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The behavior of Ru3(CO)iI (I), H2Ru3Fe(CO)rZ (II), a 1 : 1 Ru~(CO),~ and Fej(CO),* mixture (III), 
RuFeZ(CO),z (IV), and Fe,(CO),* (V) deposited on Cab-0-Sil HS-5 has been compared. (III) and (V) 
have been studied by Mossbauer spectroscopy and by ir-spectroscopy, and (I)-(V) by temperature- 
programmed decomposition (TPDC) and temperature-programmed reduction (TPR). Decomposi- 
tion, which is faster in hydrogen than in helium or in vacuum, and is reversible below 400 K, is 
normally faster for(V) than for (I). At low temperature, CO ligands leave the metal carbonyl cluster 
(MCC) in one step for(V), whereas they are decomposed stepwise via the formation of subcarbonyl 
species for (I). In this range the formation of RuJCO), species has been verified. On decomposition 
of(V), there is some CO adsorption, as indicated by ir spectroscopy and low catalytic activity. This 
increases when decomposition occurs in helium, and is attributed to the smaller particles stabilized 
by the metal-carbon species, formed from CO during the decomposition. For (I), decomposition 
results in a slight oxidation, indicated by weak ir bands in the range of 2100-2140 cm-‘. Interaction 
between Fe and Ru in (III) does not occur in the impregnated phase, but develops during the 
decomposition, which starts with Fel(C0),2 decomposition and thereby influences the decomposi- 
tion of RuJ(C0)r2. However, reduction of iron is also facilitated by the presence of ruthenium, as 
indicated by Mossbauer spectroscopy. The general feature revealed during decomposition in he- 
lium, i.e., the increase of surface carbon, is also operative here, and thus the dispersion of the metal 
is higher than for decomposition in hydrogen. The mechanism of the decomposition is discussed in 
terms of the formation of subcarbonyl species for Ru-containing samples and the formation of 
surface carbon is also considered. The mechanism and possible reaction pathways are given. 

INTRODUCTION The question now arises as to the stage of 

In Part I (1) the mode of interaction of 
Fe3(C0)12 with Cab-0-Sil has been re- 
ported. In contrast with literature data (2), 
special interactions between the carbonyl 
cluster and the support have been estab- 
lished. Because of the well defined interac- 
tion between iron and ruthenium, which 
has been shown by catalytic studies (3), in- 
vestigations on the interaction between the 
ruthenium clusters and Cab-0-Sil, as well 
as between the two metals, seem interest- 
ing. 

* To whom correspondence should be addressed. 

catalyst preparation, i.e., the step in the se- 
quence of the decomposition of the metal 
carbonyl clusters, at which the metal-metal 
interaction is developed. Neither the appli- 
cation of ir techniques alone on supported 
FedCOh (4, 51, and RuWh (2, 61, nor 
studying the effects of the support (2, 3, 6- 
10) have answered this question. 

The fundamental work of Kuznetsov et 
al. (2) on the interaction between ruthe- 
nium carbonyl clusters of different nuclear- 
ity and alumina showed that interaction 
mainly depends on the heat pretreatment 
given to the alumina, consequently on the 

179 
0021-9517/84 $3.00 

Copyright Q 1984 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



180 SCHAY ET AL. 

number of OH groups and Lewis acid cen- 
ters on the surface. With silica, however, 
they found weak interaction between the 
clusters and a silica gel surface due to dehy- 
droxylation. The statements mentioned 
were in agreement with those obtained on 
rhodium carbonyl cluster deposited on sil- 
ica gel and alumina (11-13). In those stud- 
ies, the formation of subcarbonyl species 
was observed during the decomposition 
and the influence of ambient atmosphere on 
the reversibility of decomposition was also 
studied. 

In Part I (I) it was established that inter- 
action between Fe3(C0)i2 and Cab-0-Sil 
support developed and that it took the form 
of electron transfer from the support oxy- 
gen atoms to the metal framework, and also 
to interaction of the type Fe-CO *. * HO- 
Si. 

The main goal of the present work is to 
gain information about (i) the temperature 
up to which the metallic framework exists 
in an M3 carbonyl structure during decom- 
position, (ii) the stage of preparation at 
which iron-ruthenium interaction is devel- 
oped, (iii) the mechanism of carbon forma- 
tion and removal during the decomposition, 
and (iv) the correlation between chemisorp- 
tion and catalytic activity for the CO + H2 
reaction. Several different experimental 
techniques are applied, such as the detailed 
analysis of the gas phase by GC and MS, 
the structure of the solid phase by Moss- 
bauer spectroscopy, and the structure of 
the gas-solid interface by ir spectroscopy. 

EXPERIMENTAL 

Materials. Fe3(C0)i2 and Ru~(CO),~ were 
purchased from Strem Chemicals. 57Fe-la- 
beled Fe3(C0)12 was synthesized by the 
method described in Part I (1). In the prep- 
aration of Fe2Ru(CO)iz and H2FeRu3(C0)i3 
a different method was followed (14). The 
following samples were prepared by the 
method reported in Part I (I): Rug(C0)12 on 
Cab-0-Sil (sample I); H2Ru3Fe(C0)r3 on 
Cab-0-Sil (sample II); a mixture of 
Fe3(C0)i2 and Ru3(C0)i2 on Cab-0-Sil 

(sample III); RuFe2(CO)i2 on Cab-0-Sil 
(sample IV); and Fe3(C0)r2 on Cab-0-Sil 
(sample V). Unless indicated elsewhere, 
the total metal loading is 1 wt%. The mix- 
ture sample III contains both metals in the 
same weight percentage. 

