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Characterization of molecular heterogeneities of LLDPE by multiple
crystallization—dissolution steps
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Abstract

This article demonstrates that a fractionation technique, based on molecular segregation during the crystallization from the melt and
dissolution of the crystals, allows a complete characterization of the molecular heterogeneity in the comonomer distribution of linear low
density polyethylene. An ethylene—1-hexene copolymer with a bimodal short chain branching distribution has been fractionated by multiple
step crystallizations followed by selective dissolutions in tetrachloroethylene. The relative amount of each component of the distribution in
each fraction was determined from the melting curves of isothermally crystallized fraco2@00 Elsevier Science Ltd. All rights
reserved.
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1. Introduction molecular segregation in the crystals, in terms of short chain
branching. Nevertheless, except for the preliminary work of
Linear low density polyethylenes (LLDPE) are copoly- Adisson et al. [8], the effect of multiple step isothermal
mers of ethylene anad-olefins such as 1-butene, 1-hexene, crystallizations on commercial LLDPE polymers has
and l-octene. Their properties are strongly affected by the never been fully investigated.
degree and the distribution of short chain branching due to In this article, we report the results obtained by fractiona-
the incorporation of thex-olefins in the polymeric chains  tion of a 1-hexene LLDPE by a method based on selective
[1]. These copolymers are synthesized either with Ziegler— dissolutions at various temperatures of isothermally crystal-
Natta (Z—N) [2] or metallocene [3] catalysts. The polymers lized samples. The experimental set-up used for fractiona-
obtained from the Z—N process are usually characterized bytion is described elsewhere. The influence of the thermal
a molecular heterogeneity resulting from a very different treatment was established by comparing the resulting frac-
distribution of comonomer units along the polymer chains tions with those obtained after fractionation of a quenched
[4]. As the thermomechanical properties of the polymer are sample. The results obtained by SSF on the same LLDPE
strongly affected by its structural characteristics, the control sample are also used as comparison.
of the comonomer distribution is a touchstone in the poly-
mer industry. The short chain branching content and its 2 Experimental
distribution are usually determined by fractionation proce-
dures involving the combination of a successive solvent 2 1. Materials
fractionation (SSF) and temperature rising elution fractiona-
tion (TREF) [1,5,6]. However, a complete analysis by this ~ An ethylene—1-hexene copolymer, synthesized by a
technique is time consuming. The development of new tech- Phillips process (Cr catalyst) with a density of 0.933 g/
niques to characterize and estimate the heterogeneity ofcm? is used. The average degree of short chain branching
LLDPEs is therefore of great interest. As previously amounts to eight side branches per 1000 carbon atoms. The
reported by Alamo et al. [7], an adequate thermal treatment weight average molecular weight and the polydispersity are
based on successive isothermal crystallizations of blends 0f220 000 and 15, respectively.
linear and branched PE at decreasing temperatures induces a
2.2. Multiple steps crystallization and selective dissolution
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Fig. 1. DSC melting curves of the (a) isothermally crystallized and, (b) quenched samples.

quenched from the melt or isothermally crystallized at 2.4. Differential thermal analysis

different temperatures. The determination of temperatures

and times of crystallization is described later. To preventthe ~ Thermal analysis is carried out with a Perkin—Elmer Pyris
degradation of the material, the polymer is melted a€50 1 differential scanning calorimeter. Samples of about 5 mg
during 5min under nitrogen atmosphere. The selective IN @luminium pans are submitted to heating—cooling cycles.
dissolution is performed by immersing polymeric films, a A first heating—cooling cycle at 2G/min up to complete
few hundred microns thick, in tetrachloroethylene under Melting at 150C is realized to erase the thermal history of
stirring at the chosen dissolution temperature. After 2 h, the samples. The second cycle is recorded at a ratéaif 5
the insoluble part of the polymer is removed and the solu- Min from 30 to 156C.

tion (containing the soluble part of the polymer) is collected.

