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The comonomer sequence distribution of a propylene—ethylene random copolymer has been investigated by a
combination of temperature rising elution fractionatid* nuclear magnetic resonance spectroscopy, Fourier
transform infrared spectroscopy and differential scanning calorimetry (d.s.c.). The propylene—ethylene copolymer
exhibited a wide range of comonomer compositional heterogeneity and there were no detectable long ethylene
sequences containing three or more adjacent ethylene units in any of the fractions. The copolymer was mainly
composed of long propylene sequences with an occasional ethylene unit. Sequences such as PPE, EPE, and PEP
were present. The sequence distributions of all the fractions did not fit either Bernoullian or first order Markovian
statistics. The ethylene content and the comonomer distribution had a marked effect on the crystallisation kinetics
and melting behaviour of the fraction®. 1998 Elsevier Science Ltd. All rights reserved.

(Keywords: propylene—ethylene random copolymer; comonomer sequence distribution; temperature rising elusion
fractionation)

INTRODUCTION EXPERIMENTAL

The properties of polyolefin copolymers are dependent on A random propylene—ethylene copolymer sample, RPE,
morphology, degree of crystallinity and lamellae size was obtained from Solvay—grade number KV202—and
distribution and vary markedly with comonomer composi- the ethylene content was about 5 mol%. Fractionations were
tion and sequence distribution, rather than molecular weight carried out on about 1 g of sample dissolved in 406 oin
distribution. Copolymers prepared by heterogeneous cata-xylene at 13€C, stabilised with the antioxidant Santanox R.
lysts often exhibit compositional heterogeneity since it is Solutions were loaded directly on to the top of a TREF
generally accepted that these catalysts have a plurality ofcolumn of packed finely divided silica sand at 180 The
active specigs™ In particular, propylene—ethylene random column was slow cooled overnight to room temperature,
copolymers produced by such systems contain a range ofresulting in a progressive deposit of the copolymer on to the
copolymers with different composition and sequence dis- top third of the column. The first fractions were eluted at
tribution™®. Many analytical techniques have been employed room temperature by passing xylene through the column,
to measure their compositional heterogeneity including gel and represented unprecipitated material. Consecutive frac-
permeation chromatography, column fractionaficend tions were obtained by increasing the elution temperature
successive Soxhlet extraction using different solents stepwise to 1258, each temperature step being selected to

Temperature rising elution fractionation (TREF) has been produce fractions of approximately equal weight. In order to
successfully applied to the fractionatfori* of a number of achieve equilibrium elution, the column was kept at each
ethylene copolymer systems, such as linear low density temperature for 45 min before elution was continued at a
polyethylenes, and has proved to be a more effective methodhigher temperature. The eluted fractions were precipitated
than successive Soxhlet extraction, since the temperaturanto a large excess of methanol at room temperature, filtered
range for fractionation can be chosen more freely to match and dried in a vacuum oven at ®Dto constant weight.
solubility. More importantly, the interpretation of TREF 13C Nuclear magnetic resonance spectraC(n.m.r.)
data is more straightforward, as temperature is the only mainwere measured at 130 on a 270 MHz Jeol GX270 Fourier
variable during the fractionation. TREF has in particular Transform*C n.m.r. spectrometer. 10 wt vol% of polymer
been shown to be a powerful technique for the studies of solutions were prepared io-dichlorobenzene with 5%
compositional heterogeneity of polyolefiig—14 deuterated DMSO as an internal lock.

