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Adduct Formation and Further Reactivity of Iron Carbonyl Complexes Introduced into a 
Zeolite Matrix 
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Fe(CO)5, Fe2(C0)9 and Fe3(CO),, have been introduced into a dehydrated HY type zeolite The iron content in the samples 
ranged from 1 to 4 wt % During adsorption the iron complexes retain a molecular structure as shown by IR spectroscopy 
For Fe(C0)5 and Fe2(C0)9, a vacuum treatment leads to the evolution of CO and the formation of Fe(CO), bonded to 
the zeolite while in the case of Fe3(C0),2 no CO is evolved Treating Fe3(C0),2/zeolite under CO atmosphere restores 
the IR spectra of the Fe(CO)5 or Fe,(CO)9/zeolite system. Thereafter the zeolite acts both a3 an oxygen-containing ligand 
leading to L-Fe(C0)4 species and as a Lewis acid able to form adducts with Fe3(C0)i2 units via the oxygens of the bridging 
carbonyls. Heating the loaded zeolite (100-200 “C) produces a dehydroxylation of the support which is promoted by the 
iron carbonyls. The subsequent formation of CO, and hydrogen is explained by the water-gas shift reaction. Some COz 
remains chemisorbed on the surface as evidenced by the presence of carbonate species. These species can be desorbed by 
hydrogen treatments with concomitant formation of CH4. Heating up to 250 “C leads to total decarbonylation of the iron 
carbonyl/HY systems and subsequent oxidation of Fe(0) to Fe(I1) as evidenced by complexes formed with NO and CO. 
The oxidation process involves the protons of the zeolite. The Fe2+ ions are mainly located in the supercage in contrast 
to a conventional Fe2’/Y sample. 

Introduction 
Coordination compounds supported on both organic and 

inorganic materials are attracting attention for the two main 
purposes of (i) anchoring coordination compounds in attempts 
to combine the advantages of homogeneous and heterogeneous 

and (ii) utilizing coordination complexes as pre- 
cursors for the preparation of dispersed metallic  catalyst^.^.^ 

The interaction between the support and the complex and 
the redox behavior of these partners are important factors 
which will influence the type of catalyst formed. With an 

inorganic matrix, ions or metallic particles are obtained. 
Several types of inorganic matrices can be used, and among 
them the zeolites exhibit interesting properties associated with 
their unique structural features. The cavities, the inner 
electrostatic fields, and acidic and redox properties of the 
zeolites allow the introduction of transition-metal centers in 
sites of varying accessibilities. 

Earlier work from this laboratory’ has shown that the 
adsorption of certain transition-metal carbonyls into an HY 
zeolite framework and subsequent thermal desorption leads 
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Figure 1. IR spectra of Fe3(C0)12/HY (1% Fe) decomposed under vacuum (4000-400 cm-I): (a) spectrum of HY zeolite degassed at 350 
OC, (b) spectrum after adsorption of Fe3(C0)12 at 60 "C, (c) spectrum after decomposition at 100 "C, (d) spectrum after decomposition at 
200 OC. 

either to ions (Mo) or to metal (Re, Ru). This work has now 
been extended to binary carbonyl complexes of iron, Le., 
Fe(CO)5, Fe2(C0)9, and Fe3(C0)12 since the resulting systems 
could be catalysts in the Fischer-Tropsch synthesis and other 
reductive transformations of CO. We wish to discuss here the 
behavior of Fe(CO),, Fez(C0)9, and Fe3(C0)12 in an H Y  
zeolite framework as a function of temperature upon vacuum, 
CO, and Hz treatments. The reaction was monitored by 
infrared and mass spectrometries and volumetric studies. 
Infrared spectroscopy was extensively used for providing 
information on a molecular level related to zeolite-adsorbate 
interactions and structural changes within the zeolite. 

Experimental Section 
Materials. The starting zeolite was a NaY faujasite supplied by 

Linde Co. (SK 40 sieves). A conventional exchange with NH4CI 
provides a NH4Y zeolite (unit cell composition: 
(NH4)46NaloA15,Si,,603*4). Heating this sample for 15 h in oxygen 
and 3 h in vacuo torr) at 350 OC evolves NH3 leading to the 
hydrogen form HY. 

Fe(CO), and Fe2(C0)9 were obtained from Ventron. Fe3(C0),* 
was prepared according to ref 8. 

IR and Volumetric Experiments. IR spectra were recorded at 25 
O C  on a Perkin-Elmer 125 spectrophotometer with a resolution of 
4 cm-I. 

Compacting 5-8 mg of NH4Y zeolite under 1 ton/cm-z provided 
a wafer which was introduced into an IR cell equipped with KBr 
windows as previously de~cribed.~ A pretreatment as described above 
led to the obtention of the HY form. Then a break-seal device 
containing, under vacuum, the iron carbonyl complex was connected 
to the IR cell. 

