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Synopsis

Measurement of the molecular weight distributions of copolymers by size exclusion chro-
matography (SEC) presents problems because the elution volume of any species may depend
on its composition as well as its molecular weight. Also, the response of the usual concentration
detectors may also be influenced by the copolymer composition as well as its concentration.
These problems arise when the copolymer composition may vary with molecular size. Con-
ventional SEC techniques are suitable for copolymers with invariant compositions. This article
describes and illustrates a method for measuring molecular weight distributions of copolymers.
In many cases, the variation of copolymer composition with molecular weight can also be
determined. The technique uses three detectors: (a) an evaporative detector (ED) to measure
the concentration, Ac, of the eluting species; (b) a differential refractive index detector (DRI)
to measure the refractive index difference, An, between the solution and solvent at any given
elution volume; and (c) a low-angle laser light scattering (LALLS) detector that measures the
corresponding molecular weight of the eluting solutes. This latter measurement is possible
because the appropriate values of An/Ac are available from the outputs of the other two de-
tectors. For LALLS measurements of molecular weight all the species in the detector cell at
any instant must have the same composition or, at least not have An/Ac that varies with
composition. The method is illustrated with data from ethylene-propylene and ethylene-pro-
pylene-diene copolymers.

INTRODUCTION

Measurement of the molecular weight distributions of copolymers pre-
sents particular problems that have not been solved heretofore. Size exclu-
sion chromatography (SEC) analyses require corresponding measurements
of the concentrations and sizes of polymeric species that elute with given
solvent retention volumes.

Concentration measurements are usually made with detectors such as
differential refractometers or fixed wavelength spectrometers. Such detec-
tors are suitable for homopolymers or species that vary only in branching
character. They are not generally applicable to analyses of copolymers be-
cause the detector response in that case may be a function of the solute
composition as well as its concentration. Attempts to find detectors that are
less sensitive to the composition of the eluting species have met with limited
success.

Another problem involved in measurement of the size of the eluting spe-
cies at a given solvent retention time, is that the method that is practiced
most generally requires construction of a universal calibration relation for
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the polymer of interest. Since all species that elute with a given solvent
retention volume in SEC have the same solvodynamic volume, universal
calibration requires the assumption that solvodynamic volume is a function
only of molecular size in the SEC solvent. This is true for homopolymers,2
barring concentration effects.?* It is not necessarily valid for copolymers,
however, since the solvodynamic volume and SEC retention volume may be
a function of the polymer composition as well as of its molecular weight.

As an alternative to universal calibration, the molecular weight of the
species in an SEC detector cell may be measured directly by low-angle laser
light scattering (LALLS).5 This method, also, is not generally applicable to
copolymers because the measured turbidity is a function not only of the
molecular weight (M) of the polymer but also of the specific refractive index,
dn/de, in the particular solvent. A single value of dn/dc cannot be assumed
for a copolymer sample where composition may vary with molecular weight.

These problems will not apply, of course, if the copolymer composition is
invariant with molecular weight. In that case, universal calibration pro-
cedures can be applied.® More generally, however, the standard current
techniques for molecular weight analyses by SEC are not valid for copoly-
mers.

This article describes and illustrates a method for measuring the molec-
ular weight distributions of copolymers of any complexity. The variation of
composition with molecular weight can also be determined, in favorable
cases.

ANALYTICAL METHOD

This technique uses three detectors:

1. An evaporative detector (ED, or Mass Detector)’ 8 to measure the
concentration, Ac, of the eluting species. This detector is based on turbidity
from solute particles derived from nebulized effluent. Its response appears
to be insensitive to chemical composition and molecular weight compared
to the usual differential refractometer detector.?

2. A differential refractive index detector (DRI) to measure the refractive
index difference, An, between the solution and solvent at any given elution
volume.

