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Synopsis 

Samples of industrial high-density polyethylenes (Liten Macro, Liten FB 29, and Hostalen GM 
9255 F) were divided into fractions by precipitation fractionation. The original samples and their 
fractions were characterized by light scattering, GPC, and viscometry. For all samples the molecular 
weight distribution is of logarithmic-normal type. High-density polyethylenes under investigation 
contain also high-molecular-weight fractions of pronouncedly branched structure, the content of 
branched molecules being, of course, considerably smaller than that in low-density polyethy- 
lenes. 

INTRODUCTION 

Knowledge of the molecular structure of polyethylene (PE) is necessary for 
understanding the properties of this polymer, both at  the molecular level and 
with respect to processing and appl i~at ion.~-~ In the first approximation 
properties of the individual macromolecules depend on their molecular weight 
and structure (here, e.g., chain branching). Similarly, for a polymer which is 
an assembly of macromolecules, its properties depend on the distribution of 
molecular weights (MWD) and structures; the two distributions may be inter- 
dependent. A polymer is well characterized, if these distributions are known; 
in practice, however, one mostly has to content oneself with more modest in- 
formation, e.g., with the knowledge of moments of the distribution functions- 
number, weight, and sometimes z-average molecular weight-and with variously 
defined parameters of branching. 

The most extensive information on a PE sample may be obtained by its frac- 
tionation followed by the characterization of fractions. Fractionation may be 
carried out using differences in the phase separation behavior of macromolecules 
differing in molecular weight and structure (precipitation fractionation or 
fractional dissolution), their different ability to crystallize from solution (frac- 
tional crystallization), or the polymer can be fractionated chromatographically 
or by other methods. The fractionated polymer is then analyzed after isolation 
of the individual fractions or continuously. Methods fractionating the polymer 
either according to molecular weight or to the degree of branching would be de- 
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sirable; in practice, however, fractionation is always affected by both factors, 
although to a different extent. 

In particular light scattering, gel permeation chromatography (GPC), os- 
mometry, and viscometry are used for the molecular characterization of PE, 
though some other methods may also be employed (e.g., sedimentation analysis, 
NMR, and the like). 

Of some recent methods utilized in the description of the molecular structure 
of PE, that combining a gel permeation chromatograph (separation method) with 
a detector based on measurement of the intensity of scattered light4 (analytical 
method) may be mentioned. Another interesting approach is the “cross frac- 
t i~na t ion”~ consisting in a gradual dissolution of PE with increasing temperature 
(the fractionation method based on differences in the ability of variously 
branched macromolecules to crystallize) with subsequent characterization of 
the eluent by GPC (used in this case as a combination of fractionation and ana- 
lytical method). 

Isolation of PE fractions followed by their analysis is more common, though 
a t  the same time more labor-consuming. The best fractions with a relatively 
narrow MWD may be obtained by preparative GPC.6,7 However, satisfactory 
results may also be achieved by other carefully performed fractionation proce- 
dures (e.g., by precipitation fractionation). 

In this study, light scatterings,9 and viscometrylO were used along with GPC 
for the description of PE fractions prepared by precipitation fractionation. The 
aim consisted of comparing the MWD and the extent of branching for three in- 
dustrial samples of high-density polyethylene of various molecular weights, 
prepared by different technologies. 

EXPERIMENTAL 

Polymers 

The following industrial high-density polyethylene (HDPE) samples were used 
in the investigation of molecular weight distribution and branching: 

(a) Liten Macro, a reference sample already investigated in greater detai1,g 
whose further characterization was regarded as desirable; according to the pro- 
ducer’s data (Chemopetrol, CSSP Chemical Works, Litvinov, Czechoslovakia), 
it is an injection-molding type of linear PE, Liten MB 62, with a narrow 
MWD. 

(b) Liten FB 29, a foil type of HDPE of the same origin, containing a small 
quantity of butene comonomer; this is a polymer with broad MWD. Both 
polymers are manufactured with the Union Carbide type catalytic system. 

(c) Hostalen GM 9255 F, a foil type of linear HDPE produced with Ziegler 
catalytic system and distributed by Hoechst AG, West Germany. 

