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Temperature-programmed decomposition has been used to study the nature of the bonding to
Al,O, of the zero-valent catalyst precursor W(CO),. The pretreatment conditions and activation
temperatures which lead to the formation of supported, low-valent W (which cannot be prepared by
the standard techniques of catalyst synthesis) have been identified. At temperatures below 200°C
highly dispersed, zero-valent, subcarbonyl species are formed. W(CO)jads is readily isolated and
the decomposition can be reversed by exposure to a flow of CO. This is only the second system for
which the stoichiometry of supported subcarbonyl species has been identified. Decomposition at
high temperatures is sensitive to the ratio of hydroxyl groups on the alumina divided by the number
of complexes on the surface. At high ratios the primary product of the complete decarbonylation is
W(VI), whereas at low ratios W(0) is the primary product. Both of these products are also well
dispersed and the complete decomposition is not reversible.

INTRODUCTION

Catalysts of supported tungsten are nor-
mally made by impregnating a support of
high surface area, such as alumina, with an
aqueous solution of a hexavalent salt of
tungsten, such as ammonium tungstate. It
has recently been shown that the supported
WO, which is formed during the calcination
of these catalysts cannot be appreciably
reduced by treatment with hydrogen at
550°C even though bulk WO; can be re-
duced to tungsten metal at these conditions
(7). Consequently, it is of interest to inves-
tigate the interaction of W(CO),, a zero-
valent complex of tungsten, with alumina
as a possible means of preparing supported
tungsten in low oxidation states.

The surface reactions between W(CO),
and alumina have been briefly investigated
using infrared spectroscopy (2, 3). One re-
port (2) claims that on y-Al,O; the hexacar-
bonyl undergoes complete decarbonylation
near room temperature without the forma-
tion of any isolatable subcarbonyl species,
that the product of the decomposition is
W(0), and that the decomposition can be
reversed by exposure to 50 Torr of CO at
45°C. In another infrared spectroscopic
study Bilhou et al. (3) found tha on 7-Al,O,
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the decarbonylation of W(CQO), was com-
plete at 120°C and no carbonyl species were
regenerated by exposure to CO. Brenner
and Hucul (4) have reported preliminary
studies of W(CO),/vy-Al,O; using the tech-
nique of temperature-programmed decom-
position (TPDE). It was here claimed that
reversibly formed subcarbonyl species may
exist and that the complete decarbonylation
requires high temperatures, is probably not
reversible, and does not yield W(0) as the
primary product. In this paper we attempt
to resolve these differences by presenting a
more detailed and quantitative study of

the decomposition and bonding of
W(CO)s/ALLO;.
EXPERIMENTAL

The details of the rigorously air-free cata-
lyst preparation, the high-purity vacuum
system, and the TPDE technique have been
recently published (5, 6). For these experi-
ments 0.500 g of y-Al,O; (Conoco Catapal
SB, 60-80 mesh, a, = 250 m?/g, average
pore diameter = 7 nm and in one experi-
ment 7-Al,O; prepared from B-trihydrate,
a;, = 150 m?/g) was calcined for ~1 hr in
flowing O, at the pretreatment temperature
(for catalysts I, I., M, and N the oxidation
was done at 500°C) followed by evacuation
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at that temperature for about another 1 hr.
The TPDE were done at 8 = 5 K/min
unless stated otherwise. Carbonyl which
sublimed from the reactor during catalyst
activation was condensed in a cold trap
downstream from the reactor and analyzed
by uv spectroscopy to allow the calculation
of the true catalyst loading. In two experi-
ments the average oxidation number (O.N.)
of the catalysts was determined after TPDE
by titration with small pulses of O, at 500°C
to form W(VI). With correction for the
small amount of CO, formed, determination
of the amount of O, consumed allows a
trivial calculation of what the O.N. had
been. In one experiment the reactor efluent
was sampled and analyzed (Spherocarb col-
umn) at intervals of 12°C to determine the
temperature at which the CH, was formed.

RESULTS

Table 1 summarizes the characteristics of
each catalyst and Table 2 contains the
stoichiometries of the TPDE. For some of
the earlier runs the values of the H, evolu-
tion are low, but the forms of the TPDE
spectra are otherwise correct. Additional
analyses using a type C catalyst revealed
that the CH, is formed in a single peak
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(and H,) peak, but displaced 20°C higher in
temperature. Not included in Table 2 are
very small evolutions of C, hydrocarbons,
about 0.01 C,H, and 0.03 C,H; per W,
which were observed in runs for which the
alumina was calcined below 600°C (no C,
were detected). Blank experiments indi-
cated that roughly half of this material (but
a negligible part of the other gases evolved)
was derived from the pentane.