3. A LALLS detector that measures the corresponding molecular weight
of the eluting solute. This latter measurement is made possible because the
appropriate values of An/Ac (= dn/dc for small elution volume increments)
are available from the outputs of the other two detectors.

It should be noted, however, that the An/Ac values are obtained with white
light, while the LALLS detector operates with 6328A wavelength light. A
conversion factor is calculated for different copolymer compositions by com-
paring dn/dc values from a laser differential refractometer with those mea-
sured with the conventional DRI detector. Good practice entails the
determination of this conversion factor for copolymers with a range of com-
positions, to ensure that the conversion itself is not composition dependent.

With this technique, it is possible to measure dn/dc of the copolymer
solution as a function of molecular weight, and hence to follow variations
in chemical composition with molecular size. Application of a method de-
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scribed elsewhere also permits the optional calculation of the Mark-Hou-
wink constants of the copolymer as a function of molecular weight.!?

The method is illustrated here with data from analyses of a series of
ethylene-propylene (EPR) and ethylene-propylene-diene (EPDM) polymers.
In this case, the dn/dc values of polyethylene!! and polypropylene!? are so
similar that variations in ethylene/propylene ratios have no significant ef-
fect on the specific refractive index of EPR copolymers. Variations in the
diene content in EPDMs may affect dn/dc, however.

EXPERIMENTAL

All measurements were made in trichlorobenzene (TCB) at 135°C. Poly-
mer solutions contained 0.1% (w/v) of Santonox (4, 4'-thiobis-3-methyl-6-
tert-butyl-phenol) and 0.1% (w/v) of Irgafos D13-168 (2,4-di-tertbutylphenyl
phosphite) to prevent polymer degradation during the analyses. In molecular
weight analyses of polyolefins it is necessary to ensure that the polymer
solutions are free of supermolecular aggregates.l’'?2 For these particular
samples, heating at 135°C for 1.5 hours proved to be sufficient to provide
molecularly dispersed solutions. This was judged by the absence of “spikes”
in the LALLS output.!!

For dn/dc determinations, samples were prepared in concentrations rang-
ing between 1 and 3 mg/mL. Specific refractive index increment values were
measured at 5328 A with a Chromatix KMX-16 laser differential refrac-
tometer and with white light using a Waters DRL

SEC measurements were made using a bank of three 11 mm X 300 mm
PL Gel columns (1 x 103, 2 x 106 A). The eluant flow rate was 1 mL/min.
The eluant from the columns was passed through the cell of a Chromatix
KMX-6 LALLS unit and then split into two streams with a low-volume
connector. One stream passed through the ED and the other was directed
to the DRI The lengths of the tubing sections were adjusted to provide equal
flow through both detectors. The tubing was 0.009 inch inside diameter (ID).
Optimum tube lengths were found to be 72 ¢m to the DRI and 96 cm to the
ED. Negligible time lag was introduced as a result of this arrangement.
The eluant flow rate and tubing diameter were such that the mean flow
time through the additional tubing was less than the interval between signal
accumulations on our interfaced microcomputer. Splitting of the flow did
not result in any noticeable peak broadening or distortion. Flow rates were
monitored continuously with a Molytek thermal pulse flowmeter.

Sample preparation for SEC measurements was the same as for dn/dc
analyses, except that the concentrations for SEC experiments were 2.5—
4.2 mg/mL. An injection volume of 300 pL was used to obtain a good signal
from the LALLS detector. The LALLS was employed with an angle of 6°-
7° and 0.15-mm field stop to minimize background noise.

The temperature in the chamber of the Applied Chromatography Systems
ED was 160°C and the air pressure was 30 psi.