Adsorption of Fe(CO)5 takes place at room temperature while for 
Fe2(C0)9 and Fe3(C0)lz the HY wafer and the iron sample were 
warmed at 60 "C in order to get a sufficient vapor pressure which 
allows rapid adsorption into the inorganic matrix. Then, at the same 
temperature, the IR cell is connected to a vacuum line (lo-' torr) 
so as to pump off the excess of iron carbonyl which has not been 
anchored. At this stage, the first IR spectra are recorded and are 
referred to as the initial spectra. Further thermal treatments are 
performed according to three procedures: (i) under vacuum, (ii) in 
a closed atmosphere after introduction of CO (300 torr) at 25 OC, 
(iii) in a closed atmosphere after introduction of Hz (300 torr) at 25 
"C. 

The amount of iron carbonyl anchored is determined by chemical 
analysis. Most of the experiments deal with samples containing 
between 1 f 0.2 and 4 f 0.2% of iron. This corresponds to a loading 
of 3-12 Fe atoms per unit cell. 

IR spectra of Fe3(C0)12 and Fe2(C0)9 were taken in KBr pellets 
and n-hexane solution and the spectrum of Fe(C0)' was taken in a 
gas cell. 

In the volumetric experiments, the introduction of the iron carbonyl 
was achieved as for the IR study. Gas evolution was monitored by 
a pressure gauge (Texas Instruments) and gaseous products were 
analyzed by mass spectrometry. 

Iron analyses and mass spectra were performed at the Institut de 
Recherches sur la Catalyse. 

Results 
Adsorption of Fe,(CO) 12. Thermal Decomposition under 

Vacuum. Figure 1 reports the characteristic IR bands for after 
adsorption of Fe3(C0)12 (followed by evacuation at the 
temperature of the adsorption) and then for increased thermal 
treatments under vacuum. 

Adsorption of Fe3(CO) 12 on the HY zeolite is accompanied 
by a color change to green (visible adsorption A,,, 630 nm). 
No CO evolution is observed. In the vOH region, the 3640-cm-' 
band decreases while a broad one develops near 3530-3520 
cm-'. The CO stretching frequencies are centered at  21 12 
(mw), 2056 (s), 2030 (m), 1985 (sh), and 1950 cm-l (m) for 
terminal carbonyls and at 1795 (mw) and 1760 cm-' (m) for 
the bridging ones. In the low-frequency region (1000-500 
cm-'), new bands at 640 (mw) and 615 cm-' (w) (aFd4) and 
at 930 cm-' (m) (zeolite framework) appear. 

A progressive thermal decomposition under vacuum from 
60 to 250 "C changes the IR spectrum. The 3530-3520-cm-' 
vOH broad band and the vco and 8FeC0 bands disappear and 
the 3640- and 3540-cm-' bands appear with a lower intensity. 
New bands develop at 1710 (w) and 1680 cm-' (w) and at  
1415 and 1370 cm-' (vw); the two latter bands remain above 
250 " C .  This set of bands is not shifted by deuterium ex- 
change. Positions of the bands due to the vibration of the 
zeolite framework are also modified. The band at  565 shifts 
to 590 cm-I, a shoulder near 700 cm-' appears, and the 
930-cm-' band increases in intensity. 

At the final temperature (250 "C), the vOH 3640-cm-' band 
is partially restored (for example, half of its initial intensity 
for the 12 Fe/unit cell sample) and approximately 12 mol of 
CO/mol of Fe3(C0)12 have progressively appeared in the gas 
phase. It is important to note that at 200 "C there is a si- 
multaneous evolution of H2 and C 0 2  while at  250 "C the 
formation of CH4 is observed. The iron species are free of 
carbonyl ligands. The spectroscopic changes observed upon 
adsorption of molecular probes such as N O  and CO are re- 
ported in Figure 2. The adsorption of CO (20 torr at  25 " C )  
leads to the appearance of a vco band a t  2193 cm-' together 
with bands associated with gaseous and physically adsorbed 
CO. Evacuation of the sample at 25 "C removes all the bands 
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Figure 2. Total decarbonylation at 250 OC under vacuum of Fe3- 
(CO)12/HY (1.2% Fe). IR spectra of adsorbed CO and NO (vCo 
and vNo region): (a) initial spectra, (b) spectra after (A) admission 
of 20 torr of CO at 25 OC and (B) admission of 20 torr of NO at 
25 OC, (c) spectra after evacuation at 25 OC. 
(Figure 2A). Upon NO exposure (20 torr a t  25 "C), two 
intense bands a re  observed a t  1865 and 1808 cm-' with a 
shoulder a t  1930 cm-'. An evacuation a t  25 "C for 1 h re- 
moves the band at  1808 cm-' and decreases slightly the 1865 
cm-' one while a new species gives rise to an absorption 
centered a t  1762 cm-' (Figure 2B). 