Cab-0-Sil HS-5 was obtained from Cabot 
Corporation (Boston). All gases used dur- 
ing Mossbauer and ir studies, as well as in 
temperature-programmed decomposition 
and temperature-programmed reaction 
measurements, were purified by passing 
through a Deoxo unit followed by molecu- 
lar sieve A5. 

Apparatus. Infrared and Mdssbauer mea- 
suring techniques were described in Part I 
(1). Mossbauer spectroscopy is devoted to 
the iron-containing catalysts prepared from 
57Fe-labeled MCC. Unfortunately, the bi- 
metallic catalysts prepared from bimetallic 
clusters could not be studied by Mossbauer 
spectroscopy, due to the lack of j7Fe-la- 
beled material. 

Infrared measurements were carried out 
on a DIGILAB FTS-14 Fourier Transform 
spectrometer and on a DIGILAB FTS-20C 
machine equipped with a Nova-3 computer 
and a dual drive, 10 megabyte disk system. 

Temperature programmed decomposi- 
tion (TPDC) of the supported clusters was 
carried out in a flow system. Helium or hy- 
drogen was applied as carrier gas and the 
effluent was fed to a thermal conductivity 
cell (TC) or flame ionization detector (FID). 
In the former case, the total amount of de- 
composition products was measured, 
whereas with FID only hydrocarbons are 
detected. In some cases, the effluent passed 
through a nickel catalyst heated to 630 K to 
convert the CO and CO;! into methane and 
thus the total products formed could be 
measured. Part of the effluent gas could 
also be analyzed by leaking it into a mass 
spectrometer Type MS 10 C2 (Kratos). 
Thus CO, COz, and methane could be ana- 
lyzed along the whole temperature range. 

The influence of the solvent on decompo- 
sition was studied by a DuPont 21-490 B 
GC-MS machine. The effluent of the de- 
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FIG. 1. Infrared spectra of Ru3(CO),Z. (a) In hexane, 
(b) impregnated on Cab-O-W 

composition products was introduced to a 
GC column, and after separation the prod- 
ucts were identified in the mass spectrome- 
ter. 

The flow system applied to TPDC was 
also used for measuring CO adsorption and 
for temperature-programmed reaction 
(TPR) of CO, which is regarded as a simple 
test for the catalysts obtained. Here the re- 
action took place in hydrogen and only hy- 
drocarbon products were analyzed by FID. 

RESULTS 

Ruj(CO),Z on Cab-0-Sil Impregnation 

Infrared spectra (Fig. 1 and Table 1) 
showed that the impregnation of RQ(CO),~ 

TABLE 1 

Positions of ir Absorption Bands (in cm-‘) for 
RQ(CO),~ in Hexane Solution and for 

Ru3(CO)&ab-0-Sil 

R~dCOh R~~(C0),~iCab-O-Sil Assignments 
(n-hexane solution) (room temperature) 

2140 w CO bonded to 
2120 VW the oxidized 

2100 VW 2112 “WV RUh+ 
2070 sh 

2061 YS 2065 vs 
2031 s 2034 s Terminal CO 
2012 s,m 2015 sh stretching 
1972 vvw 1975 sh mode 

-1850 vw,b 

was accompanied by a shift in terminal car- 
bony1 bands (3-4 cm-l) which is smaller 
than that for sample (V). Here, line broad- 
ening was also observed, and, similar to 
iron, a small number of CO molecules are 
bonded to oxidized ruthenium, as charac- 
terized by the band above 2100 cm-’ fre- 
quency. 

It should be mentioned that weak bands 
appeared at 2934 and 2860 cm-’ on all im- 
pregnated samples, giving an indication of 
the presence of trace amounts of hexane 
left after the preparation of the sample. 

Thermal Decomposition 

Two well-defined temperature ranges can 
be distinguished during decomposition of 
sample (I) in HZ. Below 400 K, cluster char- 
acter is retained, whereas at higher temper- 
ature, CO bands resemble to those of 
chemisorbed CO on a Ru surface (15). In 
Fig. 2, a three-dimensional plot of decom- 
position is presented. At as low tempera- 
ture as 310 K, there is chemical change ac- 
companied by the formation of Ru~(CO)~~-~ 
species and characterized both by the de- 
velopment of bands at 2080 and 2003 cm-l 
and by the disappearance of the band at 
2034 cm-‘. In Fig. 3 spectra of sample (I) 
decomposed in vacuum are presented. The 
spectra resemble those obtained for sample 
(III), which will be discussed later. At 
higher temperatures (>400 K) the cluster 
character completely vanishes (see Fig. 4) 
and the appearance of a broad band at 1980 
cm-’ is observed. The intensity of this band 
slightly decreases up to 500 K but can still 
be observed at 780 K. It strongly overlaps 
the uncompensated band of the support; 
thus its interpretation is difficult and is 
omitted here. 

