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Synopsis 

By connecting a low-angle laser light scattering photometer (LALLSP) on line with a high-tem- 
perature gel permeation chromatograph (GPC), molecular weight distributions were determined 
for three polyethylene standards (two high density and one low density) without resorting to column 
calibration procedures. In addition, the absolute weight-average molecular weight and second virial 
coefficients of four polyethylene standards (three high density and one low density) were obtained 
using low-angle laser light scattering. The molecular weights measured were in excellent agreement 
with those specified by the National Bureau of Standards, For the low density material, a microgel 
fraction was detected by the on-line LALLSP but not by the conventional GPC detector. This re- 
sulted in a z-average molecular weight of over 3 X 106 daltons, an order of magnitude greater than 
that determined by conventional GPC techniques. 

INTRODUCTION 

Conventional methods of determining the molecular weight distribution of 
polyolefins by gel permeation chromatography14 (GPC) require the calibration 
of the instrument with well characterized standards of low polydispersity. When 
standards of the same composition as the polymers to be analyzed are available, 
then a calibration curve of the logarithm of the molecular weight versus elution 
volume can be used. If the polymers to be analyzed have different compositions 
than the standards, universal calibration  procedure^^^ must be used. Even 
universal calibration can yield erroneous results if the calibrants and standards 
have different degrees of branching or if branching is a function of molecular 
weight. Furthermore, changes in flow rate, temperature, or column character- 
istics can invalidate prior calibrations. 

With the advent of a low-angle laser light scattering photometer (LALLSP), 
it has been demonstrated by Ouano7 and Ouano and Kayes that absolute mo- 
lecular weight distributions can be determined without recourse to calibration 
procedures. However, the Ouano experiments were performed at  room tem- 
perature and not at the elevated temperatures required for the characterization 
of polyolefins. 

In this report we describe a technique for the determination of polyolefin 
molecular weight distributions by operating a LALLSP in conjunction with a 
high-temperature GPC. The stand-alone laser light scattering characterization 
of polyolefins is also described. The latter technique provides the absolute 
weight-average molecular weight and the second virial coefficients of the 
polymer. 
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THEORY 
The quantity of interest in light scattering measurements is the Rayleigh factor 

Re = JeUoV) (1) 
where J e  is the radiant intensity (W/s) scattered at  angle 8 with respect to the 
illuminating beam of irradiance I0 (W/cm2), and V is the scattering volume. 
With the LALLSP used in this study the Rayleigh factor can be calculated 
from 

Re, defined by 

Re = (Ge/Go) (D/c’Z’) (2) 
Where GO and Go are the photomultiplier signals for the scattered and incident 
beam respectively, D is the transmittance of the measuring attenuators employed 
in the determination of Go, c’ is the solid angle over which the scattered light 
is collected, and 1’ is the length of the scattering volume, parallel to the incident 
beam. Since D, d, and I’ are measurable instrument constants, the LALLSP 
gives Re without recourse to arbitrary ~tandards.~-ll 

A t  the low forward scattering angles accessable with the LALLSP and at low 
solute concentration, the Rayleigh factor and the physical characteristics of the 
scattering polymer are related as 

(3) Kc/R~ = l / M w  + 2 A 2 ~  

where 

K=-(-) 2.rr2n2 dn (1 + cos2e) 
X4N dc (4) 

and c is the concentration of the polymer in g/ml, mw is the weight-average 
molecular weight, n is the refractive index of the solution, X is the wavelength 
in vacuo, N is Avogadro’s number, and A2 is the second virial coefficient. The 
differential index of refraction, dnldc, is the change in refractive index of the 
solution as a function of polymer concentration. The quantity Re is the excess 
Rayleigh factor and is given simply by 

= Re-(solution) - Re-(solvent) (5) 
Because of the low-angle capability of the LALLSP, the angular extrapolations 

(Zimm plots) employed in classical (wide-angle) light scattering are not required. 
To calculate Rw, measurements of Re are obtained for a few solutions of different 
c. As given by eq. (3), a simple plot of Kc/%& vs. c yields (mW)-l as the intercept 
and 2A2 as the slope. 

