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Surface chromium (II) on silica is coordinated by two ~ S i O  groups in cis posi- 

tion. Adsorption of ammonia and amines leads to stable ( ~ SiO)2CrL 2 and 

further to unstable ( ~ SiO)2CrL4; reflection spectra suggest pseudo square 

planar and pseudo octahedral s~uctures respectively for these complexes. For- 

marion of the six-coordinate species depends on the type of the amine. 

I]oBepXHOCTH~IH Xp0M (II) Ha OKHCH a~IIOMHHHH Koop~HHHpOBaH 

B HOnO>KeHHH I~HC nByM~ l~pynIIaMH-~Si0. A~c0p611H~I aMMOHHR 

H aMHHOB npHBO~HT K o~pa3oBaHrIio CTaSH~bHOI~0 (~SI0)2Cr[ ~ 

H HeCTaSH~bHOI'O (~SiO)2CrL4; Ha OCHOBe CneKTpOB oTpa;KeHH~I 

~;IH 9THX KOMn~eKcoB no~a~aercs nCeB~OKBa~paTHOrr~ocKas R 

nCeB~OOKTa~pHqeCKaH CTpyKTypa, COOTBeTCTBeHHO~ 05pa30- 

BaHHe COe~HHeHHH C Koop~HHaRHOHHbIM qHCnOM IIIeCT TM SaBHCHT 

OT THIIa 8MHHa, 

INT RODUCTI ON 

After reduction with CO, Fnlllii~ catalysts contain Cr(II) surface compoun& 

/2/which include the catalytically active sites in the polymerization of ethylene 

/3, 4/ .  The coordination state of these - coordinatlvely unsaturated - surface 

*Part Xh Ref. / 1 /  
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species (c. u.s. ) is therefore of central interest with respect to the polymerization 

mechanism. Recently we have shown for a silica supported catalyst by means of TG 

analysis and optical spectroscopy that at least 3 coordination sites per Cr 2+ are 

available for the adsorption of the strong electron donor NH 3, leading to surface 

complexes with the ratios NH3/Gr'Z+ = 2 and 4 _.+ 1 respect ively/5/ .  In this work we 

report the spectroscopic data in more detail. Using diffuse reflectance spectroscopy 

we have studied the adsorption of ammonia, monomethylamine (mma), dimethyi- 

amine (dma), trimethylamine (tma), ethylenediamine (en) and pyridine (py). 

EXPERIMENTAL 

Sample preparation and chemical analysis were described ear l ier /5 / ,  The ex- 

perimental data in this work were as follows: C~ content 0.35% (applied by impreg- 

nation of silica "Merck 7733" with CrO 3 in H20)~ activation (02), reduction (CO), 

desorption of CO (At) at 500~ oxidation number 2.1 -- 2.2.  Gases were dried and 

freed from 02 by passing through columns with Na and Cr2+/SiO 2 catalyst; liquids 

were refluxed over Na in an argon stream for several hours pricx to fractionation. 

Adsorption and desorption were carried out at various temperauares in a fluidized bed 

reactor using argon as carrier gas with variable partial pressures of the respective 

ligand. Conventional Schlenk-tube techniques were applied to operate reactor and 

cuvetre (quartz tube, 2 cm diameter) under argon. Diffuse reflectance spectra were 

recorded at room temperature against a silica standard calcined at 1000~ and 

sealed under argon. 
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RESULTS AND DISCUSSION 

On the silica support most of the surface Cr 2+ if not all is bound by 2 -~ SiO 

groups, derived from vlcinal surface hydroxyls/6/.  Additional ligands in question 

would be oxygen ligands as well, so a weak ligand field with Cr 2+ in a quintet high 

spin state is to be expected. In a cubic ligand field the 5D ground term would split 

into two terms allowing one electronic transition (5T2g ~- 5Eg (O h ); 5E~- 5T 2 (Td)). 

According to the Iahn-Teller theorem, however, a degenerate ground state is not 

stable in a d 4 system and will split into its components, giving rise to asymmetric 

or split absorption bands and lower coordination symmetry, i .e .  an octahedron with 

6 identical ligands will be tetragonally distorted. The theory is fully confirmed by 

X-ray structures/7, 8 /and the spectroscopic data for bulk and dissolved Cr 2+ aqua and 

amine complexes/9, 10/. In the spectral region characteristic of d-d transitions our 

samples exhibit two broad absorption bands at 12.9 and .~ 8.3 kK (spectrum 1; the 

CT transition at ca. 31 kK and the narrow peaks due to vibrations of support and 

ligand will not be discussed here). Stepwise adsorption and curve analysis of the 

corresponding spectra usiag Gausslan components show that both transitions belong 

to the same center. Provided that these absorptions belong to d-d transitions indeed, 

we may rule out a tetrahedral coordination, which was proposed by Kazanskli et al. 

