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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the Amer-
ican Chemical Society as an outlet for symposia and collections of data
in special areas of topical interest that could not be accommodated in
the Society’s journals. It provides a medium for symposia that would
otherwise be fragmented because their papers would be distributed
among several journals or not published at all.

Papers are reviewed critically according to ACS editorial standards
and receive the careful attention and processing characteristic of ACS
publications. Volumes in the ADVANCES IN CHEMISTRY SERIES maintain
the integrity of the symposia on which they are based; however, verbatim
reproductions of previously published papers are not accepted. Papers
may include reports of research as well as reviews, because symposia
may embrace both types of presentation.
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PREFACE

THE GLOBAL, OPERATIVE BUSINESS AND SOCIETAL DRIVING FORCES of the
mid-1990s are causing polymer-related industries to focus strongly on
their core businesses and technological competencies. This focusing has
produced a more directed approach to product development and a sig-
nificant change in corporate R&D culture. The product development
process is no longer a sequential process from R&D to product intro-
duction into the marketplace. Instead, the process is highly nonlinear,
nonsequential, and iterative in order to speed up product innovation,
product development, and market introduction. Improving the effec-
tiveness of the R&D process must be done in conjunction with strong
regard for safety, health, and environmental values; waste reduction;
energy conservation; product quality; improved product-process—cus-
tomer economics; the need to satisfy and delight the customer; and the
need to improve shareholder value.

The polymer science and technology required to meet product and
market needs in the context of improving the effectiveness of the R&D
process are generating highly complex polymeric systems that may be
blends or composites of a variety of materials. As a result, measurement
of average properties is no longer adequate to characterize and elucidate
the nature of such complex polymeric materials. A combination of poly-
mer analytical and characterization techniques or multidimensional an-
alytical approaches is required to provide a synergism of analytical and
characterization information to establish structure, property, and mor-
phology processing relationships that can form a knowledge bridge be-
tween polymerization mechanisms and end-use performance. Advances
in instrumentation technology and the need for analytical and charac-
terization information synergism have led to an increase in the devel-
opment of hyphenated characterization techniques and their application
to polymeric materials characterization.

This book covers some of the significant advances in hyphenated
chromatographic separation methods for polymer characterization.
Chromatographic separation techniques in this volume include size-ex-
clusion chromatography, liquid chromatography, and field flow frac-
tionation methods that are used in conjunction with information-rich
detectors such as molecular size-sensitive or compositional-sensitive de-
tectors or coupled in cross-fractionation modes.

The first section of this book focuses on general considerations con-

xiii
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cerning hyphenated polymer chromatographic separation methods. The
second section focuses on the use of light scattering and viscometry
molecular size sensitive detectors, the issue of multidetection calibration,
and some unique applications of these detectors. The third section fo-
cuses on the analysis and elucidation of compositional heterogeneity in
copolymers and blends by using cross-fractionation approaches with
compositional and molecular size sensitive detectors.

We hope this book will encourage and catalyze additional activity
and method development in hyphenated chromatographic separation
methods for polymer characterization.
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Hyphenated Polymer Separation
Techniques

Present and Future Role

Howard G. Barth
DuPont, Experimental Station, Wilmington, DE 19880-0228

An overview is presented on recent developments in the use of hy-
phenated multidimensional separation and detection techniques for
the characterization of polymeric materials. Emphasis has been
placed on the use of on-line molecular-weight-sensitive detectors
for size-exclusion chromatography (SEC). These detection systems
are based on measuring Rayleigh light-scattering or intrinsic vis-
cosity of the eluting polymer. With these types of detectors, one
can determine absolute molecular weights as well as branching,
molecular size, and polymer conformation as a function of molec-
ular weight, without the use of column calibration. The determi-
nation of compositional heterogeneity using SEC with on-line se-
lective detectors, such as UV, Fourier transform infrared, mass
spectrometry, NMR, and even Raman spectrometry, is now being
investigated. Multidimensional hyphenated techniques, such as or-
thogonal chromatography, temperature-rising elution fraction-
ation-SEC, and SEC-high-performance liquid chromatography, are
briefly discussed.

POLYMERS ARE TYPICALLY COMPLEX MIXTURES in which the composition
depends on polymerization kinetics and mechanism and process con-
ditions. As we enter the twenty-first century, polymeric materials are
becoming even more complex, consisting of polymer blends, composites,
and branched and grafted structures of unusual architecture. To obtain
polymeric materials of desired characteristics, polymer processing must
be carefully controlled and monitored. Furthermore, we need to un-
derstand the influence of molecular parameters on polymer properties
and end-use performance. As a result, we are faced with unprecedented

0065-2393/95/0247-0003$12.00/0
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4 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

analytical challenges: molecular weight distributions (MWDs) and av-
erage chemical composition may no longer provide sufficient information
for process and quality control nor define structure—property relation-
ships. Methodologies to measure distributive properties based on chem-
ical composition, branching, comonomer sequence distribution, and
tacticity may also be required. More sophisticated analytical approaches
are needed also for the characterization of macromonomers and tele-
chelic oligomers used for polymer synthesis, especially in the coating
industry.

Modern characterization methods for polymeric systems now require
multidimensional analytical approaches rather than average properties
of the whole sample. To meet these challenges, hyphenated method-
ologies are now emerging in which polymer separation techniques are
being coupled to information-rich detectors or are being interfaced to
a second chromatographic system, an approach referred to as cross-
fractionation or two-dimensional (2D) separation. When seemingly in-
congruous techniques are interfaced in such a manner, one gets a dra-
matic increase in information content and a significant reduction of anal-
ysis time. This chapter presents an overview of the present status and
future direction of hyphenated polymer separation techniques.

Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) is the premier polymer charac-
terization method for determining MWDs. As discussed in this volume
and summarized in the following section, by hyphenating SEC with se-
lective detectors, one can, in principle, completely characterize a poly-
mer in terms of its molecular parameters and chemical composition in
the time it takes to do a typical SEC analysis.

Molecular-Weight-Sensitive Detectors. In SEC, the separation
mechanism is based on molecular hydrodynamic volume. For homo-
polymers, condensation polymers, and strictly alternating copolymers,
there is a correspondence between elution volume and molecular weight;
thus, chemically similar polymer standards of known molecular weight
can be used for calibration. However, for SEC of random and block
copolymers and branched polymers, no simple correspondence exists
between elution volume and molecular weight because of possible com-
positional heterogeneity of these materials; as a result, molecular weight
calibration with polymer standards can introduce a considerable amount
of error. To address this problem, molecular-weight-sensitive detectors,
based on Rayleigh light-scattering and intrinsic viscosity measurements,
have been introduced (I).

In SEC-light scattering, a low-angle or multiangle light-scattering
photometer is interfaced to the output of an SEC column. In most SEC
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experiments, the second virial coefficient can be neglected because of
low polymer concentration, and the weight-average molecular weight,
M,,, at each elution volume increment, i, can be determined from

Mw,i = Ra,i/ Kc;P (0):' (1)

where K is the optical constant, ¢ is the polymer concentration, Ry is
the Rayleigh ratio, and P(0) is the particle scattering function. If a low-
angle light-scattering instrument is used, P(f) is close to unity and the
M,, at each elution volume increment can be calculated directly. By
assuming that each measured elution volume increment is monodisperse,
that is, M,,; = M, ,, then all the statistical M,, averages can be calculated.

If a multiangle light-scattering instrument is used, the mean-square
radius of gyration (R,”); at each elution volume can also be obtained
from the particle scattering function

1/PO); = 1 + (4x/N)? sin? (6/2)(R2)/3 2)

In practice, however, the radius of gyration can only be determined for
molecules >20 nm in diameter; below this size, angular dissymmetry is
too low to measure precisely. By measuring radius of gyration as a func-
tion of M,,, insight into the molecular conformation of the polymer can
be obtained.

With SEC-light scattering, absolute MWDs can be determined with-
out column calibration. Furthermore, the branching distribution as a
function of M,, can be determined using equation 3, if a multiangle light-
scattering detector is used and the radius of gyration is >10 nm:

g = <Rg2>b,i/ <Rg2>l,i (3)

where g; is the radius of gyration branching factor and subscripts [ and
b signify the corresponding linear and branched polymers of the same
M, (2). If a low-angle light-scattering detector is used, the intrinsic vis-
cosity branching factor g’ can be used:

g' = (M)/My) ! (4)

where subscripts [ and b signify the corresponding linear and branched
polymers eluting at the same elution volume and a is the Mark—-Houwink
exponent of the linear polymer (3).

For on-line intrinsic viscosity detection, the pressure drop across a
capillary attached to the outlet of the SEC column is monitored. The
ratio of the pressure drop of an eluting polymer AP to that of the mobile
phase alone AP, is equal to the relative viscosity 7, of the sample:

Nrel = AP/APo (5)

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch001

6 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

Because intrinsic viscosity [9] is related to relative viscosity

[1] = (10 — 1)/c (6)

where c is polymer concentration extrapolated to infinite dilution, then
[7] can be determined at each elution volume increment i:

[l = (AP/AP,) — 1)/e; (7)

The value of ¢; is measured using a concentration-sensitive detector,
which is usually a differential refractometer. As in the case of light scat-
tering, polymer concentration during an SEC experiment is considered
to be close to infinite dilution; thus, extrapolation to zero concentration
is not required. Providing that universal calibration is valid for a given
SEC system, M,, data of the polymer at each elution volume increment
M, can be determined:

M; = HV,/[n]; (8)

where HV is the corresponding hydrodynamic volume obtained from a
universal calibration curve.

With the use of an on-line viscometer and universal calibration, ‘‘ab-
solute” MWDs can be obtained. Because both M,, and intrinsic viscosity
are known, the Mark—-Houwink coeflicients a and K can be calculated
for the injected polymer:

[7] = KM® (9)

The value of a can be used to determine macromolecular chain confor-
mation and the presence of branching. The intrinsic viscosity branching
factor can also be used to study branching as a function of M,,:

g' = ([nl/[nlo)ass (10)

Furthermore, R,; of a linear polymer at each elution volume increment
can be calculated from the Flory—Fox equation (4):

Rg; = 1/V6(Mi[n];/®)" (11)

where @ is the Flory viscosity function.

Recently, both on-line light-scattering and viscosity detectors are
being used together to give absolute M,, and intrinsic viscosity distri-
butions without the need of universal calibration (I). When both de-
tectors are used, one can determine precisely and accurately the hy-
drodynamic radius distribution (eq 8), the intrinsic viscosity branching
factor distribution (eq 10), Mark—-Houwink coefficients (eq 9), and the
radius of gyration distribution of linear polymers (eq 11) in a single SEC
experiment.
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On-Line Spectroscopic Detectors. Depending on comonomer
reactivity ratios and polymerization conditions, the chemical composition
of copolymers can vary as a function of M,,; this distributive property is
sometimes referred to as chemical drift or compositional heterogeneity
of the first kind (Figure 1) (5). By hyphenating SEC with a selective
detector, together with a concentration-sensitive detector, compositional
heterogeneity can be tracked. For example, a UV detector set at a single
wavelength can be used to monitor the chemical drift of a copolymer
containing a chromophoric comonomer. If one is trying to characterize
the nature of unknown polymer end groups or perhaps unknown polymer
blends, UV-photodiode array detection would be the detector of choice.

There has been considerable interest in applying mass spectrometry
(MS) (6) and Fourier-transform infrared spectrophotometry (FT-IR) (7)
as on-line SEC detectors; these hyphenated systems show great potential
for determining compositional heterogeneity of copolymers, blends, and
oligomers. To eliminate interfering IR spectra caused by the mobile
phase, a commercial evaporative interface device has been developed
(8, 9) in which solvent is evaporated by nebulization of the column
effluent onto a rotating aluminum-backed germanium disk. The disk is
then transferred to an optical reader attached to an FT-IR spectropho-
tometer. Other selective on-line SEC detectors include the use of a
conductivity detector to determine the charge distribution of polysac-
charides as a function of M,, (10, 11), and an FT-Raman spectrometer
for measuring microstructural variations in polybutadiene (12). It is of
interest to note that although on-line UV, FT-IR, and MS detection sys-
tems are emerging technologies, there are surprisingly few reported
studies describing on-line NMR systems (13), ostensibly because of the

Polymer Concentration

log MW

Figure 1. Chemical heterogeneity of the first kind in which F,, the fraction
of monomer 1 in a copolymer, varies as a function of M,,. (Reproduced from
reference 5. Copyright 1986 American Chemical Society.)
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need for much larger sample amounts. The information content that
could be obtained from such a system, however, makes NMR detection
a deserving area of research.

Polymer Cross-Fractionation

In addition to chemical heterogeneity of the first kind, another type of
compositional heterogeneity may exist: chemical heterogeneity of the
second kind, in which polymers of different composition but similar
hydrodynamic volumes coelute (Figure 2) (5). In this situation, com-
ponents have to be resolved using a second separation method, a process
called cross-fractionation (14) or 2D separation, commonly referred to
as column switching when done on-line. Although not commonly prac-
ticed, it is possible to use an automated injection system to collect and
then divert a given SEC fraction into a high-performance liquid chro-
matography (HPLC) column for separation based on chemical compo-
sition. However, because of the complexity of these systems, fractions
usually are collected and analyzed chromatographically off-line. Fur-
thermore, chromatographic cross-fractionation can also be carried out
by collecting fractions first from an HPLC column and then injecting
them into an SEC column in the second dimension.

Orthogonal Chromatography. An interesting variation of on-
line chromatographic fractionation is a technique called orthogonal
chromatography (15). This method is essentially a hyphenated SEC-

Polymer Concentration

log MW

Figure 2. Chemical heterogeneity of the second kind in which polymers of
different composition may coelute because of similar hydrodynamic volumes.
(Reproduced from reference 5. Copyright 1986 American Chemical Society.)
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SEC technique, in which polymers are separated in an SEC column
using a good solvent and fractions are then switched into a second SEC
column using a poorer solvent as the mobile phase. If compositional
heterogeneity is present, components that have similar molecular hy-
drodynamic volumes in the good solvent may have different hydrody-
namic volumes in the poorer solvent and thus will be size separated in
the second column. Additionally, adsorption onto the packing may occur
in the second dimension, giving rise to selective retention of components.

Temperature-Rising Elution Fractionation. In temperature-
rising elution fractionation (TREF), a polymer is dissolved at an elevated
temperature in a good solvent and then injected into a chromatographic
column packed with an inert support (16). The flow rate is then turned
off and the column slowly cooled, typically 2—-10 °C/h. The higher melt-
ing fractions crystallize first, followed by less crystalline material, thus
forming a “layered” structure on the inert support. The flow rate is
then turned on and the temperature is increased, thus reversing the
process: the less crystalline components elute first followed by more
crystalline material. Thus, separation is based on polymer crystallinity
imposed by chemical compositional heterogeneity, as well as by archi-
tectural heterogeneities, that is, short-chain branching, tacticity, or co-
monomer sequence distribution. Because this method is independent
of M,,, providing that the M,, is >10,000 g/mol (17), superposition of
M,, on the chemical composition distribution is not a major concern.

To cross-fractionate a given TREF fraction in terms of MWD, on-
line TREF-SEC-FT-IR instrumentation has been developed to obtain
three-dimensional plots of polymer concentration, M,,, and composition
(short-chain branching) (18).

Future Challenges and Directions

Hyphenated multidimensional analytical instrumentation requires care-
ful calibration and maintenance to obtain high quality, meaningful data
(19). Because of the propagation of systematic and random errors as
different analytical instrumentation are interfaced, frequent calibration
using well-characterized polymer standards is required even for absolute
M,,-sensitive detectors. Furthermore, the relatively low signal-to-noise
ratio at the ends of the MWD can lead to significant uncertainties in
these regions of the distribution; unfortunately, these areas of the dis-
tribution can profoundly affect polymer properties.

Fundamental limitations in SEC, most notably imperfect resolution
and lack of truly universal concentration-sensitive detectors, also may
add to the uncertainty of hyphenated instrumental methods. Further-
more, there are still difficult separation problems to be solved, for ex-
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10 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

ample, branching heterogeneity of the second kind (Figure 3), especially
for long-chain branched structures, in which polymers of different ar-
chitecture coelute because of similar hydrodynamic volumes. Perhaps
on-line detection systems based on viscoelastic behavior may help
out here.

Data interpretation and processing can be complicated. In addition,
software to handle hyphenated methodologies are still under develop-
ment, and many laboratories find it more convenient to write their own
software. As a result, most hyphenated polymer separation instrumen-
tation are limited presently to research laboratories rather than to plant
environments. Continued developments in digital electronics, laser-
based detector technology, and computer data acquisition and processing
will result eventually in easy to use, automated hyphenated instrumen-
tation for process and quality control.

Present emphasis is being placed on the use of detector combina-
tions; in fact, the “triple-detection system”, SEC-light-scattering-vis-
cometry—differential refractometry, is being used more frequently,
sometimes with the addition of an on-line UV detector to monitor com-
position (20).

On-line MS detectors for SEC offer great promise for serving si-
multaneously as an absolute M,, detector, concentration-sensitive de-
tector (i.e., total ion current), and composition detector, especially for
oligomers and low-MW polymers. Successful developments in the use
of matrix-assisted laser desorption ionization (MALDI) MS for high-MW
polymers are extremely encouraging, and on-line MALDI MS should

Polymer Concentration

log MW

Figure 3. Chemical heterogeneity of the second kind in which polymers of
different architecture may coelute because of similar hydrodynamic volumes.
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soon follow. On-line NMR for SEC offers a great deal of promise, and
it is hoped that we will see some growth in this area.

By stringing together different selective detectors and connecting
them to chromatographic systems based on chemical composition and
MW separations, complete characterization of complex polymeric ma-
terials may be achievable in a single experiment. This information is
critically needed to establish structure—property—processing relation-
ships to tailor materials of given properties and end-use applications.
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The use of “limiting conditions of solubility” in the character-
ization of polymer mixtures is discussed. This use involves a
binary eluent that is a weak nonsolvent or a poor solvent for one
of the components of the polymer blend. The polymers are, how-
ever, injected in a thermodynamically good solvent. These lim-
iting conditions are so named because the separation involves
the analysis of one solute component that is on the limit of its
solubility. The limiting condition is achieved through a balance
of entropic (size exclusion) and enthalpic (precipitation) effects.
The method is, therefore, similar to the critical condition ap-
proach, which also involves the combination and balancing of
size exclusion and an interactive mechanism. However, the crit-
ical condition approach involves adsorption chromatography in
place of precipitation. Our experiments indicated that limiting
conditions are characterized by retention volumes independent
of the hydrodynamic volume for macromolecules as high as
1,000,000 Da, whereas critical conditions are limited to lower
molar masses. The limiting conditions discussed include the
characterization blends of polymers of various polarity over bare
silica gels. An evaporative light-scattering detector is used to
avoid problems of injection solvent and solute peak overlapping.
Although the flow is isocratic, a microgradient does exist through
the column.

A POLYMER CHARACTERIZATION METHOD based on liquid chromato-
graphic measurements using binary eluents as a mobile phase is dis-

0065-2393/95/0247-0013$12.00/0
© 1995 American Chemical Society

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch002

14 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

cussed (1, 2). In this approach, which was termed “‘limiting conditions
of solubility”, a set of conditions are identified in which a homopol-
ymer with a molecular weight range of 102-10° Da excludes at the
same retention volume, independent of the polymer molecular
weight. These limiting conditions are specific to the polymer—eluent—
sorbent system used. The limiting conditions are accomplished by
using a mobile phase that is a poor solvent, or even a nonsolvent, for
the polymer probe (mixture of a thermodynamically good solvent and
a nonsolvent at the temperatures used in the measurements). How-
ever, the polymer is injected in a thermodynamically good solvent.
In this case, homopolymers with different molecular weights leave
from the chromatographic column at the same retention volume. This
volume is roughly equal to the volume of liquid in column. The fol-
lowing mechanism is believed to cause the limiting condition
phenomena.

At low levels of nonsolvent, such as methanol in toluene or water
in tetrahydrofuran (THF) for the polystyrene (PS) or poly(methyl
metacrylate) (PMMA) systems, the calibration curves shift slightly to
lower retention volumes due to the influence of adsorption, partition,
and a reduced pore size (3). At higher quantities of nonsolvent, in
the vicinity of the #-composition (e.g., 79.6% of toluene for PS in
toluene-methanol at 25 °C) the thermodynamic quality of the solvent
is strongly reduced. Mixtures containing more methanol are nonsol-
vents for PSs. If such a mixture is used as a size-exclusion chroma-
tography (SEC) eluent and the polymer is dissolved in a good solvent
(toluene), macromolecules move together with the zone of their initial
solvent. If macromolecules move faster because of exclusion pro-
cesses, they encounter the nonsolvent and precipitate. They then re-
dissolve as the injection zone (pure solvent) reaches the precipitated
polymer. This “microgradient” process of precipitation-redissolution
occurs many times throughout the column with the polymer elut-
ing just in the front part of the solvent zone (Figure 1). As a conse-
quence, the macromolecules move with a velocity similar to the ve-
locity of the solvent zone. This fact may be used in the analysis of
polymer mixtures: limiting conditions are chosen in such a way that
one component of polymer mixture is eluted in the full column
volume, whereas the second one is normally characterized in the
SEC mode.

The primary differences between limiting conditions of solubility
and Belenkii’s ““critical condition of adsorption” approach (4, 5) are the
use of a thermodynamically poor (bad) eluent, or even an eluent that is
a nonsolvent for the polymer, whereas the polymer is dissolved and
injected in a thermodynamically good solvent. The limiting condition
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Toluene Injected . .
(DRI Detector) Polystyrene in Toluene Injected
(DRI Detector)

Polystyrene in Toluene Injected
(Evaporative Light Scattering Detector)

)

Figure 1. Chromatograms obtained with a 250 X 6-mm column packed
with silica gel. The eluent was toluene-methanol at 68-32 vol%.

——

method offers an advantage relative to Belenkii’s approach because it
is experimentally less demanding:

e the sample dissolution is faster

e the determination of the appropriate eluent composition is
easier

e limiting conditions are less sensitive to slight (minute)
changes in the eluent composition and temperature as well
as to the presence of impurities, particularly water traces
in the eluent

e limiting conditions can be used for high molecular weight
polymers (up to 1,000,000 g/mol), whereas critical con-
ditions are, thus far, limited to the characterization of mac-
romolecules up to 100,000 g/mol.
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Both approaches are accomplished isocratically and therefore the
problem of irreproducible gradient production, which is a limitation for
the quantitative analysis of copolymers by gradient chromatography, is
avoided.

Experimental Details

Chromatographic measurements were made on bare and modified silica
gel sorbents prepared in the Laboratory of Liquid Chromatography of
the Slovak Academy of Sciences (additional details are provided in ref-
erence 1). Bare silica gels, SGX-200, SGX-500, and SGX-1000, obtained
from Tessek (Prague, Czech Republic) were also used. These gels were
packed in 250-mm stainless steel columns with a 6 mm internal diameter
A RIDK 102 differential refractive index detector and an HPP 4001 high
pressure pump (both from Laboratory Instruments Company, Prague,
Czech Republic) were used. A Waters 501 pump (Waters, Mif,ford, MA)
and a Cunow DDL-21 (Cunow, Cergy Pointoise, France) evaporative
light-scattering detector were also employed. Pressure was measured
with a custommade pressure gauge (0-25 MPa) (Institute of Chemical
Process Fundamentals, Czechoslovak Academy of Sciences, Prague). The
refractive index or scattered light signals and pressure signals were re-
corded on a type 185 two-pen chart recorder (Kutesz, Budapest, Hun-
gary). The data were also collected on-line using a Waters PC Based Data
Acquisition System. The injector was a PK-1 model (Institute of Chemical
Process Fundamentals, Czechoslovak Academy of Sciences, Prague).
Sample injections consisted of 10 mL of a polymer solution in a good
solvent. The injected concentration was 1.0 mg/mL with the RIDK-102
detector and 0.5 mg/mL with DDL-21 detector system.

Narrow molecular weight distribution PS standards (polydispersity
1.06-1.20) were obtained from Pressure Chemicals Corporation. PMMA
standards were obtained from Rohm and Haas (Darmstadt, Germany). An-
alytical grade solvents (toluene and methanolg were obtained from Lachema
(Brno, Czech Republic) and used without further purification. THF was
obtained from Merck (Darmstadt, Germany).

Results

In this chapter we discuss limiting conditions of solubility. These con-
ditions were observed for polymers of varying polarity (PS and PMMA)
using binary eluent mixtures that combined a polar nonsolvent with
either a polar or nonpolar solvent.

The calibration curves for PS and PMMA in mixtures of toluene—
methanol and THF-water are shown in Figures 2-5. These figures show
that as the thermodynamic quality of the solvent is marginally reduced,
the calibration curve shifts to lower retention volumes due to the com-
bination of adsorption, partition, and a reduced pore size discussed ear-
lier. At higher levels of nonsolvent, the calibration curve is very sensitive
to the composition of the mobile phase. For compositions of toluene—
methanol less rich in toluene than the 6 composition, the calibration
curve did not continue to shift to the left and began shifting to the right,
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Figure 2. Plot of the molar mass (MM; g/mol) as a function of the retention
volume (mL). The calibration curves for narrow PS standards in a mixed
eluent (toluene-methanol) at various compositions. The sorbent was bare
silica gel with 100-nm pores.

that is, to higher retention volumes. This shift continues with increasing
amounts of nonsolvent (methanol) in eluent. However, at a sufficiently
high level of the nonsolvent content, or for high molar masses of polymer,
the sample is retained within column packing and does not elute. For
example, PS with a molar mass above 10° Da does not leave silica gel
SGX-1000 if the eluent contains 30 wt% of methanol or more. This
might, however, present no serious problem for a simultaneous SEC
characterization of a second polymer, for example, PMMA. Indeed, our
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100000 F
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Figure 3. Plot of the molar mass (MM; g/mol) as a function of the retention
volume (mL). The calibration curves for narrow PMMA standards in a mixed
eluent (toluene-methanol) at various compositions. The sorbent was bare
silica gel with 100-nm pores.
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Figure 4. Plot of the molar mass (MM; g/mol) as a function of the retention
volume (mL). The calibration curves are for narrow PS standards in a mixed
eluent (THF-water) at various compositions. The sorbent was bare silica
gel with 100-nm pores.

measurements have revealed that the column packing is able to retain
rather large amounts of adsorbed polymer without measurable changes
in its SEC properties (6).

Table I summarizes the polymer—eluent—sorbent systems on which
limiting conditions have been observed in our laboratories. It is evident
that limiting conditions are observable on different systems of polymer—
column packing-solvent:nonsolvent. These observation are leading us
to believe that the limiting condition phenomenon is relatively generic.

MM
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-8 owt.s == 10 wt.%
¥ 23wt.% —+ 36wt.% of water

1000000
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10000 + . . . * !
3 3.5 4 4.5 5 5.5 6
vr, ml
Figure 5. Plot of the molar mass (MM; g/mol) as a function of the retention
volume (mL). The calibration curves for narrow PMMA standards in a mixed
eluent (THF-water) at various compositions. The sorbent was bare silica
gel with 100-nm pores.
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Table I. Systems of Polymer—Sorbent-Eluent Where Limiting
Conditions Have Been Observed
Eluent
Eluent Components
Polymer Sorbent Detector System wt %/wt %
PS unmodified silica  differential refractive toluene— 68/32
gel, 10-um index methanol
Rarticles, 800-
pore size
PS unmodified silica  evaporative light toluene- 50/50
gel, 10-um scattering methanol
particles,
1000-A pore
size
PS unmodified silica  differential refractive THF-water 64/36
gel, 10-um index, evaporative
particles, light scattering
1000-A pore
size
PMMA unmodifed silica differential refractive toluene— 27/73
gel, 10-um index methanol
articles, 800-
pore size
PMMA unmodified silica evaporative light toluene— 20/80
gel, 10-um scattering methanol
particles,
1000-A pore
size
PMMA unmodified silica  differential refractive =~ THF-water 64/36
gel, 10-um index, evaporative
particles; light scattering
1000-A pore
size
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The spatially oriented gradient of the effective property of a carrier
liquid produced by a primary field coupled with the action of a
secondary field can generate the isoperichoric focusing of the dis-
persed species and separate them according to differences respond-
ing to the effective property gradient. This concept can be applied
under static conditions in thin-layer focusing or under dynamic
flow conditions in focusing field-flow fractionation. The gradient
is established by the effect of the primary field, and the isoperichoric
focused zones are formed by the coupled effect of the gradient and
of the primary or secondary field. The isoperichoric focusing theory
was developed to describe the particular processes operating in
focusing separations. Computer simulation was used to demonstrate
the potentials of the proposed principle, and few experiments were
performed under static and dynamic conditions.

FIELD-FLOW FRACTIONATION (FFF) is a separation method convenient
for the analysis and characterization of macromolecules and particles of
synthetic or natural origin. Under the appropriate experimental con-
ditions, it also can be applied for the preparative fractionation. The
separation is due to a simultaneous action of the effective field forces
and of the carrier liquid flow inside an open channel on the dissolved
or suspended macromolecules or particles. The carrier liquid flows in
the direction of the channel longitudinal axis and the field forces act in
the perpendicular direction across the channel thickness. Each com-
ponent of the fractionated sample interacting with the field forces is
selectively transported across the channel. This concentrating process
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induces an opposite diffusion flux. At the dynamic equilibrium, a quasi-
stable concentration distribution of each sample component across the
channel is established.

A suitable combination of the effective forces can give rise to the
formation of the steady-state zones of the individual sample components
focused across the channel at different lateral positions where the re-
sulting force is zero (1). The shape of an individual focused zone in the
direction of the focusing is described by a distribution function with the
maximum concentration at the position where the focusing forces vanish.
The focused zones are carried by the flow in the direction perpendicular
to the focusing field action with linear velocities corresponding to their
positions in the established flow velocity profile. As a result, the sepa-
ration of different sample components occurs. This basic principle is
shown schematically in Figure 1. Various combinations of the fields and
gradients determining individual methods of focusing FFF were de-
scribed in detail in references 2 and 3.

Field and Gradient Combinations

Effective Property Gradient of the Carrier Liquid Coupled
with the Field Action (Isoperichoric Focusing). Focusing can ap-
pear as a consequence of the effective property gradient of the carrier
liquid in the direction across the channel combined with the primary
or secondary transversal field action. The density gradient in sedimen-
tation-flotation focusing FFF or the pH gradient in isoelectric focusing
FFF were already implemented (2, 3).

Preformed Gradient Combined with the Field Action. The
effective property gradient of the carrier liquid can be preformed at the
beginning of the channel and combined with the primary or secondary
field forces. If, for example, the carrier liquids of various densities are
pumped into the channel through several inlets under conditions hin-
dering their mixing, the step density gradient is formed. The preforming
is not limited to density gradient.

Cross-Flow Velocity Gradient Combined with the Field Ac-
tion. The focusing effect can be achieved by the action of the gradient
of linear flow velocity of the carrier liquid in the direction opposite to
the action of transversal field forces. The longitudinal flow of the carrier
liquid can be imposed simultaneously. This elutriation focusing FFF
method was investigated experimentally by using the trapezoidal cross-
section channel (see references 2 and 3 for review). In rectangular cross-
section channel, the flow rates through the opposite semipermeable
walls should be different, thus forming the flow velocity gradient across
the channel.
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Figure 1. Schematic representation of the isoperichoric focusing FFF con-
cept.

Lift Forces Combined with the Field Action. The hydrody-
namic lift forces that appear at high flow rates of the carrier liquid com-
bined with the primary field are able to concentrate the hard suspended
particles into the focused layers. The retention behavior of the particles
under the simultaneous effect of the primary field and lift forces gen-
erated by the high longitudinal flow rate can vary with the nature of
various applied primary field forces.

Shear Stress Combined with the Field Action. The high shear
gradient at high flow rate of the carrier liquid leads to the deformation
of the soft macromolecular chains. This deformation results in a decrease
of the chain entropy. The established entropy gradient generates the
driving forces that displace the macromolecules into a low-shear zone
(4). A temperature gradient acting as a primary field generates the ther-
mal diffusion flux of the macromolecules that opposes the flux due to
the entropy changes generated motion and due to the diffusion. At a
position where all the driving forces are balanced, the focusing of the
sample components can appear (5).
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Gradient of the Nonhomogeneous Field Action. A nonho-
mogeneous high-gradient magnetic field formed in a cylindrical capillary
with a concentric ferromagnetic wire placed in a homogeneous magnetic
field can be used to separate various paramagnetic and diamagnetic par-
ticles of the biological origin by a mechanism of focusing FFF (6). A
concentration of paramagnetic particles near the ferromagnetic wire
and the focusing of diamagnetic particles in a free volume of the capillary
should occur.

The focusing FFF can be used for continuous preparative fraction-
ation (7, 8). If the fractionation channel is equipped with several outlet
capillaries at various positions in the direction of focusing and the sample
to be fractionated is continuously pumped into the channel, the focused
layers eluting through the individual outlets can be collected.

The important advantage of the focusing FFF methods is that only
a limited amount of the fractionated sample comes into direct contact
with the walls of the separation channel. This is an important factor in
fractionation of sensitive biological material.

Isoperichoric Focusing

The individual focusing FFF methods and techniques can exploit various
mechanisms based on combination of the driving forces and gradients
to establish the focused zones, and various experimental arrangements
can be constructed to achieve the effective fractionation. This chapter
reviews the theoretical and experimental achievements (although rather
limited) concerning isoperichoric focusing under static conditions in
thin-layer focusing (TLF) cells and under dynamic conditions in focusing
FFF channels.

The spatially oriented gradient of the effective property of the carrier
liquid combined with the field action induce the formation of the iso-
perichoric-focused zones of particulate dispersed species in general and
under conditions of focusing FFF in particular (9). The term isoperichoric
focusing was introduced by Kolin (10) and designates a condition in
which a responding parameter of the focused sample component be-
comes equal to the corresponding effective property of the carrier liquid.
This term overlays particular processes like isopycnic, isoelectric, and
so on, focusing. Either the proper force of the primary field generating
the gradient (I1-3) or a secondary field of different nature coupled with
the established gradient (11-14) can produce the focusing effect.

Theory of Focused Zone Formation. The total flux of all species
due to the effect of the fields and gradients can be written as a sum of
the transversal flux of the carrier liquid modifier and of the focused
sample component in the direction of x-coordinate. Although physically
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coupled, these fluxes can mathematically be treated as two independent
processes. It holds at equilibrium for the flux of the carrier liquid modifier

(m)

ac,,

_—m __ = 1
™ U,.c.=0 (1)

D 'mlm,x

and for the flux of the focused sample component (i)

dc
Diri,x S Ui(x)ci =0 (2)
ox

where D is the diffusion coefficient, U and r are the velocity and unit
vectors, and ¢ is the concentration. The solution of equation 1 leads to

the exponential concentration distribution of the modifier across the
channel:

Cm,aoewl Uml
D,,(1 = exp(~w|Un|/Du))

cm(x) = eXP("x I Um I /Dm) (3)

where ¢, ... is the average concentration of the modifier and w is the
thickness of the channel or cell. The force F(x), acting on a single particle
or macromolecule undergoing the focusing, can be written in scalar

form as
)
Fi(x) - I( dx )x=xmx,;

By considering that the effective force gradient, (dFj(x)/dx),-,,,. ., is con-
stant near the focused zone position, %, the solution is (1)

i) = Comas exp[_ -+ (iFd<_>)

(x - xmax,,-) (4)

(- xm,oz] (5)

X=Xmax,i

which is the Gaussian distribution function for the sample component
concentration profile in the direction of the focusing forces.

The above concept was developed for general focusing FFF (I). The
resulting Gaussian distribution function describing the shape of the con-
centration profile of the focused sample component is analogous to con-
centration distribution used to describe the zones in conventional cen-
trifugal isopycnic focusing (15) or in isoelectric focusing (16). In both
cases, the transversal gradient of the corresponding focusing forces,
(dF(x)/dx),-,,.,, is assumed to be constant within the range of the fo-
cused zone.
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Giddings and Dahlgren (17) proposed the use of the Taylor’s series
to describe the driving focusing force around the focusing position. The
transversal concentration distribution in FFF channel or the general
shape of the focused zone in equilibrium gradient focusing is then de-
scribed by a more complicated function (18).

This function formally does not impose the assumption of the con-
stant gradient of the focusing forces; however, if truncated, it can be
applied only in the near vicinity of the focusing position x,,,;, thus for
narrow zones. By retaining only the first term of the series, this function
is reduced to Gaussian distribution.

The situation becomes more complicated for broad focused zones
that can appear, for example, because of lower intensity of the secondary
focusing forces. In such a case, the Gaussian distribution function de-
viates substantially from the rigorous distribution function described in
the following paragraph. Higher order approximations using Taylor’s
series are completely incoherent, exhibiting some oscillations and are
only very slowly converging to the rigorous distribution function (9).

A completely different approach (11), which takes into account the
actual shape of the established gradient of the focusing forces in the
direction of x-coordinate, leads to purely analytic solution without a
priori assumption of the constancy of the gradient in the domain of the
focused zone (15, 16) and without approximation by a series (17, 18).

The transversal gradient of the focusing forces can be generated,
for example, in a binary or multicomponent carrier liquid whose two or
more components are affected unevenly by the primary homogeneous
field. Various effective property gradients of the carrier liquid differing
by their effect on the focused sample component can be exploited (2,
3). All of them occur because of the concentration distribution of the
carrier liquid modifier. The concentration distribution of the modifier
can be established due to the effect of the primary field forces, which
can act also to form the focused zones of the separated sample com-
ponents.

Another possibility is to superpose a secondary field of different
nature on the gradient generated by the primary field to induce the
focusing effect (11). The focusing force proper is induced by the coupled
effect of the transversal gradient and of the primary or secondary field
action.

The concept of spatially oriented gradient coupling of the effective
property of the carrier liquid generated by the primary field with the
action of the secondary field of different nature can be exemplified by
the focusing of the particulate species in a density gradient by the effect
of the natural gravitation, whereas the density gradient is formed by
the action of the primary electric field on two-component colloidal car-
rier liquid. In such a case, the density gradient in the direction of the
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primary electric field action on charged density modifier colloid particles
is described in references 12 and 13 by

¢m,aveApmw | Um,e | /Dm
(1 — exp(~w|Upe| /D))

where U, . is the velocity of the motion of the modifier particles due to
the primary electric field, Ap,, = p,, — o1, where p,, and p; are the densities
of the modifier and of the suspending liquid, respectively, and ¢, 4. is
the average volume fraction of the modifier. The focusing force is given

by

p(x) = p; + exp(—x| Uy | /D) (6)

Fi(x) = (p(x) — p:)oigs (7)

where v; is the volume of the focused particle and gy is the acceleration
of the focusing field (gravitation in this case). The final relationship is

. = p. _ vtgf ¢m,aoeApmw _
(%) = Cipmax exp[ [kT(l E——TT /Dm))]X[exp( 2| Upe|/Dy)

XD Unel (D) 1+ el Bt =) |5

Equation 8 is the rigorous concentration distribution function of an in-
dividual focused component of the fractionated sample.

A more general approach not related exclusively to the isopycnic
focusing was published recently (9).

Resolution. An important quantitative parameter frequently used
to evaluate the performance of the separation methods is the resolution,
R,. This parameter is calculated as the ratio of the relative distance of
two totally or partially resolved zones to the average standard deviation
of their widths expressed in the same units. The resolution of the focusing
process that is described approximately by Gaussian distribution is given

by

R = Um,e Uigr ¢m,aoeApmw
" 2D, \/ kT(1 — exp(—w|Up,|/Dn))
lxmaxl — xmale
X 9
1 N 1 (9)
vexp(_xmaxl | Um,e | /Dm) vexp(_xmax2 ' Um,e l /Dm)

Computer Simulation. The model conditions were chosen to
calculate the shapes of the focused zones by using the previously de-
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scribed rigorous distribution function, equation 8, and Gaussian distri-
bution function, equation 5. The results are represented in Figure 2 as
the shapes of several focused zones. The important conclusion from this
model calculation is that the rigorous or Gaussian distribution functions
are almost identical for narrow zones focused at lower x,,,; values.
However, the shapes of the focused zones are substantially different for
broader zones focused at higher x,,,,; values if the calculation is per-
formed either for rigorous or Gaussian distribution function. As concerns
the resolution of the zones demonstrated in Figure 2, it does not change
monotonously with increasing distance of the zones relative to a zone
situated closest to the origin (xpe = 0.005), but it exhibits a maximum.

Our theoretical concept offers several interesting implementations.
As a model hypothetical case, the coupling of the primary and secondary
field forces of different intensities but the same nature can be used to
demonstrate the relative importance of both fields to the resulting fo-
cusing phenomenon. The primary high-intensity field is assumed to gen-
erate only the transversal gradient in a binary carrier liquid. The sec-
ondary low-intensity field is applied simultaneously or subsequently to
focus the components of the separated sample.

As areal case, the primary electric field can be applied, for example,
to generate the density gradient in a suspension of charged colloidal
particles and can be coupled with a secondary gravitational field to focus
the components of the separated sample that practically are not affected
by the primary electric field.

The computer simulation was performed to demonstrate the effect
of the relative intensities of primary and secondary fields on the shape

A
B
—C

D

1.00

F

3 »

x 0.60 - - ®- - Gaussian F
o - - ®- - Gaussian A
=

) 0.40

d

©

0.20

0.00 0.02 0.04 0.06 0.08 0.10
x(cm)

Figure 2. The concentration distribution of six focused zones (A-F) cal-
culated by using the rigorous distribution function compared with Gaussian
distributions at positions A and F. The input parameters are v, = 5.236
X 10718 em?®, g¢ = 981 cm/sec?, dm ave = 0.05, Apy, = 1.2 g/fem?, w = 0.1 cm,
Upe/Dm = 100 cm™, Xpas = 0.005 cm, Xpae = 0.01 cm, Xpas = 0.02 cm,
Xmaxt = 0.03 cm, Xpas = 0.04 cm, Xppas = 0.05 cm.
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of the density gradient and on the shape and resolution of the focused
zones (11). Typical results are shown in Figure 3. It clearly can be seen
with both field intensities being equivalent to 30 G, very good resolution
of all focused species is achieved. However, the focusing resolution de-
creases with decreasing intensities of the fields, and no focusing effect
appears if both intensities are equivalent to 1 G (11). However, a good
separation of the focused zones can be achieved by increasing the in-
tensity of the primary field and by keeping the secondary field intensity
constant, equivalent to the natural gravitation. The effect is also shown
in Figure 3. When coupling the primary field equivalent to 1000 G with
a secondary field equivalent to 1 G, very good resolution is obtained
especially for the region between x = 0 and x = 0.1 mm, where the
density gradient formed is steeper.

An important conclusion can be drawn from this computer simula-
tion. The operational variables of focusing FFF experiments using a
coupling of two effective field forces can be chosen in such a way that
in many practically important cases, the natural gravitation can be ex-
ploited as a secondary field to focus the components of the separated
sample. The apparatus and the experimental procedure to perform such
a separation is very simple and inexpensive compared with classical cen-
trifugation. The condition necessary to realize such a separation is that

c(x)

0.0 0.1 0.2
x (cm)

Figure 3. Computer simulation of static resolution of the four zones at
different positions of the arbitrarily chosen focused species in a gradient
forming carrier liquid by applying either both primary and secondary field
intensities equivalent to 30 G or the coupling of the gradient generating
primary field intensity equivalent to 1000 G with the secondary focusing
field equivalent to 1 G.
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the intensity of the primary field generating the density gradient is high
enough.

As concerns a real case using the coupling of two fields of different
nature, the previously mentioned electric and gravitational fields cou-
pling can be considered. The charged particles of the density modifier
colloid move in the electric field with the velocity U, . proportional to
their zeta potential. The conditions under which the same density gra-
dients are formed due to either the centrifugal forces or the electric
field action on the density modifier colloid particles can be estimated
by using the ratio |U,,|:|U,.|:

| Un g | 2r12n gmApm
£ = 10
| Une | 9¢{E (10)

where ¢ is the permittivity and E is the electric field strength. The cal-
culations have shown that the electric potential of about 5 mV applied
across the separation channel of w = 0.2 mm should be equivalent to
the primary centrifugal acceleration of 2000 G. Coupled with secondary
natural gravitation of 1 G, this low potential can be applied for separation
by isopycnic focusing in TLF or FFF.

Conversion of Resolution from Static to Dynamic Condi-
tions. The separation by focusing proper can be exploited for analytical
purposes, and the fractionation can be accomplished by the bulk flow
of the carrier liquid in the direction of the x-coordinate under conditions
that prevent the perturbation of the focused zones and thus the dete-
rioration of the established separation. However, the bulk flow of the
carrier liquid that represents the additional nonselective transport of
all focused zones at identical velocities along the focusing axis does not
contribute to the increase of the resolution. On the other hand, the bulk
flow of the carrier liquid in the direction perpendicular to the direction
of the focusing, such as in focusing FFF, can contribute to the increase
of the resolution under optimal conditions. The resulting relationship
for resolution under dynamic flow conditions is (9)

R /DL _w |1/(0y = T%) ~ 1/(Ty = T9)|
: 3(v) 4m?¢® (1 — 2T,)/(T, — T2 + (1 — 2Ty)/(Ty — I3)**

where L is the length of the channel, <v> is the average linear velocity
of the carrier liquid flow, parameter m ~ 2, o is the standard deviation
of the focused zone, and T’ = x,,,,;/w. To evaluate the efficiency of the
conversion from the static resolution, R,, into dynamic resolution, R.*,
under flow conditions, the conversion factor, £, was defined as (9)

(11)
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f. = R*/R, (12)

The calculations were carried out with some chosen input parameters
by neglecting the differences in viscosities of the carrier liquid at po-
sitions of the focused zones (9). Few representative results are given in
Table 1. Without going into the details, it can be concluded that the
static and dynamic conditions represent two basic configurations for the
experimental arrangements of isoperichoric focusing either in thin-layer
cell or in focusing FFF channel. The arrangement using the carrier liquid
flow parallel with the direction of the focusing forces cannot be consid-
ered advantageous. As mentioned previously, the resolution cannot be
improved because of the additional bulk flow transporting all focused
zones at identical linear velocities. On the other hand, the experimental
conditions in focusing FFF can be chosen in such a way that the reso-
lution is higher compared with already established static resolution due
to only focusing processes. The experimental conditions, the operational
variables, and the parameters concerning the modifier as well as the
separated species used for the model calculations do not represent the
limits of the proposed methodology nor the extent of the potential ap-
plications. They have been chosen just to demonstrate clearly the flex-
ibility of the experimental conditions that must be optimized for each
particular application and this is why they do not correspond to actual
experiments performed later. The isoperichoric focusing can be more
efficient under static conditions in some instances but the resolution of
the final separation can be improved by the flow provided that the ex-
perimental conditions are optimized.

Experimental Implementation. Various operational parameters
affecting the formation of the density gradient generated by the electric
field action on the charged colloidal silica particles and the focusing
effect of larger particles were investigated experimentally under con-

Table I. Efficiency of the Resolution Conversion for Some Chosen
Operational Parameters

Xmax l/ Xmax2 fca fca fcb
(em/cm) R, (0.1cm/s)  (0.01 cm/s) R} (0.01 cm/s)
0.001/0.002 3.053 3.217 10.17 3.053 3.217
0.003/0.004 2.762 2.169 6.860 2.762 2.169
0.005/0.006 2.499 1.685 5.329 2.499 1.685
0.007/0.008 2.262 1.414 4.472 2.262 1.414
0.009/0.010 2.046 1.291 4.084 2.046 1.291

* gr, 981,000 cm/s%; v;, 5.2 X 10713 cm?®; w, 0.02 cm.
b gs, 981 cm/s?; v;, 5.2 X 1071° cm?; w, 0.02 cm.
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ditions of static TLF and dynamic focusing FFF. To understand better
the transport processes leading to steady-state gradient and to focusing,
the properties and the behavior of the density gradient forming carrier
liquid were studied in detail. The experimental results were compared
with the theoretical predictions. The deviations of the experiments from
the theoretical model are discussed in context of the potential application
of the proposed concept not only for the separation purposes but also
for the studies of interparticle interactions.

Simple apparatuses for TLF and focusing FFF experiments were
constructed and described in detail in a previous article (13). Cylindrical
TLF cell of 11 mm i.d. and of the variable height was used. The distance
between the electrodes was equal to the height of the cell. The rectan-
gular cross-section focusing FFF channel had the dimensions of 200
X 15 X 0.5 mm. Both TLF cell and focusing FFF channel are schemat-
ically represented in Figure 4. Percoll (Pharmacia Fine Chemicals AB,
Uppsala, Sweden), which are colloidal silica particles coated with
poly(vinyl pyrrolidone) and suspended in water, was used as density
gradient to form carrier liquid. The original product was diluted with
deionized water or with NaCl or sucrose solutions to obtain the suitable
density carrier liquids. Density marker beads (Pharmacia Fine Chemicals

TLF cell
Electrodes

Perspex tube — Sealing caps

Channel for Focusing FFF
Inlet Outlet

| |
/ y- Electrodes

Perspex -|

Figure 4. Schematic representation of the experimental cell for thin-layer
isopycnic focusing and of the channel for focusing FFF in coupled electric
and gravitational fields.
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AB), which are colored cross-linked dextran particles with defined
buoyant densities, were used to determine the evolution and the final
shape of the quasiequilibrium density gradients in TLF. Several samples
of polystyrene (PS) latex microspheres (Duke Scientific Corporation,
Palo Alto, CA), supplied by manufacturer as particle size standards,
were used in focusing FFF experiments.

Formation of Steady-State Density Gradient in TLF Experi-
ments. The formation of the density gradient by the effect of electric
field on Percoll was evidenced by the appearance of distinct focused
zones of density marker beads in TLF cell (13). A similar experiment
was performed by using PS latex standard particles suspended in Percoll.
Narrow steady-state focused zone was formed, thus indicating that fo-
cusing FFF of these particles should appear in the separation channel
as well.

Although the true equilibrium density gradient is theoretically never
reached in an ideal system, the near-equilibrium quasi-steady-state can
be attained in real time according to the imposed operational parameters.
The intention was to determine the conditions under which the focusing
can be performed at or near the steady state with the given TLF ex-
perimental arrangement. Percoll diluted with deionized water and the
density marker beads of different buoyant densities were used for this
measurement. The evolution of the density gradient in TLF cell as a
function of time was displayed by the positions of the focused zones of
the individual density marker beads and is shown in Figure 5. The ex-
perimental steady state was reached within 500 min in a 10-mm TLF
cell and within 90 min in a 5-mm cell (13, 14). This result agreed with
the theoretical expectations and was encouraging for the focusing FFF
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Figure 5. The evolution of the density gradient as a function of time in
TLF cell displayed by the positions of the focused zones of three density
marker beads suspended in Percoll diluted with water. (Reproduced with
permission from reference 14. Copyright 1994 Springer-Verlag.)
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experiment because the thickness of the separation channel is substan-
tially reduced and, consequently, the time to reach quasi-steady state
is proportionally shorter. The other experiments were performed under
steady-state conditions determined for each particular case. Because of
the preliminary character of the experiments, the quantitative compar-
ison of the experimental results with the theoretical estimations was not
relevant.