It should be mentioned that the 
Ru~(CO)~~-~ structure on the surface can be 
repeatedly produced when decomposition 
is ceased at 410 K and the sample is cooled 
to room temperature in the presence of CO. 
When sample (I) is treated at higher tem- 
perature, the repeated CO uptake results in 
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FIG. 2. Three-dimensional plot of thermal decomposition for Rur(CO)&ab-O&l under stream of 
Hz. (a) 302 K under vacuum; (b) 302 K under Hz; (c) 311 K; (d) 320 K; (e) 331 K; (f) 343 K; (g) 353 K; 
(h) 362 K; (i) 368 K; (i) 378 K; (k) 390 K; (1) 401 K. 

a spectrum which resembles CO chemi- Fe3(C0)12 + Ru~(CO)~~/CU~-O-S~~ 
sorbed on a Ru surface with bands at 2133, Impregnation 

2072, and 2010 cm-’ (15). The characteris- 
tics of decomposition are summarized in The ir spectra of a mixture of Fe3(C0h2 
Table 2. and Ru~(CO),~ deposited on Cab-O-S1 are 

WAVENUMBERS, cm-’ 

FIG. 3. Three-dimensional plot of thermal decomposition of RuS(CO)rI on Cab-O-S under vacuum. 
(a) 303 K; (b) 319 K; (c) 336 K; (d) 369 K; (e) 387 K; (f) 400 K; (g) 415 K; (h) 460 K; (i) 514 K; (j) 562 K; 
(k) 606 K; (1) 662 K. 
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FIG. 4. Infrared spectra of Ru3(CO)&ab-0-Sil decomposed under Hz in temperature range 401-498 
K. (a) 401 K; (b) 410 K; (c) 444 K; (d) 475 K; (e) 498 K. 

shown in Fig. 5 (curve (a)). It is inferred 1806 cm-’ certainly belong to iron dodeca- 
that there is no interaction in the impreg- carbonyl, but the others are overlapped 
nated stage because the ir spectrum of the (see Table 3). 
mixture is practically the sum of the two Mossbauer spectra of the impregnated 
separate spectra measured with the individ- sample (III) very much resemble those of 
ual components. Bands at 2057, 1864, and sample (V) ( I), i.e., a quadrupole doublet 

TABLE 2 

Characteristic Carbonyl Stretching Frequencies (in cm-‘) during Thermal Decomposition of 
Ru3(CO)&ab-0-Sil under Hz 

RuiCab-0-M” RuiCab-0-Sil + CO 

2140 w 
2120 VW 
2112 vvw 

2070 sh 
2065 vs 

2034 s 
2015 sh 

1975 sh 

2134 w 

2110 “VW 
2080 sh 

2068 vs 
2050 sh 

2003 s 

1975 sh 

2080 “S 
2072 vs 

2028 vs 

1990 VW 
1975 s.b 

2133 m 

2072 vs 

2010 5 

” Original supported cluster at 300 K. 
h Partly decomposed cluster below 340 K. 
L Further decomposition at temperature range 340-400 K, determined from ratio-recorded spectra, m > n. 
il Decomposed cluster above 410 K. where the band is masked by a temperature-dependent silica band. 
* Readsorption of CO at room temperature. 
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FIG. 5. Three-dimensional plot of thermal decomposition for Ru~(CO),~ + Fej(C0),2 on Cab-O-%1 
under stream of H2. (a) 301 K; (b) 311 K; (c) 319 K; (d) 328 K; (e) 335 K; (f) 345 K; (g) 355 K; (h) 368 K; 
(i) 379 K; (i) 391 K; (k) 405 K; (1) 428 K; (m) 463 K; (n) 503 K. 

was present (IS = 0.43 mm s-i and Q,S = 
0.95 mm s-i) and oxidation of iron to form 
Fe*+ could not be measured up to 370 K. 

Thermal Decomposition of Sample (ZZZ) 

Infrared spectra of sample (III), decom- 
posed in HZ, are presented in Fig. 5. De- 
composition commences with fast CO re- 
moval [see spectra (a)-(f)]. About half of 
the CO is removed up to 340 K. 

TABLE 3 

Infrared Spectra of RQ(CO),~ and Fe,(C0),2 Mixture 
Deposited on Cab-0-Sil 

RuKOh + Fe3Wh2 on 
Cab-0431 at room temperature 

(cm-‘) 

Assignments” 

2139~ 
2110 w 

2080 sh 
2068 sh 
2062 ““S 
2057 sh 
2036s 

-2015 sh 

CO bonded to 
oxidized M6+ 

Terminal CO 
stretching mode 

1864 vw,b Bridged CO 
1806 vw,b stretching mode 

a For further assignments see text and Ref. (15). 

This means that the process starts with 
decomposition of Fe3(C0)i2. Later, at 
higher temperatures, the spectra are similar 
to those shown in Fig. 2 for Ru~(CO)I~, i.e., 
Ru~(CO)~~-~ is produced on the surface, 
with further decomposition to Ru~(CO)~~-~ 
(m > n) up to 503 K, at which temperature 
the presence of CO ligands can still be de- 
tected. CO could be easily readsorbed, as 
indicated by the bands at 2136, 2072, and 
2017 cm-i on the sample heated up to 700 K 
(see Fig. 6). 

A more complex picture is shown by the 
ir spectra for the decomposition of sample 
(III) in vacuum (Fig. 7). At 416 K, a new 
band at 2040 cm-’ is developed. The spec- 
tra measured up to 520 K are very similar to 
the spectra of the cluster at low tempera- 
ture, but the presence of CO at 670 K is still 
detectable, in which case the spectra are 
very similar to those measured for linearly 
bonded CO on ruthenium. 

