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Abstract

The catalytic activation process of the Ni-based Ziegler—Natta catalyst composed of Ni(naphtheatsjtic amount
of 1,3-butadiene, BFFOE®L and AlEg, is spectroscopically observed by using synchrotron X-ray absorption and crystal
field spectroscopies, and an optimum model of the nickel active site is proposed with the density functional theory (DFT)
calculations. In the X-ray absorption near edge structure (XANES) spectrum of nickel naphthenate (NN), the position of
the pre-edge at 8330.0eV and both the strong edge and the weak pre-edge peaks indicate that NN possesses high O
symmetry and is in a divalent state. The similar XANES spectra of NNB (the mixture of NN and catalytic amount of
1,3-butadiene) and NNBF (the mixture of NNB and BPEt) indicate that 1,3-butadiene and BOE®L do not greatly
disturb the coordination geometry around nickel. AlEtnctions as the alkylating agent in the presence of-BEt, and
initiates 1,3-butadiene polymerization in NNBFA (the mixture of NNBF and &)lEthere the coordination geometry is
altered from @- to Ty-like but nickel remains in a divalent oxidation state. In the absence gf@H,, AlEt; works as the
reducing agent in NNBA (the mixture of NNB and AlJt A single and well-defined peak at 1.62 A is observed for NN
due to the Ni—O shell in the phase-uncorrected Fourier-transformed (FT) EXAFS (extended X-ray absorption fine structure)
spectrum of NN. A significant change in the EXAFS spectrum of NNBFA has occurred where the main peak shifts toward a
higher distance with increased complexity. The complex nature of the peak at 1.75 A indicates that the coordination feature
around nickel differs from the Ni—O shell and the longer bonds, Ni—C and Ni—F, are formed. The Ni—F bond of NNBFA is
confirmed by the Ni—F peak; 137 ppm, in thé®F-NMR spectrum. The three main absorption bands, around 8830, 14660
and 24940 cm?, are obtained with the crystal field spectra of NN, NNB and NNBF, which represent a typical octahe-
dral structure of Ni(ll) having three spin-allowed transition bands ff@y ground state to th&T,g, 3T14(F) and3T14(P)
states, respectively. Heterogeneity of the Ziegler—Natta catalyst is evidenced by strong scattering in the UV-Vis region of
NNBFA.
© 2002 Elsevier Science B.V. All rights reserved.
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polymerization, anda-olefin polymerization have The liquid is dark reddish brown. It is soluble in
drawn both academic and industrial interest due to cyclohexane and toluene.

their unique mechanistic pathways in comparison with

early transition metalfl—7]. Among them, the most  2.3. Catalyst preparation and XAS cell

notable example is the nickel-based Ziegler—Natta cat-

alyst for 1,3-butadiene polymerization, composed of The active Ziegler—Natta catalyst for XAS ex-
Ni(naphthenate) catalytic amount of 1,3-butadiene, periments, was prepared under nitrogen, by mixing
BF3-OEt and AIEt [8]. The polybutadiene pro-  Ni(haphthenate)(1.20 mmol, 12% in toluene), buta-
duced with this catalyst has 96ets 1,4-content diene (2.80 mmol), B§FOEL (13.0mmol, 1.0M in
and possesses a high molecular weight with a broad toluene) and AlEf (6.10 mmol, 1.0 M in toluene) in
molecular-weight distribution[3b]. The nature of  order. The catalyst was rapidly frozen-at8°C, and
the active site and the functions of cocatalysts are, then placed in an air-tight XAS cell under,Nitmo-
however, still in disputd9,10]. In the unique qua-  sphere. The cell was made of Teflon with two Mylar
ternary catalyst system, polymerization activity and windows (1/2000in.; window size, 20 mm 8 mm;
the active sites are varied by the combination of optical path length, 2mm}ig. 1

alkylaluminum and BgOEb [3], whereas in many

other nickel-based catalysts activity is controlled by 2.4. XAS measurement and data analysis
alkylaluminum alond1,2,4-7]

