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Abstract

2,2?-bis-(indene-2-yl)-biphenyl-Zirconium dichloride (biph[2-Ind]2ZrCl2) supported on silica and in the presence of methylalu-

minoxane (MAO) cocatalyst was studied by FT-Raman spectroscopy. Even though the transition metal was present at a

concentration down to 0.12 wt.%, useful FT-Raman spectra were obtained. The aim of this work was to correlate spectral features

to such typical catalyst properties like Al/Zr ratio and catalytic yield (CY). The Raman spectra contain signals due to the co-catalyst

and the catalyst. Catalyst signals due to Zr�/Cl, Zr�/CH3 and Zr-other ligand (e.g. Cp or Biph-2-Indene) bonds as well as ligand

specific signals were identified using literature data, model compounds and ab-initio quantum chemical calculations of the

vibrational spectra. An excellent correlation was found between the intensity ratio of the peaks at 3000 and 1500 cm�1 and the Al/Zr

ratio. A fairly linear correlation was found between the signal intensity due to M�/CH3 bonds and the catalytic yield (kg PE per

mmole Zr) for a series of samples of different Al/Zr ratios and different catalytic yields. # 2002 Published by Elsevier Science B.V.
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1. Introduction

In the last two decades catalysts for olefin polymer-

ization derived from metallocene compounds and

methylaluminoxane (MAO) as cocatalyst have attracted

great interest both in academia and industry [1�/4]. The

metallocenes are single-site catalysts, as opposed to

Phillips and Ziegler/Natta catalysts, which have been

used already for many years commercially to produce

polyolefins. Therefore, these catalysts produce a very

uniform polymer with a narrow molecular weight

distribution. Metallocene catalysts allow control of

molecular weight, incorporation of co-monomer and

tacticity. Furthermore, they are extremely active poly-

merization catalysts and have therefore raised the

interest of polyolefin producers. The cocatalyst MAO

can be described as a mixture of chains and rings

comprised of the unit (�/O�/Al(CH3)�/). It is generally

accepted that MAO activates the metallocene by alkyla-

tion and subsequent abstraction of one of the methyl or

Cl groups, thus generating the catalytically active

species: a metallocenium cation [5,6] (see Scheme 1).

The mechanism of activation by MAO was studied

recently in detail by 13C-NMR [7] and UV�/vis spectro-

scopy [8]. The uniqueness of MAO lies in its balance of

its three properties: alkylation of the metal atom,

abstraction of a methyl group, and stabilization of the

created metallocenium cation.

In general, a homogeneous metallocene catalyst

cannot be practically used for gas phase or slurry

polymerization because of high reactor fouling. It is

well known that it is possible to support these catalysts,

e.g. on silica or alumina [9] offering the extra advantage

of applicability in both gas phase and slurry reactors.

The development of supported metallocene catalysts has

been a very active area of research in the last decade.

Much work devoted to preparation methods, interaction

between catalyst and cocatalyst and the anchoring of

metallocene catalysts to the surface of inorganic sup-

ports, has been published [10�/13]. However, many

aspects of supported metallocene interaction with alkyl-
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aluminium co-catalyst, introduced into the polymeriza-

tion medium, are still unclear.

In the current study we explore the use of FT-Raman

spectroscopy to characterize the catalyst system 2,2?-bis-

(indene-2-yl)-biphenyl-zirconium dichloride (biph[2-

Ind]2ZrCl2, see Scheme 2 [14]). Despite the low amount

of metallocene deposited on the MAO/Silica-support

(0.1�/0.4 wt.% Zr), we have anticipated that using

Raman spectroscopy it might be possible to directly

observe vibrations related to the ‘active site’ of the

metallocene, i.e. the Zr�/Cl and/or Zr�/Me bond vibra-

tions. This should make it possible to study the

interaction of the metallocene with the MAO on the

support, the disappearance of Zr�/Cl bonds, the forma-

tion of Zr�/Me bonds, and possibly the activation of the

metallocene as a whole. Particularly, this might give us a

tool to understand the difference between a ‘good’ and a

‘poor’ catalyst, on a molecular level.