Another experiment was intended to compare the shape of the den-
sity gradient formed because of either centrifugation or coupling of
electric and gravitational fields in TLF (13). The positions of the zones
were almost identical for both experiments. A slightly steeper normalized
density gradient was achieved by isopycnic centrifugation that might
be due to higher average intensity and nonhomogeneity of the centrifugal
field compared with the electric field or to higher height of the liquid
column. No change in position of the steady-state zones was observed
for several hours in TLF experiments when the electric field was turned
off. This indicates that density marker beads sediment or float in stable
density gradient due to gravitation without being affected by the electric
field within the precision limits of the determination of the zone position.

The first approximation theoretical model did not explicitly take
into account the interparticle forces. It was assumed that the ratio U,
D,, is independent of concentration. When this ratio varies with the
particle concentration because of the particle-particle interactions, es-
pecially in semidiluted and concentrated colloidal suspensions, the ex-
perimentally found and the theoretically calculated steady-state density
distributions could be different. Such a difference can, in principle, be
used to evaluate the contribution of the interparticle interactions to the
resulting shape of the experimental density distribution (11, 19).

The study of the electric field strength effect on the shape of the
density gradient formed in the TLF cell indicated an important difference
compared with the first approximation theoretical model. A series of
experimental data and the theoretically calculated curves are shown in
Figure 6. The difference can be caused by the interactions between the
colloidal particles of the binary density forming carrier liquid. Moreover,
the electric field strength across the cell or channel thickness was esti-
mated from the electric potential measured between the electrodes, but
the electrochemical processes at both electrodes can contribute to this
difference.

The addition of the electroneutral sucrose to the carrier liquid that
is recommended for cell separations did not influence the formation of
the density gradient in a measurable manner and can be used to extend
the density range of the given carrier liquid.

The electrolyte added to the carrier liquid (or more exactly the ionic
strength) influences the zeta potential of the colloidal particles and thus
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Figure 6. Theoretical (T) and experimental (E) shapes of the steady-state
density gradients formed due to the different electric field strengths in Percoll
diluted with water in TLF cell. Initial average density of Percoll was 1.024
g/mL. Experimental points correspond to the positions of the focused zones
of density marker beads.

their mobility in the electric field and the thickness of the electrostatic
double layer that modifies the interparticle forces depending on the
distance between the particles. The formation of the density gradients
in Percoll 0.15 M NaCl solution was not observed within the range of
electric potentials from 10 to 1000 mV, independently of the average
initial density of Percoll, but when decreasing the concentration of NaCl
to 0.05 M in Percoll, a weak density gradient was formed.

Focusing FFF Experiments. The focusing FFF experiments
were performed with PS latex samples having the particle diameter be-
tween 9.87 and 40.1 pm and by using diluted Percoll as the carrier
liquid (12-14). Various electric potentials (0, 32, and 100 mV) across
the channel were applied. The effect of the field was found to be different
for each of these two PS latex samples. Relatively broad fractograms
were obtained without electric field applied, the front eluting at 0.67
of the void volume, V,, of the channel. The low diffusion coefficient of
the large particles can explain this behavior because they do not have
enough time to diffuse from the central fastest streamline to the lower
velocity region during the time allowed for elution. The maximal velocity
at the centerline of the rectangular cross-section channel is 1.5 times
the average velocity of the carrier liquid considered as isoviscous in the
first approximation; the corresponding elution volume is then 0.67 V.
The elution volume of a low molecular weight solute having higher
diffusion coefficient should be equal to V,, which was roughly confirmed
by the injection of the low molecular weight dye dissolved in carrier
liquid.
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The increase of the electric field strength resulted in a steeper den-
sity gradient, which caused the narrowing of the elution curves of PS
latex of 9.87 mm while the position of the peak remained practically
unchanged: PS latex particles formed the zone focused near the center
line of the channel. The viscosity gradient across the channel, formed
in consequence of the concentration gradient, results in perturbation
of the parabolic flow velocity profile. However, the difference between
isoviscous and nonisoviscous flow velocity profiles was found to be neg-
ligible and was not taken into account (12).

The behavior of the 40.1-um PS latex sample was different. Although
a single broad peak appeared without electric field applied, with the
front eluting at 0.67 X V,, two well-resolved peaks emerged when the
density gradient was formed because of an active electric field. The
elution volumes of 0.67 X V; of the first peaks corresponded to the
unrelaxed part of the PS latex sample. The second peak, eluting at 0.86
X Vj, was relatively narrow and corresponded to the focused zone. The
position of this focused peak did not change with the electric potential
increasing from 32 to 100 mV, but the peak was narrower, more sym-
metrical, and its magnitude was higher than the unrelaxed peak. The
presence of the ““relaxation peak™ indicates that the ratio of transversal
migration (focusing) to longitudinal elution was not ideal. The channel
dimensions and the experimental conditions should be studied in more
detail so the phenomenon can be fully understood. When the flow rate
was stopped after the injection for a relaxation period and restored until
the elution was accomplished, a small change of the elution curve of
9.87-um PS latex was observed compared with the experiment without
stop flow. As concerns 40.1-um PS latex, further substantial decrease
of the height of relaxation peak was observed. When 9.87- and 40.1-
um PS latex samples were mixed and injected together, a good resolution
was achieved, as shown in Figure 7. This separation indicates a small
difference in densities or the difference in the ratio of the surface charge
to the mass of PS latex samples. Although a good resolution of two sam-
ples was obtained by focusing FFF, the positions of the focused zones
in the static TLF experiment were indistinguishable. In other words,
this finding indicates at least qualitatively the expected superior reso-
lution of the dynamic FFF separation over the static TLF experiment,
especially when the focused zone position difference is very small. In
terms of the density, the difference was about 0.0005-0.0010 g/mL.

The fractograms of PS 19.71-mm particles resulted again in a single
relatively broad peak with the front eluting at 0.68 of V,, (12). With the
electric field applied, two peaks appeared. The main focused peak eluted
at longer elution time when the intensity of the electric field was in-
creased and a small unrelaxed peak appeared at 0.68 of V,. The unre-
laxed peak area decreased with increased intensity of the electric field.
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Figure 7. Focusing FFF fractogram of 9.87- and 40.1-um PS latex micro-
spheres in diluted Percoll density gradient generated by the electric potential
of 32 mV and using the stop-flow procedure for relaxation. (Reproduced
with permission from reference 13. Copyright 1993 Springer-Verlag.)

The relative elution volumes of the main peaks were 0.94 of V, and
1.27 of V, for two different electric potentials applied (100 and 150
mV, respectively). The relative elution volumes were inversely propor-
tional to the relative velocities with respect to the average velocity of
the carrier liquid and corresponded to the positions of the focused zones
inside the channel.

These results could seem contradictory. However, the calculations
and the experimental results under static TLF conditions proved that
the focused zones can be displaced with the change of the electric
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field to lower or to higher altitudes as well as they should not be
displaced at all. The retentions in focusing FFF exhibit the same
behavior.

Conclusions

It has been demonstrated, by using the model calculations, that various
experimental arrangements can be applied to perform the isoperi-
choric focusing FFF and thin-layer isoperichoric focusing based on
coupling of the gradient generated by a primary field with a secondary
field action. The conversion of the resolution due to the transformation
of the static focusing separation into the dynamic separation mech-
anism can be advantageous under carefully chosen conditions.

Experimental results demonstrated that the new separation con-
cept is operating effectively but the design of the equipment, exper-
imental conditions, and operational variables have to be optimized.

A presumed application of this concept is for analytical or con-
tinuous micropreparative separation and characterization of particles
according to their densities. This use can be suggested for the sepa-
ration of biological cells and of inorganic or synthetic polymer par-
ticles. However, more extensive investigation is needed to make exact
conclusions.

Another possible usage is for the characterization of the gradient
forming species and of their interactions with the primary field by de-
termining the shape of the established gradient from the experimental
retentions.
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Detection
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We interfaced a size-exclusion chromatograph (SEC) to a mass
spectrometer operating in the electrospray mode of ionization. Sta-
ble electrospray conditions were obtained using a tetrahydrofuran
mobile phase containing ~10~° M dissolved sodium salt, which
affords pseudomolecular ions through cationization. Using the SEC
with electrospray detection, we calibrated the SEC for an ethylene-
oxide-based nonionic surfactant. The calibration standards were
the surfactant oligomers themselves. The chemical composition
distribution of acrylic macromonomers was profiled across the
molecular weight distribution. A nonuniform chemical composition
distribution was observed. Cross-linkers, additives and stabilizers,
and coalescing solvents contained in a complex waterborne coating
Sformulation were analyzed in a single experiment.

SIZE—EXCLUSION CHROMATOGRAPHY (SEC) is a popular technique used
to obtain molecular weight distributions (MWD) on polymers and oligo-
mers (1, 2). Traditionally, detection is accomplished by a differential
refractive index (DRI) detector. Unfortunately, DRI provides little in-
formation about the polymer chemical composition. The use of mass
spectrometry for detailed polymer analysis is becoming more established
due to the proliferation of soft ionization techniques that afford intact
oligomer or polymer ions with a minimal number of fragment ions (3-
11). In addition to the MWD information, the specific chemical structure,
including end groups and the distribution of monomer units in a co-
polymer, is obtained. Furthermore, the data furnished by soft ionization
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techniques are predictable. If a researcher hypothesizes about a given
structure, the postulated structure has a molecular formula that in ad-
dition to the nominal mass yields an isotope envelope that can be com-
pared with the theoretical isotope envelope based on the molecular
formula. Because soft ionization affords molecular or pseudomolecular
ions, such hypothesis can be evaluated.

Electrospray ionization mass spectrometry (ESIMS) is a soft ioniza-
tion technique that has been widely applied in the biological arena.
Owing to its extremely low detection limits and its ultrasoft ionization
process, ESIMS has been the most successful method of coupling a con-
densed phase separation technique to a mass spectrometer. Under ESI
conditions the sample liquid is introduced into a chamber with a hy-
podermic needle. An electrical potential difference (usually 2-4 kV)
between the needle inlet and the cylindrical surrounding walls promotes
ionization of the emerging liquid and disperses it into charged droplets.
Solvent evaporation upon heat transfer from the ambient gas leads to
the shrinking of the droplets and to the accumulation of excess surface
charge. At some point the electric field becomes high enough (up to
10° V/cm) to desorb analyte ions. This widely accepted desorption model
(12) relies on the existence of preformed ions in solution. In other words,
the ions observed in the mass spectra were originally present as ionized
molecules in solution.

Proteins and biopolymers are typically ionized through acid-base
equilibria. Larger biopolymers acquire more than a single charge. A
charge envelope results from the analysis of a single species. Because
mass spectrometers separate ions based on the mass-to-charge ratio,
increasing the number of charges can be used to extend the operable
mass range. In fact, Fenn and Nohmi (13) have observed polyethylene
glycols with molecular weights up to five million on a quadrupole mass
analyzer with upper mass limits of 1500 Da.

Unfortunately, ESIMS has had limited applications on synthetic
polymers (13, 14). Unlike biopolymers, many synthetic polymers have
no acid or basic functional groups that can be used for ion formation.
Moreover, each species of a unique molecular formula can give rise to
a charge distribution envelope, thus further complicating the spectrum.
To resolve multiple charge distribution envelopes, ultrahigh resolutions
are required (15). Unfortunately, commercial quadrupoles generally
yield only unit resolution throughout their mass range. Therefore, syn-
thetic polymers that can typically contain a distribution of chain lengths
and a variety of endgroups furnish quite a complicated mass spectrum,
making interpretation nearly impossible.

The approach we used to circumvent the difficulties described pre-
viously are as follows. We used sodium cations dissolved in our mobile
phase to facilitate ionization. To simplify the resulting ESI spectra, we
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reduced the number of components entering the ion source. Further-
more, the multiple charged states were reduced by analyzing only small
molecules that generally produce fewer charged states. Once we dem-
onstrated that an electrospray signal was furnished in a tetrahydrofuran
(THF) mobile phase, we evaluated the utility of SEC-ESIMS for SEC
calibration, measurement of chemical composition distribution in co-
polymers, and complex mixture analysis.

Experimental Details

SEC was carried out using a three-column set of 102, 500, and 100 A 30
cm X 7.8 mm i.d. Ultrastyragel columns (Waters, Milford, MA). The acrylic
macromonomers were analyzed using a two-column set of 500- and 100-A
Ultrastyragel columns. The THF mobile phase was delivered by a Spectro-
flow 4000 solvent delivery system (Kratos Analytical, Manchester, UK) at
1.0-mL/min flow rate. THF is a flammable solvent and proper care should
be exercised when using large volumes. All samples under study were dis-
solved in the mobile pﬁase (~0.5% wt/vol) before analysis. The sample
solutions were injected using a Rheodyne 7125 valve equipped with a 100-
uL loop (Cotai, CA). Effluent splitting was achieved with a T-junction (Valco)
that supplied only ~8-10 uL min/ﬁow to the mass spectrometer through
a 25-cm-long fused silica capillary (25 um i.d.). A Spectroflow 757 absor-
bance detector (Kratos Analytical) operated at 254 nm was used for deter-
mining MWD data by SEC. The polystyrene calibrants used were molecular
weights of 580, 2450, 5050, 11,600, and 22,000 Da with polydispersities
;‘anging from 1.03 to 1.09. A block diagram of the SEC-ESIMS is seen in
igure 1.

A Vestec 200ES instrument (Vestec Corp., Houston, TX) was used to

obtain the ESIMS (16). The spray was generated from the solvent entering

SEC-GPC Column(s)

Injector
HPLC )
Pump - -
ITTTTTT 7 Fiow splitter
'~ = —— ‘ \
Tl F —» ESI-MS
g/
\
U )
Solvent

v

UV or RI Detector

Figure 1. Block diagram of the SEC-ESIMS instrumental setup used in all
studies.
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the ion source through a 0.005 i.d. X 0.010 o.d. flat-tipped hypodermic
needle held at 3.0 kV potential. Preformed ions were obtained by dissolving
~5 X 107 M sodium iodide in the THF mobile phase. When the needle
tip to orifice distance was ~10 mm, the spray current was in the range of
60-100 pA at 5-10 puL/min flow rate. The source block was heated to 250
°C, and the spray chamber temperature was estimated at 55-60 °C. A Vec-
tor/One data system (Teknivent, St. Louis, MO) was used to control the
quadrupole analyzer (m/z 200-2000 at 3 ms/Da scan speed). Selected-ion
chromatograms were reconstructed from full-scan data, and elution volumes
(Ve = tg X flow rate) were determined by adjusting the time (tg) versus
intensity data to the theoretical (Gaussian) elution (17) profile using a non-
linear curve-fitting program running on an IBM-PC/AT-compatible computer
(MINSQ, Micromath Scientific Software, Salt Lake City, UT).

The 80/20 (wt/wt) methyl methacrylate (MMA) n-butyl acrylate (BA)
macromonomer was prepared in the following manner. To a 3000-mL flask
440.1 g MMA, 200.0 g BA, and 150.0 g methyl ethyl ketone (MEK) were
added. The mixture was stirred and heated to reflux under a nitrogen blanket.
After a 10-min hold, 30.0 g MEK, 0.140 g Vazo-67, and 0.050 f
Co(dimethylglyoxime-BF;), were added to the flask. After a 5-min hold,
359.9 g MMA, 200.0 g MEK, and 1.90 g Vazo-67 were added over a 3.5-
h period. The mixture was held 1 h at reflux after the feed. Subsequently,
150.0 g MEK and 1.00 g Vazo-52 were feed over an hour. The mixture was
held for 1 h at reflux. The mixture was then allowed to cool to room tem-
perature. A more detailed procedure and the Co(dimethylglyoxime-BF;),
synthesis are given in reference 18.

Results and Discussion

Cationization has been the preferred technique for producing gaseous
ions from synthetic oligomers and polymers by desorption ionization (3,
4, 6, 19). We have relied on this approach upon considering the coupling
of ESI to SEC. A small amount, ~107> M, sodium iodide dissolved in
the THF mobile phase does not impair the chromatography and affords
meaningful ESI mass spectra as singly charged ions are seen as M[Na*],
doubly charged as M[2Na*], and triply charged as M[3Na*]. No ESIMS
signal was observed without addition of a soluble salt that provided the
source of cations.

To simplify the complexity of the resulting ESI spectrum, we chose
to reduce the number of components entering the ESI source. We se-
lected SEC because the mode of separation is well understood, pre-
dictable, and performed on a routine basis in our laboratory. To reduce
the breadth of the charge envelopes, we chose to examine exclusively
lower molecular weight materials, typically <3000 Da. This molecular
weight regime encompasses many of the components contained in to-
day’s high-performance coatings (19).

We have previously reported on the coupling of an SEC to a mass
spectrometer operated in the electrospray mode of ionization and its
application to the molecular weight characterization of octylphenoxy-
poly(ethoxy)ethanol oligomers (20). The analysis of nonionic surfactants
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Figure 2. Electrospray ionization mass spectrum of octylphenoxy-
poly(ethoxy)ethanol. Inset is the total ion chromatogram. Conditions are
given in Experimental Details.

has also been accomplished by other condensed-phase separation tech-
niques with mass spectrometric detection (21, 22). The following dis-
cussion serves as an introductory example of the data and its interpre-
tation. For a more detailed discussion on the coupling of SEC to ESIMS
and its application to octylphenoxypoly(ethoxy)ethanol, consult refer-
ence 20.

Figure 2 shows the summed electrospray mass spectrum of an oc-
tylphenoxypoly(ethoxy)ethanol (see 1). The total ion chromatogram is
seen in the inset. The shaded region of the total ion chromatogram was
summed to yield the spectrum. Two envelopes are present, due to singly
and doubly charged species. Triply charged ions are also present but
are slightly masked by the doubly charged envelope. We did not observe
any other chemical species in this surfactant other than 1 nor did we
target our analysis toward such materials. Investigators have previously
reported low-level impurities in similar mixtures (23).

The determination of charge state is easily accomplished by exam-
ining the repeat group. The molecular weight of the ethylene oxide unit
(~CHoCH;0-) is 44 Da, hence the spacing in the region above 1200

.
CBH17—<\:_>——+OCH2 CH,3—0H + Na
| 189 Da ]| 44n Da || 40 Da |

1

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch004

46 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

Da. Close examination of the region from 600 to 1200 Da shows a 22-
Da repeat unit due to the doubly charged oligomers.

The base peak seen at 1549 Da is due to the sodiated n = 30 oligo-
mer. The octylphenyl [CgH,,-~C¢H,~] moiety contributes 189 Da. The
30 ethylene oxide groups add 1320 Da, whereas the terminal hydroxyl
group and sodium cation contribute 40 Da; hence, the peak at [189 Da
+ 1320 Da + 40 Da] = 1549 Da. The equation describing the distribution
of singly charged oligomers is

M[Na]* = (229 + 44n) Da (1)
The doubly charged species follow the equation
M[2Na]** = (126 + 22n) Da (2)
Likewise, the triply charged species are described by the equation
M[3Na]** = (91.67 + 14.67n) Da (3)

The SEC elution behavior of any oligomer can be profiled by plotting
the selected-ion chromatograms that correspond to the ions defined by
equations 1-3. For example, the singly charged n = 20 oligomer fur-
nishes a singly charged ion at 1109 Da (see eq 1). The doubly charged
n = 35 oligomer yields ion at 896 Da (see eq 2). The triply charged n
= 50 oligomer affords an ion at ~825 Da as defined by equation 3.
Figure 3 displays the UV chromatogram (A = 254 nm), the selected-ion
plots of the singly charged n = 20 oligomer (1109 Da), the selected-ion
plot of the doubly charged n = 35 oligomer (896 Da), and the triply
charged n = 50 oligomer (825 Da) for the SEC analysis of octylphen-
oxypoly(ethoxy)ethanol (1). The fitted curves were generated using the
nonlinear curve-fitting program described in Experimental Details.

As expected, the higher molecular weight n = 50 oligomer with a
larger hydrodynamic volume elutes before (19 min) the smaller n = 35
oligomer (20 min) and n = 20 oligomer (22 min). Such data can be used
to calibrate the SEC and unrelated calibrants such as narrow molecular
weight polystyrenes can be avoided (20).

MWD information can be computed using the averaged mass spec-
trum presented in Figure 2. The doubly charged envelope would be
used because a portion of the singly charged envelope exceeds the upper
mass limit of our system. However, the reliability of this approach is
poor due to instrumental parameters that may provide a nonuniform
response with molecular weight. Moreover, the electrospray response
is not uniform with increasing molecular weight. For example, the mo-
lecular weight average computed from the singly charged envelope is
lower than that calculated from the doubly charged envelope. We spec-
ulate that the multiple charging becomes predominant and attenuates

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch004

4. SiMONSICK & PROKAI SEC with ESIMS Detection 47

2500
-‘ UV IA)
2000 - i
1500 — ;’ \
___________________________ T TN
n=35,[M+2Nap* ..
1000 [——ﬁ.-".n=20,[M+Na]+
AN
lb,./
500 n =50, [M+ 3 NaP*-. §

0 5 10 15 20 25
Elution Volume (mL)

Figure 3. UV chromatogram (A = 254 nm) and selected-ion traces for
octylphenoxypoly(ethoxy)ethanol. The triply charged n = 50 oligomer se-
lected-ion trace was obtained by summing 824-826 Da through the duration
of the chromatogram. The doubly charged n = 35 oligomer selected-ion
trace was furnished by summing 895-897 Da. The singly charged n = 20
oligomer selected-ion trace was obtained by summing 1108-1110 Da.

the relative abundance of the singly charged species proportionately to
the increase in molecular weight.

We recommend that selected ion profiles be used for calibration.
A full scan acquisition is collected and the selected-ion profiles of
the individual oligomers used for calibration. Hence, the SEC is cali-
brated for octylphenoxypoly(ethoxy)ethanol using the octylphenoxy-
poly(ethoxy)ethanol oligomers. Figure 4 presents the calibration curve
obtained from the selected-ion plots of individual oligomers. Also plotted
is the calibration curve obtained using narrow molecular weight poly-
styrenes. Notice the large discrepancy at lower molecular weights
(<2500 Da). This is the molecular weight region where polymers do
not yet exhibit random coil behavior that could account for the
discrepancy in calibration between polystyrene and octylphenoxy-
poly(ethoxy)ethanol. However, other factors such as solvent quality and
column adsorption could also give rise to differences in retention be-
havior. Work is ongoing to explain the calibration differences seen at
low molecular weights. In addition to providing accurate calibration,
SEC-ESIMS is useful for determining how well the SEC is working for
a given separation. For example, unwanted adsorption behavior can eas-
ily be monitored because compounds will elute at much later retention
volumes and generally the peaks are significantly broadened. The suspect
species can be monitored by profiling the sodiated ions associated with
this component.
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Figure 4. Calibration curve for octylphenoxypoly(ethoxy)ethanol.

Acrylic Macromonomers. Acrylic-methacrylic macromonomers
prepared by catalytic chain transfer using cobalt(I) chelates afford
polymer chains, each with an olefinic endgroup (18, 24). Such macro-
monomers can be polymerized or copolymerized to produce graft poly-
mers that are useful in coatings, fibers, films, and composite materials
applications (24). Moreover, one is able to synthesize macromonomers
containing several alkylmethacrylates, alkylacrylates, and styrene (18).

Using SEC-ESIMS we studied the products of a macromonomer
synthesis in which MMA (2) and BA (3) MS were loaded in an 80:20
(wt/wt) weight ratio. The details of the synthesis are reported in Ex-
perimental Details. The SEC-ESIMS data will allow us to profile the
chemical composition distribution across the MWD. From these data
we should be able to measure the relative efficiency of our chain-transfer
agent for methacrylates versus acrylates.

Using soft ionization via ESI, all oligomeric chains can be predictively
examined. For example, MMA weighs 100 Da; therefore, oligomeric
chains that contain only MMA will follow equation 4, where n is the
number of MMA units. The 23-Da offset is due to the sodium cation.

l
J\H/OME HJ\((OBU
0

MMA = 100 Da BA = 128 Da
2 3
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MMA,BA, [Na*] = (23 + 100n) Da (4)

All chains are vinyl-terminated and initiated via a hydride (H-).
Sodium provides the ionization source. The MMA trimer, for example,
is expected to produce an ion at 323 Da. If a BA, which has a molecular
weight of 128 Da, is substituted into the MMA trimer chain, a net gain
of 28 Da is expected, thus affording a 351-Da ion. Equation 5 describes
the MMA chains possessing one BA, where n is the number of MMA
groups.

MMA,BA, [Na*] = (151 + 100n) Da (5)

Addition of another BA in the MMA chain produces a gain of 28 Da,
hence equation 6:

MMA,BA, [Na*] = (279 + 100n) Da (6)
Another BA gives rise to Equation 7:
MMA,BA,; [Na*] = (307 + 100n) Da (7)

We did not observe any multiple charging for the macromonomers
by using the electrospray parameters reported in Experimental Details.
Nor did we observe any significant ions corresponding to oligomeric
chains possessing greater than three BA groups. Unfortunately, the mass
range of our mass spectrometer was limited to only 2000 Da; therefore,
any ions in excess of 2000 Da were not recorded.

Initially, we wanted to know whether the addition of a BA into a
MMA chain would change its hydrodynamic volume in THF; thereby
giving rise to independent calibration curves for MMA,, homopolymer,
MMA,BA, copolymer, MMA,BA; copolymer, and MMA,BA; copolymer.
Figure 5 presents the calibration curve for all oligomers. The correlation
coefficient (r?) is >0.99 for n = 24. However, at the 95% confidence
level we found no significant differences among the calibration curves
for the individual oligomers with 0, 1, 2, and 3 BA groups. This is not
surprising because the inherent viscosity molecular weight relationships
of the homopolymers are not significantly different, indicating similar
chain dimensions.

We wanted to monitor the chemical composition distribution across
the MWD. This can be accomplished by summing all the selected-ion
plots for the MMA,BA,, MMA,BA,, MMA,BA;, and MMA,BA;, re-
spectively. We used a 2-Da window to obtain the selected-ion plots.
For example, the selected-ion plot for the MMA,BA trimer (351 Da; eq

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch004

50 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

» [MMA],
+ [MMA],[BA]4
* [MMA],[BA],
x [MMA],[BA];

Molecular Weight

1m """" LALLALELE BLELALELE BLELALELE BLALELELE BLELELAL BABLELECH BLRLALALE ILALELALE LILLELE I
14 145 15 15.5 16 16.5 17 175 18 185 19 195 20

Elution Volume (mL)

Figure 5. Calibration curve for 80/20 MMA-BA macromonomer.

7) was obtained by integrating the ion current over the window of 350—
352 Da.

Figure 6 plots each of the species previously discussed grouped
according to the number of BA monomers in the chain. The dashed line
overlayed in each block represents the total ion current. Each individual
oligomer was profiled and grouped with other oligomers having the
same number of BA units in the polymer chain. The individual selected-
ion profiles were summed to yield the overall distribution of a given
number of BA monomer units in the polymer chain.

In the specific example of the 80-20 MMA-BA, we see that the
chemical composition is not uniform across the MWD. Specifically, we
see the MMA,BA, oligomer concentration maximizes late in the chro-
matogram. This region of the chromatogram corresponds to lower mo-
lecular weight. As the BA content in the macromonomer is raised, the
distribution becomes nonuniform with BA-rich oligomers skewed toward
higher molecular weights and shorter SEC retention volumes. These
findings suggest that the chain-transfer efficiency of the cobalt complex
is greater toward methacrylates versus acrylates.

The synthesis of graft copolymers from the MMA-BA macro-
monomer yields a comb polymer whereby the teeth of the comb are
the macromonomer units. Therefore, the short teeth of the comb poly-
mer will be richer in MMA than the sample loading (>80% wt/wt) and,
conversely, the long teeth will be richer in BA (>20% wt/wt).

SEC-ESIMS provides a tool to monitor the copolymerizations of
monomers in the presence of chain-transfer catalysts. Hence, we can
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oligomers.

measure the relative rates toward chain transfer of the two monomers
in a copolymerization. It has been suggested that novel macromonomers
and functionalized polymers could be synthesized using monomers with
varying degrees toward catalytic chain transfer (25). SEC-ESIMS pro-
vides information about the chain-transfer efficiencies toward different
monomers. The only prerequisite is that the monomers differ in their
respective molecular weights. If the molecular weights of the monomers
differ, soft ionization mass spectrometry should be adequate for deter-
mining reactivity ratios. Indeed, this has been accomplished by Mon-
taudo and Montaudo (26), who used laser desorption Fourier transform
mass spectrometry data published by Wilkins and co-workers (3) to make
some qualitative predictions about the copolymerization. However, this
approach assumes no fragmentation and accurate response with increas-
ing molecular weight, which is likely not the case. SEC-ESIMS will
allow the investigator to rapidly assess whether fragmentation has oc-
curred. Moreover, SEC-ESIMS provides another detector response that
can be compared with UV or RI. Subsequently, we can evaluate the
ESIMS response for oligomers as a function of increasing molecular
weight.

Complex Mixture Analysis. High-performance organic coatings
are extremely complex formulations. Specifically, waterborne automo-
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tive clearcoats are composed of a binder system and cross-linker in an
appropriate solvent formulation. In addition, stabilization packages (an-
tioxidants and photostabilizers) are added to lengthen the usable life of
the coating. Each of the previous species contain a variety of chemical
functionalities encompassing a wide range of molecular weights. Any
separation method that can simplify the number of components for
spectroscopic characterization is welcomed by the coatings chemist.
SEC provides a predictable separation method to reduce the complexity
of a formulation. Unfortunately, DRI detection yields no information
about chemical composition, even though peaks may be fully resolved.
Without the use of authentic materials, positive identification based on
SEC with DRI detection is difficult. SEC-ESIMS affords exclusively mo-
lecular ion information that can be translated into plausible molecular
formulae from which likely structures can be proposed.

Figure 7 displays the total ion chromatogram of a waterborne clear-
coat formulation along with two averaged electrospray mass spectra.
The first electrospray spectrum was obtained by summing the region

100

1677

100 800 1,100 1,800
% 625 ™=

669
80 581

703

PNRUBBA2U%BY
mn

L3
r -
-
- -

o
100 3800 800 700 800 1,100 1,800

m/z

Figure 7. (Left) Total ion chromatogram of a waterborne clearcoat. (Right,
Top) summed electrospray mass spectrum (19.68-19.98 min); (right, bot-
tom) summed electrospray mass spectrum (22.48-23.38 min).
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from 19.68 to 19.98 min. Two significant ions are present at 1482 and
1677 Da. We suspected these ions resulted from the stabilizer package
as they fall into the molecular weight range of many commercial sta-
bilizers. Because only pseudomolecular ions are formed under ESIMS
conditions, we can compute the molecular weight and search the mo-
lecular weight using the Formula Weight Index of the Registry File of
Chemical Abstracts Service (27, 28). A literature search of stabilizers
and a formula weight of 1654 [1677 — 23 Da (sodium)] yielded a single
compound, MIXXIM HALS 63. This compound with a molecular formula
is a hindered amine light stabilizer with a molecular formula of
Co1H,55N60y and is a likely candidate for the ion found in the water-
borne clearcoat. Unfortunately, the resolution of our mass spectrometer
was not adequate to compare the experimental isotope envelope with
theory. A single ion with a molecular weight that agrees with the mo-
lecular weight of a hindered amine light stabilizer found in Chemical
Abstracts is not unambiguous proof of the presence of this material.
However, an authentic sample can be purchased and checked for its
presence in the complex formulation. We were not successful using a
similar approach for the identification of the 1482-Da ion.

The second electrospray spectrum obtained by summing the region
from 22.48 to 23.38 min has several species present. Analysis by *C
NMR showed the presence of a methoxymethylmelamine. ESIMS pro-
vides detailed characterization about the functionality; the molar
amounts of formaldehyde; and distribution of monomers, dimers, trimers,
and so on. These parameters affect the final properties of melamine
cross-linked films. We find in this SEC window a large abundance of
methoxymethylmelamine dimers. For example, the base peak at 625
Da we attribute to the dimer condensate seen in 4. The 44-Da spacing
giving rise to the 581-, 669-, and 713-Da ions is due to replacement of
a methylene methoxy group [-CHy;—O-CHj; 45 Da] by a proton [H; 1
Da], hence 45 — 1 Da = 44 Da. Such high-imino high-solids melamine-
type resins are recommended for use in waterborne systems (29). Nu-
merous ions were observed, many of which could be attributed to specific
structures. For example, we found a large 185-Da ion accounting for

NJ\N N’gn
H\NAN/U\N/\U/\NJ‘]\NA\N/\OMe
J N N N

MeO OMe OMe OMe

[C22H42N12031 Na+ = 625 Da

4
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the majority of ion signal at retention times over 25 min. This species
is due to sodiated butylcarbitol (molecular weight 162 Da), the coalesc-
ing solvent. We do not recommend SEC-ESIMS for solvent analysis;
however, the information is available. As previously discussed, the SEC-
ESIMS also allows one to evaluate whether any decomposition or frag-
mentation has occurred. Moreover, in the direct mass spectrometric
analysis of complex mixtures, the thermal decomposition of large poly-
mers can sometimes complicate and obscure lower molecular weight
ions. This complication is not a problem using SEC-ESIMS because the
high molecular weight materials are separated from the low molecular
weight species by the SEC; therefore, decomposition products are
readily detected.

ESI has been used to extend the molecular weight range on com-
mercial mass spectrometers by using the multiple charging. We hoped
such an approach could be used for polymer analysis. Unfortunately,
the relatively low resolution of our current system did not provide any
specific information on high polymers (>10,000 Da). For example, the
peak seen eluting from 12 to 16 min furnished an ESI spectrum that
was a continuum of peaks that gave no additional information than the
DRI detector provided.

Summary

SEC-ESIMS is a valuable tool for polymer characterization. Compounds
are separated based on their hydrodynamic size in solution, but upon
detection, an absolute molecular weight is also furnished. Only 1% of
the SEC effluent is required for ESIMS analysis, thereby accommodating
the popular SEC detectors. SEC-ESIMS provides an attractive solution
to the calibration of SEC without the use of external calibrants. Chemical
composition distribution information on copolymers is easily afforded
provided the individual monomers differ in molecular weight. The suc-
cessively acquired mass spectra contain narrow fractions of the overall
distribution that simplifies the analysis of complex formulations. Unfor-
tunately, we have not been able to provide structured details on materials
beyond 5000 Da due to the low resolution of the quadrupole mass spec-
trometer. Nevertheless, SEC-ESIMS is an exciting hyphenated tech-
niques for polymer characterization.
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Concerns Regarding the Practice
of Multiple Detector Size-Exclusion
Chromatography

Christian Jackson and Howard G. Barth

Corporate Center for Analytical Sciences, DuPont, Experimental Station,
Wilmington, DE 19880-0228

The use of multiple detectors with size-exclusion chromatography
(SEC) can greatly increase the information content available from
a typical SEC analysis. This multidetector approach permits more
accurate measurement of polymer properties than conventional
SEC. The additional information, however, is obtained at the ex-
pense of an increase in the complexity of the instrumentation and
data handling. In particular, a number of concerns arise in data
acquisition and processing that are not present in conventional SEC.
Some of these difficulties are outlined, and possible solutions are
discussed.

MEASUREMENT OF THE SIZE DISTRIBUTION of molecules present in
polymeric materials is essential to understanding polymer physical
properties; in addition, the size distribution contains information about
the polymerization process. The development of size-exclusion chro-
matography (SEC) made the rapid measurement of relative molecular
weight distributions (MWD) possible with high precision (1, 2). It has
become possible to combine a number of classical polymer character-
ization techniques with SEC and thus to measure polymer properties
for each molecular weight fraction of the distribution. Additional de-
tectors used in combination with SEC can greatly increase the infor-
mation content available from a typical analysis. These detectors can
include, for example, a molecular-weight-sensitive detector, such as a
continuous viscometer or light-scattering detector, or a spectroscopic
detector, such as a UV spectrophotometer. This multidetector approach

0065-2393/95/0247-0059$12.00/0
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permits more accurate measurement of polymer properties than con-
ventional SEC (3-10).

Absolute MWD can be measured using light scattering or viscometry
combined with universal calibration. Compositional drift over the MWD
of a polymer can be measured using a UV spectrophotometer and a
differential refractive index detector. The increase in the available in-
formation also expands the complexity of data analysis. We discuss some
of the concerns regarding data analysis that arise in multidetector SEC.

Experimental Details

The chromatograph consisted of a model 590 pump, a model 710B automatic
injection module, and a model 410 differential refractometer (Waters As-
sociates, Milford, MA). The column set consisted of two PLgel 5-um mixed
bed (MIXED-C) 300 X 7.5-mm columns (Polymer Laboratories, Amherst,
MA). The viscometer was a model 110 (Viscotek Corporation, Houston, TX)
and the light-scattering detector was a model F (Wyatt Technology Cor-
poration, Santa Barbara, CA). The polymer samples were narrow and broad
MWD polystyrenes (PS) (Polymer Laboratories, and American Polymer
Standards, Mentor, OH). The mobile phase was high-performance liquid
chromatography grade tetrahydrofuran (Aldrich Chemical Company, Mil-
waukee, WI). A 0.5-um filter was placed between the pump and the au-
toinjector (Millipore, Milford, MA).

Discussion

Detector Configuration. The detectors can be arranged in series
or in parallel after the SEC columns. For three or more detectors, com-
binations of series and parallel connections are possible. The advantage
of parallel configurations is that they avoid additional peak broadening
caused by the eluting sample passing through a number of detector
cells. Series configurations provide greater control over flow rate fluc-
tuations because of back pressure variations among detectors.

To determine the relative importance of these different effects, the
peak widths for narrow MWD PS standards were measured in three
different configurations of the instrument. The three configurations
studied are shown schematically in Figure 1. The instruments were con-
nected using the shortest possible lengths of 0.25-mm diameter stainless
steel tubing. The refractometer and viscometer tracings from equal con-
centrations of PS with nominal molecular weights of 600,000 and
200,000 g/mol are shown in Figure 2.

The sharpest peaks were obtained with the viscometer preceding
the refractometer in a series configuration (Figure 2A). The number of
theoretical plates (N) for the respective 600 and 200 K g/mol PS stan-
dards was 1000 and 3000 for the viscometer and 2000 and 4300 for
the refractometer. Because of the large dead volume in the refractom-
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REFRACTOMETER —>

| LIGHT SCATTERING
PHOTOMETER

VISCOMETER  |—>

Figure 1. The three detector configurations studied.

eter, it could not be placed before the viscometer (Figure 2B). In this
case, N for the respective 600 and 200 K g/mol PS standards was 600
and 300 for the viscometer and 2000 and 4200 for the refractometer.
In the parallel configuration the viscometer peaks are slightly broader,
but the refractometer peaks are similar to the first series configuration
(Figure 2C). This may be due to flow rate fluctuations or mixing occur-
ring in the T-junctions used to split the flow. In this configuration, N
for the respective 600 and 200K g/mol PS standards was 700 and 1100

ELUTION VOLUME
Viscometer (—) before refractometer (- -) in series.

Figure 2A. Detector output tracings from the viscometer (—) placed

before the refractometer (- — -) in series.
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ELUTION VOLUME
Refractometer (- -) before viscometer (—) in series.

Figure 2B. Detector output tracings from the refractometer (- - -) placed
before the viscometer (—) in series.

for the viscometer and 1500 and 3000 for the refractometer. These
results suggest that a series configuration produces the best data; how-
ever, band broadening and peak distortion are clearly very dependent
on the measurement cell design and the volume of interconnecting tub-
ing of the instrument used. Although the data are not shown here, a
similar trend was observed for the light-scattering—refractometer
combination.

Interdetector Volume. Because the detectors are placed at dif-
ferent physical positions in the elution stream, the detector signals are

10 ;1 ;2 13 ;.4 ;5 ;5 17
ELUTION VOLUME
Viscometer (—) and refractometer (--) in parallel.

Figure 2C. Detector output tracings from the refractometer (- - -) and
the viscometer (—) in parallel.
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initially misaligned. The volume between the detectors must be known
and compensated before data analysis (11-13). Any errors in determining
this volume can produce significant errors in the measurement of sample
molecular weight polydispersity (14, 15). The light-scattering and vis-
cosity peaks appear at lower elution volumes than the refractometer
peak because of the detectors increased sensitivity to higher molecular
weight species. The magnitude of this shift depends on the polydispersity
of the sample. For monodisperse molecules, the output from the con-
centration-sensitive and molecular-weight-sensitive detectors overlay
exactly. As molecular weight polydispersity increases, the output from
the molecular-weight-sensitive detectors appears at increasingly lower
elution volumes. For example, Figure 3 shows computer simulations of
detector tracings for a narrow MWD (M,,/M,, = 1.05) and Figure 4 shows
tracings for a broad MWD (M,,/M,, = 2.0). The shift in the viscometer
peak is less than the light-scattering peak because the viscosity is pro-
portional to the molecular weight raised to the power of the exponent
in the Mark-Houwink equation [7] = KM,,°, where K and a are empirical
constants for a given polymer-solvent system and M, is the viscosity-

LIGHT SCATTERING INTENSITY
CONCENTRATION
SPECIFIC VISCOSITY

J \

-0.0 1 1 1 1 [
5 10 15 20 25

ELUTION VOLUME

SIGNAL

0.0

Figure 3.  Simulated detector tracings from light-scattering, viscosity, and
refractive index detectors for a narrow MWD polymer. (Reproduced with
permission from reference 15. Copyright 1993 Elsevier)
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SIGNAL
0.0
LIGHT SCATTERING INTENSITY
CONCENTRATION
SPECIFIC VISCOSITY
0.0 L L L ' L
5 10 » 15 20 25

ELUTION VOLUME

Figure 4. Simulated detector tracings from light-scattering, viscosity, and
refractive index detectors for a broad MWD polymer. (Reproduced with
permission from reference 15. Copyright 1993 Elsevier)

average molecular weight. For a random coil conformation, a is less than
unity so that the peak from the viscosity detector is shifted by a volume
increment related to a (14). The magnitude of the volume shift is com-
parable with the dead volume between detectors and the volume be-
tween consecutive data points. Thus, small errors in determining inter-
detector volume can lead to significant errors in the measured molecular
weight polydispersity.

The interdetector volume can be calculated from the volume of the
detector cells and connecting tubing. However, in practice this value
has been found to give incorrect results, probably because of viscosity
effects and different flow profiles in the different detectors (10). As a
result we have to measure an effective volume delay. The volume delay
between the viscometer and the refractometer can be determined easily
by aligning the peak signals from an injected monodisperse low-molec-
ular-weight solute. Unfortunately such a material will probably not be
detected by the light-scattering detector. Narrow MWD polymers can
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be used, but the small polydispersity may lead to the volume delay
being overestimated. One way around this problem is to align the peaks
or peak onset of an excluded polymer.

The situation is complicated by the relationship between the inter-
detector volume and band broadening. Because of imperfect resolution
and band broadening, the polydispersity measured by SEC-light scat-
tering or the intrinsic viscosity distribution measured by SEC-viscometry
is narrower than the true polydispersity. If the true polydispersity of a
polymer is known, the volume offset can be adjusted so that the measured
polydispersity matches the true polydispersity. In effect, a band-broad-
ening correction can be incorporated into the interdetector delay volume
to give an “‘effective” volume offset.

Instrument Parameters. In conventional SEC, column calibra-
tion is required to determine MWDs relative to the calibration standards.
Calibration of the concentration detector is usually not required because
only relative concentrations are needed. This makes conventional SEC
a very precise method as only the elution volume and the relative de-
tector signal are measured. However, the accuracy of the measurement
depends on the accuracy of the calibration curve. Although molecular-
weight-sensitive detectors avoid some of the accuracy problems asso-
ciated with column calibration, a number of other calibration procedures
become necessary. When a molecular-weight-sensitive detector is added,
the absolute concentration of the eluting polymer is needed. To measure
this absolute concentration, the concentration detector must be cali-
brated and the sample property used to measure concentration (refrac-
tive index or absorbance) must also be known. In addition, the light-
scattering detector, and in general the viscometer also, requires cali-
bration. For light-scattering analysis, the specific refractive index of the
polymer in the mobile phase is needed (usually, the second virial coef-
ficient is taken as zero, which does not introduce significant error). For
viscometry, the universal calibration curve is required to derive MWDs.

The dependence of molecular weight results on these parameters
means that great care must be taken to obtain accurate initial calibration
constants. Furthermore, standard reference materials are required to
check system operation at regular intervals.

Band Broadening. The MWD measured using molecular-weight-
sensitive detectors is affected by band broadening. However, the effect
of band broadening on the measured MWD is different from that of
conventional SEC. In SEC the broadening of the peak is interpreted as
a broadening of the MWD. However, this broadening is really a loss of
resolution caused by sample mixing and imperfect resolution. As a result,
the width of the MWD from light scattering and the intrinsic viscosity
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distribution (IVD) from viscometry is underestimated as compared with
a conventional SEC analysis. The weight-average molecular weight and
intrinsic viscosity, however, are unaffected if a light-scattering detector
or viscometer is used, respectively. If both detectors are used, mea-
surements of molecular conformation and branching based on direct
measurement of these quantities are insensitive to band-broadening er-
rors (15, 16). The errors caused by band broadening are generally less
than in conventional SEC but may still be significant. However, the
errors obtained from universal calibration, whether used to convert the
IVD into the MWD or vice versa, are greater than in conventional SEC.
Consequently, great care must be taken in establishing adequate band-
broadening correction parameters.

Instrument Sensitivity and Baseline Settings. By their nature,
instruments measuring different polymer properties will have different
sensitivities and measurement ranges (3). These differences need to be
considered when evaluating results, especially at the extremes of the
distributed properties, where the signal-to-noise ratio is poor (e.g., see
reference 17). This situation is illustrated in Figure 5, which shows light-
scattering and refractometer tracings from a hypothetical MWD. A small
amount of high-molecular-weight material is detected by the light-scat-
tering photometer, but the concentration is too low to register on the
refractometer. At the low-molecular-weight end of the distribution, the
situation is reversed. These effects result in the breadth of the MWD
being underestimated.

..

|
1
Iy ! :
: Measured M,, :
! |
I I Ls
sensitivity | =senshiv‘rty
toolow | too low
| I
! 1
[ I
| 1
: I
|
' |

Elution Volume ——»

Figure 5. Light-scattering and refractive index detector tracings for a hy-
pothetical MWD containing a small amount of high-molecular-weight ma-
terial. (Reproduced with permission from reference 3. Copyright 1995 Marcel
Dekker)
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Finally, multiple signals require multiple baseline settings. Because
measured quantities depend on ratios of baseline-corrected signals, it is
essential that baselines are set carefully and consistently to maximize
the reproducibility of the results. As the measured signals approach the
baseline at the peak edges, results based on ratios of these signals become
especially error prone, and caution should be exercised when inter-
preting data from these sections of the chromatogram. This situation
can be improved by using Fourier transforms of the measured detector
outputs to remove high-frequency noise (13).

Conclusions

Multiple detector SEC instrumentation offers great advantages in the
accurate characterization of complex polymeric materials, such as co-
polymers, polymer blends, and branched polymers. However, to gen-
erate reproducible results on a routine basis, special care must be taken
regarding the added complexity of the instrumentation. In particular,
detector configuration should be chosen carefully, interdetector volumes
measured precisely, concentration-detector response calibrated, base-
line settings and instrument sensitivity parameters should be selected
with care, and band-broadening corrections used if needed. Finally, to
verify the accuracy of a multiple detector SEC system, the instrument
must be evaluated using well-characterized standards.
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Computer Simulation Study

of Multidetector Size-Exclusion
Chromatography

Flory-Schulz Molecular Weight Distribution

Christian Jackson and Wallace W. Yau'

Central Research and Development, DuPont, Experimental Station,
Wilmington, DE 19880-0228

A computer simulation of size-exclusion chromatography-viscom-
etry-light scattering is described. Data for polymers with a Flory—
Schulz molecular weight distribution (MWD) are simulated, and
the features of the different detector signals are related to the mo-
lecular weight and polydispersity of the distribution. The results
are compared with previously reported simulated results using a
Wesslau MWD.

THE ACCURACY OF MEASUREMENTS of polymer molecular weight dis-
tribution (MWD) by size-exclusion chromatography (SEC) can be im-
proved by the addition of a molecular-weight-sensitive detector, such
as an on-line viscometer or light-scattering (LS) detector. These de-
tectors measure solution properties related to molecular weight of the
fractionated polymer. Coupling both of these detectors in one SEC
instrument potentially offers improved accuracy, precision, and dy-
namic range for SEC polymer conformation studies (1-5). However,
the increased complexity of these experiments and the subsequent data
handling introduce a number of problems not present in conventional
SEC (6-10). A computer simulation of multiple detector SEC was de-
veloped to study these effects in detail. Two models of the MWD were
used: the Wesslau logarithm to the base 10 (log) normal MWD and the
Flory-Schulz most probable MWD (11-14). The models are described
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and the simulated data are used to illustrate the features of SEC with
multiple detectors.

Methodology

Wesslau MWD. The model based on the Wesslau MWD has been
described previously (15). The weight fraction distribution of x-mer, where
x is the degree of polymerization (DP), measured as a function of the log-
arithm of the degree of polymerization, is given by

_In(10)

x ﬁﬂ.l/zx

-1/ In%(s/x0) 1)

where

8*>=1In (i—w)z (2)

n

where x, is the number-average DP, x,, is the weight-average DP, and x, is
the peak value.

Flory-Schulz MWD. The weight fraction of polymer at each degree
of polymerization, x, at extent of reaction, p, described by the Flory—Schulz
distribution (13, 14) is given by

S (-3 Na——y 3
b xI'(a + 1) (x,,) ¢ 3)
where a is related to the molecular weight polydispersity by

X, a+1

L (4)

Xn a

On a logarithmic molecular weight scale based on SEC separation,
equation 4 becomes

i In(10) fax\***
W = T(a+1) (x,,) e (5)

which corresponds to the concentration detector signal from the SEC
experiment.

The LS detector signal at 0° is proportional to the concentration mul-
tiplied by the molecular weight at each elution volume and is given by

l(g:o) = Moxw,’ (6)

where M, is the monomer molecular weight. The viscometer signal is pro-
portional to the intrinsic viscosity multiplied by the concentration. The in-
trinsic viscosity is given by the Mark-Houwink equation

[1] = K(xMo)* (7)
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The specific viscosity at each slice is then
Nsp = K(xMO)awxl (8)

In the model there is no interdetector volume difference between the
three detector signals.

The SEC has a calibration curve, relating elution volume, V, to molecular
weight, M, of the form

M(V) = Dy (9)

where D, and D, were given values of 15 X 10® and 0.62, respectively.

The two weight-fraction MWDs are illustrated in Figure 1 in which
they are plotted as a function of the logarithm of molecular weight. Both
distributions shown have a number-average molecular weight of 10,000 g/
mol and a polydispersity, M,,/M,, of 2.

Results and Discussion

Peak Positions. The main results for the Wesslau MWD are sum-
marized for comparison with the results from the Flory-Schulz MWD.
The most notable feature is that the tracings from the three detectors
(the concentration detector, LS detector, and the viscometer) are all
symmetrical Gaussian distributions of equal variance. The only differ-
ences between the signals are the relative heights, corresponding to the
weight-average molecular weight and intrinsic viscosity of the polymer,
and the peak positions. For the LS detector the peak maximum, V7, is
shifted to lower elution volume, corresponding to higher molecular
weight, than the concentration signal peak, V. The magnitude of the
volume shift depends on the sample polydispersity and the slope of the
SEC calibration curve, Dy,

0.8

0.6

dw/d(log M)

0.4

0.2 +

0.0

1000 10000 100000
Molecular weight

Figure 1. Wesslau and Flory-Schulz differential weight-fraction MWDs
on a logarithmic scale, where W is the weight fraction and M is the molecular
weight. Both distributions are for M,, = 10,000 g/mol and M,,/M,, = 2.0.
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In (x,/x,)
D,

where x,, is weight-average degree of polymerization and x, is the num-
ber-average degree of polymerization. The viscometer peak maximum,
Vy, is also shifted to a lower elution volume. For a flexible polymer the
shift is less than that for the LS peak. The magnitude of the shift is
determined by the value of the Mark—-Houwink exponent, a, as well as
the polydispersity and the calibration curve slope.