Serious limitations to studying the active site are  Nickel K-edge XAS measurement was carried out
the lack of crystallinity, multi-active sites, and low sta- using Beam Line 3-C (2.0 GeV,; 80—150mA; Si(111)
bility. In the present study, we employed synchrotron double flat crystal monochromator) at the Pohang
X-ray absorption and crystal field spectroscopic tech- Accelerator Laboratory (PAL) at POSTECH, Korea.
niques to overcome such limitations, and describe our XAS data were collected at room temperature in the
spectroscopic findings for the two different functions transmission mode using2lo) and Ar(l) filled ion-
of alkylaluminum and the structure of the nickel-based ization detectors. The monochromator was detuned
active site. by 30% in incident X-ray beam. All of data were

internally calibrated using a Ni foil (8333.0eV). The
near-edge region was scanned at equal energy step of

2. Experimental 0.30eV per point to resolve fine structures. The EX-
AFS spectra were obtained at constant wave vector
2.1. Materials k, 0.05A1. The primary XAS data, Ing/l;), were

normalized after extending the pre-edge region to the
BF3-OEb, AlEtz and 2,2,6,6-tetramethyl-3,5-hep- post-edge region using the Victoreen formula. EX-
tanedione were purchased from Aldrich or Lancaster AFS was extracted from the normalized XAS spectra
Chemicals. Nickel fluoride and nickel naphthenate after converting from electron volts to wave-vectky (
(5.0%) were purchased from Strem Chemicals and by the equationk = [0.263(E — Eg)]¥/2, and fitting

Dainippon Ink, respectively. with a routine (AUTOBK) provided in the UWXAFS
package (version 3.0). The EXAF®(K), is described
2.2. Synthesis of by the following equation,

NiF2((CH3z)3CCOCHCOC(CH)3)2 f
()= NpSZZE sin(2kR+ ¢ (k) exp(—2k%0 )
A mixture of NiF,; (5.0g, 0.052mol) and 2,2,6,6- R kR?

tetramethyl-3,5-heptanedione (20.0g, 0.11mol) in 2R
xexp ( )

butyl ether was refluxed for 5h, and evaporated to 5

dryness. The resulting liquid was chromatographed

(BioBeads, S-X12).1°F NMR(CsDs, 188 MHz, The parameter of our primary interest is the inter-
CFCk): —139 ppm.'H NMR(CgDg, 200 MHz): 1.07  atomic distanceR. We muiltiplied x (k) by k3 to en-
(m), 5.70 (s), 16.91 (s). hance the oscillatory part at hidh
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Fig. 1. XAS Cell for liquid and air-sensitive catalyst.

2.5. Other spectroscopic measurements 3. Results and discussion

The crystal field spectra were obtained in an 3.1. XANES study
air-tight quartz cell with a JASCO V-570 UV-Vis—NIR
spectrophotometer at room temperature. For the crys- The active catalyst, NNBFA, for XAS experiments
tal field measurement Ni(naphthenateBFs3-OEf, was prepared by mixing Ni(naphthenatéNN), cat-
and AIEg was diluted in toluenelH and 1°F alytic amount of 1,3-butadiene, B®EL and AlEg,
NMR spectra were recorded on a Varian Unity Plus and polymerized 1,3-butadiene as showSameme 1
200-NMR spectrometer operated at 200 and 188 MHz, NN is a mixture of nickel aliphatic carboxylates,
respectively.l®F NMR chemical shifts are relative highly soluble in non-polar solvent and green in
to CFCk as an external reference. Matrix-assisted toluene. From the MALDI mass spectrum of NN, its
laser desorption ionization (MALDI) mass spectra major molecular weightsnfz) are 1269.2, 1205.54,
were obtained from Korea Basic Science Institute 1057.7,844.3,785.6,576.4 and 365.1. Since no crystal

(matrix = 2, 5-dihydroxy benzoic acid). structure of NN is available, nickel aceate tetrahydrate
cat
: Ft; _ NNBA
. 1.3-BD Al
N1(nap§t§enate)2 NNB —

1,3-BD
BF}OE& NNBF Ali» NNBFA —— high 1,4-cis polybutadiene

Catalyst Preparation Step Polymerization Step

Scheme 1. Catalyst activation steps of the nickel-based Ziegler—Natta catalyst for 1,3-butadiene polymerization.
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Fig. 2. Ni K-edge XANES spectra of NA, NN, NNB, NNBF and NNBFA.