/11/:  For tetrahedral coordination with O-ligands, only one transition at about 6 kK 

would be expected, using the relationship ~4(Td) = 4/9 A(O h) and the hexaaqua ion 

as reference. The validity of this argument is proved forCr 2+ in a ZnS host la t r ice /12/ .  

l~lor to further interpretation of the spectra we have to mention the role of 

Cr 3+ which is also present in 10 - 20~ of the overall Cr. Its formation is due to 

hydrolysis of the Si-O-Cr 6+ bonds during activation and subsequent thermal decom- 
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Fig. 1. Reflectance spectra of a silica supported Phillips catalyst (0.35 wt'% Cr) 
2+ 

(1)  CrO3/SiO2 reduced in CO at 500~ Crc. u ,s . '  (2)  CrO3/SiO 2 after 
treatment in H20/Ar at 500~ Cr3+; (3)estimate~2+fraction of (2)in (1)in 
the d-d region; (4)-(9) adsorption complexes of 
a) -. -. - desorbe~ at.lO0 - 1 5 0 ~  in an Ar stream after saturation. 
b) saturated adsorption 



HIERL, KRAUSS: STATE OF CHROMIUM(II) IN PHILLIPS CATALYSTS 

position. Accordingly, treatment of an acitvated sample with an H20/Ar stream at 

3+ 500~ for several hours forms a greenish Cr product. Besides a slight asymmetry, 

the spectrum (SP. 2) is identical with that of bulk Cr O and not affected by the 
2 3 

adsorption of NH 3. Hence we may consider Cr 3+ as a small and negligible compo- 

nent (sp. 3) in the Cr 2+ spectra. 

With stel~Ise adsorption of NH 3 now, the Cr 2+ spectrum slowly changes and 

a new absorption band at 20. 8 kK is finally established (sp. 4a) which corresponds 

to an NH3/Cr2+ratio of 2 /5 / .  This violet complex is completely stable up to 150~ 

in an Ar stream. From the marked asymmetry we may conclude again that the cen- 

tral ion is not in a cubic 1igand field. Further adsorption to final saturation does not 

result in a continued shift to higher frequencies as one might expect. On the contrary 

a large reverse shift does occur (Rmax = 16.3 kK, sp. 4b). This phenomenon is typ- 

ical for d 4 and d 9 systerca and generally known as "pentaamine ef fec t" /13/ .  Without 

going into details of structural discussion/13/we may state that this effect is observed 

if an additional (or stronger) llgand enters the axial position in a planar (or distorted 

octahedral) ligand field; the axial bonds are markedly weakened. The lahillty of 

the blue complex which starts to decompose in Ar at room temperature and in NH 
3 

at 80~ is obvlotly correlated to that effect. Though the TG measurements indicate 

from 3 to 8 for the NH3/Cr2+ ratio and though one llgand would be sufficient a range 

to IXoduce the "pentaamine effect", we think that two additional NH 3 molecuies 

coordinate in the violet complex. The unusual magnitude of the reverse shift 

(,~ ~= 4. 5 kK compared to 2.9 kK in [Cr er~2Br 2] 2+ ~ [Cr en z] 2+ for example /1O/ 

and the increased symmetry of the absorption band support this view. We rule out 

further the formation of[Cr(NH3)~2+ in a detectable amount, as its spectrum/15/ 

is not compatible with sp. 4b .  
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At desorption temperatures of 450 -- 500~ the spectrum of the starting ma-  

terial is obtained again. The adsosption is fully revertible if  good flow conditions 

and short heating times are applied. Accordingly, the desosbed samples show the 

2+ , whereas the violet and same polymerization activity as the original Crc. u. s. 

the blue complexes are absolutely inactive. 

We now can propose the following reaction scheme in agreement both with 

the experimental data above and the general features of  the coordination chemistry 

of Cr 2+ 

co. 
~ S i  0 . . . . . . . . . . . .  -~ 

~si--p~,. I ~ L  ~si--,O . . . . . . . . . .  ~ ' s , L  
- = / 

~ l ~ u  . . . . . . . . . . . . .  '~ L 

Cr z* (I) violet complex (II) blue complex (III)  
c. u.s. Spectrtt "a" Spectra "b'" 

Weak interaction of (1) with other easily replaceable surface grOUl~ cannot be  

completely excluded. 

With the exception of , e n ' ,  the a&osptlon scheme app l lu  to the amines as 

well. but to a varying degree. We find the fosma1~on of (Ill) (sp. 5 - 8b) the mose 

restricted the  more bulky ligands we use. In the case of " tma" even (II) is not fully 

established as spectra and TG results ( tma/Cr 2+ = 1.2 -- 1.8) indicate. Surprisingly, 

all attempts to prepare the intermediate (II) of "en" have failed. By a&osptton, (ill) 

is obtained only which cannot be desosbed to (If) at elevated temperature~ without 

massive decomposition to Cr 3+. We ascribe this enhanced stability to the chelate 
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effect with a bidentate ligand. Up to now we have spoken in terms of uniform 

Cr 2+ sites. This simplification does not affect the principal conclnsiom drawn 
C, U. S. 

2+ 
above, but it must be kept in mind that the Cr centers represent a distribution with 

respect to various properties, depending on the conditions of catalyst preparation/16/.  

The spectral changes in the aliphatic amine series which seem to be due primarily 

to steric reasons will thus provide a new means fcr the study of the distribution of the 

Cr 2+ centers over a topology parameter. 

We thank the "Deutsche Forschungsgemelmchaft" and the "Fonds der Chemischen 

Indnstrie', Germany, for the support of this work. 
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