.4:4). Samples: 0. — PS: · . — 

Pt-BMA; © - AB, 
(Adapted from ref. 40) 
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MWD of block A with the aid of SEC. It 1» always possible to change the 
chromatographic system in such a way that block Β becomes more "sticky". 
Then using the mode of chromatography which is "critical" to the more 
"sticky" block (now the block A) one can determine the MWD of block Β by 
SEC, as is shown in Figure 11. In this figure the thin-layer chromatograms 
of P-tret-BMA-PS block-copolymers are presented. The length of solid and 
thin lines corresponds to the MW of P-tret-BMA and PS-blocks. 

The preparative fractionation of block-copolymers according to the MW 
of blocks can be carried out by chromatography in regime (2) as well as in 
regime (4). At the same time, regime (4) corresponding to a definite MW of 
"sticky" block does not make it possible to distinguish this block-copolymer 
according to the block A length. This regime can be applied, for example, 
for fractionation of block-copolymer with a fixed length of block Β and any 
length of the block A according to the number of functional groups. Figure 
12 shows the heteropolymer types which can be separated according to the 
MW of theirs parts or functional groups number of oligomers by chromatog
raphy under "critical" conditions (41). The optimal conditions of this prepa
rative fractionation will be shown further. Interesting examples of critical 
chromatography applications to two-dimensional separation of oligomers 
(according to MW, functionality, block size of block-copolymers) are shown 
in articles {42, 43). 

TLC of polymers and oligomers 

The possibilities of adsorption (interactive) macromolecular chromatogra
phy are remarkably great for fine polymer fractionation and their polydis-
persity analysis according to chemical structure and MW, and the deter
mination of hlgh-MW and low-MW admixtures in polymers. At the same 
time the adsorption chromatography is difficult to realize in the column 
mode (HPLC) because adsorption activity conditioning for hydrophllic sor-
bents (silica gel) in chromatographic columns is difficult. Hence, in HPLC 
adsorption is mainly realized, not in normal-phase chromatography with 
silica gel sorbent, but rather in reverse-phase chromatography where, 
because of sorbent hydrophoblclty, the achievement of column sorbtlon 
characteristics is easier. There is one factor which limits the employment 
of a universal polymer analysis method: gradient adsorption chromatogra
phy. Hence, it is necessary to use the columns optimized with respect of 
length. This has led to the development of high-performance membrane 
chromatography (HPMC) of polymers (see next Part of the present paper). 

The solution to the problem was found in the employment of a thin-
layer variant of adsorption polymer chromatography proposed by X. Inagaki 
(44), B. Belenkli and E. Gankina (45) for the analysis of copolymer polydls-
persity. Examples of TLC applications for polymer analysis have been des-
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Figure 12. Types of macromolecules for which the "invisibles" method 
is precise : (a) for any pores, (b) only on adsorbents with narrow pores; 
( ) "invisible" components under critical conditions. 
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crlbed In (2,20). TLC Is an old method for chromatographic analysis, which 
has been intensively developed over the past few years. As was stated by 
K. Unger: " At present there is renaissance of the more than 30-years-old 
microanalytical method of TLC". Growth in the interest in TLC over the 
past few years is the result of improved instrumentation and automation 
which have raised the precision of TLC and created new technical possibi
lities: 
1. new separation techniques: gradient and forced flow systems: 
2. microprocessor - controlled coupling procedures with spectrometric me
thods: TLC-UV-VIS, TLC-FTIR, TLC-Raman, TLC-NMR, TLC-MS; 
3. "on-line" combination of LC-methods: TLC-HPLC, TLC-SAC. 

New possibilities for classic TLC, as compared with the modern mode 
of TLC - HPTLC (high-performance TLC), are shown in Table II. HFTLC 
opens new possibilities for polymer TLC-analysis. The distinguishing featu
res of polymer HPTLC are the following: 
1. The TLC of polymers is the most simple and effective mode of realizing 
adsorption (interactive) chromatography of macromolecules . Special TLC-
plates without binder (40 permit one to realize the true interaction bet
ween the polymer and the sorbent inner surface and to use, for detection, 
any reagent including corrosive ones. For example, the sulfuric acid with 
potassium permanganate is a universal reagent for polymer detection. 
2. The possibility of using the adsorption mode of chromatography with 
cheap thin-layer plates, conditioning or thermostatting. 
3. The realization of gradient conditions by using polyzonal TLC with a 
frontal separation multicomponent eluent according to the plate length and 
also other methods based on the eluent composition programming. 
4. The realization of two-dimensional chromatography by consecutive 
immersion of TLC-plate into two eluents (with turning the plate by 90 °C 
and intermediate drying ). 
5. The possibility for simultaneous chromatography of several (~*10) polymer 
samples. This essentially facilitates and simplifies the comparison of their 
chromatographic behavior with that of standards and significantly increa
ses analysis productivity. 
6. The possibility of exposing all components of the sample since the whole 
TLC-plate, from the start fRf= 0) to eluent moving boundary <Rf= 1), is 
available for detection and observation. The main features of polymer TLC 
are shown in more detail in the Table III. 

At the same time, TLC is not as good as HPLC with respect to a number 
of parameters : 
1. difficulty of quantitative analysis (HPLC is an "on line" method. TLC is 
an "off line" method ); 
2. difficulty of fraction collection: 
3. imprecision of φ determination (unsufficlent precision is compensated 
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Table Π. Thin - Layer Chromatography 

Classical mode (TIC) 

1. Very cheap universal semiquantitative analytical method. 

2. Identification by reference samples. 

3. Manual procedure with use of precoated layers, simple equipment, 
pre- and post-chromatographic microchemlcal detection methods. 

Modern mode (HPTLC) 

1. A precision quantitative method for parallel analysis many simple 
mixtures ( the hardware cost is about the same as for HPLC). 

2. Relatively low analytical cost - up to 10 samples can be separated 
on one TLC-plate with the aid of a few milliliters of mobile phase. 

3. The high selectivity of HPTLC is the result of chromatographic 
separation, detection, and Identification by microchemical and 
"on-line" spectrometric methods. 

4. Instrumentation and automation of sample application and 
development as a method of error reducing and analysis 
acceleration (70 times faster than HPLC of one sample). D
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Table m. Main Features of Polymer TLC 

1. The possibility of obtaining independent separation of 
macromolecules according to only type of polydispersity. 

2. Unified mechanizm of size-exclusion TLC (SETLC) and ad
sorption TLC (ATLC) of polymers. 

3. The slow kinetics of adsorption - desorption and low 
diffusion coefficient of macromolecules demand of special 
size of TLC- plates: Lopt = 5 cm, dopt = 5 mm. 

4. The slow dissolution of polymers at the starting zones in 
TLC leads to tailing spots on the plate. A Decrease of dp 
and increase of starting zones distance suppresses the 
tailing. 

5. The viscosity effect in SETLC leads to the deformation 
and rupture of the polymer zones. This effect may be used 
for determination of intrinsic viscosity [hj. The mechanism 
of this phenomenon is similar to that of destruction of 
oil and water boundaries at water encroachment of oil bore 
holes. 

6. TLC polymers methods are based on the types and values of 
interaction energies of macromolecules with the surface of 
pores and the solvent: SETLC - ATLC (including CrTLC) and 
dissolution - precipitation TLC (PTLC). 
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Table IV. HPLC and TLC (HPTLC) 
(Poeelbllitlee) 

Ν Description HPLC TLC, HPTLC 

1. Throughput (number of sample; » 1 10 (HPTLC) 
per unit time) 

2. Requirements to cleanliness 
of samples and purity of high low 
solvent 

3. Detection: 
Versatility medium high 
Sensitivity high less than HPLC 
Masking effect 
(solvent influence) medium low 

4. Cost of: 
Equipment high TLC - low 

HPTLC-high 
Solvent high low 
Labour (scientist 
qualification) medium high 

5. Automation possibility good medium 

6. Number of components large medium 
in sample large (AMD) 

7. Development versatility high medium 
(SECRP.IE) (Ads.) 

8. Possibility of two-dimensional 
chromatography poor good 

9. Prestiglousness of technique high medium 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

01
6

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



16. BELENKII ET AL. Nonstandard Methods Based on SEC Principles 301 

in TLC by parallel chromatography of samples, including polymer stan
dards); 
4. complexity, and sometimes impossibility, of using several detectors "on 
line" for absolute determination of MW (for example, MALLS- detector); 
5. complexity of realization of TLC in the SEC-regime (SETLC). For this the 
preliminary filling of sorbent pores by solvents is required and this unfortu
nately stops the capillary force action, causing eluent to move along the 
plate. In the dry plates polymers with Kd< 1 move with the eluent front, 
but in filling sorbent pores the eluent front velocity decreases by (l+Vp/vy. 
As the result, Rf of the such polymer is corresponded to SEC with Kd = 1. 

For the realization of SETLC the following methods have been used (10): 
1. Preliminary moistening of the plate with solvent. 
2. Exposure of the plate to saturated eluent vapors. 
3. Employment of over-pressured layer chromatography - OPLC (method 
similar in realization to HPLC). 
These methods (excluding OPLC) exhibit unsatisfactory reproducibility and 
fractionation selectivity. The latter is the result of the polymer spots distri
bution by SEC on the less than half of a plate (from W> 0.5 to Rf= 1). 
This is a too short distance for SEC on the plate length of 10 cm. The 
comparison of TLC and HPLC is shown in the Table IV. 

Therefore, the polymer TLC is inexpensive, convenient, high-informa
tive, owing to the possibilities of the adsorption (Mcritical,f) chromatography 
method of polymer analysis. This method is remarkable by its high produc
tivity, ease of realization of the two-dimensional chromatography and the 
possibility of comparing the samples with standards. At the same time TLC 
of polymers is a predominantly qualitative method for determination of 
purity, inhomogeneity (polydispersity according to MW and chemical com
position for copolymers , functionality and MWD for oligomers). 

For practical applications of polymer TLC it is necessary to have poly
mer standards. The latter is now simplified by employment of SEC- MALLS 
and MALDI -methods permitting preparation of standards of homopolymers, 
copolymers, and oligomers naturally in laboratories. At the same time, the 
TLC of polymers is a convenient method for teaching students the concepts 
of polymer polydispersity. 

Figures 13-19 show examples of TLC application to polymer analysis: 
for the determination of MWD of homopolymers, copolymers and oligomers, 
the compositional inhomogeneity of random and block-copolymers, the fun
ctionality of oligomers, and the purity of copolymers. Figure 13 shows the 
separation of PS according to MW from oligomers to high polymers. In 
Figure 14 the changing modes of PS TLC - from the adsorption one to size-
exclusion at changing eluent composition are shown: (a) and (b) - adsorpti
on TLC; (c) - "critical" TLC (the independence of J^from PS MW ); (d), (e) 
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Figure 1 β. TLC of block-copolymers: (a) Step wise TLC of PS-PMMA BC 
(eluent fronts are for (I) benzene, (II) chloroform- MEK (6:3)); (b) Gradi
ent TLC of PS-PMMA BC (cliloroform-MEK (6:1) with the addition of 6 ml 
MEK for 12 min); (c) Multistage stepwise TLC of PS-PMMA BC:(I) acetone 
with 50% methanol, (Π) 40%, (III) 30%, (IV) 20%); (d) Two-dimensional 
TLC of PS-PEO BC in benzene (direction I) and pyridine-water (3:9) 
(direction II); MW: PS - 1.11*105 Da, PMMA - 4 . 0 Ί 0 4 , PEO - 1 Ί 0 5 . 
(Adapted from ref. 10) 
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a b 

Figure 17. Gradient adsorption TLC of random copolymers : (a) Styrene/ 
acrylonitrile (54), (b) vinyl chloride/vinyl acetate (56), 
Eluents: (a) from methylenechlorld - CC1 4 (5:1) to acetonitrll (3); (b) from 
dichloromethane - CC14 (3:3) to dichloromethane-MEK (5:2); 
(a) 1-7 samples with 4.5, 12.2. 18.7, 25.4. 31. 37.4. 49.7 %of 
acrylonitrile; (b) 1-7 (from left to right) samples with 28, 24, 25, 10, 10, 
7.5, β and 0% of vinyl acetate. 
(Adapted from ref. 10) 

Figure 18. TLC of PS with MW =2*105 in toluene. The amount of sample 
(from left to right): 30. 20, 15, 10, 5, and 0.25 pg . 
(Adapted from ref. 10) 
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0̂0 500 60Û 700 800 ÔÔO tôOÙ M/Z 

300 400 SO0 600 7ÛO 
M/2 

Figure 19. TLC and mass spectrometry with ionization by 2 S 2 Cf Fission 
fragments in the investigationof the molecular weight distribution of 
oligomers, (a) mass spectrum of positive ions from PS with Mp =480 
at an accelerating voltage of + 20 kV; (b) mass spectra of oligomerhomo-
logs (shown by arrow on the chromatogram) of PS with Mp • 580 at 
an accelerating voltage of + 25 kV. 
(Adapted from ref. 48) 
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Table V. Applications off Polymer TLC Analysis 

Homopolymers 

1. Determination of MWD and M 
2. Microstructure analysis 
2.1. Stereoregularity 
2.2. Geometric isomers (cis - trans, "head to head" eta) 
2.3. Isotops composition 
2.4. Functional group contents 
2.5. Branching 

Copolymers 

1. Statistic copolymers (compositional inhomogeneity) 
2. Block-copolymers 
2.1. Identification (diagnostics) and determination of purity 
2.2. Compositional inhomogeneity 
2.3. Combination with hydrolysis and ozonorysis 
3. Graft-copolymers (combination with hydrolysis) 

Otygomers 

1. Determination of distribution according to types of functionality 
2. Determination of MWD (including determination for each type 

of functionality) 
3. Absolute determination of MWD by combination with NMR and 

MS (MALDITOF MS) 

Viscosity effect investigation 

1. Boundary stability of polymer solution zones (in correlation with 
the problem of water encroachment of oil bore holes) 

2. Determination of intrinsic viscosity [η ] 
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and (f) - SETLC. Figure 15 shows TLC of oligomers. There are three variants 
of polyoayethylene chromatograms with OH-end groups: with positive Rf-
dependenceon MW (a), negative Rf -dependence on MW (b), and without In
dependence on MW (c). The last figure demonstrates "invisible" (fromMW) 
TLC of polymers. The "invisible" TLC permits one to determine the functio
nality of oligomers and the MWD of each functional groop. One of the main 
applications of polymer TLC is in the diagnosis of block-copolymers (BC). 
i.e. obtaining the answer to the question: whether a sample is a mixture 
of homopolymers or BC, and determining BC-purity (existence or absence of 
homopolymers corresponding to BC-bloeks). Figure 16 shows examples of 
similar TLC-diagnosis by one-dimensional and two-dimensional TLC by 
means of comparison of φ for polymer impurities and polymer standards. It 
is necessary to note the excellent possibility of copolymer fractionation 
according to their chemical composition (for the determination of random 
copolymer inhomogeneity), as shown in Figure 17, SETLC is a convenient 
method for the investigation of spot form and polymer solution boundary 
stability (the chromatographic spot) as function of polymer solution concen
tration and intrinsic viscosity (η) of the polymer ( Figure 18). This phenome
non has a direct relationship to the investigation of oil extraction with 
water encroachment of bore holes. TLC permits one to make an experimen
tal model of this process with the goal of selecting the optimal type of 
polymer and its concentration for water-polymer encroachment of bore
holes. Avery interesting example of the absolute determination of oligomer 
MW by combination of TLC and mass-spectroscopy is demonstrated in 
Figure 19. The complete applications of polymer TLC analysis is shown in 
Table V. 

Hlgh^rformance membrane chromatography of polymers 

Liquid chromatography and membrane technology are the main methods 
for the isolation and purification of polymers and biopolymers. Membrane 
technologies are distinguished by high productivity, ease of scale-up. and 
low operating costs. They operate at low pressure but are characterized by 
low separating capacity (number of resolved peaks). On the other hand, 
modem HPLC displays high efficiency and selectivity. However, applicati
ons of high pressure in HPLC (up to 50.0 MPa) requires expensive instru
mentation and makes scale-up difficult since gun technology should be 
used in the manufacture of preparative HPLC-columns. Nevertheless, mem
brane technology and HPLC do not compete for use in the different stages 
of biopolymer isolation and purification. 

It is of considerable interest to increase the separation capacity of 
membrane technology to the HPLC level. This would enable us to unite in a 
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Figure 20. Log fc* as function of displacer concentration φ at RP-chro-
matography. (1) benzene (M= 78 Da, S= 2.87, Log kw =1.85) , (2) toluene 
92, 3.12. 2.21), (3) (Tyr)3 (500, 8.8. 2.97). (4) Leu-enkephallne (800. 
11.3, 3.18), (5) Insuline (6000, 22.7, 7.87), (6) BSA (69000, 64.7, 24.5). 
(Reproduced with permission from reference 53. Copyright 1993 
Elsevier Science, Ltd.) 

U 

Figure 21. The changes of elution rate and chromatographic peak shape 
on column length. 
(Reproduced with permission from reference 53. Copyright 1993 
Elsevier Science, Ltd.) 
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single "hyphenated" method with the advantages of HPLC: high selectivity 
and efficiency and those of membrane technology: operation at low pressure 
and ease of scale-up. This problem was solved for proteins by the optimiza
tion of gradient chromatography (with eluent composition programming) 
according to the column length. On this basis, a new separation method 
was developed : high performance membrane chromatography, HPMC 
(49-55). 

The principal feature of the adsorption of macromolecules is the extre
mely strong dependence of the adsorption coefficient (distribution coeffici
ent - Kd) on the displacer concentration (Figure 20). As a result of this 
feature the transition from strong adsorption (Kd> 100 ) to full desorption 
(Kd = 1 ) occurs at a slightly varying the displacer concentration φ. If the 
change in the displacer concentration occurs according to a certain, for 
example linear law, similar change take place for some delay at any point 
in chromatographic column, and the spreading of the displacer front conce
ntration is ignored. As φ increases to #cr the protein zone begins to move 
through the sorbent layer. The motion rate of this zone increases with 
increasing distance χ (Figure 21). It has been shown {53) that at point x=Xo 
the protein zone rate becomes approximately equal to the displacer rate 
and the zone moves at a constant velocity under gradient compression con
ditions. For linear gradient: 

φ = φο + Βί (13) 

the critical distance may be determined for a protein from the following 
simple equation: 

Xo = Au/(BSx) (14) 

where S (the adsorption coefficient) is the slope of log k'(t) dependence : 

ΙχνΚβί^Ιχ&Ιαυ-δφΜ (15) 

where kw is k* at φ = 0. fc'= kd (Vp/Vo), Vp and Vb are pore volume and 
interparticle volume of sorbent layer. Vp/Vo =aa Coefficient Β in equation 
13 is the gradient steepness, and λ is the approximation coefficient (at 
A = 1 u =0.95 ud ). 

It has also been shown {53) that performing the separation at a column 
length L=Xo results in the minimum band broadening. At distances χ « Xo, 
extremely large band broadening is observed due to high instantaneous 
capacity factor fc' of a protein and the resulting hindered sorption-desorptl-
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on kinetics. This considerable protein zone spreading reduces sharply at a 
distances L<Xo due to gradient contraction and to diminishing fc\ On the 
other hand, at the distance x>Xo gradient contraction becomes weaker 
with the displacer gradient front spreading. At the point x = Xo the protein 
zone is the narrowest because at Kd = 1 the volume spreading is minimal. 
It is necessary to stop the protein fractionation process at this step. For 
this purpose it is necessary to limit the sorbent layer thickness to L = Xo. 
In equation 14, the limit, Xo, is a few millimeters for protein (S is large). 
However, this signifies that one can pass from columns with sorbent to 
sorbing membranes, and thus, HPMC came into existence. Equation 14 
also shows that the decrease in the elution rate (u) permit us to decrease 
the membrane thickness ( h= Xo ). 

It is important that our sorbing membranes should be a perfusion 
system, which is characterized an extremely high inner diffusion coefficient 
(by three orders of magnitude higher then m 
permits one to work with a membrane with h < Xo without any risk of zone 
spreading at high elution rates. There also are another aspects of Xo and h 
correction. In the simple case, when Xo < Κ the protein retention time tR is 
determined by the sum of the time of generation of critical displacer conce
ntration. ieftW* H* 6 dead time in the chromatography connections, td, and 
the motion time of φσ (together with the protein zone) on the membrane 
tc=h/ua, where ua is the dispiacer velocity defined as Uff^u ( 1+ Vp/Vo): 

Xo<UtR = ίοίφοτ) + L/Urf + id. (16) 

In the case when Xo>h the dependence of tR is more complicated: 

Xo> U ί^ί^φαή +1 ( SB,kofL) + td (17) 

In the preceding case tR is simply determined by Δ^φ^, the displacer velo
city, membrane thickness (column length), and td. In the case Xo > h an 
important role is also played by S and ko, where to is fc' at φ «0 (equation 
17). Therefore in the former case the difference of protein retention times, 
Δίχ, is simply determined by Δΐ^ίφ^ (equation 17), But in the latter case it 
is also determined by S, ko and L/h. 

Xo<L·ΔtRlf3 = ΔtG(φCίilf3 (18) 

Xo > U Δίκ h 3 = Δίς + Δί(Β,Β,ίω,ϋι,2 (19) 
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Hence, the proteins distinguished by φσ are separated in the former case 
but can mix in the latter case because of the influence of 6, ko, and h on tR 

in the direction opposite to that on φςγ. The application of thin membranes 
results into the decrease of longitudinal spreading in an isocratic elution 
regime. Hence, the step wise regime of gradient elution is especially favo
rable for the HPMC of proteins. The strong step wise displacer gradient 
(high Β in equation 14) results in decrease of Xo (decrease of the optimal 
membrane thickness). 

HPMC is a hybrid method which combines the advantages of HPLC and 
Membrane Technology and excludes their limitations (Table VI). The transi
tion from a column packed with granular sorbent to porous membranes 
leads to the following additional effects: 
1. A decrease in the dead volume of the sorbent layer and , hence, in the 
separation time. 
2. A decrease in spreading due to perfusion effect (flow through the inner 
pores) which is characterized by convectlve internal diffusion with the 
diffusion coefficient being 10 3 -10 4 times that in ordinary HPLC. The other 
manifestation of perfusion effects is the independence of zone dispersion on 
mobile phase flow rate or even a decrease in dispersion with increasing 
flow rate. 
3. The small contribution of the exclusion effect on perfusion porous memb
ranes because thin membranes have small Vp. Therefore, a system of 
chromatographic "invisibility" can exist not only at - ε = -ε^ but also at 
-ε < -ecr. This extends the possibility of the design of systems for "invisible" 

chromatography when "critical" conditions are applied at HPMC. 
4. A considerable decrease in the cost of the membrane cartridge as compa
red to that of a HPLC column packed with a microgranular adsorbent. 

Several scientific teams (49-5$) have pioneered the practical develop
ment of HPMC of proteins in ion-exchange, hydrophobie-interaction, rever-
sed-phase and affinity modes of chromatography and have described porous 
membranes for HPMC prepared from regenerated cellulose (5% and from 
hydrolyzed polyglicidyl methacrylate (PGMA) - ethylene dimethacrylate 
(EDMA) copolymer {49-51, 53-55). Both materials suffer from short comings. 
Membranes from regenerated cellulose swell strongly, and the degree of 
swelling changes with mobile phase composition. On the other hand, 
PGMA-EDMA membranes are fragile and can cause non-specific hydro
phobic adsorption of proteins due to EDMA hydrophobidty. These defects 
are eliminated for PGMA-EDMA membranes on to which hydrophilic PGMA 
oligomers are grafted. The functional groups (adsorption cites) may be 
subsequently introduced into this flexible oligomer chain located into the 
pore (Figure 22). Since residual oxirane groups of PGMA are hydrolyzed 
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Table VI. HPMC is hfbrtd method of HPLC and Membrane 
Technology 

HPLC Membrane technology HPMC 

1. High selectivity High selectivity 
Merits High efficiency High efficiency 

Low pressure Low pressure 
operation - low cost operation -

low cost 
Easy scaling Easy scaling 
High productivity High productivity 

2. High pressure 
Limitation operation - high 

cost NONE 
Difficult scaling 
Low productivity 

Low selectivity 
Low efficiency 

Figure 22. Structure of the perfusion sorbent (a) and PGMA-EDMA -G 
grafted membrane (b). Filled circles are functional groups (adsorption 
cites). 
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(converted to dlols). the surface of PGMA-EDMA-G (onto which PGMA Is 
grafted) membranes becomes adsorptionally inert to proteins and all non
specific interactions are eliminated. This grafting also increases the 
mechanical strength of membranes. Figure 23 shows the increase in HPMC 
efficiency when PGMA is grafted onto PGMA-EDMA membranes (the narro
wing chromatographic zones at multistage HPMC). Examples of protein 
separation on the PGMA-EDMA-G membranes are shown below (Figures 24-
27). 

