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DATA REDUCTION IN MULTIDETECTOR 
SIZE EXCLUSION CHROMATOGRAPHY 

Y. Brun 

Waters Corporation 
34 Maple Street 

Milford, MA 0 1757 

ABSTRACT 

A comprehensive analysis of multidetector size exclusion 
chromatography (SEC) is presented. The system examined 
consists of differential refiactometer, capillary viscometer, and 
light-scattering detector combination. New approaches for 
interpreting multidetector data have been developed. The first 
one consists in eliminating the concentration chromatogram from 
the data reduction process. The traces of two molecular-weight- 
sensitive detectors alone allow calculating molecular weight and 
intrinsic viscosity distributions of an unknown polymer, 
assuming the validity of the universal calibration concept for this 
polymer. This approach can dramatically improve the 
characterization of polymers with long high-molecular-weight 
tails, when small amounts of high-molecular-weight fractions are 
detected by the light-scattering and viscometer detectors, but the 
concentration is too low to be registered by the refractometer. 

Another opportunity discovered is the calculation of the 
hydrodynamic volume of each fraction of a chromatographed 
polymer across its distribution, using measured signals from 
three on-line detectors. This calculation can be performed for 
any complex polymers, e.g., copolymers or oligomers, even in 
situations when refractive index increments of molecules depend 
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1980 BRUN 

on retention volume, or columns do not provide full recovery of 
injected polymer mass. The verification of the universal 
calibration hypothesis for any unknown polymer is accomplished 
now by the routine single chromatographic run. The method 
developed helps to analyze daerent reasons responsible for the 
deviation from universal calibration, such as polymer-polymer 
interactions in solution, band-broadening phenomena, non-steric 
interactions with a stationaly phase or the structural or chemical 
heterogeneity of a solute. Using triple detection with multiangle 
light-scattering detector allows, also, to calculate the Flory’s 
viscosity factor across the distribution for polymers with different 
configurational and conformational structure. The experimental 
data supporting the theoretical predictions are presented. 

INTRODUCTION 

Significant expansion of polymer characterization capabilities of SEC 
centers around on-line molecular-weight-sensitive detectors coupled to a 
concentration detector’. Two most popular combinations are differential 
refractometer OR)  with continuous capillary viscometer (CV) or DR with 
light-scattering detector (LS).’ Each of these dual-detector combinations 
provides a polymer chemist with important, but partial, information without 
resort to any column calibration: DR-CV on-line measurements give the 
intrinsic viscosity di~tribution,~,~ DR-LS pair furnishes the molecular weight 
distribution (MWD) of a polymer.’ 

Only with the universal calibration concept one can complete polymer 
characterization with a single on-line molecular weight-sensitive detector 
coupled to a concentration detector. Thus, using hydrodynamic volume- 
retention volume dependence obtained for a specific ,chromatographic system 
from a set of known standards, one can calculate molecular weight of each 
eluting fraction from the DR-CV measured intrinsic viscosity. The reciprocal 
relationship permits the deduction of intrinsic viscosity for each monodisperse 
polymer fraction from the hydrodynamic volume and molecular weight of this 
fraction obtained from the DR-LS detector c~mbination.~,~ In addition, the 
Mark-Houwink coefficients can be determined from a plot of intrinsic viscosity 
versus molecular weight across the entire molecular weight distribution. The 
deviation of this plot from the straight line in log-log scale gives the 
quantitative information about long-chain branching frequency in branched 
polymers. * 
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DATA REDUCTION IN MULTIDETECTOR SEC 1981 

Recently, the triple detection SEC with two on-line molecular weight- 
sensitive detectors (CV and LS) coupled to the concentration @R) detector was 
profitably applied to characterization of synthetic9-’ * and b i o l o g i ~ a l ’ ~ ~ ~ ~  
polymers. Obviously, thw multidetector OR-CV-LS) approach eliminates the 
necessity to use the universal calibration for quantitating an unknown polymer. 
According to C. Jackson et a1.,26 this circumstance greatly improves the 
precision and dynamic range of SEC for polymer conformation studies due to 
insensitivity of results (e.g., the measured Mark-Houwink exponent) to the 
typical adverse variations in experimental conditions, such as flow rate 
inconsistency, band-broadening, column deterioration, moderate sample 
overloading, etc. 

In this study, we present further analysis of the triple detector SEC that 
demonstrates new potentials for polymer characterization. In particular, we 
show that signals from all three detectors allow the calculation of the 
hydrodynamic volume through the entire polymer distribution, which provides 
important information about the polymer structure and the separation 
mechanism. Another opportunity which has been discovered is the possibility 
to eliminate the concentration chromatogram from the data reduction process. 
This approach can dramatically improve the characterization of polymers with 
small portion of high-molecular-weight material. 

EXPERIMENTAL 

The SEC was performed with an experimental triple detection system 
(Waters Corporation, Milford, Massachusetts) consisting of an isocratic model 
5 15 pump, a model 717plus automatic injection module, and three coupled on- 
line detectors: a model miniDAWN (Wyatt Technology Corp., Santa Barbara, 
California) three-angle light-scattering detector with a 685 f 10 nm, 20-mW 
visible laser diode, differential refractometer, and continuous differential 
viscometer. The detectors were arranged in series (LS-DR-CV) after the SEC 
columns. The analog signals from all detectors were collected with sampling 
rate 10 pps and converted to digital without any filtering. The detector signals 
were corredted for the corresponding interdetector volumes, calculated from the 
physical dimensions of the tubings and detector cells. 

Two sets of Waters’ Styragel (7.8 mm 1.D x 300 mm) columns were used 
for the separation. The first one (set #1) consisted of three 5-pm Styragel 
columns (two HR 5E mixed bed with effective MW range 2x lo3 - 4x lo6 g/mol, 
and one HR 3 with effective MW range 5x lo2 - 3x lo4 g/mol). The second set 
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(set #2) consisted of three 20-pm Styragel columns (two HMW 6E mixed bed 
with effective M W  range 5x103 - lo7 g/mol, and one HMW 2 with effective 
MW range 10' - lo4 g/mol). 

