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SYNOPSIS

Low-density polyethylene (LDPE) is the most widely used plastic material in the film-
packaging industry. To improve its tensile strength and elongation, it is blended with linear
LDPE. Three commercial samples of LDPE, which were found to give different performances
in the sealing strength of films prepared from their blends, have been evaluated for their
molecular weight (MW ), molecular weight distribution (MWD), and long-chain branching
by high-temperature size exclusion chromatography (SEC) and SEC coupled with a mul-
tiangle laser light-scattering (MALLS) detector. It has been shown that the differences in
MW and MWD that remain unnoticed by conventional SEC are detected by SEC /MALLS.
Wide MWD and a low weight-average MW of the resin has been found to favor film-sealing

strength. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Size-exclusion chromatography (SEC) separates
molecules according to their hydrodynamic size in
solution.!? Hence, the branched molecular species
of the same molar mass, due to their smaller hydro-
dynamic size as compared to the linear ones, elute
later from a given column under identical conditions
of solvent flow. Molecular weight (MW) and mo-
lecular weight distribution (MWD) data obtained
from conventional SEC, employing universal cali-
bration,? would, therefore, require appropriate cor-
rection for branched molecules. SEC coupled with
a mass-sensitive light-scattering®® or viscometric
detector”® has recently been reported for addressing
such problems.

Low-density polyethylene (LDPE), used exten-
sively in film-packaging applications, is generally
produced in high-pressure reactors. The long- and
short-chain branching, introduced in the polymer
chain during polymerization, affects the physical
properties of the polymer.!*!! Additionally, LDPE
resins are blended with linear LDPE for improve-
ment in their tensile properties. Such blends, due
to incompatibility of either of the resins, sometimes
give rise to inferior end-use or processing perfor-
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mance. Though such problems can generally be cor-
related to the variations in MW and MWD of the
resins, but identification of the real cause becomes
often difficult due to a large number of variables
involved between the manufacturing process and
their processing and performance behavior.

In the present study, three commercial LDPE
resins, which were reported to give different perfor-
mances in respect to the sealing strength of the films
produced from their blend with linear LDPE in a
ratio of 5 : 1, were evaluated for their MW, MWD,
and long-chain branching parameters by SEC and
SEC coupled with a multiangle laser light-scattering
(MALLS) detector. MW data obtained using three
different sets of SEC columns and those obtained
from SEC/MALLS were compared. The perfor-
mance of LDPE resins was evaluated in terms of
their branching distribution and MW data.

METHODS

The branching parameters g and g’ are defined by
egs. (1) and (2)*2:

g = (s u/(s*) (1)

g = [nl/[nl, (2)
1557
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where quantities for branched (b) and linear ({)
species are taken at the same MW, (s} is the root
mean-square radius of gyration, and [n] is the in-
trinsic viscosity. The parameters g and g’ were em-
pirically correlated by the equation of the form g’
= g*, where k is a constant depending on the polymer
and having values ranging between 0.5 and 1.5,%1°
the value for present work being 0.75.!* It was shown
from the principles of universal calibration? that the
following relationship exists between the MW of the
branched and linear polymers (M;and M,) at a given
retention volume1%16;

,_ (M
g~(Mb) =g (3)

A MALLS detector,'” coupled with SEC, mea-
sures the scattering intensity of the eluting polymer
species as an excess Rayleigh ratio!® at different re-
tention volumes using photodiodes placed around
the sample cell in a circular geometry, the scattering
angle depending on the refractive index of the sol-
vent. The intercept of a Debye plot, 13! constructed
from a reduced Rayleigh ratio as a function of the
scattering angle, allows computation of M, for a
given slice, provided that the differential refractive
index increment (dn/dc) and second virial coeffi-
cient (A,) for the polymer sample and solvent sys-
tem are known. The values of these constants for
the present work were2*?! (dn/dc) = (—) 0.091 mL/
g and A, = 4.20 X 10™* mL mol/g?. The corre-
sponding M, values, at the same retention volume
as that of M,, are obtained from a universal cali-
bration curve. The values of Mark-Houwink con-
stants K and « for linear polyethylene?? were 5.96
X 107* dL/g and 0.69, respectively, and for poly-
styrene, the same as those used for the SEC work
reported below. The weight-average number of
branch points per molecule (B,,) for a wide polydis-
persity polymer having trifunctional branch points
with a random distribution are calculated from var-
ious values of g, using eq. (3) and subsequently em-
ploying the Zimm-Stockmayer equation.!? The
weight-average number of long-chain branches per
1000 carbon atoms for the ith slice are given by?