A literature search (Chemical Abstracts) was carried

out for the years 1969�/1999, targeting papers with

vibrational spectroscopic information on Cp2ZrR2 com-

pounds and assignments of peaks. Relatively little has

been published on this subject [15�/23] compared with

the very large number of papers dealing with synthesis

of metallocenes and related polymerization experiments.

The work described in references [15�/19] concerns

relatively simple compounds, with only cyclopentadie-

nyl, chlorine and methyl ligands. The recent work of

reference [20] contains some vibrational spectroscopic

information on metallocene half sandwich complexes

with pyridine containing bridges. However, the dis-

cussed Zr�/Cl vibrations were interpreted based fully

on the interpretation in ref. [18]. The other recent papers

[21�/23] all concern force field approaches, mostly

involving fitting of parameters to simple species such

as Cp2ZrCl2. No validation of these force fields for

general metallocene type species was provided. More-

over, we need unbiased information on the activated,

cationic, complexes, which in our view can only be

reliably obtained by ab initio calculation. The spectro-

scopic region below 400 cm�1 contains only signals due

to metal�/ligand vibrations, while above 800 cm�1

signals due to the aromatic ligands can be found [19].

For the present work, the signals due to Zr�/Cl and Zr�/

CH3 stretching vibrations are the most relevant, they

can be found in the regions 310�/360 cm�1 [16�/18] and

460�/490 cm�1 [18] for Zr�/Cl and Zr�/CH3 vibrations,

respectively. Faced with the limited and sometimes

dated information found in literature, we decided to

support our assignment of vibrational peaks with ab
initio calculations of vibrational spectra, both for the

simple compounds as well as for the much larger biph[2-

Ind]2ZrCl2 species. Both neutral dimethyl and mono-

methyl cation compounds were considered. At the time

of the cited work of ref. [15�/18], interpretation was

primarily feasible using analogies to even simpler

organometallic structures, and by making assumptions

about, e.g., symmetry. For structures with other than
very simple (halogens, methyl groups) substituents,

however, the actual normal modes may well look very

different. In the present work, the character of the

normal modes may become more complex than simple

bond stretching or angle bending. State-of-the-art first

principles quantum mechanical calculations allow for a

proper analysis of the vibrational modes in molecular

systems, and such calculations have therefore been
performed and the results are used in the present work

to support the interpretation of the experimental results.

2. Experimental

For the biph[2-Ind]2Zr-R2 structure, due to the large

number of atoms in the molecule, a complex Raman

spectrum is expected, the spectrum of the supported

catalyst/cocatalyst system will be even more complex.

Therefore, pure MAO and MAO on silica were mea-
sured first before measuring the isolated biph[2-Ind]2Zr-

R2 compound. The Raman peaks due to biph[2-Ind]2Zr-

R2 were assigned to either the ligands or the metal-

Scheme 1. Methylation of a zirconocene compound and cation formation.

Scheme 2. Structure formula of 2,2?-bis-(indene-2-yl)-biphenyl-zirco-

nium dichloride (biph[2-Ind]2ZrCl2) [14].
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chloride vibrations with help of spectra of the Li�-

ligand salt. Finally, the catalyst/cocatalyst sample sup-

ported onto silica was measured and the interpretation

was accomplished using the results for the unsupported
compounds, supported by theoretical calculations of the

vibrational spectra.

2.1. Synthesis of the catalysts

All preparations were carried out under an atmo-

sphere of purified nitrogen using standard Schlenk

techniques. Solvents were carefully dried and freshly
distilled from sodium�/benzophenone prior to use. Silica

(Grace Davison) was dehydrated with a nitrogen flow at

a temperature of 200 8C. MAO was purchased as a 30

wt.% toluene solution (Albemarle). Solid MAO was

prepared using a method described in a patent [24].