The eluent and the solvent for all polymer samples and standards was 
filtered HPLC grade tetrahydrofuran (THF, J. T. Baker, Inc., Phillipsburg, NJ), 
stabilized with 0.025% butylated hydroxytoluene. Operating temperature at 
column, injector, and pump compartments was 40°C, an injection volume - 
300 pL, a nominal flow rate -1.00 mL/min. 

Poly(ethy1 methacrylate), poly(viny1 acetate) and styrene/acrylonitrile 
(acrylonitrile content 32 wt%) were purchased from statistical copolymer 

Scientific Polymer Products, Inc., Ontario, NY. 

All polymer solutions were prepared at very low concentrations (less than 
0.03 wt0/0) to avoid possible polymer-polymer interaction effects. 
Concentrations of 12 narrow polystyrene standards (Waters Corporation) 
between 2,630 and 4,880,000 g/mol molecular weights ranged from 0.3-0.01- 
wt%, for low-to-high molecular weights, respectively. These standards were 
used to construct the corresponding universal calibration curves. The 
experimental points were fitted by cubic polynomials for both column sets. 

RESULTS & DISCUSSION 

Ideal Size-Exclusion Separation of Linear Homopolymers. General 
Approach 

If DR is used as a concentration detector, the voltage dBerence in the 
detector response due to polymer in solution is proportional to the 
corresponding refractive index change AN. Measuring the pressure drop across 
a capillary tube over that of the pure solvent with the use of CV, leads to the 
specific viscosity qsp of a polymer solution. 

The intensity of the light scattered by a polymer solution at any given 
angle 8 with respect to the forward direction, above that scattered by the pure 
solvent, is proportional to the excess Rayleigh ratio Re. Low-angle laser light- 
scattering detectors provide the most important for polymer applications excess 
Rayleigh ratio at zero angle R,,. Multi-angle light scattering (MALS) data 
needs to be extrapolated to zero angle to get the value of R,,. Coupled to a SEC 
system, these three detectors provide continuous measurements of the 
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DATA REDUCTION IN MULTIDETECTOR SEC 1983 

mentioned above polymer solution properties (AN, qsp, Re) across the whole 
chromatogram. Our purpose is to show how these measurements can be 
converted into quantitative characteristics of macromolecules comprising the 
polymer sample under investigation. 

First, let us consider the case when, at any moment during the 
chromatographic separation, all three detectors contain monodisperse (or 
almost monodisperse) polymer fractions in optical cells of photometers or in a 
capillary of a viscometer. This ideal situation (ideal separation) most probably 
occurs for linear homopolymers, when macromolecules differ only in their 
molecular weights, and this brings the molecular weight and the size of a 
macromolecule into “one-to-one correspondence.” 

If this is the case, concentration C;, molecular weight Mi and intrinsic 
viscosity [q]; of each polymer fraction (slice) i, associated with a particular 
retention (elution) volume VL can be determined from the three detector signals 
using equations: 

where 

v; = (dddc), = specific refractive index increment of the polymer fraction, 

kH = the Huggins coefficient (is about 1/3 for good solvents and 0.5 - 1 for 
i, 

poor solvents;28’ 29 for hard spheres should be close to 1)30, 

A2 = second virial coefficient of the polymer-solvent system (is 
proportional to an effective volume excluded to a macromolecule 
by another macromolecule in solution), and KLs is a constant for 
the light-scattering system, given by 

K L ~  = 4z2no2 I h;N* (4) 

where 
= refractive index of the solvent, 

ho = wavelength of the incident light in a vacuum, 
NA= Avogadro’s number. 
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Relationships (2) and (3) are well-known Huggins and Zimm equations, 
respectively, for dilute polymer solutions.' Second (concentration) terms in the 
right sides of these equations reflect, effectively, the polymer-polymer 
interaction in the solution. In the case of SEC, this interaction should be 
negligible even in the injected solution; otherwise it could affect the size- 
exclusion separation of the solute. Concentrations that typically elute from 
columns are significantly lower than the injected concentrations because of 
dilution through the columns, and these two concentration terms in equations 
(2) and (3) are, for the most part, negligibly small. Nevertheless, we will 
consider the possible consequences of polymer-polymer interactions in the 
corresponding section of this paper. 

The general solution of equations (1) - (3) without regard for polymer- 
polymer interaction terms has the form, 

G I =  AN,/ v, ( 5 )  

So far, we have not made any restrictions on the possible values of the 
refractive index increment v, for different polymer fractions. If its magnitude is 
the same for all fractions: v, = v, and the chromatographic system provides full 
recovery of a polymer mass injected, one can calculate v using appropriate 
summation (integration) over the whole DR chroniatogram: 

v = pC,(AN,) / m (8) 

where p is the volume of a single fraction (slice), and m is the total polymer 
mass injected. Note that the summation in (8) means nothing more than 
integration v = AN(V)dV/m over all elution volumes V, where AN(V) refers 
to the refractive index change as a function of V. Generally, the magnitude of 
v depends on the incident wavelength, especially for the shorter wavelengths. 
Consequently, it is advisable to use light sources for both photometers with the 
same or close to each other wavelengths. 

Equations (5 )  - (8) can be used for the calculation of molecular weight and 
intrinsic viscosity distributions as well as Mark-Houwink coefficients K and a 
for a linear polymer, 

[rll = KM" (9) 
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DATA REDUCTION IN MULTIDETECTOR SEC 1985 

and branching index g’ for a branched polymer. These equations do not need 
universal calibration and can provide accurate polymer characterization even if 
this calibration fails for any reason; however, each slice i still contains a 
monodisperse polymer fraction. 

Dual Detector Combinations With Universal Calibration 

The universal calibration concept adds one more relationship among the 
molecular parameters of each polymer fraction i: 

where the quantity H is proportional to the hydrodynamic volume of a 
macromolecule and can be obtained for each elution volume V from the set of 
polymer standards with known molecular weights: 

Equation (10) can substitute any one of three equations (l), (2), or (3), or, 
in other words, the universal calibration (1 1) can replace any one of three 
detectors. Thus, using equations (l), (2), (lo), and ( l l ) ,  we have conventional 
routine for DR - CV detector c~mbination.~’ An approach developed by P. M. 
Cons6 for DR - LS pair can be obtained by solving equations (l), (3), (lo), and 
(1 1). 