Adsorption of Fe(CO)5 and Fe2(C0)9. Thermal Decom- 
position under Vacuum. Upon adsorption of Fe(C0)5  or of 
Fe2(C0)9, the same spectra are obtained (vco: 2112 (mw), 
2040 (s), 2030 (sh), 2010 (s), 1985 (s), and 1950 cm-I (ms)). 
Only those of Fe(CO)5/HY are reported in Figure 3. The 
sublimation technique to load the zeolite with Fe2(C0)9 
produces some Fe(CO)5 in the gas phase. The dissociation 
reaction may partly explain the identical IR spectra obtained. 
This situation is not encountered during the loading with 
Fe3(C0)12. In contrast to the spectrum recorded for 
Fe3(C0)12, some vtemnal co bands are at  lower frequencies and 
vbrldg1,,g co ones are absent even for Fe,(C0)9. But similarly, 
the uOH bands are perturbed (decrease of the 3640 cm-' one 
and appearance of the broad band a t  3530-3520 cm-I), and 
the additional band at  930 cm-I (zeolite framework) appears. 
In the course of adsorption, a slight evolution of CO is ob- 
served, and after evacuation for 1 h at  60 OC, 1 f 0.3 mol of 

1 

100 1- 
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CO/mol of carbonyl complex (Fe(C0)5  or Fe2(CO),) is 
evolved whereas the color of the sample changes to green 
(visible absorption A,,, 630 nm). The IR spectra change with 
time to give finally that of the Fe3(C0)12 sample (shift of the 
vtermlnal co to higher frequencies, appearance of vbridglng co at 
1795 and 1760 cm-I). Then the thermal decomposition of 
these samples proceed as for the Fe3(CO)12-loaded one. After 
total decarbonylation, the same iron species are characterized 
by NO and CO adsorption. 

During the decomposition of the Fe(CO)5-loaded sample, 
the total volume of gas evolved has been checked. This 
corresponds to about 6.5 mol/mol of Fe(CO)5, Le., 1 f 0.3 
mol of CO at 60 OC, 4 f 0.3 mol of CO between 60 and 200 
OC, and 1.5 f 0.3 mol of H2 between 120 and 200 OC. Trace 
amounts of C02 and CH4 (<lo% of H2 evolved) are formed 
between 200 and 250 OC. 

Thermal Decomposition of the Loaded Samples in Reducing 
Atmosphere. After metal carbonyl loading, a pressure of 300 
torr of CO or H2 was introduced into the IR cell a t  25 OC, 
and the thermal decomposition was carried out. 

Decomposition in CO Atmosphere. After admission a t  25 
"C, Fe(CO)5- and Fe2(CO)g-loaded samples exhibit the same 
IR spectrum as that previously reported (Figure 3). In 
contrast, the IR spectrum of the Fe3(CO)12-zeolite system is 
modified and turns into that of these former samples with a 
red shift of the vterminal co bands accompanied by the disap- 
pearance of the vbrldglng co ones (Figure 4). The thermal 
decomposition proceeds in the same manner for the three 
samples. All the vco bands are stable up to 180 OC and then 
suddenly disappear producing gaseous and physically adsorbed 
CO. The iron species formed do not adsorb CO but do adsorb 
NO as evidenced by the 1808-cm-' band (1762 cm-' after 
pumping off excess NO). The presence of bands at  3690 and 
1605 cm-' indicates the formation of water. A subsequent 
treatment in hydrogen atmosphere at  200 OC and evacuation 
at  the same temperature regenerate the iron species already 
characterized by C O  (vco 2193 cm-I) and NO (vNo 1930, 
1865, and 1808 cm-I) adsorptions. 

Decomposition in H2 Atmosphere. The decomposition of 
the three carbonyl-loaded samples proceeds roughly as under 
vacuum (Figure 5). The only difference is the presence of 
coordinated water (3690 and 1605 cm-I) and adsorbed water 
(3500-1635 cm-l) at  temperatures higher than 150 "C which 
has to be related to the heat treatment in a closed cell. At  
250 "C the iron species are free of carbonyl ligands. This 
typical decomposition procedure was repeated in the presence 
of 400 mg of Fe3(CO),,/zeolite introduced into the IR  cell. 