[2,2?-bis(2-indenyl)biphenyl]zirconiumdichloride was

prepared according to a method described in ref. [25].

2.1.1. Supported [2,2?-bis(indene-2-yl)-biphenyl]-

zirconiumdichloride

Silica (Grace Davison) was heated at 200 8C under a

stream of nitrogen for 6 h. To 7 g of this silica 70 ml of

toluene was added. The slurry was stirred and 50 ml of a

10 wt.% solution of methylaluminoxane (Albemarle)

was added slowly. The resulting slurry was stirred for 16

h at room temperature (r.t.), after which the diluent was

removed by evaporation at 30 8C. To a slurry of 2 g of
the obtained solid (in 30 ml of toluene), a solution of 25

mg of the [2,2?-bis(indene-2-yl)-biphenyl]-zirconium-

dichloride in 20 ml of toluene was added, and the

resulting slurry was stirred overnight. The slurry was

then decanted and dried by evaporation at 35 8C.

2.1.2. Polymerization

A 2 l stainless steel reactor was filled with 1 l heptane
and 0.4 ml of a 1 M solution of tri-isobutylaluminium in

toluene. The polymerization was carried out at 90 8C.

Ethylene was added to the reactor with a total pressure

of 15 bar. Slurry of the supported catalyst was prepared

in a drybox, by weighing out 40 mg of catalyst and 10 ml

heptane into a syringe. When the reactor reached the

adjusted temperature and pressure, the catalyst slurry

was injected into the reactor thus starting the polymer-
ization. After 30 min of polymerization, the monomers

were vented off, the polymer was collected and dried in a

vacuum oven at a temperature of 50 8C. Table 1 lists

information on the catalyst systems for which polymer-

ization tests were carried out.

2.2. Raman measurements

Spectra were recorded, in backscattering geometry,

using a Perkin�/Elmer Spectrum 2000 NIR-FT Raman

spectrometer (excitation wavelength 1064 nm, InGaAs

detector). The samples were measured without taking

them from their glass vials. The laser power was set at

200�/400 mW (at the sample) and typically 200 scans

were accumulated, leading to a total acquisition time of
about 40 min. The spectral resolution was 4 cm�1.

Spectra were smoothed using a seven points moving

average filter and the baseline was fitted through local

minima and subtracted. All spectra were corrected for

glass vial signals by subtracting a spectrum of an empty

glass vial.

2.3. Theoretical calculations of the vibrational spectra

Two levels of theory, the Local Density Approxima-

tion (LDA) and the gradient corrected BP86 method,

were applied to verify the method dependence of the

results (which turned out to be small). Cp2ZrCl2 and

Cp2ZrMe2 were calculated first to facilitate the inter-

pretation of the spectral range 250�/500 cm�1.

The computations were performed using the PC

SPARTAN Pro suite of programs [26], using a DN* basis
set, and GAUSSIAN98 [27], using a LanL2DZ basis set,

both running on an IBM Netfinity PC with pentium III

processor (650 MHz). SPARTAN was used to compute

the normal modes and frequencies for the larger systems

reported in this paper. GAUSSIAN was used to calculate

vibrational frequencies and intensities for the model

systems Cp2ZrCl2 and Cp2ZrMe2 in order to validate

the reliability of the methods employed when comparing
to experimental spectra. The rationale regarding this is

that with increasing size of the molecular system the

number of molecular vibrations quickly rises, so for

sufficiently large molecules there will ‘always’ be a

calculated vibrational mode at a frequency near an

experimental band. By calculating the Raman intensi-

ties, the required additional information is obtained

which allows for a proper comparison between compu-
tation and experiment.

Density Functional Theory (DFT) based calculations

were performed both at the LDA level as well as the

BP86 Gradient Corrected level. Frequency computation

was accomplished after full geometry optimization. The

normal modes were inspected using either the SPARTAN

graphical interface or GAUSSVIEW (GAUSSVIEW 2.1,

Gaussian Inc, Pittsburgh, PA, 2000).