LCB/1000C = (B,;/M,;;) X 14,000 (4)

EXPERIMENTAL

Materials

Narrow dispersity polystyrene standards for SEC
column calibration were obtained from Polymer

Laboratories, U.K., and the Waters Division of Mil-
lipore, USA. The three samples, designated as #1,
#2, and #3, were commercially available LDPE resins
produced by a high-pressure tubular reactor process
having an MFI of 0.5-0.6. The density of these sam-
ples was obtained at 23 + 0.1°C using a six-column
density measuring apparatus (Davenport London
Ltd., England), whereas crystalline melting point
data were determined by a differential scanning cal-
orimeter (Mettler Instruments, Switzerland).

SEC Equipment and Conditions

A Waters Model 150 C ALC/GPC liquid chro-
matograph connected to an additional 25 mm high-
pressure SS filter holder with 0.1 um Millipore filter
and a pulse dampener (Alltech Associates, U.S.A.)
was used. To select a suitable column set for the
samples to be analyzed by SEC and a corresponding
range of PS standards, three different sets of Ul-
trastyragel columns (Waters Division of Millipore),
viz., 500, 103, and 10* (Set A); 103, 10%, and 10°
(Set B); and 10%, 10°, and 10° (Set C), were eval-
uated. These column sets are referred to as “A,”
“B,” and “C,” respectively, hereafter. A flow rate of
0.8 mL/min and a temperature of 140°C was used
throughout this work. The values of Mark-Houwink
constants K and «, used for the SEC work, taken
from the literature were for polystyrene? 1.21 X 10
dL /g and 0.707 and for polyethylene? 4.01 X 10~*
dL /g and 0.726, respectively.

Sample Preparation

Polystyrene standards (0.2% w/v) were dissolved
in 1,2,4-trichlorobenzene (TCB) (Merck, Germany)
and filtered at ambient temperature through a 0.45
um Millipore filter (Millipore Corp., Bedford, MA,
USA). The solutions were heated to 140°C for 20
min in the injector compartment of 150C before in-
jection. Polyethylene samples (0.2% w/v) in TCB
were kept in an oven at 140°C for 18-20 h for dis-
solution and allowed to stand for 1 h in the injector
compartment of 150C before injection. Irganox 1076,
0.2% (w/v) (Ciba-Geigy, Switzerland), was added
to the mobile phase and TCB, used for dissolving
the polymers, for preventing thermal degradation
during dissolution and analysis.

MALLS Detector

A MALLS detector, Model DAWN-F ( Wyatt Tech-
nology Corp., Santa Barbara, CA) was connected to
the GPC 150C, as described by Jackson et al.?®
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Figure 1 Elution behavior of polystyrene standards from different columns “A,” 500,
103, and 10*; “B,” 10?, 10*; and 10%; and “C,” 10, 10°, and 10°.

RESULTS AND DISCUSSION

The elution behavior of narrow MWD polystyrene
standards, from “A,” “B,” and “C,” is shown in Fig-
ure 1. It is observed that “B’’ has a better linearity
as compared to the other two-column sets. However,
for polyethylene analysis by SEC, both “B” and “C”
were used, whereas for SEC/MALLS data collec-
tion, only “B” was employed. The polyethylene cal-
ibration equation for a column set used for the SEC
work was obtained by transformation of the poly-
styrene peak MW-retention volume data using the
principles of universal calibration and subsequent
regression analysis on a computer.

The weight- and number-average MW data for
the three resins determined from SEC are given in
Table I. The data obtained from “B” and “C” show
minor variation, which is considered to be due to
the difference in the elution characteristics of the
two-column sets. The three samples, as evaluated
by SEC, however, do not show any significant dif-
ference that can reflect on film-sealing strength. The
MW averages determined by SEC/MALLS are
substantially higher as compared to SEC (Table I),

samples #2 and #3 showing more variation as com-
pared to #1. Grinshpun et al.>’ pointed out that such
discrepancies in the results obtained from SEC and
SEC coupled with a low-angle laser light-scattering
detector may be due to high MW species remaining
undetected by the refractive index detector used in
the SEC analysis.

