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ABSTRACT

The composition distribution (CD) and microisotacticity distribution (ID) of propene/
1-hexene copolymer synthesized by MgCl,/DIBP/TiCls (DIBP: diisobuty! phthalate) were
determined by fractionating the copolymers according to crystallinity and characterizing
the fractions by **C NMR. The effects of two alkoxysilane donors, triethoxyphenylsilane
(PTES) and dimethoxydi-tert-butylsilane (TBMS), on CD and ID of the copolymers were
compared. Three main parts in the CD diagram of each copolymer were distinguished,
which were correlated to active center distribution (ACD) based on three groups of dif-
ferent active centers. By studying the changes in 1-hexene content, microisotacticity and
reactivity ratio product of three typical fractions, the effects of external donor on ACD
were better elucidated. It was found that TBMS shows much stronger effects on ACD than
PTES. In the former system, most fractions were produced on active centers with relatively
lower r172, higher reactivity to 1-hexene, and higher stereospecificity as compared to the
system without external donor. It is concluded that the observed very extensive changes
in ACD are mainly resulted by the formation of new types of active centers, possibly by

coordination of external donor to certain positions on the catalyst.
INTRODUCTION

The multiplicity of active centers on MgCl; supported Ziegler-Natta catalysts has
long been recognized!~4. It has determinative influences on the structure inhomo-
geneity of the final polymer productsi3-¢]. The control of active center distributions
(ACD) is therefore one of the key problems in heterogeneous Ziegler-Natta catalysis.
As a common example, in the polymerization of propene to isotactic product the

* The author to whom all correspondences should be addressed: Fan Zhigiang.
Received November 6, 1996



218 CHINESE JOURNAL OF POLYMER SCIENCE 1997

ACD can be controlled by adding electron donors to the catalyst system with an
aim to enhance its stereospecificity. Many different approaches have been reported
so far for studying ACDRM3L=11 in which the most effective method may include
fractionating the polymer and correlating its fraction distribution to ACD. The au-
thors have reported on the reactivity distribution of active centers based on the
fractionation of polymer according to molecular weight[u]. For studying the stereo-
specificity distribution of active center, copolymerization systems have been proved
to be more effectivel3l. In a previous work we have fractionated propene/1-hexene
copolymers according to comonomer content, based on which the effects of alkoxy
silanes as external donor on composition distribution (CD) and microisotacticity of
the copolymer were studied!!?. In this paper CD and distribution of microisotactici-
ty of the same systems are further correlated with the copolymerization reactivity of
active centers, and the effects of external donors are discussed based on the changes

in active center distributions.
EXPERIMENTAL

The procedures of the copolymerizations, copolymer fractionation and NMR

analysis of the fractions have been reported in a previous work!!2,

RESULTS AND DISCUSSION

Three copolymers produced under the same conditions were studied, one with no
external donor in the polymerization system, and the others with triethoxyphenyl-
silane (PTES) and dimethoxydi-tert-butylsilane (TBMS) as external donors respec-
tively. The catalyst used was MgCly/DIBP/TiCly (DIBP=diisobutyl phthalate),
and Al(CyHs)s was the cocatalyst. The copolymers containing about 5mol-% 1-
hexene were fractionated by extracting the samples with n-octane at different
temperatures (20, 45, 65, 80, 90, 100, and 110° C, respectively). This is an improved
Kumagawa extraction method which provides similar results as temperature-rising
elution fractionation (TREF)!"), so the fractionation is basically based on the crys-
tallinity of the fractions. The cumulative fractionation curves were worked out, and
1-hexene content and microisotacticity (expressed in [mm]) of each fraction were
determined by 3C NMR. These results have been reported in the previous work[1?.
Composition distribution

A plot of cumulative weight fraction vs. 1-hexene content of the fraction is shown
j—1
in Fig.1. According to the Schulz-Dinlinger procedure, the curve of (1/2 Wﬁ-z 128

=1
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vs. hexene content is used to calculate the differential distribution curves (Fig.2),
i.e. the slope of the curve (in broken-line form) is plotted against hexene content.

The curve has been reasonably ex- 1004
trapolated on both sides of the ex- 5
perimental hexene content range. 15/ 801
This is a procedure usually used in E 60
precipitational fractionation experi- -;50
ments for molecular weight distribu- % 40+
tion determination. When the num- fs
ber of fractions is limited, only an g 1
approximative differential distribu- © 0

tion can be obtained by this proce-
dure. The differential composition
distribution diagrams of the three
copolymers are shown in Fig.2. As
only seven fractions have been col-
lected from each copolymer, the dia-
grams are quite approximative. But
it is still possible to observe the fol-
lowing facts in Fig.2:

200

= —
(=] o
(=2 =
T Y

Fraction amount (relative)
o
(=]

1 S 10
C (1-Hexene content in mol-%)

Fig.1 Cumulative composition distribution curve of

propene/1-hexene copolymer synthesized with
TBMS as external donor
tal cumulative weight fraction; —— 1/2W; +

f=—11 W; (cumulative weight fraction defined

experimen-

according to the Schulz-Dinlinger procedure,
in which W; is the weight fraction of the last
fraction in the accumulated samples, W; is the
weight fraction of the other fractions)
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Fig.2 Composition distributions of the propene/1-hexene copolymers synthesized by cata-
lysts with: a, no external donor; b, PTES as external donor; ¢, TBMS as external

donor
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(1) All the three copolymers show quite broad composition distribution. The CD
diagrams can be divided into three main parts according to hexene content, that is,
three parts with low, medium and high hexene content, respectively.