The samples were chosen so as to comprise the largest possible range of mo- 
lecular weights. 

Fractionation 

The solvent system used in precipitation fractionation consisted of commercial 
reagent grade quality xylene and ethylcellosolve (ECS, 2-ethoxyethanol). The 
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LITEN MACRO 

Fig. 1. Fractionation scheme of Liten Macro. 

system was chosen because of the approximately identical boiling point of both 
components (137-138°C). Its use has also been often reported in the litera- 
ture.11-15 

Some 20-g PE granules dissolved in xylene at  128OC (0.1 wt  % of stabilizer 
Irganox 1010) were introduced into a 2-L fractionation flask. After that, ECS 
was added until a slight but constant turbidity appeared, the temperature was 
raised until the solution became clear and then decreased again to the original 
value. The system was left at  rest until phase separation was reached (8-24 h). 
The whole system was kept under a slight overpressure of nitrogen in order to 
avoid oxidative processes during long-term heating. The diluted (lower) phase 
was pumped over into the other vessel, the polymer rich (upper) phase was dis- 
solved in xylene, and the fractionation was repeated until polymer fractions 
weighing less than about 2 g were obtained. 

From here onwards, the polymer present in the more concentrated phase is 
referred to as the P (precipitated) fraction, and that from the dilute phase is 
denoted as the S (soluble) fraction. If the resulting fraction is denoted as, e.g., 
SSP it means that the fraction was isolated after threefold phase separation, when 
in the first and second separation the dilute (S) phase was each time separated 
and subjected to further treatment, while in the third phase separation it was 
the concentrated phase (P). An example of a fractionation scheme is given in 
Figure 1. 

The fractions were isolated by precipitating the polymer into excess of 
methanol; the concentrated phase was diluted with xylene prior to the precipi- 
tation. The fine polymeric precipitate was decanted with methanol, quantita- 
tively separated by filtration and dried a t  60°C in uucuo. The sum of weights 
of the fractions was 96-101 wt % of the original polymers. 

Light Scattering and Viscometry 

All light scattering measurements were carried out in diphenylmethane at  
142OC (&solvent for PE16) with a FICA 50 apparatus in the unpolarized primary 
beam of the wavelength 546 nm. The refractive index increments.9 was taken 
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as -0.125 cm3/g. More detailed data on the light scattering technique are given 
el~ewhere.~ 

The intrinsic viscosities were determined in 1,2,4-trichlorobenzene at  13OOC 
by a method described earlier.1° 

Gel Permeation Chromatography 

The GPC analyses were performed with a Waters GPC Model 200 apparatus 
a t  135OC with o-dichlorobenzene as solvent. A system of columns packed with 
Styragel was calibrated with polystyrene standards (M,  up to 2.7 X lo6) having 
a narrow MWD and supplied by Waters. The samples were injected as 1/16% 
(w/w) solutions. The average molecular weights of PE samples were calculated 
using the Benoit universal calibration and constants of the Mark-Houwink 
equation reported by Ogawa and Inaba.l7 In the analysis of a standard HDPE 
sample (SRM 1475), these constants provided good agreement with data reported 
by the (U.S.) National Bureau of Standards.18 The results were corrected for 
sample spreading in the column by means of a simple method suggested by 
Hamielec and Ray.lg Hydrodynamic volumes of all PE fractions were within 
the range of the universal calibration dependence. 

RESULTS AND DISCUSSION 

Molecular Weight Distribution 

In the characterization of fractions by light scattering, difficulties arose in the 
case of fractions which in the last step were isolated from the dilute phase (the 
last letter in the designation of the fractions is S). Virtually all fractions of this 
type contained a small amount of high-molecular-weight particles which was 
reflected in a curvature of the radiation envelopes of scattered light in the range 
of low angles. This effect was most pronounced for samples with low molecular 
weight. The molecular weight determination of fractions where isolation from 
the concentrated phase was the last step did not involve any difficulties. For 
this reason, we attempted to minimize the number of fractions of the type S by 
adjusting the fractionation scheme. Furthermore, most fractions of this type 
were formally transformed into fractions of the type P by dissolving them in a 
small amount of xylene and adding ECS in large excess. The fractions thus 
adjusted could be characterized by light scattering without difficulty. 

