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In typical olefin polymerization reactions using supported single- Scheme 1. Synthesis of Tethered Bransted Acid Sites

site catalysts, methylaluminoxane (MAO) is adsorbed on a silica SO3H SOzH
support and the combination is used as the supported cocatalyst. F Toluene, F.CF FsCiF
To this supported activator, homogeneous single-site precatalysts F%A\t .0 110°C 8 F F
can be added to produce different polymer products, as influencedf F e} o F OH O F
by the symmetry of the catalyst, the monomer supplied, etc. Asa F Si/o\éi/o\Si/o\éi/o\éi'O\Si

method to prevent reactor fouling and metal-leaching problems,
silica-tethered olefin polymerization precatalysts have been syn- aqdition, in all cases, reactor fouling was not observed with the
thesized in recent yeatsUnfortunately, these materials are gga-FSQH/TMA cocatalyst, whereas it was observed in the
impractical and limited by their desigra support with a fixed  control experiments that utilized supported or unsupported MAO
precatalyst and external cocatalyst requires many different supportedsee Supporting Information). To elucidate if the activation was a
precatalysts to obtain a versatile array of polymer products. consequence of the regular mesoporous support, SBA-15, an
To date, only inorganic solids have been utilized as MAO-free additional material was synthesized using an amorphous commercial
solid activator/supports® Marks and co-workers reported the use gjlica material (MS-3030 from PQ Corp.). With this support/
of sulfated metal oxides (SMOs) as support/activators for olefin activator, the polymerization of ethylene was studied with £p*
polymerizations owing to their very high Brgnsted acidiyrganic/ ZrMe, at room temperature [1:20 Zr/FS®, 1:400 Zr/Al]. A
inorganic hybrids based on organic sulfonic acid functionalized catalytic productivity of 413 kg PE/mol Zn was observed. When
silicas have been utilized for more than a decade in nonpolymer- compared to MS-3030/MAO (Zr/Al of 1:400), a productivity of
ization applications requiring a Brgnsted atidowever, there are 1510 kg PE/mol Zih was achieved, showing that the new organic/
no reports of organic/inorganic hybrid cocatalyst/supports for olefin inorganic hybrid activator/supports can give activities [best case
polymerization, where the organic functionality plays a critical role  ~850 kg PE/mol Zth] on the order of MAO/silica.
in the catalysis. We present here the first use of an organic/inorganic - Three mechanisms of activation by the supported sulfonic acid
hybrid material as an effective combination cocatalyst/support for were considered. In all cases, one role of the TMA is the in situ

activation of various zirconocenes for production of poly(ethylene)
in the presence of small amounts of alkylaluminum.
A fluorinated sultone precursor previously reported by Alvaro

capping of the surface silanols to preventZ—Si metal deactiva-
tion on the silica surface. The three mechanisms are (i) in situ
production of MAO from traces of water on the silica support, (ii)

et al. was tethered to SBA-15 by heating the mixture in toluene at direct metallocene activation by the sulfonic acid, or (iii) activation

110°C overnight (Scheme F)The SBA-15 material was synthe-
sized with an average Bop@ancse-Heinzinger (BJH) pore
diameter of 65 A and BrunaueEmmett-Teller (BET) surface
area of 960 rfig.” After reaction with the sultone precursor, the
pore diameter and surface area decreased to 62 A and 3g0 m
respectively. The sultone ring opened to form a sulfonic acid via
reaction with the surface silanols on SBA-4This supported
sulfonic acid is the Brgnsted acidic support used here.

The polymerization of ethylene was studied using bis(cyclopen-
tadienyl)dimethylzirconium (CfZrMe,) or bis(pentamethylcyclo-
pentadienyl)dimethylzirconium (CpZrMe;) as the metallocene
precatalyst. It is necessary to add trimethylaluminum (TMA) for
the polymerization to proce€dwhen the zirconocene and SBA-
FSGH were mixed without addition of TMA, polymerization was
not observed. As shown in Table 1, the productivities ofAZkle,
are higher with a Zr/Al ratio of 1:400 than 1:700. However, ratios
of as little as 1:35 and 1:20 of Zr/SBA-F3@ are sufficient to
activate the metallocene, yielding productivities up to 385 kg PE/
mol Zr-h. As a control, the supported sulfonic acid with TMA was