It is the low-angle capability of the LALLSP which also allows it to be used 
as an on-line detector for molecular weights. If the LALLSP is connected in 
series with the GPC columns and a suitable concentration detector (e.g., infrared 
or differential refractometer), then the molecular weight for uniform intervals 
on the elution curve is given by 

Mi = (KcJR0.i - Aici)-l (6) 
where Ai = 2A2,i. The concentration ci may be calculated directly from the 
amplitude xi of the concentration detector, if the detector is calibrated. Gen- 
erally it is more convenient to normalize the detector response as follows: 

ci = mxi/ViZxi (7) 
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where n is the mass injected, Vi is the effluent volume passing through the 
sample cell during the ith interval, and Zxi is the sum of the xi values for all the 
intervals within the peak. 

The virial coefficient term Ai can be obtained from static analysis of the sample 
by determining the slope of a plot of Kc/Ro vs c. For most samples, the average 
value of Ai so obtained from a single analysis of the unfractioned sample can be 
applied to the entire distribution. Although it was not incorporated in this study, 
high-precision measurements on samples with wide distributions require that 
the variation of Ai with molecular weight be ~onsidered.~ 

Once Mi has been calculated at  uniform intervals on the elution curve, the 
molecular weight averages may be calculated in the conventional manner, 
namely, 

Mn = Zci /Z(c i /Mi)  (8) 

MW = Z c i M i / Z ~ i  (9) 

Mz = ZciMi2/ZciMi (10) 

As noted by 0uan0,~  the polydispersity index Mw/Mn obtained by LALLSP/GPC 
analysis will be less than the true value. Due to the finite resolution of the GPC 
column, the Mi values do not represent monodisperse fractions. Instead, since 
the Mi values were determined by light scattering, they are weight-average values 
for the solute mixture eluting at  a given time. Thus, as column resolution de- 
creases, the calculated Mn will approach Mw. Conversely, as the column reso- 
lution increases, the calculated Mn approaches the true value. However, _ -  MW 
remains an absolute quantity. Conventional GPC results yield a M w / M n  ratio 
greater than the true value unless correction for axial dispersion (band broad- 
ening) is applied.12 In a recent study of dextrans, Basedow et al.13 reported that 
LALLSP/GPC provided polydispersity indices within 1.3% of GPC results cor- 
rected for band broadening, while the uncorrected GPC results erred by as much 
as 20%. 

EXPERIMENTAL 

All light scattering measurements were performed with the commercially 
available KMX-6 (Chromatix, Inc., Sunnyvale, Calif.) low-angle laser light 
scattering photometer using the standard high-temperature sample cell. The 
KMX-6 incorporates a He-Ne laser source (A  = 6328 A). For the static mea- 
surement of Mw and A2, polyethylene solutions were prepared on a volumetric 
basis (g/ml) at  135°C in 1,2,4-trichlorobenzene (practical grade J. T. Baker). 
Solutions were then introduced by syringe into the heated (135OC) sample cell. 
Once the cell was purged with a new solution, the flow was stopped and the so- 
lution allowed to thermally equilibrate (less than one minute) before measure- 
ments were made. A complete set of data, such as shown in Figure 1, was ob- 
tained in less than 2l/2 hr. More than 50% of this period was sample preparation 
and dissolution time. 

Although the small scattering volume of the KMX-6 LALLSP significantly 
reduced the sensitivity of the light scattering measurements to particulate 
contamination, improved signal-to-noise conditions were obtained by filtering 
the sample solution between the syringe and the cell. Both the syringe and the 
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SLOPE = 3.79 x rni-rnole/g2 
AP = 1.90 x lo-’ rnl-mole/g2 

INTERCEPT = IIM, = 1.832 x lo-’ rnolelg 
M, = 5.46 x 10‘ glrnole 
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Fig. 1. Kc& vs c plot for static analysis of SRM 1475 in TCB at 135°C. 

filter housing were heated to approximately 145OC. An 0.5 pm Fluoropore 
(Millipore Corp.) filter was utilized. The Fluoropore filter consisted of a Teflon 
membrane on a polyethylene grid. At the specified conditions, the polyethylene 
grid softened over a period of one to several hours. With the grid faced toward 
the syringe the polyethylene eventually clogged the membrane filter. However, 
the polyethylene did not otherwise affect the analysis. (Faced toward the sample 
cell, the degrading grid caused a high particulate noise level.) Repeated mea- 
surements of Re for hot solvent passed through the filter indicated no increase 
due to extracted polyethylene. 