Unless stated otherwise, the TPDE com-
menced at 25°C and were terminated at
600°C. Prior to TPDE the catalysts were
white except catalysts prepared by subli-
mation at 60°C which were light yellow.
After TPDE catalysts pretrated below
700°C were light, sandy brown. The other
catalysts were progressively darker after
heating, catalyst L being dark brown and
catalyst M being black. Figures 1 through 4
illustrate the TPDE of W(CO),/v-Al,O, af-
ter various temperatures of pretreatment.
The TPDE of catalyst D (prepared on
7n-Al,O3;) was nearly identical to that of
catalyst C.

Integration of the low-temerature TPDE
peak for all of the catalysts pretreated be-
tween 350 and 750°C yielded 3.0 + 0.1
CO/W. Figure 5 shows the evolution of CO

coincident with the high temperature CO from a catalyst which was activated
TABLE 1
Catalysts

Catalyst Pretreatment Type Sublimation Loading Hydroxylation o — OH

designation Q) impregnation (%) (%W) of ALO; (%) w

A 350 Pentane 42 0.206 52 181

B 350 Pentane 31 0.212 52 175

C 500 Pentane 30 0.228 28 88

D (n-Al,04) 500 Pentane 29 0.373 28 54

E 500 Pentane 32 0.200 28 100

F 500 Dry mix 1 0.335 28 60

G 530 Pentane 17 0.108 25 166

H 625 Pentane 27 0.183 14 55

1 750 Dry mix 3.1 0.361 5 10

J 750 Pentane 23 0.218 5 16

K 900 Pentane 30 0.432 ~1.5 3

L 950 Dry mix 2.2 0.324 ~1 2

M 950 Dry mix 25 1.212 ~1 0.5

N 1000 Dry mix 49 1.16 ~0.6

0.4
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TABLE 2

Gas Evolutions during TPDE®

Catalyst Gas evolution per W Peak maxima (°C) E, (kcal/mol) O.N. by O.N. by

designation gas 0,
cO CH, CO, H, Low T High T Low T High T evolution titration
CcO co CcO
CcO H,

A 5.35 0.12 0.33 2.4 150 257 256 31 40 5.5
B 5.48 0.21 0.25 — 153 270 270 31 41 —
C 5.40 0.22 0.11 2.07 131 287 284 30 42 5.
D (n-ALOy) 5.11 0.25 0.17 1.8 129 278 274 30 41 5.1
E 5.42 0.24 0.02 — 130 302 302 30 43 —
F 5.39 0.33 0.09 1.71 137 293 293 30 42 5.8 5.8
G 5.46 0.23 0.27 — 130 342 343 30 46 —
H 4.87 0.30 0.45 — 124 355 355 29 47 —
I 4.39 0.30 0.001 0.80 116 360 418 29 48 3.4
I 5.28 0.25 0.17 — 115 362 421 28 48 —
K® 6.08 0.08 0.006 —_ 110 317 730 28 44 —
Le 4.65 0.06 0.000 0.32 172 ~400 >600 31 1.0
M 4.97 0.006 0.002 0.19 136 See discussion 30 0.4
NP 5.20 0.007 0.002 0.51 138 ~750 ~750 30 1.1 1.0

« Dashes indicate early runs for which H, data were not accurate.
® For runs J, K, and N the TPDE was continued up to 750, 900, and 950°C, respectively.
¢ 8 = 30 K/min, this will shift the peaks upscale relative to runs at 8 = 5 K/min.

isothermally at 135°C in flowing He. After 1
hr the rate of CO evolution had decreased
by a factor of 5 x 103, the cumulative
evolution of CO was 2.96 CO/W (no CH,
was detected), and the catalyst was gold
colored. Flowing CO over this material at
135°C led to the recovery of 46, 56, and
68% of the W(CO), after 15, 30, and 180
min, respectively. Raising the temperature
to 175°C increased the recovery to 73%
after 1 hr and 75% after 2.5 hr. Flowing an
equimolar mixture of H, and CO at 130 or
350°C for 1 hr over a type C catalyst after
TPDE to 600°C failed to recover any of the
supported W(CO); in a cold trap down-
stream of the reactor (<0.03%).
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FiG. 1. The TPDE of catalyst C.