CO readsorption can be seen in Fig. 6. 
On sample (III) (as mentioned for Fe/Cab- 
0-Sil, no CO adsorption was detected) a 
significant shift could be measured only at 
high wavenumbers. This may be due to the 
presence of iron in the system. 
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FIG. 6. Readsorption of CO on reduced supported clusters. (a) From Ru~(CO)lz/Cab-O-Sil at 700 K 
under Hz, (b) from Ru#Z0)r2 + Fel(C0)r2 on Cab-0-Sil at 700 K under Hz after addition of 1 kPa CO at 
room temperature and evacuation. 

Mhssbauer spectra of sample (III) treated and Fe3+ were observed and after 1 h reduc- 
at 370 K gave a doublet with parameters of tion at 720 K in hydrogen, a small amount 
IS = 0.32 mm S-I and Q,S = 1.01 mm SC’. of superparamagnetic Fe(O) was also de- 
After 1 h heating in hydrogen at 470 K, Fe*+ tected, as presented in Table 4. 

140 
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g 98 
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FIG. 7. Three-dimensional plot of thermal decomposition for Fe,(COhZ + Ru2(CO)rZ on Cab-O-%1 
under vacuum treatment. (a) 298 K; (b) 311 K; (c) 323 K; (d) 338 K; (e) 351 K; (f) 363 K; (g) 373 K; (h) 
387 K; (i) 403 K; fj) 416 K; (k) 446 K; (1) 473 K; (m) 523 K; (n) 573 K. 
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TABLE 4 

Mossbauer Parameters of Sample (III) after 1 h 
Reduction in Hydrogen (Spectra Measured at 80 K) 

Component Temperature of heat treatment (K) 

470 720 

IS QS Ratio xZ IS QS Ratio x* 

(mm s-9 
R (x2) ____ R 

(mm s-‘1 
(x2) 

Fe0 - - - 0.02 - 48U 
FE?+ 1.14 2.29 38 16 1.16 1.91 IO 2.7 
Fe]+ 0.47 0.95 62 0.37 1.16 42 

AMe. IS, isomer shift; QS, quadrupole splitting. R stands for the 
relative intensities (%). ,$/(x2) characterizes the quality of fitting, its 
optimal value being between I and 2. 

” 32% pammagnetic, 16% strongly magnetic. 

Sample (III) showed similar behavior 
when treated in He. Decomposition at 420 
K gave Fe*+ and Fe3+ components (see Fig. 
8, curve (a)). At room temperature, a large 
fraction of the Fe*+ ions were oxidized 
(curve (b)). After the next treatment, per- 
formed at 670 K, the recorded spectrum 
showed mainly Fe*+ ions (curve (c)). After 
24 h this component was partly converted 
to Fe3+ (curve (d)). All parameters are pre- 
sented in Table 5. The totally oxidized sam- 
ple is shown in curve (e). 

TPDC and TPR Measurements for 
Samples (I) to (V) 

As indicated in Part I (I), on decomposi- 
tion part of the CO is converted into surface 
carbon, thereby influencing both the cata- 
lytic properties of the catalyst formed and 
the metal dispersion. The carbon cannot be 
measured by ir- or Miissbauer spectros- 
copy. In this section results on TPDC and 
TPR are presented and the formation of 
surface carbon will be examined. 

Previous TPDC studies (16, 17) have in- 
dicated the overall characteristics of the de- 
composition obtained on the supported 
metal carbonyl clusters (I)-(V). Generally, 
at about 360 K a large peak appears which 
is mainly CO leaving the cluster. For (V), a 
second peak consisting of CH4 appears 
above 630 K, while for clusters containing 

ruthenium ((I)-(IV)), a group of peaks ap- 
peared in the temperature range between 
470 and 570 K. Here the main products are 
methane and a small amount of CO. 

The analysis of the peaks by mass spec- 
troscopy revealed some further interesting 
features of the decomposition. On the sup- 
ported MCC with considerable iron content 
((V) and (IV)), decomposed in He, a small 
hydrogen peak exists at around 370 K and 
continuously increases with rising tempera- 
ture. Above 600 K, methane also increases 

m/s 

FIG. 8. Mossbauer spectra of Fe-Ru sample treated 
in helium and oxygen. (a) After decomposition in he- 
lium at 420 K, measured at 80 K, (b) sample (a) mea- 
sured after 24 h at 300 K, (c) sample (b) after heating in 
helium at 670 K, measured at 80 K, (d) sample (c) 
measured after 24 h at 80 K, (e) sample (d) after 1 h 
treatment in oxygen atmosphere at 300 K, measured at 
80 K. 
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TABLE S 

Mossbatter Parameters of Sample (III) after Treatments in Helium 

Treatment 

Temperature Duration 
(K) (h) 

Temperature of 
measurement 

(K) 

Component IS QS R 7 

(mm s-l) 

420 I.0 80 

500 2.0 300 

670 0.4 80 

150 4.0 80 

Fe?’ 
Fe” 

Fe?- 
Fe’- 

Fe’- 
Fe“ 

Fe?* 
FeZ+ 

1.10 2.31 57 
0.48 0.86 43 1.08 

I.11 2.10 13 0.33 0.94 87 I .3s 

1.17 2.09 57 
0.60 I.05 43 1.42 

1.12 2.23 33 
0.53 I.16 67 1.14 

Note. IS, isomer shift; QS, quadrupole splitting. R stands for the relative intensities (%). x:/(x’) characterizes 
the quality of fitting, its optimal value being between 1 and 2. 

3h 173 573 673 773 

T/K 

353 613 713 

T/K 

FIG. 9. Formation of Hz, CH,, CO?, and the overall 
decomposition curve for samples (II) (A) and (IV) (B) 
decomposed in helium and hydrogen. (a) Decomposi- 
tion in Hz, (b) decomposition in He, (c) CH4 formed in 
H2, (d) H2 formed in He (---), (e) CO2 formed in He 
(-.-.). 

