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ABSTRACT 

In a chromatographic separation such as size-exclusion chromatography, the concentrations of the injected molecules are 
generally so low by the time they reach the light-scattering (LS) detector that terms involving the second virial coefficient may be 
neglected in the equations which relate the measured Rayleigh excess ratio to the derived molecular weights and sixes. For 
sufficiently large molecules (root mean square radius greater than about 10 nm for 633 nm incident light wavelength), the root 
mean square radius may be calculated independently of the molecular concentration from the Rayleigh ratios measured as a 
function of scattering angle. Precise measurements of the root mean square radius are presented for some nearly monodisperse 
polystyrene standards. These measurements confirm that the eluting molecules have a nearly constant size over a relatively broad 
range of elution volumes, yet the corresponding mass values are not constant. This inconsistency is shown to be due to a 
secondary instrumental broadening (IB) of the sample which occurs primarily in the refractive index detector which follows the 
LS detector. This secondary IB, which may be calculated from the distorted mass versus elution volume curves, is shown to vary 
with molecular mass. 

Consider the following equation [l] which is corresponding quantity for the pure solvent, I, is 
based on the Rayleigh-Gans-Debye (RGD) the incident intensity, and f,,,, is an absolute 
approximation [2] in the limit of vanishingly calibration constant that is a function of the 
small molecular concentrations, c, and which scattering geometry, the structure of the (scatter- 
forms the basis for the interpretation of light ing) cell containing the solution, and the refrac- 
scattering measurements made from solutions of tive indices of the solvent and scattering cell. 
macromolecules of weight-average molecular The physical constant K* for vertically polarized 
mass M,. incident light is given by 

K*c 1 
R(8)= M,P(B) + 2Azc (I) K* = 4~2(dn/dc)2n;I(N,A;) (3) 

where n, is the solvent refractive index, NA is 
Avogadro’s number, A, is the vacuum wave; 
length of the incident light, and dnldc is the 
refractive index increment. The second virial 
coefficient is A,. The scattering function, P(O), 
is a function of the half scattering angle O/2 and 
the mean square radius, (rt): 

The left-hand side of eqn. 1 represents the 
quantities measured and the right-hand side 
includes the unknown quantities to be deter- 
mined by means of a least squares fit to the 
experimental data. In particular, R(8) is the 
excess Rayleigh ratio, 

R(O) =&JZ(@) - Z@)llZO (2) 

where Z(0) is the intensity of light scattered by 
the solution into the solid angle subtended by the 
detector at the scattering angle 8, Is(O) is the + (Ye sin4 e/2 - . - . (4) 
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where 

<r:, =-&Jr2dm (5) 

and (Y* and higher order coefficients [3,4] in this 
sin2 8/2 series are constants dependent on the 
structure of the molecules. Note that the integral 
of eqn. 5 is the definition of the mean square 
radius. The integration (or summation) is taken 
over all mass elements dm of a molecule of mass 
M at a distance r from the molecule’s center of 
gravity. The mean square radius is not the same 
as the so-called hydrodynamic radius. 

At the very low concentrations typical of high- 
performance size-exclusion chromatography 
(HPSEC), the determination of the mean square 
radius [5] from the recorded light scattering data 
as a function of angle is easily shown to be 
independent of the concentration, c, the refrac- 
tive index increment, dnldc, and the weight- 
average molecular mass, M,. Note that at such 
low concentrations when 2M,A,c << 1, eqn. 1 
reduces to the simple form 

R(e) -=McP(B), 
K* 

i.e. P(0) is directly proportional to R(8) and the 
results of ref. 5 follow. (This is true even for the 
case of heterogeneous co-polymers as long as 
only one molecular species is present in each 
detected eluting fraction. If more than a single 
species is present in any fraction, then they must 
all have approximately the same refractive index 
increment, dnldc). Indeed, the mean square 
radius may always be determined even for elu- 
tion regions where there is no differential refrac- 
tive index (DRI) detector signal. All that is 
required is that the light scattering signals at the 
various detectors (angles) be sufficiently strong 
so that the coefficient of the term linear in 
sin2 812 of eqn. 4 may be determined [5]. 