DISCUSSION

As noted in the introduction, catalysts of
supported W are usually made by impreg-
nation with salts of W(VI) and are resistant
to reduction, even at quite high tempera-
tures. The technique of catalyst synthesis
utilized here is quite different: (i) No water
is present. (ii) The catalyst precursor is a
zero-valent, molecular complex. (iii) The
comlex may be decomposed at compara-
tively low temperatures. (iv) The synthesis
is sufficiently free of extraneous compo-
nents to allow the stoichiometry of the
individual surface reactions accompanying
catalyst activation to be analyzed and
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quantified as they occur. These changes
should encourage the synthesis and charac-
terization of catalysts containing highly dis-
persed, low-valent, supported W.

Low-Temperature Decomposition

Table 1 indicates that there can be sub-
stantial sublimation of W(CO)¢ from the
alumina during catalyst activation. Subli-
mation of Mo(CO)¢ under similar condi-
tions is several fold less (9). Experiments
with other supported carbonyls suggest that
one parameter important in determining the
amount of sublimation is the volatility of
the carbonyl. For example, sublimation of
highly volatile Fe(CO); is much larger than
for Fe;(CO),, (6). However, the vapor pres-
sure of W(CO), is about threefold less than
that of Mo(CO)s. Also important is the
temperature required to achieve initial de-
carbonylation of the complex, since higher
temperatures enhance the ability of the
complex to sublime from the support prior
to binding to it. W(CO), decomposes about
30°C higher than does Mo(CO), (/4), and
correction for this temperature difference
gives W(CO); an effective vapor pressure
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twice that of Mo(CO)s (/0). Sublimation
from SiO, is much higher for both car-
bonyls, and the peak for CO evolution
comes at about 150°C (5).

The TPDE spectra of all but the most
dehydroxylated catalysts display two peaks
with the first peak containing 3.0 CO/W.
This suggests the formation of a relatively
stable W(CO), ads intermediate. The exis-
tence of this species is further confirmed by
a highly accurate isothermal activation at
135°C (Fig. 5). It is very unlikely that in
each of these experiments a mixture of
subcarbony! species fortuitously provided
an integral average for the amount of CO
evolved per W (7). The only other such
subcarbonyl species unambiguously iden-
tified are Mo(CO),ads, n = 3, 4, 5, on
ALO; (8). The TPDE spectra of W(CO),
and Mo(CO), on Al,O, are very similar and
the latter system has been studied in great
detail (9). Thus, by analogy it is likely that
W(CO)jads is formed by the stepwise de-
composition of W(CO)qads, W(CO);ads,
and W(CO),ads each of which can probably
be isolated in high yield under the appropri-
ate conditions (&), but is unstable under
these reaction conditions.

The formation of W(CO),ads is reversible
since W(CQ), is recovered in moderately
high yield upon exposure to CO at 135°C.
W(CO), is not formed by reaction of CO
with finely divided W metal at these mild
conditions (/0). It is unclear why the recov-
ery of W(CO); is not quantitative, however,
it is noteworthy that some W(CO), was still
being recovered when the experiment was

[ ' 1 207 A 4Na

CLYPERATUES OF ACTIMATION 00y

FiG. 4. The TPDE of catalyst N.
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FiG. 5. The evolution of CO in flowing He from a
type G catalyst at 135°C.

terminated. The W(CO),ads is zero-valent
since neither H, nor CH, was evolved dur-
ing its formation (vide infra). Furthermore,
it is likely that most of the W(CO).ads is
molecularly dispersed on the surface since
the three CO ligands will tend to isolate
each of the W atoms (9).

It has been shown (5, 1) that the ki-
netics of the decomposition of the hexacar-
bonyls supported on SiO, can be described
by a semiempirical technique in which the
preexponential factor in the rate constant is
set equal to 10kT,,/h and the position of the
peak maximum, T,,, then determines the
activation energy, E,, for M—CO bond scis-
sion (k is Boltzmann’s constant and 4 is
Planck’s constant). Although the CO peaks
for the Al,0;-supported system are broader
than the theoretical value for a unimolecu-
lar decomposition on a homogeneous sur-
face (for which the peak width at half
maximum is ~25°C) at least the low-tem-
perature peaks are still much narrower than
usually observed during the temperature-
programmed desorption of gases adsorbed
on high surface area materials. A heteroge-
neity inducing a spread of about 3 and 8
kcal/mol in the low- and high-temperature
peaks, respectively, would account for the
observed peak broadening. The E, deter-
mined in this manner are shown in Table 2.