The results of fractionation of all three PE samples have been summarized 
in Table I. The following calculation of the MWD was based on the weight- 
average molecular weights M ,  obtained by light scattering, because the M, 
values obtained from GPC may be affected by branching. The data concerning 
the width of MWD, viz., the polydispersity index M,/M,, may also be affected 
by branching, but to a much smaller extent,20 and the potential effect of 
branching on this index was therefore ignored. Summarily, the discussion of 
the results may be presented in the following points: 

(1) The MWD of polyethylene often satisfies the logarithmic-normal (Wes- 
slau) distribution2I 
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Fig. 2. Wesslau’s test for the applicability of the logarithmic-normal molecular weight distribution. 
W(M) is the integral MWD function, u is the parameter of the integral distribution function F ( u )  
of normal distribution N(0.1). Fractions of Liten Macro (O), Liten FB 29 (a), and Hostalen GM 
9255 F (0) .  

with the parameters P and Mo related to the average molecular weight values 
M ,  and M,, by 

If the molecular weight of PE chains obeys this distribution the logarithm of 
molecular weight has a normal (Gaussian) distribution. The Wesslau plotz1 of 
the integral MWD function W ( M ) ,  as a function of the logarithm of molecular 
weight, is then linear. In such a plot the scale on the y-axis is nonlinear and 
determined by the tabulated integral distribution function of the normal 
(Gaussian) distribution, F(u) ,  of the parameter u. For all the three PE samples 
the dependences of the Wesslau plot may be regarded as linear within the limits 
of experimental error (Fig. 2). Hence, the weight MWD functions of the samples 
under investigation may be considered to be logarithmic-normal.21 

(2) The width of MWD of the samples under investigation increases somewhat 
with increasing average molecular weight M ,  (Fig. 2), but this finding cannot 
be regarded as generally valid. 

(3) Molecular weight of the polymer obtained as a weighed sum of molecular 
weights of the individual fractions is lower in all three cases than that of the 
unfractionated sample: for Liten Macro by 11%, for Liten FB 29 by 38%, and 
for Hostalen GM 9255 F by 45%. The intrinsic viscosity calculated similarly from 
fractionation data is also lower compared with that of the initial samples, by 7%, 
1096, and 14%, respectively. This fact is reflected in a displacement of the MWD 
determined from fractionation data [Fig. 3(-)] toward lower molecular weights 
compared with the MWD calculated for the unfractionated polymer (- - -) from 
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3 

1.0 

W W  

0.5 

0 
3 L 5 6 

log H 

(b) 
Fig. 3. Integral weight distribution function W ( M )  of molecular weights M of PE samples under 

investigation: (a) Liten Macro, (b) Liten FB 29, and (c) Hostalen GM 9255 F. (- - -) Logarith- 
mic-normal MWD of the unfractionated polymer: The distribution parameters were determined 
from molecular weights M ,  obtained by light scattering and from the polydispersity index M,/M,, 
obtained by GPC. (-) MWD derived from the weighed sum of distribution functions of the indi- 
vidual fractions: The MWD is assumed to be logarithmic-normal also for the fractions. The pa- 
rameters of these distributions were calculated from the known molecular weight M ,  obtained by 
light scattering and from the polydispersity index M J M ,  of the individual fractions determined 
by GPC. The points correspond to the individual fractions; the coordinate W ( M i )  = Ziwi is the 
sum of weight fractions of the ith fraction and of all fractions with lower molecular weight. 
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W IH)  

0.5 
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Fig. 3 (Continued from the previous page.) 