One can also perform characterization of an unknown polymer without 
DR detector signal, i.e., using two molecular weight sensitive detectors alone 
with universal calibration. To do this, one should solve, simultaneously, 
equations (2), (3 ) ,  (lo), and (1 1). The solution without concentration terms is: 

These equations allow calculating molecular weight and intrinsic viscosity 
distributions, Mark-Houwink coefficients, and long-chain branching without 
refractometer traces. The DR is not needed, even for the calculation of v for an 
unknown sample or the universal calibration curve log I&, versus V, as we shall 
subsequently see. 
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One may use the following summation (integration) over two (CV and 
LS) chromatograms instead of relationship (8) in this case to calculate the 
refractive index increment of a polymer: 

The CV and LS detectors alone allow to calculate, approximately, the 
universal calibration curve using a set of polymer samples with narrow MWDs 
(narrow standards). One can use the summation (integration) over the 
corresponding chromatograms of each individual standard with injected 
mass m 

to calculate the “whole polymer” intrinsic viscosity [T& and molecular weight 
Mst of this standard and, thus, its hydrodynamic volume HSt = [& MSt as a 
function of peak elution volume Vst, i.e., the universal calibration curve.32 Note 
that the integration in equations (16) gives the weight average values of 
intrinsic viscosity and molecular weight for each individual standard. The 
narrower the MWDs of the standards, the closer these averages are to the 
corresponding peak values, and the calculated curve - to the exact calibration 
curve. 

This new approach (12) - (15) can be very effective for quantitating 
polymer samples with long high-molecular-weight tails (Figure l), when a 
small amount of high-molecular-weight fractions is detected by the light- 
scattering and viscometer detectors, but the concentration is too low to be 
registered by the refractometer.2 The typical example of the situation when 
DR is almost useless for detection and quantitation of hqh-molecular-weight 
material is aqueous GPC of Krestin, a complex P-linked proteoglycan 
biological response modifier.21,22 

The quantitative analysis of aggregation phenomena in biopolymer 
solutions33 is one more area where the use of traces of molecular-weight 
sensitive detectors only, without resort to the concentration chromatogram, can 
be highly efficient. 

It is well known that the viscoelastic properties of concentrated polymer 
solutions and melts depend on MWD of polymers. Some of these rheological 
properties are extremely sensitive to variations in the high-molecular-weight 
tail of MWD. Thus, the analysis of industrial polypropylenes showed that a 
very small high-molecular weight fraction of the polymer was enormously 
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Log M 

Figure 1. Simulated normalized tracings from DR (I), CV (2) and LS (3) detectors for a 
hypothetical blend of two samples A and B (in proportion 10 : 1) with Gaussian MWDs 
(in the logarithmic scale) of the same width (log (r = 0.363), but different peak 
molecular weights (log M = 5.5 for A and 6.5 for B). Calculated parameters for the 
blend MWD: M,= 242,997, M, = 814,907, M, = 4,951,930, P = M,IM,, = 3.35 

important for the calculation of dynamic moduli: a total mass fraction of less 
than a half percent of large molecules is decisive for almost the whole shape of 
the storage modulus versus frequency The steady-state recoverable 
compliance J: is another example of a property that is very sensitive to the tail 
of the distribution at high molecular weights. The increase of J: with the 
broadness of the distribution can reach 2 or 3 orders of magnitude for binary 
blends whose components are very dflerent in molecular weights3’ For 
example, the addition of only 2% of high-molecular-weight polystyrene 
( 2 . 7 ~ 1 0 ~  g/mol) to the polystyrene with molecular weight lo5 g/mol, increases 
J: more than one hundred times.36 Notice, also, the effects of very low levels 
of long-chain branching (less than 0.1 branch per 1,000 CH2) on the 
rheological behavior in p~lyethylene.~’ 

These branches can reveal themselves in the extremely high-molecular 
weight edges of the distribution, which probably are not detectable by DR. 
With this in mind, the following opinion from34 : ” ...g el permeation 
chromatography (GPC) is hardly a method, which can be used to check the 
validity of molecular theories on polymer melt rheology” seems reasonable. 
The approach utilized equations (12)-(15) looks as the real resolution of the 
issue, because it does not use the concentration chromatogram of the polymer. 
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Recall that t h s  approach assumes the validity of the universal calibration 
for the sample under investigation. In the next section, we will show how the 
triple detection allows calculating the hydrodynamic volume of each slice 
across the distribution of any polymer and, so, remarkably alleviates the 
verification of the universal calibration concept. 

Hydrodynamic Volume Calculation and Universal Calibration Concept 

The hydrodynamic volume for each fraction of an unknown polymer can 
be calculated from the responses of three detectors independently on the 
universal calibration obtained from the set of polymer standards. Thus, using 
definition (10) and equations (l), (2), and (3) without concentration terms, we 
have: 

We call the quantity calculated by this equation as observed hydrodynamic 
volume Hobs to distinguish it from that one calculated from the narrow polymer 
standards (for which we use, as before, the designation HSJ. Notice that the 
right side of equation (17) does not contain the refractive index increments v, of 
different slices. T h s  means that hydrodynamic volume can be calculated for 
each elution volume for any complex polymer, e g ,  copolymer, or oligomers, 
without any additional measurements or model speculations about the refractive 
index increment values for eluting macromolecules. Equation (17) does not 
depend, also, on polymer concentration and can be applied in the situations 
when the exact mass injected is not known or the columns do not provide full 
recovery of this mass. 

We have performed these calculations (17) for several polymers using 
chromatograms obtained with Waters' experimental triple detection system (see 
Experimental section for details). As an example, we demonstrate, here, the 
results obtained for well-characterized polystyrene sample NBS 706 
(Figures 2 - 4). 

The values of AN, and qSp,, were obtained directly from the DR and CV 
digitized signals by subtracting corresponding baseline values (Figure 2). The 
excess Rayleigh ratio &,i at zero angle for each slice i was calculated in the 
following way. The light-scattering constant KLs was calculated using values 
no = 1.405 and ho = 685 nm. The intensities of the light scattered at three 
angles 8 = 45", 90" and 135" with respect to the forward direction, were 
collected with sample rate 10 pps for entire chromatograms. The calibration 
constant for the light-scattering detector in THF was calculated using the 
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1989 

16 17 18 19 20 21 22 23 24 25 28 
Elution Volume (mL) 

Figure 2. Refractive index change AN and specific viscosity qsp measured for the NBS 
706 polystyrene sample. Column set # 1  ( 5 - p  particle size). 