(Fig. 9). On the contrary, for MCC with 
ruthenium in excess, the low temperature 
peak is missing, and at high temperature, in 
addition to methane and hydrogen, a broad 
CO2 peak appeared (Fig. 9). 

Previously (I) we suggested that the high 
dispersion and catalytic activity of catalysts 
prepared in helium are due to the presence 
of carbon left on the surface after decompo- 
sition. If this is so, the ratio R = carbon 
(meas.)/carbon (theor.) should be less than 
unity when the decomposition takes place 
in helium. In Table 6 values of carbon bal- 
ance are summarized. The data show that 
these values tend to increase as ruthenium 
content increases from 0 to 100%. It is sur- 
prising, however, that when decomposition 
takes place in hydrogen the R values gener- 
ally exceed the value of unity, i.e., the car- 
bon balance is not correct. 

In order to elucidate this, the GC-MS 
technique was applied. As a working hy- 
pothesis, we assumed that during the im- 
pregnation a trace amount of hexane is left 
on the impregnated Cab-0-Sil which is 
evacuated overnight. This is supported by 
the appearance of ir bands assigned to hy- 
drocarbons (I). Indeed, when Cab-0-Sil 
alone was treated with hexane followed by 
the evacuation normally applied during the 
sample preparation, a small amount of hex- 
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TABLE 6 

R= 
carbon (measured) 

carbon (theoretical) 
for Different MCC on Cab-O-%1 when Decomposed in Hydrogen and Helium” 

770 K TC 0.39 0.68 (0.14)b 1.05 1.48 1.70 (0. lO)b 
(0.22) 

H2 770 K HC 0.35 0.40 - 0.62 1.08 
570 K HC - - - 0.33 - 

770 K TC 0.44 0.41 (0.34) 0.80 (0.37) 0.77 (0.24) I .08 (0.9) 

He 
570 K TC - 0.33 - 0.61 - 
770 K HC - 0.06 - 0.10 1.21 
570 K HC 0.34 - - - - 

n Notation: TC: Total amount of carbon (in the form of CO, C02, CHJ 
HC: the amount of carbon formed in CH4 

b Numbers in parentheses denote the dispersion of the metal. 

ane was observed in TPDC by the appear- 
ance of peaks of mle = 57 and 43 around 
350 K. However, when Cab-0-Sil con- 
tained Ruj(CO)rZ, a large methane peak ap- 
peared at around 500 K, preceded by peaks 
of m/e = 57 and 43 (Fig. 10). The most char- 
acteristic difference between Cab-0-Sil 
containing no Ru, and that containing 
Ru3(C0)t2, is the large increase of CH., and 
CO2 at temperatures above 630 K. When 
the preparation of Ru-MCC was carried out 
from a chloroform solution the high temper- 
ature CH4 and CO2 peaks are completely 
missing. These experiments clearly show 
the presence of carbon resulting from the 
decomposition of a trace amount of hexane 
left on Cab-0-Sil after impregnation. When 
TPDC occurs in hydrogen, hydrogenation 
of this carbon predominates, and thus the 
carbon balance exceeds the value of R = 1. 

Temperature-programmed reaction 
(TPR) of carbon monoxide was applied as a 
test reaction for characterizing the catalytic 
activity of the decomposed samples pre- 
sented in Fig. 11. Without any kinetic de- 
tails the different samples decomposed in 
helium normally possess higher activity 
than those treated in hydrogen. On the 
other hand, the samples tend to appear less 
active, with increasing iron content, than 

FIG. 10. W-MS studies on Cab-O-Sit wetted by n- 
hexane (a), Ru3(C0)r2 deposited on Cab-0-Sil from 
hexane (b), and chloroform (c) solution. (x) m/e = 16, 
(0) m/e = 44, (0) m/e = 57. 
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373 473 673 m K 

FIG. 11. TPR of CO in hydrogen on catalysts decomposed in helium and hydrogen. (0) sample (1) in 
He; (0) sample (II) in He; (0) sample (II) in Hz; (A) sample (III) in H2; (A) sample (III) in He; (0) 
sample (IV) in He; (W) sample (IV) in Hz; (a) sample (V) in He; (0) sample (V) in H?. 

sample (I). This general feature has also 
been observed in kinetic measurements 
(17, 18). 

DISCUSSION 

Generally speaking, a similar type of in- 
teraction was found for sample (I) and sam- 
ple (V) (I) concerning the broadening and 
frequency shift for the C-O ir band. How- 
ever, here the frequency shift is smaller 
than for iron dodecacarbonyl, which points 
to a weaker interaction. Bands above 2110 
cm-’ can be related either to the CO mole- 
cule bonded to oxidized ruthenium atoms 
(16) or to the asymmetric modes of ad- 
sorbed twin CO groups (19). Here it is sug- 
gested that it is not twin CO groups, 
because the intensity increases with 
decreasing CO content. 

On impregnation, interactions do not ex- 
ist between RuJ(C0)i2 and Fe3(CO)iZ, and 
the presence of ruthenium has no influence 
on iron up to 400 K, as indicated by the 
comparison of the Mossbauer spectra of 
iron and iron-ruthenium containing sam- 
ples. 

Here again, the stability of the metallic 
framework can be established, because 
when heating the sample to 400 K, CO 
readsorption, which restores the original 
surface species, can be observed. 