To investigate the dependence of the refractive
index and the MALLS detector response on the MW
of the eluting species, cumulative MWD, calculated
from the data obtained from both, was plotted for
sample #1 (Fig. 2). It can be seen that the data
obtained by SEC /MALLS is higher than those ob-
tained by SEC for the entire weight fraction range,
the difference, however, narrowing down in the
middle region. Another significant observation is
that the detectability of SEC/MALLS in the low
MW region is poor and the fraction detected by SEC
in the high MW region is less as compared to SEC/
MALLS. Such curves in respect of samples #2 and
#3 are expected to be farther apart from each other
due to a larger variation in their MW average values.
It is observed that the reason for the difference in
the data obtained by the two techniques is due to
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Table 1 Molecular Weight Data from SEC and SEC/MALLS

Method Column MW Data Sample #1 Sample #2 Sample #3

SEC/MALLS “B” M, X 107 13.20 20.17 19.47
M, X 107 02.45 04.98 05.01

M,/M, 05.39 04.05 03.89

SEC “B” M, X 10™* 10.02 10.16 09.79
M, X 107* 02.38 02.75 02.88

M,/M, 04.21 03.70 03.40

SEC “c” M, X 107* 10.14 09.79 09.96
M, X 107* 02.13 02.27 02.29

M,/ M, 04.76 04.31 04.35

“B” = Ultrastyragel column set 10°, 10*, and 10°. “C” = Ultrastyragel column set 10%, 10°, and 10°. M = Weight-average molecular
weight. M = Number-average molecular weight.

the presence of long-chain branching, which is dis- polyethylene resins as they have been used to eval-
cussed below. uate similar samples. But they do not appear to be
The Mark-Houwink constants used for the SEC applicable here and, hence, contribute to the present
work were considered to be applicable to branched variation. The fractionation of these resins or other
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Figure 2 Cumulative MWD of resin #1: () SEC; (O) SEC/MALLS.



HIGH-TEMPERATURE SEC 1561

20

LCB/1000C

LOG MW

Figure 3 Branching distribution of polyethylene: ([J) resin #1; (X) resin #2; (O) resin #3.

means for determining these constants was consid-
ered to be out of the scope of the present work and,
hence, no attempt was made for their determination.
The films produced from blends by adding 20% lin-
ear LDPE (MFI 1.0 g/10 min) to the samples in-
vestigated in the present study were reported to be-
have differently in their sealability. The films are
sealed at temperatures ranging from 115 to 120°C.
Resin #1 (MFI 0.5 g/10 min) had no sealing prob-
lem, whereas #2 and #3 (MFI 0.6 g/10 min) were
reported to have poor sealing and a narrow heat-
sealing range. Since an equal amount of linear LDPE
was blended with the three resins, its effect on seal-
ing strength was considered to be a common factor
and evaluation of its MW was considered to provide
any additional information. The density of these
samples was found to be 0.920, 0.923, and 0.923 g/
cc, respectively, whereas the crystalline melting
points were 109, 111, and 111°C in the same order.
The difference in physical properties of these resins

is considered to be minor, having a negligible effect
on the film-sealing strength. It is noted that the MW
data obtained in the present work are in accordance
with the physical characteristics.

The branching distribution of LDPE resins is
known to influence the viscoelastic properties of the
melt. With a view to have its impact known, the
branching distribution for the three resins was de-
termined assuming a random trifunctional branch-
ing distribution (Fig. 3). It is observed that the
branching frequency increases progressively for #2
and #3 with decreasing weight-average MW, which
is in line with the results reported in the literature.?®
Sample #1 has been found to have < 1 branch per
1000 carbon atoms and this appears to be the reason
for less variation in its MW data obtained by the
two techniques. A higher branching frequency is ex-
pected to give better sealing strength due to more
entanglement. The criticality of branch length for
its effect on sealing is not known as the present setup
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does not have facilities for such calculations. It is
also not known as to how the branching geometry,
viz., comb, treelike, or star, would affect the sealing
characteristics. Since all the resins evaluated for the
present work were produced by the tubular reactor
process, they are expected to have a comblike
branching structure.?