In the present paper we report on the comonomer Fourier transform infraredHTi.r.) spectra were measured
composition and sequence distribution of a random on a Mattson Polaris Spectrometer, interfaced to a PCV
propylene—ethylene copolymer using TREF over a wide computer on compression moulded films-4100 um thick.
temperature range. The fractions obtained by TREF were A Perkin—Elmer differential scanning calorimeter, DSC-2,
characterised by°’C n.m.r. and alsd=Ti.r. spectroscopy. interfaced to a BBC-Master computer via an analogue to
The crystallisation and melting behaviour of these fractions digital converter, was used to characterize the thermal

have been investigated. properties of the fractions. The temperature scale of the
d.s.c. was calibrated from the melting points of zone refined
*To whom correspondence should be addressed stearic acid (m.p. 343.5 K) and high purified metals such as
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Table 1 Fractionation of the PE random copolymer

Fraction Elution Weight w;i (%) C(M;)
number temp (C) (mg)

R1 18 0.0+ 0.1 0.00 0.00
R2 40 0.6 0.06 0.03
R3 60 1.9 0.19 0.16
R4 80 116.2 11.78 6.14
R5 90 132.7 13.45 18.76
R6 95 147.7 14.97 32.97
R7 100 160.4 16.25 48.34
R8 102 100.8 10.21 61.81
R9 105 95.0 9.63 71.73
R10 107 86.2 8.74 80.91
R11 110 79.4 8.05 89.31
R12 112 25.6 2.59 94.63
R13 115 30.0 3.04 97.44
R14 117 9.4 0.95 99.44
R15 120 0.0 0.00 99.91
R16 123 0.9 0.09 99.96

Weight of samples used: 1.20 g
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Figure 1 Accumulative weight—elution temperature of the copolymer

indium (m.p. 429.78 K), tin (m.p. 505.06 K), lead (m.p.
600.50 K), and zinc (m.p. 692.65 K). The thermal response
of the calorimeter was calibrated from the heat of fusion of
ultra pure indium, taken to be 28.4 J'g Samples were
encapsulated in aluminium pans and an empty aluminium
pan was used as reference.

RESULTS AND DISCUSSION

Fractionation and characterisation

16—20 fractions were obtained in each TREF fractiona-
tion and a typical analysis of fractional weight against
elution temperature is given ifiable 1 Schulz’s methotP
of plotting the accumulative weight fractio@(M), against
elution temperature was adopted, such that for ithe
fraction of weightw;,

1
CM)=Ze+ 2. @ ()
iz

An average accumulative weight—elution temperature dis-
tribution curve determined is shown Kigure 1 It can be
seen that the random copolymer fractions precipitated over
a wide temperature range, from 60 to 120

The fractions were analysed BYC n.m.r. spectroscopy
since it has been sho#iT'®to be a powerful technique
for characterising the detailed molecular structure of
copolymer chains, and it is sensitive to monomer sequencing
and compositional variation$able 2lists the chemical shifts
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Table 2 Chemical shifts and peak assignments in propylene—ethylene
copolymer

Chemical shifts (ppm)

Assignments Calculated Measured
Sea—Ch2 46.4 455
Se—CH; 37.9 36.8
S.s—CH> 375 36.5
S.s—CH; 345 _
Ts»—EPE-CH 33.2 33.0
Tg—EPP-CH 30.9 315
S,,—CH; 30.7 31.0
S,s—CH, 30.4 29.5
Ss—CH; 30.0 29.0
Tgs—PPP—-CH 28.5 28.0
Sg,—CH; 27.8 _
Sgs—CH, 27.4 26.5
Sgs—CH; 247 235
Pgs CH;—mmPPP 21.8 21.0
CH3;—myPPP

Pgs CHs—PPE 20.9 20.5
CHz—yyyPPP

Pss CH3—EPE 20.7 19.8

calculated and measured for the different carbon atoms in
the colfolymer chains adopting the nomenclature of
Carmant®, for which a methylene carbon is identified as S
with two Greek letters indicating its distance in both
directions to the nearest tertiary carbons such that the &etter
indicates the methylene is 3C away from a tertiary carbon.
Similarly, a methine carbon is identified as T with two
Greek letters showing the positions of the nearest tertiary
carbons. A methyl carbon is given the letter P with two
Greek letters which are the same as those for the attached
tertiary carbon.