Fig. 1 illustrates an excellent example of a 
strong light scattering signal without a corre- 
sponding DRI signal. In the foreground is the 
DRI signal (marked at the right with the small 
symbol ri) as a function of elution volume while 
the excess Rayleigh ratios, R(O), at the different 
angles collected by the DAWN detector (Wyatt 
Technology Corporation, Santa Barbara, CA, 

Fig. 1. Rayleigh excess ratio as a function of scattering angle 
(detector) from a set of biopolymers showing the presence of 
a large aggregate whose corresponding DRI signal is negli- 
gible. This fraction, which yields a very intense and steep 
variation of scattered light intensity, is shown at the smallest 
elution volume to the left of the figure. 

USA), are shown behind, also as a function of 
elution volume. The sample was comprised of a 
set of biopolymers (in an aqueous buffered 
solution) used for calibration purposes in 
HPSEC measurements. At the smallest elution is 
seen the light scattering signature of a very large 
aggregate which produces no DRI signal. The 
z-average root mean square radius for this peak 
is over 64 nm and easily calculated independent- 
ly of the concentration, dnldc, and M, values. 

A great number of papers have been written 
[6-lo] concerning so-called band broadening or 
instrumental broadening (IB) effects and the 
corrections to the measured data required to 
recover the correct mass distribution present in 
the separated sample. Although by far the great- 
est broadening occurs within the columns, a 
smaller, secondary broadening may occur in the 
mass detector that follows them. With a light- 
scattering (LS) detector inserted between the 
columns and the mass detector, the broadening 
that occurs within the column will not affect the 
derived weight-average molecular masses as long 
as the concentration at each eluting slice is 
known as it reaches the LS detector. Unfor- 
tunately, the concentration variation itself may 
be distorted by the secondary instrumental 
broadening that occurs after the LS detector. 

The slight distortions in concentration profiles 
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that are due to the large DRI dead volumes, 
tubing mismatches, and other flaws in the sub- 
sequent chromatographic are rarely important 
when measuring polymers of relatively broad 
distribution. Such secondary distortions, how- 
ever, become very important for extremely nar- 
row standards such as those used frequently for 
system calibration for conventional HPSEC. 
Perhaps of more immediate importance are 
protein applications where even the slightest 
instrumental band broadening can yield un- 
reasonable molecular distributions for species 
known to be monodisperse. 

What has been developed here is the ability to 
measure the secondary IB effects directly without 
disturbing the measurement by introducing an 
additional detector. It may be reasoned that the 
secondary broadening caused by a DRI detector 
may be measured easily by placing two such 
detectors in sequence. Such an arrangement 
permits only a determination of the difference of 
the DRI response profile which, in turn, requires 
a somewhat complex deconvolution to extract 
the functional form of the net broadening of a 
single detector. Most DRI detectors, further- 
more, have very large diameter tubing after their 
detection cell (to reduce back pressure) which 
would affect secondary IB were it not (usually) 
the last element of the HPSEC system. Using 
very narrow standards whose root mean square 
radii are accurately measurable, a light scattering 
detector can be used to determine most of the 
broadening of the sample that occurs in the 
region between the columns and the end of the 
DRI detector cell, as will be shown presently. 
For the measurements reported here, only about 
17% of the volume contributing to the secondary 
IB is in the LS detector itself. This will have a 
small effect on the derived secondary IB which is 
due primarily to the large volume of tubing often 
required by the DRI detector to maintain ther- 
mal stability. 

Fig. 2 presents the excess Rayleigh ratio as a 
function of detector (angle) measured with a 
DAWN light scattering detector (A = 632.8 nm) 
from a sample of three polystyrene standards 
(Pressure Chemical Co., Pittsburgh, PA, USA; 
lot numbers 30121, 50912 and 80317) separated 
using two mixed-bed Shodex (Showa Denko, 

Fig. 2. Rayleigh excess ratio as a function of scattering angle 
(detector) from three polystyrene standards and contrasted 
with the corresponding signal from the RI detector, shown in 
the foreground. 