Rayleigh ratio for this solvent (Rm = 4.4 x cm-I). T h s  value was applied 
to the baseline of the chromatogram obtained at 0 = 90". The intensities of the 
light at two other angles were normalized using signals from the narrow 
polystyrene standard with molecular weight 9,000, which should give isotropic 
light ~cattering.~ 

The inverse excess Rayleigh ratios RB-l for each slice at three angles were 
extrapolated as a function of sin2(0/2) to zero angle using linear fit. The 
intersection with 8 = 0 gave R0-l value according to the formula: 

where rg is the root mean square (r.m.s.) radius (or radius of gyration) of 
macromolecules.2~5 All four curves versus elution volume V for the NBS 
706 sample are shown in Figure 3. Finally, the hydrodynamic volume as a 
function of elution volume V was calculated using equation (17) (Figure 4). 
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'P 

16 17 18 20 21 22 23 24 25 19 

Elutioii Voluinc (InL) 

Figure 3. Excess Rayleigh ratios I20 measured for the NBS 706 polystyrene at (3 = 135 
(l), 90 (2), 45 ( 3 ) .  Re (4) is obtained by linear extrapolation of Re as a function of 
sin2(O/2). The column set is the same as in Figure 2. 

Note that, from this point on, we use deciliters per mole as appropriate 
units for the hydrodynamic volume defined by equation (10). This corresponds 
to commonly accepted units for intrinsic viscosity (deciliters per gram) and 
molecular weight of a polymer (grams per mole). This feature of the triple 
detection not only opens great opportunities for more complete and accurate 
characterization of any specific polymer, but can also help to elucidate the 
separation principle of SEC in general. Thus, the universal calibration concept 
is of considerable importance in defining the mechanism of SEC. It concerns 
the equilibrium distribution of macromolecules in confined spaces of complex 
geometry of porous materials, and is used as a basis for characterization of 
unknown porous solids via inverse SEC.38 The vedication of this concept, for 
any complex polymer, can be achieved by the routine single chromatographic 
run using the foregoing procedure. The universal calibration hypothesis (1 1) 
for the polymer under investigation means that 
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3 

2 

1 

O C  

21 22 23 24 25 19 20 

Elution Volume ImL) 

Figure 4. Universal caliberation hypothesis verification for the NBS 706 polystyrene; 
(1) logarithm of observed hydrodynamic volume calculated from the data depicted in 
Figures 2 and 3 (Eq. 17), (2) universal calibration curve for the column set #1, third 
order polynomial fit. 

for each polymer fraction i. Figure 4 represents this venfication for the NBS 
706 sample. The “standard universal calibration curve (log Kt as function of 
V) for high resolution columns (set #1) was obtained from DR and CV detector 
chromatograms using 12 narrow polystyrene standards (peak molecular weights 
from 2,630 to 4,880,000 g/mol). The resulting logarithm of peak hydrodynamic 
volume Kt versus peak retention volume V,, was fitted by a cubic polynomial. 

Glockner has suggested to call the mode when universal calibration 
concept asserts as an ideal size-exclusion mechanism.39 We see that this ideal 
mode is described by equations (17) and (19). We have used this approach to 
venfy the universal calibration concept for several coil-like polymers, such as 
poly(ethy1 methacrylate), poly(viny1 acetate), and some statistical and block 
copolymers. One such example (styrene/acrylonitrile copolymer) is depicted in 
Figure 5.  Note that this comparison is made without any adjustable parameters. 
Small deviations of KbS from Kt at the edges of distributions are probably 
connected with the problem of different sensitivities of the detectors at low- and 
high-molecular-weight tails. 
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0 c-pp- , 

18 19 20 21 22 23 24 25 
Elution Volume (mL) 

Figure 5.  Universal calibration hypothesis verification for styrene/acrylonitrile 
statistical copolymer with 32% acrylonitrile: (1) logarithm of observed hydrodynamic 
volume, (2) universal calibration curve for the column set #1. 

It is of interest to apply this method, also, to the polymers with different 
molecular conformations, such as rod- or ball-like, with non-Gaussian 
distribution of molecular segment density.30a40 One class of polymers with 
unusual architecture, highly branched dendritic macr~molecules,’~~~~ is of 
special interest. 

Viscosity Factor Calculation 

The triple detection with multiangle light scattering opens one further 
opportunity for polymer scientists to attack the problem of universality of large 
length scale polymer properties in the context of interplay of thermodynamics 
and dynamics of dilute polymer solutions. Thus, the variation of excess 
Rayleigh ratio, &,i with angle 8 yields r.m.s. radius 4, at the corresponding 
slice i according to equation (18). Figure 6 represents the results of this 
calculation for the NBS 706 polystyrene sample. R.m.s. radius represents the 
“thermodynamic” size of a macromolecule, whereas the hydrodynamic volume 
(which is proportional to the volume of equivalent hydrodynamic sphere of 
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1.1 

1 -~ 

0.9 ~~ 

0.8 

-- 

7- 

c 

’f.. 
f 

19.5 20.0 20.5 21.0 21.5 22.0 

Elution Volume (mL) 

Figure 6. Logarithm of r.m.s. radius (in nanometers) versus elution volume (Eq. 18) for 
the NBS 706 polystyrene calculated from the experimental data depicted in Figure 3. 

radius rh> - its “hydrodynamic” counterpart, reflecting the hydrodynamic 
interactions in dilute polymer solutions. The relationship between these two 
sizes depends on molecular weight, architecture, and shape of macromolecules 
in dilute solution. 