(NA), which possesses{symmetry with 6 oxygen

to Ty-like [11]. The lowering of the symmetry causes

ligands, is employed as the reference for the structural an increase in orbital mixing between the 3d and 4p

study. Fig. 2 shows the evolvement of normalized
XANES spectra of nickel K-edge. The positions of
the pre-edges of NN, NNB, NNBF and NNBFA are

nickel orbitals and in overlap of the 3d nickel orbitals
with the 2p ligand orbitals. Since a new coordination
site for butadiene should be needed after the activation

located at 8330.0eV, which are the same as that of step for polymerization to occur, the coordination ge-

NA. This result indicates that nickel is in thie2 state

ometry around nickel is to be altered from the highly

during the entire activation process. The pre-edge saturated and strongly coordinated geometry.

peak, due to dipole-forbidden but quadruple-allowed
transition of 1s— 3d, is also an indication of site
symmetry around nickel(ll). The weak intensity of
NN, NNB and NNBF implies that nickel is sur-
rounded by an octahedron of six oxygen atoms, re-
sulting in minimal orbital hybridization. This result is
confirmed in comparison with that of NA, and implies
that 1,3-butadiene and BIOEt, are located such a
long distance from nickel and thus they do not greatly
disturb nickel coordination sphere. A large change
was observed in NNBFA where Algtforming the
Ni—C bond and initiating polymerization, was added
to NNBF. The large reduction of the main absorp-

The XANES spectrum of NNBA (the mixture of
nickel naphthenate, butadiene and A)Eis similar
to that of Ni foil or Raney Nickel, in which K-edge
peak is located at 8333 ef12]. In the absence of
BF3-OEt, the reduction of nickel to the zero valent
state is observed. This observation indicates thatAlEt
functions not only as an alkylating agent but also
as a reducing agent for nickel. This arises from the
formation of a highly unstable nickel dialkyl, which
decomposes to metallic nickel. The reduced metallic
nickel loses its catalytic activity for 1,3-butadiene
polymerization. This supports that BRs involved
in the active center of 1,3-butadiene polymerization,

tion peak, the relative enhancement of the pre-edge where fluorine increasesis content by promoting
peak and the absence of splitting of the main-edge the electron deficiency of nickel with consequently

slope indicate that the symmetry changed from O

strongem®*-cis coordination of butadiens].
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3.2. Crystal field study

17

tively [14]. We could not observe any strong bands

due to strong scattering but an weak absorption near

Another structural study was carried out using visi- 5000 cnt? arose in NNBFA. This result strongly in-
ble-near IR spectroscopic techniques, which would dicates multi-site and heterogeneous active species

provide crystal field information around nickel. Four
main absorption bands, around 8830, 13370, 14660
and 24940 cm?, were obtained with NN, NNB and
NNBF solutions in the visible and near infrared re-
gion, Fig. 3. In a typical octahedral structure, Ni(ll)
has three spin-allowed transition bands, fréng
ground state to théTag, 3T19(F) and3T14(P) states,
corresponding to 8830, 14660 and 24940 ¢mre-
spectively{13]. The transition energy 6f g — 3T2g
corresponds to the crystal field splitting energy of the
octahedral structure. In the visible region, a strong
scattering was observed in NNBF or NNBFA sam-
ple due to insufficient homogeneity. We determined
from the crystal spectra of NN, NNB and NNBF
that 1,3-butadiene and BMOEt barely disturbed
the nickel coordination shell. In a regular tetrahe-
dral structure, three major bands are observed around
5000, 8500 and 15000 cm, which corresponds to
spin-allowed transitions fronfT1(3F) ground level

to 3To(3F), 3A>(3F), and 3T1(®P) levels, respec-

0.6

bt
=
|

Absorbance

0.2 1

are formed.