3. Results and discussion

3.1. Spectra of unsupported compounds

In Fig. 1, the Raman spectra of biph[2-Ind]2Zr(CH3)2

and biph[2-Ind]2ZrCl2 are compared. The spectra are
almost identical; only five clearly different peaks are

observed, marked in the figure. These peaks are located

at 454 and 1105 cm�1 for the dimethyl and at 308, 321

A. van der Pol et al. / Journal of Organometallic Chemistry 651 (2002) 80�/8982



and 794 cm�1 for the dichloride compound. The peaks

at 308 and 321 cm�1 are assigned to Zr�/Cl symmetric

and anti-symmetric stretch vibrations, while the peak at

454 cm�1 is likely due to Zr�/CH3 stretch vibration. The

peak at 1105 cm�1 is assigned to the umbrella vibration

of the methyl group. To aid in assigning the remaining

peak positions the compound biph[2-IndLi�]2 was

prepared and the Raman spectrum recorded (not

shown). Clear peaks were revealed after careful baseline

correction and by comparison to the peaks of biph[2-

Ind]2ZrCl2 and biph[2-Ind]2Zr(CH3)2 (see Fig. 1), 17

peaks can be assigned solely due to the biph[2-Ind]2
ligand. These peaks are insensitive to the presence of Zr,

Cl or CH3. The next remaining peaks (39) are due to

other than biph[2-Ind]2 specific vibrations, for example

an Ind-Zr vibration or due to biph[2-Ind]2 ligand

vibrations sensitive to the presence of Zr. The global

assignments so far are compiled in Table 2.

We are particularly interested in peaks due to metal�/

chlorine and metal�/methyl vibrations. Inspecting Table

2, it can be seen that the peak at 308 cm�1 is a good

marker for Zr�/Cl groups, while the peak at 321 is not.

The latter peak is too close to the ligand specific peak,

located at 322 cm�1. The peak at 454 cm�1, due to Zr�/

CH3 groups, seems a good marker. The nearest peaks

are located at 472 and 495 cm�1. The peak at 1105

cm�1, due to umbrella vibration of the methyl group, is

too close to another (unassigned) peak at 1113 cm�1 to

be a good marker (see Fig. 1).

In the next subsection the relatively simple assign-

ments will be compared with theoretical calculations of

vibrational spectra.

Table 1

Sample descriptions

Sample number Al/Zr mol/mol [Al] (wt.%) [Zr] (wt.%) Catalytic yield (kg PE per mmol Zr h)

1 107 12.8 0.40 51

2 151 12.8 0.29 133

3 204 12.8 0.20 142

4 299 12.8 0.14 264

5 350 12.8 0.12 282

All samples are BiPh(2-Ind)2ZrCl2 with MAO on SiO2.

Fig. 1. Raman spectra of biph[2-Ind]2Zr(CH3)2 and biph[2-Ind]2ZrCl2. Peaks unique to the compounds have been labeled.
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3.2. Theoretical results

Our calculated results for Cp2ZrCl2 and Cp2ZrMe2

are collected in Table 3. Fig. 2 shows the experimental

Raman spectra in the low wavenumber region obtained

on solutions of these zirconocenes. On basis of calcula-

tions on Cp2ZrCl2 and Cp2ZrMe2, it turned out that the

LDA (SVWN) frequencies agree better with experiment

than the BP86 calculated values. For comparison we

have given the BP86 calculated frequencies in brackets

in the column ‘Spartan’ for species Cp2ZrCl2 in Table 3.

The character of the mutually comparable normal

modes was very much the same, and therefore we will

now only report on the LDA calculated frequencies.