by a combined adduct of the Brgnsted acid and TMA. Each of
these possible mechanisms was investigated experimentally. As
reported by Scott and co-workers, the addition of TMA caps surface
silanol groups by forming a bisaluminum bridge on the-GH
surface groups, evolving methahkeoss of silanols in our work is
supported by our FTIR experiments using SBA-RBOMA, as

the residual OH stretching band from the surface silanols was absent
after addition of the sulfonic acid precursor and TMA to the support
(see Supporting Information). TMA addition to silica could produce
MAO in situ if there was sufficient water present on the support.
However, our materials were rigorously dried. In addition, simply
capping silanols on bare SBA-15 with TMA in the absence of
sulfonic acids did not produce a solid that would activate the
metallocene. To further investigate the possibility of in situ MAO
formation, a hydrated mercaptopropyl-functionalized SBA-15 con-
trol material (SBA-MPTMS) was mixed with TMA and CgZrMe,.

This weakly acidic cocatalyst did not produce any poly(ethylene)
either. Thus, in situ MAO formation was ruled out as an activation
mechanism. Mechanism (ii) for metallocene activation, direct

tested in the absence of the metallocene, and it was inactive. Usingactivation of the metallocene by protonation by the Bransted acid,

Cp*,ZrMe; as the precatalyst, the productivities were much higher
compared to the GErMe, analogue. In fact, productivities ap-
proaching 1000 kg PE/mol Zr were observed (Table 1). In
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was deemed unlikely, as well. First, no polymerization was observed
under any conditions in the absence of alkyl aluminum. In addition,
order of reagent addition is found to be important, with active

10.1021/ja0727870 CCC: $37.00 © 2007 American Chemical Society
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Table 1. Polymerization of Ethylene in Toluene at Room Temperature

Al Tn productivity
entry catalyst cocatalyst source Zr/Al Zr/SBA-FSO3H (°C) (kg PE/mol Zr+h)
1 CpZrMe, SBA-FSQH TMA 1:700 1:35 138.1 300
2 CpZrMe; SBA-FSQH TMA 1:400 1:35 138.5 385
3 CppZrMe, SBA-FSQGH TMA 1:700 1:20 138.0 135
4 CpZrMe, SBA-FSQGH TMA 1:400 1:20 139.5 200
5 CpZrMe; SBA-FSQH TIBA 1:700 1:35
6 CppZrMe, SBA-FSQGH TIBA 1:400 1:20
7 Cp*ZrMe; SBA-FSQGH TMA 1:700 1:35 141.6 850
8 Cp*ZrMe; SBA-FSQH TMA 1:400 1:35 143.8 750
9 Cp*ZrMe, SBA-FSQH TMA 1:125 1:10 140.6 180
10 Cp*%ZrMe; SBA-FSQGH TMA 1:50 1:10 140.7 110
11 Cp*ZrMe; SBA-FSQGH TMA 1:50 15 140.3 55
12 Cp*ZrMe; SBA-FSQH TMA 1:25 15 139.2 50
13 Cp*%ZrMe; MAO MAO 1:125 133.9 1600
14 Cp*ZrMe; SBA-MAO MAO 1:125 136.5 1730
15 Cp*ZrMe; SBA-FSQH/MAO MAO 1:125 134.1 1900
Scheme 2. Hypothetical Activated Catalyst® Acknowledgment. This work was supported by the U.S.
Ji - - \% National Science Foundation (Grant CBET-055354).
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ZV\M o AlMe, AlMey Me/Zf Supporting Information Available: Materials, experimental meth-
: é cl) (I) & : ods, XRD, XPS, reactor fouling. This material is available free of charge
0=S8=0 0=8=0 via the Internet at http://pubs.acs.org.
F H; F
F3CJS<F NP FC\F
F A Al F References
0 o’ 0
o.l.o_ .0 1.0_.0_ Ol _0O_. (1) (a) Soga, K.; Kim, H. J.; Shiono, Macromol. Chem. Phy4.994 195
si” s siT siT ST ST ST s 3347. (b) Hlatky, G. GChem. Re. 200q 100, 1347. (c) Chen, E. Y.-X.;
; R Marks, T. J.Chem. Re. 200Q 100, 1391. (d) Tian, J.; Soo-Ko, Y.;
catalysts formed only when the alkyl aluminum is added to the Metcalfe, R.. Feng, Y. D.; Collins, Sviacromolecule001, 34, 3120.
acidic supportbefore addition of the metallocene. Additional (e) Cheng, X.; Lofthus, O. W.; Deck, P. Al. Mol. Catal. A: Chem.
; ; ; f f 2004 212 121. (f) McKittrick, M. W.; Jones, C. WJ. Am. Chem. Soc.
solution phase studies t_hat s_uggest the_ sulfonic ac_ld alone is not 2004 126 3052. (g) Yu, K. Q.. McKitirick, M. W.: Jones. C. W.
the cocatalyst are described in Supporting Information. Thus, our Organometallics2004 23, 4089. (h) Severn, J. R.; Chadwick, J. C;
initial evidence suggests activation occurs via metallocene interac- o gUChatei“'MR-?SF”Ed_?c”‘ihlsv(';@hem- Ff?%023035917°5 4073.
. . . e . arces, J. M.; Sun, Tatal. Commun , 97.
tion W|th_a c_c_)_mbmed Brznsteq aadirlmethylglumlngm adduc_t (3) Lee, K-S.: Oh, C.-G.. Yim, J-H.. Ihm, S.-KI. Mol. Catal. A: Chem.
(mechanism iii). Scheme 2 depicts a hypothetical activated cation 200Q 159 301.
anion pairﬁ’ (4) (a) Ahn, H.; Marks, T. JJ. Am. Chem. S0d.998 120, 13533. (b) Ahn,
Tq elucidate the location of_the active cat_alyst, simple filtration H;'Ch'\(‘;gg?gsbfA';H’ l\,ﬂ?rmrgs'y‘?r??ﬂ%@gﬂ'ﬁf%%%%1%758232(2
studies were performed. For instance, a mixture of SBA§0 (d) Nicholas, C. P.; Marks, T. Langmuir2004 20, 9456.
* i (5) (a) Corma, AChem. Re. 1995 1995 559. (b) Rhijn, W. M. V.; Vos, D.
TMA’ toluene, and CinMez or Cp*2ZrMe, was ,Stlrred for 30 E. D.; Sels, B. F.; Bossaert, W. D.; Jacobs, PChem. Commuri998
min and subsequently filtered in a drybox. The filtrate was tested 317 (c) Melero, J. A.; van Grieken, R.; Morales, Ghem. Re. 2006
for polymerization activity and found to be inactive. Thus, the active © (10&?790“ . A Das DL F V.. GarciaGhem. G
. . . . a) Alvaro, M.; Corma, A.; Das, D.; Fornes, V.; Garcia,Ghem. Commun.
_ce_ltalyst likely remains coordlnated to the support matétiahus, 2004 956, (b) Alvaro. M.; Corma, A.; Das, D.; Fornes, V.; Garcia,H.
it is proposed that the reaction of TMA and the SBA-RFBQurface Catal. 2005 231, 48.