The LLDPE fraction is finally recovered after solvent 2.5.Infrared spectroscopy

evaporation. The same procedure is then repeated at higher The ETIR spectra are recorded from 4000 to 400 tm

dissolution temperatures. with a Bruker IFS 113V spectrometer. A minimum of 32

. ) ) ) scans are added with a resolution of 0.5 ¢nThe degree of
2.3. Successive solution fractionation (SSF) short chain branching was determined by using the methyl
g group absorption band [9] at 1378 chm For the Z—N
copolymer, a vinyl, vinylene or vinylidene group absorbing
at 908, 965 or 888 cnl is present at one end of the
polymeric chain [10] as a result of the termination mechan-
CJ'sm of the polymerization reactiong¢elimination). As

A standard oil bath thermostated glass reactor (2 I) fitte
with a tap, a condenser, a stirrer and a nitrogen purge inlet is
used for fractionation. First, a dilute solution of polymer
(i.e. 0.5% w/w) is prepared with a poor solvent (cyclohex-

anone) at high temperature. The temperature is then lowere shown later, the number average molecular weight of the frac-

to qvalue assigned ‘.i%""a” At this temperature a |!QUId— tionsis determined by combining the integrated absorbances
liquid phase separation occurs and the polymer rich phase :
of the three different end groups.

contains most of the high molecular weight chains. The low
molecular weight chains remain in the lean phase. These
two phases are separated by hot filtration. The fraction is

precipitated from the filtrate by addition of cold acetone,  The molecular weight distributions of the fractions are

washed overnight with acetone in a Soxhlet apparatus andgetermined by high temperature size exclusion chromato-
carefully weighed after drying at 70 in a vacuum oven.  graphy (SEC) on a Waters 150C chromatograph fitted with
The insoluble part of the sample is used for further fractio- foyr .-styragel columns using 1,2,4-trichlorobenzene as the

nation at a temperature slightly higher tha@gga.. The solvent. Polystyrene standards are used for calibration.
extraction temperatures are 90, 100, 110, 115, 120, 125

and 130C. Two extractions are performed at each tempera-

ture, except at 10C. Before each fractionation step a small 3. Results and discussion

amount of antioxidant is added to the solution to avoid the

degradation of the polymer. As shown previously [11,12], LLDPE copolymers

2.6. Size exclusion chromatography
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Table 1 crystallization for the first step are chosen as°“2Aand
Endotherm T, (C) Relative contribution (%) 210 min, respectively. It is assumed tha}t most of the Iinear
or weakly branched macromolecules will have crystallized
1 130.8 30.9 during this step. Nevertheless, under some conditions, co-
2 123.2 20.5 crystallization between branched molecules can be observed
i 13‘7‘; igg and this prevents an efficient fractionation. The other crys-
5 97.0 93 tallisation temperatures are chosen to observe the highest
6 86.4 59 number and the best resolved melting endotherms in the

melting curve of the sample. For the 1-hexene LLDPE
used throughout this work, the crystallization temperatures
are 121, 115, 109, 102, 95, 85 and’€5and the crystal-
lization time is 210 min. The DSC melting curves of
guenched and isothermally crystallized samples are shown
in Fig. 1. The multiple step crystallisation (MSC) induces a
molecular segregation in the melt as indicated by the six
well resolved melting endotherms. The melting tempera-
tures of the crystals and the relative contribution of each
endotherm are reported in Table 1. As shown by several
authors [1,5,13], the degree of short chain biang
strongly affects the crystallization of polymers. By
using the MSC thermal treatment, the growth of crystals
with different thickness is observed, the thinner and the
thicker lamellar crystals corresponding to highly

synthesized with Z—N catalysts usually exhibit a bimodal
distribution of short chain branching) In fact, two mole-
cular species can be deduced from the TREF curves: (i)
unbranched or weakly branched molecules corresponding
to the narrow component of the distribution and high elution
temperatures; (ii) highly branched molecules giving the
broad component of the distribution observed at low elution
temperatures. This bimodal distribution is usually attributed
to: (i) the rate of diffusion of the comonomer towards the
catalytic site: for high molecular weight polymer, the steri-
cal hindrance of the polymer coil prevents the comonomer
from reaching the site of the catalyst; (ii) the termination
process by anx-olefin which is favoured in the Z—N

