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Notes

Microstructure and Thermal Property of Isotactic Tm will directly reveal how microstructures influence the thermal
Poly(3-methyl-1-butene) Obtained Using the properties of the products.

Co-Symmetrical Zirconocene/MAO Catalyst System _
Experiments

Wei Hu,' Hideaki Hagihara,* and Toshikazu Miyoshi** Materials. 3-Methyl-1-butene (3M1B) with a purity of98%

was commercially obtained from Tokyo Kasei Kogyo Co, Ltd.
Nanotechnology Research Institute and Research Institute for (DMSBI)zrCl,, (DMSBMI)ZrCl,, and (DMSBMPI)ZrC} were
Innovation in Sustainable Chemistry, National Institute for purchased from Wako Chem. Co. MAO ([A# 6.7 (wt %) in
Advanced Industrial Science and Technology, Central 5-1,  toluene) was received from Tosoh Chem. Co. These materials were

Higashi 1-1-1, Tsukuba, Ibaraki 305-8565, Japan used without further purification. Toluene from Wako Chem. Co.

. was distilled in nitrogen atmosphere and preserved with molecular
Receied September 13, 2006 sieves 3A. The other reagents were obtained commercially and used
Revised Manuscript Receed January 11, 2007 as received.

) Polymerization. iP3M1B was synthesized in a 200 mL three-
Introduction necked glass bottle equipped with a magnetic stirrer. The reaction

Isotactic poly(3-methyl-1-butene) (iP3M1B) has been syn- equipment was.eva.lcuated for half an hour.and filled with nitrogen
thesized and studied since the 1950s because it is a promising{"afOIre polymerization. MAO toluene solution (5 mL) was added
material with a high thermal property; the iP3M1B synthesized 1©© 30 mL of toluene under nitrogen. 3M1B was added to this
using the traditional ZieglerNatta catalyst shows a higf solution after the reactor was again evacuated. Finally,26l of

o S - . catalyst was injected into the bottle and stirred at different
of 3.05 C‘. WhICh.IS much higher than that of the COTme'LC'a"y temperatures for different times. The polymerization was terminated
available isotactic poly(4-methyl-1-penteng&),(= 245°C).1 -3

by adding methanol, upon which a white compound precipitated.
Recently, several types of homogeneous catalyst based onyqrochioric acid (36%) was added to react with the remaining
group 4 metallocene catalysts have also been investigated forcatalyst. More methanol was added, and the mixture was stirred
the polymerization of 3M1B. However, the thermal property overnight to fully precipitate the polymer. The precipitated polymer
of the obtained products is not satisfactory compared with those was filtered off, washed with methanol, and dried at°60under
of products obtained using ZiegleNatta catalyst4> For vacuum for at leas4 h to evaporate the solvents. White iP3M1B
example, Borriello et al. reported that iP3M1B synthesized using Powder was obtained. We denote the iP3M1B samples synthesized
C,-symmetric metallocenes givds, as low as 280C 4 ynder different polymerization condmo_ns sampleslb, as listed _
Microstructural parameters such as regioregularity, isotac- in Tables 1 and 2. Sample 15 was fractionated by Soxhlet extraction

- . . . - using boiling n-heptane for 12 h to confirm the purity of our
ticity, and molecular weight of isotactic polypropylene (iPP) prod%cts. O?’\Iy OS Wt % appears as a solubleppart),/ which is

influence Tr.>~® Nevertheless, the analysis of such structural gonificantly less than that of iP3M1B (7.1%) synthesized by
parameters of iP3M1B has seldom been successful because ojiegler-Natta catalysig Thus, we performed further investigations
the limited solubility of iP3M1B in almost all types of available  of the microstructures and thermal properties of sampleg5sl
solvent*® There is only one detailed report on the treatment of without fractionation.
iP3M1B with a low isotacticitymm= 74%? DSC and TGA Analyses.DSC analysis was performed using
There have been several advancements in the melt-state NMRsgiko SSC/6000 (DSC 6000) in & Mtmosphere at a heating rate
analysis of insoluble polymers and branch content characteriza-of 10 °C/min. TGA analysis was performed on Seiko Instrument
tion up to 200°C 1913 Very recently, we succeeded in obtaining Inc ExXSTAR 6000 (TG/DTA 6200) at a heating rate of X@min.