The intensity of each peak in tH&C n.m.r. spectra was
used to calculate the sequence content of the comonomers.
The dyad concentrations were determined from the
methylenes data using

PP=38.
EP= Sx’y + S)«S
EE= 3(Sss + Ss) + 3S,6

The triad concentrations were analysed from both methine
and methylene data using,

PPP=Tg,
PPE=Tg;
EPE=T;
PEP=Sy = 1S,
EEP=S, =S

EEE= 1S+ 1S5

The monomer compositions were calculated from both the
dyad and triad concentrations from the equations:

P=PP+ iPE
E=EE+ i{PE
P=PPP+ PPE+EPE
E=EEE+ EEP+PEP

Figure 2 shows the variation of propylene and ethylene
content of the TREF fractions as measured by n.m.r.
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25 — -1 100 Table 3 Sequence distribution
Sequence Observed value Bernoullian Markovian
20 - o5 model model
S S (a) Sequence distribution of the copolymer fractions
£ el | g Fraction R5
2 - E 0.199 - 0.262
g 3 P 0.801 - 0.738
@ o PP 0.668 0.642 0.528
10 - — 5
5 g EP 0.265 0.319 0.419
z g EE 0.066 0.040 0.052
Ty g & PPP 0.580 0.514 0.378
PPE 0.167 0.255 0.300
EPE 0.056 0.032 0.060
0 \ \ \ \ 75 PEP 0.066 0.128 0.168
85 90 95 100 105 110 EEP 0.133 0.063 0.084
Elution temperature/°C EEE ~0 0.008 0.010
Fraction R6
Figure 2 Variation of the propylene and ethylene content with elution E 0.220 - 0.290
temperature P 0.780 - 0.710
PP 0.618 0.608 0.469
EP 0.318 0.343 0.483
. . . EE 0.064 0.048 0.048
spectroscopy with elution temperatur€able 3 lists the PPP 0.600 0.475 0.309
dyad and triad concentrations of each fraction. It is apparent ppe 0.103 0.268 0.319
that TREF is fractionating by comonomer composition EPE 0.077 0.038 0.082
since the propylene content increases and ethylene contenfEP 8-22‘75 8-3%‘ 8-33%
decreases with increasing elution temperature. For compar-cc -0 0011 0.008

ison, the corresponding dyad and triad concentrations cal-(n) sequence distribution in the fractions
culated from Bernoullian and first order Markovian Fraction R7

statistical modefS are also given. E 0.072 - 0.108
The content of long ethylene sequences in the fractions © 0928 o861 080
containing more than three E units, EEE, is virtually zero. gp 0.091 0.134 0.166
The dyad ethylene, EE, content is also relatively low and it Ee 0.027 0.005 0.025
decreases with increasing elution temperature. The fractionsPPP 0.879 0.799 0.734
are essentially composed of long propylene sequences Withpl'zg 8-853 8-3(2); 8-33;
some isolated ethylene units, such as PPE, EPE, and PEP, 0037 0.062 0.064
With increasing eluting temperature, the content of isolated ggp 0.017 0.010 0.038
E units also decreases in that above “@%he fractions EEE 0.018 0.000 0.006
consist essentially of long sequences of P units interspersedraction R9
with isolated E units. This is readily seen from comparison £ 0.0%e - 07
of the sequence distributions of fractions, R5 and R10, pp 0.924 0.910 0.873
produced at 90 and 10C respectively. The propylene Ep 0.059 0.088 0.111
dyads increase from 0.668 to 0.925, the triads from 0.580 to EE 0.016 0.002 0.015
0.892 while, on the other hand, the ethylene sequefiiiels ;ﬁ; 8-32; g-ggi‘ 8-%&
decrease from 0.066 to 0.010. Since the ethylene co-units - 0.033 0.002 0.003
decreases, tH®PE] decreases from 0.167 to 0.061 as well pgp 0.027 0.042 0.044
as [EPE] from 0.056 to 0.007, th¢PEP] from 0.066 to EEP 0.005 0.004 0.024
0.020 and th¢EEP] from 0.133 to 0.033. EEE 0.014 0.000 0.003

The number average sequence length were derived from:{¢) Seduence distribution in the fractions