Calculating &bS,i from equation (17), and rgi from equation (1 8) we can 
find the intrinsic viscosity factor (or Flory’s viscosity factor) @h4’ for each 
individual slice i across the distribution: 

This factor can be represented, also, as a ratio of the corresponding radii 4 = 
r&, where the radius of equivalent hydrodynamic sphere in nanometers rh = 
0 . 2 5 1 ~  H’” according to the Einstein viscosity relati~nship,~’ so that 4 = 
0 . 6 1 5 ~  Note, again, that the right side of equation (20) contains only the 
quantities measured directly from three detectors, and does not contain the 
polymer concentration or refractive index increments vi of different slices. 
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Figure 7 Ratio 41 of the radius of equivalent hydrodynamic sphere to the r.m.s. radius 
versus elution volume for the NBS 706 polystyrene calculated from the experimental 
data depicted in Figures 4 and 6. Straight line is a linear fit to the experimental data 

Figure 7 represents 4 values for the NBS 706 polystyrene sample, 
calculated with equation (20) from the data depicted in Figures 4 and 6 for 
Hobs,l and r,,,, respectively. To our knowledge, the molecular weight dependence 
of the intrinsic viscosity factor is measured directly for the first time. 

The viscosity factor @ (or +) is one of so-called universal ratios that play a 
fundamental role in the theory of macromolec~les,~~’ 43 and the direct and 
simple experimental method for measuring these quantities can give great 
insight into the properties of dilute polymer solutions. Flow and Fox4’ 
calculated CD for the theta-solution of flexible polymer chains using the 
Kirkwood-Riseman model of polymer dynamics with the “pre-averaging 
approximation” of the Oseen tensor44 representing the hydrodynamic 
interaction between chain units. They also used “nondraining” limit,42 which 
suggested that the fluid within the polymer coil tends to stay entrapped in the 
coil and not to exchange with the fluid exterior to the coil. The immediate 
conclusion from this so-called semipermeable coil model is considering the 
viscosity of polymer solution as the viscosity of a suspension of hard spheres of 
radii equal to the radius of gyration (the equivalent sphere rn~del).~’ The 
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Flory-Fox theory leads to the value @theta = 3.62 for the unperturbed (theta) 
condition, if r, is in nanometers and [q] is in deciliters per gram. More recent 
theoretical approaches without pre-averaging the Oseen tensor give different 
values for (see2’ for review). 

For example, Zimm’s Monte-Carlo calculations give @‘theta = 2.51,45 the 
Gell-Mann-Low type renormalization group method yields the value @theta = 
2.36.46 The typical experimental values of @‘theta for polystyrene in cyclohexane 
at 34.5 - 35 “C (theta-solution) published by different  investigator^,^^ vary 
from 1.5 to 2.9. 

The renormalization group theory predicts also some decrease of cD with 
excluded volume effects in nondraining approximation. Thus, for the “good 
solvent” limit = 0.707 This gives @good = 1.67 or +good = 0.73, 
which is close to the values obtained for the high molecular weight fractions of 
NJ3S 706 sample in THF (Figure 7). 

The molecular weight dependence of the viscosity factor depicted in 
Figure 7 may be related directly to the fact that the quality of a polymer 
solution improves with the molecular weight of macromolecules. This 
observation can also explain the wide scatter of the published experimental 
data for the viscosity factor in good solvents.46 

Recall that all foregoing theoretical values for the universal ratio @ are 
correspond to the infinite molecular weight limit approximation (“when the 
chain is suf€kiently and the nondraining approximation, which is 
questionable for the case of some polymers in good solvents, particularly for the 
polystyrene. 47 

Note that only the nondraining limit leads to the constant values of cD 
asymptotically independent of the molecular weight of the flexible polymer 
chain. 

Some “draining” effects could take place in the case of moderate 
molecular weight polystyrene in THF, with more degree for lower molecular 
weight fractions. For stiff coils, where the nondraining approximation breaks 
down completely, we may expect more sigmfkant deviation from the horizontal 
line of the calculated from formula (20) elution volume dependence of @. 

The approach developed can also help to venfy independently the 
exponents found for the viscosity law (Mark-Houwink) and conformation plots 
for polymers with different macromolecular ar~hi tecture . ’~,~~ 
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Hydrodynamic Volume Calculation and System Parameters 

The foregoing hydrodynamic volume calculation can help in establishng 
the correct values of multidetector system parameters, such as instrument 
calibration constants or interdetector volume, which provide accurate polymer 
characterization. In such a manner, this calculation can sene as an additional 
t.ool for a systematic approach developed4' for diagnosing and overcoming 
problems in multidetector SEC analysis, providing the universal calibration 
concept (1 9) asserts. 

Let us consider just one example. If the light sources for DR and LS 
photometers have different wavelengths, the corresponding refractive index 
increments VDR and vLs for the same polymer-solvent system may differ also, 
because v depends on ~avelength.~' Consequently, equations (1) - (3) (without 
concentration terms) become: 

Using definition (1 1) and universal calibration hypothesis (19) we obtain from 
equations (21) - (23) for each slice i of a polymer distribution 

Usually, it is not an easy matter to find published v values for different 
wavelengths. Equation (24) allows calculating refractive index increments of 
each fraction of a polymer for one photometer, if the corresponding values for 
another with different wavelength are known and the universal calibration 
curve log Hst versus V is established. This allows also estimating the effect of 
difference in wavelengths on the observed MWDs. 

Non-Ideal Size-Exclusion Separation 

There are several factors, which can cause the disruption of the ideality of 
size-exclusion separation described by equation (1 9), even for the Gaussian 
homopolymer chains, when formula (17) does not provide the correct values of 
the hydrodynamic volume of macromolecules. These are interaction between 
polymer chains in solution, their non-steric interaction with a stationary phase, 
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and instrumental band broadening phenomena. We continue to call the 
quantity calculated from equation (17) as observed hydrodynamic volume, even 
in the situation when these effects take place. 

Now, let us demonstrate how the triple detection can give an elucidating 
glimpse into the polymer characterization for these three cases, each of which 
we consider separately. Note that we do not consider, here, the case of low- 
molecular-weight polymers and oligomers (molecular weight of the order or 
less than lo3 g/mol). 

The failure of the universal calibration concept for these products, among 
other things, can be caused by lacking the general configuration statistics 
inherent in polymer chains. 

Polymer - Polymer Interaction 

If the concentration of a polymer solution inside detectors' cells is not low 
enough for the concentration terms in equations (2) and (3) to be ignored, we 
have a situation when a polymer-polymer interaction may have an impact on 
both separation and detection. 