4 . : . : : : :  
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Figure 3. IR spectra of Fe(C0)5/HY (1% Fe) decomposed under vacuum (4000-400 cm-'): (a) spectrum of HY zeolite degassed at 350 
OC, (b) spectrum after adsorption of Fe(CO)5 at 25 "C, (c) spectrum after evacuation at 60 "C for 1 h. 
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Figure 4. IR spectra of Fe3(C0)12/HY (0.8% Fe) decomposed under 
CO atmosphere (vco and zeolite framework region): (a) spectrum 
of HY zeolite degassed at 350 O C ,  (b) spectrum after adsorption of 
Fe3(C0)12 at 60 OC, (c) spectrum after admission of 300 torr of CO 
at 25 O C ,  (d) spectrum after heating at 120 O C  for 1 h, (e) spectrum 
after heating at  200 "C for 1 h. 
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Figure 5. IR spectra of Fe3(C0)12/HY (0.8% Fe) decomposed under 
H2 atmosphere (4000-400 cm-'): (a) after adsorption of Fe3(C0)1z 
at 60 O C ,  (b) after admission of 300 torr of Hz and further heating 
at 100 O C ,  (c) after heating at  150 OC for 1 h, (d) after heating at  
200 OC for 1 h (e) after heating at 350 O C  for 1 h, (f) after evacuation 
at 350 OC for 1 h. 

3800 3500 3200 1700 le00 1500 1000 800 600 cni' 

As the temperature reaches 200 "C, CHI can be detected in 
the gas phase (uCH 3010 and &cH 1303 cm-') as well as other 
saturated hydrocarbons (uCH 2950-2850 cm-'). The iron 
species formed after total evolution of CO are unable to adsorb 
CO. NO admission results in the formation of U N O  bands a t  
1915 (w), 1865 (w), and 1808 cm-' (s). When the gas-phase 
NO is pumped off at  25 O C ,  the spectrum exhibits uN0 bands 
at  1830 (m) and 1755 cm-' (s) (Figure 6). Adsorption of CO 
(uco at 2193 cm-') only occurs after evacuation of the samples 
a t  high temperature (200 "C)  while the water bands disappear. 
At  this step, NO admission restores the spectra of Figure 2B. 

More drastic hydrogen treatments, Le., 350 OC/16 h and 
500 OC/16 h, lead to a decrease in uOH bands of the zeolite 
(3640 and 3540 cm-I) with concomitant appearance of the 
water ones (3690 and 1605 cm-') and to the removal of bands 
a t  1415-1370 cm-' with concomitant appearance of CH4 in 
the gas phase. Evacuation a t  350 and 500 O C  removes water 
and shifts the zeolite framework bands previously at  930 and 
590 cm-', respectively, to 945 and 630 cm-' (Figure 5). 
Readmission of H 2 0  restores the 3690-1 605-cm-I absorptions 
and shifts the 630 one to 590 cm-' and the 945 one to 930 cm-', 
this phenomenon being reversible. The reactivity toward 
oxygen (1 50 torr) was also checked a t  increasing temperatures 
on an H2-treated sample evacuated a t  350 "C. During the 
warm-up program, the 630- and 945-cm-' bands are re- 
spectively shifted to 565 and 890 cm-' (Figure 7).  Water 
adsorption induces no significant modifications on the 890-cm-' 

t 1 1806 
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Figure 6. IR spectra of the sample depicted in Figure 5e (uNo region): 
(a) after admission of 20 torr of NO, (b) after evacuation at 25 OC. 

Figure 7. IR spectra of Fe(CO)S/HY (4.3% Fe) evacuated at 250 
O C  with further treatments under hydrogen and oxygen (zeolite 
framework region): (a) H2 treatment at  350 "C and evacuation at  
350 "C, (b) admission of 300 torr of O2 at 350 OC for 1 h, (c) 
admission of 300 torr of O2 at 350 "C for 16 h. 

band, whereas H2 treatment at  350 'C followed by evacuation 
restores the initial spectrum. The foregoing data indicate that 
the dehydration, hydration, oxidation and reduction reactions 
are reversible processes. 
Discussion 

The HY form has three types of hydroxyl groups (3740 (w), 
3640 (s), and 3540 cm-' (s)). The 3740-cm-' band has been 
attributed to hydroxyls terminating the crystal lattice. In most 
cases these groups are inert. The 3640- and 3540-cm-I bands 
are attributed to -OH groups respectively located in the 
supercage (-0,H) and in the hexagonal prisms (-03H):10,11 

Vibrations of the zeolite framework have been extensively 
studied by Flaningen.l* They occur in the 1200-400-cm-' 
region for the internal vibrations of the Si04 and A104 tet- 
rahedra and for the vibrations of the linkages between tet- 
rahedra. The vibrations are not specifically assigned to Si04 
or A104 groups but to the vibrations of (Si,A1)04 groups 
designed as TO4. They are related to the Si,Al composition 
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Table I. Carbonyl Stretching Freauencies for Iron Carbonvl Compounds and Adducts with AlBr, and HY 

D. Ballivet-Tkatchenko and G. Coudurier 

carbonyl compd Urd-CO).  cm-' vrn(>CO). cm-I 

Fe,(CO) , a 
FeACO),, 
Fe, (CO),, 
Fe,(CO),, / A ~ B I , ~  
Fe,(CO),, /HY 
Fe(CO), e 
LFe(CO), 
Fe(CO), /HY 

a In argon matrix; ref 14. 
Reference 17. 