E 0.039 - 0.076
__[PPI+ J[PE] P 0.961 - 0.924
Np = —l[PE] PP 0.925 0.924 0.863
2 EP 0.065 0.075 0.122
1 EE 0.010 0.002 0.015
ng= (EE] + 3[PE] PPP 0.892 0.888 0.806
i[PE] PPE 0.061 0.072 0.114
EPE 0.007 0.001 0.004
; ; ; ; PEP 0.020 0.036 0.049
Folr c.:ompr)];anson the Bernoullian model, gives the following EEP 0.033 0.003 0.024
relationships EEE ~0 0.000 0.003
Na=1/(1—Pp), Nng=1/Pp (6)

and the first-order Markovian model,
The number average sequences of P and E comonomer
Np=1/Pag, Ng=1/Pga 7 units are tabulated iable 4 from which it is apparent that
in all the fractions the average ethylene sequence length is
wheren, andng are the number average sequence length of very short (about 1.5), corresponding to isolated E or EE
comonomer A and BP,, Pg, the probability of forming a  units on average. The propylene sequence lengths, however,
sequence with monomer with A or B as an active centre, andincreases markedly. Neither the first order Markovian nor
Pas andPg, are conditional probability of forming a chain  the Bernoullian statistical model were appropriate descrip-
with an active centre as AB* or BA*. tions for these sequences distributions and no distinction
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Table 4 Number-average ethylene and propylene sequence lengths in theTable 5 Propylene and ethylene dyad content

fractions and a comparison with the statistical models

Fractions Measured valu Bernoullian m¢ lel Markovian model
Ng Np Ng Np Ng Np
R5 1.50 6.04 1.248 5.03 1.25 3.52
R6 1.40 4.89 1.282 4.55 1.20 2.94
R7 1.54 32.32 1.048 21.70 1.27 16.67
R9 1.40 20.38 1.078 13.89 1.30 10.75
R10 1.31 29.46 1.041 25.64 1.25 15.15
(@
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Figure 3 Variation of the ethylene sequence content with elution
temperature; variation of propylene dyads with elution temperature

Fractions EE PP

B¢ nmer FTi.r BC nmr. FTi.r.
R5 6.6 3.2 66.8 69.4
R6 6.4 2.9 61.8 70.3
R7 2.7 2.7 88.2 77.1
R9 1.6 1.7 92.4 79.4
R10 1.0 1.6 925 83.0

:4'/\

Heat flow —»

360 380
Temperature/K
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Figure 4 DSC crystallisation curves for the copolymer fractions

Valvassorf* have suggested that the latter is characteristic
of a CH; group isolated from other CiHgroups by several
CH, units, and that the band at 998 chis characteristic of
CHs; groups separated by only one methylene group.
Theoretical calculations performed by Zérbalso indicate
that the 973cm' band is characteristic of isolated
propylene units and it has been tested by examining the
IR spectra of various hydrocarbons with methyl
branching®. It is evident that the position of such a band
in a propylene—ethylene copolymer depends on the
separation of the methyl groups along the copolymer
chain. The relative absorbance of the band at 998cm
was considered to be proportional to the number of
propylene units present in sequences of two or more
propylene units and that at 973 cito be proportional to
the number of isolated propylene units. The ratio between
the absorbances at 998 and 973 ¢ntherefore, gives an
indication of the distribution of the propylene units in
propylene—ethylene copolymerdzigure 3 shows this
variation in the fractions with elution temperature. The PP

could be made between them. In particular, the Bernoullian sequences increase monotonously with increasing eluting

was a better description of the ethylene sequence distribu-iemperature, and thus the TREF was separating the fractions
tion and th:_:lt it was essentially constant with COMONOMET aecording to their propylene content. The propylene and
content while the first order Markovian was is better in ethylene dyad sequences of the fraction obtained-y

describing the propylene sequences dependence ory m ¢ andFTir. spectroscopy are not identical but are

composition.
An attempt was made also to estimate the abilitiFof.r.

comparable, se€able 5Both analytical techniques are not
identical but nevertheless they are in accordance with one

spectroscopy to measure these comonomer distributions.gnather.