The general solution of equations (1) - (3) has the form, 

Ci = ANl / V, 

where terms 

are responsible for the polymer-polymer interaction in the solution. 
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Using the definitions (10) and (1 l), equations (26) and (27), we have, for 
the hydrodynamic volume, in this case: 

The measured hydrodynamic volume (17) now depends on refractive 
index increments v, of each slice i, and other parameters specific for a given 
polymer, such as the second virial coefficient A2 and Huggms constant kH. It 
makes the universal calibration hypothesis (1 9) questionable, when polymer- 
polymer interaction should be taken into account, and the triple detection with 
equations (25) - (27) remains the only approach for accurate and complete 
polymer characterization. 

If analysts still want to use universal calibration as an approximation in 
this case, they also may use the dual detection methods for polymer 
characterization. However, the concentration terms in corresponding equations 
should be taken into account. Thus, for the polymer characterization without a 
concentration detector (with two molecular-weight-sensitive detectors only and 
universal calibration), the following equations should be used, 

instead of more simple equations (12) - (14). 

Non-Steric Interactions 

Another reason for the deviation from the ideal size-exclusion separation 
is non-steric interaction between a solute and a stationary phase during the 
~eparation.~’ The consequence of this interaction could be the shift of the 
retention volume to the lower or (more likely) higher values as against the size- 
exclusion effects only. 

This interaction can be caused by repulsive forces (e.g., electrostatic 
repulsion in aqueous eluents with high values of dielectric constant), as well as 
by attractive forces (which can have the same origin as for 
adsorption chromatography, reversed phase chromatography, ion- 
exchange chromatography, etc.). These extra effects normally do not cause the 
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appearance of any local polydispersity (i.e., polydispersity of individual slices 
after separation). Because of this, the triple detection allows to quantitate the 
unknown polymer using equations (12) - (14) (or (25) - (27)) in this case. 

However, the observed hydrodynamic volume &bs(V), as function of 
elution volume V calculated from equation (17), shifts from the position Hst(V), 
predicted from the universal calibration curve, towards higher or lower values: 
%bs(V) < Hst(V) for repulsive and &bs(V) > Hst(V) for attractive forces. Thus, 
the calculation of KbS(V) using the triple detection provides a means for the 
estimation of non-steric effects of separation. Let us analyze this feasibility of 
the triple detection in some detail. 

In the general case, the observed distribution coefficient &bs of a polymer 
solute can be subdivided into two parts, 

where KsEC describes the ideal entropy-driven distribution of solute molecules 
between interstitial and pore volume (ideal size-exclusion mechanism39) and 
Kkt is the additional contribution from the non-steric interactions. The 
quantity K ~ E C  can be described with reference to the conformational entropy 
loss AS < 0 due to restriction of macromolecule fluctuation motion inside pores: 
KsEC = exp(AS/R) (R is the universal gas constant). Analogously, Kkt is 
associated with the energy AE of interaction with the stationary phase: Kkt = 
exp(-AERT) (T is absolute temperature), so that AE > 0 for repulsive forces 
and AE < 0 for attractive interactions. In such a manner, the distribution 
constant I(0bs is described by the free energy change AG = AE - TAS due to 
both size-exclusion and non-steric interactions: &bs = exp(-AGRT). If steric 
effects still predominate so that - TAS > -AE, then -AG is negative, &bs is less 
than 1, and we still have the size-exclusion mode of separation, when retention 
time decreases as molecular weight of polymer homologues increases. 

Note that, for high molecular weight molecules, both AS and AE are 
usually proportional to M: 

AS = M As, 'AE = M Ae ( 3 3 )  

where As and Ae are corresponding specific values, which do not (or almost 
do not) depend on M.51 This means that, although the effect of non-steric 
interactions becomes more pronounced with the increase of molecular weight of 
polymer homologues, the size-exclusion mode takes place for all polymer 
homologues simultaneously as long as - TAs > -Ae. 
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By definition, the distribution constant is related to the observed elution 
volume V by the retention equatiod2 

where VI and Vp are correspondingly the interstitial (exclusion) and pore 
volumes of columns. Analogously, elution volume VS,, for the ideal size- 
exclusion mode is given by equation 

Combining equations (32), (34), and (35), we have, finally: 

In such a manner, measuring V and VS~c, for each polymer fraction 
eluted, allows for the estimation of the adsorption or any other non-steric 
interaction between solute macromolecules and a stationary phase, through the 
calculation of energy of the corresponding interaction BE = - RT In Kht as a 
function of V. 

Let us show how to perform this measurement using triple detection and 
universal calibration. The observed hydrodynamic volume &bb, for each elution 
volume V can be calculated from the signals of three detectors using formula 
(17), whch we rewrite using elution volume V instead of index i to indicate 
the point at the chromatogram (so that &bs (V) refers to the hydrodynamic 
volume as a function of V while l&,s,i indicates a particular value of &bs at a 
particular volume, VJ: 

The universal calibration curve obtained from narrow standards, without 
any non-steric interactions, provides the value of elution volume VsEC 
corresponding to &bs for the ideal mode (see dashed horizontal line in Figure 
8): 

For example, suppose the universal calibration is given by equation 

where the parameter VH determines the slope of the curve and can depend on 
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the elution volume V in the case of non-linear calibration. Then 

Substituting expression (40) for VsEC into formula (36) gives the quantity of 
Kmt (or AE) for each eluting polymer fraction. Note, again, that this calculation 
does not depend on refraction index increment of macromolecules and can be 
performed for any complex polymer or oligomer. 

The weak non-steric effects roughly give a rotation of observed 
hydrodynamic volume around the point corresponding to the total Vbd = V, + 
Vp volume of the system (Figure 8). 

The positive rotation (clockwise) corresponds to attractive forces, and the 
negative (counter-clockwise) to repulsive forces. This qualitative conclusion 
depicted at Figure 8 results from the equations (36) and (40) which can be put 
in the form: 

For adsorption effects, Kht > 1 and &bs (V) > &(V) for all V, for 
repulsive forces, Kht < 1 and &,s (V) < Hst(V). For relatively low-molecular- 
weight fractions eluted not too far from Vbbl,, I Kht -1 I = I M Ae / RT I << 1 
and the ratio &bs(v&(v 1- M Ae Vp / RT VH is very close to 1. The 
deviation of this ratio from 1 increases with increasing molecular weight M (or 
decreasing retention volume V). 