The ir spectra recorded during decompo- 
sition give more detail on the mechanism. 

In contrast to the decomposition of sample 
(V), on sample (I) at least two species, dif- 
ferent in CO content, can be distinguished. 
The plot in Fig. 12 shows this phenomenon. 
On curve (b) there are three break points at 
340, 365, and 395 K, and accordingly, spe- 
cies containing less and less CO molecules 
are formed. This is supported by studying 
the ratio-recorded spectra (Fig. 13). Up to 
approximately 340 K, positive bands are 
characteristic of the original Ru3(CO),?/ 
Cab-0-Sil, and part of the RuJCO),~ de- 
composes to Ruj(C0)i2~,. The negative 
band shown at 2083 cm-’ is characteristic 
of the decomposition products left on the 
surface [see spectra (b), (c), (d), and (e) in 
Fig. 131. 

The “negative” band may be attributed 
to a poorer hydrogenated surface carbonyl 
species. This assignment seems to be 
proven by the fact that only the Ru-car- 
bonyls, namely, HZR~q(C0)13 (3) and (Y- 
H4Ruq(CO)iZ (20) showed strong bands in 
the 2070-2100 cm-’ range. 

Above 340 K the RuJCO),?-~ species is 
decomposed, with further loss of CO, and a 
carbonyl-poor RuJCO),~ -,?I (m > n) surface 
intermediate is formed, which could be 
characterized by the 2080, 2072, and 2028 
cm-’ bands. 

The first two band doublets can be as- 
signed to the spectra of ruthenium carbon- 
yls containing carbon (21), although from 
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FIG. 12. Temperature dependence of relative band intensity of the most intense CO stretching band 
near 2065 cm-’ for (a) [Rux(CO)rZ + Fej(CO)JCab-0-Sil (under vacuum), (b) Ru,(CO)&ab-O-Sil 
(under Hz), (c) [Ru,(CO)rr + Fe~(CO)Iz]/Cab-O-Sil (under Hz), (d) Ru$ZO)Iz/Cab-O-Sil (under 

the metal-carbonyl ratio it can be con- 
cluded that the two bands near 2075 and 

hl 
- 

1 
2200 awl 2cao 

I 
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FIG. 13. Ratio-recorded spectra for Ru,(CO),,/Cab- 
0-Sil calculated from the spectra of Fig. 2. (a) Original 
cluster at 298 K; (b) 302/3 11 K; (c) 3 111320 K; (d) 320/ 
331 K; (e) 331/343 K; (f) 3431353 K; (g) 353/362 K; (h) 
362/368 K; (i) 3681378 K; (i) 378/390 K; (k) 390/401 K; 
(1) 401/410 K; (m) 4101444 K. 

2030 cm-’ can be assigned to an intermedi- 
ate surface species which preserves the 
cluster framework on the surface (see 
Scheme 1). 

This surface intermediate with C,, sym- 
metry is assumed because (i) it appears in 
the form of slightly split doubly-degenerate 
asymmetric (2080 and 2072 cm-‘) and sym- 
metric (2028 cm-r) stretching; (ii) Ru3 
frameworks appear to be present because 
on addition of CO, Ru~(CO)~~-~ is formed 
again, and (iii) RUDE spectra show re- 
semblance to those obtained for linearly 
bonded CO upon CO chemisorption on Ru/ 
Si02 after recarbonylation. 

Furthermore, it is difficult to believe that 
these two bands near 2075 and 2030 cm-’ 
belong to twin CO as stated by Zecchina et 
al. (8) for A&O3 support, because the rela- 
tive intensity increases with diminishing 
CO coverage in certain temperature ranges. 

However, the absorption bands at 2080, 
2072, and 2028 cm-’ may correspond to the 
strongest bands in the spectrum of 

SCHEME 1 
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TABLE 7 

Averaged” CO Stretching Force Constants for “Free”b and Supported Clusters 

Cluster 27” (cm-‘) K(W F(CO,CO) n(CO) n(MC) 

(10’ N m-l) 

RMCOh2h 2030.9 16.67 0.40 2.70s 1 .292 
Ru~(CO)lz/Cab-O-Sil 2032.2d 16.69 0.82 2.71, l.289 
Fel(CO)Izb 2029.3d 16.645 0.54 2.704 1 .296 

1868’ 
1833’ 

13.84 0.26 2.27 1.73J 

Fe3(C0h2 on Cab-O-%1 2037.7d 16.78 0.74 2.725 I.275 
1869’ 
1805’ 

13.64 0.48 2.24 1.76J 

u Averaged ir stretching frequencies. 
b n-Hexane solution data. 
c Ref. (24). 
d Ref. (I). 
e Actual frequencies. 
f Value for two bridging MC bonds. 
Note. K, CO stretching and F, stretch-stretch interaction force constant; n, bond order 

calculated from K(CO), (25). 

H4Ruq(C0)i2 which readily formed from 
Ruj(CO)rZ by interaction with hydrogen in 
octane at 363 K (22). In presence of CO this 
reaction can be reversed and equilibrium 
exists among RUG, Ru3(C0)i2, and 
H4Ru4(C0)i2 (23). Since the spectra ob- 
served here were recorded after most of the 
CO has left the molecule, this explanation 
can be omitted. 

In spectra (g)-(k) in Fig. 13 further de- 
composition of RUDE surface can be ob- 
served in the temperature range of 360 to 
410 K. Spectrum (1) shows the end of de- 
composition. 