Typical signal tracings for the Flory—Schulz MWD are shown in
Figure 2. The tracings have similar shapes but different peak positions.
From equation 5 it can be shown that the elution fraction at the maximum
in the concentration detector signal has a DP of

XRImax = Xw (11)

From equation 6, the LS signal maximum corresponds to the elution
fraction with

VL= Vg — (10)

=% (12)
and from equation 8 the viscometer peak is at
Xvisemax = (@ + a + 1)/ax,

ax,

= x, + (13)

Light Scattering

Intensity Concentration

Specific
Viscosity

Detector Response

1

L L " 1 s L " . n s " L
10 15 20 25

Elution Volume

Figure 2. Signal tracings from the three detectors showing excess LS in-
tensity, specific viscosity, and concentration signals, for a sample with a
Flory-Schulz MWD, polydispersity of 2, and a Mark-Houwink exponent of
0.725.
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In terms of relative peak positions, the LS intensity peak is shifted to
an elution volume lower than the concentration detector peak, given

by
In (@ + 2)/(a + 1))

VL = VR - D2 (14)
and the viscometer peak is also shifted by a volume given by
VV=VR_ln((a+1+a)/(a+1)) (15)

D,

These volume shifts can be rewritten in terms of the polydispersity,
P = x,/x,, as

In(P)— In (2P — 1)

VR_'VL= D
2

(16)

and
In(P) —In (Pl + 1)— a)
D,

Ve=Vy= (17)

Rearranging equations 16 and 17 gives the polydispersity in terms
of the volume shifts

1

9 — g DaVe—Vi)

P= (18)

pP= a

T 14 a— e (Ve (19)

The relative shifts in peak positions thus depend on the polydisper-
sity of the MWD and the slope of the SEC calibration curve. The shift
in the viscometer peak additionally depends on the Mark-Houwink ex-
ponent. When the sample is monodisperse, P = 1, the signals from all
three detectors have the same peak elution volume. If there is any mo-
lecular weight polydispersity in the sample, the LS and specific viscosity
peaks are shifted to lower elution volumes (higher molecular weight
values). The amount of this shift in the LS signal is the measure of the
sample polydispersity. In the case of the viscometer, the volume shift
depends additionally on the Mark-Houwink exponent. The difference
between the viscometer volume shift and the LS volume shift is the
measure of the Mark-Houwink exponent. This is the same as for the
Wesslau distribution, although the magnitudes of the shifts are different.
If the resolution of the chromatograph is increased, the slope of the
calibration curve, D,, will decrease and all the volume differences will
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increase proportionally. The main information obtained by using a mo-
lecular-weight-sensitive detector is the weight-average molecular weight
or intrinsic viscosity and the sample polydispersity as shown by the rel-
ative position of the detector peaks. As a result, it is critical that the
actual physical volume difference that exists between detectors is cor-
rectly compensated before data are analyzed.

Peak Shapes. In the case of the Wesslau MWD, the shapes of the
peaks from the three detectors are always the same. For the Flory—
Schulz distribution, the peak shapes are slightly different and the dif-
ferences increase with increasing polydispersity. As the polydispersity
increases, the LS and viscosity signals become narrower relative to the
concentration detector signal and they also become less skewed. Figure
3 shows the peak variance of the viscosity and LS signals relative to the
concentration detector peak variance as a function of polydispersity.
The concentration detector peak variance increases from 0.25 mL? when
the polydispersity is 1.1 to 3.65 mL? when the polydispersity is 3.3.
The LS peak variance increases more slowly. The viscometer variance
is in between the two but closer to the LS peak behavior. Figure 4 shows
the relative skew of the peaks compared with the refractometer, where
the skew is defined as

y=-£ (20)

09}

0.8

0.7

0.6

Relative peak variance

05
v Viscosity peak
o Light scattering peak

0.4

1 2 3 4
Polydispersity

Figure 3. Variance of the viscosity and LS peaks relative to the variance
of the concentration peak as a function of molecular weight polydispersity

M,/M,.
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Relative peak skew

v Viscosity peak
o Light scattering peak S

0.4

1 2 3 4
Polydispersity

Figure 4. Skew of the viscosity and LS peaks relative to the skew of the
concentration peak as a function of molecular weight polydispersity M,,/M,,.

where u; and u; are the second and third moments of the peak, respec-
tively. The behavior is similar to that of the peak variance. The skew of
the LS and viscosity peaks increases less with polydispersity than the
skew of the concentration signal.

Figures 5 and 6 show the difference in peak shapes in more detail.
The LS and concentration tracings are shown as a function of elution
volume for distributions with polydispersities of 1.1 (Figure 5) and 2

08

o7} LS RI

05 -

Detector Response
T

-0 | RI-LS

—0.2 1 1 L L 1 1 1
14 145 15 155 16 16.5 17

Elution Volume (mL)

Figure 5. Difference between the normalized LS and concentration (RI)
signals as a function of elution volume for a MWD with polydispersity 1.1.
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Figure 6. Difference between the normalized LS and concentration (RI)
signals as a function of elution volume for a MWD with polydispersity 2.

(Figure 6). The signals are normalized so that the two peaks have equal
areas, and the difference between these two signals is also plotted. The
signals have equal intensity at the peak of the concentration detector
response, corresponding to the weight-average molecular weight. There
is a maximum in the difference at the number-average molecular weight,
and there is a minimum at a molecular weight equal to 4M, corresponding
to the z + 1 average. The LS peak is higher than the concentration
detector peak, and the difference increases with increasing molecular
weight. The viscosity peak behaves in a similar way to the LS peak, but
with the differences reduced by the exponent of the Mark-Houwink
equation.

Conclusions

The computer models described provide a functional simulation of SEC—
viscometry—-LS analysis of linear polymers. The results for the Flory—
Schulz MWD are in qualitative agreement with previous results for the
Wesslau MWD. Both models emphasize the importance of determining
the correct volume offset between the concentration detector and mo-
lecular weight-sensitive detectors. For the Flory—Schulz model, the peak
shape, as well as the peak elution volume, can provide information about
molecular weight polydispersity. Future work will extend the model to
incorporate peak skew and polymer branching.
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Eliminating Lag Time Estimation
in Multidetector Size-Exclusion
Chromatography

Calibrating Each Detector Independently

Kevin G. Suddaby, Ramin A. Sanayei, Kenneth F. O’Driscoll,
and Alfred Rudin

Institute for Polymer Research, University of Waterloo, Waterloo, Ontario
N2L 3G1, Canada

A method of signal matching in multidetector size-exclusion chro-
matography (SEC) in which signals are matched according to the
hydrodynamic volume of the eluants in each detector is presented.
This method is based on an independent calibration curve for each
detector and enables signals to be matched through the calibration
curves of each detector, thus eliminating the need to estimate ad-
ditional empirical parameters such as lag times. To correctly cal-
ibrate molecular weight-sensitive detectors (such as on-line vis-
cometers or light-scattering detectors), it is necessary to account
for the molecular weight distribution (MWD) of the calibration
standards. Methods of calibration that account for the MWD of
the calibration standards are presented. The utility of applying
these methods in multidetector SEC analysis is then demonstrated.

THE USE OF MULTIPLE DETECTORS in size-exclusion chromatography
(SEC) greatly increases the power of SEC analysis. However, the prob-
lem of matching the signals from the different detectors is introduced.
The traditional method of dealing with signal matching in multidetector
SEC is to calibrate only one detector. This calibration is then extrapolated
to the other detectors by applying an offset (lag time) to represent the
physical volume between the various detectors.

The effect of varying this offset between detectors has been examined
(1). The molecular weight averages and bulk intrinsic viscosity of samples
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were found to be insensitive to variation of the offset, but the local
(slice) intrinsic viscosities were found to be sensitive to the offset. This
was shown by the strong dependence of the Mark-Houwink-Sakaruda
K and a values on the offset used. Thus, it is imperative that the signals
be correctly matched if the relationship between intrinsic viscosity and
molecular weight is to be determined.

The physical interdetector volume can be determined experimen-
tally using marker analysis. However, the error associated with these
measurements is quite large; different methods of marker analysis give
diverse values for the same interdetector volume (2). Often when the
best estimates of the physical interdetector volume are used, unreason-
able estimates of the Mark-Houwink-Sakaruda K and a parameters result
(1). To obtain reasonable estimates of these parameters, a different offset
must be used. In effect the offset between detectors amounts to an ad-
justable parameter. Clearly, this adjustable parameter is a drawback to
using this method of signal matching.

A different approach to signal matching is to calibrate each detector
independently. Because each detector is calibrated independently, the
signals can be matched through the corresponding calibration curves
alone, eliminating the need for offsets.

Experimental Procedures

Experimental molecular weight distributions (MWDs) were determined us-
ing an SEC system equipped with a differential refractive index (DRI), a UV
visible, and a Viscotek bridge viscometer as detectors. The column eluent
passed through the UV detector and then was split evenly between the
viscometer and the DRI detectors. All of the detectors were interfaced with
a computer for data acquisition at a rate of 1.8207 points per second. One
of two column arrangements was used: either a guard column and four 30-
cm PLgel 10-um columns (10, 103, 500, and 100 A) or three 30-cm mixed-
bed columns (2 PLgel mixed B and 1 Jordi mixed bed). The SEC eluent was
tetrahydrofuran (THF), and the system was operated at 30 °C. The columns
were calibrated using the standards detailed in Table I. The standards used
in this work were purchased from Pressure Chemical Company, Polymer
Laboratories Ltd., and Hewlett Packard. The poly(methyl methacrylate)
(PMMA) calibration curve was obtained by use of the “universal calibration
curve” concept using the [n]-molecular weight relationship given in equation
2 and appropriate literature values for the parameters (given in text). A
multidetector SEC analysis program that implements the concepts presented
in tﬁlis chapter was used throughout this work and is available from the
authors.

Independent Detector Calibration

The calibration of SEC requires the use of standard samples. A series of
commercially available narrow MWD standards with known peak mo-
lecular weights (M,) is normally used. The M, value assigned to a cali-
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Table I. Mp Values for Polystyrene Standards in THF

Supplied M,* PDP Viscometer M,? LLALLS M,?
900 1.16 950 1000
1050 1.21 1120 1180
1770 1.06 1820 1860
2000 1.06 2060 2100
3550 1.05 3640 3700
7600 1.04 7760 7870
17,000 1.04 17,370 17,610
20,400 1.06 21,050 21,440
50,000 1.06 51,710 52,540
97,200 1.06 100,690 102,140
200,000 1.06 207,640 210,170
394,000 1.06 409,850 413,984
600,000 1.10 637,750 646,010
900,000 1.10 958,260 969,150
1,800,000 1.20 1,996,320 2,022,450
2,750,000 1.07 2,892,010 2,909,010
4,250,000 1.06 4,446,360 4,466,180

I Nominal M, and PDI values assigned by the supplier.

? Viscometer and LALLS M, values calculated using a Gaussian MWD and in the case of
the viscometer equation 2 (8).

bration standard corresponds to the peak in the response of a differential
refractometer (DRI) as this is currently the standard detector in SEC.
In practice the elution volume corresponding to the peak in the detector
response is determined for each standard and a calibration curve is made.
However, because the M, value supplied with the standard is for a con-
centration detector (DRI), this method of calibration applies only to the
concentration detectors. M, values for other types of detectors, such as
on-line viscometers and light-scattering detectors, are not supplied,
making their calibration more complicated.

The response of a concentration detector for the ith slice of the
chromatogram is proportional to the (weight) concentration of polymer
eluting through the detector, S, n. o ¢;. The response of other SEC
detectors is usually proportional to the product of the concentration
and some function of the molecular weight. For example, at the con-
centrations typically used in SEC, the response of an on-line viscometer
is proportional to the product of the concentration and intrinsic viscosity
([n]) of polymer, ;. oc cin];. Similarly, the response of a low-angle
laser light-scattering detector (LALLS) is proportional to the concen-
tration times the molecular weight of polymer, S;1a115 oc ¢;M;. Because
the calibration standards are not truly monodisperse, the molecular
weight dependence of these detectors causes the peak in the detector
response to be shifted away from the supplied (concentration detector)
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M, This is illustrated in Figure 1 in which the response calculated for
a LALLS detector (by taking the product of concentration and molecular
weight of each slice) is superimposed on the measured MWD (DRI, for
the standard labeled M, = 17,000 by the supplier) from which it was
generated. The magnitude of this shift depends both on the MWD of
the calibration standard and on the molecular weight dependency of
the detector response.

The M, for a concentration detector is the molecular weight cor-
responding to the peak in the MWD of the polymer. The M, for an on-
line viscometer is the molecular weight corresponding to the peak in
the distribution obtained by expressing the product weight fraction times
intrinsic viscosity as a function of molecular weight. Similarly, the M,
for a LALLS detector can be obtained by expressing the product weight
fraction times molecular weight as a function of molecular weight. These
latter two distributions can be generated from the MWD. Because of
this variation in M,, significant errors are introduced if molecular weight-
sensitive detectors are calibrated using concentration detector M, values.
These errors can be largely eliminated if the breadth of the MWD of
the calibration standards is accounted for in calibrating the molecular
weight-sensitive detectors.

Transformation of the MWD

Two methods that determine the correct M, values of the standards for
molecular weight-sensitive detectors are discussed (3). These methods
are based on transforming the MWD of the calibration standards into
the responses of the molecular weight-sensitive detectors. The first

Detector Response

5000 15000 25000 35000

Molecular Weight

Figure 1. Comparison of the peak molecular weights for a DRI and LALLS
detector for the standard labeled M,, 17,000 by the supplier.
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method is an experimental one that uses the MWD of the standard as
determined from the SEC concentration chromatogram. The second
method is a theoretical treatment of the data that approximates the MWD
of the standards with a known distribution. In both methods the M,
values of the molecular weight-sensitive detectors are determined from
the peak of the transformed distribution. These M, values are then used
to obtain the correct calibration for each detector.

The transformation of the experimentally determined MWD is rel-
atively straightforward. The concentration of each species in the standard
sample, c;, is multiplied by its intrinsic viscosity, [n];, to simulate the
viscometer signal. Similarly, the LALLS signal is simulated by multiply-
ing the concentration of each species in the sample, ¢, by its molecular
weight, M;. In generating the viscometer response, an established in-
trinsic viscosity—molecular weight relationship for the SEC solvent and
calibration polymer should be used. The molecular weights used are
obtained from the concentration detector calibration. This method was
used to calibrate the viscometer for the samples discussed later in this
chapter.

The alternative to transforming the experimentally determined
MWD is to transform an assumed MWD. Although any form can be used
for the distribution, the form used should be such that it can be expressed
in terms of parameters supplied with the calibration standards. Both log
normal and Guassian distributions have been used to approximate the
MWD of unimodal polymers (4). Both distributions were considered
here, and statistically the Gaussian distribution was found to better ap-
proximate the MWDs of the narrow MWD standards used in this work.
As a result the following Gaussian distribution was used.

—(Mi - Mp)2
e (- o)
w(M;) =

\/ oo~
PDI PDI®
This distribution expresses the weight fraction of polymer of a given
molecular weight, w;(M,), as a function of two parameters, M, and poly-
dispersity (PDI) (PDI = M,,/M,) both of which are supplied with com-
mercial standards. Thus, the MWD of the calibration standards can be
approximated from data supplied with the standards. The transformations
discussed previously can be applied to the assumed MWD and estimates

of the M, values for the molecular weight-sensitive detectors can be
obtained.

(1)

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch007

84 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

Each of the two methods proposed for determining M, for molecular
weight-sensitive detectors has advantages and disadvantages. Using the
experimentally determined MWDs of the calibration standards has the
advantage of making no assumptions about the nature of the MWD of
the standards. Also, because the MWD is determined using information
from all the calibration standards (because the concentration detector
calibration curve is required to obtain the MWD), it is less susceptible
to errors in the individual values of M, and PDI assigned by the supplier.
A slight disadvantage occurs because the M, values of the molecular
weight-sensitive detectors are determined using the concentration de-
tector; therefore, the calibration curves of the different detectors lose
some of their independence. Closely related to this is the fact that this
method yields system-dependent M, values. Also, in systems where band
broadening is significant, the MWDs of the standards will be subject to
this effect. However, because the calculated M, values are heavily
weighted by the central parts of the distribution, the values are expected
to be largely insensitive to peak broadening.

The most significant advantage of assuming a form for the MWDs
of the standards is that it results in M, values that are independent of
the system calibration. However, this method is subject to errors arising
from the assumption of a form for the MWD. Also, because the data
from each standard alone are used in this method, it is subject to errors
in the values of the parameters supplied with the calibration standards.

Significance of Peak Molecular Weight Corrections
for Molecular Weight-Sensitive Detectors

Table I quantifies the effect illustrated in Figure 1 for a series of poly-
styrene standards in THF. In this table the M, values for the molecular
weight-sensitive detectors were obtained by assuming the calibration
standards have a Gaussian MWD. It is apparent that despite the low
polydispersities of the calibration standards (typically PDI ~ 1.06), the
M, values of the molecular weight-sensitive detectors are significantly
different from the M, values assigned by the supplier. For example, the
standard assigned a value of 200,000 for M, ... and a PDI of 1.06 by
the supplier is predicted to have values of 207,640 and 210,170 for
M, .iic and M, 1 arrs, respectively. The effect of polydispersity on M1 ar1s
is larger than the effect on M, ;.. because of the difference in the mo-
lecular weight sensitivity of the two detectors. The LALLS signal scales
as M, whereas the viscometer signal scales (through [n]) approximately
as M°7 in good solvents.

Both the experimental and theoretical methods of determining the
correct M, values for the molecular weight-sensitive detectors give sim-
ilar M, values for calibration standards. This fact is apparent from Figure
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Figure 2. Ratio of the viscometer peak molecular weight to the concentration
detector peak molecular weight versus M, value supplied with the standards.
Open circles were determined assuming a Gaussian MWD for the standards,
squares were determined from the DRI MWD, and triangles were determined
from the UV MWD.

2, which shows the ratio of M, . t0 M cone (the viscometer M, shift)
versus the nominal M, for the series of standards given in Table I. The
values determined from both the experimental MWDs (filled symbols)
and the Gaussian approximation (circles) are shown. The points corre-
sponding to the experimentally determined MWDs include data from
both a DRI detector (filled squares) and a UV detector (filled triangles).
The SEC system used is equipped with both of these detectors, which
act as concentration detectors for polystyrene. Figure 3 is a similar plot
that shows the LALLS M, shift for the same series of standards.
Figures 2 and 3 show that the M, corrections determined by the
experimental and theoretical methods are comparable. The corrections
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Figure 3. Ratio of the LALLS peak molecular weight to the concentration
detector peak molecular weight versus M, value supplied with the standards.
Open circles were determined assuming a Gaussian MWD for the standards,
squares were determined from the DRI MWD, and triangles were determined
from the UV MWD.
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vary from a few percent in the middle of the molecular weight range to
over 10% at the molecular weight extremes. Because the uncertainties
in typical SEC analyses are of the order of 5-10%, these corrections are
significant. The trends in the magnitude of the corrections result from
the higher polydispersity of the standards at the molecular weight
extremes.

Figure 4 demonstrates the importance of using the correct M, values
when calibrating molecular weight-sensitive detectors. This figure shows
the ratio of the M, determined from the viscometer alone (5, 6) to the
M, determined from the DRI detector for a series of polystyrene stan-
dards. The lower dataset was obtained by calibrating the viscometer
with the uncorrected M, values supplied with the standards. It is apparent
in this case the viscometer consistently underestimates M, relative to
the DRI. The upper dataset was obtained using the correct M, values
for calibrating the viscometer. This dataset is scattered about 1, indi-
cating that there is good agreement between the M, from the viscometer
and M, from the DRI when the nature of the viscometer response is
taken into account during its calibration.

Matching Detector Signals

The signals from independently calibrated detectors can be matched
through their respective calibration curves. The signals from the two
detectors are matched at a given hydrodynamic volume. This is illus-
trated schematically in Figure 5 in which the on-line viscometer and
DRI signals are combined to obtain an [9]-MW trace for a sample.
Each slice of the concentration (DRI) chromatogram can be repre-
sented by an elution volume V, and a concentration ¢;. Using the DRI

110 —

0.80 —|

M,(visc) / M(DRI)

080 T
1000 10000 100000 1000000

M, (DRI)

Figure 4. Comparison of M,, from the viscometer to M,, from the DRI de-
tector. Open squares were obtained using the M,, values supplied with the
standards (concentration detector M,) in calibration. Filled squares are ob-
tained when viscometer M,, values determined by the experimental method
detailed in the text are used in calibration.
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Figure 5. Schematic of the method of signal matching for independently
calibrated detectors (see text).

calibration curve, this elution volume can be transformed into the
corresponding hydrodynamic volume HDV,. This hydrodynamic vol-
ume can then be used with the viscometer calibration curve to de-
termine the corresponding viscometer elution volume V,. The vis-
cometer elution volume is then used with the viscometer
chromatogram to determine the viscometer signal that corresponds
to the slice of the DRI chromatogram c,[n],. By dividing the viscometer
signal by the corresponding DRI signal, the intrinsic viscosity of the
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slice can be determined. This procedure is then repeated across the
chromatogram.

In the preceding procedure, there is in effect an “offset” between
the detector signals (the difference between the elution volumes V; and
V, at a given hydrodynamic volume). However, there is no need to
estimate this offset because this information is contained in the inde-
pendent calibration curves. Because the signals are matched through
their independent calibration curves, the offset is not necessarily static
and, depending on the calibration curves, the offset may vary across the
chromatogram.

It is possible to calculate the offsets between detectors from the
independent calibration curves. This was done and the results are shown
in Figure 6. The calculated offset between the DRI and UV detectors
is constant within experimental uncertainty. In contrast, the calculated
offset between the viscometer and DRI detectors shows deviations at
its extremes. The cause of these deviations is unclear, but they may be
a manifestation of flow effects such as those observed in systems with
single capillary viscometers (7).

Application

Figure 7 is a plot of the [7]-MW relationship for a multimodal PMMA
(M, 3080, M,, 19,120) superimposed onto the MWD of the sample. The
smooth bold curve in this figure represents the literature intrinsic vis-
cosity molecular weight relationship

[n]i = KoMil/z + K'M; (2)

given by equation 2 with values of 7.3 X 1072 mL/g for K, and 1.12
X 10~ mL/g for K’ (8). The noisier curve displays the slice intrinsic
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Figure 6. Differences in peak elution times as a function of molecular weight
calculated from the polystyrene calibration curves for each detector.
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Figure 7. Intrinsic viscosity versus molecular weight plot for a multimodal
PMMA.

viscosities that were determined by the method described in the previous
section. The agreement between the predicted and measured intrinsic
viscosities is satisfying because the sample is multimodal and covers
three orders of magnitude in molecular weight with widely varying con-
centrations. It is interesting to note that deviations between the slice
intrinsic viscosity and literature intrinsic viscosity occur where the
weight fraction in the eluent undergoes a marked change. This is perhaps
due to mixing effects in the detector cells and needs further investigation.

Equation 2 is used for the [7]-MW relationship because this equation
has been shown to be valid over a much wider molecular weight range
than a single set of Mark—-Houwink-Sakaruda parameters (8). The mo-
lecular weight range covered by this PMMA sample is too wide to be
described by the Mark-Houwink-Sakaruda equation.

Figure 8 is a plot of the [7]-MW relationship for a very broad MWD
polystyrene (M, 17,290, M,, 77,620). The smooth bold curve represents
the relationship given by equation 2 with K, 8.5 X 1072 mL/g and K'
1.74 X 10~ mL/g, the literature values for polystyrene (8). The noisier
curve displays the experimentally determined slice intrinsic viscosities.
Again, there is good agreement between the experimental and predicted
results. The dashed curve represents the Mark-Houwink-Sakaruda
equation for polystyrene in THF (K 1.47 X 1072 mL/g, a 0.702) (1),
which is clearly not valid over the whole of the wide molecular weight
range covered by this sample.

Conclusions

Valid independent calibration curves can be established for each detector
in a multidetector SEC system. In doing so the nature of the detector
response and the MWDs of the calibration standards must be taken into
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Figure 8. Intrinsic viscosity versus molecular weight plot for a broad MWD
polystyrene.

account during the calibration. This method enables the detector signals
to be matched based on the hydrodynamic volume of the eluants passing
through each detector. Using this method gives reliable results and also
eliminates the need to use an adjustable parameter such as a time lag
between detectors.
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Determination of Molecular Weight

and Size of Ultrahigh Molecular Weight
Polymers Using Thermal Field-Flow
Fractionation and Light Scattering

Seungho Lee and Oh-Seung Kwon
3M Company, 3M Center, St. Paul, MN 55144

Thermal field-flow fractionation was used to characterize ultrahigh
molecular weight poly(methyl methacrylate) (PMMA) with a light-
scattering detector. The influence of the differential refractive index
increment (dn/dc) and the second virial coefficient (As) on the
measured molecular weight (MW) and the molecular size was in-
vestigated using a broad polystyrene standard having the nominal
MW of 250,000. No significant change was observed in MW, and
size with A,—A, could be assumed to be zero. Debye plot showed
a good linearity for the entire range (0-180°) of the scattering
angle. For ultrahigh MW PMMA, Debye plot was not linear, and
the multiangle measurement was necessary for the extrapolation
of data. Both MW and size increased with A,, and thus A; could
not be assumed to be zero for ultrahigh MW polymers.

POLY(METHYL METHACRYLATE) (PMMA) has remained the most widely
used material for the optic portion of the intraocular lens since it was
first implanted into human eyes in the late 1940s. It is dimensionally
and chemically stable and more transparent than most other types of
optical glasses. The original type very high molecular weight (MW)
PMMA. In this form, PMMA is amenable to lathe-cutting, compression-
casting, and cast-molding fabrication techniques. It can also be tumble-
polished. Because of PMMAs excellent balance of properties, very little
has been done until recently to develop other optic materials. Generally,
acrylic polymers are brittle. Modified acrylics having properties unat-
tainable by the basic unmodified compositions are now offered (1-3).

0065-2393/95/0247-0093$12.00/0
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MW determination of these high MW polymers using size-exclusion
chromatography (SEC) is sometimes difficult because portions of these
materials are beyond the linear calibration range of most SEC columns.

Thermal field-flow fractionation (ThFFF) has been used for the
characterization of a wide range of organic-soluble polymers in dilute
solutions (4). In ThFFF, elution volume of a sample is a function of MW,
and thus the molecular weight distribution (MWD) of the sample can
be determined from its elution profile. ThFFF offers higher resolution
than SEC in its normal range of operation (5). ThFFF is particularly
useful for characterizing very high MW polymers that are difficult to
analyze using SEC (6-8) and microgel-containing polymers (8).

ThFFF elution volume (or time) is a function of Dr/D, where Dy is
the thermal diffusion coefficient and D is the mass diffusion coefficient
(9, 10). The mass diffusion coefficient D of a polymer molecule in a fluid
with viscosity 7, is given by (11)

RT (lOwNA)1/3

" 6N, \ 3[nIM @)

where R is the universal gas constant, T temperature, N, the Avogadro’s
number, M viscosity-average MW, and [n] intrinsic viscosity. If the value
of Dy is available, the MW of a polymer can be determined directly
from its ThFFF elution volume using equation 1. Values of Dy are not
readily available and no theory exists to describe Dy with known phys-
icochemical parameters. A calibration is usually required to determine
MWD of polymers using ThFFF. It is noted that ThFFF has been used
to study thermal diffusion phenomenon and to determine Dy (12, 13).

MW-sensitive detectors (e.g., differential viscometer, light scattering
detector) have been used to eliminate the need for calibration in ThFFF.
With a differential viscometer, the intrinsic viscosity distribution (IVD)
of a polymer is measured. The IVD is then converted to MWD using
Mark-Houwink (M-H) constants (14). The use of accurate M—H constant
is essential in this method. Low-angle laser light scattering (LALLS) has
also been used for ThFFF (15). Unlike viscometry, the light-scattering
method measures the absolute MW of polymers directly. In multiangle
laser light scattering (MALLS), the scattered light intensity is measured
over a broad range of the scattering angles. Besides the MW, the mo-
lecular size can be measured from the angular dependence of the scat-
tered light intensity. Although MALLS has been used in SEC for various
applications (16-18), it has not yet been used with ThFFF. In this study,
MALLS was combined with ThFFF to investigate the applicability of
ThFFF for the characterization of ultrahigh MW polymers.
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Theory

Theories on ThFFF and light scattering have been discussed in numerous
publications. Equations that are needed for the discussion of results are
briefly reviewed here. In ThFFF, the retention ratio, R, is given by (6)

Lo
= — = 2
R V. 6\ 2)

for well-retained solutes. The full expression for R is somewhat com-
plicated (19) and is not discussed here. V° is the channel volume and V,
is the elution volume. The retention parameter A is related to Dr/D by

1 (I—)I) AT (3)

where AT is the temperature drop across the channel. Combining equa-
tions 2 and 3, D1/D can be calculated from the measured elution volume
V,. The MW is then determined using a calibration curve (log (D/Dr)
vs. log M) constructed with a series of narrow standards. As MW in-
creases, D decreases (eq 1), and \ decreases (eq 3). Thus in ThFFF, low
MW species elute earlier than high MW species.

When light passes through an inhomogeneous medium such as a
polymer solution, it is scattered in all directions. The light scattering at
an angle 6 by the solute is measured by the excess Rayleigh ratio R,
which is defined by

I souion_I,soven
R0=’fgeom(9,lt I 8,sol l’) (4)

where I iution and Ijonent are the intensities of the scattered light by
the solution and the solvent, respectively, and I, is the intensity of the
incident light. The geometric factor fyeom = r?/V, where r is the distance
between the scattering source and the detector and V is the scattering
volume. For a dilute polymer solution, the excess Rayleigh ratio R is
related to the weight-average molecular weight (M,,) and the second
virial coefficient (A;) of the polymer by (20)

—I-(% = wag(l - 2A20MWP3) (5)

where K* is a constant defined by (18)

_ 4x*(dn/dc)’n,”

%
K NaA*

(6)
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for vertically polarized light, dn/dc is the differential refractive index
(RI) increment, n, is the RI of the solvent at the incident wavelength
Xo. The solute concentration ¢ (g/mL) is calculated by

An
(dn/dc)

where An is the difference in RI between the solution and the pure
solvent. Pd is the scattering factor (or form factor) and is expressed as a
power series in sin? (6/2) as

(7)

0
Pg =] — oy Sin2 ('g‘) + (4% Sin4 (g) — O3 Sin6 (E) + e (8)

which can be simplified to
. 0
Pg =1- (431 Sln2 (E) (9)

for low scattering angles. The coefficient a; = (47n,/),)*(r;>)./3, where
(rs®), is the z-average mean square radius of the polymer. The root
mean square radius (or RMS radius) V{r,?), is sometimes called “‘radius
of gyration”.
For each slice of the fractogram, the intensity of the scattered light

is measured at a set of discrete scattering angles, and a Debye plot [R,/
K*c vs. sin® (0/2)] is constructed. When 6 = 0, Pd = 1, and equation 5
becomes

R,
( X *C)M) M, (1 — 2A,cM,) (10)
where (R,/K*c),- is the y-intercept of the Debye plot. By solving equa-
tion 10, M,, of the slice is obtained from

_ 2 (intercept)
1 + V1 — 8A,c (intercept)

(11)

W

It is noted that the product, 24, ¢ M,, is much smaller than 1 for most
ThFFF (or SEC) experiments, and equation 10 is further simplified to

(RI%)H - M, (12)

Thus, M,, is directly obtained from the y-intercept of the Debye plot.

The mean square radius is obtained from the slope of the Debye plot
by
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(r2). = —3)\,2m,
& /"~ 16x°n,2M, (1 — 4A,cM,)

(13)

where m, is the slope of the Debye plot at zero scattering angle, m,

= d(Ry/K*c)/d(sin® (6/2))s-o-

Experimental Details

ThFFF. ThFFF was carried out with a Polymer Fractionator model
T100 (FFFractionation, Inc., Salt Lake City, UT) equipped with a Waters
model 590 pump and a 20-mL loop Rheodyne injector (Rheodyne Inc.,
Cotati, CA). Detectors were a MALLS (Wyatt Technology model DAWN-
F, Santa Barbara, CA) and a refractive index (RI; Hewlett Packard model
1037A, Palo Alto, CA) connected in series with the RI following the MALLS.
The light source of the MALLS is a He—Ne laser (632.8 nm). The ThFFF
channel is 0.0127 cm thick, 1.9 cm in breadth, and 45.6 cm long. Light-
scattering data were collected and processed using the ASTRA software
provided by Wyatt Technology. For conventional ThFFF experiments
(without a light-scattering detector), a calibration curve (log (D/Dy) vs. log
M) was constructed using a series of narrow polystyrene (PS) standards
having MWs of up to 9.35 million Da. The calibration curve showed an
excellent linearity for the entire MW range. The ThFFF-RI (refractive index)
data were collected and processed using the software provided by FFFrac-
tionation, Inc.

dn/dc Measurement. A laser differential refractometer (LDC/Milton
Roy model KMX-16, Riviera Beach, FL) was used for dn/dc measurements.

SEC. SEC was carried out at room temperature with an HP 1090
Chromatograph (Hewlett Packard, Palo Alto, CA) equipped with an RI de-
tector (Hewlett Packard model 1037A). Columns were Permagel 500-, 10°—
10°-, and 100-A columns (Column Resolution, Inc., San Jose, CA) connected
in series. All SEC experiments were run in tetrahydrofuran (THF) at 1.0
mL/min. Samples were dissolved in THF and filtered through a 0.2-mm
poly(tetrafluoroethylene) disposable filter (nonsterile, 25 mm disc). The in-
jection volume was 100 mL. The column set was calibrated using a series
of narrow PS standards having MW ranging from 2000 to 7.7 X 10°. The
calibration curve (log MW vs. retention time) was obtained by fitting the
data with a third-order linear regression, and the curve started deviating
from linearity at the MW of ~5 million due to the column exclusion.

Materials. Narrow PS standards were obtained from Pressure Chem-
ical Company (Pittsburgh, PA). A broad PS standard (MW = 250,000) was
obtained from American Polymer Standards Corp. (Mentor, OH). The PMMA
materials were Perspex CQ UV obtained from Imperial Chemical Industries
(Wilmington, DE) and UV 52E obtained from Pharmacia Ophthalmics
Inc.(Monrovia, CA). High-performance liquid chromatography-grade THF
from JT Baker Inc. (Phillipsburg, NJ) was used as a carrier for all ThFFF
and SEC experiments. The polymer solutions had concentrations of
~0.2% (wt/vol).
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Results and Discussion

The determination of polymer MW and RMS radius using light scattering
measurement requires the knowledge of dn/dc and A, values (see eqs
6,7, 11, and 13). A broad PS standard having the nominal MWs of M,
=100,000, M,, = 250,000, M, = 430,000 was used to review the basics
of polymer characterization using ThFFF-MALLS-RI. Figure 1 shows
ThFFF elution curves of the PS standard obtained from light scattering
(at 90°) and RI detector. ThFFF conditions were AT = 50 °C, flow rate
= 0.3 mL/min with the stop-flow time of 1 min.

The values of dn/dc and A, are available in literature for many poly-
mer—solvent systems. For the polymer—solvent systems whose dn/dc
and A, values are not available, separate measurements are required.
The dn/dc can be measured by differential refractometry and A, by the
static mode of light scattering. A range of dn/dc and A, values are re-
ported for the PS-THF system: dn/dc = 0.186 — 0.193 cm®/g and A,
=8.32 X 107 — 2.11 X 10™* mL mol/g? at the wavelength of 633 nm
(21). For the PS standard used in study, the dn/dc value of 0.190 was
measured using a laser differential refractometer. The A, value was not
measured separately.

Table I shows the MWs and the RMS radii of the PS standard de-
termined with different dn/dc and A, values. Equations 11 and 13 in-
dicate that both the MW and the RMS radius increase as A, increases.
No significant changes were observed in MWs and sizes when A, was
varied at the constant dn/dc value of 0.2. It is noted that A, could be
assumed to be zero. As mentioned earlier, the product A;cM is usually

MALLS (90°)

Detector Response

0.0 N 5.0 ‘ . . . 10.0
Elution Volume (mL)
Figure 1. ThFFF elution curves of a broad PS standard having nominal

MWs of M,, = 100,000, M,, = 250,000, and M, = 400,000. ThFFF conditions
are AT = 50 °C and flow rate = 0.3 mL/min.
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Table I. Molecular Weights and RMS Radii of 250,000 MW PS Standard
Determined by ThFFF-MALLS-RI Using Different dn/dc and A, Values

Tgn Tow Tgw
dn/dc A, M, M, M, (nm) (nm) (nm)
0.200 0 1.48 X105 2,58 x10° 3.99 X 10° 15.2 20.0 25.0
0.200 1X107™* 1.48 X 10° 2.58 X 10° 3.99 X 10° 15.2 20.0 25.0
0.200 2X10™* 1.49 X 10° 2.58 x10° 4.00 X 10° 15.2 20.0 25.0
0.200 4X10™* 1.49x10° 2.58 x10° 4.00 X 10° 15.2 20.0 25.0
0.200 8Xx10™* 1.50 X 10° 2.59 X 10° 4.01 X 10° 15.2 20.0 25.0
0.200 1x10™* 1.48 X 10° 2.58 x10° 3.99 X 10° 15.2 20.0 25.0
0.190 1x10™* 1.56 X 105 2.71 X 10° 4.20 X 10° 15.2 20.0 25.0
0.180 1x10™ 1.65 X105 2.87x10° 4.44 X 10° 15.2 20.0 25.0

much smaller than 1, and the A, terms in equations 11 and 13 are neg-
ligible. The term A;cM becomes increasingly important as the MW or
the concentration of the sample increases. The effect of A, on the MW
and size for ultrahigh MW PMMA materials is discussed later.

The MW is inversely proportional to the product K*c (see eq 12)
and the product K*c is proportional to dn/dc (see eqs 6 and 7). Thus for
a given R,, the calculated MW is inversely proportional to the dn/dc
value used for the calculation. As dn/dc decreases from 0.2 to 0.18 at
the fixed A, value of 1 X 107, the MWs increase proportionally as
expected. Because the size is determined from the slope of the Debye
plot, it is independent of dn/dc.

Figure 2 shows the Debye plot for the slice at the elution volume
of 3.7 mL. The values of dn/dc and A, were taken as 0.19 and zero,

x10’
5.00

4.00 |-

3.00 -

R/K *c

2.00 -

1.00 [~

0.00 . L :
0.0 0.25 0.50 0.75 1.00

Sin’ (6/2)

Figure 2. Debye plot for the PS standard shown in Figure 1 at the elution
volume of 3.7 mL.
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respectively. The data were extrapolated using the first-order linear
regression, and MW of 2.74 X 10° and RMS radius of 20.9 nm were
obtained for the slice (see eqs 11 and 13). The first-order least square
line is shown as a solid line. According to equation 9, the Debye plot is
linear at low scattering angles. Figure 2 shows a good linearity for the
entire range (0-180°) of the scattering angles.

The M,, and RMS radius determined for the whole distribution of
the PS standard are plotted against the elution volume in Figures 3 and
4, respectively. Figure 3 shows a good linearity between log MW and
log V, as expected from ThFFF theory (see eqs 1-3). At the beginning
and the end of the elution curve, the detector signal becomes too weak
to measure the MW accurately. The noise shown at the high end of the
elution volume is due to the weak RI response (relative to the light-
scattering signal) as it approaches the baseline (see Figure 1). Figure 4
also shows the expected increase in size with increasing elution volume.
The plot becomes noisy at the elution volume below about 3 mL. As
the molecular size becomes much smaller than the wavelength of the
light source, the angular dependence of the light scattering disappears
(isotropic scattering) and an accurate determination of molecular size
becomes difficult.

Figure 5 shows the plot of RMS radius versus MW on a log-log
scale. The data for the elution volume lower than 3 mL were dropped

1.0x10

1.0x10° |

Molecular Weight

1.0x10

T

I.O 10‘ 1 1 1 L A 1 1
. 1.0 10.0

Elution Volume (mL)

Figure 3. MW versus elution volume for the PS standard shown in Fig-
ure 1.
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Figure 4. RMS radius versus elution volume for the PS standard shown

in Figure 1.
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Figure 5. RMS radius versus MW for the PS standard shown in Figure 1.
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because of excessive noise in the RMS radius as shown in Figure 4. The
slope of the plot depends on the molecular density (17, 18). As the
density of the molecule increases due to branching, cross-linking, or the
existence of the microgels, and so on, the slope of the plot decreases,
and thus the RMS radius versus MW plot can be used for polymer con-
formation studies (17). The first-order least-square fit of the data is shown
as a dotted line. The slope is 0.57, which agrees well with the result
reported elsewhere for PS-THF system (18).

The same ThFFF-MALLS-RI system was used to characterize two
ultrahigh MW PMMA materials (Perspex and UV 52E). A power pro-
gramming (22) was used for ThFFF operations with the programming
parameters of initial AT = 40 °C, predecay time ¢; = 5 min, ¢, = —10
min, and the hold AT = 10 °C. The flow rate was fixed at 0.5 mL/min.
Figure 6 shows the traces from light-scattering (90°) and RI detector
for the PMMA materials. Figure 7 shows the Debye plot of the Perspex
at the elution volume of 11 mL. Unlike the plot for the PS standard
shown in Figure 2, the plot is not linear: a fourth-order regression was
required to fit the data. As MW increases, the A, term (A,cM) and thus
the higher order terms in equation 8 become increasingly important,

Perspex

UV52E MALLS (90°)

Detector Response

RI

— ! ]

0.0 50 10.0 15.0 20.0
Elution Volume (mL)

Figure 6. Elution curves for power programmed ThFFF runs of PMMA
materials with parameters t; = 5 min, t, = —10 min, initial AT = 40 °C,
and flow rate = 0.5 mL/min.
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x10°
10.0

7.50(

5.00}

*c
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0.00—
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Figure 7. Debye plot for PERSPEX at the elution volume of 11 mL.

and the Debye plot starts deviating from the linearity. Multiangle mea-
surement is thus necessary for the accurate determination of MW and
RMS radius of ultrahigh MW polymers.

A range of dn/dc and A, values are also reported for the PMMA-
THF system: dn/dc = 0.084-0.088 cm®/g and A, = 5.3 X 107 to 1.1
X 10~* mL mol/g? at the wavelength of 633 nm (21). Table II shows the
MWs and the RMS radii calculated for the Perspex using different dn/
dc and A, values. Unlike for the PS standard discussed earlier, both MW
and RMS radius increase with A,. The A, terms in equations 11 and 13
become increasingly important as the polymer MW increases, and A,
can no longer be assumed to be zero. The calculated MW decreases
with increasing dn/dc, whereas the size remains unchanged.

MWs and RMS radii of Perspex and UV 52E obtained from ThFFF-
MALLS-RI are summarized in Table III. The values of dn/dc and A,
were taken as 0.083 and 2 X 1074, respectively, for both polymers.
Figures 8 and 9 show the plots of MWD and the RMS radius versus

Table II. Molecular Weights and RMS Radii of PERSPEX Determined by
ThFFF-MALLS-RI Using Different dn/dc and A, Values

Tgn Tgw Tew
dn/dc A, M, M, M, (nm)  (nm) (nm)
0.083 0 431 x10° 5.87x10° 8.01 X10° 91.6 103.8 114.0
0.083 2X10* 4.42x10°® 6.10x10® 8.31x10%° 92.8 106.0 116.5
0.083 5x10* 461x10° 6.55x10° 8.90x10% 95.5 110.7 122.2
0.083 2Xx10* 442x10° 6.10x10° 8.31x10° 928 106.0 116.5
0.088 2x10* 4.15%x10® 5.73x10° 7.80x10% 92.7 105.7 116.2
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Table III. MW and RMS Radii Determined
by ThFFF-MALLS-RI for PMMA Materials

rg,n rg,w rg,w

M, M, M, (nm)  (nm)  (nm)
Perspex 4.42x10° 6.10 X 10° 8.31x10° 928 1060 1165
UV52E 1.83x10° 3.77X10° 8.00x10° 622 845 113.6

MW, respectively. In Figure 9, no significant difference in the slope
was found between two materials: 0.346 for Perspex and 0.354 for UV
52E. Those slopes are lower than that obtained for the PS standard in
Figure 5, which indicates both PMMA materials have higher molecular
density than the PS standard.

The PMMA materials were also characterized using conventional
ThFFF and SEC without the use of light-scattering detector. RI traces
from SEC are shown in Figure 10, and the MWs determined by ThFFF
and SEC are summarized in Table IV. For the same sample, the MWs
obtained from ThFFF are higher than those obtained from SEC. As the
polymer size approaches the exclusion limit of the columns, the MW
tends to be underestimated in SEC. There is also a possibility of shear
degradation as these ultrahigh MW polymers pass through the SEC
columns.

2.0
15

§ PERSPEX

E 0]

i) : _‘

2 UV52E

o

Z
05
0.0 C il | h nnd

1x10° 1x10° 1x10 1x10

Molecular Weight

Figure 8. MW distributions of PMMA materials shown in Figure 6.
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1x10° 1x10’ 5x10’
Molecular Weight

Figure 9. RMS radius versus MW for PMMA materials shown in Figure 6.

PERSPEX

RI Response

L
0.0 5.0 10.0 15.0 20.0
Elution Time (min)

Figure 10. SEC of PMMA materials in THF at 1 mL/min.
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Table IV. MW Determined by ThFFF-RI
and SEC-RI for PMMA Materials

M, M, M,

ThFFF-RI

Perspex 2.77 X 108 7.11 X 108 11.6 X 10°

UV 52E 1.37 X 108 3.99 X 108 7.24 X 108
SEC-RI

Perspex 0.832 X 108 2.14 X 108 3.58 X 108

UV 52E 0.577 X 108 1.67 X 10° 3.06 X 108
Conclusions

With its multiangle capability, MALLS can be used to measure the
size as well as the absolute MW of polymers. The multiangle capability
seems to be particularly important for the determination of MW and
RMS radius of ultrahigh MW polymers as the Debye plot deviates from
the linearity. It is also important for the analysis of ultrahigh MW poly-
mers to use accurate A, value as well as dn/dc as the resulting MW and
RMS radius tend to vary with those values.

Even with an absolute MW detector such as light scattering, the
accuracy of the polymer MW determined by a separation technique
depends on the resolution of the separator because the MW is calculated
based on the assumption that each data slice is monodisperse. Thus, it
is important to choose a separation technique that provides higher res-
olution for the polymers to be analyzed. ThFFF offers higher resolution
than SEC for high MW polymers, particularly for polymers with MW
near or higher than 1 million Da.
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Unified Refractive Index-Light-
Scattering Intensity Detector
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We develop series expansions useful in extrapolating two-angle
light-scattering data to 0° using the Debye expression for the form
factor of a Gaussian coil. Errors that would be encountered if the
equations were used to analyze data on molecules of other shapes
are discussed. Graphs show the percent error in radius of gyration
(Ry) and molecular weight (M,,) for hard spheres, rigid rods, and
Slexible rings over the range of R, = 0-150 nm. Finally, we present
experimental data showing that instrument calibration done in one
solvent can be used in other solvents with different index of re-
fraction and that accurate values of dn/dc can be obtained using
a commercially available refractive index detector.

LIGHT-SCA’ITERING INSTRUMENTS designed to be used on a routine basis
as detectors in chromatography systems are commercially available. The
instruments measure scattered intensities at two or three angles and are
used in conjunction with a concentration detector (often a differential
refractometer) to determine the molecular weight (M,,) distribution and,
for larger molecules, radius of gyration (R;). A number of questions
arise in obtaining optimum results from these detectors: (1) How should
the calculations of M,, and R, be done?; (2) Over what range of M,, and
R, are the results reliable?; and (3) Does the calibration extend to other
solvents and polymers?

Mourey and Coll (1) suggested that the form factor for a Gaussian
coil be used to analyze two-angle data at 15° and 90° to obtain M,, and
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R,. They used an iterative approach to make this calculation and showed
that good agreement with the expected values for polystyrene standards
in tetrahydrofuran (THF) were obtained for M,, from 1.06 X 10° to 2.3
X 10® Da. They also obtained values for R, in good agreement with
literature values over the range of ~12 to ~72 nm.

First, we provide series expansions that accurately allow the cal-
culation of M,, and R, using the method of Mourey and Coll without
requiring an iterative approach. Second, we present experimental data
showing that a calibration using a single standard in one solvent can be
used to make measurements in a variety of solvents. We do this by
studying two polystyrene standards dissolved in five different solvents
with specific refractive index (RI) increments (dn/dc) ranging from
0.0615 to 0.224.

Series Expansions for 1/P(8) and R,

The usual starting point for discussion of light-scattering intensity (2) is
the equation

io _ 47°n*V,(dn/dc)? sin® 9cM.,,P(6)

N2

=)

= SoP(6) (1)

|

where i, is the intensity of light in the scattered field, I, the intensity of
incident light, n the solvent index of refraction, V, the illuminated sample
volume, ¢ the angle between polarization direction and scattering di-
rection, ¢ the concentration, N' Avogadro’s number, A, the light wave-
length in vacuum, and r the distance from the scattering volume to the
detector. P(f) is the form factor depending on the scattering angle, 6. It
is equal to 1.0 for molecules much smaller than \,/n and decreases with
increasing molecular size. S is the intensity that would be obtained if
the measurement were made at a scattering angle of 0°. We have spe-
cialized equation 1 for linearly polarized light and for values of ¢ suffi-
ciently low that virial coefficients may be neglected. The light-scattering
geometry is shown in Figure 1.

Modern light-scattering photometers use a small diameter laser beam
as a light source. In this case, we can replace I,V, with P,l, where P, is
the laser power output and 1 the path length of the laser beam that
actually contributes to the detected signal. Calculation of the detector
response also requires integration over both the area of the detector
and the length of the laser beam contributing to the detector signal. In
practice, it is more convenient to calibrate the instrument using a single
well-characterized narrow distribution standard rather than attempting
calibration from a knowledge of the scattering geometry.

The instrument used in these studies measures light scattered at two
angles. Figure 2 shows the optical arrangement of the detector. Using
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Figure 1. Diagram showing the light scattering geometry.

a Fourier lens optical system, light scattered from 14° to 16° is collected
in a single detector. A second detector collects light scattered at 90°
using a flat-ended GRIN lens 2 mm in diameter purchased from NSG
America, Inc., Somerset, NJ. The maximum acceptance angle (3,,) of
the GRIN lens is limited by its numerical aperture to 27.5° in the center
of the lens when it is in contact with a fluid having an index of refraction
n = 1.0. The acceptance angle for other fluids is given approximately
by 8, = 27.5°/n. The acceptance angle is also reduced for light entering
the lens at positions nearer its edge. The detector solid angles are ~0.057
steradians at 15° and 0.15 steradians at 90° for a fluid with n = 1.4.
The detector solid angles depend on the index of refraction of the
fluid in the cell because of refraction at the fluid-window interface. The
solid angles are proportional to 1/n? for both detectors. However, the

Detector Optics

90
deg
GRIN
LENS 15 deg.
:_'gqusT : ~OUTPUT
LASER LENS
BEAM il

O

Figure 2.  Optical configuration of the two-angle light-scattering photometer
used in these studies.
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length of the laser beam contributing to the signal is limited by apertures
for the 15° detector so that 1 o« n, whereas the 90° path length is not
dependent on n. Consequently, with the factor of n® in equation 1, we
expect the detected signal to be independent of n at 90° and proportional
ton at 15°.