2058 s, 2053 s, 2036 s 
2097 w, 2056 s, sh, 2039 s, 2018 s, sh, 2006 sh, 1987 sh 
2103 w, 2046 vs, 2023 mb, 2013 sh 
2124 w, 2081 ms, 2070-2008 s, b 
2112 mw, 2056 s, 2030 m, 1985 sh. 1950 m 
2030 ms, 2010 s 
2040 m ,  1970 m ,  1940 vs 
2112 mw, 2040 s, 2030 sh, 2010 s, 1985 sh, 1950 ms 

1871-1862 w, 1823 m, hr 
1855 w, 1825 mw 
1867 w, 1838 mw 
1922 mw, 1548 s 
1795 mw, 1760 m 

In KBr pellets; this work. n-Hexane solution; this work. Reference 16. Gas phase, 0.5 torr;  this work. 

and to the T-0 bond order. In the H Y  zeolite, the asymmetric 
and symmetric stretching vibrations of TO4 units are re- 
spectively observed a t  -1200 (sh) and -1000 cm-' (vs) 
(internal and external modes) and a t  795 (ms) and 745 cm-' 
(ms) (internal and external modes). The TO4 deformations 
are observed a t  460 cm-' (s) and those of the rings of six TO4 
units constituting the faces of the hexagonal prisms at  565 cm-' 
(m) (band of the R-6 ring). The IR changes of the Y form 
exchanged with transition-metal cations have been correlated 
with the location of these i o n ~ . ' ~ J ~  

Nature of the Interaction of Carbonyl Complexes with 
Zeolite upon Adsorption and Decomposition. The size of the 
mono-, di-, and trinuclear iron carbonyl complexes allow them 
to enter only in the supercage of the zeolite. 

At the initial step, the Fe3(CO)12/HY system does not 
evolve carbon monoxide, and the IR spectrum exhibits ab- 
sorptions in the vco region of the bridging ligand. These 
experimental observations show that the Fe3(CO) 12 complex 
is linked to the zeolite. The way of anchoring is determined 
by the comparison of vco for different Fe3(C0)'* samples 
(Table I). The Fe3(C0)12/HY system exhibits an IR 
spectrum which tends to approximate the structure of 
Fe3(C0)12 in solution for which a threefold axis of symmetry 
is p ropo~ed . '~  Nevertheless, high-frequency shifts for the vco 
of terminal ligands (10 cm-') and low-frequency shifts for the 
vco of bridging ligands (80 cm-I) are in agreement within the 
values reported by Shriver et a1.16a-c for the adduct Fe3(C- 
0)12*A1Br3. However in our case, since all the bridging CO's 
are affected with weaker frequency shifts and the -OIH 
hydroxyl groups are perturbed, the interaction must be through 
all the bridging CO's with a weaker Lewis acid, the protons 
of the H Y  zeolite being located in the supercage." Very 
recently Shriver et  a1.16d have described the first example of 
a carbonyl cluster, H2Fe3(CO)11, in which a proton is bonded 
to the oxygen of a bridging carbonyl ligand. This complex 
prepared in solution is stable only at low temperature, and no 
I R  data have been reported. 

As the Fe3(C0)12 unit tends to acquire a CS symmetry, it 
may be assumed that the iron complex is located near the 
supercage windows along the threefold symmetry axis of the 
zeolite as already observed in the case of Mo(CO)~. '  This 
assumption is corroborated by the induced modifications in 
the IR spectrum of the zeolite framework. Asymmetric and 
symmetric stretching vibrations of some TO4 units are re- 
spectively shifted to 930 and 700 cm-' while the R6 vibration 
band (hexagonal prisms) is not affected. 