The absorption band at 722 cthis characteristit® of the
rocking vibration of methylene sequences, (;Hor n> 3,
and the absorption at 722 crhwas taken to be a measure of
longer ethylene sequences, EEigure 3shows the change
in the absorption with eluting temperature, from which it is

The development of crystallinity in the fractions

The temperature range over which crystallisation
occurred in the fractions was investigated on cooling from

apparent that content was decreasing with elution tempera-the melt at a standard rate of 10 K min The range over
ture, in an analogous manner to that observed in the n.m.r.which crystallinity developed and broadened, and the initial

analysis.
Two absorption bands at 998 and 973 ¢mwere used

onset temperature, decreased progressively with increasing
ethylene content, sdéigure 4 Observations on subsequent

to characterise the propylene content. Ciampelli and melting, seeFigure 5 indicated that the polypropylene
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Figure 5 DSC melting behaviour of the fractions Figure 6 Effect of ethylene content on heat of fusion

groups only had crystallised and that the degree of

crystallinity which developed in the fractions, as measured 10—~
from the observed heats of fusion decreased linearly with N
the increase in the ethylene content, $égure 6 It is 081 & *ﬁ
apparent that isolated ethylene units alone are sufficient to 06 - r S
inhibit the development of crystallinity in the copolymer by 4,“ et
being partially excluded into the amorphous regions. The  § 04|~ { Y
extrapolated heat of fusion for the isotactic polypropylene g A
was about 180 J ¢ i.e. 7.9 kJ mol™. = 027 i

Differential scanning calorimetry was also used to oL R4 Y
measure the isothermal crystallisation of the fractions R7 Rg /
from the rate of heat evolution with time, following the 02 |- R6 £
procedures adopted previou&ly> A comparison of the | | | R | |
crystallisation behaviour of polyethylene, as measured by 4)'4360 365 370 375 380 385 390 395
d.s.c. and dilatometry, showed that d.s.c. gave just as T K
meaningful kinetic data as dilatometry, but the technique ¢
was more convenient to use. Figure 7 The variation of the crystallisation half-life with temperature

Samples were melted at 470 K for 10 min to destroy any

crystals which may still be present in the sample, cooled 10 e composite rate constadtyas then determined from
the crystallisation temperaturéld at 160 Kmin~ and 0 haif jife of the primary processy,, such that,
cooling and the crystallisation exotherm recorded until the

calorimeter response returned to the baseline. The initial Z=1In(2)/(ty2)n (11)
heat loss by the sample during cooling to the crystallisation The crystallization rates, as measured by the half litgs,
temperatureT, was subtracted and the isothermal crystal- ot he jsothermal crystallisation of the fractions are mark-
lisation curves analysed. . . edly temperature-dependent, the rate doubling for each 1 K
Assuming that the heat evolved is due to crystallisation, o mnerature rise. Fractions with increasing ethylene content
then the fractional extent of crystallinityX(t), can be 1 siallised at similar rates at progressively lower tempera-
evaluated by integrating the exotherm from the start to time, tures, sedigure 7, the difference between the temperature

t1e. at which each fraction crystallized at similar rates being as
U dH *dH much as 25 K. Again it is apparent that the presence of
X(t) = oEd/ o gt (8) the ethylene comonomer inhibited the development of
crystallinity.

The fractional extent of crystallinity with time was analysed  The variation of the Avrami parameter, with the dyad

by the Avrami equation, for which EE sequence content is showrHigure 8 The exponent,
n decreased from about 3.0 for polypropylene consistent with
—In(1-X) =2t (90 the growth of predetermined spherulites to values below

2.0—decreasing with increasing EE content. A similar
decrease has been observed with comonomer content in
other copolymer systems and has been attributed to non-
crystallisable comonomer units being rejected by the growing
crystals. There is thus a clear indication that the ethylene
hinders crystal growth and produces an open textured
spherulite with the incorporation of increasing amounts of
dXx’; 1 non-crystallisable materials within the spherulite boundaries.
[o(i)exo] o

dt 1=X4 The melting point of the copolymers

where X', refers to the fractional crystallinity at the end of Figure 5shows the d.s.c. melting curves of the various
the primary crystallisation process. fractions. The equilibrium melting temperatures of each of