Sorbing membranes, in addition to their application in HPMC, may be 
an effective matrix for heterophase sorption - catalytic processes in which 
ligands immobilized on the matrix interact with biopolymers. Table VII 
shows the state of the art and the future of HPMC. We can make certain 
explanations of this table. HPMC may be used for fractionating flexible 
chain polymers in the application of adsorption chromatography: 

-s>-Scr(-AG>0) (20) 

for heteropolymers and "critical" chromatography for heteropolymers. For 
example, for a block copolymer "AB": 

SA = * A C F ~€B< -?Bcr ('ΔΟΑ = G < °> < 2 1) 

and 

*A > *Acr> *B=*Bcr M G A > 0, -AGB = 0) (22) 

These regimes correspond to critical-exclusion and adsorption-critical 
chromatography. 

If the eluent is changed in such a way that both blocks alternatively 
respond to conditions (21) and (22), the MWD of each block, and consequ
ently the composition inhomogeneity of block-copolymer, can be determined 
successfully. However, since the conditions (21) and (22) are unique, their 
choice is a complex problem. HPMC is a different matter. Here the size-
exclusion regime of chromatography is practically absent because of the 
small volume of pores in thin membranes. As a result, the determination of 
MWD of any blocks can be made only by adsorption chromatography with 
exclusion or "critical" chromatography of other block-copolymer: 

-εΑ > -s/ter* ~&B« -fBcr (-*GAB > °> (231 

In this regime the choice of eluent composition is much simpler. The 
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Figure 23. Fractionation of crude ferritin on D E A E 
membranes with step wise gradient elution, 
(a) nongrafted membrane, (b) grafted one with PGMA. 

- PGMA - E D M A 
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0.5M 

yVâCL 
1M 

Figure 24. HPMC of proteins on the PGMA-EDMA grafted membranes: 
(a) on a sulfo-PGMA-EDMA-G-membrane (diameter -25 mm and 
thickness- 1 mm), flow rate 2 mL/min , two-step linear gradient ( 0 -
0.5M NaCl in 0.02M Na 2 HP0 4 , pH =7.0)-5 min; peaks: (1) ribonucle-
ase , (2) ot-chymotrypslnogen, (3) cytochrome C, (4) lysozyme; 
(b) on a DEAE-PGMA-EDMA-G-membrane 15 χ 1 mm, flow rate-
4mL/min, step wise gradient (0- lMNaCl in 0.01M Tris, pH =7.6); 
peaks: (1) lactalbumin, (2) ovalbumin, (3) soya trypsin inhibitor, 
(4) ferritin. 
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M A 

H A 
Figure 25, The simple preparation of lysozirne from white of egg by 
HPMC on sulfo-PGMA-EDMA-membrane. 
(a) gradient of NaCl in 0.02M phosphate buffer, pH = 7.0; 
(b) two-step elution by the same buffer. 
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a) 

% 5 

24 20 16 β Ô 4 ο 

£ , min 

I) 

Figure 26. HPMC fractionation of crude ferritin on P G M A - E D M A - D E A E -
graited membrane 15 χ 1 mm: 
conditions: buffer A - 0 . 0 1 M Tris, pH »7.β, buffer Β - l M N a C l i n A , 
gradient from A to Β ; flow rate- 2 mL/min ; 
(a) multistage stepwise gradient (by 0.05 M NaCl i n 2 min); (b) linear 
gradient elution (20 min) and rechromatograms of fractions 1,2 (a). 
(Reproduced with permission from reference 55. Copyright 1995 
Eaton Publishing Co.) 
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20 -ίο ο 4o 3D 2Ô /Ο Ο 

Figure 27. Fractionation of crude ferrtin by ion-exchange HPMC with 
multistage stepwise gradient elution on the PGMA-EDMA-DEAE-G-
membrane . Conditions: buffer A- 0.01M TYls-HCl, pH «7.6. buffer Β -
1.0 M NaCl in A, gradient - from A to B; 
(a) linear gradient, time- lOmiru (b) multistage stepwise gradient : by 
0.05 M NaCl in 2 min, flow rate - 2mL/min; (c) gradient is identical to 
(b) . Oow rate- 1 mL/min; (d) gradient: by 0.05 M NaCl in 4 min, flow 
rate - 2 mL/min. 
(Reproduced with permission from reference 55. Copyright 1995 
Eaton Publishing Co.) 
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Table ΥΠ. HPMC Development 
( State of the Ait end Future) 

Membrane structure and the main aspects of its applications 

1. Membrane performance improvement (selectivity, efficiency 
and productivity) by improving its perfusion properties, 
adsorption-desorption kinetics and the adsorption centers 
topology of membranes. 

2. Development of chromatographic aspects of HPMC to provide 
better performance than HPLC-columns. 

3. Development of membrane technological aspects of HPMC 
(productivity much more than for preparative HPLC). 
combination HPMC with other kinds of membrane technology 
for industrial high-performance membrane processes of protein 
separation and purification. 

Other applications 

4. To planar analytical techniques: 
TLC, selective electroblotting, electrodesorption from the 
hydrophobic membranes will have a very high separating 
capacity for proteins. In practice this process may be carried 
out in a fiat channel flow cells under electrical field flow 
fractionation conditions. 

5. For solid phase reactions of macromolecules: 
enzyme-reactor, binding (HPMC), matrix synthesis of DNA. 

Theory 

6. Analytical studies and modeling of the movement and 
spreading of chromatographic zones during HPMC. 
Investigation of the flow rate effect. 
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H1 111 III 
123 1S6 i x 

7 S3 
Figure 28. Two-direction fractionation of AB-block copolymer by HPMC 

(scheme); the white arrow - I direction (according to MpJ: -ε& > -«Acr* 

~εΒ<'€Βα> the black arrow - II direction (according to Μβ): " gAcr » 

-*jB>-^Bcr* 
The labels a, b, c and numbers 1-9 indicate differences in molecular 
structure. 

Protein 
aqua 
solution 

Organic 
compound 

Eluate: Sorbate: 
main proteins-
proteins impurities 

Concentrate: 
protein 
solution 

Filtrate: 
organic-
aqua 
solution 

^Pjervlpi 

Recycling 

Aqua Organic 
solution component 

Figure 29. Protein purification using only Membrane techniques. 
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scheme for two-direction separation of block-copolymer by HPMC is shown 
in Figure 28. After fractionation in the first direction (white arrow) block-
copolymer macromolecules are separated according to M A by adsorption 

chromatography. Hie fractions (ultra narrow to M A and widely disperse to 
M B ) are separated in the second direction (black arrows) by adsorption 
HPMC for block Β (exclusion or "critical" conditions of HPMC for block A). 

The very important and interesting prospect of the development of 
HPMC is a complete membrane process of protein purification. The modern 
methods of protein separation are based on liquid chromatography (HPLC) 
in which both the main (target) protein and protein impurities are absor
bed., These processes are accompanied by partial protein denaturation. It 
is advisable to adsorb only protein impurities and to permit passing the 
main protein solution through a membrane without sorption (and denatu
ration). to concentrate the target protein by nanofiltration and to return 
the organic component of solution filtrate to the technological process by 
pervaporation (Figure 2θ). 

Conclusions 

Nonstandard methods based on SEC principles intrinsically enlarge poly
mer and biopolymer chromatography capabilities in analytical and prepa
rative scales. The expansion of SEC capabilities is connected with minia
turization of the method by first working out a capillary variant of SEC. 
Analytical applications of macromolecule interaction with pore surface has 
also led to the discovery of the "critical" chromatography of macromolecu
les. This method permits one to chromatographically investigate (to deter
mine the number and MWD) different parts of macromolecules of heteropo
lymers (copolymers, functional oligomers). The development of polymer 
TLC has made possible an inexpensive universal method for diagnosis and 
quantitative determination of practically all types of polymer polydispersiti-
es. and the determination of polymer purity. At present. TLC is a semi
quantitative method but it has good perspectives for its transformation to a 
fully quantitative method. TLC also permits one to investigate the polymer 
zone boundary broadening. This effect has direct relation to intensification 
of oil extraction by water encroachment of bore-holes (i.e. by pumping the 
polymer solution at the periphery of the bore-hole). TLC of polymers is also 
an excellent teaching tool - to illustrate polymer polydispersity. 

Finally, the polymer preparative liquid chromatography variant, HPMC, 
is a superoptlmized method for the preparative fractionation of macromole
cules. HPMC has excellent perspectives for superseding classical 
chromatographic processes for obtaining high purity polymers (biopo-
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lymers) by using a combination of purely membrane processes: HPMC, 
nanofiltration and pervaporation. 

The aforementioned investigations, which had initially analytical goals, 
have led to the excellent theoretical results: the development of the adsorp
tion polymer theory, working out theoretical foundations of TLC and 
capillary liquid chromatography, the discovery of new variants of polymer 
chromatography: "critical" chromatography of macromolecules and HPMC -
the optimized hybrid technology, synthesized HPLC and membrane process 
possibilities. All of these investigations have made valuable contributions 
to polymer science and polymer separation technology development. 
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Chapter 17 

Method for Studying Micelle Formation 
Using Size Exclusion Chromatography, 
Light Scattering, and UV Spectroscopy 

L. Z. Vilenehik1, Shikha Barman2, and C. P. Pathak2 

1PerSeptive Biosystems, 500 Old Connecticut Path, 
Framingham, MA 01701 

2Focal Interventional Therapeutics, 4 Maguire Road, 
Lexington, MA 02173 

A method for the direct observation and measurement of micelles has 
been developed. At higher solution concentrations, multi-angle laser light 
scattering in batch mode was used, and at lower concentrations, Size 
Exclusion Chromatography with dual detection (Light Scattering and 
Refractive Index) was employed. Micelle formation for PEG and a 
copolymer of PEG with lactate and acrylate groups (8KLX) were 
observed using this method. The critical concentrations for the micelle 
formation were determined for the PEG and 8 K L X macromolecules. 
Confirmation of the results was obtained using an independent 
spectrophotometric method. 

The phenomena of macromolecular association, complexation and micelle formation 
occupy a very important place in polymer and biopolymer chemistry. A l l of these 
phenomena are strongly dependent upon the concentration of the macromolecules in 
solution. The size and number of the macromolecular aggregates in solution increase 
with increasing concentration. 

Size Exclusion Chromatography (SEC) l\l is one of the most reliable methods for the 
determination of molecular weight and size of macromolecules in solution. In 
principle, this method may be used for the corresponding characterization of 
macromolecular aggregates. However, aggregation normally occurs at concentration 
levels higher than those used in SEC. Common SEC solute concentrations range 
from 1% to 5%, and after passing through the chromatographic system, are diluted by 
a factor of 30-50. As a result, when the solutions reach the detector cell, their 
concentration is less 0.1%. Frequentiy, such concentration levels are not enough for 
aggregate formation, and direct determination of molecular weights and sizes of these 
macromolecular aggregates becomes impossible. 

The use of SEC with two detectors on line (multi-angle light scattering, LS, and 
refractive index, RI) affords a new opportunity to observe these aggregates directly in 

0097-6156/96/0635-0328$15.00/0 
© 1996 American Chemical Society 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
01

7

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



17. VILENCHIK ET AL. Study of Micelle Formation 329 

solution. This method which allows for the determination of the molecular weight and 
size of these aggregates is described in the following scheme. 

S C H E M E OF SEC W I T H LS A N D RI D E T E C T O R S O N L I N E 

I N J E C T O R / P U M P 

C O L U M N 

L S D E T E C T O R RI D E T E C T O R 

(CONCENTRATION X M O L E C U L A R WEIGHT 

I = KcMP(0)(dn/dc) 2 

C O N C E N T R A T I O N ! 

I = Kc(dn/dc) 

Z I M M OR D E B Y E PLOTS 

M O L E C U L A R WEIGHTS 

SIZES 

B R A N C H I N G 

The LS detector gives a signal proportional to the product of the molecular weight 
and the concentration /2,3/ (Eq. 1) 

ILS = KLsMwcCdn/dc^PiG) - 2A 2 cM w

2 P 2 (B) (1) 

where Mw is weight average molecular weight, c is the solute concentration, dn/dc is 
the refractive index increment, A2 is the second virial coefficient, Ρ(θ) is angle 
dependable form factor, θ is a light scattering angle. 

The R I detector gives a signal proportional to the concentration of the 
macromolecular solution and the refractive index increment (dn/dc) /4, 5/ 
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lRI = KRic(dn/dc) (2) 

Here, KJJS and K R J are coefficients of proportionality detected using the procedures 
and software available from Wyatt Technology, Inc. 

Using both of the signals (LS and RI) for a few concentrations allows to calculate 
molecular weight by means of Zimm or Debye plots. In two detector SEC each point 
of the LS and RI chromatograms gives us the signals that correspond to only one 
concentration. It is not even necessary to perform a chromatographic separation. If we 
inject a solution inside the chromatographic system without a chromatographic 
column, we will not get any separation of macromolecules according to their size. 
Instead, we will get only broadening of the injected solution. However, the pair of the 
corresponding LS and RI chromatograms is enough to calculate weight average 
molecular weight of macromolecular compounds. 

To obtain the molecular weight distribution (MWD) of a polymer using classical light 
scattering, we have to perform preliminary fractionation of the polymer into at least 
10 narrow fractions, and then prepare 5-6 different concentrations of each fraction. 
The advantage of standard SEC/LS over classical light scattering is the determination 
of average molecular weights (AMW) and M W D of polymers using only one 
chromatographic run with one concentration of the polymer solution. The SEC/LS 
method without a chromatographic column cannot give a M W D but allows for the 
quick determination of the A M W . The method is more rapid and operates at solute 
concentrations significantly higher than standard SEC/LS analysis. The A M W values 
obtained using this method agree with those obtained from standard SEC/LS. The 
reliability of this new method has been demonstrated by comparison with standard 
SEC/LS data for the same polymer solutions (Figs. 1-4, Table 1). 

Experimental. 

Hewlett Packard liquid chromatographic system 1050, Toso Haas column G 2000 
Swxi, 6mm Π) χ 4 cm, RI Hewlett Packard detector, multi-angle light scattering 
photometer D A W N DSP from Wyatt Technology Inc. 161 , and U-3000 Hitachi 
spectrophotometer were used in these experiments. Deionized water was used as a 
solvent. Polymer samples that were investigated were polyethylene glycol (PEG) from 
Union Carbide, copolymers of the PEG with lactate and acrylate groups (8KLX) 
synthesized in house, and ficols samples (that have globular shape of molecules) with 
different molecular weight. The two groups of macromolecules were chosen to show 
the applicability of the two detector SEC without chromatographic column to 
determine average molecular weights to both flexible-chain and globular 
macromolecular samples with different polydispersity. 
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A l l solutions were filtered through 0.02 m filters Anotop-25 from Altech just prior to 
chromatographic runs or LS measurements in batch mode. Temperature was 
ambient.The chromatographic experiments were repeated 3 times to check the 
reproducibility of the data. Each LS measurement in batch mode was repeated 10 
times, and the data were averaged both with and without Wyatt Technology software. 
The standard deviations for Mw and size of macromolecules and their aggregates 
were less than 10 %. A l l the experiments were repeated at least once with freshly 
prepared and filtered solutions and gave data within the above mentioned 
experimental limits. 

Results and discussion. 

1. Comparison SEC/LS data with and without a chromatographic column 

The Figure 1 shows a typical chromatogram for the PEG-8000 sample using the 
chromatographic column G2000 SW xl. The narrow unimodal peak indicates that 
there is no aggregation at this low concentration level (0.7% at the injection and 
0.08% in the detector cell). 

The Figure 2 shows an example of the RI and LS chromatograms for a polydisperse 
trimodal ficol sample with Mw= 139000. Because the LS detector is more sensitive to 
higher molecular weight compounds, it is possible to observe a small amount of small 
size but high density and high molecular weight macromolecules which are not 
detected by the RI detector (see for example the third peak in Figure 2). 

If we use only a guard column for the analysis, broadening of the chromatographic 
zone significantly decreases and the polymer concentration inside the zone increases 
relative to cases where the SEC column is also used. However, for PEG-8000 we still 
observe a unimodal peak if the injected concentration is close to 0.1%. The Figure 3 
shows the corresponding LS and RI chromatograms. 

Chromatograms using only the guard column for the trimodal ficol sample 
(Mw= 139000) are shown in Figure 4. In this case we see only one mode with an 
average molecular weight within experimental error of the A M W determined when 
the SEC column was used in the analysis. (Compare with Figure 2.) 

Table 1 provides weight average molecular weights for different PEG and ficol 
samples that were obtained by means of applied to chromatographic runs with and 
without the G 2000 SWxl column software ".Astra76/ 
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Figure 1. 
LS and RI chromatograms of PEG 8000 in water with using 
chromatographic column G 2000 SW xl. Flow rate is 1 ml/min. 
Injection volume is 50 μΐ. Solute concentration is 7 mg/ml. The 
concentration at peak maximum is 0.8 mg/mL, dn/dc=0.134. 
Molecular weights according to "ASTRA" software are following: 
Mw=7900, Mn=7800, Mz=8100, Mw/Mn=1.01, Mz/Mn=1.04. 
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F i g u r e 2. 
L S and RI cromatograms of a polydisperse F ico l sample A4 in water 
with using chromatographic column G 2000 S W x l . F low rate is 1 
ml/min. Injection volume is 50 μΐ. Solute concentration is 7 mg/ml., 
dn/dc=0.159. Average molecular weights for whole sample according 
to " A S T R A " software are fo l lowing: M w = 139000, M n = l 2 3 0 0 0 , 
Mz=214000, Mw/Mn=1.13, Mz/Mn=1.74. Contain of the first peak in 
the sample is 20%, Mw=151000. Contain of the second peak is 77%, 
Mw=123000. Contain of the third peak is 3%, Mw=552000. D
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Figure 3. 
LS and RI chromatograms of PEG 8000 in water with using guard 
column SW xl. Flow rate is 0.5 ml/min. Injection volume is 25 μΐ. 
Solute concentration is 1.25 mg/ml. The concentration at peak 
maximum is 0.2 mg/ml.,' dn/dc=0.134. Molecular weights according 
to "ASTRA" software are following: Mw=8700, Mn=7000, Mz=11300, 
Mw/Mn=L25, Mz/Mn=1.61. D
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Figure 4. 
LS and RI chromatograms of Ficol A4 in water with using guard 
column SW xl. Flow rate is 0,5 ml/min. Injection volume is 50 μΐ. 
Solute concentration is 7 mg/ml., dn/dc=0.159. Molecular weights 
according to "ASTRA" software are following: Mw=143000, 
Mn=103000, Mz=164000, Mw/Mn=1.40* Mz/Mn=1.60, 
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Table 1. 
Weight average molecular weights for different P E G and ficol samples obtained 
with and without a chromatographic column 

Sample M w using a chroma- M w without using a chro-
name tographic column matographic column 

PEG-3350 3500 3800 
PEG-8000 8000 8300 
PEG-10000 10000 9700 
Ficol AS 20000 22000 
Ficol A7 28000 32000 
Ficol R2 51000 48000 
Ficol A6 68000 63000 
Ficol A5 84000 92000 
Ficol R20 97000 108000 
Ficol A4 139000 143000 

The Table 1 shows that the difference between the two groups of data is on average 
less than 10% which is within the experimental error. Therefore, we can conclude that 
the dual detector chromatography method without using a chromatographic column 
provides reliable values for weight average molecular weights. 

2. Study of micelle formation under chromatographic conditions. 

Micelle formation was observed in chromatographic and batch modes for PEG-8000 
and its copolymers, 8KLX, containing different numbers of lactate and "acrylate 
groups. The hydrophobic portion of the copolymers 8KLX (lactate groups) forms the 
kernel of the micelles with the hydrophilic portion forming around the kernel, as a 
result, micelle formation is observed in the solution. The phenomenon is dependent 
on the solute concentration: at higher concentrations the micelles are formed in 
greater numbers and with larger size. Since our primary goal is not the investigation 
of the micelle formation phenomenon, we would like to encourage others to evaluate 
this new method as a means of study micelle formation and aggregation in solutions. 
We will not discuss any publications in the area but would like to emphasize that the 
water used to prepare the polymer solutions and the solutions themselves were 
carefully filtered through a 0.02 μ filter. No particulate impurities with size greater 
than 0.02 μ were present in the solutions before chromatographic runs or LS 
measurements performed in batch mode. Micelle formation at high solute 
concentrations unattainable in a standard chromatographic system was observed when 
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chromatography was performed using only a guard column. The guard column was 
employed provide a pressure drop inside the chromatographic system and to separate 
the LS detector response for the injection from the real light scattering signal. The use 
of the guard column allows also to obtain a separation of the macromolecules from 
larger aggregates if these aggregates are present in solution. 

Figure 5 shows RI and LS chromatograms for a PEG-8000 sample exhibiting a solute 
concentration of 2.7 mg/ml at the peak maxima. Comparison of the LS 
chromatograms in Figure 5 and Figure 3 (where the solute concentration is 10 times 
lower) indicates the presence of an additional peak in high molecular weight area 
corresponding to PEG aggregates. 

8KLX samples form aggregates more readily than PEG due to the hydrophobic-
hydrophilic nature of the sample, and form micelles at lower solute concentration 
levels. Figure 6 demonstrates this phenomenon for a chromatographic run using only 
guard column. In this case the concentration of the injected solution was the same as 
for PEG in Figure 1, but the LS photometer clearly detects the micelle peak. 

If we increase the polymer concentration in the solution, the micelles will be present 
in greater number. In addition, the average molecular weight of the micelles observed 
in the second peak increase from 8500 dalton to 9200 dalton (Figure 7). 

The accuracy for the measurement of the micelle molecular weight in the first peak is 
not high due to the small response of the RI detector at very small micelle 
concentrations. The average molecular weights for the whole samples being 
investigated are much more accurate. These values are collected in the Table2. 