(2) External donor can sensibly increase the part of copolymer with the lowest
hexene content and decrease the part with the highest hexene content, with TBMS
showing the strongest effect.

(3) The overall distribution range decrease as external donors are introduced
into the catalytic system. Considering that CD of copolymer produced on a “single-
site” catalyst or initiator under constant polymerization conditions will be quite
narrow!!3), the very broad and uneven CD shown in Fig.2 is in fact a reflection of
the active center distributions.

Isotacticity distribution

In the previous work it has been found that the microisotacticity of propene
segments increases as the hexene content in copolymer decreasesl?. This result
holds true for all three copolymers. Therefore the differential isotacticity distribu-
tion (ID) diagram (Fig.3) can also be made by treating the curve of cumulative

weight fraction vs. microisotacticity

(expressed as —log,o(1—[mm]), in
200}

which [mm] is the fraction of isotac-
tic triad of propene determined by
BCNMR). In Fig.3 it is clearly ob-
served that: (1) the external donors
exerted much stronger effects on ID
than on CD. Especially when TBMS
is used as external donor; the ID

1510 S TMBS

100}

Fraction amount (relative)

becomes much narrower; (2) when
TBMS is the external donor, the
higher isotactic part of the copoly-

Fig.3 Isotacticity distribution curves

mer, namely the part with — log,(1—[mm])> 2 or [mm]> 0.99 corresponds to the
1-hexene content range of 1—5mol-% in CD diagram. According to Fig.2(c) these
fractions might have been produced on more than one group of active centers. There-
fore, in this system there are at least two types of highly isospecific active centers
which show different copolymerization reactivities. On the other hand, the high
isotacticity part of the copolymer produced without external donor has a relatively
narrow composition range. This may mean that some non-stereospecific active sites

have been converted to isospecific ones by TBMS.
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Effects of external donors on the reactivity ratio product
Reactivity ratios are important parameters reflecting the copolymerization be-
haviors of the comonomers. But there appears a problem in determining the reac-

tivity ratio product r17y according to the relationship!!4:

ri72 = 4[PP] - [HH)/[PH}? (1)
Because 1-hexene content in the
copolymer has been limited to a
rather low level (< 5mol-%) to
ensure effective fractionation, the
13CNMR signal of the main chain B
CH, in HH sequence which is
usually used in such calculation be-
comes too weak to be detected (see
Fig.4). To solve this problem, two

methods were adopted: | M
(1) In the NMR spectra of W -
i i
M b
=

many fractions, a peak at 33.27 ppm
(HMDS scale) which has been as-
signed as the branch v-CH; signal
of two triads HHP and HHH[!®I 3 :
can stilll be clearly measured when v JM

the signal of HH at 39.06 ppm be- L——**-‘A— LS .
come undetectable (Fig.4). This prTErarren e ve—

means that the peak at 33.27 ppm 5
Fig.4 3C NMR spectra of copolymer frac-
tions with 1-hexene content 13.9 (A)
and 2.5 (B) (in mol-%)
that at very low hexene content [HHH)] will be negligible as compared to [HHP], the

following approximation should be acceptable:

e

g

Yoy

is more detectable than the peak
at 39.06 ppm. Considering the fact

[HH] = 1/2[HHP] + [HHH] ~ 1/2([HHP] + [HHH]) )

In fact, according to the results of spectra fitting by the first-order Markovian proba-
bilities as described below, the values [HHH]/[HHP)] of all the fractions fall in the
range of 0.01—0.16 (typically 0.02—0.08). Therefore the theoretical error induced
by this approximation should be lower than 5% in most cases, which is lower than the
experimental error of such weak peak. Then on this basis we can use the 33.27 ppm
peak for the term [HH] in the calculation of r;7s.
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(2) The theoretical basis of equation (1) is the first-order Markovian statistics,
therefore the intensities of all the peaks can also be fitted by the first-order Marko-
vian probabilities!’8]. A computer program using the SIMPLEX algorithm was made
to do such fitting, and the results agree well with experimental data (Table 1). In
the following discussions the r;ry values based on the approximated experimental
data will be used if available.