The presence of both primary and secondary crystallisation
processes, with correspondingly different exponent values,
were observed for each fraction. The Avrami exporreat

the primary crystallisation process was determined as a
function of conversion by differentiating the above equation
with respect to time, such that

n= —t
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Figure 9 The dependence of the crystallisation half-lives on the degree of equilibrium m.p. by ethylene units
supercooling

superposed when plotted against the degree of supercooling,
the fractionsTS, were evaluated by the Hoffman—Weeks (T, — To), see Figure 9 implying that the rate of
method’ of plotting the observed m.pT, against the crystallisation was controlled by the depression of the m.p.
crystallization temperaturd,. The fractions were observed Flory®>® using an equilibrium crystallisation model related
to melt exhibiting multiple melting peaks and the observed the equilibrium melting point of a copolymer to composi-
m.p. was defined by the temperature corresponding to thetion, by:
last trace of crystallinity. This did not change by more than
1 K over an increase in the crystallization temperature of VT — 1T = — (RIAH) In(x,) (13)
10K. This observed change is much smaller than that \yherex, is the mole fraction of crystallisable units in the
allowed by the Hoffman—Weeks treatment and was copolymer,
attributed to improvement in crystal perfection at the  For small values ok, this reduces to:
higher crystallisation temperatures. The m.p.s did not
correspond to the expected behaviour for nucleation control
of the crystal thickness which is inherent in the Hoffman—
Weeks treatment but are characteristic of crystals whosewherex, represents is the mole fractions of non-crystallisa-
thicknesses are limited by sequence length limitations. ble units.
M.p.s were accordingly limited by comonomer content  The question remains as to what is the non-crystallisable
rather than the size of the critical size nucleus. Correspond-rejected comonomer unit—an isolated E, or a dyad, EE or
ingly, since only the long propylene sequences could higher sequence? Plots ofTf/ for each fraction against,
crystallise, increasing the ethylene content of the fraction wherex, was in turn the concentration of E and EE units
reduced these on the average and so reduce the crystallinitypresent in the fraction were linear, sEeure 1Q Using
which could develop, sekigure 6 The observed m.p.s of the dyad as the rejected group, the intercept corresponded
the fractions at their higher crystallization temperatures are with a TS of 445+ 2K and a heat of fusion of .84=
listed in Table 7and an extreme variation of 23 K was 0.05 kJ mol* for isotactic PP compared with 459 K and
observed between the m.p.s of the fractions. This was 8.79 kJ mol™* conventionally quoted for these values The
consistent with the large differences observed in the values are clearly wrong. If the Flory relationship is at all
temperature range over which the various fractions crystal- valid for this copolymer system then clearly the ethylene

UT,, — UTS = (RIAH; ) (%)

lised, seeFigure 5 Indeed, the plots of In{,) against
crystallisation temperaturé,, seeFigure 7were essentially
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dyad is not the unit which inhibits crystallisation. The
impurity unit is present in greater concentrations than the
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6 Table 7 Variation of m.p. and surface free energy with ethylene content
Sample E Content EE content T,?, Ky Oe
(%) (%) (K) (X 210’5) @ m?

= | (K9
2 N R4 21 45 409 2.846 0.0733
i R5 18 3.2 423 2.627 0.0658
m s R7 16 2.7 428 2.554 0.0631
* : R9 13 17 430 2.443 0.0598
gj 41— R11 13 1.6 432 2.319 0.0565

3 |

5.0 5.5 6.0 6.5 and

1/fTcAT (x 10°) o= o[(aobo)lleHf

Figure 11 The temperature-dependence of the crystallisation growth rate . ..
o has been derived empirically to be 0.1, from the Thomas—

Stavely relationshif?. The material constants for polypro-
pylene used in the analysis are listedTiable 6 and the