Table 2. 
Average molecular weights for PEG-8000 and 8 K L X at different solute 
concentrations 

Solute concentration PEG-8000 
M w 

8 K L X 
M w 

0.1 
0.2 
0.3 
0.5 
0.6 

8000 
8000 
8000 
8000 
12000 

8500 
11000 
12000 
15000 
19000 
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Figure 5. 
LS and RI chromatograms of PEG 8000 in water with using guard 
column SW xl. Flow rate is 0.5 ml/min. Injection volume is 50 μΐ. 
Solute concentration is - 10 mg/ml. The concentration at peak 
maximum is 2.7 mg/mL, dn/dc=0.134., Molecular weights according 
to "ASTRA" software are following: Mw=8300, Mn=8000, Mz=8600, 
Mw/Mn=1.04, Mz/Mn=1.08. D
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F i g u r e 6. 
LS and RI chromatograms of PEG 8000 copolymer with lactate and 
acrylate groups in water with using guard column SW xl. Flow rate is 
0.5 ml/min. Injection volume is 25 μΐ. Injected solute concentration is 
5 mg/ml. The concentration at main (second) peak maximum is 0.6 
mg/ml, contain in the sample 99%, The concentration at micelle 
(first) peak maximum is 0,0014 mg/mlM contain inthc sample 1%. 
dn/dc=0.134. Average molecular weights according to "ASTRA" 
software are following: Mw=17000, Mn=6800, Mz=576000, 
Mw/Mn=2.53, Mz/Mn=84.4. For the micelle peak Mw=966000, for 
the second peak Mw=8800. 
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Figure 7. 
LS and RI chromatograms of PEG 8000 copolymer with lactate and 
acrylate groups in water with using guard column SW xl. Flow rate is 
0.5 ml/min. Injection volume is 15 μΐ. Injected solute concentration is 
100 mg/ml. The concentration at main (second) peak maximum is 5.8 
mg/ml, contain in the sample 95.6%. The concentration at micelle 
(first) peak maximum is 0.118 mg/ml., ' contain in the sample 4.4%. 
dn/dc=0.134. Average molecular weights according to "ASTRA" 
software are following: Mw=24000, Mn=9200, Mz=734000, 
Mw/Mn=2.56, Mz/Mn=79.4. For the micelle peak Mw=294000, for 
the second peak Mw=9200. 
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From these data it is possible to say that aggregation of the PEG-8000 start when the 
concentration of the solution is higher 0.5%. The micelle formation for the 8 K L X 
starts at a much lower concentration, around 0.2%. This means the concentrations of 
0.5% and 0.2% may be considered the critical points for micelle formation for the 
PEG and 8 K L X correspondingly. Figure 8 illustrâtes the data. 

3. Study micelle formation using multi-angle LS photometer in batch mode. 

Our chromatographic studies of micelle formation was limited by the maximum 
solute concentration level. Since maximum signal for Hewlett Packard RI detector 
cannot exceed 2.2 volts, the corresponding maximum solute concentration at the peak 
maximum is around 6 mg/ml. Therefore, the chromatographic method can not be used 
to study micelle formation at concentrations higher than this level. To conduct an 
investigation of micelle formation at higher concentration levels, we used a multi-
angle LS photometer in batch mode. For this case the theoretically-derived form 
factor P(0) in Eq. 1 is related to the mean square radius of gyration <s2>1 / 2 when 
μ2<82> « 1 

Ρ(θ)=1-2μ2<82>/3!+... (3) 

where μ=(4π/λ)8ΐη(θ/2) and λ is the wavelength of incident radiation. 

So, by use of the LS photometer, it is possible to determine an average size of 
macromolecules and their aggregates in the solution at concentrations significantly 
higher than those attainable under the chromatographic conditions. The data are 
shown in the Table 3 and Figures 9 and 10. Since the LS photometer used (DAWN 
DSP) was not able to observe macromolecules of size less than 5 nm, we calculated 
sizes for the PEG and 8KLX molecules below the limit. In these cases, the sizes can 
be calculated according to the Flory-Fox equation 

ft]=0<s2>3/2/M) (4) 

with the corresponding values of Mark-Houwink constants Κ and a 

[η ]=KM a (5) 

where [η ] is the intrinsic viscosity, M is the molecular weight, and Φ is the Flory 
constant. 

4. Spectroscopic study of micelle formation. 

The aggregation characteristics of the 8KLX macromolecules were studied by using a 
dye solubilization technique. 1,6 diphenyl 1,3,5 hexatriene (DPH, Aldrich, 99.99% 
purity) was chosen as a molecular probe. Macromolecular solutions were prepared in 
screw-capped vials in deionized water at concentrations ranging from 0.01% - 10% 
(w/v). 10 ml of 0.005 mM solution of the dye in methanol was added to each vial and 
equilibrated for at least an hour. The UV-Vis spectra of these solutions were obtained 
between 200-500 nm. The absorbance of DPH at 356 nm was plotted with respect to 
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Table 3. 
Average sizes of macromolecular species present in solutions of PEG-8000 and 
its copolymer 8 K L X 

Solute Average size for P E G molecules Average size for 8 K L X 
concentration, and their aggregates, and their micelles, 

% nm nm 

0.1 3* 3* 

0.2 3* 18 

0.4 3* -

0.5 5 25 

0.6 14 -

1.0 21 33 

2.0 22 33 

3.0 23 37 

5.0 26 39 

* Calculated from Eq. 4. D
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logarithm of concentration. The critical concentration for micelle formation, cmc, was 
determined from the inflection of the absorbance vs. log concentration curve 111. 

At low concentrations, macromolecules of 8KLX samples do not associate in aqueous 
solution, DPH was not solubilized in hydrophobic environment and therefore, the 
UV-Vis intensities due to DPH are very low. 

At higher concentrations, exceeding the cmc, the macromolecules formed micelles 
and DPH was solubilized in the hydrophobic micelle environment, and is observable 
by measurement of its characteristic absorbance at 356 nm. 

A comparison of the spectroscopic data (Fig. 11) and the data from LS batch method 
or the chromatographic method (Fig. 8-10) gives a good correlation for the critical 
micelle concentrations obtained from the methods. 

% CONCENTRATION) 
ι 1 1 1 

0.010 0.100 1.000 10.000 

· ABSORBANCE OF PEG-LACTATE-ACRYLATE (LACTYL D.P. 6.7) 

Ο ABSORBANCE OF PEGDIACRYLATE (LACTYL D.P. 0) 

O—- ABSORBANCE , PEG8KLACTATE DIACRYLATE, D.P. 3.6 

FIGURE 11 
DETERMINATION OF CRITICAL MICELLAR CONCENTRATION OF 
PEG DIACRYLATE AND PEG-LACTATE-ACRYLATE (D.P. 6.7, 3.6) 
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346 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Conclusion 

The data obtained show that using a multi-angle LS photometer in batch mode and in 
the chromatographic mode without a chromatographic column with an additional RI 
detector in line, it is possible to determine weight average molecular weights and 
sizes of macromolecular species and study the phenomenon of micelle formation over 
a wide range of solute concentrations. 
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Chapter 18 

Comparison of Secondary Effects in Aqueous 
Size Exclusion Chromatography 

Between Sodium Poly(styrenesulfonate) 
Compounds of Different Sulfonations 

Preliminary Study 

Sadao Mori and Toshitaka Oosaki 

Department of Industrial Chemistry, Faculty of Engineering, 
Mie University, Tsu, Mie 514, Japan 

Hydrophobic interactions of sodium poly(styrenesulfonate) 
compounds (NaPSS) of different sulfonation were invest i 
gated. One was commercially available and was considered 
to be less than 85% degree of sulfonation. The other was 
prepared in our laboratory from sodium styrenesulfonate 
monomer and was considered to be 100% sulfonation. Column 
was Shodex PROTEIN KW-804 packed with glycerylpropylgroup 
bonded s i l i c a gel . Mobile phase was sodium phosphate 
buffer at pH 7.0 at different ionic strengths. Cal ibra
tion plots for these two types of NaPSS pullulan showed 
that retention volumes of NaPSS increased with increasing 
the ionic strength, but the extent was different between 
two types of NaPSS. Hydrophobicity of low sulfonated 
NaPSS was originated from both unreacted phenyl groups and 
the backbone C-C linkage. Highly sulfonated NaPSS still 
exhibited some hydrophobicity which may be originated 
from the backbone C-C linkage. 

Aqueous size exclusion chromatography (ASEC) is the technique that 
permits the separation and the measurement of molecular weight (MW) 
averages of water-soluble polymers which include ionic or nonionic 
synthetic polymers and proteins. However, since both the stationary 
phase and the polyer solute in ASEC of ionic polymers possess numer
ous polar groups, mutual interactions between them w i l l lead to non-
ideal SEC. These mutual interactions are divided into two secondary 
effects: ion exclusion and hydrophobic interactions. 

In the previous paper (I), elution behavior of sodium poly(sty
renesulfonate) (NaPSS) compounds compared with nonionic linear poly
saccharide (pullulan) on several types of ASEC columns was reported 
at varing ionic strengths of the mobile phase. The divergence of 
the hydrodynamic volume calibration curves of NaPSS from that of the 
pullulan was observed and the calibration curves of NaPSS changed 
with changing the ionic strength. These phenomena were ascribed to 
the combination of three separation effects: size exclusion, ion 

0097̂ 6156/96/0635-0347$15.00/0 
© 1996 American Chemical Society 
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348 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

exclusion, and hydrophobic interactions. There are a number of 
similar studies concerning the secondary effects in ASEC of sodium 
poly(styrenesulfonate) compounds (2-6). 

NaPSS samples used in the previous study were purchased from 
the commercial source and were prepared from polystyrene samples of 
narrow MW distributions by sulfonation. Therefore, the degree of 
sulfonation of the NaPSS samples used in the work was supposed to be 
less than 85% and the unreacted phenyl groups may be considered to 
be the main sites of hydrophobic interactions. 

In the present work, the preparation of NaPSS of 100% degree of 
sulfonation has been attempted and the elution behavior of both com
mercial NaPSS samples (designated as low sulfonated NaPSS) and NaPSS 
samples prepared in our laboratory (designated as highly sulfonated 
NaPSS) has been compared. This is the preliminary report on this 
matter. The detailed study on this subject w i l l be published else
where . 

Experimental 
P r e p a r a t i o n o f NaPSS o f 100% degree o f s u l f o n a t i o n . Sodium styrene 
sulfonate (monomer)(reagent grade, Tokyo Kasei, Japan) was purified 
by recrystalization two times with the water-acetone system. 5.3 g 
of the monomer, 0.3 g of sodium s u l f i t e , and 0.14 g of potassium 
peroxydisulfate (these two reagent were used as polymerization i n i 
tiators) were dissolved in 15 mL of degassed d i s t i l l e d water and the 
solution was reacted for 1 h at 45 C under reduced pressure. The 
reaction solution was then poured into excess acetone with s t i r r i n g . 
The precipitated material was dissolved in water and the solution 
was poured into excess acetone. This process was repeated two times 
and then the obtained precipitate was dried at room temperatures 
under vacuum. 

The polymer sample was then fractionated into eight fractions 
by fractional precipitation, dissolving the polymer sample in 4 Ν 
sodium iodide solution in the concentration of 1% and kepting the 
solution at 20 C, followed by dropping 9.1 Ν sodium iodide solution 
into the polymer solution. Precipitated material was filte r e d and 
each fraction was purified by dissolution of the filterated fraction 
into water, followed by reprecipitation of the material into acetone. 

ASEC. Measurements were performed on a Jasco high-performance 
liquid chromatograph Model TRIROTAR-V (Jasco, Tokyo, Japan) with a 
refractive index detector Model SE-11 (Showa Denko, Tokyo, Japan). 
A column was Shodex PROTEIN KW-804 (300-mm χ 8-mm id.d) packed with 
glycerylpropyl group-bonded s i l i c a gel (a glycophase-bonded support). 
Pullulan standards which are nonionic linear polysaccharides were 
purchased from Showa Denko and NaPSS standards were from Pressure 
Chemical (Pittsburgh, PA). 

The mobile phase was made up from sodium monohydrogen phosphate, 
Na2HP04, and sodium dihydrogen phosphate, NaH2P04, to the disired 
ionic strength at pH 7.0. Ionic strength was changed from 0.005M to 
0.3M. The flow rate was 1.0 mL/min. The sample were dissolved in 
the solvent used as the mobile phase in the concentration of 0.05% 
and injection volume of these sample solutions was 0.1 mL. 
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R e s u l t s 
Calibration plots for low sulfonated NaPSS, highly sulfonated NaPSS 
and pullulan standards are shown in Figure 1 at various ionic 
strengths. The effect of the ionic strength on retention volume for 
pullulan was almost negligible. In contrast to pullulan, the sig
nificant difference in retention volume for NaPSS with ionic 
strength was observed. The i n t e r s i t i a l volume was estimated to be 
at 6.0 mL with low sulfonated NaPSS having MW 10 6. 

Retention volume of both types of NaPSS increased with increas
ing the ionic strength. At lower ionic strengths (0.005 M and 0.01 
Μ), both types of NaPSS eluted from the column earlier than pullulan 
and they possessed the almost similar calibration plots at each ion
i c strength. At higher ionic strengths (0.2 M and 0.3 Μ), they 

10 c 

sz 
g> 

IS 
ο 
Ο 

10" b-

1(Γ 8 10 12 14 
Retention Volume, mL 

16 

Figure 1. Calibration plots for pullulan ( © ) , low sulfonated 
NaPSS ( f i l l e d marks), and highly sulfonated NaPSS (open marks). 
A solid line i s a pullulan calibration curve and broken lines are 
calibration curves for low sulfonated NaPSS. Ionic strength; 
# Ο , 0.005 M; H • , 0.01 Μ; γ ν > 0 · 2 Μ? • Ο > ° · 3 Μ · 
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350 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

eluted later than pullulan and highly sulfonated NaPSS eluted e a r l i 
er than low sulfonated NaPSS having the similar MW. This difference 
in retention volume became larger with increasing the ionic strength. 

D i s c u s s i o n 
Shodex PROTEIN KW-804 column s t i l l has some amount of unreacted s i -
lanol groups on the surface of packings. Early elution of NaPSS 
relative to pullulan on the column is governed by the ion exclusion 
effect as reported in the previous paper. The extent of the electro 
static interactions between NaPSS and the packings was almost the 
same, implying that the electrorepulsive force of low sulfonated 
NaPSS is similar to that of highly sulfonated NaPSS. 

Glycerylpropyl(l,2-dihydroxy-3-propoxypropyl) groups which are 
bonded on the surface of the packings are hydrophilic and therefore, 
hydrophobic interactions between the support and NaPSS solutes are 
supposed to be small. However, as reported in the previous paper, 
late elution of NaPSS relative to pullulan i s governed by hydropho
bic interactions between NaPSS and the packings. The extent of the 
hydrophobic interactions of low sulfonated NaPSS i s larger than 
highly sulfonated NaPSS, implying that the hydrophobic interactions 
of low sulfonated NaPSS are governed by both unreacted phenyl groups 
and the backboneC-C linkage of propoxypropyl groups on the packings. 
Hydrophobic parts of highly sulfonated NaPSS are only the backbone 
C-C linkage, therefore, hydrophobic interactions of highly sulfonat
ed NaPSS are smaller, resulting early elution than low sulfonated 
NaPSS. 

In conclusion, hydrophobicity of low sulfonated NaPSS i s orig
inated from both unreacted phenyl groups and the backbone C-C link
age. Highly sulfonated NaPSS s t i l l exibits some hydrophobicity in 
the ASEC system examined in this work and the main site of the hy
drophobicity i s originated from the backbone C-C linkage. Low sul
fonated NaPSS i s supposed to have unreacted ohenyl groups (Dubin,P., 
Indiana University Purdue University Indianapolis, personal communi
cation, 1994). 
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Chapter 19 

Molecular Characteristics of Glucans: 
High-Amylose Cornstarch 

A. Huber1 and W. Praznik2 

1Institut für Physikalische Chemie, Heinrichstrasse 28, 
A-8010 Graz, Austria 

2Interuniversitäres Forschungszentrum für Agrarbiotechnologie, 
Konrad-Lorenzstrasse 20, A-3430 Tulln, Austria 

Macroscopic properties of starch are determined by molecular 
characteristics such as molecular weight distribution, branching 
characteristics, glucan coil packing density and coil dimensions. For 
determination of these characteristics, glucan fractions of high-amylose 
corn starch have been prepared by selective precipitation. A fraction 
of 70% mass was fractionated by n-butanol precipitation and is 
expected to consist of non-branched (nb) and long-chain branched (lcb) 
glucans. A second fraction of 30% mass was precipitated by an excess 
of methanol from the prior n-butanol complexation and is expected to 
consist of short-chain branched (scb) glucans. For analytical purposes 
the glucans were dissolved in DMSO to get true solutions. These 
samples were separated on a SEC-system with an aqueous eluent, a 
procedure which includes an in-line switching of glucan-solvent from 
DMSO to water. Dual in-line detection of mass and scattering intensity 
yielded basic data to achieve distributions of sphere-equivalent glucan
-coil dimension (ReD) and of absolute molecular weights as well in 
terms of mass (MWDm) as of number (MWDn) of constituting 
components. Additional application of enzymatically catalyzed 
hydrolization of branching linkages yielded the constituting glucan 
chain distribution and information about chain lengths of branches. 

Glucans from green plants represent the major renewable feedstock for industrial 
utilization and thus, deserve general attention as much as they are of considerably 
and increasing econcomic interest (1,2). Although available in huge amounts, these 
materials are hard to handle, because of their highly fluctuating qualities given by 
the dependence of material properties on a wide variety of molecular parameters 
(3,4) which in turn are controlled by environmental conditions: mutual dependence 
of internal composition, dimensions and structure/ conformation, of macroscopic 

0097^156/96/0635-0351$15.00/0 
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352 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

arrangement of constituting components and of functionalities far away from 
mermodynamic equilibrium. Like the properties of any components within such 
complex systems, glucans are affected by these circumstances and mirror the history 
of influences in their macroscopic and molecular characteristics. Molecular 
characteristics can be written as one edge of a triangle of mutual dependences of 

structure/arrangement of constituting components 
A A 

functionality < • sensitivity towards/ 
transformation on external influences 

and determination of these characteristics is one piece in the puzzle to improve 
understanding of complex systems in general, and of polymer-characteristics, 
specifically. 

Historically, starch is supposed to consist of two fractions, namely amylose 
(non-branched) and amylopectin (branched), but purification of these fractions, 
particularely of amylose, is more or less impossible without generating artefacts (5). 
Additionally, this traditional classification refers to ideal situations and better should 
be replaced by distinguishing between non-branched (nb) long-chain-branched (lcb) 
and short-chain-branched (scb) glucans (6). Within this concept non-branched 
glucans are supposed to be the initially synthesized oligomers/polymers, whereas 
branching occurs as a secondary step. Kind and extent of branching thereby mainly 
is determined by the need for specific polymer-characteristics within the producing 
organism to keep up or to enable certain system-functionalities. Consequently, the 
molecular characteristics of starch-glucans strongly depend on the history of their 
creation, in particluar on the activities of plant-specific enzyme-systems, but 
additionally on global influences and limiting conditions for the glucan-producing 
plant-cells (7). Investigation of molecular characteristics of starch glucans therefore 
includes investigation of system properties and any result will mirror system 
properties. 

Materials and Methods 

Sample. High amylose com starch was provided by Cerestar R&D/Belgium as dry 
white powder. The sample was dissolved in 90% aqueous DMSO with a 
concentration of 1% (wt./v). Dissolution was completed by stirring over night at 
70°C. A clear solution was obtained either immediately or after centrifugation (3000 
rpm, 15 min). Analysis of non-dissolved residues proved them to be non-starch 
materials. DMSO dissolved starch samples can be stored for several weeks without 
significant aging-effects such as degradation, aggregation or rétrogradation (8). For 
analysis in terms of molecular weight distribution (MWD) and branching 
characteristics (nb, lcb, scb), the initially purified glucans from high amylose corn 
starch were fractionated according to their different ability to form precipitation 
complexes with n-butanol and methanol, respectively. The consecutive steps for 
characterization of these glucan fractions are listed in Table I. 
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Enzymatic all y Catalyzed Debranching. For specific debranching the 90% aqueous 
DMSO dissolved glucans were diluted with 2 volumes of aqueous buffer and then 
mixed with pullulanase (EC 3.2.1.41), an ct(l-»6)-glycosidic linkage hydrolizing 
enzyme (Hayashibara; 0.3 IU mg"1 carbohydrates). Hydrolysis was performed at 
37°C for 48 h in total, with additional pullulanase incubation after 24 h to ensure 
complete debranching (8). 

SEC-DRI/LALLS. For the SEC-DRI/LALLS-experiments (9) an interferometnc 
differential refractometer at a wavelength of ϋΚΙ(λ 6 3 0 η ι η) (Wyatt Technology, 
Optilab 903) and a low angle laser light scattering (LALLS) instrument (TSP, K M X -
6) were utilized. Size-exclusion chromatography of the glucans was performed 
utilizing a set of TSK columns, G6000 PW, G5000 PW and G3000 PW, each with 
1=600 mm, ID=7mm, (ToyoSoda). Eluent for SEC was 0.05 M N a C l ^ at a flow rate 
of 0.8 mL min'1 

Table L Applied Techniques for Characterization of Starch Glucans 

Technique Sample / Activity / achieved Characteristics 

purification glucans of high-amylose corn-starch 

dissolution in 90% aqueous DMSO 

fractionation n-butanol-precipitate: 
nb/lcb-glucans 

n-butanol-supernatant 

methanol-precipitate: 
scb-glucans 

dissolution 90% aqueous DMSO 90% aqueous DMSO 

SEC-DRI/LALLS-analysis, 
aqueous eluent 

absolute MWD absolute M W D 

enzymatically catalyzed 
de-branching 

pullulan ase-catalysis: 
debranched 

nb/lcb-glucans 

pullulan ase-catalysis: 
debranched 
scb-glucans 

SEC-DRI/LALLS-analysis, 
aqueous eluent 

absolute MWD, 
branching charact. 

absolute MWD, 
branching charact. 

absolute M W D 
from SEC-DRI/LALLS 

& 
Universal Calibration 

initial & debranched 
nb/lcb-glucans: 
coil dimensions, 

coil packing density 

initial & debranched 
scb-glucans: 

coil dimensions, 
coil packing density 
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Results and Discussion 

Aqueous SEC of DMSO-dis solved High-Amylose Corn-Starch Glucans. Dissolution 
of starch glucans needs breaking of Η-bondings. Aqueous Κ OH as well as DMSO 
are so-called Η-bond breakers and yield true glucan solutions. For chromatographic 
analyses advantages of DMSO compared to aqueous Κ OH are obvious: quartz-cells 
(e.g. in light scattering instruments) do not withstand alkaline pH; no neutralization 
is required and therefore no change/increase of ionic strength has to be considered; 
no accompanying substances such as proteins and/or lipids will be dissolved by 
DMSO and therefore, dissolving starch glucans in DMSO is also a purification step. 
This fact has to be considered for consecutive analytical activities. DMSO provides 
long-time stable glucan-solutions and destroys supramolecular structures which, at 
certain states of investigation, even might be of interest. 

If DMSO-dissolved starch glucans are applied to an aqueous SEC-system, 
simultaneously with separation, an internal switching of glucan-solvent from DMSO 
to water is included because initial solvent DMSO will be shifted to/beyond the total 
permeation volume ofthe utilized SEC-system. As a minor disadvantage from the 
pratical point of view, the SEC-system needs approximately one additional column-
volume of eluent for regeneration of equlibrium conditions before application of the 
next sample. 

Sample Concentration. For traditional calibrated SEC there is no primary need to 
know precise sample concentration. But of course there exists some kind of 
secondary interest in sample concentration to check the recovery and to assure that 
no specific fraction remains attached on the SEC-matrix or on in-line filters. This 
situation changes for detector based analysis where sample concentration becomes 
just one of the parameters needed to compute polymer characteristics such as 
molecular weight. Then the accuracy of sample concentration determines the 
accuracy of computed molecular weights. To increase this accuracy means to be sure 
about the mass of sample, that actually passes the detector cell. On-line mass 
detection by means of an interferometric refractometer which, once calibrated, either 
enables determination of specific refractive index increment or sample concentration 
yields this as 'true' as possible mass-information. 

As additional advantages of on-line determination of sample concentration 
there is no need for prior (mass consuming) determination of moist content and, 
taking advantage of the SEC-separation mechanism, oligomer/polymer-
concentrations of interest can be determined separated and separately from 
accompanying low-molecular components such as salts. 

Molecular Weight of Polymers and Light Scattering. Static light scattering is an 
established technique to determine molecular weight of dissolved polymers. From 
the practical point of view there are two possibilities to achieve this information: 
either by detection of angular dependence of scattering intensity and extrapolation 
to zero-angle (MALLS-technique: multi-angle laser light scattering), or by 
experimental determination of scattering intensity at a sub-critically low scattering 
angle (below approx. 7°: LALLS-technique: low angle laser light scattering). An 
advantage of a MALLS-technique is that, in addition to molecular weight, 
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information about particle-dimension in terms of the radius of gyration and about 
particle-shape from the particle scattering function (Ρ θ ) can be achieved. On the 
other hand, LALLS-instruments with a fixed low scattering angle provide instrument 
construction (geometry, optical pathways) to gather scattered intensity from the total 
spatial-segment of the scattering angle, which results in a significantly increased 
detection-sensitivity. 