The GPC utilized in the LALLSP/GPC measurements incorporated a high 
thermal mass aluminum oven, a modified Model 6000A (Waters Associates, 
Milford, Mass.) solvent delivery system and a six-loop injection system (Valco, 
Inc., Houston, Tex.) with pneumatically controlled valves built into the oven. 
A modified Miran I (Wilks, S. Newark, Conn.) infrared detector with a 3.41 pm 
narrow bandpass filter was used as the concentration detector. Five Styragel 
columns of porosities lo7, lo5, lo4, lo3, and 60 A were connected in series. The 
solvent was 1,2,4-trichlorobenzene and the operating temperature of the oven 
and the infrared cell was 135°C. 

The LALLSP was mounted on top of the oven and was connected between 
the column and the infrared detector using 0.009-in.-i.d. stainless-steel tubing. 
A low-volume filter cartridge containing a 0.2 pm Fluoropore filter was placed 
between the columns and the LALLSP cell. The polyethylene filter grid was 
extracted by the solvent in a few hours. The cell, filter, and connecting tubing 
were maintained at  135OC. 

For this portion of the study, samples were accurately prepared at  room 
temperature on a w/w basis (0.6 to 1.2% w/w), and the w/v concentration at 135°C 
was then calculated based on the known change in solvent density. The dissolved 
solutions were subsequently loaded into the injection loops and injected under 
programmer control. The analog response data from both detectors were ob- 
tained on a strip chart recorder, together with “pip” marks corresponding to 5 
ml siphon dumps. The analog data were manually digitized and the molecular 
weight averages were calculated with a PDP-1140 minicomputer program. 

Values of the differential index of refraction, clnldc, in TCB were obtained 
with a precision differential refractometer utilizing a laser source (A = 6328 A) 
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TABLE I 
M, and A:! Values for Polyolefins in 1,2,4-Trichlorobenzene a t  135OC 

Sample AP, ml/ga LALLSPb NBSc Ref. 4d 

SRM 1475 (1.90 f 0.10) X 54,600 f 1100 52,500 f 1800 - 
SRM 1483 (1.71 f 0.07) X 32,600 f 700 32,100 f 700 - 
SRM 1484 (1.34 f 0.17) X 118,000 f 3000 119,600 f 2200 - 
SRM 1476 (4.3 f 0.6) X 221.000 f 9000 - 140,000 

a Uncertainties given are standard deviations of the regression coefficients (Az) calculated for 
the data shown in Figures 1-4. 

Uncertainties given are estimated standard deviations based on one measurement on each of 
the solutions indicated in Figures 1-4. Uncertainty introduced in the initial solute concentration 
is included, but uncertainty due to  interpellet variability in SRM 1475 and SRM 1476 is ex- 
cluded. 

Uncertainties given are standard deviations of multiple analyses (precision) as specified by NBS. 
Accuracy error of the conventional light scattering measurements is not included. 

By classical light scattering after Celite column clarification. 

and a digital readout of the angular displacement. This instrument was a pro- 
totype of a commercially available instrument (Model KMX-16, Chromatix, Inc.). 
Multiple measurements were made in solutions of 1 to 5 mg/ml and dn ldc  was 
taken as the value of A n l A c  extrapolated to c = 0. To assess the sensitivity of 
the measurement in various solvents, dn /dc  was also measured in orthodichlo- 
robenzene (ODCB) and a-chloronaphthalene (cu-ClN). 

RESULTS AND DISCUSSION 

The weight-average molecular weights and second virial coefficients of SRM 
1475, SRM 1483, SRM 1484 [all high-density polyethylene (HDPE)], and SRM 
1476 (low-density polyethylene (LDPE)] determined by off-line (static) light 
scattering experiments are given in Table I. The Kc/& vs c plots for the analyses 
are shown in Figures 1 through 4. The dnldc values used in the calculations are 

SLOPE = 3 417 x lo-’ ml-mole/g2 
A? = 1 71 x 

M, = 32,600 glmole 

ml-mole/g2 

INTERCEPT = 3.063 x lo-’ moleig 

Y 

1 .o c 
I..... 1.0 2.0 30 4.0 5.0 

CONCENTRATION. c x lo3. glml 
Fig. 2. Kc& vs c plot for static analysis of SRM 1483 in TCB a t  135°C. 
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Fig. 3. KC/EH vs c plot for static analysis of SRM 1484 in TCB at 135°C. 
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Fig. 4. Kc& vs c plot for static analysis of SRM 1476 in TCB at 135°C. 

