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ABSTRACT

The integration of an on-line viscosity or light scattering (LS) detector with size-exclusion chromatography (SEC) improves the
accuracy with which polymer molecular mass distributions can be measured. The coupling of a viscometer and a light scattering
detector in one SEC instrument potentially offers improved precision and dynamic range for SEC polymer conformation studies.
However, the increased complexity of these experiments and the subsequent data handling introduce a number of problems not
present in conventional SEC. A computer simulation of the multiple detector SEC experiment was developed in order to study
these effects in detail. The computer model is described and preliminary data are presented to illustrate some of the additional

features of SEC with multiple detectors.

INTRODUCTION

The addition of one or more molecular mass
sensitive detectors to a size-exclusion chromato-
graphic (SEC) system increases greatly the
amount of information that can be determined in
the analysis. Measurement of the light-scattering
intensity and the sample concentration enables
the molecular mass distribution to be determined
directly [1,2] and measurement of the specific
viscosity and sample concentration enables the
intrinsic viscosity distribution (IVD) to be de-
termined [3]. In both cases the measurement
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does not require column calibration. This in-
formation can be combined with the hydro-
dynamic volume derived from column calibration
to provide measurements of a number of poly-
mer propertics. By using both molecular size and
molecular mass, the accuracy of the distributions
can be improved. In addition, polymer con-
formation and architecture can be studied across
the molecular mass distribution. Several methods
have been developed for combining molecular
mass and molecular size information [4-7].
However, this wealth of information is ob-
tained at the expense of the simplicity of conven-
tional SEC, and complex computer-based algo-
rithms often hide important features of the
instrument signals. Each of the measured signals
depends on different polymer solution proper-
ties, with different molecular mass sensitivity,
and as a result has different measurement
ranges. The combination of these signals in the
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final results can introduce errors in the final
measurement [5,8-17].

In order to gain a clearer understanding of
how the nature of the raw data affects the results
we developed a computer simulation of the SEC
experiment. The model is described and some of
the preliminary results are discussed.

METHODOLOGY

SEC-light scattering computer model

We start by describing the mass fraction w_, of
x-mer, in a given polymer sample by the Wesslau
distribution [18],

1 1 1 X
wx=m-;exp(——ﬁln2x—o) 1)

where 8°=In(x,/x,)’, x, is the mass-average
degree of polymerization, x, is the number
average, and the central value of the distribu-
tion, x, =x, exp(B°/4).

In SEC the mass fraction is measured as a
function of the logarithm of molecular mass in
which case the mass fraction w/ is described by

, dx
WoE=W, AT - s (2)
50,
1 1 X
W, = [37,“2 exp( - Ez— In* ;;) (3)

It can be seen that w is a symmetrical Gaussian
with a variance given by
2
:_B~
which is related to the sample molecular mass
polydispersity as

o]

w o
— =g
xn

BN

(5)

Fig. 1 shows the mass-fraction distribution
plotted as a function of the logarithm of x.

In SEC the molecular mass is related to the
¢olumn elution volume by a calibration curve of
the form [19],

M (V) =xMy= D " (6)
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Fig. 1. Wesslau distribution for the mass-fraction molecular
mass distribution plotted as a function of the logarithm of the
degree of polymerization, x.

where M, is the repeat unit molecular mass and
D, and D, describe the calibration curve for a
given column set. D, is the slope in a plot of log
molecular mass against elution volume. Eqn. 3
can then be rewritten in terms of elution volume
using eqgn. 6, as,

, 1 -(V- VR)Z]
wiV) Vo exp[ 20l (7)
where the elution peak variance is related to the
molecular mass variance by oy = o,/D,, and V}
corresponds to the peak maximum in the concen-
tration sensitive detector. Eqn. 7 describes the
concentration detector clution profile for a sam-
ple with molecular mass distribution described
by eqn. 1. Note that molecular mass decreases
with increasing ¢lution volume.

In the SEC-LS scattering experiment the
sample can be considered to be at infinite dilu-
tion, in which case the intensity of scattered light
at zero degrees from the incident beam is de-
scribed by

Iy (V)= K*M(VIw V) (8)

where K* is an optical constant for the scattering
system [20]. The molecular mass at each volume
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is described by egn. 6, and the mass fraction
distribution by eqn. 7, thus

Lg-0)(V)

_ — (V- Vn)z]
=K*Dje " [
1© crv\/i_;r exp 20'3,

It can be shown that this is also Gaussian with
the same variance as the concentration detector
response, but with a peak maximum, V, shifted
to lower elution volume by an amount depending
on the sample polydispersity and the slope of the
calibration curve,

©)