If a scattering instrument is connected as detector to a SEC-system, there are 
some additional considerations: in more or typically the eluted particles are not large 
enough to yield a particle scattering function different from ΡΘ=1.0 and thus, usually 
no shape-information can be achieved; nevertheless, the radius of gyration for the 
eluted components can be determined. However, particle dimensions are also 
provided by SEC which separates components according to their size. Both, radius 
of gyration and chromatograpghic retention radius are complicated functions of 
molecular weight whereas scattering intensity at low scattering angles is directly 
correlated with molecular weight. For the investigated glucans of high-amylose corn
starch the parameter of primary interest is the molecular weight, and thus, a L A L L S -
detector with spatial detection of scattering intensity at 5° was connected to the 
SEC-DRI/LALLS experimental setup to get the scattering data from experiment and 
not from extrapolation. 

Dissolution and Preparative Fractionation. According to the initial step in Table I, 
the purified high-amylose com starch was dissolved in 90% aqueous DMSO and 
fractionated by precipitating a nb/lcb-glucan-fraction with n-butanol and a scb-
glucan-fraction with excess of methanol from the remaining supernatant. This 
procedure refers to the ability of glucan-helices to form precipitation-complexes with 
more or less apolar agents (e.g. methanol, n-butanol) in aqueous media. It is well 
known that this complexation-potential increases with increasing lengths of the 
helices and thus, non-branched as well as long-chain-branched glucans are expected 
to form precipitation-complexes with n-butanol. Branching breaks helical structures 
and dissables the formation of precipitation complexes. 

Application of this preparative fractionation procedure to the high-amylose 
com starch yielded a composition of 70% n-butanol precipitate, expected to be 
nb/lcb-glucans, and 30% of methanol precipitate, expected to be scb-glucans. 

Absolute Molecular Weights: Mass and Number Distribution. The initial result that 
is obtained from SEC-DRI/LALLS-experiments is a mass modulated molecular 
weight distribution: M W D m . This includes the mass contribution of all i constituting 
components with weight average molecular weight M w 4 and is computed from light-
scattering (Rayleigh factor: R^)- and mass (c)-data plus some additional constants 
(e.g.: Θ: scattering angle, K: optical constant, Ρ θ : particle scattering function, A 2 : 
second virial coefficient) 

MWDm = 

The initial glucan-mixture and the two glucan fractions were dissolved in 90% 
aqueous DMSO and analyzed by means of SEC-DRI/LALLS to get their MWD f f l . 
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The resulting molecular weight distributions are shown in Figure 1. Both, the total 
com glucan mixture and the two fractions cover the same range of molecular weight 
from 10.103 - 30.106 g M" 1 . The initial mixture contains components in the highest 
molecular domain which couldn't be recovered in any of the two fractions. There is 
no final answer why these components disappear, but most probably these are 
aggregates which are destroyed. However, mass distributions of the two fractions 
differ slightly and their values for the weight average molecular weight are 
Mw=515000 g M" 1 for the n-butanol precipitate and 497000 g M" 1 for the methanol 
precipitate. 

S ° · 8 

I 
2 0.6 

a o.4 
e 
« 0.2 

11 nr\rr\ /τ1ηπ»η· t n i n l 

:orn glucan: n-butanol 
jrecipitate 

:orn glucan: methanol ~ 
oreciDitate 

] 

:orn glucan: n-butanol 
jrecipitate 

:orn glucan: methanol ~ 
oreciDitate 

1 ] 

:orn glucan: n-butanol 
jrecipitate 

:orn glucan: methanol ~ 
oreciDitate / • 

1 

:orn glucan: n-butanol 
jrecipitate 

:orn glucan: methanol ~ 
oreciDitate 1/ 1/ / / \ \ ν 

/ L Λ 
\ \ 

^ 1 
4 5 6 

log(M) [g/mol] 

Figure 1. Mass modulated molecular weight distribution MWD m of high-amylose 
corn starch glucans and of glucans from n-butanol- and methanol-precipitation. 

Because dual-detection in SEC-DRJ/LALLS-experiments does not requiare external 
calibration to obtain molecular weights of investigated polymers, it is often called 
an absolute technique. Often M W D m is the kind of molecular weight distribution 
that is needed, but if e.g. branching characteristics are to be estimatedVdetermined, 
one also needs the number modulated molecular weight distribution: M W D n . 
Conversion of M W D m into M W D n is achieved as the ratio of mass-fraction (frm) and 
molecular weight (M) for each of the i components of M W D m (10): 

Conversion of molecular weight distribution (MWD m , MWD n ) into degree of 
polymerisation distribution (dpDm, dpDn) for the glucans of high amylose com starch 
is computed as the ratio of molecular weight M and molecular weight of a glucose-
monomer (MQ) for each of the i components. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
01

9

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



19. HUBER & PRAZNIK Molecular Characteristics of Glucans 357 

M. M, 
dpD = —- = —-

Mn 162 

Coil Conformation and Dimensions of High-Amylose Corn-Starch Glucans. A 
universal calibration function was established with well defined and commercially 
abvailable dextran standards (Pharmacosmos dextran standard kit). Comparing 
absolute calibration functions (log(M) versus V r e t ) from SEC-DRI/LALLS with 
universal calibration function (log(M.|/n]) versus V r e t ) yields intrinsic viscosity versus 
M and thus the Staudinger/Mark/Houwink exponent S M H a as a function of M for 
both glucan fractions (Figures 2a, 2b, Table II). S M H a is an indicator of polymer-
coil conformation. 

The obtianed values for the glucan coil conformation indicator S M H a for 
the mass main-fractions classify the n-butanol precipitate as loosely packed coils, 
whereas the methanol precipitated glucans seem to be quite compact coils (Table II). 
This fits very well with the expected branching characteristics of the two fractions: 
nb/lcb-glucans are known to form less compact coils than scb-glucans. Additionally, 
both fractions contain a minor number of components of the other fraction, a fact, 
that can be explained by equilibria of precipitation-fractionation. 

With data for S M H a and adjusted values for the constant Κ (keeping 
intrinsic viscosity above 1.0 mL g"1 and specific volume above 0.7 cm3 g"1, an 
empirical limit for globular proteins) distributions of sphere-equivalent polymer coil 
volumes (V eD), sphere-equivalent glucan coil radii (R eD) (Figure 3) and glucan coil 
packing density (peD) (Figure 4) were computed. 

y = Κ Ma + 1 

2.5 NA 

ι 4 π 
KM* 
2,5 ΝΛ 

= M J . 
9 e ' NA ' Ve 

For both glucan fractions the coil dimensions in terms of radii (Re) of 
occupied sphere-equivalent volume range between 2 nm and approx. 60 nm, with a 
maximum close to 3 nm for the methanol precipitate and close to 6 nm for the n-
butanol precipitate (Figure 3). Again, these results support the assumption, that n-
butanol precipitated glucans are a mixture of nb/lcb-glucans which occupy more 
volume at a given degree of polymerization than methanol precipitated scb-glucans 
which pack much more compact. Coil-packing densities shows up with 5-6 times 
higher packing densities for the methanol precipitated glucans compared to the n-
butanol precipitate (Figure 4). 
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*, 0.6 I 0.4 

I l l l 1 I 1 I 1 M l 

η -butanol-prec. mass 

— SMH_a: η -butanoi [>rec. 

s 

/ 
J 

s 
Ν 

Ϊ s 

10 100 1000 10000 100000 1000000 

log(dp) [glucose-units] 

figure 2a. dpDm for n-butanol-precipitate of high-amylose corn starch and 
corresponding coil-conformation indicator S M H a . 

Figure 2b. dpDm for methanol-precipitate of high-amylose corn starch and 
corresponding coil-conformation indicator S M H a . 
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R_e: n-butanol prec. 

— " R-e: methanol prec. 

1 10 100 1000 

R e [nm] 

Figure 3. Mass distribution of glucan coil dimensions for high-amylose corn starch 
glucans: sphere equivalent radii distribution (RJ)). 

Figure 4. Mass distribution of glucan coil packing density (p«J)) for n-butanol and 
methanol precipitate of high-amylose corn starch glucans. 
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Figure 5a. M W D m for n-butanol precipitate of high-amylose corn starch before and 
after pullulanase-catalyzed complete debranching. 

Figure 5b. M W D m for methanol precipitate of high-amylose corn starch before and 
after pullulanase-catalyzed complete debranching. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 M
ay

 3
0,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
5.

ch
01

9

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



19. HUBER & PRAZNIK Molecular Characteristics ofGlucans 361 

Enzymatically Supported Branching Analysis. To gain more detailed information 
about the branching characteristics, both glucan-fractions were modified by means 
of the catalytic action of pullulanase. This enzyme specifically hydrolizes oc(l->6)-
glycosidic linkages, the branching linkage in starch glucans and yieldes the 
constituting glucan-chain distributions. 

Figures 5 a and 5b show the resulting absolute molecular weight distributions 
M W D m before and after pullulanase-debranching action. Both, the n-butanol 
precipitated glucans and the methanol-precipitated ones became significantely 
modified. High molecular weight glucans obviously are branched because they 
vanish in both fractions. The resulting fragments for the methanol-precipitated 
glucans shift to lower molecular weights than those from the n-butanol precipitation, 
a fact, which again supports the expected branching characteristics. 

Table IL Characteristics of Glucans from BGgh-Amylose Corn Starch 

Parameter n-butanol precipitate 
nb/lcb glucans 

methanol precipitate 
scb glucans 

starch composition 70 % 30 % 

initial debranched initial debranched 

Mw [g M"1] 515 000 191 000 497 000 29 000 

dpw [glucose-units] 3 180 1 180 3 070 180 

number of particles 100 % 184 % 100 % > 2000 % 

coil conformation 
S M H a 

Κ 
0.437 
0.14 

0.132 
0.70 

sphere equivalent 
coil dimensions 

R e range [nm] 
R e(Max) [nm] 

2 .. 80 
6 

2 . 80 
3 

packing density of 
equivlane sphere 

p e range [g cm"3] 
pe(Max) [g cm"3] 

0.02 .. 0.3 
0.15 

0.02 .. 0.9 
0.85 

dp of branches 
range [dp] 

dp(Max 1) [dp] 
dp(Max_2) [dp] 

65 .. 2000 
90 

200 

20 .. 160 
65 
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As branching characteristics are correlated with the number of particles rather 
than with the mass, the constituting glucan-c^)-distributions are converted from 
mass- to number distribution (Figures 6a, 6b) and, finally, SEC-DRI/LALLS-
analysis-results before and after hydrolysis of branching linkages are plotted to 
extract detailed information on the branch-dps and branch-dp-distribution (Figures 
7a, 7b). 

ι 
ι 

U 

0.8 

0.6 

0.4 

a o.2 

debranched n-butanol 
precipitate: mass 

' debranched n-butanol 
precipitate: number 

1.5 2 2.5 3 

log(dp) [glucose-units] 

3.5 

Figure 6a. Degree of polymerization distribution for pullulanase-debranched n-
butanol precipitate of high-amylose corn starch: distribution of mass fractions dpDm 

and of number fractions dpDn. 

debranched methanol 
precipitate: mass 

debranched methanol 
precipitate: number 

1.5 2 2.5 3 

log(dp) [glucose-units] 

3.5 

Figure 6b. Degree of polymerization distribution for pullulanase-debranched 
methanol precipitate of high-amylose corn starch: distribution of mass fractions 
dpDm and of number fractions dpDn. 
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-0.25 -I 1 1 1 1 1 1 1 1 » 1 " 1 
1 1.5 2 2.5 3 3.5 4 

log(dp) [glucose-units] 

Figure 7a. dpDn of n-butanol precipitate before and after hydrolysis of branching 
linkages. Degradation/accumulation domains (delta dp) due to debranching action. 

Figure 7b. dpDn of methanol precipitate before and after hydrolysis of branching 
linkages. Degradation/accumulation domains (delta dp) due to debranching action. 
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For the n-butanol precipitate (Figure 7a) the debranching action yields an 
increase of approx. 80% in the particle number mainly from hydrolysis of a minor 
number of high-molecular glucans. After debranching action glucan-chain-lengths in 
the range between dp=60 to dp=450 with two maxima at dp=90 and dp=220 was 
identified. A third, but very tiny glucan-chain population is located around dp«2000 
(Table II). 

Hydrolysis of branching linkages for the methanol precipitate of high-
amylose com starch yielded a quite different result compared to the glucans of n-
butanol precipitation (Figure 7b). Particle number increased dramatically for more 
than 2000%, and virtually all glucan molecules were affected by the enzymatic 
action. As a result, a constituting glucan dp-distribution ranging between dp=20 and 
dp=160 with a maximum at dp=65 was found (Table II). 

In summary, we have employed fractionation techniques, dissolution in 
DMSO, separation of glucan-fractions by means of SEC in an aqueous eluent, 
enzymatically catalyzed modification of glucan fractions. Based on extended 
interpretation of experimental data, the attributed 'high-amylose'-status of the high-
amylose com starch could be rationalized and linked to molecular characteristics. 
The main mass fraction of these glucans (70%) formed precipitation-complexes with 
n-butanol, it has a coil conformation indicator for loose packed polymer coils and 
yielded branches with dps close to 100 and above which have to be assigned as 
long-chain branches. The second fraction with 30% mass, precipitated with excess 
of methanol from the supernatant of the n-butanol complexation, was identified as 
short-chain branched glucan-type. 
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Chapter 20 

Size Exclusion Chromatography 
of Polysaccharides 

in Dimethylacetamide—Lithium Chloride 

André M. Striegel1 and Judy D. Timpa2† 

1Chemistry Department, University of New Orleans, 
New Orleans, LA 70148 

2Agricultural Research Service, U.S. Department of Agriculture, 
Southern Regional Center, P.O. Box 19687, New Orleans, LA 70179 

Size exclusion chromatography has long been the method of choice for 
characterization of polymers and polysaccharides. A chief impediment to this 
process has been the lack of suitable solvents for the polysaccharides with 
more intricate secondary valence bond networks, such as cellulose, chitin, and 
starch. To this effect the solvent N,N-dimethyl acetamide with lithium chloride 
(DMAc/LiCl) has been utilized. With it we can accomplish dissolution of a 
wide variety of polysaccharides without the need for prior derivatization or 
extraction. The homogenization of solvent and chromatographic mobile phase 
greatly simplifies experimental conditions and variables. Here we address the 
choice of this solvent system and present results of universal calibration and 
light scattering studies of cellulose and pullulans dissolved in DMAc/LiCl. 

Although the importance of polysaccharides in a variety of fields has been widely 
recognized for a number of years, no single common theory has emerged to explain 
the remarkable diversity and complexity of these molecules (1). This has led to the 
conclusion that even for biological systems no single unifying function seems to exist 
(2). Optimizing functions and understanding the roles of polysaccharides are directly 
dependent upon knowledge of the composition, structure, and molecular weight 
distribution (MWD), and the extent to which these properties affect the molecules' 
behavior. Physical properties of the polysaccharides will be dictated by molecular 
structure. As such, when comparing branched and linear polysaccharides of equal 
molecular weight, the branched molecule, being more compact, will have a smaller 
radius of gyration, its hydrodynamic volume will be smaller, and its solution viscosity 
lower than those of the linear polymer. 

The technique of size exclusion chromatography, or SEC (also termed gel 
permeation chromatography, or GPC), allows the determination of molecular weight 
averages and, more importantly, molecular weight distributions. With it the calculation 

†Deceased 

This chapter not subject to U.S. copyright 
Published 1996 American Chemical Society 
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of a number of other characteristic solution properties is also possible. Of particular 
importance when performing studies of this type is the homogenization of 
experimental conditions, i.e. solvent, mobile phase, temperature, flow rate, method(s) 
of detection, adequate linear standards for performing branching calculations, proper 
calibration techniques, etc. The first of these conditions, the choice of solvent, has 
caused considerable difficulty when studying polymers, as techniques for polymer 
characterization usually depend on dissolution of the polymer (3). Polysaccharides 
such as cellulose, starch, and chitin, among many, are extremely difficult to dissolve. 
For cellulose, metal complex solutions, which often degrade the molecule through 
oxidation, are unstable, and many are colored. An alternative approach that has been 
extensively used with cellulose is to convert to a derivative soluble in an organic 
solvent which can then be conveniently characterized. The methods for obtaining 
solutions of cellulose involving derivatization can lead to hydrolytic and/or oxidative 
changes. In addition to the steps required for preparation of the derivative with strict 
attention to avoid degradation, a narrow range in degree of substitution is required to 
achieve dissolution. Agents such as sodium hydroxide or other alkaline solvents 
capable of selectively removing the non-cellulosic components seldom leave the 
cellulose unchanged; the remaining insoluble cellulose may be degraded, altered in 
crystallinity, and/or not absolutely pure (4). To characterize a cellulose polymer that 
is truly representative of the fiber matrix has proven to be a challenge. An even 
greater challenge is to find a means of characterizing not only the cellulose polymer, 
but also other polymers and polysaccharides that may co-exist in cotton fibers or 
plants at different stages of development, or in biological samples. 

Previous studies by our group have demonstrated that #,#-dimethyl acetamide 
with lithium chloride (DMAc/LiCl) has the capability of dissolving a wide variety of 
representative polysaccharides differing in molecular weight, branching, linkage, and 
anomeric configuration, without the need for prior extraction, derivatization, or 
fractionation (5,6). We have determined DMAc/LiCl to be a thermodinamically good 
solvent that will break the secondary valence links of the molecule and buttress the 
macromolecular backbone. An additional advantage is that the solvent and the 
chromatographic mobile phase are thus identical. In this paper we will address our 
choice of this particular solvent, and give examples of results. 

Previously we have utilized SEC with dual detection: A concentration detector 
(refractive index or RI) preceded by a differential viscometer (DV). Use of these has 
permitted the application of the concept of universal calibration. Recently we have 
incorporated a multi-angle laser light scattering (LS) detector into our experimental 
set-up. With it absolute macromolecular characterization of molecules with radii of 
gyration (Rg) between approximately 10 nm and 50 nm is possible. In terms of 
molecular weight this translates approximately from 1,000 Da to over 1,000,000 Da 
for random coils, higher for spherical molecules and lower for rigid rods. Here we use 
the techniques of universal calibration and light scattering to characterize the solution 
properties of cellulose and pullulans dissolved in DMAc/LiCl . Average molecular 
weights and molecular weight distributions will be presented, and we will show 
differences in the detection ability of LS versus RI or DV. 
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Experimental 

Materials. Samples included cellulose 5 (J. T. Baker Chemical C o , Phillipsburg, NJ, 
cat. no. 1528-1) and pullulan 1 (Pfanstiehl, Waukegan, IL, cat. no. 12474). Polystyrene 
standards were from Toyo Soda Manufacturing (Tokyo, Japan), types F-288, F-20, F-
80, F-10, F-128, F-4, F-40, F-2, A-5000, F - l , with nominal molecular weights (Da) 
of 2.89 xlO 6 , 1.9 xlO 5 , 7.1 xlO 5 , 1.02 xlO 5 , 1.26 xlO 6 , 4.39 xlO 4 , 3.55 xlO 5 , 1.96 xlO 4 , 
6.2 xlO 3 , 1.03 xlO 4 , respectively. The solvent was Ν,Ν-dimemylacetamide (Burdick 
& Jackson, Muskegon, IL), dried with molecular sieves (Baker, activated type 3A). 
Lithium chloride (Baker) was oven-dried and stored in a desiccator. 

Sample Preparation. Sample preparation was performed following a simplified 
version of the protocol used with cotton (7). 30 mg of polysaccharide was added to 
5 mL D M Ac in 10 mL ReactaVials with a conical magnetic stirrer in a heating block. 
The temperature was raised to 150°C and maintained with stirring for 1 hour. The 
mixture was allowed to cool to 100°C and 0.250 g dried LiCl was added. The vials 
were shaken by hand and returned to the heating block, where the mixture was 
maintained with stirring at 100°C for 1 hour. The temperature of the block was 
lowered to 50°C and samples were stirred at this temperature overnight. The solutions 
were quantitatively transferred to 50 mL volumetric flasks and diluted to volume with 
DMAc. They were then filtered through a solvent-resistant Teflon disposable filter. An 
extraction apparatus was employed with 10 cm3 glass syringes fitted onto filters with 
4 mL glass vials held in the small volumetric holder. The final concentration of each 
polysaccharide was 0.6 mg/mL in DMAc/0.5% LiCl . This concentration of LiCl was 
chosen based on the Ekmanis procedure for cotton dissolution (7,<S). This procedure 
presents two main advantages: First, the concentration of salt is substantially lower 
than in other methods of cellulose dilution in DMAc/LiCl , which involve pre-swelling 
the cellulose in water, followed by solvent exchange to DMAc. Second, as there is no 
solvent exchange in this method, it is essentially a "one pot" procedure and therefore 
attractive for handling large numbers of samples. 

Chromatography. The mobile-phase/solvent for GPC was DMAc/0.5% LiCl prepared 
by raising the temperature of 1 L of DMAc to 100°C and then adding 5 g of dried 
LiCl . The salt was stirred until it dissolved, and the solvent was filtered through a 
Teflon filter with a glass filter apparatus. Filtered samples were analyzed on a GPC 
system consisting of an automated sampler (Waters WISP, Milford, MA) with an 
HPLC pump (Waters Model 590), pulse dampener (Viscotek, Houston, TX), multi-
angle light scattering detector (Wyatt miniDAWN, Santa Barbara, CA), viscometer 
detector (Viscotek Model 100), and refractive index detector (Waters Model 410), at 
a flow rate of 1.0 mL/min. The detectors were connected in series, with the refractive 
index detector last due to back-pressure considerations. The columns configuration 
consisted of three 10μ Mixed-B columns (Burdick & Jackson/Polymer 
Laboratories, Amherst, MA) preceded by a guard column (Burdick & 
Jackson/Polymer Laboratories). The system was operated at 80°C, with temperature 
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controlled by a column heater (Waters column temperature system). Injection volumes 
were 100 μΐ. with a run time of 34 min per sample. Data acquisition and calculations 
were performed using the software packages TriSEC GPC (Viscotek, Version 2.70), 
ASTRette (Wyatt, Version 3.04), ASTRA (Wyatt, Version 4.0), and EASI (Wyatt, 
Version 6.0). 

Universal Calibration. The concept of universal calibration, proposed by Flory in the 
1950s and confirmed experimentally by Benoit et al. in the 1960s, allows calculation 
of M W values without the need for standards with the identical chemical structure of 
the analyte (9, 10). It does so by taking into account not only the M W of the molecule 
but also it's intrinsic viscosity. As such, the log of the product of the molecular weight 
and the intrinsic viscosity, termed the hydrodynamic volume, may be plotted versus 
the retention time to obtain a linear calibration curve. Benoit et al. showed that 
molecules with a variety of conformations (i.e., linear, star shaped, comb shaped, 
ladder shaped, etc.) and molecular weights fall on this curve. Universal calibration 
was determined with polystyrene standards dissolved directly in DMAc/0.5% L i C l . 
The universal calibration curve (Figure 1) was linear as a logarithmic function of the 
product of the intrinsic viscosity times molecular weight versus retention volume using 
a third-order fit. Data were obtained from two dissolutions per sample with two GPC 
runs per dissolution. 

light Scattering. For a comprehensive review of the theory and applications of light 
scattering for absolute macromolecular characterization, the reader is referred to the 
article by Wyatt (11). In our experimental set-up, the niiniDAWN system consists of 
a 20 mW semiconductor laser operating at 690 nm. Photodiode detectors are placed 
at 45°, 90°, and 135°. The calibration constants for the three GPC detectors are: RI: 
2.467 χ ΙΟ 6 ; DV: 1.000 x 10"4; LS: 7.582 χ 10"6. The LS/RI delay was 0.433 mL. 
Refractive indices were as follows: DMAc/0.5% L i C l : 1.438; cell: 1.519; dn/dc: 
0.163. 