3.3. Extended X-ray absorption fine structure
(EXAFS) study

Further detailed information on the active site and
nickel geometry was obtained from EXAFS spectra.
Fig. 4 shows phase-uncorrected Fourier-transformed
(FT) spectra ofk3-weighted EXAFS for a series
of catalyst activation steps. As expected from the
XANES, any noticeable change in peak positions was
not observed in FT spectra until Aletvas added. A
single and well-defined peak at 1.62 A observed for
NN is due to the Ni—-O shell. This peak is not much
changed when BfOEt and butadiene are added
except for a shoulder at a rising part, indicating that
BF3-OEt and butadiene only weakly interact with
nickel (see FT spectrum of NNBF). The curve fitting
on the basis of the crystal data of NA and using UWX-
AFS 3.0 gives D3+ 0.02 A for the Ni—O distance.

24940

-—

NNBF

T T T T
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18000 20000 22000 24000 26000
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Fig. 3. Crystal field spectra of NA, NN, NNB and NNBF.
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Fig. 4. Fourier transforms of EXAFS spectra of NN, NNBF and NNBRArgnge of 2—12 A1),

A dramatic change in the EXAFS has occurred in consists of multi-active sites and many atoms are
NNBFA. The shift of the main peak takes place to- located at similar distances, contributing to the EX-
ward a higher distance with increased complexity. AFS spectrum. Therefore, curve fitting cannot simply
The complex nature of the peak at 1.75A indicates distinguish all these contributions.

that the coordination feature around nickel differs

from the Ni—O shell and the longer bonds, Ni—C and 3.4. Proposed active site

Ni—F, are formed. In accordance with the XANES and

the crystal field spectra, Alglters the coordination The formation of Ni-F bond in NNBFA was
geometry and distances. The Ziegler—Natta catalyst monitored by 1% NMR spectroscopic techniques

R,—Ni(Ih—R; | —— Ni(0)

o) fo) cat. AlEty
! . I 1,3-BD .
R{CO~-Ni(II)—OCR, reduction NNBA
NN (Oy)
B o
T, IBF3OE(2 BF;0Et, 1
‘ 6 AlEt o FAIFE L3-BD Lo
—Ni(ID—OC — L igh 1,4-cis
R4CO-Ni(I1)~OCR; allovlation R{CO-Ni(ID—R; —— polybutadiene
) " izati
NNBF(O,) NNBFA(T,) polymerization
proposed active center
"
R4CO" = naphthenate  R,= Et or butadiene oligomer x+y=3

Scheme 2. Nickel structures during activation steps and a proposed active center.



G. Kwag et al./Journal of Molecular Catalysis A: Chemical 193 (2003) 13-20 19

Fig. 5. Model of an active site of the nickel-based Ziegler—Natta catalyst for 1,3-butadiene polymerization {NIBTA, Ni-G 2.151 A,
Ni-C; 2.112 A, Ni-R 2.044 A, Ni-Q 1.888A, Ni-Q 3.019A, G-C, 1.477A, G-C3 1.360A, G-C; 1.393A, R-Al; 1.763).