The danger associated with a finite acceptance range is that averaging
P(0) over the full range may give a result for P(d) different from that
obtained if the angular range is very small. We begin a discussion of this
problem by using the asymptotic expression for P(f),

P(0) = 1 — (¥s)(4mn/A,)?R,? sin® (6/2) = 1 — f'sin® (6/2) (2)

where f = (¥5)(4mn/\,)?R,? is introduced to reduce the complexity of
some of the equations to follow. The detected signal (LS,) is obtained
by substituting equation 2 into equation 1 and integrating over the solid
angle of the detector.

LS, = LS, f {1 — fsin? (0/2)}d@ 3)

Where dQ is an increment of the detector solid angle. For the 15° de-
tector we can use the approximation sin (/2) ~ 6/2 and dQ = 2x6d6.
With these substitutions, equation 3 may be written

9 + b
LS5 = 2715, f (1 = f02/4)8d6 = 4x08LSo(1 — (6% + 87)/4) (4)

— b

Thus, the detected signal obtained for collection over the angular range
of § — 5, to § + 8, is equivalent to a signal obtained at a scattering angle
0eff Wlth

Bei® = 62 + 52, (5)

If 6 = 15° and 4, = 1°, 0. = 15.03°, indistinguishable in a practical
sense from 15°.

At 90°, integration of equation 2 from 90 — §,, to 90 + 6, shows
that 6. = 90° to all orders in 6 for any collection function symmetric
about 90°. However, equation 2 will become increasingly inaccurate as
R, increases beyond 40 nm. We need therefore to consider higher order
terms. They depend on the shape of the molecule, but we can gain some
insight into the potential of a serious error by considering the well-
known Debye expression for Gaussian coils (3),

PO) =2u2(e™+u—1)
u = (47n sin (8/2)/X,)?R,2 = 3 fsin® 6/2 (6)
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Assuming the lens collects all light in a cone with a half angle of §,,, the
total light collected by the 90° detector will be

Sm
LSs0 = LS f P(x/2 + 8)(5.% — 8%)12d5 (7)
—bm

We have evaluated equation 7 using numerical techniques. We used
values of n = 1.4 and A\, = 670 nm in equation 6, and did the calculation
for R, = 20-140 nm and §,, = 10-30°. Surprisingly, the ratio

(P(0) averaged over the detector solid angle)/P(90)

did not differ from 1 by >3% for §,, = 20° over the range in R, studied.
A summary of the results is given in Table I. We conclude that it is valid
to treat the 90° light-scattering signal without correcting for the finite
collection aperture.

The detected signal is given by

LSgo = (47%P,lgoQgq sin® 3/ N A,*)(dn/dc)%cM,,P(90)
= Kgo(dn/dc)?cM,,P(90) (8a)

LS5 = (47°P,l;5Q,5 sin® ¥/ N\, *)n(dn/dc)?cM,P(15)
= K;sn(dn/dc)*cM,,P(15) (8b)

The constants K;5 and Kg, are independent of both solvent and solute.
They can in principle be determined in a single measurement of a narrow
distribution standard with R, < 10 nm. Notice that the light-scattering
signal amplitudes are proportional to the constants K;5 and Kgg. To in-
crease the signal strength, and therefore, the signal-to-noise ratio, the
instrument designer must increase these factors. The key quantity is

Table I. Errors in 90° Scattering
Intensity Due to Finite Detector

Acceptance Angle
O R, P(90) P(6)avg/P(90)
10° 50 0.86822 1.00011
10° 100 0.60195 1.00121
10° 150 0.38011 1.00336
20° 50 0.86822 1.00043
20° 100 0.60195 1.00477
20° 150 0.38011 1.01343
30° 50 0.86822 1.00094
30° 100 0.60195 1.01051
30° 150 0.38011 1.03009
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PIQ/A*. 1t is this product rather than any single term, such as the laser
power, that determines the total signal detected.

A third calibration constant Kg; obtained at the same time as K5
and Ky, gives the relationship between the concentration and RI signal,

RI = Kgy(dn/dc)c (9)

Kz can be obtained under the assumptions that no sample is retained
by the column and that a single value of dn/dc describes the entire
sample. Integration of equation 9 over the full RI curve gives the area
under the curve, Ag;.

ApQ = Kgy(dn/dc)M; (10)

where M is the mass of sample injected onto the column and Q is the
mobile phase flow rate. Equation 10 can be used to determine either
Kg; or dn/dc if the other is known.

We now turn to a discussion of the development of equations that
can be used to obtain M,, and R, from the three quantities, RI, LS,5, and
LSq,. We seek series expansions for the quantities 1/P(15) and nR, that
agree reasonably with equation 6. The goal is to obtain agreement within
0.1% for R, < 140 nm.

We have tried two simple series expansions in terms of the ratio:

_ LS5 _ P(15)
R LSqo  P(90) )
They are first,
1/P(15) = 1 + Za(R — 1)’
nR, = Zb,(R — 1) (12)
and second,
1/P(15) = 1 + Z¢(1 — 1/R)
nR, = =d;(1 — 1/R)* (13)

The first choice was found to converge to the desired accuracy with
fewer terms than the second and is used in the remainder of this
development.

We first obtain a, and b, by substituting equation 2 into equation
11. For A\, = 670 nm we find

(nR,)* = T
5.6632 X 10~° + 5.8629 X 105(R — 1)

(14)

or,asR—1—->0
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nR, ~ 132.882(R — 1)"2
1/P(15) ~ 1 + 0.03527(R — 1) (15)

Using the coefficients in equation 15 as the first terms in the series
expansions of equation 12 to assure that the slopes of the curves as
R — 1 — 0 are correct and obtaining additional coefficients using the
program given by Bevington (4) to fit data to a polynomial, we obtain
with all weights set equal to 1,

nR, = 132.882(R — 1)"2 + 0.218(R — 1) — 18.907(R — 1)*2
+11.574(R — 1) — 1.886(R — 1)52
1/P(15) = 1 + 0.03527(R — 1) — 0.0063303(R — 1)2
+0.0015949(R — 1)3 (16)

Expressions for P(f) have been given for a variety of molecular shapes
(5). Figures 3 and 4 show the errors that would be encountered if data
for solid spheres, flexible rings, or rigid rods were analyzed using equa-
tion 12. (The molecular weight of a solid sphere with R, = 40 nm would
be in excess of 5 X 10® Da, so the larger errors for solid spheres at R,
> 40 nm are not relevant for gel permeation chromatography (GPC)
applications.) We conclude that light-scattering measurement at 15°
and 90° will give M,, with a “shape” error of <1% for molecules with
R; < 100 nm (<80 nm for hard spheres) and R, with a “‘shape” error
<10% with R, < 100 nm (<65 nm for hard spheres) if the data are
analyzed using equation 16.

40 . :
. 1/
2 ; P Fiexible Rings
20 7
c :
I
LI:.I 0 “4 ussipn Colls
2 : \\
—~
2
-2 Rigid Rods
-40 ! - |
0 20 40 60 80 100 120 140 160

Rg (nm)

Figure 3. Errors expected in R, using equation 12 to calculate R, for mol-
ecules of different shape.
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Figure4. Errors expected in using equation 12 to calculate M,, for molecules

of different shape.

Series expansions similar to equations 16 can also be obtained for
other molecular shapes for which P(6) is known and for other pairs of
scattering angle. Table II gives the coefficients in equations 12 for several
shapes.

The scattering angles were 90° and 15° in all cases. The accuracy
of the fits over the range of R, = 0~100 nm and R, = 0~150 nm are also
given. These coefficients may be used to give more accurate data analysis
in cases where the molecular shape is known.

Experimental Study of Effects of Solvent Index
of Refraction

We have examined experimentally the response of the light-scattering in-
strument to scattering using the same polystyrene standards in solvents of
different index of refraction. We made a series of measurements on two
polystyrene standards (Millipore nominal M,, = 8500, P/N 25171, Lot
#80314 and Waters nominal M,, = 110,000, P/N 41995, Lot #70111) dis-
solved in five solvents [acetone, methyl ethyl ketone (MEK), tetrahydro-
naphthalene, THF, and toluene].

The two standards, supplied to us by Millipore and Waters, were man-
ufactured and characterized by Pressure Chemical (Pittsburgh, PA). They
provide characterization data for the nominal 8500 Da standard showing
M,, = 8000, M, = 7350, and M, = 8640 by size-exclusion chromatography
and M, = 9050 by vapor pressure osmometry. For the purposes of this
study, we based all calculations on a value of 8500 daltons for this standard.
No errors were quoted for this standard.

The nomina(l1 110,000 Da standard was listed as having M,, = 93,050
+ 6% by light scattering, M, = 98,700 + 6% by intrinsic viscosity, and M,
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= 92,600 + 6% by membrane osmometry. The molecular weight calculated
from the stoichiometry of the polymerization reaction was 100,000
+ 6% Da.

Samples were prepared with ~30 mg of standard in 3 mL solvent for
the 8500 Da standard and 5.5 mg of standard in 3 mL solvent for the 110,000
Da standard. The concentration of the samples was estimated to be accurate
to £1.5%. Injections of 100 uL were used in all cases. Five to 10 runs were
made for each sample with the exception of the 110,000 M,, sample in
acetone (the sample did not dissolve).

Chromatography was done using a Waters model 510 pump, a Waters
model 712 WISP injector, and a single Toyasoda TSK300W silicon gel col-
umn. The same column was used for all solvents; it was flushed for =12 h
with a new solvent before making measurements.

A Precision Detectors model PD2000 light-scattering photometer
(scattering angles of 15° and 90°) was mounted in a Waters model 410
refractometer. The two detectors were connected in series with the refrac-
tometer last to avoid damage to the refractometer due to excessive pressure.
(The photometer can witﬁstand pressures in excess of 1000 psi.) It was
determined in a separate experiment using human serum albumin in a salt
buffer that the effective interdetector volume was 90 = 10 uL. The pho-
t(l)lmeter cell volume was 10 pL. Data were collected at 1-s intervals in
all cases.

Data Analysis

Of a total of 60 runs, one was discarded because of a steeply sloping RI
baseline and one was discarded because of an injector failure. The anal-
ysis of the remaining runs is the subject of this section.

The first step was the determination of the three calibration constants
using equations 8a, 8b, and 10. We used the nominal 8500 Da sample
dissolved in THF for calibration purposes, as this sample can be expected
to have a form factor very nearly equal to 1.0 even at a scattering angle
of 90°. We also assumed that dn/dc = 0.180 obtained by extrapolating
literature data (6) to the wavelength of the laser in our instrument,
670 nm.

We next used equation 10 to estimate dn/dc for polystyrene in each
of the other solvents. A comparison of our results with literature values
is given in Table III. The excellent agreement shows that an ordinary
differential refractometer can be used to obtain values of dn/dc for a
solvent-solute pair with an unknown dn/dc.

The light source used in the refractometer had a central wavelength
of 930 nm. Dispersion in the index of refraction of polystyrene between
the RI wavelength and LS wavelength (670 nm) is expected to have no
effect in this study because the same sample was used in all solvents.
However, measurements made in other materials could show effects of
the optical dispersion on the accuracy of the dn/dc determinations. Con-
sequently, for general laboratory use, it is desirable to change the light
source in the refractometer to more nearly match the laser wavelength.
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Finally, we calculated M,,P(15) and M, P(90) for each sample using
equations 8a, 8b, and 9. In principle, we could calculate these values
for each 1-s slice, construct a molecular weight distribution, and then
calculate a weighted average. However, we note that for a narrow stan-
dard, P(f) is constant across the elution peak so

_ 2P (0)~Mici

P(O)M,, = —_E_cl,_ (17)

where the sum is over all slices. Because P(6);M; = LS;/c; we have

LS; _area under LS curve

POM, = =

18
Zc¢;  area under RI curve (18)

(We have suppressed factors of dn/dc, n, and the calibration constants
for clarity.) We calculated P(§)M,, by first summing all runs for a given
sample and then using equation 18. We estimated the standard deviation
for each sample by calculating P()M,, individually for each run and
doing a statistical analysis of the group of runs from each sample.

When the signal-to-noise ratio of the light-scattering chromatogram
is high, the molecular weights are very consistent from run to run with
standard deviations of <1%. We have established an empirical relation-
ship between the standard deviation in M,, determination, ¢ (in %) and
the reciprocal of the signal-to-noise ratio for the chromatogram, ¢(%)
~ 10(S/N)~. This means that a signal-to-noise ratio of only 10 will lead
to molecular weight measurements accurate to ~1%. The validity of
this relationship will depend on the number of slices in each peak. We
obtained a measurement each second and the peaks were ~90 s wide.
In principle, the accuracy of the measurement could be improved by
slowing down the mobile phase flow rate to obtain more points under
the peak. However, noise due to particulate matter in the solvent and
baseline drift will at some point overcome any advantage obtained by
a slower flow rate.

The values of P(6)M,, for two samples and at both scattering angles
are plotted as a function of the index of refraction of the solvent in
Figure 5. This figure shows quite clearly that a single calibration point
in one solvent (the nominal 8500 Da standard in THF) can be used to
measure molecular weights in other solvents. With the exception of
the low molecular weight standard in tetrahydronapthalene (dn/dc
= 0.0615), which gave a signal-to-noise ratio <5, all the low molecular
weight points were within 3% of 8325 Da. The high molecular weight
points were all within 4.6% of 95,485 Da. Both molecular weights are
in agreement with the values given by Pressure Chemical given the
uncertainties in both the Pressure Chemical values and our light-scat-
tering measurement.
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Figure 5. Molecular weights of two standards measured in a number of
solvents plotted as a function of the index of refraction of the solvent. &,
data points for 90° measurements; ¥, for 15° measurements. (A) Nominal
8500 Da standard; (B) nominal 110,000 Da standard.

Itis important to remember that the uncertainty in measurements
includes a possible systematic effect due to an error in dn/dc for one
or more of the solvents, as well as a statistical component due to a
finite signal-to-noise ratio in the light scattering. It is possible that
more accurate values of dn/dc would reduce the discrepancies in val-
ues of P(8)M,, among the different solvents.

The data on the nominal 110,000 Da sample show that, within the
experimental error, the index of refraction dependence of the detected
light scattering is as predicted in equations 8a and 8b. Equation 8a pre-
dicts that light scattering at 90° will have no direct factors of n because
of the competition between a factor of n® in the light-scattering equation
(eq 1) and a factor of 1/n? in the equation giving the solid angle over
which light is collected. Equation 8b, on the other hand, predicts that
light scattering at 15° will be proportional to n because the effective
laser path length is proportional to n. The fact that the data agree with
these predictions is direct evidence that we correctly understand the
detector optics.
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Conclusions

We give series expansions that may be used to obtain M,, and R, from
light-scattering measurements at two angles, 15° and 90°, together with
an RI measurement. Expansions are given for several molecular shapes.
It is pointed out that reasonable accuracy is obtained for all molecular
shapes studied, and for a useful range of molecular sizes, if the results
for a Gaussian coil are used to analyze data for molecules of any of the
shapes considered here. Thus, the expressions are useful in implementing
the method suggested by Mourey and Coll (1) for obtaining M,, and R,
from two-angle light-scattering measurements.

We also show experimentally that a single calibration of the light-
scattering instrument can be used for measurements of molecules in
solvents other than the calibration solvent. Values of dn/dc were obtained
from the RI detector signal. Thus, the light-scattering—RI detector may
be used to obtain M,, even in cases where dn/dc is not known. There
are, however, two restrictions that apply. The sample may not be re-
tained by the column. Otherwise, calculation of dn/dc will be in error.
A single value of the specific RI increment must characterize the entire
sample. A mixture of molecules with different values of dn/dc would
not be correctly analyzed.
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Size-Exclusion Chromatography
with Light-Scattering Detection

at Two Angles
Polystyrene in Tetrahydrofuran

Thomas H. Mourey and Hans Coll

Analytical Technology Division, Research Laboratories B-82, Eastman
Kodak Company, Rochester, NY 14650-2136

A method for the analysis of data from a size-exclusion chroma-
tography (SEC) detector that measures elastic light-scattering in-
tensities at two angles (15° and 90°) is evaluated for linear poly-
styrenes in tetrahydrofuran (THF). Over certain size ranges a single
detector can be used to calculate molecular weights by assuming
the particle-scattering function to be unity. The 90° scattering is
useful for isotropic scatterers less than ~70,000 MW and the 15°
scattering for polystyrenes less than ~500,000 MW. For anisotropic
scatterers, the ratio of scattering intensities at the two angles is
used to calculate the particle scattering function and root-mean-
square radius, assuming a specific polymer shape (e.g., random
coil). Scattering at the low angle and the particle-scattering function
are then used to calculate weight-average molecular weights. It is
shown that the assumption of shape has only a minor effect on the
calculation of polymer sizes in the size range fractionated by com-
mon SEC columns. Accuracy and precison of measured radii are
greatly affected by detector noise on the ratioing method, insensi-
tivity of the light-scattering detector to small molecules in broad
polymer distributions, interdetector volume, and data fitting.
However, one method that uses the ratio of areas of the light-scat-
tering signals alone calculates with high precision and accuracy an
average radius that corresponds most closely to a z-average.

ELASTIC LIGHT-SCATTERING DETECTION for size-exclusion chromatog-
raphy (SEC) has evolved in two directions: low-angle laser light scattering

0065-2393/95/0247-0123$12.00/0
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(LALLS) in which measurements are made at a single angle, typically
less than 7° (1, 2); and multiangle laser light scattering (MALLS), which
measures scattered light at angles typically between ~15° and 160°
(3, 4). The low angle of LALLS approximates the zero-angle scattering
intensity, thus simplifying calculation of the weight-average molecular
weight, M,,. MALLS relies on graphical methods to obtain intercepts
and limiting (zero-angle) slopes of Debye (or related) plots, resulting in
M,, and, for large polymers, the z-average of the root-mean-square radius
of gyration, 7,,. Both methods have strengths and weaknesses. Simul-
taneous measurement of light-scattering intensities at two angles (in this
case 15° and 90°) is a compromise between the two techniques. It does
require, however, a different approach to data analysis than is currently
used for LALLS and MALLS detectors. An appreciation for the differ-
ences can be gained from an overview of conventional light-scattering
data analysis methods for SEC light-scattering detectors.

Theory

Local Properties. “Local properties’ are values such as detector
response, molecular weight, or polymer size at a particular retention
volume of a size-exclusion chromatogram. They are denoted by the sub-
script i. The excess Rayleigh scattering, Ry;, at each retention volume v;
of an SEC is related to the concentration at each retention volume, c;,
and angle, 6, by

Kc; 1
R MP@),  Axet W

P(0); is the particle scattering function and Ay; is the second virial coef-
ficient at each retention volume. M,, is molecular weight at each reten-
tion volume and is a weight average if molecules of more than one mo-
lecular weight elute at the same retention volume. Ry; is measured by
the light-scattering detector and c; is obtained from an independent
concentration detector such as a differential refractive index (DRI) de-
tector. K is the optical constant for light-scattering intensity perpendic-
ular to the plane of polarized incident light,

47°n?(dn/dc)?

K=—"0m,

(2)

where n is the refractive index of the solvent, dn/dc is the polymer
specific refractive index increment, )\, is the wavelength of light in vac-
uum, and N, is Avogadro’s number. For the collection of scattered light
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through an annular opening, such as in LALLS instruments, the optical
constant for plane-polarized incident light is

_ 2x®n®(dn/dc)*(1 + cos® 0)

K
Ao*Na

3)

K is the same as for unpolarized incident light with a fixed-point detector.
The second and higher concentration terms of equation 1 are usually
negligible at the low concentrations used in SEC. In this case,

Ra
Mo ~ Kc,P(9); )

At low angles, the particle-scattering function approaches unity even
for relatively large particle (polymer) sizes, further simplifying the cal-
culation of molecular weights using equation 4. At higher angles, P(f)
is commonly given in the form of a power series in sin® §/2, which for
¢; = 0 leads to the familiar result used in the reciprocal scattering plots
of Zimm (5).

Kc; 1

@ —=—(1+ (5)

2 cinl
— 5 T SIN“ =+ -
3)\02 =4

"Ry M,, 2

167%n? 0 )

Equation 5 can be applied in the analysis of MALLS data. Most
important, this solution for P(f) becomes independent of particle shape
as 0 approaches zero. In practice, scattering intensities are collected at
a number of angles. The value of the limiting slope of the Zimm plot at
¢ = 0 is proportional to the square of the radius of gyration (z-average),
and the intercept is 1/M,;.

Scattering intensities at only two angles are not suited for the graph-
ical methods based on equation 5, unless in a limited size range where
the higher terms of the particle-scattering function are insignificant.
One alternative is to measure the ratio of scattering intensities, Z;, at
angles 6, and 6, which is equal to the ratio of particle-scattering functions
at these two angles,

; _ BRay
7 P02)  Bay ©
The ratio of two angles symmetric about 90°, commonly known as a
“disymmetry”” measurement, has been used for many years to measure
polymer and particle sizes (6); however, the two angles need not be
symmetric about 90° for equation 6 to apply. Sizes can be calculated
from this ratio using an analytical relationships for P(d) for a specific
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particle shape. The relationship given by Debye (7) for random coils is
commonly used for polymer molecules,

2
P(6) = = [e*+x—1] (7)
where
167%n? .0
= v rg> sin’ 5 (8)

and n is the solvent refractive index and ), is the wavelength of light in
vacuum.

Equation 7 applies to monodisperse linear Gaussian chains. The so-
lution for spheres (8, 9) is given by

3 2
P(6) = [E (sin x — x cos x)] (9)
where
Rn\ . ﬂ
x = 41r(x:) sin (10)
and
5
R=rg\/3 (11)

This expression is useful for globular polymers of radius R. Also, the
spherical model is the form that is approached as branching in a polymer
molecule increases (6).

Analysis of light-scattering data at two angles begins with the cal-
culation of excess Rayleigh scattering at each retention volume for the
two light-scattering chromatograms, from which is calculated the ratio,
Z;, of 15° to 90° scattering. If the ratio is 1.0 then the molecules are
isotropic scatterers, and either the 15° or 90° light-scattering data can
be used to calculate molecular weights by using P(6) = 1.0; however,
no size information is obtained. If the scattering at 15° is greater than
the scattering at 90°, then

1. Assume a shape and substitute the appropriate particle-
scattering function into equation 6. For a random coil, the
expression is
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2
3 I:e_xal + X, — 1]

(12)

) 2 e+ x — 1
x022 b2

2. Find the value of r, by iteration that satisfies equation 12,
where x is given by equation 8. This value is r,;, the root-
mean-square radius at retention volume v;.

3. Calculate P(6); from this value of r,; using equations 7
and 8.

4. Use P(6); and equation 1 (or equation 2) to calculate M,,.
In this study, M,,; is calculated from P(15); and R;si.

Average Properties. ‘“Average properties” of the entire polymer
are calculated from the local values measured in the SEC light-scattering
experiment. We define molecular weight averages as follows:

Number-average molecular weight:

M, = zccf (13)
>
Mwi
Weight-average molecular weight:
I ZcM,,
Mw - EC; (14)
Z-average molecular weight:
— >eM,,2
— 1 Wi 15
M. =S, (15)

The whole polymer M,, can also be obtained without the DRI, from
the sample mass injected, m, and the volume increment between data
points, Av;.
_ 1 Ry,
M, =— 3 —% Ay, 16
Km < P(6), " (16)
The weight-average molecular weight is of particular significance in this
study because it can be compared with values measured by static LALLS
on unfractionated polymer.
Similar equations are used to calculate average sizes for the whole
polymer:
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5t

= | — o (17)

2(52-)
[ 2a

_ [ > M, 212
= | W gt 19
o= | P ] (19)

1/2

(18)

Substituting equation 4 into equation 19 gives an equation analogous
to equation 14 for the whole polymer z-average radius of gyration, r,,
that requires quantities obtained from the light-scattering detector alone
(no DRI).

1/2

(20)

Methods that calculate average polymer properties without the DRI
are significant because they circumvent complications that arise from
the measurement of the interdetector volume between the light-scatter-
ing and concentration detectors (10, 11). It is necessary, however, that
eachlocal signal, Ry;, be divided by the computed particle scattering func-
tion, P(6);.

The ratio of the areas under the light-scattering chromatograms at
two angles,

ZRI 5i
2Rso;

can be used to measure a new undefined root-mean-square radius of
gyration. The ratio is used in equation 12 to solve by iteration for a
value of the root-mean-square radius for the whole polymer that we call
g This is again of interest because it is obtained from the light-scat-
tering detector alone. In addition, the areas of the light-scattering chro-
matograms can be measured with high precision and accuracy, making
this a simple method for obtaining an average polymer size.

z:

(21)

Experimental Details

A PD2000W light-scattering detector (Precision Detectors, Amherst, MA)
was installed in a Waters Corporation (Milford, MA) model 410 DRI im-
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mediately before the DRI cell. The light source is a plane-polarized solid-
state laser emitting at 670 nm. As described by the manufacturer, the in-
strument measures 15° scattered light through an annular opening with a
solid angle of ~0.06 sr and at a fixed point at 90° with a scattering solid
angle of ~0.8 sr. Data were collected at a sampling rate of 4 points per
second using a 16-bit Data Translation (Marlborough, MA) 2805-5716
A/D board. Data acquisition and analysis software was written in-house in
ASYST 4.0.

Three 7.5 mm i.d. X 300 mm PLgel 5 um Mixed-C columns (Polymer
Laboratories, Amherst, MA) were thermostated to 30.0°C. Uninhibited tet-
rahydrofuran (THF) at a nominal flowrate of 1.0 mL/min was used as the
eluent. Narrow distribution polystyrene standards (Polymer Laboratories)
were injected in a volume of 100 ul. with concentrations ranging from
0.1 to 2.5 mg/mL, depending on molecular weight. Broad molecular-weight-
distribution polystyrene #18,242-7 was obtained from Aldrich Chemical
Company (Milwaukee, WI). Acetone, added to each sample at a concentra-
tion of 0.1%, was used as a flow marker.

Specific refractive index increments of polystyrene standards were
measured at 632.8 nm in a Thermo Separations Products (Riviera Beach,
FL) KMX-16 differential refractometer at 30.0 °C. Specific refractive index
increments at 670 nm were estimated by extrapolation of the data at 632.8
nm and published values at 436 and 546 nm (6) for polystyrene with mo-
lecular weight 500,000,

(dn/dc)ero =~ 0.9783(dn/dc)ss2.s

The molecular weight dependence of polystyrene dn/dc at 670 nm was
obtained from the following:

(dn/dc)e70 um = 0.1804 — 9.149/M

A specific refractive index increment of 0.180 at 670 nm was used for the
broad polystyrene sample. All dn/dc values were used in light-scattering
calculations at three significant figures. Calibration factors to convert voltage
output to R, for the 15° and 90° light-scattering detectors were calculated
using equation 4 for P(6) = 1.0 from the response of multiple injections
of PS 26,700, PS 19,400, and PS 22,000. The M,, values of each standard
were confirmed by static LALLS, and the calibration factors measured for
these three standards were averaged together.

M,, values were measured on a KMX-6 LALLS (Thermo Separations
Products) at 6-7° in THF using a 15-mm static LALLS cell and a 0.15-mm
aperture.

Results and Discussion

Polystyrene molecules with molecular weights less than ~100,000 are
isotropic scatterers at the wavelength of light used by this instrument.
Identical excess Rayleigh scattering should be observed at 15° and 90°,
and data from either angle can be used to calculate molecular weights
using equation 4 with P(f) = 1.0; however, no size information is ob-
tained. The same molecular weights are measured at the two angles
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Table I. Low-Molecular-Weight
Polystyrenes

Vendor M,, M, 15° M, 90°

61,600 64,600 60,300
52,000 48,600 45,200
26,700 26,400 25,700
19,400 21,300 20,000
9200 9300 9150
7000 7260 7130
5050 5290 5230
3250 3130 3090
2450 2700 2630
1700 ND 1770
1060 ND 1060

ND, not determined, noisy light-scat-
tering signal.

(Table I), although best results are obtained using the 90° scattering
data for the lowest molecular weight samples because this detector is
less sensitive to particulates in the eluent.

Light-scattering chromatograms of a narrow polystyrene standard
with a peak molecular weight reported by the vendor of 1,030,000 are
shown in Figure 1. Now, greater scattering intensity is clearly observed

7 2
5 115
©
o 8
x 3 {11 &
@ -
N x
1 4 0.5
_1 1 1 0
14 16 18 20
Retention Volume (mL)
Figure 1. Light-scattering chromatograms at 15° (- ) and 90°
(+o0-- ) of narrow polystyrene with M, = 1,030,000 and the ratio of the

two curves.
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at the lower angle. The ratio of these curves, also shown in Figure 1,
exhibits the least amount of scatter in the middle where both light-
scattering signals are strong. Values of r, for narrow polystyrene stan-
dards were calculated using equation 12 from the ratios of excess Ray-
leigh scattering at each retention volume, Z;. These values of r,; were
then used to calculate P(15); and finally M, with equations 7 and 4,
respectively. M,, values measured by SEC light-scattering (column 3 of
Table II) of narrow distribution polystyrenes with molecular weights
>100,000 agree with values measured by static LALLS to within 4%.
Values of M,, calculated from the 15° light-scattering detector assuming
P(f) ~ 1 are shown in column 4 of Table I. The assumption of P(f) ~ 1
has no effect on values of M, for polystyrenes less than ~500,000 MW,
and the error introduced is ~1.3% at a molecular weight of 1,030,000
and ~2.2% at molecular weight 2,300,000.

Assuming a random coil shape, the undefined radius, 7,, obtained
from the ratio of peak areas of the excess Rayleigh chromatograms, is
comparable to 7,, values calculated from the light-scattering and DRI
signals and equation 19. Precision of 7, and 7, values improves as the
ratio of excess Rayleigh scattering at 15° and 90° for the whole polymer
(Z values in column 5 of Table II) increases. Z is measured to better
than +1% for all samples. One result is that 7, measured from only a
ratio of areas of excess Rayleigh scattering chromatograms, is
the simplest and most precise average size measured, particularly at
small sizes.

Both 7, and 7, values in Table II are in reasonable agreement with
values calculated from the literature (12). The following power laws (for
7 units of nanometers) are obtained from least squares fits:

e = (0.0166 + 0.0009)M,,057+0-02 (23)
Tou = (0‘0121 + 000005)'Mw0.60+0.02 (24)

Both are in agreement, within experimental error, with the theoretical
prediction of an exponent of ~0.58 (13). A similar scaling relationship
was also presented in a preliminary study with this instrument (14). This
previous study used an earlier version of light-scattering detector flow
cell on polystyrene standards that were of similar but not identical mo-
lecular weight.

Particle-scattering functions for random coils and spheres are indis-
tinguishable at values of Z near unity (Figure 2). Likewise, the radii of
random coils and spheres are also similar in the range of Z values less
than ~1.2 (Figure 3). This is reflected in the similarity of radii calculated
for random coils and spheres (columns 7 and 8 of Table II). The largest
difference between radii calculated for these two shapes is 8.5% for
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1/P(0)

2.004
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2.00 3.00
P(15) / P(90)

Figure 2. Reciprocal of particle-scattering functions for random coils

(

) and spheres (- - -).

polystyrene 2,300,000. This is at least encouraging for the application
of this method to branched polymers; the most extreme radial density
distribution of an unswollen branched polymer is that of a solid sphere,
which is uncommon even for compact structures such as dendrimers
(16). It is expected that for most branched systems, the random coil
particle-scattering function is more suitable.

s (nm)

P(15) / P(90)

Figure 3. Values of r, as a function of P(15)/P(90) for solvent refractive

index 1.405. Random coils (

), spheres (- - -).
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Log M-retention volume calibration data constructed from the nar-
row polystyrene standards in Table I are shown in Figure 4. Also shown
is a calibration curve for a broad polystyrene sample (solid line) calcu-
lated from the 15° light-scattering detector and the DRI, after accounting
for the volume delay (interdetector volume) between the two detectors.
The two sets of calibration data are similar; however, a substantial portion
of the molecular weight distribution of the broad sample was not mea-
sured because the light-scattering detector is insensitive to the small
molecules in the distribution. This point has been addressed in light-
scattering and viscometry detection through linear extrapolation of log
M or log [n] versus retention volume plots in the region of the concen-
tration distribution for which there is no measurable light-scattering
signal. Weighting factors used in the extrapolation have been derived
based on standard error propagation equations (17). The dashed line in
Figure 4 represents this extrapolated region and provides an estimate
of molecular weight over nearly half of the polymer distribution defined
by the concentration chromatogram. As is well known, the number-
average molecular weight is most affected by the small molecules in the
distribution, and M, is biased high without this extrapolation.

Extrapolations can also be applied to log r,-retention volume plots
(dashed line in Figure 5) to provide a better estimate of the number-
average radius. There is reasonable superposition of the r, values of the
broad standard on the narrow standard calibration data, but unlike the
log M plot in Figure 4, there is considerable scatter in the data at long
retention volumes (small sizes). In this region the 15° and 90° signals
are nearly identical and the ratio of the two signals depends heavily on

logM
[$,]

!

14 16 18 20 22 24 26
Retention Volume (mL)

3

Figure 4. Log M-retention volume data for narrow polystyrene standards
(m) and a broad molecular weight distribution polysyrene. — — -, the extrap-
olated region.
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151 ’J

logr,(nm)]

L

0 i 1 L L
14 16 18 20 22 24 26
Retention Volume (mL)

Figure 5. Log rq-retention volume data for narrow polystyrene standards
(m) and a broad molecular weight distribution polysyrene. , the
extrapolated region; — — —, fifth-order fit to the raw data.

the amount of detector noise. The scatter in r, values is translated
through to plots of log M versus log r,, which are often used to deduce
polymer conformation. In Figure 6, there is curvature and only fair
superposition of the data for the broad standard on data for narrow
standards. An average slope of 0.60 + 0.13 (sample standard deviation)
obtained from 20 chromatograms of broad polystyrene is consistent with
arandom coil polymer in a good solvent, but the uncertainty in the slope
is far too large to rule out other conformations.

2

(3]
T
— =

-
T

log[ry(nm)]

o
(3,]
T

0 1 1 1
4.5 5 5.5 6 6.5
log M

Figure 6. Log M versus local root-mean-square radius for a broad poly-
styrene standard (- ) and narrow polystyrene standards (B).

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch010

136 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

The choice of interdetector volume affects both the slope and shape
of plots such as in Figure 6. In this study, interdetector volume was
obtained from the volume required to superimpose the DRI chromato-
gram on a light-scattering chromatogram of a narrow-distribution poly-
styrene standard. The use of “effective” interdetector volumes (18) that
also partially correct for axial dispersion can lead to slopes for plots such
as in Figure 6 of <0.5, which is clearly incorrect for a random coil
polymer. This effect of interdetector volume on conformation plots has
been reported by others (19) and indicates a potential danger in deducing
conformations without full appreciation of the factors that affect the
accuracy and precision of these plots.

Average properties for the broad polystyrene standard calculated
from local values that were extrapolated in the low-molecular-weight
region are given in Table III. The precision of molecular weight averages
is comparable or slightly better than the precision reported for LALLS
and MALLS instruments operated in THF at room temperature (19),
and the M,, agrees with the value measured by static LALLS. Much of
the data are extrapolated at small sizes (Figure 4), contributing to the
poorer reproducibility of M,. In comparison with molecular weight av-
erages, average radii listed under “‘unfitted 7,; and P(d),” are inconsistent
with each other [e.g., 7y > 7 and 7, # 7, (no DRI)] and imprecise.
This is caused by the uncertainty in r,; at small sizes (scatter in the data
at long retention volume is Figure 5), and in the case of 7,, (no DRI)

Table ITI. Aldrich 18,242-7 Polystyrene

M, 134,000 + 7800° (5.8%)"
M, 303,000 = 1000 (0.3%)
M, 490,000 + 3900 (0.8%)
M., (no DRL eq16) 301,000 + 1700 (0.6%)
M, (static LALLS) 298,000 + 2000 (0.7%)
Unfitted r,; and P(6),

Ten 29.8 + 31.8 (106.7%)

o 29.0 + 16.6 (57.2%)

Tor 30.1 + 4.3 (14.3%)

7.. (no DRI, eq 20) 52.8 + 22.1 (41.9%)

7. (no DRI, eq 21) 28.7 + 0.8 (2.8%)
Fitted r,; and P(0);

Fon 14.3 + 1.2 (8.4%)

o 22.2 + 0.8 (3.6%)

ol 28.7 + 0.5 (1.7%)

7 (no DRI, eq 20) 26.1 £ 2.1 (8.0%)

70 (n0 DRL eq 21) 28.7 + 0.8 (2.8%)

? Sample estimate of the standard deviation, s, for 20
samples.

b Coefficient of variation, defined as (s/mean) X 100.

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch010

10. MOUREY & CoLL SEC with LS Detection 137

scatter in the measured particle-scattering function (Figure 7). Averages
in Table III listed under ““fitted r,; and P(f); ” were calculated from the
fitted data in Figures 5 and 7. This fitting has no effect on the values or
precision of molecular weight averages. It has a significant effect on
average radii; reasonable values are obtained and precision is greatly
improved. The undefined root-mean-square radius of gyration, 7,, cor-
responds most closely to the z-average radius of gyration. The z-average
radius obtained without the DRI is within experimental error the same
as the 7, values obtained from the light-scattering and DRI detector,
but the large sample standard deviation indicates sensitivity to the data
fitting procedure applied.

Concerns about factors that affect the particle-scattering function
can be raised about dissymmetry methods when applied to whole poly-
mers (6). For example, the Debye function does not account for excluded
volume effects in thermodynamically good solvents, which can perturb
the Gaussian behavior of linear chains. Particle-scattering functions that
account for excluded volume effects (20) could be more suitable for
some polymer-solvent systems. Modifications can also be made to the
particle-scattering function for polydispersity, although they are small
in the size range examined in this study (6). More important, SEC pro-
vides fractionation according to size and each slice of a chromatogram
is more nearly monodisperse than is the whole polymer.

Conclusions

The molecular weight of polystyrene less than ~500,000 MW can be
measured accurately in THF with a two-angle light-scattering instrument

1.01

P(15)

0.99

0.98 L . .
14 16 18 20 22
Retention Volume (mL)

Figure 7. Particle-scattering function at 15° measured for broad polystyrene
standard ( ) and fifth-order fit constrained to pass through 1.0 at
longest retention volume (- - -).
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operating at 670 nm by using the scattering data at 15° and assuming
P(9) = 1. Light-scattering data at 90° can be used in the same manner
for isotropic scatterers, which in this instrument corresponds to poly-
styrenes with molecular weights less than ~70,000. The molecular
weight of polymers >500,000 MW can be measured accurately from
the 15° scattering by calculating the particle-scattering function for a
specific shape (random coil) from the ratio of the light-scattering chro-
matograms at 15° and 90°. The root-mean-square radii of polystyrenes
that are anisotropic scatterers may also be obtained from the ratio of
light-scattering chromatograms at 15° and 90°, although a shape must
be assumed. Fortunately, the choice of the particle shape has no effect
on the calculation of molecular weights and only a small effect on the
calculation of radii for the range of sizes fractionated by many SEC
columns.

The average radius obtained from the ratio of excess Rayleigh chro-
matograms corresponds to the z-average root-mean-square radius and
is obtained with high precision and requires no knowledge of interde-
tector volume. In comparison, conformation plots and the calculation
of other average radii are greatly affected by noise, insensitivity of the
light-scattering detector to small molecules, and the value of interde-
tector volume used in calculations. Rational, precise results can be ob-
tained for number- and weight-average radii, but only through data fit-
ting. Although demonstrated for data at 15° and 90°, the method may
also be used with two other angles, including the classic 45° and 135°
configuration used in dissymmetry measurements, with corrections by
the appropriate particle-scattering functions. Some utility may be found
in using this method as a check of the graphical procedures used with
MALLS (more than two angles) detectors.

Glossary of Symbols

&

second viral coefficient

concentration at retention volume v;

specific refractive index increment

light-scattering optical constant

sample mass injected

local weight-average molecular weight at retention volume v;
number-average molecular weight of the whole polymer
SEC peak molecular weight

weight-average molecular weight of the whole polymer
z-average molecular weight of the whole polymer
refractive index of solvent

Avogadro’s number
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P(#)  particle-scattering function at angle 6

P(); particle-scattering function at angle 6 and retention volume v;

P(15) particle-scattering function at 15°

P(90) particle-scattering function at 90°

R particle radius

R;s  excess Rayleigh scattering at 15°

Ry excess Rayleigh scattering at 90°

Ry excess Rayleigh scattering at angle 6 and retention volume v;

R;5i  15° excess Rayleigh at retention volume v;

Rgo; 90° excess Rayleigh scattering at retention volume v;

Ty root-mean-square radius of gyration

Tgi local z-average root-mean-square radius of gyration at retention
volume v;

Tan number-average root-mean-square radius of gyration of the
whole polymer

Tgw weight-average root-mean-square radius of gyration of the whole
polymer

Tz z-average root-mean-square radius of gyration of the whole
polymer

S variance

v retention volume

w; weighting factor at retention volume v;

x particle-scattering function variable defined by equations 7 and 9

Z; ratio of excess Rayleigh scattering at 15 and 90° at retention
volume v,

Z ratio of excess Rayleigh scattering at 15 and 90° for the whole
polymer

Av; volume increment between data points

0 angle of observation of scattered light

No wavelength of light in vacuum
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Characterization by Size-Exclusion
Chromatography with Refractive Index
and Viscometry

Cellulose, Starch, and Plant Cell Wall Polymers

Judy D. Timpat

Agriculture Research Service, Southern Regional Research Center, U.S.
Department of Agriculture, New Orleans, LA 70179

High molecular weight natural polymers are difficult to characterize
because isolation, extraction, and dissolution often degrade the
polymers and no good molecular weight standards exist. In our
laboratory, cellulose, starch, and plant cell wall materials have
been directly dissolved in the nondegrading solvent dimethylacet-
amide-lithium chloride (DMAC-LiCl) without prior isolation or
extraction. Size-exclusion chromatography with viscometry and re-
fractive index detectors was used with DMAC-LiCl as the mobile
phase. The universal calibration concept was applied to obtain mo-
lecular weight distributions (MWDs). Applications include cotton
fiber, corn and wheat starch flours, and avocado cell walls. Rela-
tionships were determined between the respective MWDs and cotton
fiber variety, inheritance, textile processing, and strength; starch
extrusion conditions; and avocado ripening stage.

NATURAL POLYMERS SUCH AS POLYSACCHARIDES, which usually have
high molecular weight (MW) components, are difficult to characterize.
Appropriate analytical techniques are generally dependent on getting
the polymer into solution. Isolation and extraction often alter the poly-
mer composition (I). Available solvents have serious limitations, most
often because of degradation. MW standards are not generally available.
The solvent dimethylacetamide-lithium chloride (DMAC-LICl) offers
the capacity for a wide a range of applications for dissolution of cellulose,
starch, chitin, and other polysaccharides with little or no degradation
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(2-4). Cotton fibers are single cells composed primarily (~96%) of the
polymer cellulose. In our laboratory (5), cotton fibers were dissolved
directly in the solvent DMAC-LiCl. This procedure solubilizes fiber
cell wall components directly without prior extraction or derivatization,
processes that could lead to degradation of high MW components. MW
determinations have been carried out by a size-exclusion chromatog-
raphy (SEC) system using commercial columns and instrumentation with
DMAC-LICI as the mobile phase. Incorporation of viscometry and re-
fractive index (RI) detectors (6) allowed application of the universal
calibration concept (7) to obtain MW distributions (MWDs) based on
well-characterized narrow-distribution polystyrene standards (5). The
universal calibration concept used by incorporation of dual detectors
bypasses the need for cellulose standards. There are no cellulose stan-
dards available. Polystyrene standards for a wide range of MWs dissolved
readily in DMAC-0.5% LiCl with no activation necessary.

We extended the methodology developed for molecular character-
ization of cotton fiber to analysis of other polysaccharides. In this report,
we present the results obtained from MWDs determined by SEC for
various complex carbohydrate samples dissolved in DMAC-LiCl. Ap-
plications include cotton fiber, corn and wheat starch flours, and avocado
cell walls. Relationships are evaluated between the respective MWDs
and cotton fiber development, variety, inheritance, textile processing,
and strength; starch extrusion conditions; and stage of ripening in
avocado.

Experimental Details

Safety Considerations. N,N-dimethylacetamide is an exceptional con-
tact hazard that may be harmful if inhaled or absorbed through the skin and
may be fatal to em[\)/ryonic life in pregnant females (Baker Chemical Com-
pany, N,N—()limethylacetamide, Material Safety Data Sheet, 1985, D5784-
01; pp 1-4).

Sample Preparation. Samples were dissolved as previously described
(5). Ground material was added to DMAC (Burdick & Jackson, Muskegon,
IL) in a Reacti-Vial (Pierce, Rockford, IL) in a heating block. Activation was
achieved by elevating the temperature to 150 °C and maintained at that
temperature for 1-2 %1 The temperature was lowered to 100 °C followed
by addition of dried LiCl (~8% wt/vol). Samples were held at 50 °C until
dissolved (18—48 h) and subsequently were diluted and filtered. Final con-
centration of samples was 0.9-1.2 mg/mL in DMAC with 0.5% LiCl. At
least two dissolutions per sample were made for subsequent SEC analysis.

Chromatography. Filtered polysaccharide solutions were analyzed
using an SEC system consisting of an automatic sampler (Waters WISP,
Waters, Milford, MA) with a high-performance liquid chromatography pump
(Waters model 590), pulse dampener (Viscotek, Houston, TX), viscometer
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detector (Viscotek model 100), and RI detector (Waters model 410). The
detectors were connected in series. The mobile phase was DMAC-0.5%
LiCl pumped at a flow rate of 1.0 mL/min. Columns were Ultrastyragel 10°,
10%, 10°, 108 (Waters) preceded by a guard column (Phenogel, linear, Phe-
nomenex, Torrance, CA). A column heater (Waters Column Temperature
System) regulated the temperature of the columns at 80 °C. Injection volume
was 400 pL with a run time of 65 min. The software package Unical based
on ASYST (Unical, Version 3.02, Viscotek) was used for data acquisition
and analysis. Calibration was with polystyrene standards ranging in MW
from 6.2 X 10° to 2.9 X 10° (Toyo Soda Manufacturing, Tokyo, Japan)
dissolved and run in DMAC-0.5% LiCl. The universal calibration curve was
a logarithmic function of the product of the intrinsic viscosity times MW
versus retention volume with a third-order fit shown in Figure 1.

Results and Discussion

Dissolution of Cotton Cellulose. Attempts to identify the true
MW of native cellulose always lead to difficulties, especially in isolating
unchanged celluloses from natural plant products and in determining
the MW of high MW celluloses by reliable physical methods (1). The
Updegraff procedure is a frequently used method for measuring the

7.00 "-
Universal Calibration Plot
6.00 +
=
% 5.00 +
=
X
= 4.00
g
AQ = 2.843
3.00 + A1 =8.121 X 10!
A2 = —3.402 X 1072
A3 = 3.364 X 10*
2.00 + + + —t
25.0 28.0 31.0 34.0 37.0 40.0

Ret. Vol (mL)

Figure 1. Universal calibration plot of polystyrene standards dissolved in
DMAC-LiCl. (Log M) X IV is hydrodynamic volume, where M is molecular
weight and IV is intrinsic viscosity.
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cellulose content of plant material (8). Noncellulosic material is removed
by treatment with acetic acid—nitric acid reagent at elevated tempera-
ture. The remaining cellulose is hydrolyzed to glucose by treatment
with concentrated sulfuric acid. Glucose content of the sample is then
determined colorimetrically. Often, only the first step of the procedure
is used to remove the noncellulosic material. We investigated the effects
of the acetic—nitric reagent on the cellulosic composition. The MWD
of cotton fiber exposed to acetic—nitric reagent was compared with the
native fiber sample. As indicated in Table I, the effect of acid treatment
was a shift of the MWD to a lower MW range corresponding to a 93%
reduction in MW (9). After acetic—nitric reagent treatment, there is no
evidence of low MW cellulose corresponding to polymers found in the
primary wall. This suggests that cellulose found in the primary cell wall
of cotton fiber is very susceptible to hydrolysis by the Updegraff reagent.
Separate treatments of native cotton with acid produced similar average
values for MW, but the differences in the broadness of the distribution
of cellulosic chains indicates that the extent of polymer degradation is
not exactly reproducible. Thus, direct solubilization of cotton fiber cell
wall components in DMAC-LiCl without prior extraction or derivatiza-
tion avoids degradation of the polymer chains and is the preferred
method for MWD determinations of cotton fiber cellulose.

Applications. Monitoring Cotton Fiber Development. Cotton
fiber develops according to specific stages with formation of a primary
wall followed by deposition of a secondary layer containing most of the
cellulose (10, 11). The biochemical composition of the fiber cell walls
is changing throughout development; monitoring those changes has lim-
ited progress in this research area (12, 13). Cotton fiber begins devel-
opment on the day flowering (anthesis); thus, the age of the fiber is
usually designated by days after flowering or days postanthesis (DPA).
The primary wall stage designates the rapid elongation of the outer cell
wall occurring up to ~21 DPA, whereas the secondary wall development
subsequently occurs with the major cellulose deposition. Mature fiber

Table I. The Effects of Acid Treatment on the MW of Native Cotton Fiber

Sample DPy* DP,* Polydispersity

Native cotton fiber
(Gossypium hirsutum'L.)

Texas Marker-I 13,800 4900 2.8
After treatment with
acetic—nitric reagent 1050 170 6.2

¢ DPy, is weight average of polymerization.
b DPy is number average of polymerization.

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch011

11. TmMpPA Characterization by SEC with RI & Viscometry 145

is generally harvested from plants at ~60 DPA. In our studies using
SEC with dual detectors (14), we observed that cell wall polymers from
fibers at primary cell wall stages had lower MWs than the cellulose from
fibers at the secondary wall stages, as shown in Figure 2. High MW
cellulose characteristic of mature cotton was detected as early as 8 DPA.
High MW material decreased during the period of 10-18 DPA with
concomitant increase in lower MW wall components, possibly indicating
hydrolysis during the later stages of elongation.

Monitoring Cotton Fiber Inheritance of Molecular Properties. The
relationship between the MWDs, inheritance, and strength of cotton
fiber in different genotypes was investigated (15, 16). Fiber samples
from a new higher (~10%) strength variety for the Mississippi Delta
(Mississippi Delta 51, MD51 ne) were assayed and compared with a
popular commercial variety and recurrent parent (Deltapine 90). The
F1 cross and two selected backcrossed progenies were evaluated from
three replications grown in the field. The fiber samples had very similar
genetic backgrounds and physical properties except for strength. SEC
with viscometry and RI was used to determine the MWD of cotton fiber
samples dissolved directly in DMAC-LiCl. As shown in Figure 3, samples
of the higher strength variety had a greater proportion of higher MW
material than the commercial variety. The most significant difference
was apparent in the MW range of 1,000,000-10,000,000.