Tokyo, Japan) KF 80M columns at a tetrahydro- 
furan flow-rate of 1.0 ml/min. Shown in the 
foreground is the RI signal from a Waters 410 
detector, suitably corrected for a volume delay 
of 173 ml. (This delay volume is made up of 
approximately 30 ~1 from DAWN instrument, 11 
~1 from the tubing connecting the DAWN to the 
Waters 410 and a dead volume in the Waters 410 
from the inlet to the end of the DRI cell of 133 
~1. Although the actual cell volume of the 
Waters 410 is given by the manufacturer as 56 
~1, a large tubing dead volume is needed to 
assure good temperature stability, especially at 
high flow-rates.) The signals from some detectors 
have been dropped because of noise. Fig. 3 

Fig. 3. Light scattering signal from the detector at 90” from 
Fig. 1 overlaid with the signal from the DRI detector and 
corrected for the delay volume between the DRI and DAWN 
instruments. The central region of each peak corresponding 
approximately to the full width at half maximum is indicated 
by each pair of vertical bars. 
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shows the 90” light-scattering signal (DAWN 
detector 11) overlaid with the DRI signal which 
is corrected for the 173-~1 delay volume. The 
central regions of each peak, defined approxi- 
mately as the peak full width at half maximum, 
are clearly indicated by the vertical bars. The 
three corresponding weight average molecular 
masses for these regions as marked are 606 000, 
217 000 and 31300, respectively. The corre- 
sponding masses mixed and injected in a 100~,~l 
loop were 9.5 * lo-*, 1.7 * 10-l and 2.7 - 10-l mg, 
respectively. t 

Table I presents the software (ASTRA, Wyatt) 
generated light-scattering characteristics of the 
three narrow regions delineated in Fig. 3. These 
include the number-, weight- and z-average 
molecular masses (M,, M, and M,), the corre- 
sponding weighted root mean square radii rg_,,, 
r g_w and rg-Z and finally the sample polydispersi- 
ty defined as the ratio M,lM,. The columns 
used for the separation were not optimal as 
evident from the overlap seen in Fig. 3 between 
the two larger samples. Nevertheless, the small 
sample fractions delineated in Fig. 3 may have 
considerably smaller polydispersities than the 
corresponding total samples. 

Fig. 4. Root mean square radius versus elution volume for 
the three regions indicated in Fig. 2. 

stancy must be due entirely to a distortion of the 
concentration profile at the DRI detector due to 
secondary broadening effects. 

If the weight-average molecular mass at a slice 

173 
.I... 

Fig. 4 shows the root mean square radius as a 
function of elution volume for the three regions 
selected. Note that for the smallest, 30 000, 
fraction, the size cannot be clearly derived since 
it is below the limits of resolution for the 632.8- 
nm laser wavelength used. Figs. 5 and 6 present, 
respectively, the corresponding mass variations 
for the two largest fractions based on calculation 
by eqn. 1 with the concentration profile gener- 
ated by the inline DRI detector. Since the root 
mean square radii for these fractions are COIZ- 
stunt, the corresponding masses also must be 
constant. Thus any deviation from mass con- 

: 
I. 

Fig. 5. Apparent mass variation with elution volume for the 
606000 fraction of Fig. 2. 

TABLE I 

MOLECULAR MOMENTS FROM LIGHT SCATI-ERING 

Peak W M w 

1 605 870 606 120 
2 216 450 216 550 
3 31271 31297 

MZ 

606360 
216 650 
31321 

rg-n 

31.7 
16.9 
6.9 

rB-v 

31.7 
16.9 
6.9 

rs-. 

31.7 
16.9 
6.9 

KINI 

1.0004 
l.alO5 
1.0008 
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Fig. 6. Apparent mass variation with elution volume for the 
217000 fraction of Fig. 2. 

i is given by Mi and the corresponding concen- 
tration is ci, then we have immediately the 
relationship between the erroneously calculated 
mass Mi and the secondary IB distorted concen- 
tration, ci, as 

M'. c. 
>=--I= 
Mi c; p 

However, since Mi must be constant (=M, say) 
at each slice in the region (since the (r_i) values 
are constant), the corrected concentratton ci for 
each region where the eluting mass is constant is 
given simply by 

ci=pc; =c;M;IM (8) 

The weight-average molecular mass of the 
monodisperse sample, M,, may be determined 
independently of the HPSEC-derived value (as- 
sumed to be slightly in error due to secondary 
IB) by performing an off-line Zimm [l] plot 
analysis of the unseparated sample. Thus the 
secondary instrumental broadening may be mea- 
sured directly by means of effectively monodis- 
perse standards whose root mean square radii 
may be determined accurately to be constant 
over a reasonable range of elution volumes. As 
pointed out for Gugliotta et al. [lo] for the case 
of low-angle light scattering (a subset of the 
more general form discussed here), the response 
for a strictly monodisperse sample is propor- 

tional to the product of the concentration and 
molecular mass. Since the molecular mass is 
constant, the recorded concentration response is 
directly proportional to the standard spreading 
function, g(t), i.e. 