high-resolution melt-state NMR spectra at a very high temper-  NMR Analysis. The melt-staté3C magic-angle spinning (MAS)

ature above 300C for microstructural characterizatidf. NMR analysis at very high temperatures was conducted on a
In this work, we investigate three types Gh-symmetric BRUKER AVANCE 300 spectrometer equipped v 4 mmhigh-

homogeneous metallocene catalyst, namelgzdimethylsilyle- temperature MAS NMR probe. The samples {30 mg) were

nebis(1-indenyl)zirconium(1V) dichloride (DMSBI)Zrg)| rac- packed into the central part of the NMR rotors, and open spaces

dimethylsilylenebis(2-methyl-1-indenyl)zirconium(1V) dichlo- ~ Were blocked with Teflon tape. Ngas was used as the MAS gas
ride (DMSBMI)ZrCl,), andrac-dimethylsilylenebis(2-methyl- source to protect NMR coils and probes. The actual temperature

: ; : : : of the sample surroundings in the NMR machine was calibrated
4-phenyl-1-indenyl)zirconium(IV) dichloride (DMSBMP1)Zrg) carefully usl?ng the tempergature dependence oftfieb chemical

for |R3M18 synthesis and §tudy the thermal propert!es and shift of Pb(NQ),.15 The frequency of MAS was set to 35@0 5

_stab|I|t|es (_)f the products using DS_C and TGA, respectively. It |1, ThelH and13C carrier frequencies are 300.1 and 75.6 MHz,

is shown iP3M1B synthesized using (DMSBMI)ZsMAO respectively. We used tH&C direct polarization (DP) method with

exhibits high thermal stability with reasonable productivity. a 90 pulse length of 4.&s under high-powetH continuous-wave

Moreover, melt-state NMR analysis at high temperatures above (CW) decoupling at a field strength of 50 kHz in the detecting

period. The CH signal of adamantine (29.5 ppm) was set as an

* Corresponding author. E-mail: t-miyoshi@aist.go.jp. external reference for the chemical shift. The recycle time and total
t Nanotechnology Research Institute. experimental spectrum were 500 ms and 3 h, respectively, for each
* Research Institute for Innovation in Sustainable Chemistry. spectrum. More details are shown elsewHére.

10.1021/ma062121a CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/10/2007



1764 Notes Macromolecules, Vol. 40, No. 5, 2007

Table 1. Polymerization of 3-Methyl-1-butene UsingC,-Symmetric Metallocene Catalyst and Thermal Properties, Stabilities, and
Microstructures of Products

monomer yield yield Tm Tas B
sample cataly8t mass (9) (%) (°C) (°C) isotacticity (%) regiodefect(%) Mn (g/mol)
1 (DMSBI)ZrCl, 9.4 15 16.0 285 390 >97 0.9+ 0.4 14 000+ 3000
2 (DMSMBI)zrCl, 7.4 25 33.8 299 406 94 0 17 0893000
3 (DMSBMPI)ZrCh 6.2 0 0

aPolymerization conditions: 2@mol of catalyst, 30 mL of toluene, 5 mL of MAO ([AlE= 6.7 (wt %) in toluene), 20C for 3 h.P Abbreviations:
(DMSBI)ZrCl, = rac-dimethylsilylenebis(1-indenyl)zirconium(IV) dichloride; (DMSBMI)ZrGE rac-dimethylsilylenebis(2-methyl-1-indenyl)zirconium(1V)
dichloride; (DMSBMPI)ZrC} = rac-dimethylsilylenebis(2-methyl-4-phenyl-1-indenyl)zirconium(IV) dichlorid&xperimental errors arise from S/N ratios
in the spectra.