Table 6 Crystallographic unit cell dimensions for polypropyléhe kinetic parameters for the fractions are listedTiable 7
(110) Growth plane In general the free energy of the fold surfaeg, did not

) =T, change substantially with increasing ethylene content in the
a, (m): 5.49% 10 . .
bo (M): 6.26% 10-10 copolymer due presumably to the rejected ethylene units on
(agho) (M?): 3.43x 107% the fold surface being less sterically hindered than the

propylene units and so not increasing the surface energy.

dyad. Using isolated E units alone, a value of 468 K was CONCLUSIONS

determined for the equilibrium m.p. of polypropylene and the A propylene—ethylene random copolymer was fractionated

heat of fusion was.B + 0.5 kJ mol™. This is more consistent .
with the accepted values for these parameters and impliesby the TREF technique based on the comonomer content

that an isolated E unit alone is acting as the rejected and c_rystallinity of each component in bulk ponmer._T_he
impurity group in lowering the m.p. and inhibiting the experimental results showed that the copolymer exhibits a

o wide variation in comonomer composition.
crystallisation of the random copolymers. : . .
y poly Isolated comonomer, dyad and triad concentrations in the

Temperature-dependence of crystallization rate copolymer were measured BSC n.m.r. spectroscopy from

. which it was evident that there were little or no long
The growth rate data was analysed by the Lauritzen— - .
Hoffma??e treatment in order to d¥atermir¥e the effect of ethylene sequences containing more than two ethylene units

ethylene in changing the free energy of the fold surface of present in the copolymers. All th(_e fractions were Composed
theylamellae. Acgorc?ingly the growgt% rageis of long propylene sequence interspaced with isolated

ethylene comonomer units, such as, PPE, EPE, and PEP.
g=0o exp — AE/R(T; — Ty + 30)] exd — Ky/(f TcAT)] As expected from the statistical nature of the copolymer the
(12) length of the propylene sequences increased with increasing
) . o elution temperature. The number-average of the ethylene
whereg, is a constantAE is the activation energy asso- sequences was very low, typically 1.5 and relatively
ciated with the glass-forming processT is the degree of  constant-independent of ethylene content. This was con-
supercooling from the equilibrium m.pR is the gas con-  sjstent with the random characteristic of the copolymeriza-
stant, Tq is the glass transition temperature akg is a tion. However, neither a first-order Markovian nor the
nucleation constant. Bernoullian model were appropriate descriptions for either
f=2T/(T.+T°) the propylene or ethylene sequences. Hia.r. spectro-
scopic measurement of the dyad sequences—both for
By using g= (t,) ~* which assumes that the nucleation propylene and ethylene—were in broad agreement with
densities and growth rates have the same temperaturehe n.m.r. spectroscopic analysis.
dependence and can be averaged and by rearranging Isothermal crystallisation rate studies and melting

equation (12), then behaviour of the fractions were investigated as a function
AE K of ethylene content. The equilibrium melting poirkS,
In(g) + ﬁzln(go)— ﬁ (13a) decreased with increasing E content consistent with the
(Te = T..) ¢ isolated E unit disrupting the crystallisation of the propylene
Using a standard value for DE of 6280 J mbéand 269.6 K® sequences. All the rate data were interpretable in terms of

for the glass transition temperature of isotactic polypropylene the equilibrium m.p. being depressed by isolated ethylene
plots of [In@@) + AE/R(T, — T.)] against If T.(AT)f were units, and the depression ®f, was in agreement with the
linear, sed-igure 11 From the slope of these lines the free Flory’s equation. The free energy of the fold surface was not
energy of the fold surfaces., were determined for each greatly altered by the presence of the ethylene content which
fraction. In this analysis and by comparison with refer- was not unexpected since these units are unlikely to increase
ence$®3! it was assumed that all the crystallisations steric hindrance of a hydrocarbon chain compared to the
were carried out in Regime lll, so that, propylene unit. The effect of the ethylene unit in the

crystallisation of the copolymer is primarily that of

Ky = 4bgooeTn/(AHK (16) depressing the m.p. of the polypropylene crystals.
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