Adsorptions of Fe(CO), and Fe2(C0)9 on the H Y  zeolite 
provide IR spectra which are assigned to that of Fe(CO)S(ads) 
superimposed with that of a monosubstituted species, such as 
L-Fe(C0),I7 (Table I). The zeolite, by the presence of its 
hydroxyl groups, is capable of stabilizing the unsaturated 
species Fe(C0)4  (1, Scheme I). Thus, the surface reaction 
proceeds via the substitution of one carbonyl ligand by one 
lattice oxygen. A subsequent heating of the sample under 
vacuum up to 60 "C initiates the migration of the Fe(C8)4  
moieties and then aggregation to finally form the same adduct 

Scheme I 

Z-OH + 2Fe(CO), - Fe(CO),(ads) + Z-[OII. * ,Fe(CO),] 
-co, 2 5 O C  

I 
-CO,  60 'C 

1 t Fe(CO),(ads) -- Z-[(OH),. . .I:e,(CO),,] 
+CO, 25 'C 2 

60 O C  
Z-OH t Fe,(CO),, + 2  

(2, Scheme I) as is obtained directly from Fe3(C0)12. At this 
point exposure to carbon monoxide reverses these steps. 
Scheme I depicts the reactions where Z denotes the zeolite 
framework. The chemistry in s o l ~ t i o n ' ~ ~ ~ *  or in low-tem- 
perature matrices" of the same iron carbonyl complexes also 
involves substitution and aggregation reactions in which 
Fe(CO), has often been postulated as the intermediate. In 
this work Fe(C0)4 can be characterized thanks to the zeolite 
matrix which acts as a rigid ligand and stabilizes the un- 
saturated coordination compound. Alumina has already been 
described to exhibit such properties vs. only two kinds of 
coordination compounds, i.e., M o ( C O ) ~ ~ O  and rhodium car- 
bonyl clusters2' 

During the thermal treatment under vacuum, gradual 
decarbonylation occurs. Discrete intermediates cannot be 
identified with any confidence. The decarbonylation process 
is complete after oulgassing a t  200 "C and is accompanied 
on one hand by the migration of some iron species toward more 
inaccessible sites (sodalite cavity and hexagonal prism) as 
shown by changes in the vibration region of the zeolite 
framework and on the other hand by HZ, H20, C02 ,  CH, and 
saturated hydrocarbons formations. The set of hydrogen- 
containing products is not observed when the zeolite does not 
exhibit hydroxyl groups (Nay  commercial sample treated 
under vacuum at 350 "C). Water formation is due to a 
dehydroxylation of the zeolite which starts at low temperature 
(ca. 120 "C). This process has to be associated with the 
presence of iron carbonyl species since the zeolite pretreated 
a t  350 OC prior to the adsorption of the carbonyl complexes 
contains no more water molecules but only OH groups as 
shown by IR spectra. In the same temperature range (ca. 120 
"C). hydrogen formation also begins to occur. Since hydrogen 
formation implies a redox reaction, the other partners can be 
CO and/or the iron moiety. Experimentally, C02  is detected 
in the gas phase at  200 "C while the 1415- and 1370-cm.' 
bands appearing at lower temperature may be attributed to 
carbonate species resulting from the chemisorption of GO2 on 
the zeolite.22 It is noteworthy that a hydrogen treatment 
removes the 1415- and 1370-cm-' bands and leads to C H 4  
formation. In our opinion, the presence of H2 and C 0 2  is 
relevant for the water-gas shift reaction which is promoted 
by iron carbonyl complexes.23 Further experiments performed 
on a Fe3(C0),2/NaY sample under the water-gas shift 
conditions, at  120 "C, corroborate this assumption. Mowever, 
the discrepancy between the mass balance of H2 and C02  
observed in the case of Fe,(CQ),,/HY points out that other 
redox reactions are involved as explained below. 



Iron Carbonyl Complexes 

Iron Species Obtained by Total Evolution of CO. Little 
information is available in the literature concerning the 
iron/zeolite s y ~ t e m s . ~ , ~ ~ , * ~ - ~ '  However, Lunsford et aLZ4 have 
studied several Fe2+-exchanged Y zeolites. In particular their 
results concerning N O  adsdrption and modification of the I R  
spectra induced by vacuum treatment are comparable to ours. 
Two vN0 bands at  1890 and 1778 cm-I have been associated, 
respectively, with a high-spin state (S = 3/2) and a low-spin 
state (S = '/2) mononitrosyl iron complex. In these complexes, 
the other ligands are the lattice oxygens, aqd both complexes 
seem to be located in the supercage. In our work the vN0 bands 
are centered at  1865 and 1762 crn-'. The same evolution is 
observed upon vacuum treatment. However, the small de- 
viations observed for vN0 compared to those of ref 23 may be 
associated to differences in the origins of the respective 
samples. No bands due to NzO (2200 cm-') or iron oxide (up& 
600 cm-') have been detected. Consequently Fe(0) is oxidized 
into Fe(I1) species which are able to form coordination 
compleqes with NO.  The zeolite framework acts as a rigid 
ligand leading to unusual geometries which induce differept 
spin states. The same situation has been recently described 
in solution with potentially tetradentate ligands.28 According 
to Enemark and Feltham's notation,29 we deal with a Fe(N0)7 
electron configuration. This particular configuration has 
already been identified in coordination chemistry by means 
of X-ray, Mossbauer, EPR, and IR techniques. The ligand 
systems encountered consist essentially of polydentate ones 
such as tetraphenylporphyrin d i a n i ~ n s , ~ ~  o-phenylenebis(di- 
methylar~ina)~~ sulfur-containing and monodentate ones 
such as CN-33 and H20.34 The vN0 fall within the range 
1845-1620 cm-' which are associated with both "linear" and 
"bent" N O  ligands. The Fe(II)/zeolite/NQ systems thus 
afford a new example of (FeN0)7  complexes where the ox- 
ygens of the zeolite act as polydentate ligands. The vN0  
observed agree well with the values reportcd above. But in 
the absence of X-ray data, the geometry of the complexes has 
yet to be confirmed.' 