M, and M,, assuming the Wesslau distribution. In particular, the high-mo- 
lecular-weight parts of the curves are displaced with respect to each other. 
Differences in the low-molecular-weight parts of integral distribution functions 
are probably due to a considerable experimental error involved in the molecular 
weight determination of low-molecular-weight fractions. The contribution of 
these fractions to the weighed sum which determines the overall weight-average 
molecular weight is small and the calculated molecular weight value M, is only 
little affected by them. The likely explanation is that during the fractionation 
PE undergoes partial degradation in spite of measures which should impede it 
(presence of antioxidant, inert atmosphere). This is also indicated by the greater 
decrease in molecular weight of samples with higher molecular weight. Imperfect 
drying of fractions which would be reflected similarly does not seem likely. 
(4) With most high-molecular-weight fractions, a discrepancy has been ob- 

served between the molecular weight M, determined by light scattering and by 
GPC; values provided by the latter were systematically lower, especially for 
Hostalen Ghl9255 F. This could be explained by, e.g., the presence of microgel 
in the fractions, which would considerably affect M ,  determined by light scat- 
tering in the direction of higher values, while the GPC results in the presence 
of the microgel would remain virtually unaffected. The scattering data (Fig. 
4), however, do not suggest the presence of the microgel in the absolute majority 
of cases (cf. also the discussion of the problem of S fractions). This is why we 
adopted a view that the high-molecular PE fractions are. partly branched, al- 
though this possibility is usually disregarded in papers with HDPE. The hy- 
pothesis has been examined in greater detail. 

Branching of PE Samples 
More complete and conclusive information on the branching of PE macro- 

molecules may be obtained by the determination of intrinsic viscosity of PE 
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1.5 

1.0 

-1 0 1 

Fig. 4. The Zimm plot for the fraction PPPPPP of Hostalen GM 9255 F; diphenylmethane, 
142°C. 

fractions. The extent of branching can be quantitatively characterized by the 
ratio 

(3) 
where [v] is the intrinsic viscosity of the fraction under investigation and [allin 
is the intrinsic viscosity of linear PE of the same viscosity-average molecular 
weight Mu. Since the hydrodynamic volume of branched macromolecules is 
lower than that of linear macromolecules with the same molecular weight, the 
viscosity of the former is also lower than the intrinsic viscosity of the corre- 
sponding linear sample. 

For linear PE, Wagner and HoeveZ2 give a relation between the intrinsic vis- 
cosity determined in 1,2,4-trichlorobenzene at  13OOC and the viscosity average 
molecular weight as 

(4) 

where K and a are constants of the Mark-Houwink equation. This relation is 
in good agreement with data of other authors as ensues from a comparison carried 
out by Scheinek23 On the other hand, a number of variants of this equation 
with different K and a values may be found in the literature, which renders the 
interpretation and comparison of data by various authors somewhat question- 
able.24*25 

The viscosity average molecular weights Mu were calculated from the 
weight-average molecular weight values M ,  and from the known value of MJM,  
using the relation26 

gq = [ ~ l / [ ~ l ~ i n  Q 1 

[v]lin = KME = 3.92 X lov4 M0,.725 (dL/g) 

Mu = M,(Mw/Mn)(~-1)’2 (5) 

which holds for the logarithmic-normal MWD. Since the polydispersity of most 
fractions is relatively low, the differences between Mu and M ,  are not large. In 
the logarithmic plot of measured intrinsic viscosity vs. the viscosity average 
molecular weight Mu calculated from eq. (5), the presence of branching is re- 
flected in a deviation of experimental data from the dependence corresponding 
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0. I 

log [?I 

0 

I 1 

0 .. 0 

Fig. 5. Intrinsic viscosity [q] as a function of the viscosity-average molecular weight M ,  of PE 
fractions; 1,2,4-trichlorobenzene, 130'C: (0) Liten Macro; (0 )  Liten FB 29; (0 )  Hostalen GM 9255 
F. The straight line represents linear PE according to eq. (4). 

to linear macromolecules (Fig. 5). From this figure, and from a more graphic 
presentation of the dependence of the branching index g, on molecular weight 
(Fig. 6), the following conclusions may be drawn: 

(1) Fractions of Liten Macro are virtually linear; the high-molecular-weight 
fractions of Liten FB29 and Hostalen GM 9255 F are partly branched. 