(=137 ppm, standard CFg&lin CgDg) [15]. The DFT gradient calculations were then performed to de-
Ni—-F bond formation is also confirmed by the termine the three-dimensional optimum geometry on
19F NMR spectrum of the model compound MiF  the basis of the above results, using the Gaussian 94
((CH3)3CCOCH,COC(CHg)3)2 where the peak of  program[16], where the hybrid method B3PW91 with
Ni—F is located at-139 ppm. The data support that the LanL2DZ basis set was employé&dgy. 5shows an
BF3 works as a F-donor to form a Ni-F bond from optimized geometry of the proposed active site, where
NN by the ligand-exchange reactions with BBEt, the anti configuration ofy!-allyl ligand having the

and AlEg as follows: penultimate double bond is coordinated to Ni(ll), and
] the polybutadiene propagation chain is geometrically
Ni(OOCR2 + AlEts distorted to maintain theis-configuration.
— EtNi(OOCR) + RCOOAIEbL Q)
EtNi(OOCR) + BF3 - OEt, 4. Conclusions
— FNi(OOCR + BEtF, - OEt, (2)

Our aim of this work is to clarify functions of
We summarized these spectroscopic results asalkylaluminum and the nature of the nickel in the
shown in Scheme 2 and built a three-dimensional  Zigler—Natta catalyst for 1,3-butadiene polymerization
model of an active site in which nickel(ll) is coordi- using synchrotron X-ray absorption and crystal field
nated with acetate, allylic active end with the penul- spectroscopies. Based on the XANES, EXAFS, crys-
timate double bond, and aluminum tetrafluoride. The tal field structure and DFT calculations, the following
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conclusions are reached: (1) alkylaluminum works [8] (a) S. Kitagawa, Z. Harada, Jpn. Chem. Q. IV-1 (1967) 41;

as an alkylating agent in the presence of;Bd as (b) J. Furukawa, Pure Appl. Chem. 42 (1975) 495.

a reducing agent in the absence ofsBR2) nickel [9] (@) R. Taube, S. Wache, J. Organomet. Chem. 428 (1992) 431;
. . . . . L. b) J. Sieler, R. Kepe, S. Wache, R. Taube, J. Organomet.

remains in a divalent state during the entire activation ® ! P ! g

. _ Chem. 455 (1993) 241;
processes in the presence of3BE3) the geometrical (c) R. Taube, S. Wache, J. Sieler, J. Organomet. Chem. 459

change from @- to Ty-like structure around nickel oc- (1993) 335;
curs with the addition of alkylaluminum; (4) the Ni-F (d) S. Wache, R. Taube, J. Organomet. Chem. 456 (1993)
137;

bond formation, which promotesis-configuration
f butadi tak | fter th dditi f (e) R. Taube, J. Langlotz, G. Muller, J. Muller, Makromol.
of polybutadiene, takes place after the addition o Chem. 194 (1993) 1273,

AlEts; (5) DFT calculations suggest the formation [10] (a) G. kwag, Y. Jang, H. Lee, Polym. J. 31 (1999) 1274;

of Ni(l)—mt-allyl and Ni(ll)—penultimate double (b) H. Sato, Y. Yagi, Bull. Chem. Soc. Jpn. 65 (1992) 1299.

bonds. [11] (a) L. Galoisy, G. Calas, Mater. Res. Bull. 28 (1993) 221;
(b) L. Galoisy, G. Calas, Geochim. Cosmochim. Acta 57
(1993) 3613;
(c) L. Galoisy, G. Calas, Am. Miner. 77 (1992) 677.

[12] J. Rothe, J. Hormes, C. Schild, B. Pennemann, J. Catal. 191
(2000) 294.

Experiments at Pohang Accelerator Laboratory [13] (a) G.R. Rossman, R.D. Shannon, R.K. Waring, J. Soild State

; Chem. 39 (1981) 277;
were supported in part by MOST and POSCO. (6) H. Keppler, Am. Miner. 77 (1992) 75;

(c) M.L. Calatayud, I. Castro, J. Sletten, J. Cano, F. Lloret, J.
Faus, M. Julve, G. Seitz, K. Mann, Inorg. Chem. 35 (1996)
2858;
(d) T. Yoshida, T. Suzuki, K. Kanamori, S. Kaizaki, Inorg.
Chem. 38 (1999) 1059;
(e) M.J. Elejalde, R. Balda, J. Fernandez, J. Phys. 4 (1994)
C4-411.

[14] L. Galoisy, G. Calas, J. Mater. Res. 6 (1991) 2434.
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