Inspection of the normal modes revealed that the Zr�/

Cl stretch vibrations are never pure stretch motions

because these stretches exhibit counter-forces on the

opposite Cp rings. Similar effects apply to the Zr�/Me2

stretch modes in Cp2ZrMe2. Thus the normal modes

have a somewhat more complicated (e.g. not a pure Zr�/

C stretch) character when one compares to the inter-

pretation provided in the older literature (cited above)

which, when one traces back the origin, is often based

on group frequencies derived from very simple species

such as MX4.

The assignment on basis of LDA calculations is
supported by Raman intensity calculations using Gaus-

sian98W. For ZrCp2Cl2 we obtained the LDA frequen-

cies, with the relative peak intensities given in brackets:

257(14), 278�/281(18.5) and 308(21) cm�1, which are to

be compared with experimental peak positions and peak

heights: 264 (7.5), range near 288 (7.1) and 310 (21)

cm�1. Noting differences in band widths, the agreement

is satisfactory. In addition, between 350 and 1300 cm�1

only a single strong Raman band was calculated at 1143

cm�1, which agrees well with the experimental value of

1127 cm�1. This band is due to symmetric breathing of

the Cp rings. In fact, two vibrational modes are closely

spaced, which mutually breath in-phase or out-of-phase,

respectively. Only one of the two exhibits the significant

Raman intensity.

In the experimental system involving the biph[2-Ind]2
zirconium complex supported on silica the zirconocene

has been activated by reaction with MAO. The spectra

may reveal vibrational bands arising from ZrMe�

rather than from ZrMe2. Therefore, initially, we have

compared the calculated spectrum of Cp2ZrMe� to that

of Cp2ZrMe2. The results are also shown in Table 3.

Almost all vibrations, which were obtained for

Cp2ZrMe2 are also observed for Cp2ZrMe�. The
differences in frequencies are of the order of the

linewidths in the experimental spectrum, see Fig. 2.

There is only one significant difference: the experimental

band at 316 cm�1 for Cp2ZrMe2 experiences an upward

shift by some 50 cm�1 for Cp2ZrMe�.

The calculations presented so far were felt a necessary

step before moving to the biph[2-Ind] 2ZrMe2, simply

because computationally it would be too tedious to
compute the intensities for that much larger system.

Now that we have a proper comparison of the theore-

tical spectra of Cp2ZrMe� and Cp2ZrMe2 involving

both frequencies and intensities , we are ready for the

next step, which involves computation of only the

vibrational frequencies on the bis-indene-biphenyl zir-

conium complex. Using Spartan and LDA, we have thus

computed the vibrational normal modes for 2,2?-
bis-(indene-2-yl)-biphenyl-zirconium-dimethyl (biph[2-

Ind]2ZrMe2), and for the cation biph[2-Ind]2ZrMe�.

The theoretical assignments are given in Table 4. The

most important result of this is the theoretical band at

469/461 cm�1. This band (pure Zr�/Me stretch) provides

the scientific basis for our interpretation of the experi-

mental band near 450 cm�1, see Fig. 1. We relate this

band to the presence of Zr�/Me vibrations, irrespective
whether this is the neutral or the cationic complex.

Finally, we note that the energy minimized structure for

the cation biph[2-Ind]2ZrMe� revealed less symmetry

than for biph[2-Ind]2ZrMe2, in particular one of the

Table 2

Global assignment of peaks in the Raman spectra of biph[2-Ind]2ZrR2

(R�/Cl or CH3) complexes

Peak positions (cm�1) Assignment (chemical group)

308 Zr�/Cl symmetric stretch

321 Zr�/Cl anti-symmetric stretch

454 Zr�/CH3 stretch

794 Cl specific

1105 CH3 specific, ‘umbrella mode’

322, 330, 359, 600, 795, 913, 1001,

1056, 1065, 1190, 1232, 1291, 1302,

1463, 1502, 1565, 1594

BiPh[2-Ind]2 specific (ligand)