Results and Discussion 

The DMAc /LiCl Solvent System. Considerable effort has been devoted to finding 
practical direct solvents for cellulose. A relatively new solvent system is D M A c / L i C l . 
Our group has utilized it to dissolve cellulose, chitin, amylose, amylopectin, 
arabinogalactan, and dextrans, among others. The molecular weight distributions of 
the cellulose and pullulan samples dissolved in D M A c / L i C l may be seen in Figure 2. 
Although a universally accepted mechanism of dissolution of cellulose in D M A c / L i C l 
has not been arrived at, some facts are known. Nuclear magnetic resonance (NMR) 
studies show that the solvent does not react with cellulose, and that a true solution is 
formed. There is likewise no degradation of the polymer by the solvent, in contrast 
to other solvents which rapidly degrade the macromolecular backbone. Common to 
all dissolution mechanisms are the complexation of L i + with the carbonyl oxygen of 
the DMAc, and disruption of the extensive hydrogen bond web present in cellulose 
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Standards Calibration Plot in DMAc/LiCl 

Retention Volume (mL) 

Figure 1. 
SEC calibration plot of polystyrene standards in DMAc/0.5% LiCl . 
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Molecular Weight Distribution of Cellulose and Pullulans 
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Figure 2. 
Molecular weight distribution (MWD) of cellulose 5, pullulan 1, and pullulan 3. 
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by Η-bonding of the CI" with the cellulosic hydroxyl groups. These results have been 
corroborated by N M R and titration experiments (4). 

DMAc, a polar aprotic solvent, is and ideal choice to dissolve an ionic 
compound such as L i C l . It solvates the cation extremely well but, because of its 
inability to form Η-bonds, does not solvate the anion to any appreciable extent. The 
anion in this solvent is unencumbered by a layer of solvent molecules and therefore 
poorly stabilized by solvation. Such a "naked" anion will be highly active as a 
nucleophile. CI", being smaller and therefore less polarizable (than Br"), is less 
nucleophilic. It will be less tightly bound to the solvent and can thus break the inter-
and intra-molecular hydrogen bonds of cellulose, helping effect dissolution. Use of 
both D M A c and L i C l to bring about dissolution seems exclusive. In other words, 
other solvents such as dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), 
formamide, ethanolamine, etc., seem ineffective (with the exception of 1 -methy 1-2-
pyrrolidenone, the cyclic analog of DMAc). Likewise ineffective is the use of other 
alkali metals or other halogens in lieu of either L i , CI, or both (12). 

Use of D M A c / L i C l in the analysis of widely varying polysaccharides presents 
a number of advantages. It provides a common solvent system in which to dissolve 
the polysaccharides, and as such any solvent effects which may result become 
negligible during comparisons. The solvent may also be used as the chromatographic 
mobile phase for SEC with multiple detectors. Solvent exchange from the solvent to 
the mobile phase is not necessary, and concerns about partition coefficients, etc. are 
eliminated. Alteration of the solvent by the polymer, which may affect light scattering 
results, is non-existent, as shown by N M R experiments. SEC with D M A c / L i C l as the 
solvent/mobile phase was utilized by our group to monitor cell-wall polymers during 
cotton fiber development, and to quantify the effects of extrusion processing on 
starches from corn and wheat (13, 14, 15). We have performed studies in our 
laboratory of polysaccharides dissolved in this solvent. Based on viscosity values and 
values of the Mark-Houwink constant a, the decrease of which could be directly 
related to the increase in branching in a series of dextrans, D M A c / L i C l may be 
considered a thermodynamically favorable ("good") solvent, i.e. one that effectively 
dissolves associated segments found within a coil, thus lowering the coil density and 
increasing the viscosity. 

Universal Calibration and Light Scattering. For the purposes of contrasting 
universal calibration with light scattering we will describe the work done with 
cellulose and pullulan. These are both linear glucans. The former consists of β-(1—>4) 
linkages, and the latter of oc-(l-»6) linkages. As mentioned earlier, when performing 
branching calculations, it is important that the linear standard used cover the range of 
the M W D of the analytes. For this reason we used cellulose 5 as a linear standard. 
It's calculated weight-average molecular weight, M ^ = 3.3 χ 105, agrees well with 
previously reported values of 3.2 χ 105 (16), and cellulose is well known for its 
linearity. As may be seen in Figure 2, the M W D of the cellulose extends beyond the 
range of that of the pullulans. Results of the universal calibration branching studies 
of these and other polysaccharides, performed in our laboratory, established the lack 
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Figure 3. 
Pullulan 1 : (A) Alignment of 90° light scattering (LS) trace with RI detector trace 

(AUX1). (B) Alignment of 90° LS trace with DV detector trace (AUX2). 
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of branching of pullulan calculated as branching number (Bn) and branching frequency 
(λ), and as reflected in the parameters a, Rg, and [η] (5,6). In universal calibration 
the radius of gyration may be calculated at every SEC slice by using Flory-Fox and 
Ptitsyn-Eisner theory, whereby 

Rg = (1/6 ν 4){[η]Μ/Φ 0/(1-2.63ε+2.86ε 2)}% (1) 

where Φ 0 is the Flory universal constant, equal to 2.86 χ 1021, and ε = (2a-l)/3, with 
a being the Mark-Houwink exponent constant (17). Branching calculations performed 
with LS data and using cellulose 5 as a linear standard confirm the lack of branching 
in the pullulans, yielding straight lines which virtually overlap the baseline for both 
the branching frequency vs. molecular weight and branching number vs. molecular 
weight plots. In LS the radius of gyration is derived from the slope of the familiar 
Debye plot (the plot's intercept yields M J . 

Table I shows the calculated M,,, and Rg w of the cellulose and pullulans, 
utilizing universal calibration with polystyrene standards and light scattering. M w 

values are in close agreement with those supplied by the manufacturer or previously 
published in the literature. Universal calibration and light scattering and Rg w 

values, which are in close agreement with each other, are not available from the 
manufacturer. It can be observed in the lower traces of Figures 3 A and 3B that both 
the refractive index and the viscometer detectors observed a single peak for pullulan 
1. 

Table L MW averages and radius of gyration of cellulose and 
pullulans using universal calibration and light scattering 

Sample ID Supplied Universal Calibration Light Scattering 
Mn Rgw M B Rg, 

Cellulose 5 3.2 x 10* 3.3 χ 105 4.2 χ 104 16.2 3.2 χ 105 2.8 χ 104 14.5 
Pullulan 1 1.0 χ 103 1.1 χ 105 3.5 χ 104 12.3 1.2 χ 103 6.9 χ 104 18.7 
Pullulan 3 3.0 χ 105 3.1 χ 105 3.4 χ 104 14.5 2.8 χ 103 5.0 χ 104 20.7 

'Value from (16). 

The Debye plot for pullulan 1 is shown in Figure 4. The M ^ taken at the 
maximum of the second peak, is in close agreement with both the supplied value and 
with that determined using universal calibration. The values for pullulan 1 and 3 are 
compared in Table I. 

As can be seen in the upper trace in Figures 3A and 3B, corresponding to the 
signal from the 90° LS photodiode detector, two large peaks may be observed. These 
are evident in the output from all three angles being monitored (Figure 5). The large 
peak at lower elution volume is not observed with either the RI or the viscometer 
detectors (Figures 3A,B and 5). This peak at lower elution volume is most probably 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

02
0

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Fi
gu

re
 4

. 
D

eb
ye

 p
lo

t 
fo

r 
pu

llu
la

n 
1.

 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

02
0

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Fi
gu

re
 5

. 
In

te
ns

ity
 p

lo
t f

or
 p

ul
lu

la
n 

1:
 1

 =
 4

5°
 li

gh
t s

ca
tte

rin
g 

(L
S)

 d
et

ec
to

r; 
2 

= 
90

° 
L

S 
de

te
ct

or
; 

3 
= 

13
5°

 L
S 

de
te

ct
or

; 
ri

 =
 r

ef
ra

ct
iv

e 
in

de
x 

de
te

ct
or

. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ch

02
0

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



376 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

Ι.Οβ+βΓ 
Molecular Weight vs. Volume 

1.0e*5h-
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Figure 6. 
Molecular weight vs. volume plot for pullulan 1. Universal calibration (—) and 

light scattering (+++). 
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an indication of solution aggregates, and was not included in the calculation of the 
average M W by LS. It was observed with pullulan 3 as well. Solution aggregates have 
also been observed by other groups for dextrans dissolved in aqueous solution; their 
existence is still not well understood {IS). As the higher molecular aggregate peak is 
not seen by either the RI or D V detectors, utilizing these pullulans as calibration 
standards would have resulted in incorrect molecular weight determinations for 
samples analyzed by SEC with RI and/or D V detection alone. 

The polydispersity of the sample is exemplified in the lack of alignment of the 
LS and RI, or LS and DV, maxima (of the peak at higher elution volume). This lack 
of alignment is due to the LS signal being proportional to the product of concentration 
and molecular weight, whereas the RI and DV signals are proportional only to 
concentration. This also explains why LS is more sensitive to aggregates, as its 
detector signal will be higher for the higher molecular weight fraction (18). Figure 6 
shows the molecular weight vs. volume plot for pullulan 1 obtained with universal 
calibration contrasted to that obtained with light scattering. The light scattering trace 
has been extrapolated at the highest and lowest extremes to reduce the inherent noise. 

Conclusions 

We have utilized SEC for the analysis of polysaccharides dissolved in D M A c / L i C l . 
Use of this solvent system permits a wide variety of polysaccharides differing in 
extent of branching, linkage, and anomeric configuration to be dissolved in a common 
solvent. The solvent may also be utilized as the mobile phase, thus eliminating another 
experimental variable and facilitating procedures. Dissolution of the polysaccharides 
in D M A c / L i C l does not affect the solvent, as results for cellulose indicate a true 
solution in formed. 

Results from both universal calibration and multi-angle laser light scattering 
gave weight-average molecular weights comparable to those supplied by the 
manufacturer, and number-average molecular weights and radii of gyration 
comparable to each other. The branching in pullulan was determined to be essentially 
non-existent by both methods of analysis. A linear cellulose standard, whose M W D 
spans the range of that of the pullulans, was used for the branching calculations. The 
light scattering detector did supply evidence of pullulan aggregates in solution, as 
exemplified by an additional peak at lower elution volume (higher molecular weight) 
than the only peak observed with the RI and D V detectors. As similar results have 
been observed by other groups with dextrans dissolved in aqueous solution, caution 
should be exercised when using polysaccharides as calibration standards in SEC with 
RI and/or DV detection alone. Potential difficulties may be avoided by either the use 
of well-characterized, narrow M W D standards (such as polystyrenes), or of a light 
scattering detector. The LS detector provides an additional means of observing the 
polydispersity of the samples, by comparing the maxima of the LS and RI and/or DV 
traces of the common peak. 
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Safety Considerations and Notes 

Ν,Ν-dimethyl acetamide is an exceptional contact hazard that may be harmful if 
inhaled or absorbed through the skin and may be fatal to embryonic life in pregnant 
females (Baker Chemical Co., Ν,Ν-dimethylacetamide, Material Safety Data Sheet, 
1985, D5784-01; pp. 1-4. 

Names of companies or products are given solely for the purpose of providing 
specific information. Their mention does not imply recommendation or endorsement 
by the United States Department of Agriculture over others not mentioned. 
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Chapter 21 

Renaissance in Ultracentrifugal Sedimentation 
Equilibrium Calibrations of Size Exclusion 

Chromatographic Elution Profiles 

Juraj Mlynár and Simo Sarkanen 

Department of Forest Products, University of Minnesota, 
2004 Folwell Avenue, St Paul, MN 55108 

Of the three traditional techniques that have been most reliable in their 
application to polymers for determining molecular weight averages, only 
ultracentrifugal sedimentation equilibrium analyses can provide 
information directly about the polydispersity of a solute. Thus, when used 
in conjunction with size exclusion chromatography, analytical 
ultracentrifugation is uniquely suited to examining how polydispersity 
varies with the hydrodynamic volume of the species that constitute a 
polymeric sample. Almost impeccable fidelity has now been attained in 
fitting, to empirical sedimentation equilibrium data, sums of exponential 
terms that formally reflect the distributions of ideal macromolecular 
solute components in the centrifugal field. Although the component 
molecular weights and corresponding concentrations in each case 
represent principally the values of adjustable parameters that satisfy the 
curve fit, the ensuing z-average molecular weights have become, perhaps 
for the first time, quite reliable; even the weight-average molecular 
weights exhibit appreciable sensitivity to the degree of refinement 
ultimately achieved. The approach has been successfully applied to the 
characterization of lignin derivatives, which are complicated mixtures of 
macromolecular complexes and individual components; fortunately these 
species are not usually interconverted rapidly under the ultracentrifugal 
conditions employed. Not surprisingly, such fitting of exponential terms 
to sedimentation equilibrium data is even more straightforward for 
paucidisperse polystyrene fractions. 

The classical Beckman model Ε analytical ultracentrifuge was designed in the 1950's and 
subsequently improved through modifications related to the photoelectric scanning 
system implemented during the 1960's (1-4). As a means for absolute molecular weight 
determinations, analytical ultracentrifugation gradually lost ground during the 1970's to 
alternative methods such as light-scattering and viscosimetric measurements which were 

0097-6156/96/0635-0379$15.50/0 
© 19% American Chemical Society 
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380 STRATEGIES IN SIZE EXCLUSION CHROMATOGRAPHY 

quicker and easier to use. Concomitantly the Beckman model E ultracentrifuge was 
steadily becoming more expensive to maintain, and in the early 1980's production of the 
instrument was discontinued altogether. 

This lamentable state of affairs meant that the majority of investigators were restricted 
to light scattering and viscosimetric measurements as the most reliable means for 
determining molecular weights. Yet appropriate analyses of ultracentrifugal 
sedimentation equilibrium data facilitate calculation of both the weight-average and z-
average molecular weight (M^, and for a polymer sample. Accordingly, redistribution 
of macromolecular solute species in the centrifugal field affords information about the 
polydispersity of a (paucidisperse) solute without the need for further chromatographic 
fractionation. Thus analytical ultracentrifugation offers unique advantages in 
characterizing the molecular weight distributions of polymeric components that cannot 
be conveniently separated into members of a single homologous series. 

From such a perspective, lignin derivatives are especially worthy candidates for 
ultracentrifugal sedimentation equilibrium analysis: their colligative behavior is strongly 
influenced by pronounced noncovalent interactions between the individual molecular 
species; the resulting macromolecular complexes are usually assembled and dismantled 
relatively slowly with respect to the time required to attain sedimentation equilibrium, but 
the populations of these entities are nevertheless profoundly affected by solution 
composition and prior incubation conditions to which the sample has been exposed (5-
77). 

Lignins. As cell wall components in all vascular plants and woody tissues, lignins 
represent the second most abundant group of naturally occurring polymers. They exhibit 
significant variations in structure with plant species, type of cell, and morphological 
region of the cell wall in which they are present (12-14). The final step in lignin 
biosynthesis involves the enzyme-catalyzed dehydrogenative polymerization of three 
monolignols, viz. /7-hydroxycinnamyl (p-coumaryl) alcohol, 4-hydroxy-3-
methoxycinnamyl (coniferyl) alcohol, and 4-hydroxy-3,5-dimemoxycinnamyl (sinapyl) 
alcohol. The consequent macromolecules may embody as many as 10 different linkages 
between the monomer residues, but approximately half of these are of the same β-Ο-4 
alkyl aryl ether type (75). In gymnosperms (softwoods), the primary lignin precursors 
are the coniferyl and /7-coumaryl alcohols, while in angiosperm dicotyledons (hardwoods) 
sinapyl alcohol is also prominently incorporated into the biopolymer. On the other hand, 
the lignins of grasses and cereals, in addition to units derived from the three primary 
monolignol precursors, contain some covalently bound /7-coumaric and ferulic acids. 

In hardwoods and softwoods, lignins comprise between 25 and 30% w/w, respectively, 
of the woody tissue. Since the majority of the interunit linkages in these macromolecules 
are much more stable than those in most other biopolymers, lignins cannot be isolated 
from plant or wood cell walls without substantial degradation. The resulting lignin 
derivatives thus may vary widely in the extent to which they have been modified with 
respect to the structures present in the native biopolymer (75,16). 

Size-Exclusion Chromatography of Lignin Preparations. Size-exclusion 
chromatographic analyses of lignin preparations without corresponding absolute 
molecular weight calibrations can yield quite misleading results. Thus the body of an 
apparently normal elution profile may well harbor a local region where the molecular 
weights of the solute components emerging from the column actually increase with 
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retention volume (17). Indeed the identity of the mobile phase often has a profound effect 
upon the size-exclusion chromatographic elution profiles of lignin derivatives. For 
example, the elution profiles generated from poly(styrene-divinylbenzene) columns in 
D M F or DMSO extend multimodally to very high apparent molecular weights, whether 
or not the hydroxyl groups on the lignin derivative components have been acetylated (5, 
18); significant populations of associated macromolecular complexes therefore appear to 
be present under such conditions. On the other hand, the profiles of the same lignin 
samples in THF, and DMF containing 0.10 M LiCl or LiBr, are displaced to higher 
elution volumes (5, 18) but absolute molecular weight determinations have not been 
carried out to establish whether this tendency arises from dissociation of the 
macromolecular lignin complexes or enhancement of reversible adsorption to the column 
packing material. Whatever the case, the elution volumes for polystyrene fractions from 
poly(styrene-divinylbenzene) columns increase markedly with mobile phase polarity 
(18), so that the variations in elution behavior of lignin derivatives have more than one 
underlying cause. 

Ultracentrifugal Sedimentation Equilibrium Analysis. The Beckman Optima X L - A 
analytical lutracentrifuge can thus fulfill a uniquely important function in elucidating the 
actual molecular weight distributions of lignin derivatives and other polymers 
unambiguously. At equilibrium in the solution columns of the cell assemblies within the 
rotor, the concentration c r of each solute species varies ideally with radial distance r from 
the center of rotation according to 

where c m and rm respectively are the solute concentration and radial distance 
corresponding to the meniscus, M and ϋ 2 respectively are the molecular weight and 
partial specific volume of the solute, ρ is the density of the solvent, ω is the angular 
velocity, R is the gas constant and Τ is the absolute temperature. Since the extent to 
which c r varies exponentially with r2 depends on M , a polydisperse sample will 
experience the redistribution of solute components with different molecular weights 
during the attainment of sedimentation equilibrium in the ultracentrifugal field. 
Consequently the local molecular weight averages of the solute will increase 
monotonically with r in the solution column within the rotor. In sector-shaped cells, the 
weight- and z-average molecular weights (M^ and Νζ, respectively) may be calculated 

c r = c m e x p { M [ ( l - û 2 p ) o 2 / 2 R T ] ( r 2 - r*)} 0) 

(79) from 

w (2) 
,2 crdr 

where c represents the total concentration of all solute species at radial distance r from 
the center of rotation when equilibrium has been attained, and the limits of integration are 
the meniscus and base of the solution column within the ultracentrifuge rotor. 
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Previously the point-by-point variation of weight-average molecular weight, r, with 
r in the ultracentrifuge cell has been evaluated by employing, from the overall 
sedimentation equilibrium curve, a "sliding" interval of (typically 13) consecutive In c 
versus r2 data points, at the middle of which the slope would be calculated through the 
Chebyshev polynomial fit of a quadratic function (20). Actually in this context an 
operational point average represented by M * has recently been deemed preferable as a 
means of determining the overall weight-average molecular weight, to which it is equal 
at the cell base. Nevertheless M * provides no advantage in obtaining the overall z-
average molecular weight for the components in the ultracentrifuge cell; moreover the use 
of a "sliding" interval of consecutive data points for determining the point-by-point 
variation in the z-average molecular weight, M v , with r has proven to be so sensitive to 
noise that reliability could only be approached through whole curve quadratic fitting (20). 

The unique advantage of ultracentrifugal sedimentation equilibrium measurements lies 
in the fact that they can provide both weight-average and z-average molecular weights 
directly. However, if reliability in the values obtained for the overall z-average molecular 
weights is, in practice, going to necessitate whole curve fitting with suitable functions, 
then exponential terms should be used for the purpose: equations 2 and 3 have been 
derived from equation 1 without further assumptions of any kind. Indeed successful 
curve fitting of sedimentation equilibrium data has now been accomplished with 
functions representing sums of terms of the form expressed in equation 1. Using 
SigmaPlot 5.0 (Jandel Scientific, San Rafael, CA), unprecedented accuracy in 
characterizing the sedimentation equilibrium behavior of paucidisperse lignin derivative 
fractions has thus been achieved with a remarkably small number of appropriate 
exponential terms (17). The result has measurably improved the accuracy of M w values, 
the calculation of which in the general case involves the first derivative of the 
sedimentation equilibrium curve, as shown in equation 2. 

The presently reported work has established that fitting with sums of exponential terms 
is yet more far-reaching in its impact upon the values of which, perhaps for the first 
time, may now embody a reasonable degree of reliability: their calculation requires not 
only the first but also the second derivative of the sedimentation equilibrium curve, as is 
evident from equation 3. 

Moreover it should be obvious that, when sums of exponential terms are used for curve 
fitting, the somewhat cumbersome expressions in equations 2 and 3 can be avoided 
altogether. By integrating equation 1, the total concentration of each of thejbrmal 
components (molecular weight M) can be readily determined, and hence M w and M 2 may 
be calculated directly from the weights of these species which are together equivalent to 
the curve experimentally observed at sedimentation equilibrium. Although not elaborated 
upon further here, values for M n may concurrently be obtained by the same means 
without the inconvenience of having to estimate M n m , the number-average molecular 
weight at the meniscus of the sample solution column in the ultracentrifuge cell (21). 

It may not be merely fortuitous that this analytical approach has been successfully 
implemented in response to problems expressly encountered with the size-exclusion 
chromatography of lignin derivatives: the molecular weight distributions of such 
preparations are notoriously difficult to determine. It is certainly not justifiable at present 
to consider the macromolecular complexes and individual components comprising a 
typical lignin derivative sample as members of a single homologous series. 

Of course there is no reason to exclude common synthetic polymers from analyses by 
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these means. Indeed it has been found that fitting appropriate exponential terms to 
sedimentation equilibrium data for paucidisperse standard polystyrene fractions is even 
more straightforward than for lignin derivatives. In the example described in the present 
report (vide infra), the value obtained for is gratifyingly close to that claimed by the 
supplier. 

Experimental Section 

Kraft Lignin Derivatives. The most abundant lignin derivatives generally available are 
the industrial byproducts formed under the fairly severe conditions adopted in the kraft 
pulping process (typically at 170°C for ^2 h in aqueous solution containing 45 gL"1 

NaOH and 12 gL"1 NajS). These kraft lignins are thought to have suffered significant 
structural modifications compared with the native polymer (16). 

The parent kraft lignin preparation employed in the presently reported work was 
isolated from black liquor produced from Jack pine (Pinus banksiana) by the Boise 
Cascade Corporation (International Falls, MN). After dilution (110 mL portions with 690 
mL HPLC grade water), this black liquor was filtered through a V W R grade 617 paper 
(to remove residual fibrous material) and then, with vigorous stirring, acidified to pH 3.0 
with aqueous 0.50 A / H 2 S 0 4 (0.1 mL min ,1). The resulting solution containing suspended 
solids was centrifuged (3100 χ g, 30 min.) and the precipitate was washed thoroughly 
three times by resuspending in water acidified (with dilute sulfuric acid on the first two 
occasions but thirdly with dilute hydrochloric acid) to pH 3.0 and centrifuging. 
Whenever centrifugation failed to precipitate all of the solid kraft lignin, the remaining 
suspension was basified to pH 8.5, whereupon the clear solution was rapidly reacidified 
to pH 3.0 and centrifuged. Finally all of the precipitated kraft lignin portions were 
suspended together in HPLC grade water (-500 mL) and the mixture was basified to pH 
8.5 with aqueous 0.10 MNaOH. After centrifuging (3100 χ g, 30 min.) to remove any 
colloidally suspended sulfur, the resulting solution was freeze-dried. 