- i i (7) (a) Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, GJDAm.
creates a surface-tethered species that can activate the metallocene, Chem. Soci098 120, 6024, (b) Hicks. 3. C.. Jones, C. Wangmuir

creating a weakly coordinating anion and an active metallocenium 2006 22, 2676. (c) Hicks, J. C.; Dabestani, R.; Buchanan, A. C., III;
cation. Jones, C. WChem. Mater2006 18, 5022.

We thus report a method to produce active supported zir- () Seott 25(')(%‘5'; §4h”1r83j T.L; Nguyen, D. H.; Mader, E. A.; MorarTdp.
conocenes on a perfluoroalkanesulfonic acid functionalized silica  (9) Reaction of TMA with the supported acid evolves methane. A structure
support. It is necessary, however, to add trimethylaluminum to cap for the sulfonic acid/TMA adduct that is suggested to form the non-

. . . coordinating anion might be derived from suggested TMA-silica structures
the surface silanols and react with the surface Brgnsted acid groups described i?] ref 8 or ?n the following: Li, J.g|-g|.; DiVerdi, J. A.: Maciel,

to form a site capable of activating the precatalyst. The results G. E.J. Am. Chem. So2006 128 17093.

i ; ; R (10) The supported fluorinated acid does leach in the presence of water or
!ndlcate_ the active catal)_/s_t is coordinated to the surface rather than alcohols. The leaching experiment described here does not rule out
in solution. The productivities are on the order of those observed leaching of some inactive species, or leaching of active species that
with MAO-modified silica, but the materials have the advantage deactivate during filtration.

of preventing reactor fouling by limiting leaching of active species. JAQ727870

J. AM. CHEM. SOC. = VOL. 129, NO. 27, 2007 8427