V.=V, —aiD,
0_2
=Vi— . 10
RT D, (10)

SEC-viscometry computer model

In SEC—viscometry the specific viscosity of the
eluting sample is measured. At infinite dilution
this is related to the intrinsic viscosity by

(V) =] (V)wi(V) (11)

The intrinsic viscosity at each elution volume is
given by eqn. 11 and the Mark-Houwink co-
efficients, K and @, which describe the empirical
relationship between intrinsic viscosity and mo-
lecular mass [21],

[1(V) = K[M,(V)]* (12}
Eqn. 11 can then be rewritten
(V) = KD{e" """ (V) (13)

This also describes a symmetrical Gaussian with
the same variance as the concentration detector
response, but this time the peak maximum, V,, is
shifted to a lower elution volume determined by
the value of the Mark—-Houwink exponent as
well as the polydispersity and the calibration
curve slope,

Vy=Vy—aol/D, (14)

Fig. 2 shows the three signal traces, excess
light-scattering intensity, specific viscosity, and
differential refractive index, for a sample with a
polydispersity of 2 and a Mark-Houwink expo-
nent of 0.725. For a monodisperse standard
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Fig. 2. Signal traces from the three detectors showing excess
light-scattering intensity, specific viscosity, and differential
refractive index, for a sample with a polydispersity of 2 and a
Mark-Houwink exponent of 0.725. Elution volume in ml.

there is no volume shift between the three signal
peaks and they all overlay. Fig. 3 illustrates an
approximation to this situation with a nearly
monodisperse sample of polydispersity 1.05

The universal calibration curve describes the
hydrodynamic volume, HV, of the molecules at
each elution volume {22},

HY,(V} = [n],(V)- M(V) = Upe™™" (15)
where, from egns. 6 and 13

U, =KD{*? (16)

SIGNAL

IGHT SCATTERING INTENSITY

J\

s m 5 n =
ELUTION VDLUHE

Fig. 3. Signal traces from the three detectors for a nearly

monodisperse sample, polydispersity 1.05. Elution volume in

ml.
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U,=(1+a)D, (17)

The intrinsic viscosity distribution can be used
to characterize a polymer sample in a way
analogous to the molecular mass distribution,
with various statistical averages defined by [3]:

[n], = 2 c_,/C[T], (18)
., = 3 <AL 19)
., = E Z—%ﬁ— (20)

Band broadening computer model

Band broadening in the system is modelled by
the convolution of a Gaussian band spreading
function

1
e—Vzlz(r%

P = (21)

where o is the peak variance due to band
broadening, with the elution profile derived in
eqn. 7. The experimentally determined concen-
tration elution profile is then described by

G(v)=

1 - (V=¥,)?
G_T\/z—‘” S Za'?r (22)

where the total peak variance is given by o2 =
0'3, + G'ZB.

The true mass-average and number-average
molecular mass of an infinitesimal fraction at
retention volume V are now given by [23]:

wV)=

E(V) _ f(V;(I?;O'B) GI’Z(DZG.B)ZMt(V) (23)
Ya — F(V) =1/2{Dyog)2
V)= fapany S CTIMY) (24

where F(V) is the experimental chromatogram
broadened by the column dispersion process
described by eqn. 21, where F(V)=w (V).

The effect of this broadening of the elution
peak is a rotation of the calibration curve around
the first moment of the concentration distribu-
tion, This leads to an effective mass-average
molecular mass calibration curve defined by

x=D;e’? (25)
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where
D,ai(D,o% -2V,
D;=D, exp[ 27 ;a_zv 0)] (26)
T
0_2
py=,(1-22) @
or

These expressions can also be used to define
an effective mass-average intrinsic viscosity cali-
bration curve,

M(V) = Eje™" (28)
where

E!=KD}* (29)
Ei=aD,; (30)

The model described can be used to generate
light-scattering intensity, specific viscosity, and
differential refractive index data for samples with
different Mark-Houwink relationships and with
different amounts of band broadening. Mixtures
of up to three peaks with differing polydisper-
sities can be generated. The raw signal tracings
can then be used to calculate results using
different detector combinations and interdetec-
tor delay volumes.

RESULTS AND DISCUSSION

Effect of detector alignment

It can be seen from eqns. 9 and 13 that the
signals from the differential concentration detec-
tor, the viscometer and the light-scattering detec-
tor all have the same shape. When the sample is
monodisperse the signals from all three detectors
also have the same peak elution volume, and
only differ in their relative areas which depends
on the mass-average molecular mass. If there is
any molecular mass polydispersity in the sample,
eqns. 10 and 14 show that the light scattering and
specific viscosity peaks are shifted to lower
elution volumes although the overall shape is not
changed. The amount of this shift in the light
scattering signal, multiplied by the calibration
curve slope, D,, is the logarithm of the sample
polydispersity.
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M,
M

= gP2Vr—V1D (31)

In the case of the viscometer the volume shift
is multiplied by the Mark—Houwink exponent.