It should be pointed out that in our experiments iron metallic 
particles could be formed as well as Fez+ ions. It has been 
shown that the adsorption of nitric oqide on metallic iron is 
accompanied by two intense bands at 181p-1800 (s) and 1720 
cm-' (m).35 The high-frequency band has been attributed to 
N O  adsorbed on oxidized iron (vFeO 600 cm-') and the 
low-frequency one to NO adsorbed on metallic Fe particles. 
Our results are quite different and show that the majority of 
the iron is in the 2+ state. Adsorption of carbon monoxide 
also occurs on metallic iron36,37 and on a variety of cations such 
as Fez+ located in a zeolite framework.27 With silica-supported 
metallic iron,36 vco bands are centered at 2020, 1980, and 1887 
cm-l and are stable up to 180 OC. On the other hand, CO 
adsorbed on Fe(II)/HY samples exhibits only one band at  
2198 cm-I which disappears either on pumping at  25 0C or 
by the introduction of small amounts of water.27 Our results 
fit well with the latter one thereby arguing against the presence 
of iron particles. The appearance of a pc0 frequency higher 
than that of gaseous C O  (2153 cm-') is rather striking. It i s  
a general phenomenon when CO is adsorbed on cations prdent 
in an inorganic matrix,27 but it has been rarely encouqtered 
in the case of coordination c o q ~ p l e x e s . ~ ~  Explanation based 
on pure u boqding between CO and the ion has been proposed; 
however a new mode of coordinqtion (i.e., isocarbonyl be- 
havior) could be involved. 

Anather iron oxidation state may also be present, i.e., Fe3+. 
This hypothesis arises from the observation that 1.5 f 0.3 mol 
of H2 is evolved/g-atom of iron during the decomposition of 
the carbonyl complex. However it does not appear to us as 
a relevant proposal for the following reasons. Fe3+- and 
Fez+-exchanged Y zeoiites (exchange level 65%) have been 
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prepared. The Fe3+/Y sample does not adsorb C O  and ex- 
hibits the 875-cm-' band. A reductive treatment under H2 
at 200 OC prodpces water, and further evacuation permits C O  
qdsorption (vco 2193 cm-'). Moreover, the 875-cm-' band 
is shifted toward 930 cm-'. According to the litqrature,q6 Fe3+ 
has been reduced to Fez+. Starting with Fe2+/Y sample, C O  
adsorption occurs (vco 2193 cm-I), and the 930-cm-' band is 
present. An oxygen treatment restores the characteristics of 
an Fe3+/Y sample.26 As the behavior of a genuine Fe2+/Y 
sample fits quite well with that of the decarbonylated iron 
carb'ony!/HY system, Fe3+ ions are not the predominant 
species in the last system. Moreover, iron carbonyl gomplexes 
such as Fe(C0)5  are oxidized in acidic solution39 according 
to reaction' 1. 

Fe(C0)5  + 2H+ - Fez+ + H2 + 5CO (1) 

Nobility of the Iraq Species. Carbon monoxide and nitric 
oxide adsorption prpvide additional information on the location 
of the Fez+ ioqs since CO enters only the supercage of the 
zeolite framework whereas NO enters both t)le supqcage apd 
the sodalite." It follows that most of the Fe(I1) must be 
located in the supercage (sites I1 and 11'). Their' migration 
toward the hexagonal prism and the sodalite cavity takes place 
upon vacuum treatment from 200 to 350 OC. This particular 
cation distribution is observed in the case of Fe2+-qxcbanged 
Y ze01ite.l~ 

The low-spin complex (FeN0)7  is only formed when de- 
composition of the iron carbonyls occurs iq C O  atmosphere. 
Decomposition in a H2  atmosphere (Figure 6) causes the 
formation of several species. The low-spin (vNO 1755 cm-l) 
and tQe high-spip (vN0 1865 cm-l) complexes are present 
together with another species characterized by vN0 1830 cm-'. 
In respect to Figure ZB the relative concentration of each 
species is reversed. Reversible CO adsorption occurs if the 
water has been ppmped off at  elevated temperatures. This 
can be accounied for by the stronger coordination properties 
of H 2 0  thqn CO to Fe(T1). 