The purified Jack pine kraft lignin sample was then incubated at ambient temperature 
for 92.5 h in 1.0 M ionic strength aqueous 0.40 Λ/NaOH (made up to 0.60 M NaCl) at 
160 gL"1, conditions that promote appreciable association between the individual 
molecular components (10). Upon -25-fold dilution with water, the solution was 
acidified to pH 8.5 with aqueous hydrochloric acid and ultrafiltered (Amicon model 2000 
teflon-coated 2 liter cell connected to a model RSI2 teflon-coated reservoir) with a 500 
nominal molecular weight cutoff membrane (Amicon YC05) using triply distilled (under 
N2) high purity water (10 χ volume of ultrafiltration cell). The resulting solution (pH 7.6, 
completely free of NaCl) was thereupon freeze-dried. 

The associated kraft lignin sample (200 mg) was acetylated (freshly purified 1:1 v/v 
A^O/pyridine, 20 mL, under N 2 ) at ambient temperature for 45 h. Pyridine (10 mL) and 
water (150 mL) were added to the resulting solution and, after vigorous stirring (30 min.) 
while cooling in ice, the acetylated lignin was extracted with (acid-free) chloroform. The 
pyridine was completely removed, by shaking with aqueous 2 M HC1, from the 
chloroform phase, which was then thoroughly washed with distilled water, dried (Na^C^) 
and then the solvent was evaporated (30°C) under reduced pressure. The residue of 
acetylated kraft lignin was redissolved in (acid-free) chloroform and methylated with 
diazomethane (generated from iV-methyl-A^-nitroso-p-toluenesulfonamide) for 30 min. 
After shaking thoroughly with 5 consecutive volumes of aqueous 1.0 M H 2 S 0 4 and then 
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triply distilled water, the chloroform solution was dried (NajSOJ and the solvent 
evaporated (30°C) under reduced pressure to yield a preassociated acetylated methylated 
kraft lignin preparation. 

Open Column Size-Exclusion Chromatography. Preparative and analytical size-
exclusion chromatographic fractionations of the underivatized kraft lignin preparation 
through Sephadex G100 in aqueous carbonate-free 0.10 A / N a O H were carried out 
respectively in 5.0 χ 100 cm and 2.5 χ 100 cm columns, to each outlet of which an ISCO 
V 4 detector was connected for monitoring the absorbance of the eluting species at 280 nm 
(where the ultraviolet spectrum of the sample exhibits a local maximum or shoulder) or 
at 320 nm. Gel batches were allowed to swell at room temperature for 3 days in eluant 
and then degassed (sonication under reduced pressure) prior to column packing. The 
column flow-rates were maintained between 6.1 and 6.5 mL cm^h"1, an optimum range 
experimentally established for prolonging good column performance. Blue dextran and 
/7-nitrophenol were adopted as void volume and low molecular weight markers, 
respectively. 

The elution profiles themselves were digitized and transformed to plots of absorbance 
versus relative retention volume, V R , which was operationally defined as 2(V-V0)/(ypm -
V 0 ) , where V and are the elution volumes of the sample and /7-nitrophenol, 
respectively, and V 0 is die column void volume (taken as the beginning, rather than the 
maximum height, of the peak for blue dextran). The calculations were executed with a 
Fortran 77 program that was written to take account of both baseline drift and flow-rate 
fluctuations. The latter were monitored with precisely calibrated -5 and -15 mL siphons 
positioned as receivers for the outlets from the respective detector flowcells connected 
to the 2.5 and 5.0 cm diameter columns. Each sample was eluted through the column in 
the absence and presence of the standard blue dextran and /7-nitrophenol markers to 
facilitate appropriate scaling of V R . 

The paucidisperse underivatized kraft lignin fractions secured for ultracentrifugal 
sedimentation equilibrium characterization were selected from the profile of the 
associated preparation (100 mg) upon elution through the 5.0 cm diameter column. Prior 
to the sedimentation equilibrium studies themselves, each fraction was re-eluted twice 
through the 2.5 cm diameter column, the peak segment extending above 70% of the 
maximum height being retained in both cases. 

High Performance Size-Exclusion Chromatography. The molecular weight 
distribution of the acetylated methylated associated kraft lignin preparation in DMF was 
determined in terms of the corresponding elution profile from a 7.5 χ 600 mm TSKgel 
G7000-H6 107 Â pore size poly(styrene-divinylbenzene) column fitted with 10 μ inlet 
and outlet frits. A 1.0 mL min:1 flow-rate was maintained by a Knauer model 64 pump, 
while the absorbance of the eluting species at 320 nm was monitored with a Knauer 
model 87 photometer equipped with a 10 mm pathlength flow cell. Under such 
conditions (where Lambert-Beer's law holds), 80% of 0.0034 mg (20 μΐ 0.17 g L 1 

solution) sample loadings were recovered from the column. 
From consecutive elution profiles for the acetylated methylated kraft lignin in DMF, 

the same paucidisperse fractions were manually collected in multiple series, the 
corresponding members of which were respectively combined with one another for 
subsequent ultracentrifugal sedimentation equilibrium studies. In order to irmiimize 
dissociation of the constituent macromolecular complexes, the solvent was removed 
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(evaporation under reduced pressure at 30°C) immediately after isolating each fraction. 
Between the consecutive elutions of the acetylated methylated kraft lignin preparation, 
any remaining adsorbed species were cleaned from the column by injecting 20 μΐ, 
aqueous 50% (v/v) DMF, water and purified dioxane in turn until no further ultraviolet-
absorbing solute components were liberated from the column. 

Analytical Ultracentrifugation. The paucidisperse underivatized and acetylated 
methylated kraft lignin fractions were diluted in aqueous carbonate-free 0.10 M N a O H 
and DMF, respectively, to concentrations (8 - 9 χ 10*3 gL"1 or 4 - 5 χ ΙΟ"5 M with respect 
to the component monomer residues) for which the absorbance was 0.18-0.21 at 
wavelengths suitably chosen (so as not to engender excessive noise in the sedimentation 
equilibrium data) above and yet close to the ultraviolet cutoff of the reference solution 
or solvent (as the case may be). The resulting aqueous 0.10 M N a O H and DMF solutions 
were introduced (under N 2 ) into ultracentrifuge cells respectively assembled around 
charcoal-filled Epon and aluminum double-sector centerpieces; in the former, FC-43 (30 
μ ί ) , a water-immiscible fluorocarbon, was included within each sample (but not 
reference) sector so that the base of the (420 μ ί ) solution column could be precisely 
distinguished in the centrifugal field. The cell assemblies were inserted into a Beckman 
An-60 Ti rotor for characterization of the weight- and z-average molecular weights ( M w 

and M J through sedimentation equilibrium at 20° C in the Beckman Optima X L - A 
analytical ultracentrifuge. 

When equilibrium had been reached (so that there was no discernible change over a 
24 h period), the sedimentation curves, representing absorbance at 280 and 320 nm versus 
radial distance (5.8 - 7.2 cm) from the center of rotation, were corrected for any 
conceivable optical imperfections in the cell assemblies by subtracting the corresponding 
data at a wavelength sufficiently long (600 nm) that the absorbance of the kraft lignin 
species is negligible (cf. réf. 6). The area under each corrected sedimentation equilibrium 
curve was compared with that initially obtained at 1100 rpm in order to confirm that none 
of the solute species had escaped detection through sedimentation at the particular rotor 
speed to the base of the solution sector of the ultracentrifuge cell. Reliability in the 
values of M^, and M z was established by consistency in the results obtained from two 
suitable wavelengths (280 and 320 nm) at each of two rotor speeds (appropriately 
selected from the range between 3800 and 57,000 rpm). While avoiding meniscus 
depletion conditions, these rotor speeds were, whenever possible, chosen so as to effect 
steep sedimentation equilibrium curves near the cell base without exceeding 1.8 
absorbance units. 

Analysis of Sedimentation Equilibrium Data. The partial specific volumes (l^) of the 
kraft lignin components (0.744 cm3g"\ taken to be independent of molecular weight) and 
the densities (p) of solution or solvent were measured at 20 °C with a Paar 60/602 digital 
density meter. 

Using SigmaPlot 5.0 (Jandel Scientific, San Rafael, CA), the sets of corrected 
sedimentation equilibrium data points for the underivatized and acetylated methylated 
paucidisperse kraft lignin fractions were curve fit to functions representing sums of terms 
of the form expressed in equation 1. In its curve fitting capacity, this commercial 
software employs the Levenberg-Marquardt algorithm based on a least squares procedure. 
Naturally the initial values assigned to the variable parameters could profoundly affect 
the speed of the curve fitting process, but in the absence of any prior information they 
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M w * 10"3 

70 30 10 5 2 1 0.5 
ι 1 1 1 1 1 1 

0.0 0.5 V r 1.0 1.5 2.0 
Τ 1 1 1 ι 

fa molecular weight analyses: sedimentation equilibrium in 
model Ε 

M w * Ι Ο " 3 

Figure 1. Kraft lignin samples from (A) Douglas fir (7) and (B) Jack pine (7 7) 
with paucidisperse fractions size exclusion chromatographically produced 
from respective parent preparations (7,77). Elution profiles (scaled to V R ^ , 
= 2.0) in aqueous 0.10 M N a O H from Sephadex G100 monitored at 280 nm; 
weight-average molecular weights of paucidisperse fractions deduced from 
sedimentation equilibrium analyses in Beckman (A) model Ε (7) and (B) 
Optima X L - A (7 7) ultracentrifuges. (Adapted from refs. 7 and 7 7.) 
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were all set at unity. Under such circumstances, one or even two series of preliminary 
iterations might be required to obtain initial values for the parameters that would then 
lead to satisfactory convergence. Otherwise the values realized at convergence did not 
depend upon those initially assigned. 

In practice a stepsize had to be used which would allow the square root of the sum of 
squares of the residuals (the NORM) to reach a value ^0.2 regardless of whether the 
tolerance, when set at a remote 10"7, was satisfied by (the absolute value of) the change 
in the NORM from one iteration to the next. The most propitious stepsize was, of course, 
determined by the shape of the sedimentation equilibrium curve, but in this respect it was 
interesting that 10" multiples (-3 ^ integer n^ 3) of any value, which proved effective in 
fitting the data for paucidisperse kraft lignin fractions, all engendered the same outcome. 

Between 100 and 2000 (most commonly -700) iterations were required for the curve 
fitting process to converge satisfactorily. No more than four individual terms of the form 
expressed in equation 1 were required for the fits of unprecedented accuracy that were 
achieved (77), and indeed two were usually quite sufficient for the vast majority of the 
paucidisperse underivatized kraft lignin fractions examined. The sums of the areas under 
the component exponential curves confirmed that the total mass of solute species detected 
at equilibrium did not differ by more than 1% from that initially present before 
sedimentation had begun (vide supra). As would be expected, the overall weight- and z-
average molecular weights calculated directly from the individual values of molecular 
weight in the terms of the curve fitting expression were, to all intents and purposes, 
identical to those computed from equations 2 and 3, respectively. 

Results and Discussion 

The polymer sample adopted for the mtracentrifugal sedimentation equilibrium studies 
hereinafter described is none other than a representative of the most abundant industrial 
byproduct of converting wood chips chemically to cellulosic fibers for manufacturing 
paper. The molecular weight distribution of this Jack pine kraft lignin was investigated 
by eluting it through Sephadex G100 in carbonate-free aqueous 0.10 A/NaOH. The 
resulting elution profile (77) depicted in Figure IB may be usefully compared with that 
for a dissociated kraft lignin preparation previously isolated from Douglas fir 
(Pseudotsuga menziesii (Mirb.) Franco) which had been examined some 14 years earlier 
by means of the classical Beckman model Ε analytical ultracentrifuge (7) (Figure 1 A). 
In both cases virtually identical chromatographic conditions were employed and the 
solute components were completely recovered from the respective columns. As far as the 
Jack pine kraft lignin is concerned (Figure IB), the higher molecular weight species 
emerging from the column are predominantly associated macromolecular complexes, 
while those eluting later in the lower molecular weight region are primarily individual 
components (89 10). However, associated complexes contributed very little to the 
populations of higher molecular weight species in the (dissociated) Douglas fir kraft 
lignin preparation (7). 

Nine fractions were chosen from the Jack pine kraft lignin profile and re-eluted twice 
through a smaller column of the same length (17) so that their individual profiles would 
conform quite closely to Gaussian shapes (77) (Figure IB). These solutions were then 
adjusted to 8 χ 10"3 gL"1 concentrations of the constituent kraft lignin species for 
subsequent ultracentrifugal sedimentation equilibrium analysis with the Beckman Optima 
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Paucidisperse kraft lignin fraction 
(M w 153,000) eluted f rom 
Sephadex G100 in a q . 0.10 M 
NaOH; final stages in convergence 
of f o u r - t e r m exponential fit to 
8000 rpm sedimentation 
equil ibrium data f rom X L - A 
analytical ultracentrifuge 

M w 138,000 

5.8 6.0 6.2 6.4 6.6 6.8 

radius, cm 
7.0 7.2 

Figure 2. Final approach to successful sedimentation equilibrium analysis of 
Jack pine kraft lignin fraction with M w = 153,000 in aqueous 0.10 M NaOH. 
Concluding stages in convergence of four-term exponential fit to variation of 
relative solute concentration with radial distance from center of rotation at 
8000 rpm in Beckman Optima XL-Α ultracentrifuge. (Reproduced with 
permission from ref. 22; copyright 1994 Waters Corporation.) 
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XL-Α instrument. A very similar procedure had been used for securing paucidisperse 
fractions from the dissociated Douglas fir kraft lignin preparation (Figure 1 A) that had 
been investigated earlier with the classical Beckman model Ε machine (7). 

A representative sedimentation equilibrium curve for a paucidisperse Jack pine kraft 
lignin fraction scanned in the Beckman Optima XL-Α analytical ultracentrifuge is 
illustrated in Figure 2 as a plot of A 2 8 0 versus r (22); the data have been corrected for any 
possible optical imperfections in the corresponding cell assembly (see Experimental 
Section). Using SigmaPlot 5.0 (Jandel Scientific, San Rafael, CA), all such sets of 
corrected sedimentation equilibrium data were curve fit to sums of exponential terms with 
the same form as that expressed in equation 1(77). In each instance only four individual 
terms were necessary for the unprecedented fidelity that was achieved by these 
exponential fits. The example depicted in Figure 2 is quite typical. A rotor speed was 
deemed suitable for sedimentation equilibrium analysis when, inter alia, the sum of the 
areas under the component exponential curves, which constituted the fit to the data, 
differed by less than 1% from the area encompassed by the corresponding plot (at 
wavelength λ nm) of Α λ versus r before sedimentation had begun. As would be expected, 
the weight-average molecular weights, M w , deduced directly from the individual values 
of M in the exponential terms (of the form expressed in equation 1) representing the curve 
fitting functions were identical to those computed using the formalism of equation 2. 

On the other hand, the data for the paucidisperse Douglas fir kraft lignin fractions that 
had reached sedimentation equilibrium in the Beckman model Ε machine were analyzed 
through a very different procedure (7). As a prerequisite for obtaining reliable point-by-
point molecular weight averages, the experimental In c versus r data were first smoothed 
with orthogonal polynomials (27). Thereupon the point-by-point weight-average 
molecular weight, Μ ^ ρ was calculated from the slope of In c versus r 2 in the middle of 
a "sliding" interval (cf. ref. 20) of 11 consecutive data points fitted with orthogonal least 
squares quadratic functions (27). 

The weight-average molecular weights exhibit appreciable sensitivity to the fidelity 
of the curve fit to the sedimentation equilibrium data. The final stages in the convergence 
of the four-term exponential fit to the plot of A 2 8 0 versus r at 8000 rpm for one of the high 
molecular weight ( M w = 153,000) paucidisperse Jack pine kraft lignin fractions in 
aqueous 0.10 M NaOH has been illustrated in Figure 2. Even though the penultimate 
curve-fit deviates only slightly from the (corrected) sedimentation equilibrium data 
points, the corresponding value computed for is still too low by more than 12%. 

When all sets of sedimentation equilibrium data for the paucidisperse fractions had 
been fitted with sums of the appropriate exponential terms, the overall calibration curve 
that unfolded for the Sephadex G100 elution profile of the Jack pine kraft lignin 
preparation in aqueous 0.10 M NaOH (Figure 3) was one of remarkable accuracy (77). 
The values of log have been plotted against V R ^ , the relative retention volume at the 
peak of the profile for each paucidisperse fraction, but it should be borne in mind that this 
is only strictly valid for Schulz-Zimm distributions of solute species (23). As far as the 
parent Jack pine kraft lignin preparation is concerned, the calibration curve in Figure 3 
is applicable only to M w below 58,000: when a paucidisperse fraction has been selected 
from the region around the excluded limit of the gel, the elution volume at the peak of its 
profile increases appreciably upon re-elution owing to diffusion of the solute species 
during passage through the column. 

In Figure 3, the accompanying plot of log rV^ versus for the paucidisperse Jack 
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5.5 V 

5.0 

4.5 

S e p h a d e x G 1 0 0 / a q . 0.10 M NaOH 
ν ca l ibrat ion curves for pauc id isperse 
I kraft l ignin f rac t ions derived f r o m 
1 fits of exponent ia l te rms to data 
\ f r o m X L - A analyt ical 

u l t racentr i fuge 

Ο 4.0 

(5β 

S 3.5 

3.0 

2.5 

0.0 0.5 1.0 1.5 

VR 

Figure 3. Primary (77) and secondary calibration curves for paucidisperse 
Jack pine kraft lignin fractions eluted through Sephadex G100 in aqueous 0.10 
M NaOH (7 7). Semilogarithmic plots of weight- and z-average molecular 
weights versus relative retention volume deduced through fits of four 
exponential terms to sets of sedimentation equilibrium data from Beckman 
Optima XL-Α ultracentrifuge for fractions in aqueous 0.10 M NaOH. 
(Adapted from ref. 22.) 
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pine kraft lignin tractions forms a curve that is parallel to that of log Throughout the 
range of elution volume for which V R ^ 0.15, MJM^ thus exhibits a constant value of 
1.17 ± 0.03 for the paucidisperse Jack pine kraft lignin fractions; only within the region 
near the excluded limit does MJM^, reach a value of 1.55. This is an important finding 
because it establishes that the polydispersity of kraft lignin species with a given 
hydrodynamic volume in aqueous alkaline solution does not increase with molecular 
weight. 

There is a noteworthy corollary to the demonstrated invariance of M z / M w in aqueous 
0.10 M NaOH for the paucidisperse kraft lignin fractions secured from the range of 
elution volume removed from the excluded limit of the gel. A prerequisite for 
substantiating the result is that the determinations themselves must be reliable. The 
computation of requires both the first and second derivative of the sedimentation 
equilibrium curve (equation 3) and thus is more prone to error than the calculation of 
where only the first derivative is involved (equation 2). 

It is remarkable that the fidelity achieved by fits of only two exponential terms to the 
sedimentation equilibrium data for the paucidisperse kraft lignin fractions in aqueous 0.10 
M N a O H was virtually indistinguishable from that attained with four terms. The formal 
molecular weights (M, and M 2) of the components described by the two exponential 
terms (that together respectively fit the sedimentation equilibrium curves) are compared 
in Figure 4 with the values of M^, for the kraft lignin fractions themselves. Clearly the 
scatter in Mj and M 2 is far larger than that in and thus the fluctuations of the formal 
component molecular weights appearing in the exponential terms of the curve-fitting 
expression are compensated by opposing variations in the corresponding weight 
concentrations. 

The consequences of fitting orthogonal least squares functions to "sliding" intervals 
of consecutive sedimentation equilibrium data points (27) are readily evident in Figure 
5. Here the primary calibration curve, which was compiled from a plot of log M w versus 
V R m a x for the paucidisperse Douglas fir kraft lignin fractions previously eluted through 
Sephadex G100 with aqueous 0.10 A/NaOH (7), is clearly reasonably precise despite the 
inherent imperfections in the sedimentation equilibrium data furnished by the Beckman 
model Ε analytical ultracentrifuge employed for these older studies. In contrast the plot 
of log versus is obviously subject to quite pronounced errors. The point-by-
point z-average molecular weights, M ^ r , had been calculated as Μ^(1 + d In M^Ja In c) 
(19) in the middle of a "sliding" interval of 21 consecutive points representing l n M ^ 
versus lnc fitted with orthogonal least squares linear to cubic functions (27). The overall 
M z values are actually best summarized by ascribing to each Douglas fir kraft lignin 
fraction an average value for MJM^ of 1.9 ± 0.3 that is effectively independent of 
molecular weight (7). 

It is the standard deviation (± 16%), rather than the absolute magnitude, of M z / M w that 
is relevant in this context. The earlier sedimentation equilibrium studies with the 
Beckman model Ε analytical ultracentrifuge were carried out at pH 9.5 even though the 
paucidisperse Douglas fir kraft lignin fractions had been originally secured from the size-
exclusion chromatographic column in aqueous 0.10 M NaOH. (The conditions had been 
imposed as a precautionary measure to avoid the risk of damaging the aluminum 
ultracentrifuge rotor and cell housings within which the sample solutions were held.) 
Thus the cause of the large average value for MJM^ (1.9) was the extensive association 
between the kraft lignin species that spontaneously occurs when the pH is reduced below 
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S e p h a d e x G 1 0 0 / a q . 0 .10 M NaOH 
p r i m a r y ca l ib ra t ion curve f o r 
p a u c i d i s p e r s e kraf t l ignin f r a c t i o n s : 

|\ c o m p a r i s o n between M w a n d f o r m a l 
c o m p o n e n t m o l e c u l a r weights in 

two exponent ia l t e r m s fitted to 
s e d i m e n t a t i o n e q u i l i b r i u m d a t a . 

0.0 0.5 1.0 1.5 

R 

Figure 4. Comparison between weight-average molecular weight (M w) and the 
formal component molecular weights (M, and M 2 ) in two exponential terms 
fitted to the original sedimentation equilibrium data. Semilogarithmic plots 
versus relative retention volume of paucidisperse Jack pine kraft lignin 
fractions eluted through Sephadex G100 in aqueous 0.10 M N a O H . 
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Sephadex G 1 0 0 / a q . 0 . 1 0 Λ / NaOH 

cal ibrat ion curves for paucid isperse 

kraft lignin fract ions derived f rom 

fits of orthogonal polynomials to 

data f rom model Ε analytical 

ultracentrifuge 

2.5 h 

0.0 0.5 1.0 1.5 

VR 

Figure 5. Primary and secondary calibration curves from data (7) for 
paucidisperse Douglas fir kraft lignin fractions eluted through Sephadex G100 
in aqueous 0.10 M NaOH. Semilogarithmic plots of weight- and z-average 
molecular weights versus relative retention volume (rescaled to V R / ) N p = 2.0) 
deduced through fits of orthogonal least squares functions to "sliding" 
intervals of consecutive sedimentation equilibrium data points (27) from 
Beckman model Ε ultracentrifuge for fractions in aqueous solution at pH 9.5. 
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acetylated methylated 
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• '^>· · 
O 

10 15 20 25 

e l u t i o n v o l u m e , mL 
Figure 6. (A) Elution profile in DMF for acetylated methylated Jack pine kraft 
lignin derivative from TSKgel G7000-H6 column monitored at 320 nm (77); 
(Β) corresponding serriilogarithmic plots of weight-average (7 7) and z-average 
molecular weights (deduced from sedimentation equilibrium analyses) versus 
elution volume with primary polystyrene calibration curve (77) for same 
chromatographic system. (A) for polystyrene fraction examined in 
Beckman Optima XL-Α ultracentrifuge. (Adapted from ref. 7 7.) 
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11.5 (24). On the other hand, the standard deviation of MJM^, for the paucidisperse Jack 
pine kraft lignin fractions examined through sedimentation equilibrium in the Beckman 
Optima XL-Α instrument is only ± 2.6%. 