It is concluded that, under the present conditions,
a low value of weight-average MW and wider MWD
help in the proper sealing of the film produced from
resin #1, which has similar physical characteristics
as those of #2 and #3. High MW and narrow MWD
of #2 and #3, as obtained by SEC/MALLS, are ex-
pected to have a narrow heat-sealing range and a
higher sealing temperature, which is in accordance
with their reported behavior.

The encouragement, guidance, and permission for publi-
cation of this work by Dr. 1. S. Bhardwaj, Director, IPCL
Research Center, are gratefully acknowledged. The author
is also thankful to Drs. A. B. Mathur and S. K. Mehta for
helpful discussions and to Mr. G. M. Mehta for carrying
out a part of the experimental work.

REFERENCES

1. H. Benoit, Z. Grubisic, P. Rempp, D. Decker, and
d. G. Zillox, J. Chim. Phys., 63, 1507 (1966).

2. Z. Grubisic, P. Rempp, and H. Benoit, J. Polym. Sci.
B, 5, 753 (1967).

3. D. E. Axelson and W. C. Knapp, J. Appl. Polym. Sci.,
25, 119 (1980).

4. K. Sommermeyer, F. Cach, E. Pfitzer, and K. Robler,
Chromatographia, 33, 151 (1992).

5. J. Billiani and K. Lederer, J. Lig. Chromatogr., 13,
3013 (1990).

6. J. S. Lindner and S. S. Huang, in Modern Methods of
Polymer Characterization, H. G. Barth and J. W.
Mays, Eds., Wiley, New York, 1991, Chap. 9, p. 313.

. M. A. Haney, J. Appl. Polym. Sci., 30, 3023 (1985).

. A. C.Ouano, J. Appl. Polym. Sci. A-1, 10, 2167 (1972).

® =3

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. D. Lecacheux, J. Lesec, and C. Quivoron, J. Appl.

Polym. Sci., 27, 4867 (1982).

J. W. Mays and N. Hadjichristidis, J. Appl. Polym.
Sci., 51, 55 (1992).

P. A. Small, in Advances in Polymer Science, H.-J.
Cantow et al., Eds., Spriger-Verlag, Berlin, Heidelberg,
1975, Vol. 18, p. 16.

B. H. Zimm and W. H. Stockmayer, J. Chem. Phys.,
17, 1301 (1949).

M. Kurata and M. Fakatsu, J. Chem. Phys., 41, 2934
(1964).

G. N. Foster, T. B. Mac Rury, and A. E. Hamielec, in
Liquid Chromatography of Polymers and Related Ma-
terials II, J. Cazes and X. Delamare, Eds., Marcel
Dekker, New York, 1980, Vol. 13, p. 143.

G. C. Berry, J. Polym. Sci. A-2, 9, 687 (1971).

V. Grinshpun, A. Rudin, and D. Potter, Polym. Bull.,
13, 71 (1985).

P.J. Wyatt, Am. Lab., 20, 86 (1988); 20, 108 (1988).
B. H. Zimm, J. Chem. Phys., 16, 1093 (1948).

P. Debye, J. Phys. Coll. Chem., 51, 18 (1947).
LDC/Milton Roy Technical Note, LS 7, LDC Milton
Roy, Riviera Beach, FL, USA, 1985.

Chromatix, KMX-6 Application Note, LS 3, Chro-
matix, Sunnyvale, CA, USA, 1978.

A. Ram and J. Miltz, J. Appl. Polym. Sci., 35, 2639
(1971).

B. L. Neff and J. R. Overton, Am. Chem. Soc. Polym.
Prepr., 23, 130 (1982).

R. Lew, D. Suwanda, and S. T. Balke, J. Appl. Polym.
Sci., 35, 1049 (1988).

A report from Waters Division of Millipore, Milford,
MA, USA.

C. Jackson, L. M. Nilsson, and P. J. Wyatt, J. Appl.
Polym. Sci. Appl. Polym. Symp., 45, 191 (1990).

V. Grinshpun, K. F. O’'Driscoll, and A. Rudin, J. Appl.
Polym. Sci., 29, 1071 (1984).

A. Rudin, V. Grinshpun, and K. F. O’'Driscoll, J. Lig.
Chromatogr., 7, 1809 (1984 ).

R. Kuhn and E. H. Kromer, Colloid Polym. Sci., 260,
1083 (1982).

Received September 13, 1993
Accepted March 1, 1994