g(t) 0: c; = c’(t) (9) 

Although Alba and Meira [ll] state that 
truly monodisperse synthetic polymers are 
“ . . . impossible to obtain. . .“, the measure- 
ments reported here of size monodispersity, 
confirm that for selected eluting regions, such 
monodispersity is small enough to permit the 
deduction of secondary IB. For example, even 
with the mass variations shown in Figs. 4 and 5, 
the corresponding polydispersities (M, / M,) are 
calculated to be 1.0004 and 1.0005, respectively. 
Introducing a constant mass for each of these 
fractions reduces the corresponding polydisper- 
sities to 1.0000 and 1.0001, respectively. The 
latter deviation from unity is due entirely to the 
slight experimental uncertainties. The apparently 
small uncorrected values have been discussed 
above. 

Although no measure of the mean square 
radius of the smaller 31300 fraction is possible, 
the calculated polydispersity shown in Table I 
suggests that it too may be quite monodisperse. 
On this basis, it is instructive to examine the 
dilution factors p for all three mass fractions as a 
function of t - t,, where t, corresponds to the 
time at which the peak concentration is detected 
(in seconds) at the DRI detector. These are 
shown in the abbreviated Table II. (The data 
were collected every second and only every third 
point is shown. These data have been smoothed 
by replacing each value with a three-point aver- 
age including the values of its two adjacent 
slices.) At a flow-rate of 1 ml/min, each second 
corresponds to approximately 16.7 ~1. Some 
rather interesting observations may be made 
from these results. The dilution factors (sec- 
ondary IB factors, p) are not symmetric (proba- 
bly due to tailing effects in the intervening 
volumes); they are a function of molecular mass, 
but do not appear to vary monotonically with 
molecular mass; and this latter variation most 
probably depends on the geometry of the various 
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TABLE II 

DILUTION FACTORS FOR THREE MASS FRACTIONS 

I - t, P.506 000 Pz17 000 P31300 

-15 0.9661 0.9584 0.9382 

-12 0.9796 0.9619 0.9636 

-9 0.9911 0.9727 0.9842 

-6 1.0015 0.9870 0.9945 

-3 1.0095 1.0016 1.0108 

0 1.0167 1.0121 1.0137 

3 1.0211 1.0189 1.0230 

6 1.0212 1.0216 1.0247 

9 1.0154 1.0215 1.0253 

12 1.0032 1.0184 1.0204 

15 0.9883 1.0115 1.0083 

18 0.9681 0.9961 0.9905 

“dead volumes” involved. It is important to 
stress further than the secondary IB effects 
measured here are extremely small; probably 
much smaller than might even be noticed since 
the polydispersities shown in Table I were calcu- 
lated from the uncorrected data and these are in 
themselves far less than the values quoted by the 
manufacturer as “less than 1.06”. The manufac- 
turer’s values are based on HPSEC calibrations 
and refer to the entire peaks, not just the small 
central regions selected in this paper. The ex- 
tremely small secondary IB effects measured 
here augur well for the future, since much 
greater secondary IB effects are easily intro- 
duced by adding more dead volume introducing 
tubing of sharply varying crosssections, or per- 
mitting kinks or burrs within the tubing. The 
sensitivity of the technique is very great, though 
only applicable to molecules sufficiently large so 
that their mean square radii may be determined 
accurately. 

mass, flow-rate, column structure, the volume 
delay between columns and detectors, and the 
dead volume of the detectors themselves. Alba 
and Meira are certainly correct when they state 
that truly monodisperse synthetic polymers are 
impossible to obtain. However, the ability to 
examine nearly monodisperse fractions of 
HPSEC-separated “narrow” standards has been 
shown to permit the detection and quantification 
of secondary IB effects that are in themselves 
extremely small. As mentioned earlier, the appli- 
cations of the technique to proteins will be the 
most important. The secondary broadening that 
occurs after the LS detection may be probed by 
proteins of known narrow distributions even if 
they are too small to confirm such mondispersity 
by means of measurements of the corresponding 
mean square radius. 
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