ﬁw — eaD2(VR_VV) (32)

n

The difference between the viscometer volume
shift and the light-scattering volume shift gives
the Mark-Houwink exponent.

a=1-(V,-V))D,/o; (33)

If the Mark-Houwink exponent is greater
than one, as is the case for rigid molecules, the
viscometer will be shifted more than the light
scattering signal. If the exponent is negative, as
is the case in some star-shaped molecules, the
viscometer signal will be shifted to a larger
elution volume than the RI. If a =0, as is the
case for particles, V,, = V.

In the case of a linear polymer with a Wesslau
molecular mass distribution, the main informa-
tion obtained by using a molecular mass-sensitive
detector is the mass average property: molecular
mass or intrinsic viscosity, and the polydispersity
of the sample as shown by the relative position
of the two detector peaks (eqns. 31 and 32).
Because of this it is critical that the actual
physical volume difference that exists between
detectors is correctly compensated before the
data are analyzed. Any error in this correction
produces a corresponding error in the measured
polydispersity. If both viscosity and light scatter-
ing are measured there will be an additional
error in the measured Mark-Houwink coeffi-
cients. Fig. 4 illustrates the sensitivity of these
measurements to the interdetector volume differ-
ence. An error, DAV, ., of 0,01 corresponds to

Error

about 1 s at a flow-rate of 1 ml/min.

Effect of band broadening on measured
molecular mass distributions

Band broadening and the corresponding loss
of resolution causes a rotation of the calibration
curve about the first moment of the mass dis-
tribution of the eluting peak. This is because the
molecular mass of each elution slice approaches
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Fig. 4. Effect of errors in the determination of interdetector
volume on SEC-viscometry-LS measurements of polydis-
persity and Mark-Houwink coefficients.

the average molecular mass of the sample. If
there were no resolution, the calibration curve
would be a straight line with zero slope. In
practice the effect is much smaller but neverthe-
less it can have serious effects on the computed
values, This situation is shown in Fig. 5 where
the mass-average molecular mass, as measured
by light-scattering, for a sample with polydis-
persity 2, is shown as a function of elution

Wy to/mon
1107 S

1408 |

108

1304

1000 . 4 L n . feu
10 iz 14 18 18 g ' 22
. Elution volume

Fig. 5. Mass-average molecular mass at each elution volume,
as measured by light-scattering, for a sample with polydis-
persity 2, for a perfectly resolved peak and for one with band
broadening, o;D,=0.3. Elution volume in ml. DRI=
differential refractive index.
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volume for a perfectly resolved peak and for one
with band broadening. In the case of perfect
resolution, the molecular mass measured is the
calibration curve, with band broadening the line
is less steep. Although not shown in this figure,
band broadening does not alter the peak position
on any of the detectors. One of the advantages
of a molecular mass sensitive detector is that it
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Percenlage error
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Fig. 6. Effect of band broadening for a polymer with

polydispersity 2, on (a) measured moments of the molecular

mass distribution by light scattering, and {(b) moments of the

intrinsic viscosity distribution measured by on-line vis-
cometry.
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can distinguish between peak width due to poly-
dispersity and that due to band broadening.
The effect of band broadening on the final
results depends on the method of calculation
used. If the molecular mass distribution is de-
termined from the light scattering molecular
mass, or from the intrinsic viscosity distribution
by way of known Mark-Houwink coefficients
then the effect is an apparent narrowing of the

20
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0.0 0.1 0.2 0.3 0.4
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Fig. 7. Effect of band broadening for a polymer with
polydispersity 2, on measured moments of the molecular
mass distribution by (a) conventional SEC, and (b) universal
calibration.
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distribution (Fig. 6). This is because the system
is losing resolution. However the mass-average
molecular mass, or intrinsic viscosity are both
unaffected.