A comparison of the primary and secondary molecular weight calibration curvesAn 
Figures 3 and 5 establishes that the marked difference between the errors in M z / M w 

provided by the two studies arises predominantly from the values deduced for 
Reliability for M?, presupposes almost impeccable fidelity in the curve fit to the 
sedimentation equilibrium data; this is far more difficult to achieve by fitting orthogonal 
least squares functions to "sliding" intervals of consecutive data points (21) than sums of 
appropriate exponential terms to the whole sedimentation equilibrium curve (Figure 2). 
However, success in fitting complete sedimentation equilibrium curves with sums of 
exponential terms requires a high degree of accuracy in the original experimental data 
from the ultracentrifuge. 

Acetylation (Ac20/pyridine) and subsequent methylation (CH 2N 2) of the parent Jack 
pine kraft lignin yielded the derivative in which all hydroxyl groups had been acetylated 
and any carboxylic acid residues methylated. This acetylated methylated kraft lignin 
derivative was eluted in DMF through a (7.5 χ 600 mm) TSKgel G7000-H6 107 Â pore 
size poly(styrene-divinylbenzene) column (17) (Figure 6A) from which 80% of the 
0.0034 mg samples loaded were recovered when the flow rate was 1.0 mL min*1. The 
result was comparable with that observed before with a PLgel 106 Â pore size 
poly(styrene-divinylbenzene) column (77), although the features previously discernible 
in the higher molecular weight region (77) have not been resolved within the 
corresponding 10-14 mL range of elution volume in Figure 6 A . 

Paucidisperse acetylated methylated kraft lignin fractions were selected from the 
TSKgel G7000-H6/DMF elution profile and the concentrations of the solute species were 
adjusted to 9 χ 10° gL"1 for absolute molecular weight determinations by sedimentation 
equilibrium analyses using the Beckman Optima XL-Α analytical ultracentrifuge (77). 
The sedimentation curves were again scanned at two wavelengths (280 and 320 nm) when 
equilibrium had been attained at more than one suitable rotor speed (chosen so as to 
ensure, inter alia, that the observable masses of solute species would be conserved). As 
before, the sedimentation equilibrium data were corrected for any possible optical 
imperfections in the cell assemblies (see Experimental Section). 

With the SigmaPlot 5.0 software, sums of only four exponential terms of the form 
expressed in equation 1 again proved sufficient for the highly accurate curve fits to the 
sets of sedimentation equilibrium data gathered throughout the molecular weight range 
(600,000-1,000) encompassed by the paucidisperse acetylated methylated kraft lignin 
fractions in DMF (7 7). Furthermore the weight-average molecular weights, N ^ , deduced 
directly from the individual values of M in the exponential terms which constituted the 
curve-fitting function were, to all intents and purposes, identical to those calculated 
through the formalism of equation 2. It is worth mentioning that the fidelity achieved by 
fits of only two exponential terms was much worse than that attained with four to the 
sedimentation equilibrium curves for these paucidisperse acetylated methylated kraft 
lignin fractions in DMF, but three exponential terms provided enough adjustable 
parameters for the task. 

The resulting molecular weight calibration curve for the profile describing the elution 
of the acetylated methylated kraft lignin derivative through the TSKgel G7000-H6 
column in DMF is depicted in Figure 6B (77). The corresponding plot for standard 
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polystyrenes in the same figure is based on molecular weight data provided by the 
suppliers (Polymer Laboratories, Inc., Polysciences, Inc., and the Pressure Chemical Co.) 
(7 7). The divergence of the two calibration curves from one another is striking. For 
instance, the acetylated methylated kraft lignin species emerging from the column at an 
elution volume around 15.0 mL possess molecular weights that are over 30,000 times 
smaller than those for the corresponding polystyrenes. 

Such a drastic difference cannot be correlated with a compensating disparity between 
the intrinsic viscosities of the respective solute species; clearly the separation between the 
two calibration curves is beyond reconciliation through the application of universal 
cahbration principles (25). It should be mentioned that, after evaporation of solvent from 
0.10% solutions in DMF, the acetylated methylated kraft lignin entities visible through 
negative staining (with phosphotungstate) on a carbon-coated copper grid under the 
electron microscope exhibit apparent dimensions (~0.1 - 0.3 μ across) comparable to 
those of -20 million molecular weight polystyrene components (77). It could be that the 
supramacromolecular kraft lignin complexes exhibiting, through their size-exclusion 
chromatographic behavior, such large apparent hydrodynamic volumes in DMF undergo, 
within the time taken to attain sedimentation equilibrium, substantial dissociation at the 
~20-fold lower concentrations employed for analytical ultracentrifugation. 

An important aspect of the molecular weight calibration curve for the elution profile 
of the acetylated methylated kraft lignin derivative in DMF is revealed by the values 
for the fractions subjected to sedimentation equilibrium analysis (Figure 6B). The ratio 
H/Mw (2.25 ± 0.25) is large but, within experimental error, does not vary systematically 
with M w . Indeed the magnitude of M/My, is reminiscent of the corresponding ratio for 
the underivatized Douglas fir kraft lignin fractions (7) examined in the Beckman model 
Ε ultracentrifuge at pH 9.5 (vide supra) after having originally been isolated size 
exclusion chromatographically in aqueous 0.10 M N a O H (Figure 5). 

The acetylated methylated kraft lignin fractions ultimately analyzed with the Beckman 
Optima XL-Α instrument represented accumulations of the respective solute species from 
multiple elutions of the parent preparation in DMF through the 107 A pore size 
poly(styrene-divinylbenzene) column; the solvent was evaporated from each fraction 
between the successive size exclusion chromatographic steps. The following observation 
may be singularly relevant under these circumstances. Dissociation of a particular subset 
of the high molecular weight species in the acetylated methylated Jack pine kraft lignin 
preparation has been found to occur in DMF at concentrations two orders of magnitude 
greater, even, than those prevailing during ultracentrifugal sedimentation equilibrium 
analysis of the fractions (Mlynâr and Sarkanen, unpublished observations). Moreover, 
the duration of the dissociative process was comparable to the time required for the 
acetylated methylated kraft lignin species to reach sedimentation equilibrium in the 
centrifugal field. Actually the onset of sedimentation in the ultracentrifuge was curiously 
preceded by a rather prolonged lag period; it seemed as though translational motion of 
the supramacromolecular kraft lignin complexes was initially impeded by long-range 
interactions of such compass as to fashion a quasi-gel structure throughout the body of 
the DMF solution! 

Thus differences between the degrees of association for the acetylated methylated kraft 
lignin species during size exclusion chromatography and at equilibrium in the centrifugal 
field are probably responsible not only for the magnitude of MJM^, but also for the large 
standard deviation among its experimentally determined values. The sets of 
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ultracentrifugal sedimentation equilibrium data themselves are no less reliable than those 
secured for analyzing the paucidisperse underivatized Jack pine kraft lignin fractions in 
aqueous 0.10 M NaOH (Figure 3). Relatively small changes, however, in the solution 
histories of the acetylated methylated kraft lignin fractions in DMF can have very 
significant influences upon the degrees of association between the constituent species. 

The relationship between log M^, and V R for the elution of paucidisperse polystyrene 
fractions in DMF through the TSKgel G7000-H6 107 Â pore size poly(styrene-
divinylbenzene) column (Figure 6B) appears to be. quite accurate. This is gratifying 
because the plot is based upon molecular weight data furnished by the suppliers. One of 
the paucidisperse polystyrene fractions (î^ = 0.917 cm3g"! (26)) was chosen for 
confirmation of the values claimed for its molecular weight averages. The sedimentation 
curves for the 0.07 g L 1 sample in THF were scanned with the Beckman Optima X L - A 
analytical ultracentrifuge at two wavelengths (257 and 259 nm) when equilibrium had 
been reached at two rotor speeds (4800 and 5000 rpm) and, as before, the corresponding 
baseline, A 6 0 0 versus r, was subtracted from the resulting sets of data. The fits of 
exponential terms (of the form expressed in equation 1) to the corrected sets of 
sedimentation equilibrium data for the polystyrene fraction were accomplished much 
more easily than with the paucidisperse kraft lignin fractions (whether derivatized or not): 
relatively few iterations (-110) of the Levenberg-Marquardt algorithm employed in the 
SigmaPlot 5.0 software were necessary for satisfactory convergence (Figure 7). Indeed 
the small standard deviation in the values for M ^ (188,700 ± 1500) reflects the fidelity 
achieved in the fits of exponential terms to the four experimental sedimentation 
equilibrium curves. 

On the other hand, the corresponding values for M^ exhibit considerably more scatter: 
the error in MJÏA^ (1.38 ±0.18) is 13%. This was caused by the relatively high level of 
noise appearing in the sedimentation equilibrium data at wavelengths close to the 
effective ultraviolet cutoff of the solvent (Figure 7). The impact of noise is much more 
pronounced on M ^ the computation of which requires both the first and second derivative 
of the sedimentation equilibrium curve (equation 3). 

Concluding Remark 

The foregoing studies have persuasively illustrated the utility of ultracentrifugal 
sedimentation equilibrium measurements for interpreting size exclusion chromatographic 
elution profiles as molecular weight distributions for polymers. Fitting sums of 
exponential terms to sedimentation equilibrium curves represents a particularly 
convenient technique even for enigmatic and intractable polymer samples like lignin 
derivatives. However, no provision has been made here for determining virial 
coefficients so the average molecular weights obtained are apparent values corresponding 
to the finite solute concentrations employed (cf. réf. 20). The most rigorous procedure 
for eliminating any effects arising from non-ideality would have required extrapolation 
of the apparent M w and from a series of different solute concentrations to zero. Be 
that as it may, such an exercise is very seldom attempted in a size exclusion 
chromatographic context, and anyway the component monomer residue concentrations 
(^5 χ 10"5 and 7 χ 10 4 M for the lignin derivative and polystyrene, respectively) were so 
low that appreciable deviations from ideality would not be anticipated. 
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5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2 
radius, cm 

Figure 7. Sedimentation equilibrium analysis of polystyrene fraction in THF. 
Variation of relative solute concentration with radial distance from center of 
rotation monitored in Beckman Optima XL-Α ultracentrifuge with curve fit to 
data points achieved by sum of exponential terms of the form expressed in 
equation 1. 
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Composition, stationary phase in size 

exclusion chromatography with binary 
eluents, 119-122 

Compositional heterogeneity of 
polyvinyl alcohol) using liquid 
chromatography 

development of high-performance 
L C , 263 

experimental procedure, 263-264 
high-performance L C , 265,268-272 
poly(vinyl alcohol) structures, 264 
SEC, 264-265,266-267/ 

Confinement entropy, 183-186 
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Universidade do Porto, 157 University of Aarhus, 36 
Université Paris-Sud, 36 University of Massachusetts-Amherst, 173 
Université du Maine, 52 University of Minnesota, 379 
Universitat Mainz, 2 University of New Orleans, 366 
Universitat de Valencia, 103 Vanderbilt University, 250 

Subject Index 

A 

Adsorption, critical conditions in L C , 
250-260 

Adsorption/desorption kinetics, intraparticle 
convection in chromatographic 
permeable packings, 164-165 

Adsorptive protein retention, theories, 89 
Agarose, packing for SEC, 201 
Aluminum(ni) oxides, packing for size 

exclusion chromatography, 206 
Analysis 
column based, 36-187 
detector based, 2-31 
polymer composition, 250-323 

Analytical ultracentrifugation, 385 
Apparent weight-average molecular 

weight, 4-5 
Aqueous size exclusion chromatography 

function, 347 
glucans, 354 
limitation, 225-226 
secondary effects between sodium 

poly(styrene sulfonate) compounds 
of different sulfonations, 225 

Association equilibria, stationary phase 
in SEC with binary eluents, 113-114 

Augmented diffusivity by convection, 
concept, 159-162 

Average pore radius evaluation, stationary 
phase in SEC with binary eluents, 112 

Β 

Binary eluents, modeling of stationary 
phase in SEC, 103-125 

Biopolymers, separation methods, 274-275 
Buoyant molecular mass, 39 

C 

Capillary electrophoresis, separation of 
biopolymers, 274 

Cellulose 
packing for SEC, 201,203 
SEC in iVJV-dimethylacetamide with 

lithium chloride, 366-378 
Chain geometry, role in Monte Carlo 

simulation of SEC, 54-55,56/ 
Chromatographic permeable packings, 

intraparticle convection, 157-170 
Chromatographic processes, performance 

using permeable particles, 163-164 
Chromatographic radius, 53 
Coil conformation, glucans, 357,358/36 If 
Coil packing density, glucans, 357,359/ 
Coil radii, glucans, 357,359/ 
Coil volume, glucans, 357 
Column surface charge density, 93 
Composition, stationary phase in size 

exclusion chromatography with binary 
eluents, 119-122 

Compositional heterogeneity of 
polyvinyl alcohol) using liquid 
chromatography 

development of high-performance 
L C , 263 

experimental procedure, 263-264 
high-performance L C , 265,268-272 
poly(vinyl alcohol) structures, 264 
SEC, 264-265,266-267/ 

Confinement entropy, 183-186 
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Copolymers 
molecular weight deteimination using gel 

permeation chromatography-light 
scattering, 2-6 

poly(ethylene glycol), micelle formation 
using SEC, light scattering, and U V 
spectroscopy, 328-346 

Corn starch, high amylose, molecular 
characteristics, 351-364 

Critical chain overlap concentration, 128 
Critical chromatography of polymers 

A B block copolymer, 292-296 
main features of unified mechanism, 

290/,291,293 
Critical conditions of adsorption in liquid 

chromatography of macromolecules 
applications, 252 
calibration curves, 252,253/ 
comparison to limiting conditions of 

solubility, 253,258i 
description, 250 
examples, 252,254-255r 
influencing factors, 250 
studies, 251-252 

Critical size exclusion chromatography, 
use of multicomponent eluents, 103-104 

Cross-sectional concentration, 178-179 

D 

Degradation index, 131 
Degradation mechanism, macromolecules, 

127-154 
Detector-based analysis, studies, 2-31 
Dextran, packing for SEC, 201,202i 
AyV-Dimethylaœtamide with lithium chloride, 

SEC of polysaccharides, 366-378 
Dissolution, glucans, 355 
Distribution coefficients, stationary phase 

in SEC with binary eluents, 122-125 

Ε 

Electron spin resonance-inverse steric 
exclusion chromatography, molecular 
accessibility of swollen gel resins, 
219-221,222/ 

Electrophoretic velocity, 179 
Electrostatic forces, soft body model of 

SEC, 69-71,72-74/ 
Electrostatic interactions 
between proteins and charged surfaces, 

importance, 88 
role in aqueous SEC between sodium 

poly(styrene sulfonate) compounds 
of different sulfonations, 350 

Electrostatic models, protein 
retention in ion-exchange 
chromatography, 89 

Elution chromatography, bovine serum 
albumin, 169 

Elution rate, role in degradation 
of macromolecules in 
nonhomogeneous hydrodynamic 
fields, 131-133,144-146 

Elution volume, 212-213 
Entropy, 183 
Enzymatically supported branching 

analysis, glucans, 360-364 
Excluded volume model of SEC, 

retention, 68 
Experimental pore radius evaluation, 

stationary phase in SEC with binary 
eluents, 112-113 

F 

Flexibility, role in Monte Carlo simulation 
of SEC, 57,61-65 

Flexible chain solute, motion, 181-183 
Flory-Huggins lattice theory, modeling 

of stationary phase in SEC with binary 
eluents, 103-125 

Flow rate, role on media for aqueous 
size exclusion chromatography, 
233-234 

Flux, equations, 175 
Fractionation 

glucans, 355 
polymers, 275 
requirements, 7 

Fractogram, 145 
Frictional coefficient, 37,39 
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G 

Gel chromatography for size and 
molecular mass characterization for 
proteins 

application to water-soluble globular 
proteins, 39-40 

calibration, 45-49 
fractal model, 49-50 
randomly coiled and elongated polymers, 

41^5 
theory, 36-39 

Gel electrophoresis 
comparison to SEC and hydrodynamic 

chromatography, 173-187 
separation of biopolymers, 274 

Gel filtration, 226 
Gel permeation chromatography-light 

scattering, molecular weight 
determination of copolymers, 2-6 

Gel-phase accessibility, macroporous 
network polymers, 215,217-218 

Gel-type resins, packing for size 
exclusion chromatography, 193 

Gelation, 204 
Gibbs free energy of retention, 

determination, 95 
Glucans 

factors affecting properties, 351-352 
importance, 351 
kind and extent of branching, 352 
molecular characteristics, 351-364 

H 

Height equivalent to theoretical plate, 
relationship to superficial velocity, 
167-168 

Heterogeneous copolymers, characterization 
techniques, 262-263 

High-amylose corn starch, molecular 
characteristics, 351-364 

High-performance liquid 
chromatography, compositional 
heterogeneity of poly(vinyl alcohol), 
262-272 

High-performance membrane 
chromatography of polymers 

adsorption coefficient dependence on 
displacer concentration, 310/,311 

advantages, 309,313,314/ 
applications, 313-320 
block copolymer separation, 315,322-323 
column length, 311-312 
complete membrane process of protein 

purification, 322/,323 
development, 315,3211 
eluent composition, 315,323 
stepwise gradient elution, 312-313 

High-performance size exclusion 
chromatography, procedure, 384 

Hydrodynamic chromatography, 
comparison to SEC and gel 
electrophoresis, 173-187 

Hydrodynamic fields, nonhomogeneous, 
macromolecular behavior, 127-154 

Hydrogen bond breaking, glucans, 354 
Hydrophilic domains within polymer, 

inverse steric exclusion chromatographic 
characterization, 221-223 

Hydrophobic interactions, role in aqueous 
SEC between sodium poly(styrene 
sulfonate) compounds of different 
sulfonations, 350 

Intraparticle convection in chromatographic 
permeable packings 

applications, 170 
concept of augmented diffusivity by 

convection, 159-162 
elution chromatography of bovine serum 

albumin, 169 
frontal chromatography experiments, 

168-169 
height equivalent to theoretical plate 

vs. superficial velocity, 167-168 
importance of adsorption-desorption 

kinetics, 164-165 
intraparticle velocity estimation, 165-166 
performance of chromatographic processes 

using permeable particles, 163-164 
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Intraparticle convection in chromatographic 
permeable packings—Continued 

protein separation by L C using permeable 
particles 

bed permeability, 166-167 
columns, 166 
efficiency of columns and height 

equivalent to theoretical plate, 
167,168/, 

Intraparticle velocity estimation, 
chromatographic permeable packings, 
165-166 

Intrinsic viscosity, 41 
Inverse steric exclusion chromatography 

for morphology characterization 
combined electron spin resonance-

inverse steric exclusion chromatography 
approach to molecular accessibility 
of swollen gel resins, 219-221,222/ 

development, 211-212 
experimental procedure, 214 
gel-phase accessibility in macroporous 

network polymers, 215,217-218 
importance, 214-215 
ion-exchange catalysts, 215,216/220/ 
polymer carriers, 213-214 
pore definition, 213-214,216/ 
simultaneous characterization of 

lipophilic and hydrophilic domains 
within one polymer, 221-223 

theory, 212-214 
Ion-exchange catalysts, use in inverse 

steric exclusion chromatography for 
morphology characterization, 
215,216/220/ 

Κ 

Kraft lignin derivatives, ultracentrifugal 
sedimentation equilibrium calibrations 
of SEC elution profiles, 379-398 

L 

Large pore permeable materials 
applications, 157,158r 
intraparticle convection, 159-170 

Light scattering 
micelle formation, 328-346 
molecular weight determination of 

glucans, 354-355 
multiangle, See Multiangle light 

scattering-viscometric-refractometric 
detector coupling for polyelectrolyte 
characterization 

Light scattering detector for copolymers, 
disadvantages, 3 

Light scattering-gel permeation 
chromatography, molecular weight 
determination of copolymers, 2-6 

Lignins 
precursors, 380 
SEC, 380-381 
ultracentrifugal sedimentation 

equilibrium analysis, 381-383 
Limiting conditions of solubility 

in liquid chromatography 
of macromolecules 

applications, 253,258-259 
comparison to critical conditions of 

adsorption, 253,258f 
development, 250 
examples, 253,257i 
mechanism, 252-253,256/ 

Linear polymer chains, flexibility effect, 
52-65 

Lipophilic domains within polymer, 
inverse steric exclusion chromatographic 
characterization, 221-223 

Liquid chromatography 
compositional heterogeneity of 

polyvinyl alcohol), 262-272 
macromolecules 

critical conditions of adsorption, 250-260 
limiting conditions of solubility, 250-260 

protein separation, 166-168 
Low-angle light scattering detectors, 

comparison to multiangle light 
scattering detectors, 17,20-21,22/ 

M 

Macromolecular aggregates, importance of 
size and number, 328 
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Macromolecular chromatography, 
technical development, 274-275 

Macromolecules 
critical conditions of adsorption in 

liquid chromatography, 250-260 
in nonhomogeneous hydrodynamic 

fields 
experimental procedure, 129,131 
importance, 127 
membrane experiments, 141-142,143/ 
physical degradation model 

distortion of concentration 
homogeneity, 149 

pore size effect, 153 
mechanism, 149-152 
redistribution of polymer concentration, 

148-149,153-154 
size exclusion chromatography 
degradation vs. thermodynamic 

quality of solvent, 135,137-141 
elution rate on degradation effect, 

131-133 
retention on macromolecules on 

surface of solvent particles effect, 
133-135,136/ 

solvent effect, 130/131 
thermal field flow fractionation 

elution rate effect, 144/145-147 
process, 145 
quantitative evaluation of degree of 

degradation, 146/147-148 
limiting conditions of solubility in L C , 

250-260 
sizes, 53 

Macroporous network polymers, 
gel-phase accessibility, 215,217-218 

Macroporous resins, packing for size 
exclusion chromatography, 193-198 

Mass-modulated molecular weight 
distribution, glucans, 355-356 

Mass scaling laws, 7-8 
Matrix interaction, characteristic of 

media for aqueous SEC, 245 
Mean field approximation, soft body model 

of SEC, 71,75-77 
Mean velocity, 174-175 

Media for aqueous SEC 
experimental parameters 

flow rate, 233-234 
non-size-exclusion effects, 235 
sample volume, 235,238/ 

matrix characteristics 
particle size, 229 
pore volume, 227 
selectivity, 227-229 

properties 
examples, 239,240r 
matrix interaction, 245 
molecular diffusivity, 243,245 
molecular shape and size, 243 
particle size, 243 
peak capacity, 245-246 
pore size, 239,241/ 
pore volume, 239 
resolvability, 244/245,246/ 
selectivity, 239,242-243,244/ 

reasons for interest, 226 
separation result 
peak capacity, 237,239,241/ 
resolvability, 236-237,238/ 

solute characteristics 
molecular diffusivity, 231-233 
molecular size, 230f,231 

Membrane type, role in macromolecular 
behavior in nonhomogeneous 
hydrodynamic fields, 141-142,143/ 

Methanol 
adsorption isotherms, 118/119 
adsorption models, 114-117,119 

Micelle formation using SEC, light 
scattering, and U V spectroscopy 

chromatographic column effect, 331-336 
comparison to spectroscopic study, 334-346 
experimental description, 330-333 
guard column effect, 337,339/ 
influencing factors, 336-337 
micelle formation using multiangle 

light scattering photometer in 
batch mode, 341-344 

polymer concentration effect, 
337,340/341,342/ 

solute concentration effect, 337,338/ 
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Microcolumn size exclusion 
chromatography of polymers 

advantages, 276i,277 
column, 285 
optimization, 277-278 
polystyrene, 284-289 
problems, 279,280/ 
refractometer design, 279,281-283,285 
requirements for hydraulic system, 

278-279 
studies, 277 

Modeling, stationary phase in SEC with 
binary eluents, 103-125 

Molecular accessibility of swollen resins, 
electron spin resonance-inverse 
steric exclusion chromatography, 
219-221,222/ 