221, 264, 280, 376, 398, 472, 495,

506, 515, 533, 550, 562, 573, 619,

652, 660, 668, 737, 747, 767, 779,

820, 838, 866, 875, 1016, 1113, 1157,

1168, 1252, 1276, 1329, 1367, 1420,

1429, 1442, 1536, 1572, 1612

BiPh[2-Ind]2-Zr specific (entire

metallocene compound)

Fig. 2. Raman spectra of Cp2ZrCl2 (top) and Cp2Zr(CH3)2 (bottom)

in the low wavenumber region.
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Table 3

Experimental and calculated Raman frequencies and intensities for Cp2ZrCl2 and Cp2ZrMe2

ZrCp2Cl2 ZrCp2Me2 ZrCp2Me�

Experimental

(cm�1)

GAUSSIAN LDA

(cm�1, relative

intensity)

SPARTAN (cm�1)

(BP86 frequency)

Experimental

(cm�1)

GAUSSIAN LDA

(cm�1, relative

intensity)

SPARTAN (cm�1) GAUSSIAN LDA

(cm�1, relative

intensity)

SPARTAN (cm�1)

264 257 (14) 257 (235) asymm. Zr�/Cl�/

Cp tilting

259 250 (12) 257 Cp tilting 232 (6), 252 (17) 253, 258 Cp tilting

288 278 (5.5), 281 (13) 276 (252), 279 (258) both

asymm. Zr�/Cl�/Cp tilting

288 286 (10) 273 Cp tilting 293 (6) 279 Cp tilting

310 308 (21) 310 (283) symm. Zr�/Cl

stretch�/tilting Cp’s

300 296 (4) 306 Cp tilting 308 (12) 323 Zr�/Me�/symm. Zr�/Cp stretch

333 (rel. weak) 363 (1) 365 (343) asymm. Zr�/Cl

stretch�/Cp tilting

316 307 (8) 321 Zr�/Cp

tilting�/Me wag-

ging

370 (3) 363 Zr�/Cp stretch

353 (rel. weak) 371 (3) 373 (353) symm. Zr�/Cl

stretch�/symm. Zr�/Cp

stretch

465 498 (20) 478 pure Zr�/Me

symm. Stretch

430 (3) Band around 408 cm�1 (Me wagging) has

different character compared with Gaussian

calculated normal mode

496 506 (3), 516 (8) 493 pure Zr�/Me

asymm. Stretch

486 (19) 486 Zr�/Me stretch

1130 1143 (�/100) 1154 (doublet) ring breath-

ing

1129 1144 (�/130) 1153 (doublet)

ring breathing

1144/1152 ring

breathing

1114 (doublet) ring breathing

For Cp2ZrCl2, the BP86 calculated frequencies are given, for comparison, between brackets in the column headed ‘Spartan’. Raman intensities are given in Å4.
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indenyl frames becomes non-planar. The theoretical

lack of frequencies in the range 500�/530 cm�1 for the

cationic complex, see Table 4, is attributed to this.

3.3. Spectra of supported compounds

Sofar, only spectra of pure catalysts have been

presented. Obviously, it is very important that all

components in a supported catalyst system can be

identified separately in the spectra. Therefore, the

spectra of pure MAO and of MAO on silica were

recorded (not shown). The spectrum of MAO does not
differ much from the spectrum of MAO on silica, apart

from features due to the silica. In the spectra of MAO

on silica a spectral window of low intensity can be

observed, located around 480 cm�1. This is very

fortunate since in this window peaks due to Zr�/CH3

bonds are observed, see Table 2. Thus it offers a nice

experimental handle for the observation of activation of

catalysts where Zr�/CH3 bond formation might play a
role.

Recently, Panchenko et al. have also studied the

interaction of MAO with silica, using IR spectroscopy

[28]. These authors focused on the region 2900�/3700

cm�1, in which �/OH and C�/H stretching signals can be

observed. Since the spectrum of MAO did not change

much upon supporting onto silica, it was concluded in

that work that upon adsorption MAO does not change
its structure. We have observed the same here, only now

in a much broader spectral region.