All three detectors and the flowmeter were interfaced with a microcom-
puter. Computations were based on the following equations:

K,'C,' _ i
R—ei = M“ + 2Agc,~ 1)
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where K (optical constant) = 408 x 107 8n2 (dn,/dc,?, with n being the
refractive index of the solvent. For TCB at 135°C with 6328 A wavelength
light n = 1.502. The specific refractive index (dn,/dc,) was measured sep-
arately for each eluting species, as described above. In Eq. (1) R, is the
excess Rayleigh scattering of the solution as compared to the solvent. It is
determined by the LALLS. A, is the second virial coefficient of the polymer
solution. In this case A, was set equal to zero. A, is actually a function of
the molecular weight of the eluting species. Other investigations in this
laboratory have shown that use of a zero A, does not have a significant
effect on the molecular weight measured for commercial polymers.

Also in Eq. (1), M, is the molecular weight of the i-th fraction and c;is its
concentration, as determined from the ED response according to:

. mX,
T VSX,

2)

C;

where m is the total mass injected, X, is the height of the ordinate on the
ED chromatogram at the particular elution volume, and V; is the elution
volume increment.

RESULTS AND DISCUSSION

Although a total of 14 samples were analyzed only 7 had different dn/dc
values. Table I lists the refractive index increments at 6328 A and the DRI
responses in white light (in arbitrary units) for these materials. Also in-
cluded is the percent unsaturation in the various samples. These values
were supplied by the polymer manufacturer. Unsaturation reflects the in-
corporation of unconjugated dienes in EPDMs.

The data in Table I show that in this case the DRI response may be used
to convert the LALLS response to molecular weight with the relation:

dn mL
— = —0.083 (DRI response) { — 3)
de P mV
TABLE I
Refractive Index Increments and DRI Response Factors
dn/dc® DRI response® dn/dc
Percent Mean Mean
Sample unsaturation (mL/mg) SD (mV/mg) SD DRI ratio
2A 0 -0.101 0.002 +1.22 0.01 —-0.083
2D 2.7 —-0.098 0.002 +1.18 0.01 -0.083
2B 3.0 -0.097 0.002 +1.17 0.02 -0.083
2F 4.5 —0.094 0.003 +1.13 0.01 -0.083
1A 6.5 -0.091 0.002 +1.10 0.03 -0.083
2C 9.0 -0.087 0.002 +1.05 0.01 -0.083
2H 11.0 —-0.084 0.003 +(1.01 0.01 —-0.083

2 Chromatix KMX-16 laser differential refractometer with 6328A light; 5 determinations

per sample.
b Waters differential refractometer with white light; 5 determinations per sample.



MOLECULAR WEIGHT DISTRIBUTIONS 4307

The same conversion factor holds for all compositions in this series of co-
polymers.

Table II compares molecular weight averages of the fourteen samples, as
measured by two different methods. The DRI-LALLS results are from con-
ventional LALLS-SEC computations, in which it is assumed that the DRI
measures concentration only (independent of composition) and in which
molecular weight is measured with the LALLS detector, assuming a dn/dc
value measured for the whole sample. The DRI-LALLS-ED data are mea-
sured, as described, by assessing dn/dc for each fraction.

For the majority of these copolymers, no very great error is introduced
by ignoring the effects of compositional drifts with molecular weight. For
copolymers 2F, 2H, and 3A, however, the new method produces substantially
smaller M, values and larger M,’s than the alternative, inaccurate tech-
nique. The reasons for these differences are evident when the dependence
of dn/dc values on molecular weight is examined.

Most of the analyses were repeated several times (especially for samples
2F, 2H, and 3A). The reproducibility of M, and M,, was found to be within
1%, while that of M, was within 3%.

Figure 1 shows dn/dc versus M for EPDM copolymers 2F and 3A, each of
which has 4.5% unsaturation and a bulk dn/dc (at 6328 A) of —0.094 mL/
g. A similar plot is shown in Figure 2, for sample 2H (11.0% unsaturation,
mean dn/dc = —0.084 mL/g). In these three cases, dn/dc decreases with
increasing molecular weight. Since the measured M, is inversely propor-
tional to (dn/dc)?, the lower moments of the molecular weight distribution
will be erroneously high and the higher moments will be lower than the
true values if a constant value of dn/dc is assumed for all species in the
sample.