Molecular characteristics of glucans 
aqueous SEC of dimethyl sulfoxide 

dissolved starch glucans, 354 
coil conformation, 357,358/36It 
coil packing density, 357,359/ 
coil radii, 357,359/ 
coil volume, 357 
dissolution and preparative 

fractionation, 355 
enzymatically supported branching 

analysis, 360-364 
experimental procedure, 352-353 
H bond breaking using dimethyl sulfoxide 

dissolution, 354 
light scattering for molecular weight 

determination, 354-355 
mass-modulated molecular weight 

distribution, 355-356 
number-modulated molecular weight 

distribution, 356-357 
sample concentration, 354 
techniques, 352,353i 

Molecular diffusivity, characteristic of 
media for aqueous SEC, 243,245 

Molecular mass of proteins, 
characterization using gel 
chromatography, 36-50 

Molecular shape and size, characteristic 
of media for aqueous SEC, 243 

Molecular weight averages, determination 
using ultracentrifugal sedimentation 
equilibrium calibrations of size exclusion 
chromatographic elution profiles, 379-398 

Molecular weights of copolymers 
determined using gel permeation 
chromatography-light scattering 

accuracy, 5-6 
comparison to gel permeation 

chromatography-viscometry, 6 
experimental procedure, 5 
theory, 3-5 

Monte Carlo simulation of SEC 
comparison of simulation with 

theoretical results, 55-57,58/ 
definition of sizes of macromolecule, 53 
experimental description, 53 
flexibility effect, 57,61-65 
partition coefficient calculation, 54 
pore geometry effect, 55,57,59-60/ 
principle simulation, 54-55,56/ 

Morphology characterization, inverse steric 
exclusion chromatography, 211-223 

Multiangle light scattering SEC 
advantages, 274 
applications, 274-275 

Multiangle light scattering-viscometric-
refractometric detector coupling for 
polyelectrolyte characterization 

advantages and disadvantages, 31 
applications, 31-32 
comparison of multiangle and low-angle 

light scattering detectors, 17,20-21,22/ 
error analysis 

random errors, 30-31 
systematic errors, 25,27-30 

experimental description, 8,16-17 
instrumentation, 16 
light scattering 
calibration, 12-13 
minimum measurable mass, 14-15 
minimum measurable mean square radius 

of gyration, 13-14 
normalization of multiple photodetectors, 

11-12 
principles, 10-11 
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Multiangle light scattering-viscometric-
refractometric detector coupling for 
polyelectrolyte characterization— 
Continued 

polyelectrolyte applications 
dimensions vs. ionic strength, 23,26,27/ 
ionic strength effects on elution 

behavior, 21,22-23,24/ 
liquidlike correlations under shear 

flow, 25,26/ 
refractometer, 15-16 
typical data, 17,18/19* 
viscometer, 8-10 

Multicomponent eluents 
advantages, 103 
size exclusion chromatographic 

applications, 103 
Multidetector approach for copolymers, 

disadvantages, 2 

Ν 

Net protein charge, role in protein 
retention in SEC, 88-102 

Nonhomogeneous hydrodynamic fields, 
macromolecular behavior, 127-154 

Nonstandard methods based on size 
exclusion principles 

critical chromatography, 290-296 
high-performance membrane 

chromatography, 309-323 
microcolumn SEC, 276-289,291 
thin-layer chromatography, 295-309 

Number-average molecular weight, 4 
Number-modulated molecular weight 

distribution, glucans, 356-357 

Ο 

Oligomers, thin-layer chromatography, 
295-309 

Open-column size exclusion 
chromatography, procedure, 384 

Optical constant, 3 

Packings, synthesis and characterization, 
190-246 

Packings for size exclusion chromatography 
based on inorganic materials 
aluminum(ni) oxides, 206 
silica gel 
formation of porous structure, 203-204 
modifications, 205-206 
preparation, 203-204 

titanium(IV) oxides, 206 
zirconium(IV) oxides, 206 

based on natural organic polymers 
agarose, 201 
cellulose, 201,203 
dextran, 201,202* 

based on synthetic organic polymers 
control of bead size and bead size 

distribution, 200 
examples, 191,192/ 
gel-type resins, 193 
macroporous resins 

mechanism of porous structure 
formation, 193-196 

nonsolvating diluent as porogen 
agent, 196,198/ 

polymer as porogen agent, 196,198-199 
properties, 191 
solvating diluent as porogen agent, 

196,197/ 
post-cross-linked resins, 199 
preparation, 191 

properties, 206-207 
requirements, 190 

Particle size, characteristic of media for 
aqueous SEC, 229,243 

Partition coefficient 
calculation, 54 
definition, 37,76,212,214 

Peak capacity, characteristic of media for 
aqueous SEC, 237,239,241,245-246 

Permeable particles 
performance of chromatographic 

processes, 163-164 
protein separation using L C , 166-168 
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Pointlike solute, motion, 180-181 
Polydispersity, problem for macromolecular 

characterization, 7 
Polyelectrolytes 

characterization using multiangle light 
scattering-viscometric-refractometric 
detector coupling, 7-32 

soft body theory of SEC, 67-86 
Poly(ethylene glycol), micelle formation 

using SEC, light scattering, and U V 
spectroscopy, 328-346 

Polymer(s) 
critical chromatography, 290-296 
high-performance membrane 

chromatography, 309-323 
microcolumn SEC, 277-289,291 
thin-layer chromatography, 295-309 
ultracentrifugal sedimentation 

equilibrium calibrations of size 
exclusion chromatographic elution 
profiles, 379-398 

Polymer chains, linear, flexibility effect, 
52-65 

Polymer composition, analysis, 250-323 
Polymer degradation, 127-128 
Polymer separations, thermodynamic 

model, 173-187 
Polysaccharides 

dissolution using Ν,Ν-dimethylaœtamide 
with lithium chloride, 367 

factors affecting properties, 366 
importance, 366 
SEC in iV^V-dimethylacetamide with 

lithium chloride, 366-378 
Polystyrene 

modeling of stationary phase in size 
exclusion chromatography with binary 
eluents, 103-125 

sedimentation equilibrium analysis, 
397,398/ 

Polyvinyl alcohol), compositional 
heterogeneity using L C , 262-272 

Pore geometry, role in Monte Carlo 
simulation of SEC, 55,57,59-60/ 

Pore size 
characteristic of media for aqueous size 

exclusion chromatography, 239,241/ 

Pore size—Continued 
role in macromolecular behavior in 

nonhomogeneous hydrodynamic fields, 
142-143,153 

Pore volume, characteristic of media for 
aqueous SEC, 227,239 

Pore volume distribution, inverse steric 
exclusion chromatography, 211-223 

POROS Q/M, protein separation by 
high-performance L C , 157-170 

Post-cross-linked resins, packing for size 
exclusion chromatography, 199 

Potential energy of sphere within 
cylinder, soft body model of size 
exclusion chromatography, 84-85 

Potential-surface charge relationship, 
soft body model of SEC, 83-84 

Protein(s) 
characterization of size and molecular 

mass using gel chromatography, 36-50 
separation using L C with permeable 

particles, 166-168 
Protein charge, role in protein retention 

in SEC, 88-102 
Protein retention in SEC 

application, 96,102 
chromatography of Superose 12, 94-95 
net protein charge effect, 96-102 
packing charge density effect, 96-102 
experimental description, 89-91,93 
Superose 12 surface charge density 

calculation, 92/93 
Pullulans, SEC in A^^V-dimethylacetamide 

with lithium chloride, 366-378 

Q 

Q HYPER D, protein separation by 
high-performance L C , 157-170 

R 

Random errors, multiangle light scattering-
viscometric-refractometric detector 
coupling for polyelectrolyte 
characterization, 30-31 
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Randomly coiled and elongated polymers, 
characterization of size and molecular 
mass using gel chromatography, 41-45 

Refractometric-midtiangle light scattering-
viscometric coupling for polyelectrolyte 
characterization, See Multiangle light 
scattering-viscometric-refractometric 
detector coupling for polyelectrolyte 
characterization 

Resolvability, characteristic of media 
for aqueous SEC, 236-238,244-246 

Retention 
models for SEC, 67-68 
role in macromolecular behavior in 

nonhomogeneous hydrodynamic fields, 
133-135-136/ 

Rotational correlation time of spin probe 
vs. that in free solution, 219 

Sample volume, role on media for aqueous 
SEC, 235,238/ 

Secondary effects in aqueous size exclusion 
chromatography between sodium 
poly(styrene sulfonate) compounds 
of different sulfonations 

electrostatic interactions with 
packings, 350 

experimental description, 348 
hydrophobic interactions, 350 
ionic strength vs. retention volume, 349 

Sedimentation equilibrium data, analytical 
procedure, 385,387 

Selectivity, characteristic of media for 
aqueous SEC, 227-229,239,242-244 

Separation of molecules according to size, 
designations, 226 

Shape-memory pores, formation, 
206-207 

Signal of refractive index detector, 3-4 
Silica gel, packing for SEC, 203-206 
Size(s) 

definition for macromolecules, 53 
proteins, characterization using 

gel chromatography, 36-50 

Size exclusion chromatography (SEC) 
aqueous, See Aqueous SEC 
comparison to gel electrophoresis and 

hydrodynamic chromatography, 
173-187 

compositional heterogeneity of 
polyvinyl alcohol), 262-272 

degradation vs. thermodynamic quality 
of solvent, 135,137-141 

determination 
molecular weight averages and 

distributions, 366-367 
size and molecular weight of 

macromolecules, 328 
development, 52 
elution rate on degradation effect, 131-133 
net protein charge and stationary-phase 

charge on protein retention effect, 
88-102 

macromolecular behavior in 
nonhomogeneous hydrodynamic fields, 
127-154 

micelle formation, 328-346 
modeling 

by Monte Carlo simulation, 52-65 
of stationary phase with binary 

eluents, 103-125 
modification for heterogeneous copolymer 

characterization, 262-263 
nonstandard methods, 274-323 
packings, 190-207 
polysaccharides in Ν,Ν-dimethyl-

acetamide with lithium chloride 
experimental description, 366,368-369 
light scattering procedure, 369 
safety considerations, 378 
solvent system, 369-371 
universal calibration procedure, 369,370f 
universal calibration vs. light scattering, 

371-377 
requirements, 7 
retention effect on macromolecules 

on surface of solvent particles, 
133-135,136/ 

soft body theory, 67-86 
solvent effect, 130/131 
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Size exclusion chromatography (SEC)— 
Continued 

solvent problems, 366 
stationary-phase modeling with binary 

eluents, 103-125 
use of multicomponent eluents, 103-104 
with light scattering and refractive 

index detectors, 328-330 
Sodium poly(styrene sulfonate) compounds 

with different sulfonations, secondary 
effects in aqueous SEC, 347-350 

Soft body model of size exclusion 
chromatography 

electrostatic forces, 69-74 
generality, 68 
mean field approximation, 71,75-77 
nonspherical solutes, 77-79 
potential energy of sphere within 

cylinder, 84-85 
restrictions, 68-69 
solution to integrals, 85-86 
surface charge-potential relationship, 

83-84 
universal calibration, 79-82 

Sol stage, 204 
Solubility 

definition, 204 
limiting conditions in L C , 250-260 

Solute(s), characteristics for aqueous size 
exclusion chromatography, 230-233 

Solute distribution between 
chromatographic phases, stationary 
phase in SEC with binary eluents, 
109-111 

Solute potential, 175-176 
Solution to integrals, soft body model 

of SEC, 85-86 
Solvent 
problems in SEC, 366 
role in macromolecular behavior in 

nonhomogeneous hydrodynamic fields, 
130/,131 

Spectroscopic study, comparison to micelle 
formation using SEC, light scattering, 
and U V spectroscopy, 344-346 

Starch, fractions, 352 

Stationary-phase charge, role in protein 
retention in SEC, 88-102 

Stationary-phase modeling in size exclusion 
chromatography with binary eluents 

association composition, 119-122 
association equilibria, 113-114 
average pore radius evaluation, 112 
distribution coefficients, 122-125 
experimental description, 103-107,109 
experimental pore radius evaluation, 

112-113 
methanol adsorption isotherms, 118/,119 
methanol adsorption models, 114-117,119 
mobile and stationary phases of binary 

eluents, 107,108/ 
solute distribution between 

chromatographic phases, 109-111 
stationary-phase composition, 119-122 
total pore volume evaluation, 111 

Steric exclusion chromatography 
applications, 211 
inverse application, 211-212 

Stoichiometric displacement models, 
protein retention in ion-exchange 
chromatography, 89 

Stokes radius 
definition, 53 
viscosity based, See Viscosity-based 

Stokes radius 
Superdex, characteristics for aqueous size 

exclusion chromatography, 225-246 
Superficial velocity, relationship to 

height equivalent to theoretical plate, 
167-168 

Surface charge-potential relationship, 
soft body model of SEC, 83-84 

Swollen polymer materials, inverse steric 
exclusion chromatography for 
morphology characterization, 211-223 

Swollen resins, molecular accessibility, 
219-221,222/ 

Syneresis, 204 
Synthesis, packings, 190-246 
Synthetic polymers, separation methods, 

274-275 
System peaks, formation, 104 
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Systematic errors, multiangle light 
scattering-viscometric-refractometric 
detector coupling for polyelectrolyte 
characterization, 25,27-30 

Thermal field flow fractionation 
elution rate effect, 144/, 145-147 
process, 145 
quantitative evaluation of degree 

of degradation, 146/147-148 
Thermodynamic model for polymer 

separations 
approach, 174 
comparison of methods, 173 
confinement entropy calculations 

chain models, 184 
failure of universal size parameter, 

184-186 
matrix models, 183-184,185/ 
trends discernible in elution 

behavior, 186 
constraints, 186-187 
gel electrophoresis 
connections to previous theory, 180 
modeling, 178-179 
molecular origin of separations, 178,182/ 
motion 

flexible chain solute, 181-183 
pointlike solute, 180-181 

hydrodynamic chromatography, 
modeling, 177 

size exclusion chromatography 
assertion of equilibrium, 177 
modeling, 176 

Thin-layer chromatography of polymers and 
oligomers 

advantages, 301 
applications, 295,297 
comparison to high-performance L C , 

297,300/,301 
examples of applications, 301-309 
features of high-performance thin-layer 

chromatography, 297-299,301 
technical possibilities, 297,298/ 

Titanium(IV) oxides, packing for size 
exclusion chromatography, 206 

Total pore volume evaluation, stationary 
phase in SEC with binary eluents, 112 

Transport theory 
flux equations, 175 
mean solute velocity, 174-175 
solute potential expressions, 175-176 

True molecular weight, 3 
Two-dimensional separation according to 

molecular weight and chemical 
composition, 3 

Ultraœntrifugal sedimentation eqiiilibrium 
calibrations of SEC elution profiles 

analytical theory, 381-383 
analytical ultracentrifugation 

procedure, 385 
development, 379-380 
high-performance chromatographic 

procedure, 384-385 
kraft lignin derivatives 
comparison of weight-average molecular 

weight and formal component 
molecular weights, 391,392/ 

elution profile 
acetylated kraft lignin, 394/395 
kraft lignin, 386/387,389 

molecular weight calibration curves for 
acetylated kraft lignin, 394/395-397 

preparation, 383-384 
primary and secondary calibration 

curves, 389-391,393/395 
sedimentation equilibrium curve, 

388/389 
lignins, 380-381 
open-column chromatographic 

procedure, 384 
sedimentation equilibrium analysis of 

polystyrene fraction, 397,398/ 
sedimentation equilibrium data 

analytical procedure, 385,387 
Universal calibration 

importance, 52 
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INDEX 415 

Universal calibration—Continued 
SEC, 79-82,369-377 
validity, 53 

U V spectroscopy, micelle formation, 
328-346 

V 

Vacant peak, 104 
Viscometric-multiangle light scattering-

refractometric detector coupling for 
polyelectrolyte characterization, See 
Multiangle light scattering-
viscometric-refractometric detector 
coupling for polyelectrolyte 
characterization 

Viscometric radius, 53 

Viscosity-based Stokes radius 
calculation, 41 
characterization of size and molecular 

mass of proteins, 36-50 
Viscosity radius, 79 

W 

Water-soluble globular proteins, 
characterization using gel 
chromatography, 39-40 

Weight-average molecular weight, 4 

Ζ 

Zirconium oxides, packing for size 
exclusion chromatography, 206 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
32

 o
n 

O
ct

ob
er

 8
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 3

0,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

5.
ix

00
2

In Strategies in Size Exclusion Chromatography; Potschka, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 


	bk-1996-0635_cover
	bk-1996-0635.fw001
	Title Page
	Half Title Page
	Copyright
	Advisory Board
	Foreword

	bk-1996-0635.pr001
	Preface
	Acknowledgments


	bk-1996-0635.ch001
	Chapter 1 Molecular Weights of Copolymers Obtained by Gel Permeation Chromatography—Light Scattering
	Theory
	Results and Discussion
	Conclusions
	Literature Cited


	bk-1996-0635.ch002
	Chapter 2 Coupled Multiangle Light-Scattering and Viscosimetric Detectors for Size Exclusion Chromatography with Application to Polyelectrolyte Characterization
	Instrument considerations
	Results
	Application to polyelectrolytes
	Error analysis
	Conclusions
	Symbols Used
	Acknowledgments
	Literature Cited


	bk-1996-0635.ch003
	Chapter 3 Gel Chromatography as an Analytical Tool for Characterization of Size and Molecular Mass of Proteins
	Basic theory and application to watersoluble, globular proteins
	The use of gel chromatography for characterization of randomly coiled and elongated polymers
	Calibration plots and calibration curves
	Acknowledgement
	Literature cited


	bk-1996-0635.ch004
	Chapter 4 Modeling of Size Exclusion Chromatography by Monte Carlo Simulation
	Definition of Different Sizes of a Macromolecule
	Principle of Simulation
	Comparison with Theoretical Results
	Results and Discussion
	Conclusion
	Literature Cited


	bk-1996-0635.ch005
	Chapter 5 A Soft-Body Theory of Size Exclusion Chromatography
	The soft-body Model of Size Exclusion Chromatography
	The Model for electrostatic Forces
	The mean-field Approximation
	Non-spherical Solutes
	Universal Calibration of SEC
	Conclusions
	Appendix A: The Relationship between Surface Charge and Potential
	Appendix Β: Potential Energy of a Sphere within a Cylinder
	Appendix C: Solution to a Class of Integrals relevant in Chromatography of Polyelectrolytes
	Literature Cited


	bk-1996-0635.ch006
	Chapter 6 Influence of Net Protein Charge and Stationary Phase Charge on Protein Retention in Size Exclusion Chromatography
	Experimental
	Methods

	Results and Discussion.
	Conclusion.
	Acknowledgment.
	References.


	bk-1996-0635.ch007
	Chapter 7 Modeling of Stationary Phase in Size Exclusion Chromatography with Binary Eluents
	Experimental
	General Considerations
	Solute Distribution Between Chromatographic Phases
	Evaluation of the Total Pore Volume
	Association Equilibria
	Structural Description of the Stationary Phase
	Model A
	Model Β
	Adsorption Isotherms
	Stationary Phase Composition
	Distribution Coefficients
	Conclusion

	Acknowledgments
	Literature Cited


	bk-1996-0635.ch008
	Chapter 8 Behavior of Macromolecules in Nonhomogeneous Hydrodynamic Fields: Degradation Mechanism of Macromolecules
	Experimental
	Results and Discussion
	Conclusions
	Literature Cited.


	bk-1996-0635.ch009
	Chapter 9 Intraparticle Convection in Chromatographic Permeable Packings
	Historical Background
	The Concept of "Augmented" Diffusivity by Convection.
	Performance of Chromatographic Processes Using Permeable Particles.
	On the Importance of Adsorption/Desorption Kinetics.
	Estimation of intraparticle velocity vo
	Protein Separation by Liquid Chromatography Using Permeable Particles (POROS Q/M and Q HYPER D )
	Analysis of HETP versus superficial velocity
	Frontal Chromatography Experiments
	Elution Chromatography of BSA on Q HYPER D Under Weakly Retained Conditions.
	Conclusions
	Notation
	Greek symbols

	LITERATURE CITED


	bk-1996-0635.ch010
	Chapter 10 Unified Thermodynamic Model for Polymer Separations Produced by Size Exclusion Chromatography, Hydrodynamic Chromatography, and Gel Electrophoresis
	General Transport Theory
	Size Exclusion Chromatography
	Hydrodynamic Chromatography
	Gel Electrophoresis
	Calculations of Confinement Entropy
	Constraints on the Thermodynamic Model
	Acknowledgments
	Literature Cited


	bk-1996-0635.ch011
	Chapter 11 Packings for Size Exclusion Chromatography: Preparation and Some Properties
	Types of SEC Packings
	Packings Based on Synthetic Organic Polymers
	Packings Based on Natural Organic Polymers
	Packings Based on Inorganic Materials
	Properties of Packings
	Literature Cited


	bk-1996-0635.ch012
	Chapter 12 Inverse Steric Exclusion Chromatography as a Tool for Morphology Characterization
	Inverse Steric Exclusion Chromatography - Theory
	Experimental
	Examples of ISEC applications
	Conclusions
	Acknowledgements
	Literature Cited


	bk-1996-0635.ch013
	Chapter 13 Characteristics of Modern Media for Aqueous Size Exclusion Chromatography
	Important Parameters for Size Exclusion Chromatography
	Evaluation of the Properties of Novel Media for Size Exclusion Chromatography
	Conclusions
	Acknowledgment
	Literature Cited


	bk-1996-0635.ch014
	Chapter 14 Review of Critical Conditions of Adsorption and Limiting Conditions of Solubility in the Liquid Chromatography of Macromolecules
	Discussion
	Literature Cited


	bk-1996-0635.ch015
	Chapter 15 Compositional Heterogeneity of Poly(vinyl alcohol): Characterization by Liquid Chromatography Techniques
	Experimental
	Results and Discussion
	Conclusion
	Acknowledgments
	Literature Cited


	bk-1996-0635.ch016
	Chapter 16 Nonstandard Methods Based on Size Exclusion Chromatography Principles "Critical" Chromatography, High-Performance Membrane Chromatography, Thin-Layer Chromatography, and Microbore Size Exclusion Chromatography
	Micro-SEC chromatography of polymers
	"Critical" chromatography of polymers
	TLC of polymers and oligomers
	High-performance membrane chromatography of polymers
	Conclusions
	Literature Cited


	bk-1996-0635.ch017
	Chapter 17 Method for Studying Micelle Formation Using Size Exclusion Chromatography, Light Scattering, and UV Spectroscopy
	Experimental.
	Results and discussion.
	1. Comparison SEC/LS data with and without a chromatographic column
	2. Study of micelle formation under chromatographic conditions.
	3. Study micelle formation using multi-angle LS photometer in batch mode.
	4. Spectroscopic study of micelle formation.
	Conclusion

	Literature Cited


	bk-1996-0635.ch018
	Chapter 18 Comparison of Secondary Effects in Aqueous Size Exclusion Chromatography Between Sodium Poly(styrenesulfonate) Compounds of Different Sulfonations Preliminary Study
	Experimental
	Results
	Discussion
	Literature Cited


	bk-1996-0635.ch019
	Chapter 19 Molecular Characteristics of Glucans: High-Amylose Cornstarch
	Materials and Methods
	Results and Discussion
	Literature Cited


	bk-1996-0635.ch020
	Chapter 20 Size Exclusion Chromatography of Polysaccharides in Dimethylacetamide—Lithium Chloride
	Experimental
	Results and Discussion
	Conclusions
	Safety Considerations and Notes
	Acknowledgments
	Literature Cited


	bk-1996-0635.ch021
	Chapter 21 Renaissance in Ultracentrifugal Sedimentation Equilibrium Calibrations of Size Exclusion Chromatographic Elution Profiles
	Experimental Section
	Results and Discussion
	Concluding Remark
	Acknowledgments
	Literature Cited


	bk-1996-0635.ix001
	Author Index
	Affiliation Index

	bk-1996-0635.ix002
	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W