Closer to the exclusion volume VI, the values of Kht can become 
sigmficantly greater or less than 1 in the cases of adsorption or repulsive 
interactions respectively, and we have from (41): 

From equation (42), we can see that the difference between values of 
H&(V) and Kt(V) asymptotically does not depend on the energy of attractive 
interaction for high-molecular-weight fractions of a polymer. The opposite 
situation takes place for repulsive forces (equation (43)): the non-steric 
interaction has a dominant role in measured hydrodynamic volume behavior 
through all elution volumes including the region close to VI. 
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Elution Volrime 

Figure 8. A schematic sketch of observed hydrodynamic volume in the cases of 
attractive (1) or repulsive (2) non-steric interactions between a solute and a stationary 
phase, (3) universal calibration curve. 

Instrumental Band Broadening 

Let us consider one more factor which can cause the deviation from the 
ideal size-exclusion mechanism: band broadening phen~mena.~' These 
phenomena lead to the local polydispersity of a polymer even after size- 
exclusion separation: each slice contains macromolecules with different size, 
and, therefore, different molecular weights, intrinsic viscosities, and 
hydrodynamic volumes. As a result of this, instead of instant values of 
molecular weight and intrinsic viscosity given by equations (6) and (7), on-line 
detectors measure weight average values for the local distribution of each 
fraction i: 
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Using, again, elution volume V instead of index i, we should replace equations 
(5) - (7) with the following: 

Here C(V) stands for the concentration detector response at elution volume V 
and should be deconvolved using Tung’s equation to get corrected for band 
broadening “standard value CSt (V).31,53 

Band broadening is determined by the shape of the spreading function. 
As an example, consider the axial dispersion in the case of the symmetrical 
Gaussian type instrumental band-broadening function with the variance CT, 
which can be determined from the set of narrow standards.31 The more general 
case of the skewed peak model of the exponentially modified Gaussian 
function31354 can be considered in a similar way, and qualitatively leads to the 
same results that follow. 

The key problem here is the calculation of CT and the corrected for axial 
dispersion (or “standard’) molecular weight and intrinsic viscosity calibration 
curves of the polymer under investigation: 

The parameters of these curves, V,, and V, determine the slopes of the 
corresponding calibration curves and can also depend (as well as variance cr) on 
the elution volume V in the case of non-linear calibration. 53 These parameters 
are essential for the calculation of corrected molecular weight and intrinsic 
viscosity distributions, statistical moments of these distributions, as well as 
Mark-Houwink a = V, / V,,, K = [q10 / Mom. Let us see how 
different detector combinations, including the triple detection, allow to 
calculate these parameters. 

It is convenient to introduce spreading volumes of the system associated 
with the intrinsic viscosity and molecular weight calibrations, respectively: 
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The theory of the axial dispersion correction holds only when the instrumental 
spreading does not disturb calibration curves significantly. This means that 
Vaq<< Vq , Vam<< Vm. 

In the case under consideration, the equations (46) - (48) can be 
supplemented by the relationshipss73sx 

Substituting from equations (46) - (50) into equations (51), (52), and 
rearranging, gives: 

Mo exp(-V/V,,J = 

&(V+V,,,J v(V-Vm) / KLs AN(V-Va,,J v2(V+Vam) (54) 

Equation ( 5 3 )  provides the calculation of parameters of the corrected 
intrinsic viscosity calibration curve using the DR and CV signals, even for 
nonlinear case (V, depends on V), if the spreading function variation G = o(V) 
is known. Applying equation (53), simultaneously, to two or more polymer 
samples with the same chemical structure (that is, with the same values of 
parameters V,,, Va, and [qlO) allows to calculate the values of 0. 

It is possible, also, to obtain the corrected molecular weight calibration 
curve from this equation (53) if the universal calibration curve from the narrow 
standards is added to the DR - CV detector combination.s6 

Analogously, equation (54) for the DR - LS detector combination provides 
the calculation of the corrected molecular weight calibration curves9 and, when 
applied to more than one polymer with the identical chemical composition, of 
the instrumental spreading function. 

Combining this equation with the expression for the “standard 
hydrodynamic volume (55) gives also the parameters for corrected viscosity 
calibration curve. 
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We can exclude the DR response AN from equations (53) and (54): 

This equation uses two molecular weight sensitive detector responses only and 
permits the calculation of corrected calibration curves if combined with the 
universal calibration (55). Analogously, 
(46) using relationships (53) or (54): 

AN can be removed from the equation 

(57) 

Equation (57) allows not to use the DR even for the deconvolution of the 
concentration chromatogram. Note that the right side of this equation does not 
depend on the refractive index increment of a polymer. 

Only the triple detection combination allows for the use of both equations 
(53) and (54) simultaneously for the calculation of corrected calibration curves 
and, thus, of the Mark-Houwink coefficients, without universal calibration. 
Ths is the obvious advantage of the triple detection SEC. Nevertheless, it is 
pertinent to note that equations (53), (54), and (56) strongly depend on 
refraction index increment of the polymer fractions. This feature may present a 
problem for copolymers with the refractive index increment depending on 
elution volume. Because of this, we can recommend another approach to the 
axial dispersion correction with the triple detection for the case of complex 
polymers with the compositional drift. 

Multiplying equations (53) and (54) and simple rearrangement gives: 

where %bs(V) is given by formula (37). Deriving equation (58), we have 
neglected the difference of the ratio v2(V) / [v(V - 2V.4 v(V - 2VOm)l from 
unity. This is a very good approximation, because the refractive index 
increments of different fractions can depend on their chemical composition, but 
not on concentration. Recall, also, that both spreading volumes V,, and V,, 
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Figure 9. Effect of the axial dispersion on observed hydrodynamic volume (1) for the 
narrow polystyrene standard (peak molecular weight 18,000 g/mol), (2) universal 
calibration curve for the column set # 1 .  

are significantly less than V. Adopting equation (58) and the universal 
calibration curve (55),  we can calculate the corrected calibration curves for any 
complex polymers, including copolymers, without any information about their 
refractive index increments, because the right side of this equation does not 
depend (or almost does not depend) on v .  In the same manner, equation (57) 
can be used for the deconvolution of the concentration profile for copolymers 
with a compositional drift. Equation (58) may also be applied to two or more 
samples with the same chemical structure to perform calibration and axial 
dispersion correction simultaneously. This approach necessitates the triple 
detection and universal calibration. 