6.00 T

Molecular Weight Distribution

5.00 1

<~ 10 DPA
60 DPA —

3.00 1

W, (log M) X 10~

.000
2.00 3.00 4.00 5.00 6.00 7.00 8.00

LOGM

Figure 2. MWDs of samples of cotton fiber at different stages of devel-
opment: 10 DPA or primary wall stage versus 60 DPA or mature fiber.
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Figure 3. Comparison of different varieties of cotton by MWDs of samples
of mature cotton fiber. Mississippi Delta 51 (MD 51 ne) has ~10% higher
Sfiber strength than Deltapine 90.

Effects of Textile Processing. Mercerization has been used to impart
desirable qualities to cotton fiber for many years. Changes in crystalline
structure of cotton cellulose are one of the major results. In our labo-
ratory (17), alterations in the molecular composition of cotton fiber
caused by mercerization was measured by SEC. Samples from Deltapine,
Acala, and Pima varieties were evaluated as scoured or as mercerized
fiber. SEC determinations of the MWDs of cotton fiber samples before
and after caustic mercerization showed significant loss in the higher
MW fractions for each of the three varieties. Comparison of MWDs for
the acala cotton sample and corresponding mercerized treatment are
provided in Figure 4. Mercerization by liquid ammonia also affected
the higher MW components, although changes in molecular composition
were different from that observed with caustic mercerization.

Effects of Extrusion on Starch. Processing starch by extrusion re-
sults in molecular fragmentation. The effects on the MWDs of flours
from wheat and corn starch were determined (18-20). Starch flours var-
ied in amylose, amylopectin, and protein content. Samples were sub-
jected to twin-screw extrusion with varying moisture content, screw
speed, die temperature, mass flow rate, and protein content. Starch flours
were directly dissolved in the solvent DMAC-LiCl without prior iso-
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Figure 4. The effect of NaOH mercerization on cotton fiber of the acala
variety.

lation or extraction. SEC using DMAC-LICl as the mobile phase was
used to monitor fragmentation using the same configuration-system de-
veloped for cotton fiber studies. Significant extrusion-induced reductions
in high MW fractions were observed compared with the native controls
as shown in Table II for high amylopectin corn flours. An example of
the effect of extrusion on the high protein wheat flour is given in the
comparison in Figure 5. The interaction of moisture and die temperature
had significant effects on the fragmentation patterns. Qualitative as-

Table II. The Effect of Extrusion on High Amylopectin Corn Flour
(20% moisture, wt/wt): Weight Average Molecular Weights and
Relative Abundance of a Molecule Falling within Specific MW Ranges

Screw Die MW MW

Speed Temperature =107 107-10°
Sample (rpm) (°C) M, X 10° (%) (%)
Control 18.8 26 26
G31 250 140 7.4 13 27
G32 500 140 6.0 8 29
G33 500 180 7.3 17 26
G34 250 180 9.4 14 26
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Figure 5. Cumulative MWDs of the high protein wheat flour control and
an extruded sample (G39).

sessments of branching by monitoring the intrinsic viscosity have been
carried out. For example, shifts in Mark—-Houwink plots are evident for
branched samples versus linear types (Figure 6).

Monitoring Fruit Ripening and Cell-Wall Turnover. Avocados are
a popular fruit for market. The desirability depends on the softening of
the flesh of the fruit. Our research identified key components in the
composition of the avocado cell wall and the changes that occur during
stages of ripening (21). The cellulose molecular structure and crystalline
association of cell walls during fruit ripening was monitored and related
to the levels of the enzyme cellulase. Cellulase is an enzyme that spe-
cifically degrades cellulose. SEC techniques used to study cotton fiber
molecular structure were used to evaluate avocado cellulose, and X-ray
diffraction and electron microscopy were used to look at the cellulose
fibers. SEC of total cell wall polysaccharides (including cellulose) re-
vealed a slight increase in the fraction of the largest polymers during
ripening, whereas the crystallinity index increased. Based on these re-
sults, we propose that the cellulase prefers to attach the noncrystalline
portions of the cellulose in the wall. This mode of action affects the
firmness of the avocado fruit during the ripening process.
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Figure 6. Mark-Houwink plots of intrinsic viscosities of starch standards
(amylose and amylopectin) compared with wheat and corn flours.

Summary

Dissolution of whole plant cell walls or commercially important complex
carbohydrates directly into DMAC-LiCl was advantageous. Molecular
characterization by SEC with viscometry and RI detectors using the
universal calibration allowed evaluation not readily attainable previously
(22). Determination of the MWDs of cell wall polymers at critical stages
of development provides a tool for understanding biological regulation
of the growth processes in cotton fiber and avocado. In addition, mon-
itoring effects of commercial processing of natural polymers assists in
minimizing losses and improved end-use products.
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Index Detection
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The objective of this work was to characterize pullulans and dex-
trans in order to assess the performance of the size-exclusion chro-
matography (SEC) system with multi-angle laser light-scattering
(MALLS), viscosity, and refractive index (RI) detectors using a
buffered aqueous medium as the mobile phase. In 0.2 M NaNO;,
with standard pullulans that had low polydispersity, the weight-
average molecular weights ((M,,)) obtained by light scattering and
by universal calibration agreed well with the expected values from
the supplier with a mean deviation of about 5% With standard
dextrans that had higher polydispersities (1.6), the M,s exhibited
greater mean deviation, about 12%. Mark-Houwink exponents of
0.64 and 0.39 for pullulans and dextrans, respectively, obtained
from plots were reasonable. The scaling law of radius of gyration
versus (M,,) gave exponents of 0.48 and 0.38 for the polymers
after adequate filtration. These were lower than the slopes calcu-
lated theoretically using the Ptitsyn—Eisner equation, but similar
values have been reported elsewhere. Overall, triple detection SEC
proved to be a powerful and time-saving technique for character-
izing water-soluble polymers absolutely and confirming their
values.

ALTHOUGH SIZE-EXCLUSION CHROMATOGRAPHY (SEC) with the con-
ventional or universal calibration technique in combination with viscosity
detection is well established in nonaqueous media (1, 2), its application
in aqueous media is more complicated because of unusual difficulties

0065-2393/95/0247-0151$12.00/0
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associated with water-soluble polymers and biopolymers in aqueous
systems (3, 4). These complications include hydrogen bonding, hydro-
phobic interactions, polar interactions, and ion—ion interactions that can
make the separation by size nonideal. The first three can lead to ad-
sorption or delay of sample elution times. These effects can be suppressed
through the proper selection of column and mobile phase. Ion-ion in-
teractions of the polymer with column support can lead to ion-exclusion
and early elution relative to noninteracting polymers. Intraionic inter-
actions of polyelectrolytes can lead to different polyion sizes and shapes
with different elution times. These ionic effects can be minimized by
the addition of salt to the mobile phase.

For samples for which no standards exist, low-angle laser light scat-
tering (LALLS) is a possible solution, but has the drawback of excessive
scattering by dust at low angles and it does not provide the macromo-
lecular radius (5). Multi-angle laser light-scattering (MALLS) photom-
eters are a potentially more powerful detection technique (6, 7). There-
fore the objective of this work was to characterize pullulans and dextrans
to assess the performance of the size-exclusion chromatograph with
MALLS and viscosity and refractive index (RI) detectors. It was antici-
pated that with the combination of detectors, the performance of one
detector could be effectively checked against that of the other. This
type of checking becomes especially important in aqueous systems be-
cause in addition to the other issues, aqueous mobile phases are more
difficult to clarify than nonaqueous ones.

Experimental Procedures

Materials. Standard pullulans having weight-average molecular
weights ((M,, )s) of 23.7, 48.0, 100, 186, and 380 kDa with a polydispersity
(M,,/M,) of about 1.1 were obtained from J. M. Science (Buffalo, NY). Stan-
dard dextrans having (M,, )s of 40, 75, 170, 230, and 590 kDa with a poly-
dispersity of about 1.6 were obtained from American Polymer Stangards
Corp. (Mentor, OH). The chemical structures of these polymers are dis-
played in Figure 1. The water used to prepare the mobile phase was 18
MQ-cm purified with the Barnstead Nanopure II apparatus. The other ma-
terials were reagent grade.

Equipment. The liquid chromatograph was a Waters 150C ALC/GPC
operated at 30 °C equipped with 4 TSK PW columns (Chart I). A Wyatt
Technology Corp. (Santa Barbara, CA) model Dawn F MALLS photometer
was used with a Uniphase (San Jose, CA) argon-ion laser model 2011 usin
the 514.5-nm wavelength light. The viscosity detector was Viscotek mode
100 (Porter, TX), and the differential refractometer of the 150C ALC/GPC
was used as the RI detector. The Viscotek software employed was Unical
versions 3.05 or 4.05 or as noted, and the Dawn Software Manual Version
1.01 was used.
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Figure 1. Chemical structure of pullulan containing maltotriose units and
of dextran containing a-1,6 linked anhydroglucose units with a-1,3 branch
points.

Procedures. The detectors were connected in series in the following
sequence: SEC-MALLS-viscometer—RI-waste. This configuration was used
on recommendation of Wyatt Corp. to maximize the RI signal of the very
dilute solutions and to ascertain that both the LS and RI detectors observe
the same mass in solution. The details of the experimental conditions are
displayed in Chart I. The mobile phase employed was aqueous 0.2 M NaNO,
that was clarified by filtration with 0.22-um GS type filters (Millipore Corp.,
Bedford, MA), and the polymer solutions were filtered through 0.45-um
disposable nylon 66 syringe filters (Altec, Deerfield, IL). Light-scattering,
intrinsic viscosity [7], and concentration chromatograms were obtained with
0.2 M NaNOQj; and analyzed as described later. The MALLS was calibrated
with HPLC grade toluene. The normalization constants and the delay vol-
umes were determined with a 23-kDa pullulan having a nominal radius of
about 5 nm as a standard.

The RI constant, which relates the RI units to sample concentration,
was determined by the dn/dc method of Wyatt Technology. The RI constant
exhibited some variation at times, so that its value had to be adjusted in
order to match the calculated mass with the injected mass. This variation
was attributed to an intermittently faulty RI detector. The triple detection
system had sufficient redundancy that accurate values of M,, and [5] could
be obtained even when one component was not working well.
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ChartI. Experimental Conditions for SEC-LS-[n]

Liquid chromatograph Waters 150C ALC/GPC

Detection 1. Wyatt Technology Dawn-F MALLS with argon-
ion laser at 514.5 nm
2. Viscotek differential viscometer
3. Differential refractive index

Columns TSK 7.5-mm X 30-cm columns
1. G2500 PW (1 X 10*d, 100 A)
2. G3000 PW (1 X 10° d, 200 &)
3. G4000 PW (3 X 10° d, 500 A)
4. G5000 PW (1 X 10° d, 1000 A)

Temperature 30 °C for GPC and viscometry
RT for Dawn-F
Flow rate 1 mL/min
Sample concentration 1-3 mg/mL
Injection volume 0.1 mL
Mobile phase 0.2 M NaNQg; in water
dn/dc at 514.5 nm 0.147 (£0.002) mL/g for dextran and pullulan in
0.2 M NaNO;
Samples Pullulan standards

Dextran standards

Refractive Index Increment. The RI differential, dn/dc, was deter-
mined with an Optilab model 903 (Wyatt Technology) at a wavelength of
514.5 nm. The value obtained for pullulans and dextrans as displayed in
Chart I was 0.147 mL/g. In LDC/Milton Roy/Chromatix Technical Note LS
7, the value reported %or 6.82 X 10* M,, dextran was 0.147 at 633 nm in
water and 0.137 in 0.05 M KH,PO, at pH 7 (8). Jackson et al. (5) used a
value of 0.145 for pullulans and dextrans in 0.15 M NaCl. Vink and Dahl-
strom (9) reported values of 0.148 and 0.145 for dextrans in water and in
0.5 M NaCl, respectively, at 546 nm, and 0.150 and 0.148 mL/g at 436-
nm wavelength. Therefore the value obtained here is in line with other
reported values.

Safety Precautions. When using the argon-ion laser, several precau-
tions should be followed.

1. Never look directly into the main laser beam.

2. Avoid contact with the high voltages of the laser head or
power supply.

3. Usl;a proper disposal procedures for broken or defective laser
tubes.

The Uniphase laser manual should be consulted and followed carefully.

Results

Typical SEC, light-scattering, and viscosity data are presented first to
indicate the type and quality of the results that were obtained.
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Figure 2.  Light-scattering molecular weight and RI detector signal plotted
against the retention volume.

In Figure 2, the light-scattering molecular weight and RI signal ver-
sus retention volume for the 380-kDa pullulan are displayed. The M,,
decreases with the retention volume as expected, but much scatter oc-
curs at the high and low ends and is attributed to the low concentrations
at the ends. In Figure 3, the log intrinsic viscosity versus retention vol-
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Figure 3. Log intrinsic viscosity smoothed by the Viscotek software versus
the retention volume for pullulan 380 kD.
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ume as smoothed by the Viscotek software to yield a linear fit is dis-
played; it suggests satisfactory fractionation.

In Figures 4 and 5, the M,,s from the light-scattering detector versus
retention volume are displayed for three samples of pullulans and three
dextrans, respectively. The molecular-weight calibration curves are
smoother for the dextrans with broad molecular-weight distribution
(MWD) than for the narrower pullulans, but both indicate adequate
fractionation. Figure 6 displays the differential and cumulative molec-
ular-weight distributions obtained by light scattering for the 380-kDa
pullulan, and both indicate a reasonably narrow distribution with a short
molecular-weight tail at the high end.

The slope of M,, versus retention volume as well as the polydis-
persity for narrow MWD samples was sensitive to the choice of delay
volume as was reported by Shortt and Wyatt (10). In fact, Shortt rec-
ommended that one approach to determine the correct value of the
delay volume is to adjust its value until an acceptable slope of the
radius of gyration (R,) versus M,, is obtained, because M,, is dependent
on the concentration whereas the radius is not. Accordingly, the delay
volume used was 0.312 mL.

Having established that the fractionation was satisfactory for the
individual pullulan and dextran samples in 0.2 M NaNOj, the light-
scattering and viscosity results are viewed as a whole. The universal
calibration plots for the pullulans and dextrans were superimposable,

107
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Figure 4. Log molecular weight versus retention volume for three pullulan
samples obtained by MALLS.
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Figure 5. Log molecular weight versus retention volume for the five dextran
samples as obtained by MALLS.
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Figure 6. Differential and cumulative molecular weight distributions for
pullulan 380 kD obtained by SEC-MALLS.
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Figure 7. Universal Calibration plots for pullulans (circles) and dextran
(stars) obtained by SEC-Viscotek viscometer.

as shown in Figure 7 so that (M,, )s could be calculated from this plot.
The narrow standards calibration method, which uses the peak M,,, was
used for pullulans, whereas the broad standards calibration method,
which uses M,, and M,,, was chosen for the broad dextran samples by
the Viscotek software: hence the greater number of data points for the
dextrans. The weight-average molecular weights of the pullulans ob-
tained by the universal calibration method, as well as by light scattering,
are displayed in Figure 8 and compared to M,, values provided by the
supplier, which were obtained by equilibrium sedimentation. The
agreement in the values obtained by all three techniques was remarkable,
with a mean deviation of about 5% from the expected quantities. This
result suggested that the system was operating satisfactorily.

The Mark-Houwink plot for the pullulans is displayed in Figure 9
and indicates a smooth relationship with little scatter. A slope of 0.64
was obtained from the best fit. Figure 10 displays a double logarithmic
plot of the radius of gyration versus the molecular weight for pullulans,
and this plot has a slope of 0.37. The theoretical values of R, were
calculated by using the Ptitsyn—Eisner equation (as follows) and are
shown in the same figure (11):

[7]M = ¢(1 — 2.63¢ + 2.86¢%)(6'°R,)*

where ¢ = 2.86 X 10?3, ¢ = (2a — 1)/3, and a is the Mark-Houwink
exponent.

Similar data for the standard dextrans, which had broader MWD
than the pullulans, are presented in Figures 11-13. Figure 11 displays
the weight-average molecular weights obtained from light scattering as
well as the universal calibration plot and compares them to the expected
values provided by the supplier. The M, exhibited a greater mean de-
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Figure 8. Comparison of pullulan molecular weights obtained by light
scattering and universal calibration in relation to expected values from the
supplier.
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Figure 9. Mark-Houwink plot for pullulans. Intrinsic viscosities were ob-
tained from the viscosity detector and (M,, )s from the light scattering one.
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Figure 10. Double logarithmic plot of radius of gyration versus molecular
weight for pullulans. Theoretical slope obtained from Ptitsyn-Eisner equation
(see text).
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Figure 11. Comparison of dextran molecular weights obtained by light
scattering and universal calibration in relation to expected values from the
supplier.
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viation, about 12%, which is not unexpected, considering that the dex-
trans had higher polydispersities of about 1.6. Also, the molecular
weights provided by the supplier may be questionable.

Figure 12 displays the Mark—-Houwink plot for dextrans. The graph
exhibits a slope of 0.39, which suggests extensive branching as reported
elsewhere (12) and described later.

Figure 13 displays the log of the weight-average root-mean-square
radius of gyration obtained from light scattering plotted against the log
molecular weight for the dextran samples. The double logarithmic plots
of R, versus molecular weight for both the pullulans and dextrans ex-
hibited excessive scatter below 10 nm, which is the lower limit of the
light-scattering angular plot, A/20. However, when the Rgs for the lower
(M,,) samples were calculated by the Ptitsyn-Eisner equation, linear
plots having theoretical slopes of 0.55 and 0.46 were obtained with all
the data for pullulans and dextrans (Figures 10 and 13, respectively),
as expected. Although the applicability of the Ptitsyn—Eisner equation
to branched polymers may be open to question, the values obtained
provided a reasonable guide for the low-molecular-weight samples that
were beyond the lower limit of the light-scattering apparatus. Thus the
light-scattering and viscosity detectors complemented each other.

Figure 14 displays double logarithmic plots of experimental R, versus
M,, for an extended range of M,s of pullulans and dextrans from a second

-
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Figure 12. Mark-Houwink plot for dextran. Intrinsic viscosities were ob-
tained from the viscosity detector and (M,, )s from the light scattering one.
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Figure 13. Double logarithmic plot of radius of gyration versus molecular
weight for Dextran. The theoretical values were obtained by the Ptitsyn—
Eisner equation (see text).
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Figure 14. Double logarithmic plot of radius of gyration versus molecular
weight for pullulans and dextrans.
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set of experiments in which the solutions were more carefully clarified.
The slopes were found to be 0.48 and 0.38, respectively.

Discussion

Mark-Houwink Relations. The Mark-Houwink relationships
obtained for pullulans and dextrans in 0.2 M NaNQj are as follows:

e for pullulan, [g] = 4.22 X 107* M°#*
e for dextran, [7] = 4.85 X 1073 M%3°

For pullulans, Tsujisaka and Mitsuhashi report K and a values of 2.36
X 107* and 0.66 in water where the intrinsic viscosity is in deciliters
per gram (13, 14). This result suggests that the saline is a better solvent
than water for the pullulan and the agreement between the two values
is good. The value for the exponent corresponds to that expected for
a linear random coil polymer: about 0.5-0.8 depending on solvent
power (13).

For linear fractions of dextrans in water, Senti, et al. (12) reported
values of 97.8 X 1072 and 0.50 for the constants, and for branched
dextrans the value of the exponent was 0.20. Cerney, et al. (16) re-
ported values of 10.3 X 1072 and 0.25 for branched dextrans in meth-
anol-water. The suppliers’ data in 0.05 M Na,SO, yields values of 9
X 107* and 0.50 at 30 °C for a broad range of molecular weights (17).
The results of this work are in line with those reported for dextrans,
and the exponent corresponds to that for a highly branched coil about
0.0-0.5 (18).

For an individual pullulan sample, the exponent obtained with the
revised Viscotek software Unical 3.05 or 4.05 was 0.66 and agrees well
with the value for the whole polymer. According to Viscotek, the later
versions of their software forces the values to agree by adjusting the
concentration term in the calculations for narrow MWD samples because
the range of intrinsic viscosities is narrow and subject to large errors.
For this reason, the older software version 2.70 was modified because
it gave erroneously low values for the exponent with narrow MWD
samples like pullulan. For the broad MWD dextran, the exponent for
an individual sample was 0.36 with all the software versions and agrees
well with that for the whole polymer samples. These results are sum-
marized in Table 1.

Radius versus M,, Relation. The conformational coefficients a,
from the double logarithmic plots of R, versus (M,, ) for pullulans and
dextrans were 0.44 and 0.30, respectively, and were low (Figures 10
and 13). In the second experiment in which the mobile phase and so-
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Table I. Comparison of Scaling Parameters for Pullulans and Dextrans

[1] = KM= R, = K'M#=
a4y ar

Sample Expected  Observed  Expected Observed
Pullulans Expt. 1  Expt. 2

Whole polymers  0.50-0.80 0.64 0.50-0.60  0.44 0.48

P-380K slices 0.67 0.30 0.45
Dextrans

Whole polymers 0.0-0.50 0.39 0.33-0.50 0.23 0.38

DX-590K slices 0.36 0.32 0.32

lutions were clarified better, the correlation coefficients were 0.48 and
0.38, which are more reasonable because the minimum value is 0.33.
Jackson et al. (5) reported values 0.45 and 0.36 in 0.15 M sodium nitrate
which are comparable to the values reported here but lower than the
theoretical ones calculated from the Ptitsyn-Eisner equation, 0.55 and
0.47. Fishman et al. (19) reported values of 0.59 and 0.43 from light
scattering for whole polymers in water where the z-average root-mean-
square radius of gyration R, was used.

By way of explanation, the low a, values observed reflect the dif-
ficulty in clarifying aqueous solutions for light scattering. For the low
M,, samples, the dust particles can mask the angular dependence of
scattered light by the small macromolecules. For the higher M,, sam-
ples, the lower angle detectors were routinely omitted, so that any
curvature in the angular dependence would have been missed. Ex-
treme care in using dust-free water, as well as in clarifying the mobile
phase and sample solutions, is recommended. Furthermore, recycling
the mobile phase may be helpful in obtaining more reliable and ac-
curate results.

For individual samples of pullulans and dextrans, the conformational
coefficients of the R, versus M,, plots were 0.45 and 0.32, respectively,
and are in reasonable agreement with the values for the whole sample
as displayed in Table 1. These are sensitive to the value of the delay
volume as described earlier. Minimizing the delay volume and using
bovine serum albumin, which is monodisperse, to determine the delay
volume may be helpful.

It appears that for low values of R, (10-20 nm), the values of R,
that were calculated from the Ptitsyn-Eisner equation were more reli-
able than those obtained from light scattering in an aqueous medium.
Accordingly, for accurate work over a broad range of molecular weights
and sizes, a triple detection system is advantageous and recommended.
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Summary

In summary, a SEC instrument was set up with light scattering, viscosity,
and RI detectors. The (M,,)s by L.S. and universal calibration agreed
very well with expected values for the low polydispersity pullulans and
reasonably well for the broad MWD dextrans. The R, from light scat-
tering agreed well with the theoretical R, for values above 10 nm, and
scaling law parameters in terms of viscosities or radii for whole polymers
were in reasonable agreement with expected values when the aqueous
solutions were adequately clarified. In conclusion, triple detection SEC
proved to be a powerful and time saving technique for characterizing
water soluble polymers absolutely, and confirming the values as well.
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Multidetection gel permeation chromatography (GPC) is a very
powerful tool for the study of complex polymers. This chapter
deals with the characterization of star-branched model copolymers
using refractive index and viscometric detection with an on-line
light-scattering detector. The polymer branches are composed of
methyl methacrylate-tert-butyl acrylate diblock copolymers of
poly(methyl methacrylate) and poly (tert-butyl acrylate) with a very
well-controlled chemical composition and structure (very low
polydispersity). When these branches are chemically coupled, they
produce star-branched copolymers with a various number of
branches. These copolymers were synthesized at Liege University
in Belgium and our problem was to characterize these macromol-
ecules. In GPC, viscometric detection allows the determination of
molecular weights and long-chain branching distribution when used
with the universal calibration curve. The low-angle laser light-
scattering (LALLS) detector provides absolute molecular weights.
It has been found that excellent agreement can be obtained from
viscometry with universal calibration and from the LALLS detector
when determining molecular weights. The results demonstrate an
excellent performance for the universal calibration, even for highly
branched polymers with a very particular viscometric behavior.
Number-average molecular weight (M,) values from stars and
branches were used to determine the number of branches of the
star-branched copolymers. The values obtained with the viscometric
detection and the LALLS detector were compared and found to be
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similar. Several different copolymers with various numbers of
branches were studied.

GEL PERMEATION CHROMATOGRAPHY (GPC) is a very powerful tool for
the characterization of polymers. For the study of complex polymers
with a very complicated structure, the use of multidetection techniques
greatly increase the power of characterization. Generally, mass detec-
tors, like viscometric detectors and light-scattering detectors, are used
to get more information about the polymer. A Waters 150 CV (Waters
Corporation, Milford, MA) (differential refractive index (DRI) and single
capillary viscometric detection) with an on-line light-scattering detector
(LALLS-Chromatix CMX 100, Thermo Separation Products, Riviera
Beach, FL) were used for the characterization of star-branched model
copolymers. The coupling of the DRI with the viscometric detection
allows the determination of branching distribution and the calculation
of average molecular weights using a universal calibration curve. Also,
the coupling of the RI with light-scattering detection provides the av-
erage molecular weights.

We wanted to determine the number of branches of star-branched
model copolymers, with the number average Mn as the key parameter.
Light-scattering detection is not the most appropriate method to de-
termine the number-average molecular weight M, but provides the
weight-average molecular weight M,, with accuracy. The viscometric
detection provides results, assuming that the universal calibration is
perfectly observed. In this work, we used light-scattering detection to
determine M,, and to compare these values to those obtained by viscom-
etric detection. The comparison of M, validates the use of the universal
calibration curve and, therefore, the use of the number averages M,
coming from the viscometric detection to characterize the star-branched
copolymers.

Materials and Methods

The star-branched polymers are copolymers of poly(methyl methacrylate)
(PMMA) and poly(tert-butyl acrylate) (PtBuA) (Figure 1). The polymer
branches are composed of PMMA-PtBuA diblock copolymers with well-
controlled chemical composition and structure. They are synthesized by
the usual sequential anionic addition polymerization using a method previously
described (I) that provides diblock copolymers with a very low poly-
dispersity. The star-branched copolymers are obtained by coupling the living
linear diblock copolymers with a coupling agent, like ethylene glycol di-
methacrylate or 1,6-hexanediol diacrylate (Figure 1). Several well-defined
star block copolymers with different arm lengths and different chemical
compositions were prepared by the usual sequential anionic addition poly-
merization. They are described in Table I.
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Copolymers of poly(methyl methacrylate) and poly(tert-butyl acrylate)

CH,

—(—CHZ—CIH,,—(—CHZ—CH—),,,—
(l3=0 c|;=o
OCH, OC(CHy),

coupling agents:

CH, H,C H H

/ AN / AN
HZC—C\C /0 O\C /C—CHz HZC—C\C /0 O\C /C—CHZ
AN
O—CHchz—O/ \0—(CH2)5— 4
ethylene glycol dimethacrylate 1,6-hexanediol diacrylate

Figure 1. Chemical structure of copolymers and coupling agents.

For every sample, an aliquot of the reaction medium was drawn before
the coupling reaction to obtain the linear copolymer corresponding to the
arm of the star-branched copolymer. The use of both compounds facilitates
the interpretation of the GPC experiments.

As the coupling reaction is not fully efficient, the star-branched copol-
ymers contain a nonnegligible amount of uncoupled linear copolymer.
To get the star-branched copolymers as pure as possible, a purification step
where linear chains were extracted by fractional precipitation using different
solvent or nonsolvent methods was necessary (1).

A Waters GPC 150 CV, equipped with the DRI prototype #4 and a
single capillary viscometer, was used for this study. A low-angle laser light-
scattering (LALLS) detector (Chromatix CMX 100) was inserted between
the column set and the GPC 150 CV detectors. Tetrahydrofuran (THF) was
used at 40 °C and at a flow rate of 1 mL/mn. THF was filtered on a Millipore
membrane-type FH and stabilized by Ionol at a concentration of 0.04%.
The columns used were a set of Waters Ultrastyragel (103-106 A). The
narrow standards used for calibration were a set of polystyrene standards

Table I. Composition of Samples

Samples M, PMMA M, PtBuA % PMMA in Branch
PM4 4150 18,250 22.5
PM1 6390 21,130 23.2
PMA 8120 9980 44.7
PM25 20,200 20,900 49.2
PM2 16,730 14,460 53.6
PM3 16,530 7400 68.2

SOURCE: Data are taken from reference 1.
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(TSK) from Toyo Soda (Toyo Soda, Japan) in a molecular weight range of
3000-3,000,000.

A differential refractometer DRI prototype (#4) was used to avoid er-
roneous results that a standard DRI detector may cause in viscosity calcu-
lations because of very small flow fluctuations, so-called “‘Lesec effect,”
when the polymer flows across the detectors (2-4). This very small fluctu-
ation is induced by the specific viscosity of the polymer solution and is
enough to produce a significant apparent shift downstream of the viscometer
peak. This shift leads to a small rotation of the viscosity—molecular weight
relationship (2-4) and a decrease of the Mark—-Houwink exponent for linear
polymers or a distortion of the viscosity law for branched polymers. This
has been previously described (2-4). DRI prototype (#4) has been especially
designed to reduce this effect. A special geometry is used to reduce the
pressure drop in the detector area but also to reduce the void volume. This
design is used in the new Waters GPC 150 CVplus, and the details on the
DRI design will be published later (5).

“Multidetector GPC software”, a PC-DOS package written by Lesec
(6), was used for triple detection GPC. For data acquisition, the personal
computer is connected to the 150 CV and the CMX 100 through a CEC
IEEE board (Capital Equipment Corporation, Burlington, MA) and a 199
scanner multimeter (Keithll)ey, Cleveland, OH). Molecular weights are cal-
culated using both the LALLS detection and the viscometric detection with
a combination of the classical molecular weight calibration curve and the
viscosity law of the standards (6).

Preparation of the GPC system, especially the performance of the vis-
cometric detection and the performance of the refractometer DRI prototype
(#4), was performed by the comparison of the viscosity law obtained usin
the TSK narrow standards represented in Figure 2 and the one obtaine
with a linear broad polymer, like the polystyrene Dow 1683 (Dow Chemical,

Log ([n]) i

3 F 33
F EXPERIMENTAL DATA ]

2 L d2
L \ LINEAR LAW 4

1 F 31
- Log (M) n
—l lllllll | 1 lllllll 1 1 Illllll 1 i lllllll I-

5 3 7

4
Log (K) = —1.8892 Alpha = .7119

Figure 2. Viscosity law of TSK narrow polystyrene standards.
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Figure 3. Viscosity law of linear broad polystyrene Dow 1683.

Midland, MI) represented in Figure 3. Very similar laws are obtained, con-
firming the ability of this new GPC instrument to provide the right viscosity
information.

The problem of determining the average number of branches is theo-
retically simple, it is the ratio of the M, of the star polymer to that of the
uncoupled linear branches. In fact, the branched copolymers, even after a
heavy purification, contain a residual amount of unused linear branches.
Because these two materials have different molecular weights, they elute
separately, and it is possible to analyze the star peak alone. The big issue is
that this “impurity”” (uncoupled linear branches) is weighed when making
the solution and, accordingly, the real concentration of the star copolymer
is not known exactly; this information is very necessary when using GPC
with mass detectors.

A method to determine the sample concentration independent of know-
ing the exact concentration can be used and consists of calibrating the DRI
response R using a polystyrene sample with a well-known RI increment dn/
dc (Dow 1683) to use the DRI relationship, where K is the calibration con-
stant and C is the sample concentration:

R = K#dn/dc*C

Using the K constant determined by using the broad polystyrene
DOW 1683, it is then possible to measure the dn/%c of each branch because
they are very pure and their concentrations are perfectly known. Finally,
assuming the dn/dc of the star copolymer is extremely close to the one of
the branches (there are only very few amounts of coupling agent), it is just
necessary to set the software in the ““‘concentration correction’ position to
determine the correct slice concentration using the DRI signal, K, and dn/
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Figure 4. dn/dc of arm copolymers as a function of PMMA content.

de. This corrected slice concentration is then used in the light-scattering
calculations to determine the molecular weights and in the viscosity cal-
culations to get the right slice intrinsic viscosity and also molecular weights.
The dn/dc of the different branch copolymers are represented in Figure 4
as a function of the PMMA content.

Results and Discussion

Figure 5 represents the chromatograms of the linear arm copolymer
corresponding to sample PM1. The three peaks nearly overlay com-
pletely, which indicates a very low polydispersity measured as 1.06.
Figure 6 represents the chromatograms of the star-branched sample
PM1. The LALLS peak is normally shifted toward the high molecular
weight side, but the viscometer peak is very similar to the DRI one,
which is very unusual. In a classical representation, represented in Figure
7 for the linear broad polystyrene Dow 1683, the viscometric response
is very close to the light-scattering response, the first one being pro-
portional to Cx[n] (i.e., C*xM°7) and the second one being proportional
to C«M (C is the concentration, [g] the intrinsic viscosity, and M the
molecular weight). This particular behavior is due to the high long-
chain branching that tremendously reduces viscosity. Intrinsic viscosity
variations of PM1 star-branched copolymer versus elution volume are
represented in Figure 8. A strong distortion occurs with regard to a
linear macromolecule, due to the particular long-chain branching of this
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Figure 5. Chromatograms of the arm copolymer corresponding to PM1.

sample. Also, intrinsic viscosity variations versus Log M are plotted in
Figure 9, where the experimental viscosity law (viscosity—molecular
weight relationship) is compared with the one of the branch (linear) to
determine the branching distribution g (g; is the ratio [n]is:[n]iini, intrinsic
viscosity of the branched and linear polymers, respectively, at the same
molecular weight). These plots confirm the very branched behavior of
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REFRACTOMETER
Ve (mL)
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ll||lll|lIllllllIIIIIIIIIIIlllllUlllllLl
28 38 40 58

Figure 6. Chromatograms of the star-branched copolymer PM1.
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Figure 7. Chromatograms of the linear broad polystyrene Dow 1683.
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Figure 8. Viscosity variations of the star-branched polymer PM1. PM1 vis-
cosity peak and Log [n); versus elution volume.
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Figure 9. Viscosity law of the star-branched polymer PM1. Log [n); and g
branching distribution versus molecular weight.

these molecules because g; strongly decreases to around zero for high
molecular weights. As a comparison, we have plotted in Figure 10 the
same branching representation for a very well-known long-chain
branched polymer, the low density polyethylene NBS 1476 (National
Institute of Standards and Technology, Washington, DC). The compar-
ison shows the difference in long-chain branching between the two sam-
ples, the PM1 sample being obviously much more branched than the
classical NBS 1476.

Table II contains the results of the analysis of star-branched copol-
ymers (M, M,, and polydispersity d) by both the viscometric coupling
(V) and the light-scattering coupling (L). The numerical values are in
agreement, especially for the M,, values. These results confirm that the
universal calibration is perfectly valid for branched molecules, even for
a high degree of long-chain branching.

Although the light-scattering coupling is not the most appropriate
method to measure the number average molecular weight Mw,, because
of the lack of information on the scattered light in the low molecular
weight side, the agreement looks reasonable for both M,, and M, values
from GPC-viscometry and GPC-LALLS. These results confirm that the
universal calibration works well for these kinds of macromolecules.

Table III contains the numerical results in Mn for the six different
samples, for arms (lin) and stars (br). The values obtained by GPC—
viscometry (V) and by GPC-LALLS (L) are in agreement. They ap-
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Figure 10. Viscosity law of the branched polyethylene NBS 1476. Log [n};
and g; branching distribution versus molecular weight.

proximately lead to the same number of branches per star [Br-Lin(V)
and Br-Lin(L)].

Considering the results from Tables II and II1, it is difficult to de-
termine which parameter, Br-Lin(V) or Br-Lin(L), seems the most ap-
propriate to characterize the average number of branches of our star-
branched copolymers, which roughly varies from 3 to 12.

The intrinsic viscosity [n] of both linear and branched macromole-
cules and the branching parameter <g’> values of the star-branched
copolymers were also calculated by the GPC software and are reported
in Table IV. The ratio [n]y:[n]i, between the intrinsic viscosity of the

Table Il.  Characterization of Star-Branched Copolymers in M, and M,,

Samples  Mu(V)  Mo(V)  d(V)  dL)  Ma@) ML)
PM4 209,400 125,400 1.67 1.61 177,000 109,900
PM1 472,600 261,800 2.18 2.31 548,200 237,300
PMA 753,000 208,600 3.61 4.15 782,300 188,500
PM25 295,400 202,300 1.46 1.54 280,000 181,800
PM2 132,100 82,020 1.61 1.66 140,900 84,860
PM3 171,200 114,900 1.49 1.36 143,300 105,400
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Table III. Number of Branches Per Star by GPC-Viscometry
and GPC-LALLS

Samples M, (V) M, (V) Br-Lin(V) Br-Lin(L) M, (L) M, (L)

PM4 20,530 125,400 6.1 6.9 16,030 109,900
PM1 26,740 261,800 9.8 10.3 22,930 237,300
PMA 18,080 208,600 11.5 10.9 17,250 188,500
PM25 37,560 202,300 5.4 5.4 33,850 181,800
PM2 24,560 82,020 3.3 4.0 21,370 84,860
PM3 21,190 114,900 5.4 5.6 18,820 105,400

star and the one of the linear molecule used to synthesize the star, is
found to be approximately constant and equal to 2. This interesting
result has already been observed (7) for other star-branched polymers.
It indicates that the size of the star-branched copolymers is a particular
function of the number of branches.

Figure 11 represents the variations of <g’> as a function of the num-
ber of branches. The <g’> value strongly decreases when the number
of branches in the stars increases. Again, a very good agreement is ob-
served between GPC-viscometry and GPC-LALLS values.

Conclusion

The characterization of star-branched polymers has been performed
using triple detection because it was not obvious, in the beginning of
this study, that universal calibration could be applied to star-branched
polymers. In fact, the GPC software used handles experimental data as
a double dual detection, GPC-viscometry and GPC-LALLS. Experi-
mentally, it has been found that excellent agreement between results
from these two sets of data can be obtained. GPC-viscometry uses a
universal calibration curve and GPC-LALLS is free of any molecular
weight calibration curve. Therefore, the universal calibration works well
with very long chain branched polymers, even with a very particular

Table IV. Intrinsic Viscosity and Branching Parameter (g')
by GPC-Viscometry

Samples [n]lin Nor [ﬂ]br:["?]lm <g,>br
PM4 11.87 21.62 1.82 0.404
PM1 13.05 27.63 2.12 0.283
PMA 10.47 20.12 1.92 0.168
PM25 18.07 33.82 1.87 0.496
PM2 13.04 23.50 1.80 0.630
PM3 11.83 21.69 1.83 0.458
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Figure 11. Variations of the branching parameter <g’> as a function of
the number of branches in the star-branched copolymer PM1.

viscometric behavior. The calculation of the number of branches was
performed by making the ratio of the number average molecular weight
of the star polymer to that of the uncoupled linear branches. The use
of Mn from GPC-viscometry and Mn from GPC-LALLS leads approx-
imately to the same number of branches in the star-branched copolymers.
The ratio [n]u::[n]in, between the intrinsic viscosity of the star and the
one of the linear molecule used to synthesize the star, is found to be
approximately constant and equal to 2, which has already been observed
for other star-branched polymers.
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Determination of Molecular Weight
and Composition in Copolymers Using
Thermal Field-Flow Fractionation
Combined with Viscometry

Martin E. Schimpf

Department of Chemistry, Boise State University, Boise, ID 83725

A method is presented for obtaining the molecular weight and
composition of copolymers using thermal field-flow fractionation
(ThFFF) and viscometry. The method requires the thermal diffusion
coefficients for the homopolymer constituents, which are constant
in a given solvent and can be measured independently using ThFFF
(and have already been determined for many polymer-solvent sys-
tems). Equations are derived that express the average molecular
weight and composition as a function of ThFFF retention and in-
trinsic viscosity in two separate solvents. The method is demon-
strated in two pairs of solvents using a statistical copolymer of
styrene and isoprene, but it is also expected to apply to linear-block
copolymers whose secondary structure is randomized by nonselec-
tive solvents (i.e., solvents that are equally good for both copolymer
components). An analysis of errors indicates that the accuracy of
the method primarily depends on the precision with which ThFFF
retention is measured, as well as reliable values for the thermal
diffusion coefficients.

THERMAL FIELD-FLOW FRACTIONATION (ThFFF) separates polymers
according to their molecular weight and chemical composition. The mo-
lecular weight dependence is well understood and is routinely used to
characterize molecular weight distributions (I-4). However, the de-
pendence of retention on composition is tied to differences in the thermal
diffusion of polymers, which is poorly understood. As a result, the com-
positional selectivity of ThFFF has not realized its full potential. How-

0065-2395/95/0247-0183$12.00/0
© 1995 American Chemical Society

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch014

184 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

ever, we demonstrated the ability to predict thermal diffusion (hence
retention) in certain copolymers (5), allowing us to use ThFFF to obtain
compositional information in such copolymers.

Background

It was recognized early in the development of ThFFF that different
molecular weight components are separated because of the dependence
of ordinary (Fickian) diffusion on hydrodynamic radius, whereas thermal
diffusion is responsible for variations in retention with polymer com-
position (6). The ability to separate polymers based only on compositional
differences was first demonstrated by Gunderson and Giddings (7) when
poly(methyl methacrylate) and polystyrene polymers that were similar
in size, and therefore coeluted in size-exclusion chromatography, were
separated in a ThFFF channel.

Although the relationship between ordinary diffusion and molecular
weight is well understood, we are still struggling to understand how
composition affects thermal diffusion, and therefore ThFFF retention.
Although we can relate retention to the phenomenological coefficient
for thermal diffusion (D7), D1 has not been successfully related to phys-
icochemical parameters of the polymer and solvent. As a result, retention
cannot be related to polymer composition unless Dy is first determined
empirically.

To improve our ability to predict ThFFF retention from composi-
tional information, or vise versa, we are studying thermal diffusion in a
systematic manner using ThFFF itself, which is capable of yielding pre-
cise values of Dr. These studies have shown that in homopolymers,
thermal diffusion is independent of molecular weight and branching
structure (8) but significantly affected by the composition of both poly-
mer and solvent (9). The independence of thermal diffusion and molec-
ular weight is fortuitous, as it reduces ThFFF calibrations to a single
measurement, provided the relationship between either diffusion or vis-
cosity and molecular weight is known (10). Unfortunately, the compo-
sitional dependence of retention in homopolymers cannot yet be
predicted.

The thermal diffusion of several copolymers was examined in a va-
riety of solvents (5, 11). For statistical (random) copolymers, Dy is a
weighted average of the Dy values of homopolymers made of the con-
stituent monomers, as illustrated in Figure 1. For example, in a given
solvent, the Dy value of a statistical copolymer containing 50 mole per-
cent styrene and 50 mole percent isoprene is a simple average of the
Dr values of polystyrene and polyisoprene homopolymers. For copol-
ymers with a greater styrene content, Dy is weighted more toward that
of polystyrene homopolymer, where the weighting factor is the mole
fraction of styrene in the copolymer.
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Figure 1. Illustration of the linear dependence of Dy on composition in
copolymers of styrene and isoprene. In addition to the two homopolymer
end-points, one statistical copolymer and three linear-block copolymers are
represented.

The situation is more complex in block copolymers. Thermal dif-
fusion, and therefore retention, can still be predicted in block copoly-
mers, provided the monomeric units are not radially segregated in the
solvated coil. Segregation is critical because monomeric units located
in the outer free-draining region of the solvated coil appear to dominate
thermal diffusion. In statistical copolymers, monomer segregation is not
possible. In block copolymers, on the other hand, segregation can arise
from bonding constraints or solvent effects (11). However, as long as a
nonselective solvent is used (a solvent that is equally good for all co-
polymer blocks), the monomeric units of linear-block copolymers will
not segregate appreciably and thermal diffusion follows the same be-
havior as it does in statistical copolymers. As a result, retention becomes
predictable in linear-block copolymers when a nonselective solvent is
used. Finally, in highly branched block copolymers, randomization of
the monomeric units is physically restricted, so that retention cannot
be predicted even in nonselective solvents (5).

In summary, the methods described here can be used to determine
both composition and molecular weight in copolymers where Dy is a
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linear function of composition. This is the case with statistical copolymers
and, if two nonselective solvents are available, for linear-block copol-
ymers as well.

Finally, it should be noted that Dy varies linearly with the temper-
ature of the cold wall T, (12). For example, Dy values of polystyrene in
ethylbenzene diminish ~1% per degree increase in T, near 300 K, as
illustrated in Figure 2. Therefore, the most accurate determinations
require the use of a cold-wall temperature that matches that used to
measure the Dy values of the constituent homopolymers.

Theory

In ThFFF, the fundamental retention parameter A is related to the tem-
perature drop across the channel AT and the transport coefficients of
the polymer-carrier liquid system by

D
A= (1)
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Figure 2. Dependence of the thermal diffusion coefficient Dy on cold-wall
temperature (T,) for polystyrene in ethylbenzene. The data was taken from
reference 12.
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where D is the ordinary diffusion coefficient. In most FFF subtechniques,
\ is related to the volume of liquid required to elute a polymer com-
ponent V, by the following relation

R = V°/V, = 6A[coth (aA) — 2\] @)

Here R is termed the retention ratio and V° is the void volume, that is,
the volume required to elute a nonretained component. In ThFFF, cor-
rections to equation 2 must be made to account for the viscosity gradient
in the channel, which arises from the temperature gradient. The details
of these corrections are lengthy and can be found in reference 13.

The diffusion coefficient can be related to the intrinsic viscosity [n]
and molecular weight of the polymer by (14)

kT (lOwNA)l/"

3)

~ 6, \3[nIMy

where k is Boltzman’s constant, T is temperature, N, is Avogadro’s num-
ber, 7, is the solvent viscosity, and My is the viscosity-average molecular
weight. For a copolymer containing two components A and B, the ther-
mal diffusion coefficient of the copolymer can be expressed as
copolymer _— B XA A B
Dyeopobmer = DpP + —— (Dr* — Dr°) (4)
100

Here, D1* and D;® are the thermal diffusion coefficients of homopoly-
mers composed of components A and B, respectively, and X, is the
copolymer composition in mol% of component A. Substituting equations
3 and 4 into equation 1 and rearranging yields

1 _ 6mn,AT (3[n]My
N kT, \107N,

)m - (D7® + X,AD4/100) (5)

where ADy has been substituted for (D;* — D;®) and T, is the temper-
ature in the channel at the center of gravity of the polymer distribution.
T, is related to T, by

T,, =T, + AT (6)

In characterizing a copolymer sample, we are specifically interested
in two parameters contained in equation 5, namely My and X,. The
remaining parameters can either be found in handbooks or measured
separately. Thus, parameter X is calculated from V, using the modified
form of equation 2. D1* and D® are known for several polymer-carrier
liquid systems or they can be measured experimentally using ThFFF
(9). Ar is set by the user and 1, (at T.,) can be found in a handbook.
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Finally, [7] can be measured separately, leaving My and X, as the two
remaining unknown parameters. By obtaining viscosity and ThFFF re-
tention data in two solvents, we establish two equations in the form of
equation 5, which can be solved simultaneously to yield My and X,

K b101/>\2 - b202/7\1 3

MV - b]C]dgCg - b202a101 (7)
0202/>\1 - 0101/>\2
XA =100- 8
A blcl/)\z - b202/7\1 ( )
where

a;=Dt®  (in solvent i) (9a)
b,= ADy (in solvent i) (9b)
¢ = n,AT[n)}3/T,,  (in solvent i) (9¢)

67 3\
&= (F(romm) o

Here the subscript i refers to the solvent, whereas the superscript (A
or B) refers to the component homopolymer. For example, g, is the
thermal diffusion coefficient of a homopolymer consisting of component
B in solvent 1. Parameters [n]; and \; are the intrinsic viscosity and re-
tention parameter measured on the copolymer in solvent i; T,, in equa-
tion 9c is the temperature at the center of gravity of the retained polymer
zone in solvent i, while 7, is the viscosity of solvent i at T,,. Equations
7 through 9 are applicable to copolymers with only two components;
similar equations could be derived for n-component copolymers, in
which case My and X, are determined from retention and viscosity data
in n separate solvents.

The method outlined above is strictly applicable only to monodis-
perse copolymer samples, unless a viscometer is used for detection of
the ThFFF elution profile. This arises because D in equation 3 is an
average diffusion coeflicient corresponding to a molecular weight My,
which is not necessarily equal to the molecular weight at the ThFFF
peak maximum. With a viscometer as the ThFFF detector, this limitation
could be overcome by using the retention ratio corresponding to the
center of gravity of the elution profile.

Experimental Details

The method was tested on a well-defined copolymer of styrene and isoprene,
obtained from Exxon Chemical Company, Linden, NJ, and prepared by
anionic polymerization to obtain a narrow molecular weight distribution.
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The average molecular weight of the copolymer was determined by light
scattering to be 38,000; the nominal composition is 51 mole percent styrene
and 49 mole percent isoprene, determined by NMR.

Our ThFFF channel is similar to the model T100 Thermal Fractionator
(FFFractionation, Inc., Salt Lake City, UT), with a channel thickness of
0.10 mm. When the carrier liquid was tetrahydrofuran (THF) or cyclo-
hexane, a UV monitor set at 254 nm was used for sample detection; when
toluene was the carrier liquid, a refractive index monitor was used instead.
The temperature difference was 60.0 K and the cold wall temperature was
298.2 K. Intrinsic viscosities were measured with a CannonFenske ASTM-
25 viscometer obtained from Fisher Scientific (Santa Clara, CA). Viscosities
were measured in a thermostated temperature bath set at T,,. All solvents
were high-performance liquid chromatography grade.

Values of D* and D{® were measured previously (5, 9), with relative
standard errors that were typically 2%. Values of 1, at T,,, used in equation
9c, were obtained from ref{arence 15.

Results and Discussion

Retention and viscosity of the copolymer were first measured in toluene
and THF. A typical viscosity plot is illustrated in Figure 3. Here, the

35 T T T T T y
34 - .
= I 1
3
E
> 33 r -
2
E 3 .
3
c ' |
31 -
30 N R S I X I ,
0.0 1.0 2.0 3.0 4.0 5.0

Copolymer Concentration (mg/mL)

Figure 3. Inherent viscosity versus concentration for test copolymer in THF.
The intercept at zero concentration yields an intrinsic viscosity of 30.0
+0.3mL/g.
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inherent viscosity is plotted as a function of polymer concentration; the
intercept is the intrinsic viscosity. In measuring ThFFF retention, a rel-
atively high field strength (D1 60 K) was required. Unfortunately, this
resulted in a cold wall temperature (298.2 K) that was 4° higher than
that used to obtain values of D;* and D12, so we can expect a systematic
error (evaluated below) in our results.