Table 2. Polymerization of 3M1B Usingrac-Dimethylsilylenebis(2-methyl-1-indenyl)zirconium(lV) Dichloride/MAO ([Al] = 6.7 wt % in Toluene)
and Thermal Properties, Stabilities, and Microstructures of Products

sample monomer mass (g) Tp (°C) tp (h) yield (g) yield (%)  Tm(°C) Tas (°C) isotacticiyy (mm%) M, (g/molp

4 7.1 50 3 3.2 45.1 292 389 91 14 08604000
2 7.4 20 3 2.5 33.8 299 406 94 17 0&03000
5 7.7 20 12 4.1 53.2 299 395 14 0804000
6 8.2 20 55 5.5 67.1 301 400
7 5.2 0 3 1.2 23.1 300 396 95 14 0804000
8 6.0 0 12 3.8 63.3 301 398
9 12.1 0 55 115 95.0 303 404

10 7.0 —20 3 15 21.4 302 405 95

11 7.2 —-20 24 4.1 56.9 302 395 13 0@ 3000

12 6.6 —-20 65 5.2 78.8 303 414 97 23 0897000

13 6.7 —40 3 0.2 3.0 302 407 96 90@b 2000

14 6.4 —40 24 0.6 9.4 303 404

15 8.8 —40 100 7.0 79.5 304 399 96 20 0807000

a Experimental errors arise from the S/N ratios in the NMR spectra.

Results and Discussion cc &F SWe 7 oL
1

ThreeC,-symmetric homogeneous catalysts, namely, (DMSB- C"C"?'C'C'C' -c-c-g-c-c-c-é-c.
MI)ZrCl,, (DMSBI)ZrCl,, and (DMSBMPI)ZrC}, were em- B3 123456
ployed for the polymerization of 3M1B in combination with B4
MAO as a cocatalyst. The results of the polymerization are
summarized in Table 1. The productivity of sample 3 with 6 . 4 ;
(DMSBMPI)ZrCl,/MAOQ is almost zero, although (DMSBMPI)-

ZrCl, produces iPP with relatively high thermal property and

productivity compared with (DMSBMI)ZrGland (DMSBI)- mm

ZrCl,.% There is a bulky side group, isopropyl, on 3M1B. The @ 1 a3 c4

reason for the above result might be that the bulky structure of rr

the ligand hinders the insertion of the 3M1B monomer, which B3
(b)

is also bulky!6.17 -

The syntheses using (DMSBI)ZrCand (DMSBMI)ZrCh
yield reasonable amounts of samples (16% and 34%, respec- ; . . .
tively). T, of sample 2 is 299C, which is higher than that for 45 40 3330 25 20
sample 1 (285C). In the case of iPP, microstructures such as Chemical Shift (ppm)
stereo- and regiodefects and molecular weight largely affect the Figure 1. Melt-state'>*C NMR spectra for iP3M1B samples 1 (a) and
Tm of the product$:18 Therefore, it is scientifically important 2 (b) at 315°C. For both cases, the upper spectrum is enlarged 10

to investigate the microstructure of iP3M1B samples showin times. The regiodefect and end-group structures and signal assignments
9 P 9 are also showhThe line-shape analysis of the C3 signal is also shown

different thermal behaviors. using three Lorentzian peaks.