hydrogen treatment a t  350 or 500 
"C does not lead to iron particles but induces the migration 
of Fe(I1) toward the hexagonal prism (R6 band at  630 cm-l). 
At this stage, oxidation by molecular oxygen a t  increasing 
temperatures produces a migration of the iron toward site SI' 
in order to form FeO-Fe bridges which is in accord with the 
results of Boudart et al.I3 If the relocation of Fe3+ ions in more 
accessible sites is well proven, we think that the band at  890 
cm-' corresponds to a red shift of the 930-cm-' band and 
should be assigned to a v,, TO4 vibration (bond order weakened 
by the oxidation of Fe2+ to Fe3+). This assumption is 
strengthened by our experiments on Fe3+- and Fez+-exchanged 
Y zeolite where this band is only observed in the case of 
Fe3+/Y samples. 
Con c 1 us i o n 

The' present study has revealed that a zeolite cannot only 
act as a multifunctional polydentate ligand (ligand substitution 
reaction and adduct formation) but also as a protic acid 
promoting redox reaction and the conversion of coordinated 
CO into hydrocarbons. 

Fe(CO),, Fe2(C0)9, and Fe,(CO),, can all be introduced 
into a zeolite framework while retaining a molecular structure. 
Starting with Fe(CO), or Fez(CQ)9, the initial adduct un- 
dergoes a substitution of one CO by one oxygen lattice to give 
a mononuclpar iron carbonyl-zeolite complex. Subsequently 
the iron carbonyl species migrate to form polynuclear iron 
carbopyl complexes which are retained ig the zeolite cavities 
via a Lewis acid-bridging carbonyl interaction. Heating these 
samples induces decarbonylation and favors redox reaction 
with the zeolite thus promoting the oxidation of iron to the 
2+ state (the maximum exchanged level corresponds to 9% 

As already 
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in iron loading). The foregoing reactions are accompanied by 
the formation of 1.5 mol of H2/g-atom of iron and trace 
amounts of C 0 2  and saturated hydrocarbons. Therefore, 
several reactions occur in parallel, and the different elementary 
steps are presently under study, especially in correlation with 
the reactivity of carbon oxides (CO and CO,) toward water 
and hydrogen. This work has shown that chemisorbed CO, 
reacts with H2 to produce CH4, and CO reacts with H20  to 
produce the water-gas shift reaction. 

The Fe(I1) species have been characterized by complex 
formation with NO ((FeNO)’ electron configuration) and CO. 
Decomposition at  mild temperatures leads to location of the 
ions mainly in accessible sites (supercage, sodalite cavity) 
whereas a more drastic treatment induces their migration into 
the inaccessible sites (hexagonal prism). The present method 
is clearly superior to the conventional exchange ones for the 
introduction of Fe2+ ions into the molecular sieve pores. The 
advantages of this method are that it does not damage the 
crystalline structure, permits the location of the ions in more 
accessible sites, and does not introduce counteranions which 
can be trapped as impurities during the exchange process. 
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The Oxidat ion Product of ( p- Ph t halocy anina to) c hromium (11) 
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T h e  oxidation of (P-phthalocyaninato)chromium(II) by molecular oxygen gives a product with a 1 : l  ratio of chromium 
to oxygen atoms. From infrared and Raman  spectra. magnetic data ,  and mass spectra of the product, obtained by reaction 
of (P-phthalocyaninato)chromium(II) with I6O2. I6OI8O, and I8O2, it was characterized a s  an oxo(phtha1ocyaninato)- 
chromium(1V) dimer.  

Introduction 
Elvidge and Lever’ reported that CrlITPcOH (Pc denotes 

the phthalocyanine moiety) is formed as long purple needles 
on repeated sublimation of a mixture of Cr% and Cr”’PcOH, 
which was obtained by reacting phthalodinitrile with chro- 
mium(lI1) acetate. 

*To whom correspondence should be addressed at  the Institut fur  
Anorganische Chemie der Universitat Koln. 
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By this method Ercolani, also obtained a purple-red 
crystalline compound, which he denoted product I. His 
compound, however, was sensitive to air which is usually not 
observed for a phthalocyanine containing chromium in the 
oxidation state 111. On exposure to air, product I changed into 
a blue-violet product (11) with properties different from those 
described by Elvidge and Lever’ for Crl”PcOH. Product I 
could be repeatedly sublimed but remained sensitive to air. 
It did not contain oxygen. By its composition, magnetic 
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