synthesis. branched and linear unbranched molecules, respectively.
3.1. Determination of the times and temperatures of The different endotherms can thus be relat.ed to dlffergnt
crystallization molecular species from the Thomson-Gibbs equation

relating the melting temperature and the crystal thick-

As shown previously by Alamo et al. [7], the co- ness. The high temperaturendotherm corresponds to
crystallization between linear and branched macromole- unbranched or weakly branched molecules, the low
cules (hydrogenated polybutadiene) is observed only whentemperature endotherms being associated to branched
the blends are quenched from the melt. Isothermal molecular species.
crystallizations above 12Q for more than 110 min induces
a segregation of both molecular species in the melt which 3 2 Fractionation of the LLDPE copolymers
finally yields separate crystals of linear and branched
molecules. Consequently, the temperature and time of Quenched and isothermally crystallized LLDPE samples
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Fig. 2. Weight loss versus dissolution temperature for the quenched sa@pdad isothermally crystallized sampl@),
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Table 2
I Sample (Mp) (My) P
|
} 1-hexene LLDPE 15 733 2 38 244 15.1
| Selective dissolution
Quenched sample:
| Fraction 83C 2441 16 151 6.6
: Fraction 85C 14 583 53 653 3.7
Fraction 86C 21 087 74 171 35
{ Fraction 87C 22 903 109 124 4.8
| insoluble fraction 46 559 490 330 10.5
‘ MSC treated sample:
| Fraction 84C 2931 28 841 9.8
: Fraction 86C 11 291 42 132 3.7
| Fraction 88C 15 450 62 172 4
| Fraction 90C 21 749 122 872 5.6
| Insoluble fraction 98C 34 260 356 959 10.4
I Successive solution fractionation
| Fraction 90C/1 2571 7970 3.1
. S E— r . . Fraction 90C/2 4948 12 370 25
1400 1390 1380 1370 1360 1350 1340 1330 Fraction 100C 8758 15765 18
Fraction 110C/1 17 456 27 930 1.6
(a) Wavenumbers (cm’) Fraction 116C/2 21741 47 830 2.2
Fraction 118C/1 44 542 57 905 1.3
Fraction 118C/2 46 643 65 300 1.4
Fraction 120C/1 33418 83 545 2.5

Fraction 126C/2 42 050 92 510 2.2
Fraction 128C/1 75 910 144 230 1.9
Fraction 128C/2 36 250 1 45 000 4
Fraction 136C/1 109 286 229 500 21
Fraction 130C/2 3 00 600

Insoluble fraction 13TC 358 333 6 45 000 1.8
solution fractionation. This method based on a liquid—liquid
phase separation is usually used to fractionate polymers
with respect to molecular weight [14]. It leads to very low
polydispersity fractions and minimizes the time that low

/N\ molecular weight species are kept at high temperature.
A\ This is important because low molecular weight molecules
are more branched and therefore more prone to degradation
—m

than the high molecular weight linear macromolecules.

|

980 970 960 950 940 930 920 910 900 890 880 870

b 3.3. Characterization of the LLDPE fractions

Wavenumbers (cm™")