Two sets of experimental values are reported in Table I. The first
set does not adjust the values of Di* and D® to account for the higher
cold wall temperature used in this work. In fact, such adjustments cannot
be made with certainty because the effect of temperature on thermal
diffusion in THF or toluene has not been studied. We can only make an
approximate adjustment based on the temperature dependence of Dy
observed for polystyrene in ethylbenzene. When this approximation is
used, we get the second set of experimental results reported in Table
I. Although the estimated composition differs from the nominal value
by 3%, the discrepancy is within the uncertainty of the nominal value.
However, the unadjusted molecular weight is biased by 16%. We report
errors in composition in absolute terms, whereas errors in molecular
weight are reported as relative errors.) We approximate the effect of a
4 K increase in cold wall temperature by increasing the values of D*
and D12 by 4%. This adjustment is based on the increase in Dy of 1%
per degree for polystyrene in ethylbenzene. Although it does not affect
the computed composition, the temperature adjustment moves the es-
timated molecular weight closer to the reported value, so that only a
3% discrepancy remains. Although a confidence level cannot be assigned

Table Ia. Summary of Parameters in Toluene and THF

Parameters Toluene THF
DA (X108 cm?/s-K) 10.3 9.7
D+® (X10® cm?/s-K) 6.9 5.4

A 0.178 0.218
T (K) 308.9 311.3

70 (cP) 0.488 0.390
[n] (mL/g) 17.5+ 0.2 30.0 + 0.5

Table Ib. Summary of Results

My .
Results (g/mol) (mol%)
Nominal 38,000 51
Experimental
Unadjusted 44,000 54
Dr Adjusted to T, 39,000 54

NOTES: A is polystyrene and B is polyisoprene.
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to this revised estimate of molecular weight, we can be encouraged by
the fact that the adjustment moves the estimated value in the right di-
rection (i.e., the discrepancy in molecular weight becomes smaller rather
than larger).

To further check the consistency of the method, we compare the
copolymer’s diffusion coefficient in THF, calculated from equation 3,
with an independent measurement. Using our experimentally deter-
mined values of My and [5], equation 3 predicts a D value of 9.85 X 1077
cm?/s; this is in good agreement with the value of 9.79 X 1077 cm?/s
measured independently using NMR by workers at Exxon. (A similar
comparison in toluene cannot be made because an independent value
of D in toluene is not available.) A treatment of the propagation of errors
is summarized in Table II. Here, uncertainties in My and X, propagated
by estimated uncertainties in the independent variables are listed. The
largest uncertainty comes from the Dy values, but accurate retention
data are also critical. For example, a 2% uncertainty in retention param-
eter \ translates to a 9-10% uncertainty in My and a 5-8% uncertainty
in XA.

Statistically, the numbers in Table II represent an upper limit to the
uncertainties produced by random error because multiple sources of
random error tend to cancel one another. Systematic errors, on the other
hand, must be considered separately. In general, systematic errors are
less critical to accuracy than random error due to the mathematical form
of equations 7 and 8. Both equations are comprised of difference terms,
where the two components of each difference term are composed of
similar physical parameters.

Table II. Summary of Uncertainties in Composition and Molecular Weight
Propagated from the Independent Variables

Uncertainty Uncertainty

in MV in XA
Independent Variable Error (%) (%)
AT 0.5K -1.5 0
Tc 0.2K 0.8 0.1
D! 3% -16.3 9.8
D2 2% 6.7 -5.5
D.®! 2% -5.9 3.4
D32 2% 4.0 -3.3
All Dy values 4% -13.2 0
A 2% -8.7 5.4
As 2% 10.4 -8.1
[ 2% -5.4 3.1
[nls 2% 3.7 -3.0

NoOTES: A is polystyrene, B is polyisoprene, 1 is toluene, and 2 is THF.
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When a physical parameter in one component of a difference term
is biased, the analogous parameter in the other component is similarly
biased; as a result, the bias is partially canceled in the difference term.
For example, when Dy values are biased by 4% (as expected from the
mismatch in cold wall temperatures), the error in X, is negligible,
whereas the error in My is less than that caused by a similar error in
D;*! alone (see Table II).

In this work, My was found to be more sensitive than X, to systematic
errors in Dr. This can be expected in other polymer-solvent systems as
well. Thus, a bias in Dt values are manifested in the a, terms of equations
7 and 8, yielding a relative error in the denominator of equation 7 that
is of the same order of magnitude as the relative error induced in the
numerator of equation 8. However, the cubic form of equation 7 results
in more severe consequences for My compared with X,.

A more detailed consideration of errors in retention and viscosity is
illustrated with several plots in Figure 4. Each plot considers the error
in one experimental measurement (viscosity or retention), and its effect
on one of the two determinations (molecular weight or composition).
The plots are three-dimensional because the consequence of errors in
each measurement are examined in both solvents simultaneously. For
example, consider the error in molecular weight caused by errors in the

Error
in M,

(%)

Error
in M,,
(%)

Error in Lambda (%)

Error
in X,
(%)

Error
in X,
(%)

10 10

Toluene

Error in Viscosity (%) Error in Lambda (%)

Figure 4. Plots of error in My and X, when retention and viscosity is mea-
sured in toluene and THF.
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measurement of viscosity. Systematic errors are represented in the di-
agonal running from front to back, where errors are of similar magnitude
in both solvents. Random errors are represented in the wings of the plot
(i-e., off the diagonal running from front to back), where the error in
one solvent dominates. It is clear from these plots that systematic errors
are less critical to accuracy than random errors. In fact, a systematic
error in either viscosity or retention has a negligible effect on the de-
termination of composition.

The extreme sensitivity of the method to random errors in the re-
tention parameter X is apparent in Figure 4. Fortunately, we can obtain
retention parameters with a precision of 1%. However, to avoid system-
atic errors, the corrected form of equation 2 (see reference 13) should
be used to obtain values of A from experimental measurements of R.

The mathematical form of equations 7 and 8 suggest that errors will
diminish as differences in the magnitude of thermal diffusion between
homopolymers and between solvents increase. Because thermal diffusion
is comparable in toluene and THF but significantly different (weaker)
in cyclohexane, we substituted cyclohexane for THF and reanalyzed the
copolymer. The results are displayed in Table III. The estimated com-
position is 56 mole percent styrene in this solvent pair, which is still
within the uncertainty of the nominal value. The estimated molecular
weight remains 13% high. However, with a 4% adjustment in Dy values,
the estimated molecular weight matches the nominal value.

A treatment of the propagation of errors in the toluene—cyclohexane
system is summarized in Table IV and Figure 5. In this solvent pair, the

Table IIla. Summary of Parameters
in Toluene and Cyclohexane

Parameters Toluene Cyclohexane
Dr* (X10® cm?/s-K) 10.3 4.4

D® (X108 cm?/s-K) 6.9 0.8

A 0.178 0.43
Teq (K) 308.9 324.0

7o (cP) 0.488 0.610
[9] (mL/g) 17.5 22.0

Table ITIb. Summary of Results

My Xa
Results (g/mol) (mol%)
Nominal 38,000 51
Experimental
Unadjusted 43,000 56
Dy adjusted to T, 38,000 56

NoOTEs: A is polystyrene and B is polyisoprene.
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Table IV. Summary of Uncertainties in Composition and Molecular Weight
Propagated from the Independent Variables

Uncertainty Uncertainty in
in My Composition

Independent Variable Error (%) (%)
AT 0.5K -0.7 0.1
Tc 0.2K 0.8 0.1
DA 3% -7.6 1.9
D28 2% 3.1 -2.5
D.®! 2% -4.6 1.2
| DR 2% 0.6 -0.4
All Dy values 4% -5.8 0

A 2% -4.3 0.9
A3 2% 1.6 -0.8
[n]: 2% -3.1 0.8
[nls 2% 0.7 -0.6

NOTES: A is polystyrene, B is polyisoprene, 1 is toluene, and 3 is cyclohexane.

effect of random error on calculations of both molecular weight and
composition is less dramatic, although errors in Di* and D1® remain
critical, particularly for polystyrene in toluene. However, the sensitivity
of molecular weight to errors in the measurement of viscosity in toluene
is cut nearly in half, and in cyclohexane it is reduced by a factor of five
compared with THF; the effect on composition is reduced by a factor
of four in both solvents. An even more dramatic reduction occurs in the
sensitivity of the results to errors in retention. In toluene, the effect on
molecular weight is reduced by a factor of two, whereas the effect on
composition is reduced sixfold. In cyclohexane, the sensitivity of mo-
lecular weight to retention error is reduced by a factor of seven compared
with THF, whereas a 10-fold reduction is seen in the effect on com-
position. In general, measurement errors are much less costly when
toluene and cyclohexane are used as compared with toluene and THF.

Although it is clear that random errors are less problematic when
cyclohexane is substituted for THF, the effect of systematic error remains
the same. Because we found little change in agreement between cal-
culated and nominal values when we switched solvent pairs, it is likely
that systematic error is responsible for the discrepancies. The most
probable source of discrepancy is systematic errors in Dy* and Dy® due
to the higher cold wall temperature used in this work.

Conclusions

The molecular weight and chemical composition of copolymers can be
determined by ThFFF and viscometry when either the primary or sec-
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Figure 5. Plots of error in My and X, when retention and viscosity is mea-
sured in toluene and cyclohexane.

ondary structure of the copolymer is randomized. Although the primary
structure is not random in block copolymers, previous studies indicate
that the secondary structure of linear-block copolymers is random in
nonselective solvents, that is, solvents that are equally good for all com-
ponents. However, the method requires one solvent for each component,
and it may be difficult to find multiple nonselective solvents, even for
copolymers with only two components. In this case, it may be possible
to use the temperature dependence of viscosity and ThFFF retention
by using a single (nonselective) solvent at two different temperatures,
because thermal diffusion and viscosity are both functions of tempera-
ture. Of course, such a method will only be reliable if the temperature
dependence of viscosity and thermal diffusion is different for each com-
ponent. For example, Di* and D;® cannot both increase by the same
factor when the temperature is increased a given amount, or the or-
thogonality of the data is lost. Thus, more work is required to determine
the general feasibility of the method to block copolymers, although in
principle the applicability is there.

The accuracy of the method is quite sensitive to errors in the Dy
values of the homopolymers. Fortunately, Dy values are independent
of molecular weight and can be determined with precision using ThFFF.
However, the relatively strong temperature dependence of Dy requires
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the use of a consistent cold wall temperature. Accurate retention values
are also critical. Therefore, the extra-column volume should be ac-
counted for in calculating the retention ratio R. Furthermore, the non-
isoviscous corrections to retention theory should be used in obtaining
A from R when maximum accuracy is desired.
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Compositional Heterogeneity

of Copolymers by Coupled Techniques
with Chromatographic Columns and
Multidetectors

John V. Dawkins

Department of Chemistry, Loughborough University of Technology,
Loughborough, Leicestershire LE11 3TU, England

For copolymers having composition and molar mass distributions,
it is shown that characterization with one or more concentration
detectors on-line to a chromatographic system based on size-exclusion
chromatography (SEC) produces average composition data. For more
detailed information on composition heterogeneity, two approaches
are reviewed. An SEC method involving on-line concentration de-
tection together with on-line low-angle laser light scattering is de-
scribed to demonstrate how heterogeneity parameters permit a dis-
tinction between block copolymers and polymer blends. Coupled
column chromatography with two chromatographic systems in which
fractions from an SEC column are injected into a second column
containing a polymer-based packing where retention is determined
by nonexclusion mechanisms is described.

SIZE-EXCLUSION CHROMATOGRAPHY (SEC) is well established as a tech-
nique for determining the molar mass distribution (MMD) of homopoly-
mers. 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).

0065-2393/95/0247-0197$12.00/0
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Off-line light scattering has been developed to determine data for
M and compositional heterogeneity for copolymers (4-7). The param-
eters used to quantify the compositional heterogeneity of a copolymer
sample, as determined from light-scattering data, are P, representing
the effect of M on compositional heterogeneity, and Q, which represents
the overall compositional drift. Therefore, addition of on-line low-angle
laser light-scattering (LALLS) 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 to-
gether with overall heterogeneity parameters (8, 9). When copolymers
contain composition heterogeneities, some types of cross-fractionation
procedure, involving separating by composition fractions previously
separated by size, can be attempted, but the experimental work involving
transfers between techniques is quite time-consuming. In coupled col-
umn chromatography (CCC), on-line transfer can be automated, and
Balke and Patel (10-13) demonstrated copolymer separations with two
chromatographic systems in which copolymer is separated first by SEC
and second by nonexclusion mechanisms.

Here, some aspects of copolymer characterisation by SEC with cou-
pling are reviewed considering, first, concentration detectors with
LALLS detection and, second, concentration detection with on-line
transfer to an interactive column system in CCC. Investigations of CCC
indicate how nonexclusion separations dependent on copolymer com-
position in the second column can be influenced by choice of stationary
and mobile phases (14, 15). The examples of statistical and block co-
polymers are selected to illustrate not only heterogeneity within co-
polymer chains but also homopolymer contamination within copolymer
samples. The presence of residual homopolymer is important to the
production of comb graft copolymers by grafting-on and grafting-through
processes (16).

Experimental

Chromatographic data for copolymers obtained by SEC with on-line dual
concentration detectors was gathered with a gel permeation chromatograph
(model 301, Waters Associates, Milford, MA) with refractive index (RI)
(thermostatted at 298 K) and UV (254 nm) detection (17). Elutions were
performed with tetrahydrofuran (THF) (distilled before use) at a flow rate
of 1 cm® min™ at room temperature. A series arrangement of four SEC
columns (Styragel, Waters Associates) was used. Solution concentrations
were in the range of 0.1-0.3% (wt/vol). Calibrations of detector propor-
tionality constants were established according to methodology described
previously (17).

Details of the chromatographic system with on-line LALLS were de-
scribed previously (8, 9). After a series arrangement of four SEC columns
(300 X 7 mm PLgeL,, 10 um, Polymer Laboratories, Church Stretton,
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England), the on-line detectors were in sequence light scattering (model
KMX-6, Chromatix Thermo Separation Products, Riviera Beach, FL), in-
frared (model 1A, Wilks-Miran), and RI (model R401, Waters Associates).
Separations were performed with tetrachloroethylene as eluent at 353 K.
Solution concentrations were 5 mg/cm® and toluene (0.1%) was added as
internal marker.

The CCC instrumentation consisted of two independent chromato-
graphic systems joined together via a switching valve (14, 15). System one
contained in sequence an SEC column (300 X 7 mm, mixed PLgeL, 10 pm),
six port-switching valve (model 7010, Rheodyne, Cotati, CA), and RI de-
tector (type 98.00, Knauer, supplied by Polymer Laboratories, Church
Stretton, England). System two ﬁad pump and column linked through the
same switching valve and contained in sequence a single column of either
mixed PLgeL, 10 um, or PL. Aquagel P3 type, 10 um (both 300 X 7 mm),
UV detector (Pye Unicam), an((ll RI detector (type 98.00, Knauer, supplied
by Polymer Laboratories, Church Stretton, England). All separations were
performed at ambient temperature. THF was always used as eluent in system
one. Isocratic elutions were performed with the second system with mixtures
of either THF-heptane (HEP) or THF—isopropanol (IP) as mobile phase.
Solution concentrations in THF injected into the first column system were
0.4% (wt/vol).

Polymers and copolymers were laboratory-prepared samples. Samples
w4 an(i/ W7 of the diblock copolymer AB poly(styrene-b-tetramethylene
oxide) (PS-PT) were synthesized by producing a polystyrene prepolymer
whose terminal group was transformed to a macroinitiator for the poly-
merization of THF. Samples B13 and B16 of the diblock copolymer AB
poly[styrene-b-(dimethyl siloxane)] (PS-PDMS) were prepared by sequential
anionic polymerization. Samples of statistical copolymers of styrene and n-
butyl methacrylate (PSBMA) were produced by radical copolymerization.
Details of syntilletic and characterization methods have been reported else-
where (15, 17-19).

Results and Discussion

Composition Drift. Determinations of copolymer composition
distribution by SEC with dual UV and RI detectors were developed by
several researchers (1, 20-22). To exemplify that this methodology may
only be capable of producing average composition data across a chro-
matogram as a function of retention volume V, results for samples of
the diblock copolymer PS—PT are presented. The block lengths in sam-
ples of PS-PT were chosen such that the SEC peak for copolymer was
well resolved from the PS prepolymer peak.

The response hyy (V) of the UV detector as a function of V depends
only on the weight ws of styrene units in PS-PT, whereas the response
h(V) of the RI detector depends on both wg and weight wr of tetrameth-
ylene oxide units in the copolymer. The detector responses are given by

hUV(V) = Ksws (1)
hei(V) = Kc(ws + wr) (2)
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where K is a proportionality constant dependent on the UV extinction
coefficient for styrene units in the copolymer, and K¢ is a proportionality
constant related to the RI increment of the PS-PT diblock copolymer
in the SEC eluent. This increment is usually assumed to be represented
in terms of the values for the corresponding homopolymers by a linear
equation, so that K¢ is given in terms of weight fractions by

Kc = WsK, + (1 — Wg)Kp (3)

where K, and Kg are the refractometer proportionality constants for PS
and PT, respectively. The weight fraction of styrene units in the copol-
ymer is

Ws = ws/(ws + wr) (4)

It follows that substitution of equations 1 and 2 into equation 4, and
elimination of K¢ with equation 3, gives after rearrangement an expres-
sion for Wg as a function of V

Kghuy(V)/hra(V)
Ks — (Ka = Kp)huo(V)/hea(V)

Ws(V) = (5)
Because of the results to be presented to illustrate composition drift,
we prefer to define the average weight fraction of styrene Wg(V) in
equation 5. Determinations of Ks, K, , and Kg were reported previously
(17). It was demonstrated that for the range of molar masses studied
there was no dependence of refractometer proportionality constants on
chain length or end group structure.

Copolymer composition data for SEC peaks corresponding to two
samples of PS—PT diblock copolymer are displayed in Figure 1. Sample
W4 appears to be close to monodisperse both in terms of MMD, poly-
dispersity computed to be 1.04 for chains eluting over the range 21.0-
26.5 counts, and in terms of composition distribution, because the in-
crease in Wy(V) above 0.12 at the peak of the chromatogram corresponds
to the low molar mass tail of the SEC chromatogram where the accuracy
of the dual detector method will decrease. On the other hand, sample
W7 is much more polydisperse both in terms of MMD, polydispersity
computed to be 1.65 for chains eluting over the range 19.5-27.5 counts,
and in terms of composition distribution, because there is considerable
increase in Ws(V) across the chromatogram from the value of 0.1 at the
peak. These very different composition distributions for samples W4
and W7 may be explained by the type of chemistry used in the trans-
formation reaction to produce a macroinitiator for the polymerization
of THF in formation of PS-PT diblock copolymer (17).

At the ith elution volume interval in the elution of copolymer by
SEC, a detector having a cell volume AV will provide a response cor-
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Figure 1. Dependence of composition of styrene units in PS-PT diblock
copolymers on retention volume. , sample W4; — — -, sample W7.

responding to chains with almost identical sizes in solution in the cell,
as judged by hydrodynamic volume as universal calibration parameter.
If there is a drift of composition across a chromatogram, as exemplified
by sample W7 in Figure 1, then it can be expected that there has to be
a compositional heterogeneity for chains of almost identical sizes in the
detector cell volume AV at a particular elution time. From universal
calibration considerations (17), the experimental SEC calibrations for
PS and PT homopolymers are related at a given elution volume by

lOg Mpr—log MPS = log 0.55 (6)

Therefore, heterogeneous copolymer chains in a detector cell volume
AV will have different molar masses. It follows that for a definite hy-
drodynamic volume of chains in solution these chains may be constituted
by a range of structures with variations in block lengths and composition.
Consequently, for heterogeneous copolymers, SEC with concentration
detectors is only capable of producing average composition data, and
more detailed studies of compositional heterogeneity require additional
characterization methodology, that is, by LALLS for some polymer types
or by cross-fractionation.

LALLS Detection. Consideration of the treatment of light scat-
tering for heterogeneous copolymers (6) permits the dependence of the
apparent molar mass M, at the ith elution volume interval in a SEC—
on-line LALLS experiment to be represented in terms of P; and Q; by

Vi Vi

— — 2
M’ =M, +2 pi(u) + Qi(u) )
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where »; is the RI increment for all the components (having weight av-
erage molar mass My ) at the ith elution volume interval. If one assumes
a linear relation between RI increment and copolymer composition W;
(determined for chains at the ith elution volume interval from peak
responses from on-line concentration detectors), it is easy to calculate
v; from the homopolymer RI increments v, and »g and the measured W,
value by analogy with the method defined by equation 3. The apparent
molar mass M;" is determined with equation 8,

K'Vizci/ R_a; = (1/ M,')ERROR‘) + 2Aqc; (8)

which defines the excess Rayleigh factor Ry; due to scattering from solute
alone (concentration c;) at the ith elution volume interval. In this equa-
tion the term containing the second virial coefficient Ay; can be neglected
for SEC experiments at low values of c;, and K" contains the usual con-
stants in light scattering.

Diblock copolymers of PS~=PDMS were chosen for study because
PS and PDMS homopolymers in good solvents have the same molar mass
calibrations in SEC (23). For PS and PDMS homopolymers in tetra-
chloroethylene, it can be shown from data for intrinsic viscosity that the
Mark-Houwink exponent for both of these polymers is near 0.8 (9).
Equations for universal calibration (24) indicate that an M(PS-PDMS)
diblock copolymer calibration should therefore follow that for the cor-
responding homopolymers. Consequently, there should be a narrow
range of masses at each elution volume, so that the term containing P;
in equation 7 can be ignored and M,,; can be replaced by M;, giving

* VA — VB 2
M =+ Q) ©)
1

Because M, is known from SEC calibrations with PS and PDMS homo-
polymer standards and because M; can be determined from on-line
LALLS and concentration detectors with the conventional light-scat-
tering equation containing the excess Rayleigh factor (equation 8), suf-
ficient information is available to compute Q; across a chromatogram.
These values can then be averaged to obtain the heterogeneity parameter
Q for the overall sample. To facilitate comparisons among samples, it is
convenient to use another heterogeneity parameter, H, defined as

H = Q/Qmax (10)

where Q.. is the value obtained for a blend of two homopolymers. The
range of H values is from zero (homogeneous sample) to unity (maximum
heterogeneity, i.e., a blend).
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Table I. Molar Mass and Heterogeneity Data
for a Blend and a Diblock Copolymer

Blend of PS + PDMS Diblock Copolymer
Homopolymers PS-PDMS
(Sample 4) (Sample B16)
Characterization Expected Value Expected Value
Parameter Value SEC/LALLS Value SEC/LALLS
PS (or styrene) 75.9¢ 75.5 76.1% 74.8
content (%)

M(PS) 43,600° 44,800 43,600° 39,700
M(PDMS) 35,800° 43,500 13,4004 13,400
H 1.00 1.06 0 0.25

¢ Blend composition weighed out.

b Calculated from Si analysis.

¢ Independent SEC characterization of homopolymers.
¢ Computed from b and c.

Representative results for a blend and a diblock copolymer are shown
in Table 1. It is evident for both samples that the on-line infrared and
RI concentration detectors provide excellent estimates of overall com-
position, component molar masses, and the heterogeneity parameter H.
Data for blends in Table I were obtained to assess the proposed methods.
Further evidence for the capability of the SEC-LALLS procedure can
be seen in Figure 2, which shows plots of data for Ws and H computed
across the MMD for blend sample 4. In this figure the expected results

2 — 1
=
¥

T

0 ! 1 0
103 10* 105 106

Mi

Figure 2. Variation of composition of PS and compositional heterogeneity
across MMD for PS-PDMS blend sample 4. — - —, composition Ws(V); 2
heterogeneity parameter H,.
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for Wg and H from Table I are obtained for the M; range from 10* to
10° g mol™. This indicates that possible errors due to volume offset
among the three detectors have been minimized by analysis of marker
peaks. The greatest errors in the plots in Figure 2 are at the tails of the
distribution, which are partly due to the PS-rich blend, the greater poly-
dispersity of the PS component than PDMS (4 and 2, respectively) and
possible distortion of tails by band-broadening.

The results for copolymer sample B16 in Table I suggest that it is a
good homogeneous diblock copolymer with minimal levels of contam-
inating homopolymers. This is confirmed by plots of data for Ws and H
computed from outputs from the three on-line detectors across the MMD
and displayed in Figure 3. The weight fraction of styrene is close to
0.75 over about a decade of M, and it is only at the low molar mass tail
of the distribution, where the multidetector approach will have lowest
accuracy, that Wy decreases significantly below the mean value quoted
in Table I. Characterization results for a much more polydisperse sample
B13, in terms of range of molar masses, are also shown in Figure 3. This
sample, although synthesized by a sequential monomer addition process
to produce a diblock copolymer, exhibits a fluctuating trend in terms of

~N
-

Ws(V)

j

-

Ws(V)

Figure 3. Variation of composition of styrene units and compositional het-
erogeneity across MMD for PS-PDMS copolymer samples; (a) sample B16
and (b) sample B13. — - —, composition W(V); , heterogeneity param-
eter H,.
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Ws, indicating fractions having styrene-rich and styrene-deficient com-
ponents. It is difficult to rationalize these composition data with the
method of block copolymer synthesis, and it has to be considered that
sample B13 contains substantial contamination by one or both homo-
polymers. The interpretation that this sample is largely a polydisperse
blend of polymers rather than based on a copolymer is supported by
the plot of H that lies in the range 0.80-1.06 across the peak of the
MMD in Figure 3. This deduction would not have been possible by
examination of average composition data alone without the application
of light scattering to determine heterogeneity parameters. The overall
information obtained from the three detectors enables molar masses of
components to be determined, and for the two samples in Table I the
good agreement between expected and SEC-LALLS results indicates
that the methods proposed are reasonably accurate.

CCC. A schematic diagram of the CCC system is shown in Figure
4 [this technique also has been named orthogonal chromatography (10—
13)]. Cross-fractionation on the polymer solution injected into the SEC
column was performed on the solution passing through the switching
valve in the time interval 830-850 s. This fraction was separated by
isocratic elutions with column two.

pump1 injection valve1
SEC witchin
-_— 3
column /vulve 9
RI I
pump 2 detector | VoSt
o |
t:2 umn __ data
system
uv
detector
RI
detector
waste

Figure 4. Diagram of apparatus for CCC.
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THF/HEP Vis) 800 1000

35-5/ 645

Figure 5. Chromatogram obtained with column system 2 containing PLgeL
PS packing for a mixture of homopolymers of PBMA (peak b) and PS (peak
a) with isocratic elution of THF-HEP (35.5:64.5) as mobile phase.

Cross-fractionation in CCC requires the establishment of separation
conditions for homopolymers for the second column system. A minimum
requirement is to produce nonoverlapping chromatograms by identifying
mobile-phase compositions for resolution of PS and PBMA homopolymer
peaks. This separation is obtained by introducing HEP or IP, as non-
solvent component for PS, and resolution of homopolymer peaks for the
PLgeL. PS packing was obtained with mobile-phase compositions of 35.5:
64.5 (THF-HEP), as shown in Figure 5, and 55:45 (THF-IP), as shown
in Figure 6. An increase in nonsolvent concentration in the mobile phase
markedly shifts PS elution to longer retention times, whereas PBMA
exhibits little or no change in elution volume. The behavior of PS is
consistent with separations of PS in poor and theta solvents with cross-
linked PS gels (25), that is, nonexclusion interaction mechanisms are
similar for poor solvents that are both more polar (IP) and less polar

Vis) 800 1000

THF/1P

551745-

B L T

Figure 6. Chromatograms obtained with column system 2 containing PLgeL
PS packing for homopolymers of PBMA (peak b) and PS (peak a) with iso-
cratic elution of THF-IP (55:45) as mobile phase.
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(HEP) than PS. It is proposed that size exclusion continues to dominate
separations of PBMA for the mobile phases given previously. For PL
Aquagel P3 packing in the second column, resolution of homopolymer
peaks was obtained with mobile-phase compositions of 55:45 (THF-
HEP) and 30:70 (THF-IP). However, these results are not as easy to
interpret as the observations for PLgeL. because both PS and PBMA
homopolymer peaks appear to be influenced by adsorption on PL. Aqua-
gel P3 as the HEP concentration is increased and because there is a low
difference in peak retention volumes between these peaks for elutions
with THF-IP, requiring a very high fraction of IP to achieve peak
resolution.

Consequently, separation of PSBMA copolymers according to sty-
rene composition ought to be possible in the second column system
containing a PLgeL packing. Separations of three different PSBMA co-
polymers in mixtures with PBMA are shown in Figure 7. Chromatogram
a shows the PBMA peak eluting first and the peak due to copolymer
PSBMAS8/2 merging with the solvent peak at 1200 s. As the styrene
composition decreases, the copolymer is less retained exhibiting de-
creased Vg as shown by chromatograms b and ¢. Two peaks are observed
in each case, due to PBMA with Vg near 900 s and copolymer eluting
later. Therefore, this CCC method has potential not only for separating
copolymers on the basis of composition but also for isolating residual
homopolymers from copolymers. The latter problem is of relevance to
the production of comb graft copolymers by grafting-on and grafting-
through processes (Slark, A. T.; Azam, M.; Branch, M. G.; Dawkins, J.
V., Loughborough University of Technology, Loughborough, United
Kingdom, unpublished results.)

V(s) 800 1000
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Figure 7. Chromatograms obtained with column system 2 containing PLgeL
PS packing with THF-HEP (composition 30:70) as mobile phase. (a) PBMA
homopolymer and PSBMA copolymer (65 mol/% styrene); (b) PBMA ho-
mopolymer and PSBMA copolymer (51 mol/% styrene); and (c) PBMA ho-
mopolymer and PSBMA copolymer (36 mol/% styrene).
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Conclusions

The results demonstrate that coupled chromatographic techniques with
multiple detectors permit the determination of average composition data,
heterogeneity parameters, and separations of homopolymers and co-
polymers. The methodology reviewed here enables a distinction to be
made between copolymers and polymer blends.
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Size-Exclusion Chromatography and
Nonexclusion Liquid Chromatography
for Characterization of Styrene
Copolymers

Sadao Mori

Department of Industrial Chemistry, Faculty of Engineering, Mie
University, Tsu, Mie 514, Japan

A size-exclusion chromatography (SEC) dual detector system cannot
give an accurate chemical composition distribution (CCD) for co-
polymers; therefore, nonexclusion liquid chromatography (NELC)
is required. SEC-NELC can give both a molecular-weight distri-
bution and a CCD for copolymers accurately and precisely. Several
NELC techniques that separate copolymers according to compo-
sition are reviewed: liquid adsorption chromatography (LAC), high-
performance precipitation liquid chromatography, normal- and
reversed-phase chromatography, orthogonal chromatography, and
LAC at the critical point. LAC with silica gel-chloroform (or 1,2-
dichloroethane) + ethanol for the separation of styrene copolymers
is explained in detail.

MOST SYNTHETIC POLYMERS (homopolymers) have a molecular-weight
distribution (MWD) that can be determined by size exclusion chroma-
tography (SEC). Although molecular-weight averages and the MWD of
copolymers also can be determined by SEC, accurate information on
these values is not always easy to obtain by SEC alone. SEC separates
molecules by their hydrodynamic sizes in solution, not by their molecular
weights. Copolymers have both a MWD and a chemical composition
distribution (CCD); a fraction eluted at the same retention volume in
SEC is a mixture of molecules having different compositions (and dif-
ferent molecular weights) but the same hydrodynamic size.

0065-2393/95/0247-0211$12.00/0
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An SEC dual detector system is a well-known technique to determine
the CCD of copolymers. As a combination of detectors, UV and refractive
index detectors are commonly used. However, because SEC separates
copolymers according to molecular sizes as described previously, the
elution order of the copolymers is not proportional to composition dif-
ference, and components eluted in the same retention volume might
have different compositions of the same size. Therefore, only the average
composition at each retention volume can be detected by SEC with two
detectors (1). If the CCD calculated from a dual detector system shows
the increase, the decrease, or the fluctuation with retention volume,
then the copolymer has chemical heterogeneity. Even if the CCD shows
the sample copolymer to be homogeneous throughout the whole chro-
matogram, it is almost impossible to conclude that the copolymer is
homogeneous.

Techniques such as SEC-LC (liquid chromatography other than the
size exclusion separation mode) are required to characterize copolymers
in accurate detail. Several techniques for nonexclusion liquid chroma-
tography (NELC) to separate copolymers according to composition have
been developed and reported within the past several years. These tech-
niques can give the information on chemical heterogeneity of copoly-
mers; thus, SEC-NELC is required to determine both distributions.

Techniques for NECL

NECL was first used to separate copolymers according to composition
by Teramachi et al. in 1979 (2). Silica gel was the stationary phase, and
styrene—methyl acrylate copolymers were separated by a gradient elu-
tion method with a combination of carbon tetrachloride-methyl acetate
as the mobile phase. Styrene—methyl methacrylate (MMA) copolymers
were separated by a dichloroethane—tetrahydrofuran (THF) gradient
elution method (3). High-performance precipitation liquid chromatog-
raphy (HPPLC) was developed by Gléckner et al. (4) and was applied
to the separation of styrene—acrylonitrile copolymers. A mixture of THF
and n-hexane was used as the mobile phase and gradient elution was
performed in order of increasing THF content. Orthogonal chromatog-
raphy was developed by Balke and Patel (5) and applied to the separation
of styrene-n-butyl methacrylate copolymers. Polystyrene gel was used
as the stationary phase and THF and a mixture of THF and n-heptane
were the first and the second mobile phases, respectively.

These NELC techniques can be classified into five types. Each type
requires gradient elution with two or more solvents. The first type is
liquid adsorption chromatography (LAC) (Table I). In LAC, initial and
final mobile phases should be good solvents for the sample copolymers.
Silica gel is used as the stationary phase in most cases. The sample co-
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Table I. Examples for LAC

Mobile Phase Stationary Phase Copolymer Ref.
CC1,/AcOMe Silica gel P(S-MA) 2
DCE/THF Silica gel P(S-MMA), P(S-EMA) 3
Toluene/MEK Silica gel Polyacrylates, polymethacrylates 6
(homo- and copolymers)
CHCI;/CHCI,4 Silica gel P(S—methacrylates) 7,8
+ EtOH P(S—acrylates) 8
DCE/DCE Silica gel P(S-methacrylates) 9
+ EtOH P(S—acrylates) 10
Polymethacrylates,

P(EMA-PBMA)

NOTE: S, polystyrene; MA, poly(methyl acrylate); EMA, poly(ethyl methacrylate); BMA,
poly(butyl methacrylate).

polymers injected into a column adsorb on the silica gel surface at the
initial mobile phase. For example, the initial mobile phase in reference
3 was 3% THF in 1,2-dichloroethane (DCE) and in reference 6 was 2%
methyl ethyl ketone (MEK) in toluene. All the sample copolymers prefer
to adsorb on the surface of the stationary phase rather than elute from
the column. Gradient elution increases the content of a displacer, which
acts to decrease the adsorption power of the stationary phase (e.g.,
ethanol in references 7-10) or to increase the solubility of the copoly-
mers (e.g., final mobile phase in reference 3 was 15% THF in DCE and
in reference 6, 100% MEK). In this sense, both mobile and stationary
phases play important roles for the separation of the copolymers ac-
cording to composition.

The second type is HPPLC (Table II). In HPPLC, the initial mobile
phase is a nonsolvent for the sample copolymers, so that the sample
copolymers injected into a column precipitate on the top of the column.
Gradient elution is performed by adding a good solvent to the sample

Table II. Examples for HPPLC

Mobile Phase Stationary Phase Copolymer Ref.

n-Hexane/THF Silica gel P(S-AN) 4
Silica-RP-8

i-Octane/THF + MeOH Silica-ODS ~ P(S—AN) 11

i-Octane/THF + MeOH Silica gel P(S-MMA) 12

n-Heptane/CH,Cl, + MeOH Silica gel P(S-AN) 13

n-Heptane/CH,Cl; + MeOH Silica gel P(S-MA), P(S-BA) 14

NoOTE: S, polystyrene; AN, polyacrylonitrile; MMA, poly(methyl methacrylate); MA,
poly(methyl acrylate); BA, poly(butyl acrylate).
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copolymers. The copolymers that are precipitated on the top of the
column start to redissolve into the mobile phase according to their com-
position with increasing content of the good solvent in the mobile phase
(the selective dissolution according to their composition). Solubility of
the copolymers in the mobile phase governs the separation of the co-
polymers according to composition, and the stationary phase does not
have much effect on the separation. For example, 20% THF in n-hexane
was the initial mobile phase and styrene—acrylonitrile copolymers in-
jected into a column precipitated on the top of the column (4). By in-
creasing the content of THF in the mobile phase, the copolymers started
to redissolve in the order of increasing acrylonitrile content in the
copolymers.

To classify a separation technique by LC into these two types, it
should be clear whether the sample copolymers adsorb on the surface
of the stationary phase or precipitate on the top of the column (phase
separation) when the sample copolymers are injected into a column. If
the separation mechanism is not clearly understood or when the sepa-
ration by the solubility difference of the sample copolymers between
the stationary and the mobile phases can be considered, then the tech-
nique can be classified into normal-phase and reversed-phase chroma-
tography as the third type (Table III). Initial and final mobile phases
should be good solvents for the sample copolymers. The initial mobile
phases in Table III are 15% THF in acetonitrile (AcCN) or 10% THF
in cyclohexane (15), 35% THF in n-hexane (16), 20% CH,Cl; in AcCN
(17), and 10% CHCI; in n-hexane (18). The final mobile phases are 65%
THF in AcCN or 60% THEF in cyclohexane (15), 85% THF in n-hexane
(16), 80% CH,Cl, in AcCN (17), and 40% CHCI; in n-hexane (18).

Stationary phases are hydrophobic or hydrophilic, and when the
hydrophobic stationary phase such as silica-ODS is applied, the initial
mobile phase is polar and the content of a less-polar solvent such as
THF is increased in the mobile phase. This is called reversed-phase
chromatography. In the case of a hydrophilic stationary phase (e.g.,
silica-CN), the initial mobile phase is less polar and the content of a

Table III. Normal- and Reversed-Phase Chromatography

Mobile Phase Stationary Phase Copolymer Ref.
AcCN/THF Silica-ODS, phenyl P(S-MMA) 15
CeH,o/THF Silica-CN, NH, P(S-MMA) 15
n-Hexane/THF Silica gel P(S-MMA) 16
AcCN/CH,Cl, PS gel P(S-MMA) 17
n-Hexane/CHCl, PAN gel P(S-PB) 18

NOTE: S, polystyrene; AN, polyacrylonitrile; MMA, poly(methyl methacrylate); PB, poly-
butadiene.
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polar solvent to the initial mobile phase such as THF is increased in the
mobile phase. This is called normal-phase chromatography. In both cases,
the solubility of styrene-poor copolymers increases with increasing the
content of the second solvent in the mobile phase and the styrene-poor
copolymers start to elute from the column. This solubility difference of
the copolymers between the stationary and the mobile phases is the
main mechanism of the separation.

The fourth type, orthogonal chromatography, is a combination of
SEC and NELC and uses polystyrene gel columns for SEC in both stages.
THF is used as the mobile phase at the first stage and the sample co-
polymers are separated by size. Fractions separated by SEC are subjected
to the second stage where the mobile phase is a mixture of THF and n-
heptane (5). A mixture of THF and isopropanol was also used as the
second mobile phase (19).

LAC at the critical point can be classified as the fifth type of NELC.
Operating in the region between size exclusion and adsorption modes
of LC by changing the composition of the bicomponent mobile phase,
retention becomes independent of polymer size and the separation is
accomplished exclusively by composition (20). This technique was ap-
plied to the characterization of block polymers (21).

Examples of LAC

Among several techniques for NELC, LAC with silica gel-chloroform
(or DCE) + ethanol for the separation of styrene copolymers is easy to
operate and has a wide applicability (7).

System and Samples. Silica gel with a pore diameter of 3 nm and
amean particle size of 5 um was packed in 4.6-mm i.d. X 50-mm-length
stainless steel tubing. This column was thermostated at a specified tem-
perature by using an air-oven or a column jacket. Gradient elution was
performed as follows: the initial mobile phase (A) was a mixture of chlo-
roform and ethanol (99.0:1.0, v/v), the composition of the final mobile
phase (B) was 93.0:7.0 (v/v) chloroform—ethanol, and the composition
of the mobile phase was changed from 100% (A) to 100% (B) in 30 min.
The flow rate of the mobile phase was 0.5 mL/min (8). A UV detector
was used at a wavelength of 260 nm (or 254 nm) or 233 nm (in the case
of DCE) (9).

Samples tested were styrene copolymers of methacrylates, acrylates,
vinyl acetate, and acrylonitrile, in addition to ethyl methacrylate-butyl
methacrylate copolymers. These samples were dissolved in the initial
mobile phase and the injection volume was 0.05-0.2 mL. These samples
were prepared by solution polymerization at low conversion and have
rather narrow CCD. These samples are random (statistical) copolymers.
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Besides these random copolymers prepared by solution polymerization,
those obained by bulk polymerization and block copolymers were also
used for the application examples.

Methods of Separation. Elution Behavior. First, elution was
performed by an isocratic elution mode. At a constant column temper-
ature, the copolymers and homopolymers of polymethacrylates and
polyacrylates were retained in the column with chloroform (and DCE)
without ethanol. Only polystyrene could elute from the column. By
adding ethanol to chloroform (and DCE), copolymers with a higher sty-
rene content started to elute, and by increasing the ethanol content in
the mobile phase, copolymers with less styrene were eluted.

For example, at a column temperature of 10 °C, poly(styrene—
methyl methacrylate) P(S-MMA) copolymer with 48.7% styrene was
retained in the column with chloroform-ethanol (99.5:0.5) and eluted
100% from the column with the mobile phase containing more than
1.5% ethanol (7) (Figure 1). At the mobile phase of chloroform-ethanol
(99.0:1.0), half of the copolymer was retained in the column and the
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Figure 1. Effect of column temperature on the elution of P(S-MMA) co-
polymer having 66.3% styrene. Mobile phase, chloroform-ethanol (99.0:
1.0,(0/0). Column temperature (°C), (a) 10, (b) 20, (c) 30, (d) 40, and (e)
50 (7).
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rest was eluted from the column. The portion retained in the column
had higher MMA (2.8%) than that eluted from the column (). This
result implies that even relatively homogeneous copolymers still have
some chemical heterogeneity.

The copolymers tend to adsorb on the column at a higher column
temperature, and copolymers with a higher methacrylate or acrylate
component required a lower column temperature for elution. For ex-
ample, a P(S-MMA) copolymer with 66.3% styrene eluted 100% from
the column at column temperatures 10-30 °C with the mobile phase
of chloroform-ethanol (99:1) and was retained in the column at 50 °C
(Figure 2). The reason for the observation in Figure 2d was the same
as that in Figure 1c. Lower column temperature (and/or a higher ethanol
content in the mobile phase) was preferable for the elution of the co-
polymers having less styrene.

Mechanisms of Retention and Elution. These results can be sum-
marized as follows: the copolymers tend to adsorb in the column at a
higher column temperature and at a lower content of ethanol in the
mobile phase and the copolymers with a lower styrene component re-
quire a lower column temperature or a higher content of ethanol in the
mobile phase to elute from the column. The ethanol content in the
mobile phase or a column temperature did not affect peak retention
volume for the copolymers. All the copolymers eluted at the same re-
tention volume.

Carbonyl groups in the copolymers will hydrogen bond to silanol
groups on the silica surface, and, consequently the copolymers will be
adsorbed on the surface of silica gel. Neither chloroform nor DCE can
displace the solutes from the surface. Ethanol is feasible to form hydrogen
bonds to silanol groups and to control the content of the free silanol
groups on the silica surface (22). Free silanol groups on the silica surface
decrease in proportion to the ethanol content in the mobile phase. At
elevated column temperature, ethanol that forms hydrogen bonds to
silanol groups is desorbed and consequently free silanol groups on the
silica surface increase. Lower ethanol content in the mobile phase and
a higher column temperature result in the increase in free silanol groups
on the silica surface and tend to have the copolymers adsorbed on the
silica surface.

The population of carbonyl groups in the segment that contacts the
surface of silica gel is in reverse proportion to the styrene content in
the copolymers. Consequently, the copolymers with a smaller styrene
content tend to adsorb on the surface of silica gel and tend to be retained
in the column.

Gradient Elution. To change the retention volume of the copol-
ymers of different composition, a gradient elution mode was required
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Figure 2. Effect of ethanol content in chloroform on the elution of P(S-
MMA) copolymer having 48.7%styrene. Column temperature 10 °C. Mobile
phase, chloroform-ethanol (a) 100:0, v/v, (b) 99.5:0.5, (c) 99.0:1.0, (d)
98.5:1.5, (e) 98.0:2.0, (f) 97.5:2.5, and (g) 97.0:3.0 (7).

at a specified column temperature (23). Under the gradient elution con-
dition that the initial mobile phase was chloroform-ethanol (99:1), the
final one was chloroform-ethanol (95.5:4.5), and the ethanol content
was increased linearly in 15 min, P(S-MMA) copolymers with an MMA
from 25% to 60% could be separated in the order of increasing MMA
content at a column temperature of 80 °C and those with an MMA from
40% to 90%, at a column temperature of 30 °C.

Styrene copolymers of methyl, ethyl, and n-butyl acrylates and
methacrylates were also separated according to their compositions (8)
(Figure 3). Part of poly(styrene—ethyl methacrylate) P(S-EMA) copol-
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Figure 3. LAC chromatograms of P(S-EMA) copolymers obtained by the
linear gradient elution method. Column temperature (°C), (A) 40, (B) 50,
(C) 60, and (D) 70. Sample, (a) P(S-EMA) I (styrene content 69.1%), (b)
II (50.2%), (c) 111 (30.4), and (d) 1V (15.5%). Gradient, chloroform—ethanol
(99.0:1.0) to chloroform-ethanol (93.0:7.0) in 30 min (8).

ymer I eluted at the intersitial volume at a column temperature 40 °C.
When the column temperature was increased to 50 °C, the four copol-
ymers, P(S-EMA) I-1V, were retained in the column at first and then
eluted at the appropriate retention volumes. Resolution was increased
as column temperature and retention volume increased. Copolymers
with the same styrene content that required much ethanol in the mobile
phase to elute from the column at a constant column temperature were
in the order of methyl, ethyl, and n-butyl acrylate (and methacrylate).

Plots of the relationship between the styrene content and retention
volume for copolymers of styrene—acrylate and styrene-methacrylate
with the same ester group lay roughly on the same line. This result
indicates that a pair of copolymers with the same ester group and the
same styrene content could not be separated (24). For example, copol-
ymers of styrene-methyl acrylate and styrene~-MMA with the same sty-
rene content cannot be separated by this technique. In copolymers with
the same styrene content, styrene-butyl acrylate and styrene-butyl
methacrylate copolymers eluted first from a column, the copolymers of
ethyl esters were next, and those of methyl esters eluted last.

SEC-LAC. To determine the molecular weight dependence of
retention volume, the copolymers were fractionated by SEC into six
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fractions and LAC chromatograms were obtained. The peak retention
volume of each fraction was almost the same. This result signified neg-
ligible molecular weight dependence (25). P(S~SMMA) of narrow chem-
ical composition distributions still had the compositional difference of
several percent (23). For example, P(S-MMA) copolymer with 66.3%
styrene was divided into two fractions by LAC and the composition of
each fractions was measured. The difference in the composition was 2%
(23).

Fractionation by SEC followed by LAC gave both MWD and CCD.
P(S-MMA) with a broad CCD prepared by bulk polymerization was
separated by SEC, and each fraction was then separated by LAC (26).
An example of the MMA content range in a copolymer with a broad
CCD (average composition, MMA 67.2%) was between 54% and 85%.
Fractions having larger molecular weights had larger MMA content.

Application to Other Styrene Copolymers. The method pre-
sented here can be applied to other styrene copolymers that are feasible
for hydrogen bonding to the silica surface. Styrene-MMA block copol-
ymers of AB type were separated according to their composition by
LAC (27). These block copolymer samples did not include random co-
polymers theoretically. Styrene-vinyl acetate block copolymers were
characterized by both LAC and SEC (28). The copolymers were sepa-
rated by LAC according to composition in order of increasing vinyl
acetate content. There were positive trends in the composition and the
molecular weight that the copolymer fractions containing more styrene
have lower molecular weights.

Styrene-acrylonitrile copolymers also can be separated accord-
ing to composition by this technique. Styrene-rich copolymers eluted
first (29).

The Use of DEC. Detection of Methacrylate (and Acrylate)
Component. DCE was transparent at wavelengths over 230 nm, and
methacrylate (and acrylate) homopolymers and copolymers could be
monitored with a UV detector around 233 nm (9). The molar absorption
coeflicients for both polystyrene and poly(methyl methacrylate) (PMMA)
at 233 nm were nearly equal, and the chromatograms obtained at this
wavelength reflected the relative amounts of the copolymers with dif-
ferent chemical compositions.

P(S-MMA) copolymers of the whole range of composition and
PMMA were separated by a gradient elution method at a column tem-
perature of 50 °C (9). The initial mobile phase was a mixture of DCE
and ethanol (99:1, v/v), and the ethanol content was increased to 5.0%
in 20 min and then to 10.0% in 5 min.

Ethyl methacrylate and n-butyl methacrylate homopolymers and
copolymers were separated at a column temperature of 60 °C by gradient
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elution from a mixture of DCE-ethanol (99:1) to DCE-ethanol (90:10)
in 20 min (10) (Figure 4).

Direct Characterization of CCD. As the chromatograms obtained
at a wavelength of 233 nm represent the concentration of the copolymers
independent of their composition (9), direct characterization of a CCD
from the chromatograms monitored at 233 nm was possible with minor
modification (30). When a calibration curve of retention volume versus
styrene content is a straight line, the axis of abscissa (retention volume)
can be converted directly to the scale of the copolymer composition.
The calibration curve is normally not a straight line, and the chromato-
gram monitored at 233 nm should be converted by the following pro-
cedure. Normalize the chromatogram monitored at 233 nm. Divide the
chromatogram into equal parts and measure the height of the chro-
matogram (dW/dVy) at each divided point i. Calculate a slope of the
calibration curve [dVz/d(styrene %)] of retention volume versus styrene
content at each divided point i. The ordinate for a CCD can be obtained
by

dw _daw dVy
d(styrene %) dVz d(styrene %)

where W is the weight fraction of the copolymer. The abscissa for a
CCD is converted from the scale of retention volume to styrene % by
using the calibration curve.

Summary

The combination of SEC and NELC makes it possible to simultaneously
characterize both an MWD and a CCD for several copolymers. NELC

1 1 1 1 1 L 1

1
0 1 2 3 4 5 6 7 8 9
Retention Volume, mL

Figure 4. LAC chromatograms of ethyl methacrylate (EMA) and butyl
methacrylate (BMA) hompolymers and copolymers. Column temperature,
60 °C. Sample, (a) PBMA, (b) EMA-BMA (25:75) copolymer, (c) EMA-
BMA (50:50), (d) EMA-BMA (75:25), and (¢) PEMA (10).
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techniques can be classified into five types, and most styrene copolymers
can be converted by these five techniques. The use of LAC with a system
of silica gel-chloroform (or DEC) + ethanol for the separation of styrene
copolymers was stressed.
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A totally automated characterization of complex copolymers and
blends by two-dimensional (2D) liquid chromatography-size-ex-
clusion chromatography (LC-SEC) is described. The analysis of a
16-component mixture of a star block copolymer with wide range
of molar masses and chemical composition by gradient high-per-
formance LC or SEC alone does not give correct information. An
on-line combination of both methods leads to much improved res-
olution. All 16 components are separated in the 2D contour map,
enabling accurate and easy integration. The 2D LC-SEC analysis
of polyester samples revealed the existence of several end groups,
previously undiscovered. These byproducts influence mechanical
and physical-chemical properties of polyesters. 2D chromatography
allows the comprehensive and reliable separation and deformu-
lation of complex analytes with very high resolution. Depending
on the task, different types of separation methods may be combined
to give best results. 2D chromatography is a powerful tool that
may be used to understand and correlate macroscopic behavior of
complex polymers to the molecular level.