By conventional SEC calibration the effect is
the opposite, the peak broadening is interpreted
as increased sample polydispersity (Fig. 7a). The
same is true for universal calibration using on-
line viscosity measurements (Fig. 7b). The rela-
tive errors caused by band broadening in this
case are shown in Fig. 7. The averages de-
termined by molecular mass sensitive detectors
are less affected by band broadening than those
obtained by calibration-based techniques. The
measurement of molecular mass distribution by
SEC-viscometry with universal calibration is the
most sensitive to band broadening errors. How-
ever, if SEC—viscometry is used to measure the
intrinsic viscosity distribution and then the

Mark-Houwink coefficients are used to calculate.

the molecular mass distribution, the errors due
to band broadening are the same as for SEC-LS.
.,

Effect of band broadening on measurement of
Mark—-Houwink coefficients

Band broadening also has an effect on mea-
surements of Mark—-Houwink coefficients using
universal calibration. When an on-line viscome-
ter is used with universal calibration to deter-
mine the relationship between intrinsic viscosity
and molecular mass, it can be shown, from eqns.
15 and 28-30 that the measured Mark—Houwink
exponent, a’, is given by,

(34)

" =( 1-o}iok )a
1+ aci/ol

This results in an underestimate of the Mark-
Houwink exponent and an overestimate of the
prefactor, K.

If universal calibration is used in conjunction
with light scattering, where the measured molec-
ular mass is used with the universal calibration
curve to calculate the intrinsic viscosity at each
elution slice, then the situation is reversed and
the Mark-Houwink exponent will be overesti-
mated by,

o= (a + crf,/cri)
1-oliol

(35)

I3

\
i
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Note that in Fig. 6 the mass-average molecular
mass measured by light scattering and the mass-
average intrinsic viscosity measured by on-line
viscometry are unaffected by band broadening.
As a result the Mark—Houwink coefficients and
any determinations of molecular conformation,
or branching based on them are similarly unaf-
fected by band broadening. Fig. 8 shows the
Mark-Houwink plot for a sample with polydis-
persity 2 with and without band broadening. In
both cases, as expected, the calculated slope and
intercept, @ and K in eqn. 12 are the same,

Fig. 9 shows the effect of band broadening on
measurements of Mark—Houwink coefficients by
combined viscosity and light scattering detectors,
universal calibration with a light scattering detec-

Intrinsic Viscosity (gl/q)
10

o, = 0

ixi0"8
(g/mol)

0.10
1%10°4 1x40°5 $x40°7

Molecular mass

Intrinsic Viscoalty ldl/gh

19

o0, 2 0.3

1.00

"
ixic"e
{p/mol)

0.40
1x10°4 1x38°%

Molecular mass
Fig. 8. Mark—Houwink plot by SEC with combined light
scattering and viscometry for a sample with polydispersity 2
and M, = 150 000, (a) without band broadening, and (b) with
band broadening, oyD,=0.3. The caiculated slope and
intercept are the same in both cases.

1x40°2
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Fig. 9. Effect of band broadening on measurement of Mark-

Houwink exponent, &, by different methods. UC = universal
calibration.

tor, and universal calibration with a viscosity
detector.

However, as mentioned above, the determina-
tion of the Mark—Houwink coefficients using on-
line light scattering and viscosity detectors de-
pends upon the volume delay between the three
detectors being known accurately.

Effect of detector band broadening mismatch
An additional band broadening problem intro-
duced by multiple detector systems is that the
signals from different detectors are affected by
differing amounts of post-column band broaden-
ing depending on the cell size and the order of
detectors. When the ratio of these signals is
taken to determine molecular mass and intrinsic
viscosity the resultant values can be distorted.
For example, if the concentration signal is the
least broad, the calculated molecular masses or
intrinsic viscosities for a near monodisperse
sample will show a *“U” shape rather than a
straight line with the peak maximum molecular
mass or intrinsic viscosity being underestimated
(Fig. 10). Conversely if the concentration signal
is the broadest the resultant values will show an
“n” shape with the peak maximum molecular
mass oOr intrinsic viscosity being overestimated
(Fig. 11). This can be corrected by measuring
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Fig. 10. Effect on the measured molecular mass at each slice
of additional broadening on the light scattering detector
signal, @,,, = 0.06. Elution volume in ml.
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Fig. 11. Effect on the measured molecular mass at each slice
of additional broadening on the concentration detector
signal, o,,,=0.06. Elution volume in ml.

the differences in band broadening in each
signal, and then correcting the signals using eqn.
21 to make the narrower signal equivalent to the
broader one.

CONCLUSIONS

The computer model described provides a
functional simulation of SEC for linear poly-
mers. Qur findings emphasize the importance of
determining the correct volume offset between
the concentration detector and molccular mass
sensitive detectors. The results also demonstrate
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that molecular mass sensitive detectors are less
sensitive to band-broadening errors than are
column-calibration-based methods. In particular
the Mark-Houwink coefficients, and resulting
branching calculations, measured by combined
light scattering and viscometry, are only slightly
affected by band broadening., Future work will
extend the model to incorporate peak skew and
polymer branching.
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