] ] o All the fractions obtained from the SSF method and the
Flg. 3. FTIR spectra recorded for f.ractlons recovered by selectlv_e dissolu- selective dissolution of the quenched and the MSC copoly—
ions of the quenched sample: (a) methyl group absorption band . .
(1378cnY) and, (b) end groups absorption bands: vinylidene Merwere firstcharacterized by FTIR spectroscopy and SEC.
(888 cmi'Y) vinyl (908 cmiY), and vinylene (965 cit). Fig. 3 shows the infra-red spectra of the fractions obtained
by selective dissolution of the quenched sample. FTIR spec-
are then fractionated by selective dissolutions. To determinetroscopy can be used to determine the degree of short chain
the dissolution temperatures, the weight loss of both the branching [9] ¢) and the number average molecular weight
guenched and the MSC samples are measured for differen{10] ((M,)). Fig. 3(a) and (b) show the methyl group absorp-
extraction temperatures (Fig. 2). Systematically, higher tion band at 1378 cit related to short chain branching and
dissolution temperatures are observed for the MSC samplesthe absorption bands corresponding to the end groups,
This observation can obviously be related to the growth of respectively. During the copolymer synthesis, the termina-
thicker crystals induced by the thermal treatment. The disso- tion occurs bys-elimination either from an ethylene or 1-
lution temperatures are finally determined from the weight hexene monomer then giving vinyl, vinylene or vinylidene
loss curve in order to obtain a sufficient amount of the frac- chain ends. These groups possess absorption bands observed
tion for further investigations. in the IR spectra at 908, 965 and 888 Cinrespectively.
The same copolymer is also fractionated by successiveThe integrated absorbances of the chain ends IR bands are
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Fig. 4. Integrated absorbance (A) of the infra-red bands characteristic of the different end groups versus dissolution terffigeratytieléne ©), vinyl (V)
and vinylene ).

plotted versus the dissolution temperature in Fig. 4. The rapid decrease of the degree of branchinpwith increas-
decrease of these absorbances at higher dissolution temperang (M,). To determine the correlation between the IR absor-
tures corresponds to the increase in the molecular weight. Inbances and the molecular weight of the fractions, their size
addition, the vinylene and vinylidene IR bands (965 and exclusion chromatograms are recorded. The results are
888 cm %) vanish at dissolution temperatures abové@5 listed in Table 2. For the three fractionations, the number
As we will see later, this observation can be related to the average molecularweighi\,)) increases with the dissolution
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Fig. 6. Evolution of the dissolution temperatufig)(with the degree of short chain branching, quenched sar@)larfd isothermally crystallized sample),

temperature. By combining SEC and FTIR spectroscopy note that these curves are similar to the elution temperature
results, a calibration curve can be determined and facilitatesversusr plots obtained from TREF experiments. For both
the ability to estimatéM,,) values directly from the FTIR  quenched and MSC samples, the dissolution temperature
spectra (Fig. 5). The analysis of the IR band at 1378%tm linearly decreases with increasing degree of short chain
does not allow to separate the contributions of the methyl branching. However, the crystallization of the samples
end groups and the methyl groups of the side branches. Theobviously has important implications in the dissolution
number of methyl end groups can however be calculated behaviour of the copolymer. In fact, higher dissolution
from the values ofM,) and therefore subtracted from the temperatures are systematically observed for the MSC
total number to obtain the number of side branches. The copolymer compared to the quenched sample. This
calibration is performed with a Z—N homopolymer, by plot- increase can be related to the isothermal crystallization
ting the integrated absorbance of the IR band at 1378'cm of the MSC copolymer at high temperatures which
against the number of methyl molecules calculated ffi). induces a molecular segregation in the melt. Therefore,
The relation between the dissolution temperature and thethe crystals grown from this segregated melt have larger
degree of short chain branching)(is given in Fig. 6. We lamellar thicknesses than that obtained for the quenched
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Fig. 7. Plot of the degree of short chain branchingyersus the number average molecular weigHtY) for the fractions obtained from selective dissolutions
(quenched sample®) and isothermally crystallized sampl@)). The inset shows the plot of versus(M,) for the fractions obtained by SSF.
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Fig. 8. Molar fraction of each molecular speci&§ yersus the degree of short chain branchirlg Full and open bars refer to the fractions obtained from the
guenched sample and the isothermally crystallized sample, respectively.