THE CHARACTERIZATION OF MODERN HIGH-PERFORMANCE POLYMERS is
still a challenge for polymer scientists. Copolymers and complex polymer
blends play an important role in many applications (1). A fast, reliable,
and comprehensive method is needed to succeed in this task. Size-ex-
clusion chromatography (SEC) is a standard method for the determi-
nation of molar mass distributions (MMDs) and molecular weights, if
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proper calibration has been performed. Since its early days, efforts have
been made to use SEC in the characterization of copolymers (2-4). Some
approaches have proven successful in special cases, such as the char-
acterization of block copolymers or copolymers with known and ho-
mogeneous composition (5-7). The introduction of reliable on-line vis-
cometric detection has also helped to get more accurate information
about copolymers (8-10). Because SEC separation is not based on molar
mass but on molecular size, analysis of complex samples like copolymers
and polymer blends modified by additives, plasticizers, and various sta-
bilizers by SEC alone is generally not sufficient.

A combination of several separation methods or versatile detection
has been used with great success in other analytical areas to characterize
complex analytes [e.g., gas chromatography (GC) coupled to mass spec-
trometry, on-line coupling of liquid chromatography to gas chromatog-
raphy (LC-GC)]. Two-dimensional (2D) chromatography of polymers
(also known as cross-fractionation or orthogonal chromatography) has
been used only infrequently in the past (11, 12) due to huge instrumental
requirements and the difficulty of data reduction and presentation.

The versatility of the 2D approach is illustrated with a four-arm star-
shaped block copolymer (a mixture of 16 components), which was syn-
thesized in our laboratories to understand and demonstrate the advan-
tages of 2D chromatography. These 16 components are a mixture of
four different styrene-butadiene (St-Bd) copolymer compositions, each
consisting of four molar masses (the St-Bd precursor with one to four
arms). Another polymer investigated is a real-world application: the de-
formulation of a telomeric aliphatic polyester.

Theory

The main feature of polymers is their MMD, which is well known and
understood today. However, several other properties in which the
breadth of distribution are important and influence polymer behavior
(see Figure 1) include physical, the classical chain-length distribution;
chemical, two or more comonomers are incorporated in different
fractions; topological, polymer architecture may differ (e.g., linear,
branched, grafted, cyclic, star or comb-like, and dendritic); structural,
comonomer placement may be random, block, alternating, and so on;
and functional, distribution of chain functions (e.g., all chain ends or
only some carry specific groups). Other properties the polymers may
disperse (tacticity and crystallite dimensions) are not of the same general
interest or cannot be characterized by solution methods.

The main disadvantage of SEC is its inability to quantitatively dis-
tinguish different polymer architectures and chemical heterogeneity.
The SEC separation is governed by molar size, which is influenced by
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Figure 1. Various property distributions in polymers that are accessible
by chromatography.

chain length, chemical composition, polymer topology, and so on. Sev-
eral methods have been proposed and used to obtain chemical com-
position and molar mass information in the same chromatographic run:

1. Multiple detection SEC systems: n independent detector
signals (different responses by components) allow the com-
position calculation of n components in the sample (co-
polymer or blend).

2. Universal calibration: measurement of Mark-Houwink
coefficients for copolymers with homogeneous and known
composition will give copolymer molar masses.

3. SEC with viscometric detection: this elegant method per-
mits the on-line measurement of Mark-Houwink coeffi-
cients for copolymers of various architectures; copolymer
M, measurement applying Goldwasser’s formula (13) is an

additional benefit.

4. SEC with light-scattering detection: direct copolymer
molar mass measurement for chemically homogeneous and
segmented copolymers independent of their structure.

Table I shows these different approaches and their requirements,
benefits, and limitations of chromatographic copolymer analysis.
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The introduction of molar mass-sensitive detectors overcame prob-
lems in SEC analysis of various polymer topologies, if the chromato-
graphic technique is able to separate them properly (8).

Gradient high-performance liquid chromatography (HPLC) has been
useful for the characterization of copolymers (14-19). In such experi-
ments, careful choice of separation conditions is a conditio sine qua non.
Otherwise, low resolution for the polymeric sample will obstruct the
separation. However, the separation in HPLC, dominated by enthalpic
interactions, perfectly complements the entropic nature of the SEC
retention mechanism in the characterization of complex polymer
formulations.

However, HPLC sorbents also show SEC behavior to some extent
dependent on the pore size of the stationary phase relative to the molar
size of the solute. Copolymers with the same composition but different
molar masses will in general have somewhat different retention char-
acteristics. This may lead to copolymer HPLC fractions with hetero-
geneous chemical compositions and may contain some chains with dif-
ferent molar mass and comonomer content.

Entelis et al. (20) found that homopolymers of different molar masses
show exactly similar retention behavior on silica if a special eluent mix-
ture was used. They found that under “critical”” conditions the sorbent
did not “see”” the polymeric nature of the chain. The separation was
dependant only on the enthalpic interaction of the sample-sorbent pair
[so-called ““critical chromatography” or “liquid adsorption chromatog-
raphy under critical conditions” (LACCC)] (20-24).

We tried to combine the advantages of HPLC and SEC by using a
fully automated, software controlled, 2D chromatography system for
the on-line analysis of composition, end-group functionality, and MMD.
It consists of two chromatographs, one that separates by chemical com-
position (e.g., a gradient HPLC) and a SEC instrument for subsequent
separation by size (cf. Figure 2).

2D Approach

Based on previous off-line results by other authors (11, 12, 14), we an-
ticipated improved resolution of multicomponent analytes. We also
hoped for chemically homogeneous fractions to measure MMD:s of co-
polymers and blends correctly.

In contrast to previous publications, we wanted to create chemically
homogeneous fractions in the first separation and work on these for
molar mass characterization. Therefore, HPLC (or LACCC) was the
first and SEC the second separation method. The advantages of this
setup are numerous. LC has more parameters (gradient, stationary phase,
etc.) to adjust the separation according to the chemical nature of the
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Figure 2. Experimental setup of the 2D chromatography system (horizontal,
LC components; vertical, SEC components).

sample and has better fine-tuning (gradient) elution (giving ‘“‘cleaner”
fractions). Also, the higher sample load on LC than on SEC columns
gives a higher signal-to-noise ratio in the second dimension. Therefore,
the first dimension (LC) will separate by the chemical nature of the
sample, and the subsequent SEC analysis of each fraction will measure
the molar mass dependence for each chemical composition. The chemical
composition of all eluting species can be calculated by detector response
calibration or by model compounds separately in each dimension.

This can be done, for example, by multiple detection, where the
absolute comonomer concentration, wy, is measured for each analytical
fraction after concentration detector calibration according to

Ua(V) = 2 farwi(V) 1)
k

The knowledge of the response factors fy for each detector, d, and
component, k, allows for the absolute measurement of the comonomer
concentration (wy) in all detector cells (d) at all elution volumes.

This approach is basically universal and requires only n pure ref-
erence samples for n comonomers in copolymers or components in poly-
mer blends. However, neighbor-group effects have to be absent, which
might otherwise influence composition calculations for copolymers.

Additionally or alternatively, composition calibration in the LC di-
mension is possible, using pure reference material or model compounds
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depending on the availability of such samples. The advantage of this
method is its simplicity and independence of any preconditions or as-
sumptions. However, it requires a whole set of copolymer model com-
pounds and highly reproducible LC elution (gradient formation).

When the chemical composition at each slice is known (and each
fraction is chemically pure) the molar mass of the copolymer, M,, can
be calculated easily by Runyon’s empirical approach (2):

lg M(V) = 2 wi(V)-1g Mi(V) (2)
k

where M (V) represents the calibration curve for each homopolymer of
comonomer k.

In this kind of calculation the absence of segment-segment inter-
actions and chemically monodisperse SEC fractions has to be assumed.
The main benefits of this approach is ordinary SEC equipment is used
and the copolymer analysis is done with the same injection without
additional sample preparation.

Experimental Procedures

Chemicals. The four-armed star St-Bd block copolymers with different
Bd compositions were synthesized in our laboratories at PSS (Mainz, Ger-
many) by anionic polymerization according to standard procedures (25, 26)
modified to give samples with well-known structure and molar mass control.

Synthesis of Model Polymers by Anionic Polymerization. All co-

groducts have the same chemical composition (St—Bd ratio) [A, styrene; B,

utadiene-1,3; linear (M) + ext. linear (2M) + three-arm star (3M) + four-
arm star (4M)]:

B +
I°+ mA —> [-A° ——2s [.A B ——* L-A,-B,
part. term.
I-A,-B BA,- 1 LA,B, B,-A,-I
+ I-A-B,-B,-A -1 + i n\X/“ + \X/
“Am™Pn™ P An™ / \
I-Am—Bn/ 1A,-B.  B.A,I

The preparations were carried out in a way to give all structures that
are theoretically possible: St-Bd precursor (of molar mass M,.,), linear (St—
Bd), (M = 2M,..,), the three-arm product (St-Bd); (M = 3M,..,), and, finally,
the four-arm compound (St-Bd), (M = 4M,,,,). Four samples with varyin
Bd content (20, 40, 60, and 80%) were prepared in this way. A mixture o
these samples was used to check the capabilities of the 2D chromatography
system.

The sample mixture can be represented by a (4 X 4) matrix with Bd
composition (X;) and molar mass (M;) as variables:
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CM,,xzo CM2,x20 CMQ,xzo CM4,X20
CM, ,X40 CM2,x4o CMQ,x4o CM4,X40
CM,,xeo CMg,XGO CM;,XGO CM4,X60
CM,,xso CM2,xs0 CM3,X80 CM,,xso

where Cy, xz0 represents the concentration C of species with molar mass M,

and 20% butadiene content.

The telomeric aliphatic polyesters were produced by polycondensation
based on adipic acid and hexamethylene gl‘))/col in various stoichiometric
amounts to %enerate polyesters of different end group functionality. The
polyesters of different molar mass and corresponding reference samples
were synthesized at the Center for Macromolecular Chemistry, Berlin, Ger-
many. These types of polyesters are widely used as lacquers and precursors
for the production of several important polyurethanes.

Linear polystyrene and polybutadiene-1,4 standards (PSS) were used
for the calibration of the SEC columns. The columns for the polyester samples
were calibrated by resolved oligomeric peaks and by matching model
compounds.

Gradient-HPLC System. A Spectra Physics 8840 (Munich, Germany)
ump was used for gradient formation and solvent (i-octane~tetrahydro-
uran (THF), linear gradient, 20-100% THF) delivery. The samples were
injected by a Rheodyne 7125 manual injection valve. A nonmodified
SiO, column with 60 A porosity (300 X 8 mm dimension) was used for
the separation in the first dimension. A Spectra Physics 8450 UV-VIS
detector monitored the concentration profile. Transfer to the second di-
mension (SEC instrument) was performed by an electrically actuated
Rheodyne 7010 valve equipped with a 100-xL sample loop. Tﬁe injector
was kept in load position until the sample to be injected into the SEC
dimension was inside the loop. Injection was software controlled by timed
events and contact closure.

LACCC System. The first dimension in the 2D polyester character-
ization consisted of a Jasco 880PU pump delivering the acetone-hexane
(50.5%:49.5%) solvent mixture, which are the critical conditions for the
separation of the polyester samples using one 7-um Si-120 silica column
(Tessek, Prague, Czechoslovakia) for the LACCC separation. A Erma 7511
refractive index (RI) detector was used to monitor the concentration trace
of the fractions.

SEC System. A Spectra Physics IsoChrom pump controlled the THF
flow in the SEC part of the 2D instrument. Two SDV 5-um SEC columns
with 1000 and 10° A porosity (PSS) were used for size separation of the
HPLC fractions. UV (SP 8450, Spectro Physics) and RI (Shodex SE 61,
Diisseldorf, Germany) detection allowed for conventional or multiple-
detection data processing of detector traces. For the polyester analysis
the SEC columns (50 and 100 A) were operated in acetone as eluent.

All detectors and injectors were connected to a PSS GPC 2000 Data
Station. Data acquisition, timed events, and all calculations were done
with 2D-CHROM hardware and software (V 2.0) from PSS.
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Results and Discussion

Multicomponent Star Block Copolymer on Gradient HPLC-
SEC System. The 16-component star block copolymer mixture was
injected into a gradient HPLC (i-octane~THF) on a silica column (60-
A pore size) to get a good separation by chemical composition. These
fractions were transferred automatically by an electrically driven injec-
tion valve into the second dimension (SEC in THF; cf. Figure 2).

Figure 3 shows the result of a SEC analysis for the 16-component
star block copolymer mixture (top trace). In each case four different
peaks are visible. They correspond to the four molar masses of the sample
that consists of chains with one to four arms, each arm having the same
chain length and composition. Despite the high resolution, the chro-
matogram does not give any hint of the very complex nature of this
sample. Even when pure fractions with different chemical composition
were run in the SEC instrument (traces 2—4 in Figure 3), the retention
behavior does not show significant changes as compared with the sample
mixture. In each case a tetramodal MMD is visible, indicating the co-
polymers of different polymer architecture and molar mass. The SEC

45x10°
4.0X%10°
3.5x10°

3.0x10°

25X 10° <

20 x10°

Molar Mass

15x10°

1.0x10% 1

0.5 x10°

10¢ 10° 10°
Skalierings - Typ. Real

Figure 3. Comparison of MMD for composition mixture of star block co-
polymers with samples of set Bd content; no significant change in SEC be-
havior is visible with varying Bd content. Trace 1, MMD of sample mixture;
trace 2, SEC separation of individual sample with 80% Bd content; trace 3,
SEC result of 60% Bd sample; trace 4, MMD of copolymer with 20% Bd
content.
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separation alone does not show any difference in chemical composition
of the samples, which varied from 20 to 80% Bd content.

Running the same sample mixture in gradient HPLC alone gives
poorly resolved peaks, which may suggest different composition but not
of different molar masses and structures (cf. Figure 4).

The combination of the two methods in the 2D setup dramatically
increases the resolution of the separation system and gives a clear picture
of the complex nature of the sample mixture. A three-dimensional (3D)
representation of the gradient HPLC-SEC separation is given in Figure
5; each trace represents a fraction transferred from HPLC into the SEC
system and gives the result of the SEC analysis. The 3D view already
indicates the complexity of the sample mixture. The point of view can
be chosen deliberately in the software. Based on the 2D analysis, a con-
tour map with 16 spots would be expected. Each spot would represent
a component within the complex sample that is defined by a single com-
position and molar mass. The contour map should also reflect the (4 X 4)

rel. conc. [mV]

T B B L L L I I I O RO I M A R R N

~

Fractions transfered into GPC tg [min]

Figure 4. Gradient HPLC separation of a 16-component star-shaped St—
Bd copolymer with four different molar masses, each having four different
compositions also.
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Figure 5. 3D plot of the HPLC-SEC analysis of the complex star-shaped
St-Bd block copolymer.

concentration matrix of the sample (cf. previous example). The result
of the theoretical 2D separation is shown as a contour map in Figure 6.
The experimental evidence of a very much improved resolution in the
2D analyses is shown in Plate 1. This contour map is calculated from
experimental data based on 28 transfer injections from the gradient
HPLC into the SEC part of the 2D system.

The contour plot clearly reveals the chemical heterogeneity (y-axis,
chemical composition) and the MMD (x-axis) of the test mixture. The
relative concentrations of the components are indicated by colors (a
color reference chart is given on the right side). Contour maps can be
read like topological maps; concentrations correspond to the altitude,
first (second) dimension separation corresponds to the north (east) di-
rection. Sixteen major peaks are resolved with high selectivity. These
correspond directly to the components in the sample mixture. Some
byproducts are also revealed, which were not detected in LC or SEC
alone. A slight molar mass dependence of the HPLC separation is visible.
This kind of behavior is normal for polymers run on HPLC phases, be-
cause pores in the HPLC sorbents lead to size-exclusion effects that
overlap with polymer—sorbent surface interaction. Consequently, 2D
separations will in general be not orthogonal but skewed depending on
the sorbent pore size and its distribution. Such kinds of observations
are also in accordance with experiments by other authors (14) and cor-
roborates the high performance of the separation system and the ac-
curacy of the PSS 2D-CHROM software. Reproducible integration and
full quantification of peaks in the contour map are available in the 2D-
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Figure 6. Theoretical contour map of the 2D HPLC-SEC analysis of the
16-component mixture.

CHROM software. It is also possible to use molar mass sensitive detectors
in this setup to get independent of calibrations or assumptions for the
calculation of molar masses for copolymers with unknown structures.
Multidetection analysis for independent copolymer composition cal-
culations (8) and 2D segment distributions are already fully implemented
in the PSS 2D-CHROM software package.

End-Group Analysis of Polyester on LACCC-SEC System.
Chemically homogeneous polymers with broad MMD show a narrow
peak at critical conditions. In the case of segmented copolymers, the
molar mass dependence of one component is absent, allowing the poly-
dispersity of another segment in graft, block, or comb-shaped copolymers
to be studied. Different end groups may even be investigated by this
technique if chain lengths are small enough. In this part of our work
critical chromatography (LACCC) was used to try to correlate the per-
formance of polyesters to different end groups. Regular end groups in
the condensation polymerization of polyesters may be diol and diacid
functions or mixed OH and COOH end groups. The kind of end groups
and their relative concentrations can be controlled by the molar ratios
of monomeric diacid and monomeric glycol. Additional treatment of the
polyester (e.g., thermal postcondensation) may change the type of end
group and influence the mechanical and physicochemical properties.

Figure 7b shows the high-resolution SEC chromatogram of poly-
esters of different molar mass. The high efficiency of the columns permits
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Plate 1. Experimental contour map of the 16-component star-shaped St-
Bd block copolymer in gradient HPLC-SEC separation. Fractionation by
composition (HPLC) on ordinate; size separation (SEC) on abscissa; all 16
species can be isolated in very good yield.
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Plate 2. Contour map of polyester with an acid number of 0.2 in a 2D
LACCC-SEC separation, end-group dependence as detected by LACCC is
plotted on y-axis (examples of terminal functions are also given); SEC elution
volume on x-axis.
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Plate 3. Contour map of polyester with acidic end groups (acid number
5.0) in a 2D deformulation experiment.

the separation and identification of discrete oligomers. All oligomers
show very narrow band width and no shoulders, which might be inter-
preted as an absence of byproducts. Oligomers from samples prepared
under different condensation conditions show exactly the same retention
behavior using St-divinyl benzene columns and acetone as mobile phase.
These observations might lead to the conclusion that all of the oligomers
were chemically identical.

However, a gradient HPLC separation of the same sample exhibits
a very complex pattern (cf. Figure 7d). This is a clear indication of the
existence of many more byproducts than were even anticipated from
theory. Identification and quantification of these side peaks is very dif-
ficult, because separation efficiency for fractions with higher molar mass
dramatically decreases. This complex pattern becomes much simpler if
a LACCC separation is performed as shown in Figure 7c. A main peak
surrounded by satellite peaks of different end-group functionality is
found. Identification and quantification become much much easier due
to the simple peak pattern and superb resolution. In our case, all peaks
were identified by model compounds possessing the appropriate end
groups. The assigned terminal functions are annotated in Figure 7c.
Figures 7b-7d, correspond to different modes of chromatography as
shown in the corresponding schematic in Figure 7a.
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Figure 7. Examples of different modes of chromatography: (a) calibration
curves (schematic), (b) SEC separation of oligomeric polyesters with different
molar mass, (c) critical chromatogram (LACCC) of polyester; diole ter-
minated sample is main compound, and (d) gradient HPLC run of the same
polyester sample showing multiple distributions.
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Size-exclusion behavior is governed by entropy changes of the solute
between mobile and stationary phase. Figure 7b is an example of poly-
ester analysis under SEC conditions. When the polarity of the eluent is
reduced, adsorption is the dominant influence in the separation. The
solute is retained longer in the column due to enthalpic interactions
with the sorbent. An example of an LC polyester separation using the
same column but a less polar eluent mixture is given in Figure 7d. SEC
and LC can be considered to be the two extremes of chromatographic
behavior. There has to be some technique with balanced enthalpy and
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entropy where there is no change in the free energy during elution.
This is a critical state; separations under such conditions are called critical
chromatography (or LACCQ). In this separation mode all homogeneous
samples elute at the same retention volume despite their molar mass.
An example for polyester analysis using LACCC technique is given in
Figure 7c. The optimization of eluent composition for LACCC sepa-
rations is shown in Figure 8. Figure 8a shows the retention behavior
(on the abscissa) of samples of increasing molar mass (plotted in relative
scale on the ordinate) in the three different modes of chromatography.
Derived calibration plots (log M,, vs. V,) from these chromatograms are
given in Figure 8b; eluent composition for each separation mode is
also shown.

To study the influence of polymer structure, molar mass, and end
groups on the performance of these polyesters, 2D LACCC-SEC sep-
arations were carried out. The contour map that is most useful for
quantitative analysis and interpretation is reproduced in Plate 2. The
ordinate is proportional to the LACCC retention of the polyester.
Specific end groups of polyester model compounds are also shown as
a guideline. These model compounds with various end group and
polymer structure characteristics were run under identical conditions
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chromatography conditions”  chromatography
a
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Figure 8. Optimization of eluent composition for the LACCC separation
of polyester: (a) molar mass dependence of retention in different chro-
matographic separation modes; and (b) corresponding calibration curves.
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in off-line LACCC experiments. The LACCC retention is plotted ver-
sus SEC elution volume to measure the molecular size of the LACCC
fraction.

The contour plot reveals many important features of the sample. To
the big surprise of many synthetic chemists working with polyesters,
we could identify a broad range of molar masses and end-group functions
in the sample. The 2D contour map reveals that each end group is formed
in a specific molar mass range. With increasing LACCC retention, the
following terminal functions can be identified (from bottom to top in
the contour map; cf. Plate 2):

o Alk-P,-Alk polyester end groups up to high molar masses
with high concentration of some oligomers

e Cycles —P,— of polyester chains (at high SEC elution vol-
umes) in significant amounts

¢ HOOC-P,—OH terminated chains over the whole molar
mass range

e HOOC-P,-COOH formed only as a single species

¢ HOOC-P,-OH in predominantly long chains with lower
oligomers missing

e HO-P,-OH found mainly in oligomeric chains

¢ Ether —-O- formed in significant quantities throughout all
molar masses

A different adipic acid-hexane glycol polyester sample prepared
with an excess of adipic acid shows characteristic differences in the 2D
separation as it is easily revealed by its contour map (Plate 3). We observe
the same end groups in similar molar mass ranges as before but in varying
concentrations. The most obvious change can be seen in the center of
the contour map, where there is a strong area in which the diacid ter-
minated polyester chains elute. These chains have lower molar mass as
compared with the regular polyester with HOOC-P,~OH terminal
groups. These results are in very good agreement with end-group titra-
tions, which give an acid number of 5.0 for this sample as compared
with an acid number of 0.2 for the polyester sample discussed in Plate
2. The 2D analysis of the previous sample showed no polymeric diacid
functions at all.

Quantitative analysis of these 2D analyses shows pronounced dif-
ferences for various end groups with molar mass and synthetic conditions
(cf. Table II). Mechanical tests have shown that the mechanical stability
of polyesters can be correlated to the content of cycles in the specimen
under investigation.

Conclusions

Several methods can be used for the chromatographic characterization
of complex polymers such as copolymers and polymer blends. The
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Table II. Quantitative Analysis of Various End Groups of Adipic Acid-
Hexane Glycol Polyesters as Determined by Critical Chromatography

Molar Mass
End Group 1000 1500 2000 3500
Alk-P,-Alk 0.22 1.28 1.15 2.11
Cycles —-P,— .054 1.64 1.81 3.22
HOOC-P,-COOH 1.21 5.14 4.89 10.13
HOOC-P,-OH 1.33 7.70 6.07 11.53
HO-P,-OH 76.80 76.32 76.44 59.64
Ether -O- 16.95 11.84 10.25 9.57

NOTE: Values are functionality by weight percent.

application of a single method, such as multidetector SEC or SEC
with light-scattering detection, for the analysis of such samples always
has some limitations. The best way to overcome real or potential
problems in the analysis of complex polymers or blends is 2D chro-
matography. Depending on the separation methods applied in the 2D
chromatograph, fractionation according to various properties can be
achieved.

The HPLC-SEC analysis of a 16-component star block St-Bd co-
polymer showed very good selectivity. The gradient HPLC could be
optimized to fractionate by chemical composition; subsequent SEC au-
tomatically characterized the fractions for their molar mass dependence.
All 16 components could be isolated and could be quantified.

The deformulation of a polyester was done with liquid-adsorption
chromatography under critical conditions (LACCC) that was coupled
to an SEC system. The dimension was separated by the end-group
functionality to study byproducts formed during polycondensation.
By 2D chromatography a number of species (e.g., cycles, ethers, alkyl
terminated chains, and so on) could be identified. Some of them in-
fluenced the mechanical and thermal properties of the polyesters
significantly.

The high resolution of LC-SEC separations and the full automation
using 2D-CHROM software enable the reliable and comprehensive
characterization and deformulation of complex analytes like copolymers,
polymer blends, and additives. 2D chromatography will become a
powerful tool with flexible and easy-to-use software. Basically, all types
of LC methods can be combined to give superior resolution and
reproducibility.

Identification and quantitation can be done with model compounds
or with specific detection, like Fourier transform infrared or other kinds
of multiple detection. However, 2D chromatography is also extremely
useful for fingerprinting and visual comparison.
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Characterization of Block Copolymers
Using Size-Exclusion Chromatography
with Multiple Detectors

Elizabeth Meehan and Stephen O’Donohue

Polymer Laboratories Ltd., Essex Road, Church Stretton, Shropshire
SY6 6AX, United Kingdom

The characterization of block copolymers by size-exclusion chro-
matography (SEC) is complicated because the polymer may exhibit
a chemical composition distribution (CCD) that will be superim-
posed on the molelcular weight distribution (MWD). To compensate
for this difficulty, a dual detector approach using UV and differ-
ential refractive index (DRI) in series can be applied to give in-
formation regarding the CCD, although this method still relies on
SEC column calibration to produce copolymer molecular weights.
The addition of a third detector, low-angle laser light scattering,
can be used to measure molecular weight directly without SEC
column calibration, thus widening the applicability of SEC in the
characterization of block copolymers. The characterization of two
copolymer systems is described by using both the dual detector
and the triple detector approaches.

SIZE-EXCLUSION CHROMATOGRAPHY (SEC) analysis, when applied to
polymer characterization, requires the measurement of both concen-
tration and molecular weight of each eluting species. For homopolymers,
these measurements are readily achieved with a single concentration
detector and a molecular weight calibration generated using well-char-
acterized narrow or broad polydispersity polymer standards (I1). For
block copolymer systems, this standard approach is no longer applicable,
because a chemical composition distribution (CCD), which must also
be considered, may be superimposed upon the molecular weight dis-
tribution (MWD). This means for an eluting fraction of a given molecular
size, the molecular weight and the detector response depends on the
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composition at that elution volume. Therefore, the determination of
MWD in block copolymer systems requires a knowledge of the CCD.

The application of dual detection [UV and refractive index (RI)] to
the SEC analysis of polystyrene—poly(methyl methacrylate) (PS-PMMA)
has already been studied in this laboratory (2). Both MWD and CCD
were determined using a methodology outlined by Runyon et al. (3).
This approach relies on SEC column calibration with narrow polydis-
persity standards for each of the homopolymers as well as a measure of
the detector response factors for each homopolymer to produce a co-
polymer MWD. In the case of PS and PMMA this is feasible, but in other
block copolymer systems the availability of suitable molecular weight
standards may be more limited. In addition, this procedure does rely
on true SEC and is not valid for block copolymers for which the universal
calibration does not hold true for both blocks in a given solvent system.

The work presented here is an alternative approach in which a third
detector, a low-angle laser light-scattering detector (LALLS), is added
to the system to give molecular weight information directly at each
elution volume. This molecular weight information, combined with
compositional information obtained from the two concentration detec-
tors, UV and RI, yields accurate MWD and CCD for different block
copolymer systems. Both methodologies outlined previously are applied
to a PS-PMMA block copolymer for verification. The UV-LALLS-RI
method is then applied to characterize a PS—polyethylene oxide (PS—
PEO) block copolymer, which may not be characterized by using two
concentration detectors alone.

Analytical Methods

The study involved three SEC detectors in series.

1. UV absorbance detector at 254 nm responding specifically
to one of the homopolymers, PS. The response, Auv, is
dependant on the instrument constant, Kuv, and the con-
centration, ¢, according to

Auv = Kuv-c (1)

2. A LALLS detector from which the response Als can be
used to measure molecular weight directly according to

K-v?-c-M
Als—-—l'ds— (2)
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where K’ is an optical constant

272n?(1 + cos® 6)
NN,

n is the solvent refractive index, 6 is the scattering angle,
A is the wavelength of the incident light, N, is the Avogadro
number, v is the specific refractive index increment, M is
the weight average molecular weight, and Kls is the in-
strument constant.

3. An RI detector where the response Ari is related to
Ari=Kri-c-v (3)

where Kri is the instrument constant.

Dual Detector Approach. Using the RI and UV responses only,
the calculation of copolymer molecular weight requires a knowledge of
the weight fraction of each homopolymer and its molecular weight such
that

lOg MABi = WAi . lOg MAl + WBi . lOg MBi (4)

where W,i is the weight fraction of homopolymer A, Wi is the weight
fraction of polymer B, M,i is the molecular weight of polymer A, and
Myi is the molecular weight of polymer B at the same elution volume i.
W ,i and Whi can be measured via the area responses and the instrument
constants for each homopolymer in each detector

_ Ri- Kyri
KAUU - (KAm - KBT‘L) *Ri

Wi (5)

where Ri is the ratio of the UV response to that of the RI response at
the same elution volume i, Kgri is the RI instrument constant for polymer
B, K,ri is the RI instrument constant for polymer A, and Kuv is the UV
instrument constant for polymer A. M,i and Mgi can be determined by
conventional narrow standard SEC calibration.

These data treatments permit the calculation of the CCD and sub-
sequently the MWD for a block copolymer system but still rely on SEC
column calibration.

Triple Detector Approach. In this case M,gi can be calculated
directly from the RI and LALLS responses
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Kri-Kls- Als

Masi = K-Ari-v

(6)

The average v value in equation 6 is calculated from the total response
of the RI trace and the concentration according to equation 7

Ari
Y= Rni-C (7)

Using the compositional information obtained from the dual detector
UV-RI approach, the molecular weight of the copolymer obtained by
this method may be further refined by correcting the M,gi at each slice
with the »i distribution. The »i distribution may be calculated from

VABi = WA’J 2 WBl *Vp (8)

where v,gi is the copolymer specific RI increment at the elution volume
i, v4 is the specific RI increment of polymer A, and vy is the specific RI
increment of polymer B.

Experimental Procedures

All SEC measurements were made using tetrahydrofuran (THF) (stabilized
with 0.025% 2,6-di-tert-butyl-p-cresol, Fisons, Loughborough, UK) as
eluent. The eluent was filtered four times through a 0.02-um membrane
before use. Two PLgel 5-um mixed-c micrometer MIXED-C 300 X 7.5 mm
columns (Polymer Laboratories Ltd., UK) were used with an eluent flow
rate of 1.0 mL/min. The eluent from the columns passed through a UV
detector (Knauer, Berlin, Germany) and then a LALLS cell followed by an
RI cell. Both the LALLS and the RI detectors are combined in one integrated
PL-LALS system (Polymer Laboratories). In this instrument the light source
for both the LALLS and the RI detector is at the same wavelength (633
nm), which precludes any correction factor calculations as is usual with a
white light source RI detector (4). The outputs from all three detectors were
interfaced with a PL Caliber SEC workstation (Polymer Laboratories) for
data collection and manipulation.

Narrow polydispersity diblock copolymers of PS~-PMMA and PS-PEO
were produced by anionic polymerization using conventional high-vacuum
methods. The average AB copolymer composition was determined by H'
NMR (model EM30, Varian, UK). Narrow dispersity PS and PMMA standards
(Polymer Laboratories) were used for both instrument and SEC column
calibrations. Samples were prepared as nominally 1-mg/mL solutions in the
eluent and spiked with toluene as a flow rate marker lg)efore full loop 100-
pL injection. Each copolymer was analyzed three times.

Results

PS-PMMA. Figure 1 shows the typical raw data results obtained
from the three detectors for the copolymer. A typical plot of the com-
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Figure 1. Raw data chromatograms for PS-PMMA.

positional variation across the RI elution profile of the PS~-PMMA co-
polymer calculated using equation 5 is shown in Figure 2. The excess
PS indicated at an elution time of around 12.4 min is considered to be
due to residual A block PS that was terminated when sampled from the
reactor or on the addition of the MMA. Based on a PS column calibration,
the molecular weight corresponding to this time is in excellent agreement
with the measured PS A block of 120,000 g/mol. It is of interest to note
that the early elution composition reflects the composition of the main
peak and indicates the presence of doubling up of species probably

08 1
0.8 +
0.7 +
0.6 T

0.5 1

Wt % PS

10.5 " 11.5 12 125 13

Elution time (min)

Figure 2. Compositional variation as a function of elution time (RI trace)
for PS-PMMA.
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occurring at termination. The average copolymer composition, calcu-
lated by using total peak areas in equation 5, was found to be 45.5%
PS, 54.5% PMMA. This composition is in good agreement with the av-
erage composition calculated by NMR of 42.5% PS, 57.5% PMMA.

The SEC calibration data for both the PS and PMMA standards were
fitted using a first-order polynomial

LogM= A+ Bt

where M is peak molecular weight of the standard and ¢ is the corre-
sponding elution time. The coefficients for each calibration were as
follows:

Aps = 11.0860 Bps = —0.4870
APMMA =11.1466 BPMMA = —0.4873

The PS and PMMA equivalent M,, values calculated for the PS-PMMA
copolymer (RI response) and the M,, found after applying the Runyon
method to the UV and RI response values are shown in Table 1. The PS
equivalent M,, is lower than the PMMA equivalent M,,, and the copolymer
M,, as expected, is calculated to lie between these two.

The data analyzed from the UV-LALLS-RI chromatograms by ap-
plying equation 7 resulted in a calculated average » for the copolymer
of 0.1265 mL/g. This compares favorably with a theoretical value of
0.1275 mL/g calculated from equation 8, assuming » for PS and PMMA
in THF at 25 °C to be 0.185 and 0.085 mL/g, respectively (5) and a
composition of PS to be 42.5%. This value was further verified by off-
line differential refractometer measurements using a PL-DRI (Polymer
Laboratories) from which a value of 0.1288 mL/g was obtained. Off-
line multiangle classical light-scattering measurements were also per-
formed on the same sample using a PL-LSP (Polymer Laboratories) that
resulted in an M,, of 290,000 g/mol.

Table I. M, Results (grams per mole) for PS~=PMMA Copolymer

%
Method 1 2 3 Mean Var
PS equiv (RI, resp.) 258,638 258,964 260,042 259,210 0.23
PMMA equiv (RI, resp.) 288,428 288,791 290,054 289,090 0.24
UV-RI (Runyon) 274,244 274,481 275,881 274,870 0.26
UV-LALLS-RI (V) 283,749 282,952 281,999 282,900 0.25
UV-LALLS-RI (Vi) 273,291 271,976 273,276 272,850 0.23
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M,, was calculated using the UV-LALLS-RI responses by applying
equation 6 and assuming the average value of » calculated (0.1265 mL/
g) across the whole distribution. M,, was then recalculated using vi values
obtained via the W,i and Wi values at each slice. These two results are
shown in Table I. The copolymer M,, obtained using the average value
of » (282,900 g/mol) was somewhat higher than the copolymer M,, cal-
culated using the Runyon dual detector approach (274,870 g/mol).
However, when the vi values were applied, the calculated M,, of 272,850
g/mol was in good agreement with the dual detector approach. Thus,
the triple detector approach correcting for »i at each elution volume
gives better accuracy for the copolymer molecular weight where the
composition varies across the MWD,

PS-PEO. THEF is not a preferred SEC eluent for PEO due to both
solubility and adsorption problems (6). Therefore, the dual detector
approach could not be applied in the case of the PS-PEO copolymer
because an SEC calibration using PEO standards was not feasible. Figure
3 shows typical raw data chromatograms of the PS-PEO copolymer from
the three detectors. In the triple detector approach, the detector con-
stant Kpgori was extrapolated from the Kpsri and Kpyyari values assuming
a vpgo of 0.050 mL/g (5). Figure 4 shows the compositional variation of
this sample across the elution profile. The average composition for this
copolymer as determined by NMR was 96.2% PS, 3.8% PEO. With such
a small amount of PEO, the copolymer M,, is likely to be quite similar
to that of the starting A block PS, and the margin of error in the »vi
correction is likely to be higher. The PS equivalent M,, for the copolymer
calculated from the RI response is shown in Table IL. This value is con-
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Figure 3. Raw data chromatograms for PS-PEO.
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Figure 4. Compositional variation as a function of elution time (RI trace)
for PS-PEO.

siderably lower than that measured for the A block PS that was sampled
during polymerization and found to have molecular weight of around
230,000 g/mol. This phenomena could be explained by two effects caus-
ing late elution after incorporation of the PEO resulting in lower mo-
lecular weight values calculated via conventional SEC calibration: ad-
sorption of the copolymer and reduction in copolymer size (hydrody-
namic volume). Theoretically, these phenomena should not affect the
molecular weight values determined by SEC-LALLS.

The data analyzed from the UV-LALLS-RI chromatograms by ap-
plying equation 7 resulted in a calculated average » for the copolymer
0f 0.1732 mL/g. This compares well with a theoretical value of 0.1799
mL/g assuming the values of vps and rpgo to be 0.185 and 0.050 mL/g,
respectively, (5) and a composition of 96.2% PS. The marginal difference
could be attributed to error in the value assumed for vpgo or error in
the copolymer composition determined by NMR. For example, a com-
position of 91.5% PS would give a theoretical » of 0.1735 mL/g. How-
ever, in the absence of more experimental results, the original NMR
composition has to be accepted.

Table II. M, Results (grams per mole) for PS-PEO Copolymer

%
Method 1 2 3 Mean Var

PS equiv (RI, resp.) 192,363 196,560 198,067 195,660  1.23
UV-LALLS-RI (V) 261,942 262,382 263,787 262,700  0.30
UV-LALLS-RI (Vi) 228,920 231,291 227,118 229,110 0.75

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch018

18. MEEHAN & O’DONOHUE  SEC with Multiple Detectors 251

The copolymer M,, was calculated using equation 6 by applying both
the average » (0.1723 mL/g) and the »i values obtained by the triple
detection system. Both results, shown in Table II, are higher than the
PS equivalent M, calculated by conventional SEC column calibration
and comparable with the A block PS molecular weight. This would sug-
gest that the SEC-LALLS results are more reliable in this particular
case for which secondary effects are evident. M,, determined using the
average » (262,700 g/mol) was in reasonable agreement with that de-
termined by off-line multiangle classical light scattering (280,000 g/
mol) in which methyl ethyl ketone was used as the solvent. The correc-
tion for »i resulted in a considerably lower value of M,, that may have
some degree of error associated with it due to the small amount of co-
monomer present.

Summary

Multiple detection applied to the SEC characterization of copolymers
is attractive because it yields both CCD and MWD information. A dual
detection system based on two concentration detectors, for example,
RI and UV, is useful where narrow standards of the homopolymers are
available and where both homopolymers obey universal calibration.
However, in other copolymer systems the addition of a third detector,
LALLS, can offer the advantage of on-line determination of molecular
weight for each eluting species. The triple detection approach gave
similar values to the dual detector approach for a model copolymer
system (PS-PMMA) studied. It was also applicable to a more difficult
copolymer system (PS-PEO), although it appeared that where one ho-
mopolymer was present in very small quantities, an average » value gave
more consistent results than correction for »i across the distribution.
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An interface between gel permeation chromatography (GPC) and
Fourier transform infrared (FTIR) spectrometry has been devel-
oped. With this system it is possible to collect solvent free polymer
deposition and to measure their infrared spectra as a function of
molecular weight. The mobile phase from the GPC effluent is con-
verted into an aerosol and removed using a pneumatic nozzle. The
sample is collected on a Ge disc that rotates below the nozzle. After
the sample is collected, the disc is transferred to an FTIR spec-
trometer where the infrared spectrum of the sample is collected.
Normal GPC sample concentrations (0.1-0.25 wt/vol%) give suf-
ficient sample for useable FTIR signals. All normal GPC solvents
can be effectively removed, and the interface works with both low
temperature and high temperature GPC applications.

THE DETERMINATION OF COMPOSITIONAL CHANGES across the molecular
weight distribution of a polymer is of considerable interest to polymer
chemists. This information allows the chemist to predict the physical
properties and ultimately the performance of the polymer. Several an-
alytical techniques are of use in determining these properties. Mass
spectroscopy, NMR, viscosity measurements, light scattering, and in-
frared (IR) spectroscopy all can be used to provide data in one form or
the other about the compositional details sought. Each method has its
place in the determination of the details of the structure of a polymer.
IR spectroscopy, generically known as Fourier transform IR (FTIR)
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spectroscopy, is used extensively for bulk polymer identification and
gross structural analysis; however, to use FTIR to study compositional
changes, it is necessary to separate the polymer into its various molecular
weight components. Gel permeation chromatography (GPC) is the
method of choice for carrying out this separation. Combining these two
technologies offers the industrial polymer chemist a new approach to
studying the details of samples. There have been several reports of high-
performance liquid chromatography—GPC-FTIR interfaces (I1-7), most
of which were used for reverse-phase chromatographic applications.
We discuss a new instrument based on the system described by Gagel
and Biemann (5) in which the design is extended to cover GPC
applications.

The use of FTIR in polymer analysis has been restricted to either
flow-through IR cells or to preparative chromatography. Dekmezian et
al. (7) presented work in which GPC-FTIR was used. Flow-through
cells and preparative chromatography have limitations that reduce their
utility to the chemist. Flow-through cells require an IR window in the
solvent and useful sample IR absorption bands. Furthermore, the spectra
must be taken as the sample moves through the IR beam, which limits
the sensitivity of the method. GPC solvents, which include tetrahydro-
furan (THF), toluene, and trichlorobenzene (TCB) generally prohibit
obtaining the full IR spectra of the polymers. Preparative chromatog-
raphy, on the other hand, while it eliminate some of the problems of
the flow-through method, has limitations of its own. It requires separation
by GPC, collection of the various fractions of interest, removing the
solvents by evaporation, and then preparation of individual samples
suitable for IR analysis. The process is time consuming, prone to sampling
errors, and generally limited to high concentrations of samples. The
nozzle described by Gagel and Biemann (5) was a simple nozzle assembly
that removed the solvent from samples undergoing reverse-phase chro-
matographic separations and deposited the dry sample on a disc that
then could be examined by IR spectroscopy. The approach has been
commercialized and extended to GPC methods. In this study the utility
of the method is discussed and results from a series of polymer samples
are presented.

Experimental Details

The chromatograph used was either a Waters 150C (Waters, Milford, MA)
high-temperature system with TCB as the solvent or a Waters 510 pump
and a Rheodyne injector (Rheodyne, Cotati, CA) with THF as the solvent.
The FTIR unit was a Nicolet 510P equipped with a DTGS detector (Nicolet
Instrument Corp., Madison, WI). The FTIR bench was purged and equipped
with software capable of continuously collecting spectra. Both TCB and
THF were effectively removed from the sample. For TCB experiments, a
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Table I. High-Temperature Application

Liquid Chromatography-

Chromatography Spectrometer Transform Polymer System
Waters 150C Nicolet 510P Transfer line temperature,
Columns, 5 Detector, DTGS 145 °C

microstyragel HT Resolution, 8 cm™ Nozzle flow, 100 uL/min
Mobile phase-TCB Scans, 64/set Sheath gas temperature,
Injection volume, 165 °C

400 uL Sheath gas, nitrogen
Concentration, 0.3% Disc speed, 10 deg/min
Flow rate, 1 mL/min. Gas flow rate, 25 (nebulizer)
Temperature, 145 °C and 40 (sheath)

high-temperature cabinet and heated transfer line was used to transfer the
GPC flow from the chromatograph to the collection nozzle. The experimental
conditions are presented in Tables I and II.

No special hardware or software is required for either the chromato-
graph or the FTIR. Interface to the chromatograph is accomplished by di-
verting the sample—solvent flow from the en o? the GPC column to the
nozzle assembly via a flow divider. The flow divider allows the selection of
a portion of the flow from the chromatograph to the nozzle. The quantity
of flow depends on the viscosity of the mobile phase and the nature of the
polymer being analyzed. The nozzle can evaporate up to 150 pL/min THF
and TCB. The nozzle design is shown in Figure 1.

The sample—solvent flow is mixed with a controlled flow of nitrogen or
air that generates an aerosol. The aerosol flows through a needle and exits
the nozzle. As it exits, it is surrounded by a heated sheath gas, again nitrogen
or air, that serves to confine the spray to a 2.5-3-mm spot and provides the
necessary energy to evaporate the mobile phase. The resultant dry sample
is directed onto a 60-mm-diameter Ge disc that is placed on a rotating plat-
form 5-10 mm below the nozzle. Disc rotation in the system is automatically
started after injection of the sample. The main portion of each collection
took ~10 min.

Table II. Low-Temperature Application

Liquid Chromatography-

Transform Low
Chromatography Spectrometer Temp System
Waters 510 pump Nicolet 510P Sheath gas temperature,
Columns, 1 styragel Detector, DTGS 55 °C
Mobile phase, THF Resolution, 4 cm™  Flow rate, 60 uL/min
Injection volume, 100 ul.  Scans, 16-32/set  Disc speed, 10 deg/min
Concentration, 0.25% Sheath gas, nitrogen
Temperature, RT Gas flow rate, 25 (nebulizer)

and 40 (sheath)
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Figure 1. Nozzle detail.

Disc rotation can be automatically triggered from the GPC upon injec-
tion or at some preset delay so sample co%lection is virtually unatten(ied.
The speed of rotation of the disc is adjusted to match the time of the evolution
of the sample from the chromatograph. At a speed of 10 deg/min, 36 min
of sample collection can take place on each disc. The Ge discs are easily
cleaned and can be reused. After collection, the disc is removed and placed
in a 3X beam condenser within the FTIR optics cabinet. The beam condenser
is designed to provide an optical match between the FTIR beam size, which
is ~9 mm, and the size of the deposited sample, ~3 mm. Once seated on
the platform in the beam condenser, the disc is rotated beneath the IR beam
and spectra of individual samples collected. If the FTIR system has the
capability of continually collecting spectra, then the spectra of the polymer
deposit can be displayed continuously, thus generating an IR chromatogram.
If this software is not available, the spectra may be individually collected
and displayed by scanning the disc from point to point.

The concentration required for satisfactory analysis was between 0.1
and 0.5% by weight, assuming an injection volume of between 400 and 150
pL, respectively. These conditions are consistent with normal methods used
in GPC analysis. At this concentration and assuming a distribution of the
sample over a 20-min time period, a signal level of between 0.1 and 0.5 AU
is observed on the FTIR spectrum. An example of a typical set of spectra is
shown in Figure 2. The signal-to-noise ratio in all spectra are quite adequate
for qualitative interpretation.

Starting conditions for each sample are easily obtained for most poly-
mers; however, in some samples the nozzle exhibited instability that resulted
in ““splitting” rather than a smooth flow of polymer deposit onto the disc.
This was correctable by adjusting the mix of sheath gas—neblulizer gas or
by changing the temperature of the sheath gas.
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Figure 2. Analysis of the ethylene-propylene copolymer.

Unless the THF used was obtained from either a fresh bottle or was
stabilized with butylated hydroxytoluene (BHT), a constant stream of poly-
merized THF was observed as a light, white stripe of material. The presence
of this material was a minor irritant and could be ratioed out of the spectrum
in postcollection data processing.

Results and Discussion

High-Temperature Application. Vinyl Acetate Distribution in
Copoly(ethylene-vinyl acetate). In the characterization of polymers,
molecular distribution and composition are two critical parameters. Ev-
ery physical property and processing change of the material can be
related to these two parameters. With copolymers, IR spectroscopy can
be used for determination of the distribution of one or both monomers
within the molecular weight distribution.

Determining vinyl acetate distribution in two poly(ethylene vinyl
acetate) copolymers is a good illustration using the liquid chromatog-
raphy—transform interface. Two samples were used, one with reported
high vinyl acetate content and the other low. Both were made in an
unbaffled autoclave with a single vinyl acetate injection point and are
typical of copolymers used in heavy wall plastic bags.

Figure 3 shows the IR chromatogram (total CGM) of EVA-high and
EVA-low spectra. Both peaks seem to have uneven shapes, which is in
part due to instability in the nozzle. Individual spectra from EVA-high
are shown in Figure 4 and those for EVA-low in Figure 5. Only the
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Figure 3. EVA-PE distribution.
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Figure 4. 3D IR spectra of EVA (high)-PE.
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Figure 5. 3D IR spectra of EVA (low)-PE.

region from 1800 to 1350 cm™ is shown to better present the region
containing both the band arising from the carbonyl group at 1730 cm™
from the vinyl portion of the polymer and from the band at 1462 cm™
from the C-H; backbone of the polymer. In EVA-high one can see the
general appearance of the bands being approximately equal in strength
from high molecular weight range to low. In EVA-low the C=0 band is
significantly lower in intensity. This change in the ratio of C=0 to C-
H, is a clear indicator of the changes in concentration of vinyl acetate.
To obtain a quantitative measure of the concentration of the vinyl acetate
within the copolymer, one would need to prepare a calibration curve
in which a known amount of vinyl acetate was added.

To determine the distribution of vinyl acetate within the samples,
the ratio of the 1730-1462 cm™ band was measured across the molec-
ular weight distribution. The resultant plots for EVA-high and -low are
also shown in Figure 3. The ratio of EVA-low suggests that the concen-
tration of vinyl acetate is uniform across the middle of the deposit and
shows a slight decrease toward lower molecular weight. On the other
hand, when the data from EVA-high was plotted, an even distribution
of vinyl acetate was found. Some contribution from the C-H, from the
vinyl acetate is expected but should be small relative to the large con-
tribution from the polyethylene portion of the copolymer; therefore,
no attempt was made to account for its contribution. The data suggest
that the manufacturer has produced a copolymer that has a different
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distribution of vinyl acetate in one copolymer than the other. This dif-
ference affects the physical properties of the two products.

High-Density Polyethylene. One of the more difficult tasks with
which analytical polymer chemists have been faced has been the char-
acterization of the very simple molecules, polyethylene and polypro-
pylene. From an IR spectroscopy point of view, there are very few bands
to work with; the interesting information lies in subtle shifts in the weak
bands and in intensity changes in one band compared with another.
Once understood, however, these bands can be used to monitor such
important characteristics as branching distribution and crystallinity in
the polymer. Using a sample of polyethylene, NBS1475, which is a high-
density polyethylene, a study was made of the changes that could be
observed as a function of molecular weight.