Fig. 3 shows a comparison of the spectra (wavenum-

ber region 200�/1800 cm�1) of biph[2-Ind]2ZrCl2,

biph[2-Ind]2Zr(CH3)2, biph[2-Ind]2ZrCl2 on MAO/Silica

(sample 1, see Table 1) and of MAO/Si. The spectra

have been scaled to the area of the C�/H stretching

signal due to MAO, located around 2900 cm�1 (not
shown).

The features due to the Zr complex are very pro-

nounced in the spectrum of the supported system,

although the concentration is only 0.4�/0.12 wt.%.

Signals due to the indenyl ligands can be recognized

easily, some peaks have been labeled in the figure. Since

the position and the relative intensity of these peaks

seem unaffected by the MAO and the silica, these peaks

can be used to determine the catalyst loading in

unknown samples, see below. The spectral features due

to MAO are rather broad, but can still be recognized in

the spectrum of the supported catalyst system. As

indicated in Fig. 3B (spectrum of the pure Zr�/(CH3)2

complex), signals due to Zr�/CH3 stretching vibration

are to be expected around 455 cm�1. The spectrum of

the supported catalyst indeed reveals a peak around this

position. The spectrum of the supported sample was

Table 4

Theoretical (LDA) vibrational frequencies of the complexes biph[2-Ind]2ZrMe2 and biph[2-Ind]2ZrMe� and experimental frequencies for biph[2-

Ind]2ZrMe2 in the range 200�/550 cm�1

Normal mode description Frequency for biph

[2-Ind]2ZrMe2 (cm�1)

Experimental frequency, see Table 2 and

Fig. 1

Frequency for biph

[2-Ind]2ZrMe�

(cm�1)

Zr�/Me stretch�/Zr�/Cp symm. stretch 256 (symm. Zr�/Me stretch) 264 268

Zr�/Cp antisymm. stretch�/motion in entire ring

system

282 280 294

Almost pure Zr�/Cp stretch 296 Not observed �/308

Symmetric modes (likely Raman active) involving

ring system

337 and 355 322 and 359

Almost pure Zr�/Me stretch 428 (antisymm. Zr�/Me

stretch)

423 (very weak) 440

Pure Zr�/Me stretch 469 (symm. Zr�/Me stretch) 454 461

Modes involving major Zr�/Me stretch contribution 506, 510, 518, 529 495, 506, 515, 533

Ring breathing like mode (doublet) in C5 ring and

biphenyl

�/1030 997 and 1003 �/1030

Fig. 3. Spectra of biph[2-Ind]2ZrCl2 (A), biph[2-Ind]2Zr(CH3)2 (B),

MAO/Silica (C), and of biph[2-Ind]2ZrCl2 on MAO/Silica (12.8 wt.%

Al and 0.4 wt.% Zr). Many peaks due to the Indenyl ligands are

insensitive to the support silica; the strongest peaks of these have been

labeled in trace A. In the spectrum of the Zr�/(CH3)2 complex (B) the

peak due to Zr�/CH3 stretching vibration has been labeled (455 cm�1).
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also inspected closely for peaks due to unconverted Zr�/

Cl bands, but none were detected.

In Fig. 4, the spectra of samples 1�/5 are overlaid, see

Table 1, (biph[2-Ind]2ZrCl2 on MAO/Silica). These

samples differ in the ratio of Aluminium to Zirconium.

The spectra have been scaled to the area of the strong

MAO signal around 2900 cm�1. This signal is repre-

sentative for the total amount of Aluminium. The Al/Zr

ratios were 107, 151, 204, 299 and 350, see Table 1. No

very large differences are observed. The close-up also

shown in the figure clearly shows differences, however.

Peaks due to the Zr-complex can be observed, of which

the intensity increases as the Al/Zr ratio decreases.