copolymer, as indicated by their DSC curves (see Fig. in the 7 versugM,) plots. Owing to the heterogeneity of the
1). Note that these observations also illustrate the copolymer, each fraction contains a linear unbranched and a
heterogeneous distribution of the comonomers in the highly branched component. Therefore, a full description of
polymeric chains. The evolution of the degree of short the copolymer, in terms of molecular weight and short chain
chain branching ) with the number average molecular branching, similar to that obtained from SSF—TREF analysis,
weight (M,)) is given in Fig. 7 for the fractions obtained requires not only the determination of the average values of
from selective dissolution and SSF experiments. As butalso of the relative contributions of the linear and branched
expected for such a Z—N LLDPE copolymer, a bimodal components [10]. The occurrence of a molecular segregation
distribution can be deduced from the evolutionrofersus in the melt between linear and branched molecules, described
(M,). The highly branched molecules correspond to the low earlier and in Ref. [7], allows us to perform a semi-quantitative
molecular weight parts of the distribution which exhibit a determination of their relative contributions in each fraction.
sharp decay of when(M,) increases. The high molecular The various samples obtained from SSF and selective
weights correspond to weakly branched or unbranched dissolutions fractionation are then submitted toa MSC thermal

macromolecules. treatment in order to induce this molecular segregation. Fig. 9
At this point of the work, the fractionations performed by

selective dissolution of quenched and MSC copolymers 35

show similar behaviours. However, the molar content of (1000 carbon atoms)

each molecular species (defined with respect)tean be 30 -

calculated from th€M,) and the weight amount of each

fraction. The plot of these molar contents versus the degree
of branching clearly reveals significant differences between 20
the different fractionation procedures (Fig. 8). In fact, the
fractionation by selective dissolutions of the MSC sample is
more efficient in terms of short chain branching, i.e. the

variation of the degree of branching is sharper than that 10 __—_/-'\/\/\L
observed for the quenched sample. Moreover, the curve =z

25 4

15 < 71

AHIAT (Jlg)

obtained for MSC sample alone exhibits the bimodal °1
behaviour characteristic of the LLDPES. 0 -
3.4. Multiple step crystallizations of the LLDPE fractions 80 90 100 110 120 130 140

The efficiency of the different fractionation procedures is Tee

now investigated from the analysis of the obtained fractions. Fig. 9. Melting curves of the MSC treated fractions obtained by fractiona-
As shown earlier, the typical bimodal distribution is observed tion of the isothermally crystallized LLDPE sample.
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Fig. 10. Evolution of the relative contribution of the high temperature endotherm versus the number average moleculatMygidht (he selective
dissolution fractionation of the quenched sam®3, the isothermally crystallized sampl®) and for the SSF fractionationt(.

shows the melting curves recorded for some selected MSC4. Conclusions

treated fractions (obtained from a selective dissolution

fractionation). As shown previously, the high temperature The study of the different fractionation procedures
endotherms, with melting temperatures above’C2@an be made by selective dissolutions or by SSF was realized.
related to the melting of unbranched or weakly branched poly- Our results clearly indicate that a fractionation procedure
meric material. To compare the three fractionations of the based on molecular segregation from the melt, consisting
Z—N copolymer, the evolution of the relative contribution of of the realization of multiple crystallization steps
the high temperature endotherm is plotted against the followed by selective dissolutions of the crystals appears
number average molecular weight (Fig. 10). First, the frac- to be an efficient, fast and easy method to characterize
tions obtained by SSF and selective dissolution fractiona- the heterogeneity in the comonomer distribution of a
tion of the quenched copolymer exhibit the same tendency. LLDPE copolymer. The combination of this fractionation
The plot corresponds to a continuous evolution of the linear procedure with the study of the melting of isothermally
molecules contribution (high temperature endotherm) crystallized fractions gives a complete description of the
followed by a plateau for high molecular weight. This obser- copolymer similar to that derived from SSF-TREF
vation is typical of a fractionation sensitive to the molecular analysis.

weight instead of the degree of short chain branching. On
the contrary, the plot of the relative amount of linear mole-
cules versu$M,,) obtained for the selective dissolution frac-
tionation of the MSC copolymer corresponds to a
discontinuous curve with a sharp increase observed for
(M,) slightly larger than 10 000. This observation is
expected from the examination of the versus(M,)
plot (Fig. 7), i.e. the branched molecules correspond to
molecular weights lower than 15 000. In addition, the
fractionation of the MSC sample is also in agreement
with the evolution obtained by SSF-TREF analysis for
a similar LLDPE copolymer [11]. However, it should be
noted that the variation of the melting enthalpy is related References
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