Shown in Figure 6 are the spectra of the polymer in the C-H
stretching region collected as a function of molecular weight. One of
the features indicative of the branching is the intensity of the bands
arising from the end group methyl vibrations. The higher the intensity
of these bands, the more end groups are present, which in turn is an
indication of the branching of the polymer. In Figure 7, one can clearly
see a broadening of the entire band structure on the deposit as the
molecular weight decreases from high (20-25 min) to low (40-45 min).
The change can be used to monitor contribution of the end groups or
branching in the sample.

o
3000 2900 2800 2700

Absorbance-Wavenumber (cm™')

Figure 6. 3D IR spectra of high-density polyethylene (NBS1475).
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Figure 7. Average spectra of high-density polyethylene (NBS1475).

Low Temperature Applications. The versatility of the system
in the determination of complex compositional changes is illustrated in
a study of a jet oil lubricant. This sample is one of many that have been
studied in which complex changes are found as one examines the various
molecular weight fractions collected. The ability to easily determine
the presence or absence of a particular component within a complex
mixture is sometimes vital to the polymer chemist.

Figure 8 is a three-dimensional plot of the IR spectra collected from
the polymer deposit on the disc. This presentation gives one an appre-
ciation of the complexity of an industrial polymer sample, but points
out that there is sufficient detail throughout the sample to distinguish
features that can be used to identify individual components within the
sample. At the beginning of the deposit, the ester carbonyl frequency
occurs at 1733 ecm™ and gradually shifts to a higher frequency toward
the low molecular weight end of the deposit, ending at 1742 cm™. This
indicates a change in composition or in the species present. In the early
part of the deposit, there is a band at 3200 cm™ that is indicative of an
organic acid. Bands at 3000-3100 cm™ arise from the C-H stretching
modes of an aromatic ring. The strong band as 1230 cm™ suggests the
presence of an ether linkage. These data taken together indicate that at
least part of the initial deposit contains a phenolic based ester and an
acid. The phenyl vibrations gradually disappear toward the end of the
deposit, leaving a completely new spectra of what appears to be still an
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Figure 8. 3D IR spectra of jet oil lubricant.

ether, but this has more aliphatic character. This information is consistent
with the known structures of lubricants and oils, and with the use of
library search routines one could confirm the suggested structures. The
fact that the GPC did not completely separate the polymer into its in-
dividual components does not prevent the chemist from isolating the
components within this complex sample.

Conclusions

The combination of GPC and FTIR offers the polymer chemist the
possibility of examining a variety of materials for compositional dis-
tribution, presence or absence of functional groups, and branching
content without extensive sample preparation and without integrating
the chromatography and spectroscopy laboratory. The interface per-
forms well with both room temperature and high-temperature GPC
applications and provides adequate amounts of sample for qualitative
IR studies.
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A solvent-evaporative interface is used to deposit each fraction ob-
tained from size-exclusion chromatography (SEC) as a dry polymer
film on an IR transparent disc for subsequent IR analysis. Spectra
without solvent interference bands result. However, in addition to
removing the solvent, the interface must provide polymer films
that yield undistorted spectra. Christiansen distortion is particularly
troublesome because it interferes with quantitative interpretation
in the affected spectrum. Undistorted spectra were invariably ob-
tained from continuous films and sometimes obtained from dis-
continuous films (separate particles). Carbon-coated KCl discs and
either bare or carbon-coated germanium discs provided morphol-
ogies with good spectra. Polymer deposition on bare KC discs often
provided unacceptable morphologies. Surface-wetting properties
of the substrate appear to dominate deposit morphology.

A FOURIER TRANSFORM INFRARED (FTIR) SPECTROMETER is potentially
a very powerful detector for size-exclusion chromatography (SEC). For
polyolefins in particular, SEC-FTIR may provide for each molecular
size present in the sample, measurements of such properties as degree
of unsaturation, branching frequency, and chemical composition of co-
polymers. Although FTIR spectrometers have already been used as SEC
detectors by employing micro-sized flow cells (1), this method is con-
straining: Very few spectral windows are available in commonly used
mobile phases, and decreasing path length opens windows but simul-
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taneously reduces polymer signal. An alternative to the use of a flow
cell is removal of the solvent from SEC fractions followed by IR analysis
of each of the dried films. Preparative SEC followed by collection of
fractions and mobile-phase evaporation is impractically slow and costly
for routine use. An on-line evaporative interface can accomplish solvent
removal during the SEC run. In this work, we employ an interface design
based upon the one developed by Dekmezian et al. (2), for high-tem-
perature SEC. In recent assessments of this interface and a comparison
of it with a commercially available room-temperature evaporation in-
terface using the Gagel and Biemann design (3-5), it was found, for both
devices, that the morphology of the deposited film critically affected
the resulting IR spectra. The term ““film morphology”” here refers to the
structure of the polymer film on the scale of mid-IR wavelengths. Film
morphology, the focus of this chapter, is currently the primary obstacle
to the use of either interface for quantitative IR detection.

Theory

Considerations for High-Temperature SEC Analysis of Poly-
olefins. In the use of a solvent-evaporative interface with high-tem-
perature SEC, three primary complications are involved: the low vola-
tility of the 1,2,4-trichlorobenzene (TCB) mobile phase, differing poly-
mer solubilities in TCB, and the semicrystalline nature of polyolefins.
The boiling point of TCB is 213 °C at 101.3 kPa (1 atm), and the latent
heat of vaporization is 48 kJ/mol. Thus to reduce operating temperature,
reduced pressure is utilized to assist evaporation. Solubilities (and hence
tendency to phase-separate in a sprayed droplet) of polyolefins depend
upon molecular weight and temperature. Whereas polypropylene is
generally less soluble than polyethylene at elevated temperatures, other
polymers (e.g., polystyrene) are soluble even at room temperature.
Polymer blends and copolymers would be expected to display film mor-
phologies reflecting different rates of phase separation during drying.
Crystallinity will also affect film morphology and varies with polymer
type as well as with degree of branching.

Film Properties Affecting IR Spectra. In addition to film thick-
ness, influential properties include uniformity, wedging, dispersion
characteristics, molecular interactions, and degree of crystal orientation
(6). Film nonuniformity can cause offsets in the absorption-band inten-
sities of the spectrum. A wedge or sloping thickness sample profile can
lead to photometric error (7). The dispersion effect, also known as the
Christiansen effect, is caused by the scattering of radiation. The extent
of scattering depends on the particle size and refractive index differences
(8-10). Christiansen scattering may not be significant when there are
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particulates with diameters significantly smaller than the IR wavelength.
Scattering can cause both baseline curvature and derivative-like, ab-
sorption-band shape changes. Molecular interactions can cause shifts of
absorption bands. Polarization effects may lead to changes in relative
intensities in a spectrum due to crystal orientation.

Film Morphology Effects Observed in Previous Interface
Investigations. As mentioned earlier in both previous studies (3, 4)
film morphology effects sometimes strongly affected the IR spectra. The
presence of strong derivative-like bands (Christiansen effect) as well as
highly sloping baselines frequently occurred. The latter problem was
considered much less serious than the former because the absorption
bands involved were often quite narrow (baselines could be assumed
linear under the peak). In contrast when the Christiansen effect occurred,
no useful quantitative information could be obtained from the part of
the absorption spectrum affected. Electron and optical microscopy re-
vealed that morphologies displaying multiple isolated particles of 1-15
pm provided particularly distorted spectra. In one demonstration of the
importance of film morphology, exposing a film of polystyrene to a sol-
vent vapor completely removed the sloping baseline by forming a con-
tinuous film (3, 4).

Issues. Interpretation of the Christiansen distorted portion of
spectra is not generally practical. Generation of film morphologies that
do not adversely affect the IR spectra is the requirement. With the lim-
ited goal of accomplishing reliable quantitative analysis using a solvent-
evaporative interface, it is necessary to further elucidate several inter-
relationships: the effect of film morphology on the IR spectra (sufficient
to disclose those morphological properties causing spectral distortions),
the effect of polymer type on film morphology (sufficient to reveal the
material’s contribution to the issue), and the effect of operating condi-
tions on film morphology (sufficient to permit acceptable morphologies
to be reliably obtained). Complexities include interactions among poly-
mer type and operating conditions.

The work progressed in two phases: In Phase I, the objective was
to determine the causes for film morphologies that resulted in the Chris-
tiansen distortion; in Phase II, the objective was to use the knowledge
gained from Phase I to devise methods of experimentally eliminating
these causes.

Experimental Details

The Dekmezian solvent-evaporative interface design consists of an ultra-
sonic nozzle installed in a heated vacuum chamber. The mobile phase is
spray-dried over discs that are sequentially placed below the nozzle in a
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programmed manner. At the end of the run, a wheel containing the discs is
removed for IR analyses. Our modifications to this design included a higher
frequency ultrasonic nozzle (120 versus 60 kHz), a cooling jacket on the
nozzle, and placement of a heater between the nozzle and disc (Phase I) or
below the wheel containing discs (Phase II). Figure 1 shows a schematic of
the interface in Phase II. Further details may be found elsewhere (3). The
interface was at the outlet of a model 150C high-temperature size-exclusion
chromatograph (SEC) (Waters Associates, Milford, MA).

In both Phases I and II of the work, the SEC was equipped with three
PLgel (Polymer Laboratories, Amherst, MA) 10-um mixed-bed analytical
columns. TCB was the mobile phase. Injection volume was 100 uL of each
0.2 wt% polymer sample dissolved in TCB with 0.2 wt% butylated hydrox-
ytoluene as a stabilizer. Flow rates were generally 0.5 mL/min. A Mattson
Galaxy 6020 FTIR spectrometer and a Mattson Quantum infrared micro-
scope (Madison, WI) equipped with mercury cadmium telluride (MCT) de-
tectors as well as a Nikon SMZ-2T optical microscope was used to analyze
the films. The IR spectra shown in this study were obtained by averaging
128 scans at 4-cm™ resolution under transmission mode and were not base-
line corrected. Polypropylene (PP 180K, American Polymer Standards,
Mentor, OH), polystyrene (NBS 706), and linear (high-density) polyethylene
(NBS 1475, NIST, Washington, DC) were analyzed individually and com-
bined pairwise in equal weights.

In Phase I, the columns were bypassed for some of the runs. The vacuum
oven was at 153-160 °C and 10-30 kPa. KBr discs (13 mm in diameter and

HEATED TRANSFER LINE MOTOR ASSEMBLY

SEC ELUENT — N -
SAMPLING
WHEEL WITH
ULTRASDONIC ' 1 DIses
NDZZLE — | i
T —
RING
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\l//
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Figure 1. A schematic of the solvent-evaporative interface in Phase II. (Re-
produced with permission from reference 3. Copyright 1993 John Wiley
and Sons.)
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2 mm thick) were used to collect polymer deposit. The temperature of the
spray close to the KBr disc was 180-190 °C, and nozzle power ranged from
0.3to 0.8 W.

In Phase II, the vacuum oven was at 102-108 °C and 5-7 kPa. KCI
discs (13 mm in diameter and 2 mm thick) and germanium discs (13 mm in
diameter and 1 mm thick) were used to collect polymer deposit. Some discs
were vapor coated with carbon by an Edwards coating system E306A (United
Kingdom). The temperature at the heater surface was 185-215 °C and
nozzle power ranged from 0.2 to 0.4 W,

The criteria for selecting experimental conditions (except in one case
mentioned later where liquid accumulation was desired) were to ensure no
boiling of liquid at the tip of the nozzle and no liquid accumulation on the
disc. The observed morphologies did not change significantly within the
range of operating conditions listed for each phase of work.

Results and Discussion

Phase I: Causes for Undesired Film Morphologies. The Effect
of Film Morphology on IR Spectra. As in earlier studies (3, 4), the two
major spectral distortions observed were derivative spectra and sloping
baselines. However, in this case, a large number of high-quality spectra
were also observed. Figure 2 shows the worst spectrum obtained and
the accompanying ““‘dispersed particle” film morphology. It represents
a SEC analysis of a polyethylene sample. Figure 3 shows another analysis

0.
A \
b 1 9%
s 8%y
0. P 3
o k‘.
r L4
b 58
a piet
n ';
co. ot
e ra%0
0.
0.0 T T T T T
3000 2500 2000 1500 1000
Wavenumbers

Figure 2. IR spectrum of polyethylene and film morphology (inset) for
discontinuous film.

In Chromatographic Characterization of Polymers; Provder, T., € al.;
Advancesin Chemistry; American Chemical Society: Washington, DC, 1995.



Publication Date: May 5, 1995 | doi: 10.1021/ba-1995-0247.ch020

270 CHROMATOGRAPHIC CHARACTERIZATION OF POLYMERS

1.0+
A
b
8
o
r
bo.s+
a
n
c
a

100um
T
0.0 T T L T T
3000 28500 2000 1500 1000
Wavenumbers

Figure 3. IR spectrum of polyethylene and film morphology (inset) for
continuous film.

of polyethylene. In this case, the spectrum was excellent and the film
morphology appeared to be a continuous film. Figure 4 shows an analysis
of a polymer blend of polyethylene with polystyrene. The film mor-
phology appears complex but, again, a continuous film is evident with
no areas devoid of polymer and the spectrum is excellent. Examination
of the many photomicrographs obtained in this study revealed progres-
sive improvement in the spectra as the bare areas in the deposit were
filled in by polymer. Apparently, the single most important requirement
for an acceptable spectrum is a continuous film. The presence of irreg-
ularities in the film or even significant changes in polymer composition
(and hence refractive index) were of much less importance. Furthermore,
the appearance of the deposits leads to the hypothesis that the polymer
must wet the surface of the KBr disc to provide consistent acceptable
film morphologies.

When a continuous film was obtained, no Christiansen effect was
observed. However, sometimes good spectra were obtained from dis-
continuous films. The photomicrographs and IR spectra shown in Figure
5 were taken using an IR microscope. For the polyethylene deposit
consisting of droplets 10-30 um in diameter, no spectral distortion was
observed. In another deposit from the same SEC run when droplets
ranged from 2 to 10 um in diameter, a distorted spectrum was obtained.
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Figure 4. IR spectrum of polyethylene-polystyrene blend and film mor-
phology (inset) for continuous film.

Thus, when a discontinuous film was present, the size and possibly the
shape of the deposited particles determined whether or not the Chris-
tiansen effect was observed.

The Effect of Polymer Type on Film Morphology. At relatively high
polymer concentrations, all types of polymers used, and their blends
formed continuous films and provided excellent spectra. Blend com-
position and the presence or absence of crystallization did not cause
Christiansen effect distortions. However, at concentrations usual for SEC
analysis, all polymers showed evidence of not wetting the KBr surface,
yielded discontinuous films, and often had poor spectra. These results
indicate, with respect to spectral distortions, that the main importance
of polymer type is its influence on continuous-film formation.

The Effect of Evaporation Conditions on Film Morphology. Two
extreme modes of operation were examined: evaporation sufficiently
rapid to avoid any accumulation of solution on the surface of the KBr
disc during the run, and evaporation so mild that liquid accumulated on
the disc surface and then evaporated completely. Evaporation control
variables included ultrasonic nozzle power, spray temperature, gas flow
rate around the disc, oven temperature, and pressure. With accumulation
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Figure 5. Micro-IR spectra of the polyethylene samples deposited on KCl
discs shown in photomicrograph insets. Key: A, particle sizes of 2 to 10 um;
and B, particle sizes of 10 to 30 um.

ofliquid on the disc, the deposited film morphology was heterogeneous,
and, in some cases, polymer was transported away from the disc’s center.
For high evaporation rates (no liquid accumulation), the polymer par-
ticles were smaller and the morphology was more homogeneous. Mor-
phology may be very sensitive to many different variables. From a prac-
tical viewpoint, the objective is to gain sufficient control to prevent
unacceptable morphologies from forming. If the observation that a con-
tinuous film is a sufficient condition for undistorted spectra is correct,
then this becomes the key objective.

Phase II: Obtaining Acceptable Film Morphologies. Hypoth-
esizing that the failure of the polymer solution to wet the surface of the
substrate was the root cause of discontinuous films, we therefore made
attempts to modify the wetting properties of the substrates used in the
solvent-evaporative interface. This modification was done by using vapor
deposition to coat a thin film of carbon (less than 0.01 um) on the sub-
strates. Both KCl discs and germanium discs were carbon-coated. Contact
angle measurements revealed that with the carbon coating the TCB
solution completely wetted both substrates. Without the coating, TCB
did not wet either substrate. To evaluate the effect of the surface mod-
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ification in SEC-FTIR analysis, some substrates were partially masked
during the carbon-deposition process to provide a disc where only half
of the surface was carbon-coated.

On KCl discs, the carbon coating dramatically changed both the
morphology and spectra obtained. Figure 6 shows polyethylene depos-
ited on a disc surface that was half-coated by carbon. The noncoated
half shows isolated polymer particles, whereas the carbon-coated half
shows coalesced (although still isolated) particles. The corresponding
spectra show that, unlike the morphology on the noncoated surface,
carbon coating provided a morphology that did not produce distortion
and increased band intensity. Figures 7 and 8 show similar results for
the deposition of polypropylene and the deposition of a polyethylene—
polypropylene blend. In every case the deposition on the carbon-coated
surface provided acceptable spectra. The blend deposit appeared as a
continuous film, whereas those of the individual polymer components
of the blend did not. Furthermore, the carbon-coated surface of the
disc contained a noticeably larger amount of polymer resulting in greater
absorbance band intensity.
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Figure 6. IR spectra of polyethylene deposited on noncoated KCl surface
and carbon-coated KCl surface with corresponding photomicrograph. The
top half of the photo corresponds to the noncoated surface and the bottom
half to the carbon-coated surface.
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Figure 7. IR spectra of polypropylene deposited on noncoated KCl surface
and carbon-coated KCl surface with corresponding photomicrograph. The
top half of the photo corresponds to the noncoated surface and the bottom
half to the carbon-coated surface.
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Figure 8. IR spectra of polyethylene—polypropylene blend deposited on
noncoated KCl surface and carbon-coated KCl surface with corresponding
photomicrograph. The top half of the photo corresponds to the noncoated
surface and the bottom half to the carbon-coated surface.
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Figure 9. IR spectrum of polyethylene deposited on noncoated germanium
surface with the corresponding photomicrograph on a germanium disc half-
coated with carbon. The top half of the photo corresponds to the noncoated
surface and the bottom half to the carbon-coated surface.

Germanium was substituted for KCl with the idea of obtaining more
rapid evaporation of any solvent reaching the surface of the disc. Ger-
manium has a thermal conductivity that is an order of magnitude greater
than that of KCl. With a disc heater at the base of the disc during de-
position, it would be expected that evaporation would be much more
rapid from the germanium disc than from the KCl disc. Figures 9 through
11 show the results with germanium. In every case the carbon coating
had no effect on the deposited morphology and good spectra were ob-
tained from both the carbon-coated part of the disc and from the non-
coated part. Only the IR spectra on the noncoated part are shown in
the figures, and those spectra obtained on the carbon-coated part were
similar. Also, morphologies obtained appeared very similar to those ob-
tained on the corresponding carbon-coated part of the KCl discs (com-
pare morphologies in Figures 6 and 9, 7 and 10, and 8 and 11).

To investigate the contribution of evaporation rate on the deposit
morphologies on germanium discs, an experiment was conducted at a
low evaporation rate using a polyethylene-polypropylene blend on one
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Figure 10. IR spectrum of polypropylene deposited on noncoated germa-
nium surface with the corresponding photomicrograph on a germanium disc
half-coated with carbon. The top half of the photo corresponds to the non-
coated surface and the bottom half to the carbon-coated surface.

half carbon-coated disc. The resulting morphology is shown in Figure
12. The deposit did show familiar large-scale “waves” of deposited
polymer (not apparent under magnification) because of liquid accu-
mulation on the disc prior to evaporation (3). However, the important
observation was that no differences between the morphology on the
carbon-coated and the noncoated part of the disc were evident.

One possible explanation for these results and the observation that
TCB did not wet the bare germanium disc is that it is the wetting prop-
erties of the molten polymer that are important and not that of TCB.
The temperature of the surface of all discs used exceeded the melting
points of all the polymers investigated for the entire experiment. Fur-
thermore, with the evaporation conditions used for all experiments ex-
cept the last one mentioned, evaporation of solvent was instantaneous
when the droplets reached the disc surface. No liquid accumulation was
evident.
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Figure 11. IR spectrum of a polyethylene—polypropylene blend deposited
on noncoated germanium surface with the corresponding photomicrograph
on a germanium disc half-coated with carbon. The top half of the photo
corresponds to the noncoated surface and the bottom half to the carbon-
coated surface.

Conclusions

Phase I work revealed that a sufficient condition for obtaining spectra
without the Christiansen effect distortion was that the deposited film
has no areas bare of polymer. When such a continuous film was obtained,
other microstructural features and even polymer type were of secondary
importance and were possibly even unimportant in obtaining good qual-
ity spectra. It was possible to obtain undistorted spectra from discon-
tinuous films. However, particle size range of the deposit appeared crit-
ical to the results. The diversities of polymer morphologies possible and
their sensitivity to operating conditions meant that tailoring particle
size would be very difficult. Deposition control to ensure continuous
films appeared as a much more attainable objective and was pursued in
Phase II.

In Phase II, two methods of forming continuous films were examined:
modification of the wetting properties of the substrate surface and flash
evaporation from the substrate. Wetting properties of the surface were
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Figure 12. Photomicrograph of polyethylene—polypropylene blend depos-
ited at a low evaporation rate on a germanium disc half-coated with carbon.
The top half of the photo corresponds to the noncoated surface and the
bottom half to the carbon-coated surface.
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shown to be the important factor. Deposits on carbon-coated KCl and
deposits on either bare or carbon-coated germanium provided mor-
phologies yielding acceptable spectra.
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Apparent molar mass, of heterogeneous
copolymers, 201-202
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Average properties of whole polymer,
127-128, 136-137
Avocados, monitoring of ripening, 148

B

Band broadening, 65-66

Blends, see Homopolymer blends vs.
diblock copolymer, Polymer
blends

Block copolymers, 185-186, 220,
243-251

Block copolymers, see also Diblock
copolymers, Star-branched
copolymers

Branched polymers, and two-angle light-
scattering data analysis, 133

Branching distribution, 5

Branching distribution of star-branched
copolymer, 173, 175f, 176-177

Branching factors, 5, 6

Broad polystyrenes, see Polystyrenes

Butyl methacrylate—ethyl methacrylate
copolymers, 215-221

n-Butyl methacrylate homopolymers and
copolymers, 220-221

Byproducts

of polyesters, 236
of star block copolymers, 233

C

Calibration, 47, 65
method for concentration detectors,
80-82
signal matching by independent
calibration of detectors, 79-91
transforming molecular weight
distribution, 82-84
see also Universal calibration
Calibration curves, 237f
and limiting conditions of solubility,
16-18

for acrylic macromonomers, 49, 50, f
for octylphenoxypoly(ethoxy)ethanol,
, 48
use in signal matching in multidetector
size-exclusion chromatography,
86-88
Carbohydrates, 141-150
Carbon coating of discs, effects on
infrared spectra, 272-276
Carbonyl groups, in styrene copolymers,
217
Cellulose polymers, 141-150
Center of gravity of polymer distribution,
187
Chain transfer in copolymerization,
50-51
Chemical composition distribution, direct
characterization, 221
Chemical drift, 7
Christiansen distortion effect, 266,
267, 277
Christiansen scattering, 266—267
Coatings, complex mixture analysis;
51-54
Cold-wall temperature, 186, 192, 194
Column calibration, see Calibration
Column switching, 8
Column temperature, effect on elution of
styrene copolymer, 216-217
Complex carbohydrates, 141-150
Complex copolymers, 223-241
Complex copolymers, see also Star-
branched copolymers
Complex mixture analysis, 51-54
Composition
average, 199, 201, 205
of block copolymers, 185-186
of copolymers, 183-196
Composition drift, 199-201
Compositional changes, 261-262
Cempositional changes, methods of
analysis, 253-254
Compositional (chemical) heterogeneity
characterization by coupled techniques,
197-209
of the first kind, 7
of the second kind, 8, 10
Concentration detectors
in computer-simulated multidetector
size-exclusion chromatography
peak shapes, 74-76
signal tracings, 71-72
method for calibrating, 81-82
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of polymethacrylates, 216-221
of poly(methyl methacrylate),
167-179, 220
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202-205
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216-221
of poly(styrene-b-tetramethylene
oxide), 199-201
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167-179
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branched copolymers, Styrene
copolymers
Corn starch, 146-148
Cotton fiber, 144-146, 147f
Coupled chromatographic techniques,
197-209
Coupled chromatographic techniques,
coupled column chromatography,
205-208
cross-fractionation, 205-206
mobile-phase composition, 206-207
separation of residual homopolymers
from copolymers, 207
system configuration, 205f
use with size-exclusion
chromatography, 198
Critical chromatography, see Liquid
adsorption chromatography
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limiting conditions of solubility,
14-16
Cross-flow velocity gradient, 22
Cross-fractionation, 8-9, 205-206
Cross-fractionation, see also Two-
dimensional chromatography

D

Debye expression for Gaussian coils, 112
Debye plot, 96-97
of broad polystyrene standard, 99-100
of ultrahigh molecular weight
poly(methyl methacrylate)s,
102-103
Debye relationship for random coils, 126
Decomposition of large polymers, 54
Dekmezian solvent—evaporative interface
design, 267-268
Density gradient formation, 33-35
Dextrans, 151-166
fractionation, 155-156, 157f
see also Water-soluble polymers
Diblock copolymers, 167-179, 202-205
composition drift, 199-201
vs. blend of homopolymers, molar mass
and heterogeneity data, 202-205
1,2-Dichloroethane, 220-221
Differential refractive index, eliminating,
127-128
Differential refractive index detectors
calibration curves and chromatograms
in signal matching, vs. viscometer
values, 86-88
Lesec effect, 170
peak molecular weight values, vs. low-
angle laser light scattering
detector values, 81-82
use with size-exclusion chromatography
and ultraviolet, with and without
low-angle laser light scattering,
243-251
see also Reftactive index detectors
Differential refractive index increment,
96, 98-99, 118¢
Dimethylacetamide-lithium chloride, as
solvent, 141-142
Disymmetry measurement, 125
dn/dc, see Differential refractive index
increment
Drift
chemical, 7
composition, of copolymers, 199-201
see also Compositional (chemical)
heterogeneity

E

Effective property gradient, 22
Elastic light-scattering detection,
123-124
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Elastic light-scattering detection,
conventional data analysis
methods, 124-126

Electrospray ionization mass
spectrometry, 41-56

description, 42

for complex mixture analysis, 51-54

for monitoring copolymerization,

-51

instrumental setup, 43 f
End-groups, of polyesters, 234-239, 240t
End groups of polyesters,

contour map, 235f, 236f, 238-239

Ethanol content, and styrene copolymer
behavior, 218f

Ethyl methacrylate, 215-221

Ethylene-propylene, 257 f

Excess Rayleigh factor, 202

Excess Rayleigh scattering, 124

Excess Rayleigh scattering ratio, 95, 125,
128

F

Field and gradient combinations, 22-24
Field-flow fractionation, see Isoperichoric
focusing; Thermal
Film, see Infrared spectrometry
Flexible rings, 115-116
Flory-Fox equation, 6
Flory-Schulz molecular weight
distribution, 70
Flory-Schulz molecular weight
distribution vs. Wesslau
distribution, 69-77
Flory viscosity function, 6
Flours, 146-148
Flow-through cells, 254
Flow velocity gradient, 22
Focused zone formation, 24-25
Focusing field-flow fractionation, see
Isoperichoric focusing field-flow
fractionation
Form factor (scattering factor), 96
Form factor (scattering factor)
of scattering angle 6, 110, 112
Fourier transform infrared
spectrometry, 7
flow-through cells, limitations, 254
use with gel permeation
chromatography, 253-263
compositional changes, 261-262
disc rotation, 256
high-temperature applications, 255%,
257-260
low-temperature applications, 255,
261-262
nozzle assembly, 254, 255, 256 f

use with size-exclusion
chromatography, 265-279
Christiansen distortion effect, 266,
267, 277
Christiansen scattering, 266267
see also Infrared spectrometry; Solvent—
evaporative interface in size-
exclusion chromatography plus
infrared spectrometry
Fourier transform infrared
spectrophotometry, 7
Fractionation of pullulans and dextrans,
155-156, 157f
Fractionation of pullulans and dextrans,
see also Cross-fractionation
Fruit ripening, monitoring, 148

G

Gaussian coils, expected errors, 115f,
1161
Gaussian distribution, 25-26, 83
Gel permeation chromatography
use with Fourier transform infrared
spectrometry, 253-263
compositional changes, 261-262
disc rotation, 256
high-temperature applications, 255,
257-260
low-temperature applications, 255¢,
261-262
nozzle assembly, 254, 255, 256 f
see also Multidetection gel permeation
chromatography
Geometric factor, 95
Germanium discs, in size-exclusion
chromatography plus infrared
spectrometry, 275-276, 277f,
278f
Gradient and field combinations, 22-24
Gradient elution
in high-performance precipitation
liquid chromatography, 213-214
in liquid adsorption chromatography,
213, 215, 217-219
Gradient high-performance liquid
chromatography, 227, 237f

H

Heterogeneity of composition, see
Compositional (chemical)
heterogeneity

Heterogeneity parameter, 202-205

Heterogeneous copolymers,
characterizing by coupled
techniques, 197-209

High-density polyethylenes, 260, 261f
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High-molecular-weight polystyrenes,
131-133

High-performance liquid
chromatography, 212, 213-214,
227, 237f

High-performance liquid chromatography
use with size-exclusion
chromatography, 8

advantages, 229
principles, 227-229

High-performance organic coatings,
51-54

High-performance precipitation liquid
chromatography, 212, 213-214

Homopolymer blends, vs. diblock
copolymer, 202-205

Homopolymers, coupled column
chromatography, 206-207

Hydrodynamic radius distribution, 6

Hydrogen bonds, and styrene copolymer
behavior, 217

Hyphenated polymer separation
techniques, overview, 3-11

I

Infrared on-line detector, use with size-
exclusion chromatography—low-
angle laser light scattering,

199, 203
Infrared spectrometry
particle size effects, 270-271, 272f
polymer film morphology, 266
avoiding discontinuous films, 272
dispersed particle vs. continuous film,
269-270
effects of carbon coating on discs,
272-276
effects of evaporation conditions,
271-272
effects of polymer type, 271
effects on spectra, 267, 269-271
germanium discs, 275-276, 277f,
278f
potassium chloride discs, 273, 274f
undesired, causes, 269-272
polymer film properties affecting
spectra, 266—-267
see also Fourier transform infrared
spectrometry, Solvent—
evaporative interface in size-
exclusion chromatography plus
infrared spectrometry

Inherent viscosity, in thermal field-flow
fractionation, 189-190

Interdetector volume, 62-65, 79-80, 88

and polymer average-properties
calculations, 128
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and two-angle light-scattering data
analysis, 136
Intrinsic viscosity
and band-broadening errors, 65-66
and offsets for signal matching, 79-80
on-line detection, 5-6
relation to thermal diffusion
coefficient, 187
in thermal field-flow fractionation, 188
variations, of star-branched copolymer,
172-173, 174f
Intrinsic viscosity branching factor, 6
Intrinsic viscosity—molecular weight
relationship, 80, 90f
predicted vs. measured, 88-89
see also Viscosity law
Ion chromatograms, for octylphenoxy-
poly(ethoxy)ethanol, 45-47
Ionization, see Soft ionization,
Electrospray ionization mass
spectrometry
Isoperichoric focusing
definition, 24
focused zone formation, 24-27
resolution, 27
static vs. dynamic, 30-31
Isoperichoric focusing field-flow
fractionation, 21-39
basic principles, 21-22, 23f
computer simulation, 27-30
experimental implementation, 31-38
field and gradient combinations, 22-24
focusing experiments, 35-38
methods of focusing, 22
Isotropic scatterers, 129-130, 138

J

Jet oil lubricant, analysis of compositional
changes, 261-262

L

Lag-time estimation, eliminating, 79-91
Lesec effect, 170
Lift forces, 23
Light scattering, 95-97
geometry, 1111
intensity, 110
optical configuration, 110-112
optical constant, 124-125
two-angle, 109-121, 126-127
Light-scattering detectors
conventional data analysis methods,
124-126
elastic, 123-124
in computer-simulated multidetector
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size-exclusion chromatography,
69-77
on-line, 6
responses to solvents of different index
of refraction, 116-120
use with size-exclusion
chromatography, 4-5, 225, 226¢
see also Low-angle, Multiangle laser
light-scattering detectors, Two-
angle light scattering
Limiting conditions of solubility
mechanism, 14
polymer—eluent—sorbent systems
displaying, 18, 19¢
use in characterizing polymer mixtures,
13-19
vs. critical condition of adsorption,
14-16
Linear-block copolymers, see Block
copolymers
Liquid adsorption chromatography,
212-213
at the critical point, see Liquid
adsorption chromatography
under critical conditions
for separating styrene copolymers,
215-221
direct characterization of chemical
composition distribution, 221
effect of styrene content, 219
elution behavior, 216-217
gradient elution, 215, 217-219
mechanisms of retention and
elution, 217
methods of separation, 216-219
prior fractionation by size-exclusion
chromatography, 219-220
see also High-performance liquid
chromatography
Liquid adsorption chromatography under
critical conditions, 215, 227, 238
chromatogram of polyester, 237f
use with size-exclusion
chromatography, 238-239, 240t
vs. limiting conditions of solubility,
14-16
Liquid chromatography
limiting conditions, 13-19
nonexclusion, 211-222
techniques and classification,
212-215
see also High-performance liquid
chromatography, Liquid
adsorption chromatography
Local properties, 124-126
Low-angle laser light scattering, vs.
multiangle laser light scattering,
123-124

Low-angle laser light scattering detectors
on-line, in size-exclusion
chromatography system, 198
peak molecular weight shift, 85f
peak molecular weight values, 81-82
transforming experimental molecular
weight determinations, 83
use with multidetection gel permeation
chromatography, refractive
index, and viscometry, 167-179
branching distribution, 173, 175f,
176-177
corrected slice concentration,
171-172
intrinsic viscosity variations,
172-173, 174f
number-average molecular
weight, 175
universal calibration, 175, 177-178
viscosity law, 173, 175f
use with multidetection size-exclusion
chromatography
plus differential refractive index
detectors and ultraviolet,
243-251
plus refractive index detectors,
197-209
Low-molecular-weight polystyrenes,
129-130
Lubricants, jet oil lubricant:
compositional changes, 261-262

M

Macromonomers, acrylic-methacrylic,
48-51
Mark-Houwink coefficients, 6
Mark-Houwink equation, 70
Mark—Houwink relations, 159, 161, 163
Matrix-assisted laser desorption ionization
mass spectrometry, 10-11
Mean square radius, 96-97
Methacrylate-styrene copolymers,
215-221
Methyl methacrylate-styrene
copolymers, 220
Mobile phases
in coupled column chromatography,
206-207
in high-performance precipitation
liquid chromatography, 213, 214
in liquid adsorption chromatography,
212, 213, 215
in normal- and reversed-phase
chromatography, 214-215
Molar mass distribution, 202-205
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Molecular weight
obtaining by thermal field-flow
fractionation, 95, 187, 188
obtaining by thermal field-flow
fractionation plus viscometry,
183-196, 190-191, 191-194,
195
obtaining from two-angle light-
scattering plus refractive index
measurements, 109-121
expected errors, 115, 116f
series expansions, 110-116
of pullulans and dextrans, vs. radius of
gyration, 159, 160£, 161-163,
163-164
of ultrahigh molecular weight
poly(methyl methacrylate)s,
103-104, 105f, 106¢
Molecular weight averages, 127
Molecular weight averages,
see also Number-average molecular
weight, Weight-average
molecular weight, Z-average
molecular weight
Molecular weight distribution, 5-6,
46-47, 59-68
Flory—Schulz vs. Wesslau, 69-77
transformation for determining peak
molecular weight in calibration,
82-84
Molecular weight polydispersity,
63-65, 73

Molecular-weight-sensitive detectors, 4-6

in thermal field-flow fractionation, 94
peak molecular weight determinations,
82-86
Multiangle laser light-scattering detectors
use with size-exclusion
chromatography, viscosity, and
refractive index detection,
151-166
experimental conditions, 153-154
fractionation, 155-156, 157f
Mark-Houwink relations, 159, 161,
163
radius of gyration vs. molecular
weight, 159, 160£, 161163,
163-164
universal calibration plots, 156,
158-159
use with thermal field-flow
fractionation, 94
Multidetection gel permeation
chromatography
use with refractive index, viscometry,
and low-angle laser light
scattering, 167-179

289

branching distribution, 173, 175f,
176-177
corrected slice concentration,
171-172
intrinsic viscosity variations,
172-173, 174f
number-average molecular
weight, 175
universal calibration, 175, 177-178
viscosity law, 173, 175f
see also Gel permeation
chromatography
Multidetector size-exclusion
chromatography, 225, 226t
band broadening, 65-66
calibrating detectors independently,
79-91
computer simulation study: Flory—
Schulz vs. Wesslau molecular
weight distributions, 69-77
peak shapes, 74-76
signal tracings, 71-72
detector configurations, 60-62
difficulties, 59-68
dual detector system, limitations, 212
instrument parameters, 65
instrument sensitivity and baseline
settings, 66-67
interdetector volume, 62-65, 79-80
signal matching, 86-88
signal matching and independent
calibration of detectors, 79-80
use with differential refractive index
detectors and ultraviolet, with
and without low-angle laser light
scattering, 243-251
use with dual concentration detectors
or coupled column
chromatography, 197-209
use with elastic light-scattering
detectors: conventional data
analysis methods, 124-126
use with electrospray ionization mass
spectrometry, 41-56
use with Fourier transform infrared
spectrometry, 265-279
Christiansen distortion effect, 266,
267, 277
Christiansen scattering, 266-267
use with high-performance liquid
chromatography, 8
advantages, 229
principles, 227-229
use with light-scattering detection, 225,
226t
use with liquid adsorption
chromatography, 219-220
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use with liquid adsorption
chromatography under critical
conditions, 238-239, 240¢
use with low-angle laser light scattering
and refractive index detectors,
197-209
use with multiangle laser light
scattering, viscometry, and
refractive index detection,
151-166
experimental conditions, 153-154
fractionation, 155-156, 157f
Mark-Houwink relations, 159,
161, 163
radius of gyration vs. molecular
weight, 159, 160f, 161-163,
163-164
universal calibration plots, 156,
158-159
use with nonexclusion liquid
chromatography, 211-222
use with refractive index and
viscometry, 141-150
use with two-angle light-scattering
detection, 123-140
use with two vs. three detectors,
243-251
use with viscometric detection, 225,
226t
see also Size-exclusion chromatography
Multidimensional hyphenated polymer
separation techniques,
overview, 3-11

N

Narrow polystyrenes, see Polystyrenes,
narrow
Natural polymers, 141-150
Nonexclusion liquid chromatography,
211-222
techniques and classification, 212-215
see also Liquid adsorption
chromatography
Nonhomogeneous high-gradient magnetic
field, 24
Normal-phase chromatography, 214-215
Nuclear magnetic resonance systems, 7-8
Number-average molecular weight, 127

(0]

Octylphenoxypoly(ethoxy)ethanol, 44-48

Offsets between detectors, 79-80, 88

Oils, jet oil lubricant: compositional
changes, 261-262

On-line intrinsic viscosity detection, 5-6

On-line light-scattering detectors, 6

On-line nuclear magnetic resonance, 7-8

On-line spectroscopic detectors, 7-8

Optical materials, ultrahigh molecular
weight polymers, 93-107

Orthogonal chromatography, 8-9,
212, 215

Orthogonal chromatography, see also
Coupled chromatographic
techniques, coupled column
chromatography, Two-
dimensional chromatography

P

Particle-scattering function, 124,
125, 137
Particle shape, 115-116, 125, 131-133
Peak molecular weight
in calibrating molecular weight-
sensitive detectors, 82-86
in independent detector calibration,
80-86
values for low-angle laser light
scattering detectors vs.
differential refractometers,
81-82
values for polystyrene standards in
tetrahydrofuran, 81¢
vs. corrected values, 86f
Peak molecular weight shift, 85f
PERSPEX, 102-104, 105f
Phase separation, 214
Phases
in coupled column chromatography,
206-207
in high-performance precipitation
liquid chromatography, 213, 214
in liquid adsorption chromatography,
212, 213, 215
in nonexclusion liquid chromatography,
212-215
in normal- and reversed-phase
chromatography, 214-215
Plant cell wall, 141-150
Polyacrylate copolymers and
homopolymers, 216-221
Poly(n-butyl methacrylate), 206207
Polydispersity, 63-65, 81t
Polyesters
byproducts, 236
end-group analysis, 234-239, 240t
modes of chromatography, 237f
separation by two-dimensional
chromatography methods,
238-239
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Polyethylene—polypropylene blends, 273,
274f, 275-276, 277f

Polyethylene—polystyrene blends, 270,
271

Poly(ethylene vinyl acetate) copolymers,
257-260
Polyethylenes, 260, 261f, 269-270, 273
Polymer blends, 270, 271f, 273, 274f
Polymer film, see Infrared spectrometry
Polymers
compositional changes, 253-254,
261-262
cross-fractionation, 8-9
properties
accessible by chromatography, 224,
225f
average, 127-128
local, 124-126
size, see Mean square radius, Radius of
gyration, Root mean square
radius
Polymethacrylate copolymers and
homopolymers, 216-221
Poly(methyl methacrylate)
characterizing by limiting conditions of
solubility, 16-19
multimodal, intrinsic viscosity—
molecular weight relationship,
88-89
separation by liquid adsorption
chromatography, 220
ultrahigh molecular weight, 93-107
with poly(tert-butyl acrylate), star-
branched copolymers, 167-179
Polyolefins, 265-266
Polypropylene, 273, 274f
Polysaccharides, 141-150
Poly|[styrene-b-(dimethyl siloxane)],
202-205
Polystyrene latex, 35-38
Poly(styrene-methyl methacrylate),
216-221
Polystyrene—poly(n-butyl methacrylate),
207

Polystyrene-polyethylene oxide,
249-251
Polystyrene—poly(methyl methacrylate),
246-249
Polystyrenes
anisotropic scatterers, 138
broad
intrinsic viscosity—molecular weight
relationship, 89, 90f
root mean square radius, 101 f
thermal field-flow fractionation
elution curve, 981
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two-angle light-scattering data
analysis, 134-135
two-angle light-scattering data
analysis, average properties,
136-137
viscosity law, 170-171
weight-average molecular weight vs.
elution volume, 100f
high-molecular-weight, 131-133
in tetrahydrofuran, 81¢, 123-140
isotropic scatterers, 129-130, 138
limiting conditions of solubility
approach to characterization,
16-19
low-molecular-weight, 129-130
molecular weights and root mean
square radii 99¢
narrow
calibration curves, and limiting
conditions of solubility, 16-18
peak widths, effects of detector
configurations, 60-62
two-angle light-scattering data
analysis, 130-131, 134-135
viscosity law, 170-171
root-mean-square radii, 99¢, 101f, 138
Poly(styrene-b-tetramethylene oxide),
199-201
Poly(tert-butyl acrylate), 167-179
Potassium chloride discs, in size-exclusion
chromatography plus infrared
spectrometry, 273, 274f
Preparative chromatography, 254
Propylene, copolymer with ethylene,
257

PSS 2D-CHROM software, 233-234
Ptitsyn—Eisner equation, 159
Pullulans, 151-166

fractionation, 155-156, 157f

see also Water-soluble polymers

R

Radius of gyration, 5, 6, 96, 109-121
expected errors, 115
of pullulans and dextrans, vs. molecular
weight, 159, 160f, 161-163,
163-164
series expansions, 110-116
whole-polymer calculations, 128
see also Mean square radius, Root mean
square radius
Random coils, 131-133
Rayleigh scattering, Rayleigh ratio, see
Excess Rayleigh scattering,
Excess Rayleigh scattering ratio
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Refractive index detectors
use with multidetection gel permeation
chromatography, low-angle laser
light scattering, and viscosity
detection, 167-179
branching distribution, 173, 175f,
176-177
corrected slice concentration,
171-172
intrinsic viscosity variations,
172-173, 174f
number-average molecular
weight, 175
universal calibration, 175, 177-178
viscosity law, 173, 175f
use with size-exclusion chromatography
plus low-angle laser light scattering,
197-209
plus multiangle laser light scattering
and viscosity detection, 151-166
experimental conditions, 153-154
fractionation, 155-156, 157f
Mark-Houwink relations, 159,
161, 163
radius of gyration vs. molecular
weight, 159, 160f, 161-163,
163-164
universal calibration plots, 156,
158-159
plus viscometry, 141-150
use with two-angle light-scattering
detector, 109-121
see also Differential refractive index
detectors
Refractometers, see Differential refractive
index detectors, Refractive index
detectors
Resolution of isoperichoric focusing, 27,
30-31
Retention parameter, 186-187, 192-193
Retention ratio, 95, 187
Reversed-phase chromatography,
214-215
Rings, flexible, 115-116
Rods, rigid, 115-116
Root mean square radius, 96
and two-angle light-scattering data
analysis, 127
of broad polystyrene standard, 98-102
of ultrahigh molecular weight
poly(methyl methacrylate)s,
103-104, 1051
see also Mean square radius, Radius of
gyration
Root-mean-square radius of gyration,
128, 138
Root-mean-square radius of gyration, see

also Mean square radius, Radius
of gyration

S

Scattering factor, see Form factor
(scattering factor)
Second virial coefficient, 95, 98-99
Selected-ion chromatograms, 46-47,
49-50, 511
Shape of particles, 115-116, 125,
131-133
Shear stress, 23
Signal matching
by independent calibration of detectors,
79-91
in multidetector size-exclusion
chromatography, 86-88
Silanol groups, in styrene copolymers,
217
Size-exclusion chromatography, 4-8
high-temperature analysis of
polyolefins, 266
limitations, 211
limitations and future challenges, 9-11
see also Multidetector size-exclusion
chromatography
Soft ionization, 41-42, 48-49
Solubility, see Limiting conditions of
solubility
Solvent—evaporative interface, in size-
exclusion chromatography plus
infrared spectrometry, 265-279
carbon coating of discs, 272-276
Dekmezian design, 267-268
germanium discs, 275-276, 277f, 278f
potassium chloride discs, 273, 274f
use with high-temperature size-
exclusion chromatography,
complications, 266
wetting properties of substrates,
272-276
Solvents, index of refraction, 116-120
Spectroscopic detectors, on-line, 7-8
Spheres, 115-116, 126, 131-133
Star block copolymers, 223-241
byproducts, 233
contour maps, 232-234, 235f, 2361
high-performance liquid
chromatography analysis, 232
PSS 2D-CHROM software, 233-234
size-exclusion chromatography analysis,
231-232
three-dimensional plot, 232, 233f
Star-branched copolymers, 167-179
branching distribution, 173, 175f,
176-177
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corrected slice concentration, 171-172
intrinsic viscosity variations, 172-173,
174f
number-average molecular weight, 175
universal calibration, 175, 177-178
viscosity law, 173, 175f
Starches, 141-150
Stationary phase, 212, 213, 214-215
Statistical copolymers, 184-186,
206-207, 215-221
Step density gradient, 22
Styrene copolymers
characterization by size-exclusion
chromatography
plus nonexclusion liquid
chromatography, 211-222
plus two-dimensional liquid
chromatography, 223-241
factors affecting behavior
carbonyl groups, 217
column temperature, 216-217
ethanol content, 218f
hydrogen bonds, 217
silanol groups, 217
styrene content, 219
gradient elution, 217-219
separation by liquid adsorption
chromatography, 215-221
statistical, 206-207, 215-221
Styrene-acrylate, 215-221
Styrene-acrilonitrile, 215, 220
Styrene-butadiene, 223-241
Styrene—n-butyl methacrylate, 207
Styrene—methacrylates, 215-221
Styrene—-methylmethacrylates, 220
Styrene-vinyl acetate, 215, 220

T

Temperature of column, effect on styrene
copolymer elution, 216-217
Temperature-rising elution
fractionation, 9
Thermal diffusion, 184-186
Thermal diffusion coefficient, 186, 187,
192, 195
Thermal field-flow fractionation
cold-wall temperature, 186, 192, 194
elution curve, of broad polystyrene
standard, 98f
retention
experimental results, 189-190
relation to polymer composition,
184-186
retention parameter
errors, 192-193
relationships, 186-187
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temperature at center of gravity of
polymer distribution, 187
use with light scattering, 93-107
use with viscometry, 183-196
Thin-layer isopycnic focusing, 32-35
Triple-detection system, 10
Two-angle light-scattering, 110-111,
126-127
Two-angle light-scattering detector
geometry, 1111
optical configuration, 110-112
use with refractive index detector,
109-121
use with size-exclusion
chromatography, 123-140
Two-dimensional chromatography
for deformulation of complex
copolymers, 223-241
see also Cross-fractionation, Orthogonal
chromatography
Two-dimensional separation, 8

U

Ultrahigh molecular weight polymers,
93-107
Ultraviolet detectors, 7
use with liquid adsorption
chromatography, 220
use with size-exclusion chromatography
and refractive index detector,
199-201
with and without low-angle laser light
scattering, 243-251
Ultraviolet chromatogram, 46, 47f
Universal calibration, 225, 226t
Universal calibration curve
for polystyrenes in dimethylacetamide—
lithium chloride, 143f
for pullulans and dextrans, 156,
158-159
Universal calibration of star-branched
copolymer, 175, 177-178
Updegraff reagent, 143-144
UV 52E, 102-104, 105f

v

Vinyl acetate, 215, 220, 257-260

Virial, see Second virial coefficient

Viscometers, viscometry, see Viscosity
detectors

Viscosity, see Inherent viscosity, in
thermal field-flow fractionation,
Intrinsic viscosity
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Viscosity detectors
in signal matching, vs. differential
refractometer, 86-88
transforming experimental molecular
weight determinations, 83
use with on-line light-scattering
detectors, 6

use with multidetection gel permeation

chromatography, refractive
index, and low-angle laser light
scattering, 167-179
branching distribution, 173, 175f,
176-177
corrected slice concentration,
171-172
intrinsic viscosity variations,
172-173, 174f
number-average molecular weight,
175
universal calibration, 175, 177-178
viscosity law, 173, 175f
use with size-exclusion
chromatography, 225, 226t
in computer-simulated multidetector
study
peak shapes, 74-76
signal tracings, 71-72
plus multiangle laser light scattering
and refractive index detection,
151-166
experimental conditions, 153-154
fractionation, 155-156, 157f
Mark-Houwink relations, 159,
161, 163

radius of gyration vs. molecular
weight, 159, 160f, 161-163,
163-164
universal calibration plots, 156,
158-159
plus refractive index detectors,
141-150
use with thermal field-flow
fractionation, 183-196
Viscosity law, 170-171, 173, 175f
see also Intrinsic viscosity—molecular
weight relationship

\i

Water-soluble polymers, 151-166
Mark-Houwink relations, 159, 161,
163
radius of gyration vs. molecular weight,
159, 160f, 161-163, 163-164
universal calibration plots, 156,
158-159
Waterborne clearcoats, analysis, 51-54
Weight-average molecular weight, 127
Wesslau molecular weight distribution, 70
Wesslau molecular weight distribution vs.
Flory-Schulz distribution, 69-77
Wheat flour, 146-148

z

Z-average mean square radius, 96, 97
Z-average molecular weight, 127
Z-average radius of gyration, 128
Zimm plots, 125
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