among those listed in Table 11. The Mw values determined for the high-density 
standards are in excellent agreement with those obtained by NBS using con- 
ventional light scattering techniques requiring significantly more experimental 
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TABLE I1 
Values of dn/dc for High-Density and Low-Density Polyethylene 

dnldc, ml/g 
Sample Solvent Temperature, "C (A = 6328 A) 

SRM 1475 TCB 135 -0.104 f 0.001 
SRM 1475 ODCB 135 -0.056 f 0.002 
SRM 1476 TCB 135 -0.091 f 0.002 

HDPE a-ClN 145 -0.177 f 0.002 

work. The second virial coefficients for the two narrow standards SRM 1483 
and 1484 show only a slight decrease with increasing molecular weight. The A2 
value for SRM 1475 is higher than expected, possible due to the 
polydispersity of the sample. The presence of considerable low-molecular-weight 
material will increase A2. 

For SRM 1476 (LDPE), the weight-average molecular weight measured with 
the LALLSP was considerably larger than that obtained by Wagner and 
M~Crackin.~ For their measurements the sample was clarified by passing it 
through a Celite column. A sample filtered in this manner would be expected 
to yield a lower due to the removal of some of the high-molecular-weight 
material by the column. Other classical light scattering studies performed 
without such clarification led to considerable curvature in the Zimm plots, which 
is indicative of high-molecular-weight gel.14J5 Polymer particulates in LDPE 
samples have also been identified by electron microscopy.16 Since the LALLSP 
operates at  very low angles, the Zimm plot was linear in the investigated con- 
centration range. Only a simple filtration to remove dust was required to obtain 
a valid Mw for the LDPE sample. However, as seen in Figure 4, the uncertainty 
of the LDPE analysis was greater than for the HDPE analyses. This is thought 
to have resulted from a slight, varying retention of the high-molecular-weight 
fraction, by the sample cell filter, as evidenced by its gradual clogging. 

The raw strip chart results for LALLSPlGPC measurements performed on 
two high-density polyethylene standards (SRM 1484 and SRM 1475) and one 
low-density polyethylene standard (SRM 1476) are shown in Figures 5 to 7. 
Analysis conditions are given in the figure captions. 

The two detector responses (LALLSP and infrared) are similar for the two 
HDPE standards, but very different for the LDPE standard. The first peak in 
the LALLSP chromatogram for SRM 1476 (Fig. 7) occurs without detectable 
infrared response. This indicates trace amounts of very high-molecular-weight 
polymer, corroborating the static results. Due to the high sensitivity of the 
KMX-6 to high-molecular-weight species17 it may be used to detect microgels 
at  concentrations far below the detection limit of the infrared detector. The 
second broad peak is the type of response one would expect if no gel was 
present. 

The number-average, weight-average, and z-average molecular weights were 
calculated from these chromatograms using eqs. (6) through (10). The results 
are given in Table 111. The dn ldc  and A2 values used are those presented in 
Tables I and 11. We did not include molecular weight variations in dnldc or A2. 
Calculations were also performed with the second virial coefficient set equal to 
zero. Only a 2% to 5% error is incurred by neglecting the second term in eq. (6), 
with the resultant molecular weights being lower. Thus for many applications 
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I I I I 
140 160 180 200 

RETENTION VOLUME, ml 

Fig. 5. LALLSP/GPC chromatogram of SRM 1475 in TCB at 135OC. The units on the LALLSP 
response have been converted from GO to & units according to eqs. (2) and (5). Analysis conditions: 
flow rate, 2.138 ml/min; mass injected, 9.2 mg; K = 9.953 X 10-8mole cm2/g2; Go = 717; A2 = 1.9 X 

ml mole/g; RB solvent = 3.52 X cm-I; injection loop, 0.5 ml. 

it may not be necessary to determine A2 before performing LALLSP/GPC 
measurements. 

The LALLSP/GPC results for the two high-density polyethylene standards 
are in excellent agreement with those listed by NBS. The number-average and 
weight-average molecular weights calculated for LDPE (SRM 1476) are also in 
good agreement with those reported by Wagner and M~Crakin .~  The discrep- 
ancy between the LALLSP and the LALLSP/GPC Mw values for SRM 1476 
apparently resulted from the loss of high-molecular-weight polymer on the GPC 
column, as discussed above for the Celite column, and/or the low sensitivity of 
the IR detector to the high-molecular-weight fraction. 