A simplified force constant calculation 
has also been performed for the investi- 
gated metal-carbonyl clusters (Table 7). 
The CO stretching force constants, calcu- 
lated from the averaged infrared active fre- 
quencies of terminal CO groups, are only 
slightly higher in the supported state than 
those in n-hexane solution. Stronger in- 
creases were observed in stretch-stretch 
interaction terms. The absolute values of 
these latter force constants are slightly 
overestimated by the simplified calculation 
used. A more complete force constant cal- 
culation for RuX(CO)tZ gave the average (ax- 

ial and equatorial) K(C0) equal to 16.66 x 
lo2 N m-i (5). The K(C0) value for Fe(CO), 
is 16.7 x IO2 N m-l (26). These values are 
reasonably close to those in Table 7. As 
seen in this table, cluster-support interac- 
tion for Fe3(C0)r2 strengthens the terminal 
CO bonds, while those of bridged CO are 
weakened. 

In the case of mixtures more complex 
features are revealed. Ratio-recorded spec- 
tra on sample (III) decomposed in hydrogen 
are presented in Fig. 14. It can be estab- 
lished that at the beginning of decomposi- 
tion mainly Fe3(C0)12 is decomposed [(a) to 
(d)]. In spectrum (e) decomposition of 
Ru3(C0)i2 also commences, while in spec- 
tra (f), (g), and (h) the formation of 
RUDE surface species can be observed. 
In spectrum (i) the characteristic band of 
chemisorbed CO can be seen. 

On the basis of curves (b) and (c) in Fig. 
12, a qualitative comparison can be made in 
the decomposition rate of the two systems. 
When Fe3(C0)i2 is present, decomposition 
is accelerated, whereas above 400 K CO is 
significantly retained. From curve (a) in 
Fig. 12, one may infer that in decomposi- 
tion occurring in vacuum the overall pro- 
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Infrared measurements have indicated 
that interaction between iron and ruthe- 
nium starts during decomposition at low 
temperature. These data, however, give no 
information about the metal-metal interac- 
tion at higher temperature. Investigations 
of iron-ruthenium coimpregnated samples 
by Mossbauer spectroscopy have indicated 
the presence of interaction between the two 
metals. At low Fe/Ru ratios and high total 
metal loading, significant interaction was 
detected; Ru enhanced the reduction of 
iron on samples prepared by the incipient 
wetness techniques (27). At low metal load- 
ings and higher Fe/Ru ratios, ruthenium 
was reported to inhibit the reduction (28). 
In our case, at low metal loading and higher 
Fe: Ru ratio on samples prepared from 
coimpregnated carbonyls, the reduction 
was also promoted by ruthenium: a part of 
iron was reduced to the zero-valent state 

FIG. 14. Ratio-recorded spectra for Fe3(C0),* + 
Ru,(CO),~ on Cab-O-%1 calculated from Fig. 5. (a) 301/ 
311 K; (b) 311/319 K; (c) 319/328 K; (d) 328/335 K; (e) 
335/345 k; (f) 345/355 K; (g) 355/368 K; (h) 368/379 K; 
(j) 391/405 K; (k) 405/428 K; (1) 428/463 K; (m) 463/ 
503 K. 

cess is retarded in comparison to that oc- 
curring in HZ. 

The ratio-recorded spectra of sample 
(III) decomposed in vacuum are very simi- 
lar to those obtained in H2 (see Fig. 15). 
However, at 470-570 K a new type of de- 
composition commences, characterized by 
the bands at wavenumbers of 2127 w, 2090 
sh, 2070 s, 2042 s, 2007 s, and 1952 m. Since 
carbon is left on the surface, this phenome- 
non may be interpreted by the presence of 
carbon, which may affect the spectra of the 
chemisorbed CO. 

Since bridged CO (1862 and 1805 cm-‘) 
behaved exactly in the same way for sam- 
ple (III) and (V), it can be established that 
the presence of Ru3(CO)i2 does not influ- 
ence the decomposition of Fe3(C0)r2. How- 
ever, Ru3(CO)iZ decomposition was signifi- 
cantly modified by the presence of iron. 

FIG. 15. Ratio-recorded spectra for FeJ(C0)12 + 
Ru,(CO),~ on Cab-0-Sil calculated from spectra in Fig. 
7. (a) 298/311 K; (b) 311/323 K; (c) 323/338 K; (d) 338/ 
351 K; (e) 351/363 K; (f) 363/373 K; (g) 373/387 K; (i) 
403/416 K; 6) 416/446 K; (k) 446/473 K; (I) 473/523 K; 
(m) 533/573 K; (n) 573/623 K; (0) 623/673 K. 
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(Table 4). This is the main difference be- 
tween preparations using metal-carbonyl 
clusters and inorganic salt solutions for im- 
pregnation. 

Results obtained from measurements on 
iron-ruthenium samples treated in helium 
were similar to those found on pure iron. 
Comparison of Figs. 6(b) and (c) clearly 
shows the presence of a reducing process 
when the sample is heated to 670 K without 
hydrogen. 

At this stage of the discussion, some gen- 
eral features can be shown concerning the 
decomposition of the clusters. Generally, 
the decomposition can be divided into two 
parts: (i) at low temperatures (up to 400 K) 
only primary decomposition occurs, ac- 
companied by the elimination of CO and 
the partial oxidation of iron and possibly 
ruthenium on the surface; and (ii) at high 
temperatures (>400 K) secondary reactions 
take place, in this case the formation of the 
metallic phase, i.e., the creation of the sup- 
ported metal catalyst occurs. The second- 
ary processes are characterized by the 
presence of surface carbon hindering the 
agglomeration and migration of small me- 
tallic particles to form large crystallites. 
Due to the interaction of surface carbon 
with the OH groups of the silica support 
and catalysed by the metallic particles, the 
surface carbon is partially removed from 
the surface, producing secondary products 
such as H20 (16), C02, CH4 and HZ. 