Samples 2D (2.7% unsaturation) and 1A (6.5% unsaturation) by contrast,
have uniform dn/dc’s with molecular weight. The data points are shown in
Figure 3.

Since the difference between dn/dc values for polyethylene and polypro-
pylene is insignificant, the variations of dn/dc with molecular weight in
samples 2F, 3A, and 2H can be ascribed to increasing unsaturation (i.e.,
diene contents) with increasing molecular weights. Figures 4—6 show the
relations between diene content and molecular weight for these three ma-
terials.

The diene contents were estimated from the measured dn/dc values using
the correlation between percent unsaturation and dn/dc summarized in Table I.
The assumption here is that changes in dn/dc correspond only to variations
in unsaturation and not to changes in ethylene/propylene ratios (since poly-
ethylene and isotactic polypropylene have very similar dn/dc values).

CONCLUSIONS

The DRI-LALLS detector combination or universal calibration procedures
are suitable for the analyses of molecular weight distributions of copolymers,
provided the composition of such materials does not vary with molecular
weight. More generally, however, a third detector is required to measure
concentration independent of copolymer composition or molecular weight.
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Fig. 1. Plot of dn/dc versus M for samples 2F and 3A both of which contain 4.5% unsatu-
ration.
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Fig. 2. Relation between dn/dc and M for polymer 2H (11.0 % unsaturation).

-.100, o o o o 2D
-096)- @ © "
-092F= = A e X Ay A
-088
-084
-080
1 1 1 >
10* 40000 10® 108

MOLECULAR WEIGHT
Fig. 3. Plots of dn/dc versus M for samples 2D (2-7% unsaturation) and 1A (6.5% unsat-
uration).

An evaporative detector (ED) appears to be satisfactory as this third de-
tector. A DRI-LALLS-ED detector system can be used to obtain correct
molecular weight distributions of copolymers, in general.

The change in composition of the polymer with molecular weight can also
be measured. In a binary copolymer this requires that the dn/dc values of
the corresponding homopolymers be sufficiently different. In more complex
copolymers, compositional variations can be determined if the dn/dc changes
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Fig. 4. Diene content (as percent unsaturation) versus molecular weight, for sample 2F.
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Fig. 5. EPDM 3A; diene content versus molecular weight.

with molecular weight can be attributed to variations in the content of only
one of the comonomers.

The LALLS detector measures the molecular weight of species that have
the same hydrodynamic volume. This measurement is valid, in general only
if the species in the detector cell at any instant also all have the same dn/
dc values. Otherwise, Mw can be determined accurately only by light-scat-
tering measurements on solutions in a multiplicity of solvents.!?

The LALLS measurements are believed to be valid with the present EPDM
samples, however, since the diene content is constant or increasing with
increasing molecular weights (Figs. 3—6). The diene monomer is larger than
ethylene or propylene and this means that polymers with the same degree
of polymerization and higher diene contents will be larger. This assures
relative homogeneity of the composition of the detector cell contents (higher
molecular weight polymers will have higher hydrodynamic volumes).

Huang and Barth® showed that the response of the evaporative detector
can be a function of the refractive index of the polymer. The detector sen-
sitivity was also reported not to be linear at low concentrations (of nitro-
cellulose, in this case). The present investigation showed a linear response
with concentration, regardless of the refractive indices of the ethylene-pro-
pylene copolymers. Other studies have produced the same conclusions for
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Fig. 6. EPDM 2H; diene content versus molecular weight.

polyethylenes, polystyrenes, and natural rubber samples in several solvents.
However, we have noticed nonlinear responses for mixtures of polymers
with oils. In that case, low boiling oils may evaporate with the solvent and
the ED may not measure the true concentration.

This research was supported by the Natural Sciences and Engineering Research Council of
Canada.
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