One can see, from equation (58), that the axial dispersion rotates the 
hydrodynamic volume in a counter-clockwise direction about the point 
corresponding to an apex of the concentration chromatogram: Hobs (V) < 
H,,(V) if V < V,,, and %bs (V) > Hst(V) if V > V,,,, by the angle 
depending on the shape of the chromatogram. For more narrow distribution, 
this rotation is more significant. These qualitative conclusions are supported by 
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19 20 21 22 23 24 25 
Elution Volume (mL) 

Figure 10. Effect of axial dispersion on observed hydrodynamic volume (1) for the 
broad polystyrene sample NBS 706, (2) universal calibration curve for the column set 
#2 ( 2 0 - p  particle size), third order polynomial fit. 

experimental results presented in Figures 9 and 10. All calculations were 
performed in a similar manner as described above in the section 
“Hydrodynamic Volume Calculation and Universal Calibration Concept.” 
Figure 9 shows the results for the narrow polystyrene sample with peak 
molecular weight 18,000 g/mol and polydispersity less than 1.04. 

We see that, even for the 5-pm particle size columns, the axial dispersion 
cannot be neglected completely in the case of narrow MWD samples. Results 
for larger particle size (20-pm) columns (set #2) are shown at Figure 10. These 
columns generate more sigmficant axial dispersion, which causes remarkable 
deviation from the ideal separation. 

We see that the observed hydrodynamic volume Hobs versus V dependence 
M e r s  from the peak calibration curve, even for a relatively broad sample. The 
deviation measured can be used for the axial dispersion correction of the 
experimental chromatograms. 
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SEC of Polymer With Complex Molecular Structure 

Another contributor of the local polydispersity can be the structural or 
chemical heterogeneity of a polymer, when macromolecules with dfierent 
molecular weights may have the same size due to the difference in the chemical 
composition or molecular structure (e.g., copolymer with compositional drift or 
polymers with nonuniform long-chain branching ).60-62 As a result of this, each 
elution volume can be associated with remarkable local molecular weight and 
intrinsic viscosity distributions of a solute. The fundamental distinction 
between this case and the instrumental band broadening is the dissimilar local 
hydrodynamic volume distributions. The instrumental spreading causes the 
hydrodynamic volume polydispersity in the same manner as for molecular 
weight and intrinsic viscosity polydispersities. In the case of complex 
polymers, at any instant macromolecules in the detector cell have the same (or 
almost the same) hydrodynamic volume, in spite of the differences in their 
molecular weights and intrinsic viscosities, and this volume should coincide 
with the corresponding value Hst at the universal calibration curve. But 
equation (17) does not provide this correct value of H in the case of complex 
polymers, as it does for homopolymers. Let us show what property of 
macromolecules can be measured using equation (17) in the case of 
macromolecules with complex microstructure. 

As in the case of band broadening, weight average intrinsic viscosity [7&, 

and molecular weight Mw,, for each slice i can be calculated from equations (44) 
and (45). It is possible, also, to calculate corresponding number average values 
for each polymer fraction using a universal calibration curve obtained from the 
narrow standards:60-61 

The polydispersity PI = MW,] / M,, = [T&, / of the local polymer 
distribution may be obtained from the ratio of equations (44) and (60) (or (45) 
and (59)): 

Note that the right side of equation (61) does not contain the refractive index 
increment v, in the same way as of equation (17). This means that the local 
polydispersity, as a function of retention volume, can be measured for any 
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complex polymer, including copolymers, using three detectors and the 
universal calibration curve. No assumption about the refractive index 
increment values for eluting macromolecules should be made. 

Let us continue to call the quantity calculated by equation (17) as observed 
hydrodynamic volume &bs,b even if the actual hydrodynamic volume of 
macromolecules in this case is KkP Since the polydispersity cannot be less than 
1, the local heterogeneity caused by the structural or chemical heterogeneity of 
the polymer always leads to an increase of calculated from equation (17) 
hydrodynamic volume &bs compared with its real value Kt, obtained from the 
narrow standards: 

According to equation (62), in the logarithmic scale, which is usually used 
for the universal calibration curve presentation, the difference between these 
two values is determined by the polydispersity P(V) of the local distribution of a 
complex polymer, caused by its compositional drift or any other structural 
heterogeneity: 

Equations (5 ) ,  (44), (45), (59), and (60) allow to calculate weight average 
and number average molecular weight and intrinsic viscosity distributions of 
any polymer. But these distributions depend not only on its own (true) 
molecular weight and intrinsic viscosity polydispersity, but also on the local 
heterogeneity across the whole chromatogram. The deviation of the observed 
hydrodynamic volume &bs from the corresponding point at the universal 
calibration curve HSt can serve as a measure of this heterogeneity. To obtain the 
true molecular weight and/or intrinsic viscosity distributions of the complex 
polymer, we should make some additional assumptions about its molecular 
structure (e.g., determine dependence of chemical composition on molecular 
weight of a macromolecule). In any case, the difference (63) between the 
observed and real values of the hydrodynamic volumes gives useful information 
about structural heterogeneity of polymers under investigation. 

CONCLUSION 

The calculation of the hydrodynamic volume across the polymer 
distribution, using measured signals from three on-line detectors, allows to gain 
a better insight into the mechanism of separation and the structures of 
macromolecules. Verification of universal calibration concept and the viscosity 
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ratio measurements are the most important benefits of applying t h s  method. 
Different reasons for the deviation from the universal calibration, such as 
polymer-polymer interactions in solution, bandbroadening phenomena, non- 
steric interactions with a stationary phase, or the structural or chemical 
heterogeneity of a solute lead to qualitatively different hydrodynamic volume 
versus elution volume dependencies, and can be clearly discernible in 
experimental curves. 

The calculation of the viscosity factor cD across the distribution for 
polymers with different configurational and conformational structure helps to 
gain a better understanding of large-scale equilibrium and dynamical polymer 
properties. 

Molecular-weight sensitive detectors proved to be very effective for 
detecting and quantifying small portions of high-molecular-weight material, 
such as aggregates, highly branched polymer fractions, etc. 

The opportunity to eliminate the concentration chromatogram completely 
from the data reduction process for the polymers of this kind may significantly 
improve the accuracy and precision of the data. 
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