The overall mechanism for decomposi- 
tion of samples (I) and (V) is different be- 
cause CO molecules leave the cluster in one 
step in (V) but gradually in (I). The small 
metal particles on the surface are oxidized 
in the reaction proposed by Dutartre et al. 
(29): 

Fe0 + H+ = Fe+ + &HZ (1) 

Although this reaction was assumed to oc- 
cur at higher temperature and at higher 
metal loading, here the metal particles 
formed are thermodynamically unstable, 
and Reaction (1) can proceed at lower tem- 
perature, using the OH groups of Cab-O- 

Sil. The small H2 peak appearing at low 
temperature also indicates this reaction. Of 
course, when the temperature is increased 
the reaction proceeds faster, which results 
in the large amount of hydrogen shown in 
Fig. 9. 

In addition to the formation of Fe2+ and 
Fe3+, the surface is also partly covered by 
carbon. (The disappearance of the CO 
stretching frequency is not evidence for the 
removal of total carbon.) This reaction is 
responsible for the small amount of hydro- 
gen formation at low temperature on sam- 
ple (V). At higher temperatures, the struc- 
tural OH groups commence to react with 
carbon: 

2Cmt1 + 20H(stru,t,,,,~ = 20 + HZ (2) 

and thus the formation of H2 at higher tem- 
perature is explained. The reactivity of OH 
groups on silica has been shown (31). The 
process described by Reaction (2) is charac- 
teristic also of sample (I). The hydrogen 
produced in Reaction (2) can be used for 
the hydrogenation of carbon, which ap- 
pears in the form of methane. On sample 
(V) CO2 formation was not detected, 
whereas on sample (I) this process is pre- 
dominant at high temperature. This differ- 
ence reveals weaker Ru-0 bonds which 
can easily react with the CO formed in Re- 
action (2): 

OS”rf + co = co2 (3) 

The CO shift reaction cannot be neglected, 
either, that is, 

CO + H~Owuctura,~ = CO2 + Hz (4) 

All of these reactions contribute to the re- 
moval of surface carbide and oxide, espe- 
cially from ruthenium or RuFe. The forma- 
tion of metallic particles, capable of 
adsorbing CO, is indicated by the high dis- 
persion of samples (I) and (III). Since iron 
is covered by oxides and carbides, CO ad- 
sorption is diminished, although at the reac- 
tion temperature, the adsorption of CO and 
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the subsequent formation of active carbon 
species can also be detected (31). 

Interaction of surface carbon with hydro- 
gen is shown by the methane formation in 
the medium (470-570 K) and high (>570 K) 
temperature range on ruthenium-rich sam- 
ples. Metallic ruthenium, in the presence of 
hydrogen, is a good hydrogenolysis catalyst 
(32), i.e., the hexane moieties adsorbed on 
the carrier can be easily hydrogenolyzed, 
resulting in the formation of CH4. Never- 
theless, CO dissociates easily on supported 
ruthenium, while on iron-containing sam- 
ples some of the CO is in molecular form 
(33). This shows the Ru-Fe interaction 
again. 

From the ir and Mossbauer data pre- 
sented here, it is now clear that interaction 
between Fe3(C0)t2 and Ru3(C0)i2 in the im- 
pregnated phase either does not exist, or is 
very weak. It develops later, after decom- 
position, and this starts with the decompo- 
sition of Fe3(C0)i2. This may explain why 
the Mossbauer spectra of sample (III) and 
(V) are very similar during the decomposi- 
tion, up to 420 K, regardless of the atmo- 
sphere (He or Hz) in which the decomposi- 
tion takes place. The ferrous oxide phase 
formed acts as stabilizer for the ruthenium 
formed by decomposition. This mechanism 
has been proposed by Topsoe et al. for the 
Fe/MgO system (34) and by Guczi et al. (28) 
for FeRu/Si02 catalysts. The highly dis- 
persed state of iron and ruthenium ensures 
the reduction of iron at 470 K, which is not 
possible for FeRu prepared from RuC13 and 
Fe(NOh (28). 

The highly dispersed surface carbon, 
originating either from CO dissociation in 
He or from the cracking of the solvent moi- 
eties, acts as a stabilizing agent for the me- 
tallic particles as is clearly indicated by the 
enhanced CO adsorption (2). In addition, 
even when pure iron is treated with hydro- 
gen, the carbon can eventually be removed. 
The metallic particles then coagulate into 
large, ferromagnetic iron particles. 

Adsorption, as well as temperature-pro- 
grammed reaction, of CO reflects the fea- 

tures of the catalytic properties. Normally 
the presence of ruthenium in the sample 
increases the number of metallic sites, 
which increases the amount of CO chemi- 
sorbed. Simultaneously, catalysts prepared 
from ruthenium-containing MCC are also 
more active than those prepared from iron- 
rich ones. Within this series, samples de- 
composed in helium always show higher 
activities than those decomposed in 
hydrogen. This behavior is the result of the 
removal of surface carbon in the presence 
of hydrogen, which in turn results in the 
formation of large metallic particles. 
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