Fig. 5 shows a correlation plot of the ratio of

integrated areas of the peaks due to MAO (integration

boundaries 2746�/3021 cm�1) and Zr-complex (1489�/

1517 cm�1). An excellent linear correlation is found

(correlation coefficient R2�/0.9991), this means that for

samples, after an initial spectral identification of the

ligand, the Al/Zr ratio can be determined quantitatively

from a relatively simple Raman measurement.

We now come to the most important finding to be

reported here. Fig. 6 shows the region 300�/600 cm�1

for spectra shown in full in Fig. 4, but now scaled to the

area of the biph[2-Ind] ligand peak at 1502 cm�1. A

Fig. 4. Spectra of biph[2-Ind]2ZrCl2 on MAO/Silica (powders) for five different Al/Zr ratios (mol/mol): 107, 151, 204, 299, 350. The insert shows a

close up of the region 1200�/1700 cm�1.

Fig. 5. Correlation between the Raman peak area ratio of the peaks at

3000 and 1500 cm�1 and the Al/Zr ratio and a fitted trendline.

Fig. 6. Spectra of biph[2-Ind]2ZrCl2 on MAO/Silica (powders) for five

different Al/Zr ratios (mol/mol): 107, 151, 204, 299, 350. The spectra

are scaled to the intensity of the peak at about 1500 cm�1. An asterisk

marks a peak assigned to Zr�/CH3 vibrations.
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number of distinct peaks at slightly different frequencies

can be observed in the 350�/500 cm�1 region. The peak

located around 454 cm�1, which relates to vibrations
primarily involving Zr�/CH3 stretch vibrations as cor-

roborated from our ab initio calculations (Table 4), is

marked by an asterisk. Furthermore, as the theoretical

calculations of the spectra have shown, signals for Zr�/

CH3 bands of the cationic complex can also be found in

this region of the spectrum. The activity of a catalyst, as

represented by the catalytic yield (CY) in kg PE per

(mmol Zr h), must be proportional to the total amount
of Zr�/CH3 bonds in the cationic complex biph[2-

Ind]2ZrMe�. Consequently, in Fig. 7 we have plotted

the intensity at 454 cm�1 versus experimental catalytic

yield, CY (in kg PE per (mmol Zr h). A trendline,

artificially drawn through the origin is also added, to

help the readers eye. To obtain an estimate of the signal

intensity due to Zr�/CH3 bonds, we derived the spectrum

twice and determined from these second derivative
spectra the absolute intensity, down to the baseline (at

zero), in the region 415�/470 cm�1.

We observe a linear relation between the CY and the

intensity. Apart from the datapoint at a CY of 50, which

might be an outlier datapoint, the trend line more or less

crosses the origin, meaning no catalytic yield for zero

intensity (no active Zr�/CH3). It is also noteworthy that

the other peaks located around 454 cm�1, for example
at 490 cm�1, do also show a trend of increasing

intensity for increasing CY, but the scattering is clearly

higher. This latter observation also supports our assign-

ment of the bands in the region near 450 cm�1.

4. Conclusions

The Raman spectra of a metallocene/co-catalyst

system supported on silica were studied.

Aided by ab initio calculations of the vibrational

spectra of the actual system of interest biph-

[2-Ind]2ZrR2, and by measurements on model com-

pounds, peaks in the region 420�/470 cm�1 are assigned
to both the neutral dimethyl complex and the cationic

monomethyl complex. From the Raman spectrum, the

Al/Zr (i.e. the cocatalyst to catalyst ratio) can be

predicted quantitatively. An excellent correlation is

found between the intensity ratio of the peaks at 3000

and 1500 cm�1 and the Al/Zr ratio. A very satisfying

correlation is found between the signal intensity due to

Metal�/CH3 and the catalytic yield. This study shows
that Raman spectroscopy is a potentially very powerful

tool in the investigation of supported catalysts.
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