In Fig.5 the ryry of three typical fractions from each copolymer are compared.
These fractions (collected at 20, 80 and 110° C, respectively) correspond to the three
main parts in the CD diagrams of each copolymer (see Fig.2). It is clearly seen that
the external donors can greatly lower r;ry of the fractions with medium and low
hexene content, while keep the r;7; of the fractions with the highest hexene content.
Combining with the changes of 1-hexene content and microisotacticity [mm)] (see
Table 1), the effects of external donor may be discussed as follows:

124
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Fig.5 Reactivity ratio product of the typical fractions with different 1-hexene content

(1) For the fractions extracted at 20° C, the external donor PTES basically does
not affect the hexene content, [mm| and 7,75 values, while TBMS raise both hexene
content and [mm]. Therefore with PTES as external donor some non-stereospecific
active centers may remain unchanged, only their number is decreased. But when
TBMS is used, most of the non-stereospecific sites are converted into more stereo-
specific ones, remaining very few sites with quite open space to accommodate the
bulky 1-hexene. As the microisotacticity of the fraction is also increased by TBMS,
it is possible that the external donor is present in the vicinity of this group of active
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centers.

Table 1 Reactivity ratios measured by NMR and by fitting NMR with the first-order Marko-
vian probabilities®

Catalyst  Extraction 1-Hexene [mm]° Expl. data?) Data by fitting
used®  temp. in °C content in mol-% r r2 TIr2 7N r2  rirz

22 10.6 0.56 3.46 060 207 — — —
No ED 80 2.59 093 155 042 6.53 142 023 325
110 0.45 099 517 — — 496 023 11.2
20 9.48 063 362 056 203 434 070 3.03
PTES 80 3.40 092 11.0 025 275 11.6 0.26 299
110 1.03 098 417 020 827 423 023 9.86
. 22 13.9 085 278 0.74 2.06 2386 0.83 237
TBMS 80 4.96 099 807 029 235 820 031 254
110 1.50 099 290 0.166 455 261 023 588

a) The data for three typical fractions of each copolymer have been listed.

b) In thies column only the type of external donor used for polymerization is indicated.

c) Molar fraction of the isotactic triad calculated from the NMR spectrum.

d) The r; values were calculated according to the relationship r; = 2[PP]/[PH]/x where [PP]/[PH] is measured
by the peaks of the PP and PH sequences (xa-CH3). The r3 values were calculated according to the relationship
r2 = 2x[HH]/[PH] where [HH] is the averaged intensities of the peak at 39.06 ppm (aa-CHz of HH) and the peak
at 33.27 ppm (HHP+HHH), or the intensity of the peak at 33.27 ppm if the peak at 41.05 ppm can not be detected.

(2) For the fractions with medium and low hexene content, the external donors
sensibly lower the ;75 values, or in other words, the chain-end effects in copolymeri-
zation are weakened by the external donors. At the same time 1-hexene content in
the fractions is also increased by the external donors, especially when TBMS is used.
As mentioned in the previous paper[m], monomers bulkier than propene should pre-
ferentially approach the active sites located at more exposed positions of the catalyst
surface. Therefore, when external donor is used, the fractions with medium and low
hexene content might be mainly produced on those relatively more exposed active
sites. In the author’s opinion, the external donor affects the stereospecificity of
active sites in a greater extent while only slightly affects the 1-hexene reactivity
and rirs of the same sites. In this case the external donor might coordinate with
the relatively more exposed active sites and make them more stereospecific, and
increase their productivity by increasing their k, or their number. Those originally
stereospecific active sites on unexposed positions may become unimportant when
external donor is used, because they produce only a small fraction of copolymer
now. Other explanations might also hold for these results. For example, it may be
considered that the stereospecificity, 1-hexene reactivity and chain-end effects of the
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active sites are simultaneously affected by the external donor. But such explanation
seems to be too complicated and provides less information for understanding the
problem.

As mentioned in our previous work!!?, the evident differences between the be-
haviors of PTES and TBMS come from their difference in coordination capacity.
The results in this work further support this point. In Fig.5 it is clearly seen that
TMBS shows much stronger effects on hexene content, [mm] and riro than PTES
in all the three typical fractions. It may be said that TBMS is able to make active
sites located on more exposed positions into isospecific active centers, while in the
PTES system the most isotactic fractions are still produced mainly on certain un-
exposed active centers with high ry72. Seeing that TBMS can evidently increase the

polymerization efficiency!12),

it is highly probable that in this system most of the
copolymer is produced on active centers which have been formed by the coordina-
tion of TBMS on some very exposed active sites. Those less exposed sites may be
unimportant in this case. Therefore TBMS can coordinate a wider range of active
centers and influence them in a greater extent than PTES. The less bulkier methoxy
groups in TBMS is the reason for its high coordination capacity, and the very bulky
tert-butyl has strengthened its capacity in enhancing the stereospecificity of active
centers.

In conclusion, the active center distribution may be effectively elucidated by
fractionating a copolymer and characterizing the microstructures of the fractions.
In the studied systems, three groups of active centers which produce copolymer
of different comonomer content are tentatively distinguished. The external donor
sensibly change composition distribution, isotacticity distribution and the reactivity
ratio product of the copolymer, showing the formation of relatively more exposed
and highly stereospecific active centers by coordination of the donor, and therefore
the active center distribution can be extensively changed by the external donor.
Acknowledgement Thanks are due to Mr. Giulio Zannoni for making NMR
analysis.
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