The Mz value for SRM 1476 is an order of magnitude greater than that ob- 
tained by conventional GPC. This results from the very high-molecular-weight 
fraction, which is not detected by the GPC detector, and suggests that many 
z-  average molecular weights for LDPE obtained by conventional GPC techniques 
are probably incorrect. However, the LALLSP/GPC value for mz must be in- 
terpreted qualitatively, due to the high uncertainty in the concentration. For 
example, a second analysis of SRM 1476 led to a Mz value of only 3.6 million 
instead of 12.4 million. The a,, and mw were within 6% of the first run. 
Therefore, only a qualitative value for mz is given in Table 111. 

It should be noted that LALLSP/GPC measurements require strict quanti- 
tative procedures whereas normal GPC runs do not. Both the mass injected (i.e., 
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Fig. 6. LALLSPKPC Chromatogram of SRM 1484 in TCB in 135OC. Analysis conditions: flow 
rate, 1.03 ml/min; mass injected, 3.87 mg; A2 = 1.35 X lo-" ml mole/g; other conditions as in Figure 
5.  

sample concentration and loop volume) and the flow rate must be known accu- 
rately. If data are taken from the strip-chart output, the chart speed must also 
be known. For the feasibility studies carried out here, little effort was made to 
minimize the error in these parameters. Propagation of the estimated uncer- 
tainty in each of these parameters yielded an overall uncertainty in mw of nearly 
lo%, primarily due to uncertainty in the loop volume and paper slippage in the 
recorder. However, with accurate values for the above parameters, the inherent 
uncertainty of a LALLSP/GPC analysis is approximately 2.5% for mw, not in- 
cluding error in the dnldc measurements. 

The techniques reported herein may be readily extended to other polyolefins 
and/or solvents. However, the sensitivity of the light scattering response, and 
thus the precision of the analysis will be highly dependent on the solvent utilized. 
As given by eqs. (3) and (4), the light scattering response is proportional to the 
term ( d n l d ~ ) ~ .  From the data in Table 11, it is seen that light scattering exper- 
iments in TCB will be 3.45 times more sensitive than in ODCB. Similarly, a 
nearly threefold gain in sensitivity over TCB can be obtained by using a-C1N. 
However, a-C1N is not a good infrared solvent at  3.41 pm. Also, some investi- 
gators have reported aggregation of polyethylene in a-ClN,l8Jg while others have 
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I I I I 
130 150 170 190 

RETENTION VOLUME, rnl 

Fig. 7. LALLSP/GPC Chromatogram of SRM 1476 in TCB at 135OC. Analysis conditions: flow 
ml mole/g; other conditions as in Figure rate, 2.138 ml/min; mass injected, 9.28 mg; A2 = 4.26 X 

5. 

refuted this observation.20 ODCB is a good infrared solvent but the low dnldc 
value would require an impractically high concentration for the injected sample. 
Thus, with an infrared detector, TCB is the solvent of choice. When a differ- 
ential refractometer is employed, a-C1N will provide enhanced sensitivity for 
both the light scattering and concentration detectors. 

CONCLUSIONS 

A low-angle laser light scattering photometer has been connected to a high- 
temperature gel permeation chromatograph and the absolute molecular weight 
distribution of polyolefins determined. Excellent agreement with the NBS 
values was found for the number-average and weight-average molecular weights 
of the high-density and low-density standards employed in this study. 

Small amounts of microgel in the LDPE SRM 1476 material caused a signif- 
icant LALLSP detector response and resulted in a very large z -average molecular 
weight. This high molecular weight fraction has not been previously detected 
using conventional GPC analysis due to the very small amounts present. 

Stand-alone low-angle laser light scattering measurements of three high- 
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density polyethylenes yielded weight-average molecular weights in agreement 
with NBS values. A similar analysis of the low-density standard yielded a 
weight-average molecular weight significantly higher than literature data, due 
to presence of microgel that had been removed in the previous study. 

The technical assistance of Philip J. Christ, Wm. E. Coiner, and Richard J. Sweet is gratefully 
acknowledged. 
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