Figure 1 shows!®*C melt-state NMR spectra of iP3M1B
samples 1 and 2 at 3T&. There are four main peaks for both
of them, C2, C1, C3, and C4, which are assigned to main-chain observed shoulder is attributed to the overlapping stereodefect
CH, CH,, side-chain CH, and two C¥tarbons, respectivefy. signals,mr andrr. The obtained3C NMR line shape for the
Almost every carbon resonance is a single resonance with minorC3 signal is assumed to be fitted by three Lorentzian peaks,
shoulder components at the bottom. The previous solution-statewhich are assigned tmm mr, andrr structures, at 30.7, 30.4,
13C NMR analysis and chemical shift calculations for a low- and 30.2 ppm, respectively. Consequently, it is shown that
isotacticity iPSM1B sample demonstrated thatf@ C3 signal iP3M1B samples 1 and 2 exhibit isotacticitiessd®7 and 94%,
is resolved into multiple peaks assignedron mr, and rr respectively. The fitted peaks for the C3 signals of sample 2
structures from the downfield side to the upfield side in the are inserted in Figure 1lb. These results indicate that the
range of~1 ppm? On the other hand, the C3 signal in the melt- isospecificity of (DMSBI)ZrC} is slightly better than that of
state NMR analysis is unresolved because of the low spectral(DMSBMI)ZrCl..
resolution, but the asymmetric shape consists of the major peak The spectra also show two typical signals corresponding to
at 30.7 ppm and a very small shoulder peaka0.3 ppm. The the end groups of oligomers reported in the solution-state NMR
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ization temperature and time, which should be examined to
improve T, the isotacticity, and molecular weight of iP3M$B.
300 ° 3M1B was polymerized using the (DMSBMI)ZrIMAO
system at various polymerization temperatuiigs< 50 to—40
°C) and timest, = 3 to 100 h). The conditions and main results
= 296 are shown in Table 2T, increases to more than 30C, for
instance, 304C for synthesis 15, which is the high€eB for
iP3M1B synthesized using homogeneous metallocene catalysts
202 and is very close to that of products synthesized using Ziegler
0 30 : 2 o p Natta cgtalysts (30%C) .1 It could be obseryed that at thg same
T (°C) polymerization temperaturely) the T, of iP3M1B obtained
P after a longer polymerization timey) is always higher than
Figure 2. Relationship betweeil, and T, of synthesized iP3M1B  the T, of those produced with a shorter polymerization time.
when polymerization time was 3 h. In addition, Figure 2 shows the relationship betweerThiand
. i Tm of iP3M1B obtained at &, of 3 h. It is apparent thaty
analysis The proposed end-group structure and assignment of ey eases with decreasifg. Furthermore, we investigated the
the signals B3 and B4 are also shown in Figure 1. The end- 5o, \eight-loss temperatur@d) for all the samples. Almost
group intensities for sample 1 are slightly higher than those for all the Tqs data are very high(400°C). However, theTgs data
sample 2. In addition, there is another set of weaker peaks ;.o more scattered than tiig data.

indicating heterogeneous structures arising from regiodefects 13 . .
in sample 1. Such peaks were assigned to the structure shown 1N ~“C melt-state NMR spectrum oP3M1B polymerized
by the right-hand scheme in Figure* There are also some at variousT,, andt, values were obtained. All the spectra show

other minor peaks (*), which we could not assign, that may "° regiodefects in the iP3M1B products ob'tained using the
correspond to other regiodefects or end-group structures. On(PMSBMIZICIZ/MAO system under all conditions. Whep
the other hand, no signals corresponding to the regiodefect!S fixed at3h,the C3 sgnals cIearIy demonstrate that isotacticity
structures are observed for sample 2. These experimentalncreases with decreasig. For instance, thé*C melt-state

findings indicate that the regiospecificity of (DMSBMI)zrCl  SPectrum and analysis data of the C3 signals of the samples
is better than that of (DMSBI)ZrGl synthesized af, = —40 and 50°C for 3 h shown in Figure 3a

showmm= 96 and 91%, respectivelyThe other results are

302+

298+

T.(°C)

294 1

In our previous work, we demonstrated that B3 and regio- . ] > . .
defectl3C signals in the low-molecular-weight iP3M1B sample also listed in Tablt_e_z. In apldmc_)n, we paid attention to the end-
with an average molecular weightl§) = 2400 show similar group (B3) intensities anil,,. Figure 3b shows the spectra of

NOE and relaxation behaviors to the main signals C1, C2, C3, the end-group signals, the intensities of which are, of course,
and C44 Under such conditions, the obtained NMR signals at V€'Y small.M; is estimated to be 14 00& 4000 and 900G-

a recycle delay before C full relaxation allow us to estimate 2000 at 50 and-40°C att, = 3 h, respectively. The othéd,
defect concentration anil,.1214 We evaluatedM, and the vglu_e_s are also I|sted_|n Table 2. Molecular weight decreases
regiodefect concentration using the B3 and No. 6 signals (Figure Significantly as a function of, at temperatures below20°C.