(2) The commencing indication of branching of the latter polymers can be 
observed already from the molecular weight of fractions above 5 X lo4. The 
branching of higher-molecular-weight fractions (above about 1 X lo5) cannot 
be neglected. The extent of branching in the range of high molecular weights 
is comparable with the branching observed in some cases with fractions of 
branched low-density PE having a comparable molecular weight27 (e.g., SRM 
1476), but the degree of branching of other low-density PE is much 
higher.28,29 

In the literature, the branching index g, is often interpreted7*23927,30-35 (in our 
view, not quite justifiably) in terms of the average number of trifunctional 
branching sites, n,, in macromolecules of the given molecular weight or of 
branching frequency, A, = n,/M,. For the trifunctional statistical branching 
in a polydisperse system, Stockmayer and Zimm36 have derived a relation be- 
tween the number of branching sites, n,, and the branching index g, in the im- 
plicit form 

The index g is defined by the ratio of the mean square radius of gyration of a 
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Fig. 6. The branching indexg, as a function of the viscosity-average molecular weight Mu of PE 
fractions. Symbols are as denoted in Figure 5. 

branched macromolecule to the mean square radius of gyration of a linear 
macromolecule of the same molecular weight, i.e.,g = (r2)/(r2)s,. The relation 
between the g and g, introduced by eq. (3) is given in a general form 

where the exponent (T varies for various models between 0.5 (starlike polymers37) 
and 1.5 (comblike polymers38). By evaluating experimental light scattering and 
viscometric data, Casper et obtained (T = 1.2 f 0.2 for branched PE, even 
though for branched polymers of other types a lower value is usually reported 
(about 0.8).39 For PE, also some other values of the exponent (T have been ob- 
tained,27*35 which, however, mostly lie in the interval determined by Casper et 
al.30 The g index is virtually independent of the thermodynamic quality of the 

Mechanical application of eqs. (5)-(7) with (T = 1.2 to our case yields the result 
shown in Figure 7, which is just another qualitative presentation of data from 
Figures 5 and 6. Here, too, it is found that the low-molecular-weight fractions 
are not branched (points corresponding to linear fractions for which n, = 0 are 
not given in Fig. 7); the number of branches in high-molecular-weight fractions 
increases with increasing molecular weight. On a relative scale, the extent of 
long-chain branching is not large compared with the usual low-density PE. In 
high-molecular-weight fractions there is about one branching site per 10,000 
carbon atoms in the chain, while their numbers found by, e.g., NMR in LDPE 
are higher by a t  least 1 order of magnitude.40 

For some branched low-density PE the number of branching sites has some- 
times been observed to be proportional to molecular weight, i.e., A, is constant 
within the limits of experimental error,7J4,23*41 though different for different 
types of PE; for other types, A, has been found to depend on molecular 
~eight.~J~y3~?33,35 Deviations in the production process of PE may markedly 
change the character of dependence of n, or A, on molecular  eight.^^,^^ 
Conclusions regarding the varying or constant character of these parameters 
modify also in those cases where the measurements are performed with the same 

g, = g" (7) 

which facilitates the application of eq. (6). 
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Fig. 7. Average number of branching sites in PE chains n, as a function of the weight-average 

molecular weight Mu. Symbols are as denoted in Figure 5. Fractions for which n, = 0 are not shown 
in the figure. 

sample by different a ~ t h o r s . ~ ~ > ~ l  The parameters A, calculated from our data 
are subjected to considerable scatter, so that no unambiguous view can be 
adopted in this case. It should be pointed out, moreover, that data regarding 
the number of long branches should be considered a mere qualitative estimate 
of the trend of this dependence. Models differing from those on which eqs. (6) 
and (7) are based give estimates of the number of long-chain branches differing 
by as much as an order of magnitude. Similarly, A, is very ~ensit ive3~ to the 
choice of the parameter (r. 

It should be noted that, due to the observed degradation of the samples during 
fractionation, the simultaneous involvement of branching mechanism cannot, 
in principle, be ruled out. Since, however, the branching indices g, of unfrac- 
tionated samples are considerably lower than unity (Table I), we conclude that 
the observed branching of high-molecular-weight fractions reflects and at  least 
qualitatively characterizes the original structure of PE samples. 

Thus it is very likely that also the so-called linear PE may, depending on the 
mode of production, contain a fraction of branched macromolecules in the 
high-molecular-weight region. This result is in accordance with those found 
by other authors.43 The classification of PE as linear or branched is, in fact, 
based on the polymerization technology. With respect to the molecular structure 
of products, there is obviously a more or less continuous transition between the 
two limiting types. 
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