1a) and C1 as a reference. Consequently, it was found that!t is well understood that iPP with higher molecular weight
samples 1 and 2 sholt, = 14 000+ 3000 and 17 00& 3000 always leads to high€eF,.2 Therefore, the observed tendency

respectively, and the former includes regiodefects at a concen-N Molecular weight as a function df, is opposite to that of
tration of 0.9+ 0.4%. Tm shown in Figure 2. Itis, therefore, concluded that an increase

Sample 1 shows slightly high isotacticity aM} compared in isotacticity mainly contributes to the observéd tendency

with sample 2. Nevertheless, the former includes regiodefects (Figure 2). B

at a concentration of 0.9%. This structural difference may be  As another interesting point, the dependenceaviafon t,

the main reason for the low&,. Thus, the effect of regiodefects ~ changes in accordance willy. At 20 °C, M, is unchanged or,

on Ty, has been investigated in propylene polymerizatfoR? rather, decreases with increasiggThis is normal behavior in

Pavan et al. reported presence of head-to-head chain irregularinonliving polymerization. At a lowT, of —40 °C, however,

ties at 1% decreased tfg of iPP about 10C.1° This tendency M, markedly increases with increasig(M,, = 9000+ 2000,

is consistent with our result and supports our conclusion. 3 h, and 20 00Gt 7000, 100 h). Our explanation for this is as
We also aim at the synthesis of iP3M1B at even highgr follows: The catalyst system showed high activity even in the

using (DMSBMI)ZrCh. There are two other factors, polymer- early stage of polymerization (such as 3 h) at@0 At low Tp,

R o
B3 B4 _40°C3h
M
315 310 305 300 39.5 39.0 385 38.0 375
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 3. (a) Expanded3C melt-state NMR spectra of C3 (a) and B3 and B4 (b) signals of iP3M1B synthesized at 548ni¢ for 3 h and
at —40 °C for 100 h. The three fitted peaks showingn mr, andrr peaks are also given.
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however, the productivity in a short polymerization time is the Japan Society for the Promotion of Science (JSPS) for
considerably low (3.0% and 9.4% for 3 and 24 h, respectively). support of this work.

Meanwhile, the productivity exponentially increases with in-
creasingt, (100 h, 79.5%). Therefore, the early stage of
polymerization at lowTl, seems to be an induction period. This
induction period of polymerization may be due to the slow
initiation of the zirconocene catalyst. Thus, polymers obtained
in the early stage of polymerization are expected to contain a
considerable amount of oligomeric products and as a result show
low M, in the initial period at lowT,,.

Conclusions

We performed systematic investigations of the synthesis,
thermal properties, and microstructures of iP3M1B. We used
three C, methallocene catalysts, namely, (DMSBMPI)Z:Cl
(DMSBI)ZrCl,, and (DMSMBI)ZrCk with MAO, for the
synthesis of iP3M1B. Among the three catalysts, (DMSMBI)-
ZrCly/MAO yields the product iP3M1B with the highest, of
299 °C. It was revealed by melt-state NMR analysis that the
sample synthesized with (DMSMBI)Zrg€kshows a high re-
giospecificity, which is the main reason for the high. In
addition, it was also found by melt-state NMR analysis that a
low T, of —40 °C and a longd,, of 100 h are highly effective in
further increasing the stereospecificity of (DMSMBI)ZsCl
catalyst and thi, of the products, respectively. Consequently,
bulk T, also increases to 304C, which is similar to the
maximum T, of the sample synthesized using Ziegler Natta
catalyst.

Through this work, we demonstrated that melt-state NMR
analysis yields important microstructure information even for
insoluble polymers, similar to that obtained by solution-state
NMR analysis, although melt-state NMR analysis still suffers
from a lower spectral resolution.
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