High-Temperature Decomposition

The data in Table 2 and Figs. 1 to 4
clearly indicate that moderately high tem-
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peratures are required for the complete
decomposition of W(CO)s/Al,O;. A carbon
balance using the data in Table 2 also
indicates that except for the experiments
involving highly dehydroxylated Al,O; no
more than a few percent of the products of
decomposition could have escaped detec-
tion. The poorer carbon balance in the
latter cases is partly due to a small amount
of decomposition (or possibly slow desorp-
tion from these highly activated supports)
occurring above 600°C as evidenced by Fig.
4. Thus, runs H, I, L, and M which were
terminated at 600°C have a poorer carbon
balance than runs J, K, and N. Comparing
runs J and I one also sees the expected
passivation of the surface caused by pen-
tane.

Extensive H, evolution accompanies the
second CO peak of all except the most
dehydroxylated catalysts. For a variety of
systems including Mo(CO); (9) and the Fe
carbonyls (6) on Al,O, and the hexacar-
bonyls on SiO, (5), this H, evolution has
been shown to result from a redox reaction
between surface hydroxyl groups (o-OH)
and the initially zero-valent metal in a reac-
tion which may be approximated as:

W(CO)s
+ n(c - OH) 3 (¢ - 0, Wt
+ (n/2)H, + 6CO (1)

The small amount of CH, which is evolved
represents additional reduction of H* and
therefore oxidation of the W. Hence, by
measuring these gas evolutions an accurate
measure is obtained of the average O.N. of
the W at any time during TPDE. For exam-
ple, for catalyst N the average O.N. after
TPDE is 2(0.51) + 6(0.007) = 1.06. Note
that the H, evolution (which is continu-
ously monitored during TPDE) primarily
determines the amount of oxidation. As
shown in the figures and Table 2, oxidized
W is usually the product of the complete
decomposition, but W(CO),ads is zero va-
lent.

Since the recovery of CO is not 100%, it
is possible that other reactions are occur-
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ring which effect the O.N. of the W. It has
already been noted that tiny amounts of C,
hydrocarbons are formed which also repre-
sent additional oxidation of the W. Due to
the uncertain level of the background this
has been neglected for the catalysts pre-
pared by impregnation, but this can only
cause the values of O.N. shown in Table 2
to be low by about 0.2 unit. The mechanism
by which CO, is formed during TPDE is
unknown, but we feel that the Boudouard
reaction

2CO0 - C + CO, (2)

(which does not effect the O.N. of the W) is
the most likely candidate. (We find that
TPDE of some of the group 8B metals
(which have substantial evolutions of CO,)
yields negative values for the O.N. if one
assumes that CO, implies reduction of the
metal. Also, except on highly dehydroxy-
lated supports, the amount of missing car-
bon is often similar to the amount of CO,
formed which is consistent with the stoichi-
ometry of reaction (2). If this is also the
case for W(CO),/Al,O;, then the carbon
balances of Table 2 are also improved.) In
any case, titration with O, allows an inde-
pendent check on the O.N. of the W which
is without the preceding qualifications. As
shown in Table 2, there is excellent agree-
ment between the two methods, even for
catalyst N for which the carbon balance is
comparatively poor. Similar agreement be-
tween the two techniques has also been
demonstrated for other catalysts of sup-
ported carbonyls (5, 6, 9) which include
both cases of excellent and poor carbon
balance.

The critical parameter in determining the
amount of oxidation during activation at
high temperature is the ratio o-OH/W.
Thus, runs F and L show that lowering the
concentration of o-OH lowers the amount
of oxidation, and runs L and M show that
increasing the loading lowers the amount of
oxidation. Only if o-OH/W =< 20 is the
amount of oxidation reduced. (It should be
pointed out that the values for the level of
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hydroxylation of alumina in Table 1 are
very approximate for pretreatment temper-
atures above 750°C (/3).) This suggests
mobility of the o-OH at T = 300°C since the
probability is very low of there being
sufficient clumps of o-OH (the stoichiome-
tric requirement to form W(V) is 5 o-OH) at
this level of dehydroxylation (/2). Infrared
spectroscopic studies suggested mobility
above 400°C (/3). Consistent with these
observations, reducing o-OH/W to a very
low value can shift the decomposition prod-
uct from primarily W(VI) to primarily W(0)
(Table 2). In comparing runs M and N it
may appear that the O.N. for catalyst N is
anomalously high, but this is due to the
TPDE of run N being continued to 950°C
(Fig. 4). Hence, W(CO), can be used to
provide two types of supported, low-valent
W: highly dispersed subcarbonyl species
after decomposition at low temperatures
and W(0) after decomposition at high tem-
peratures on a support with c-OH/W = 1.
Although direct proof is lacking, it is also
likely that the high-temperature forms of
the catalyst are highly dispersed since Eq.
(1) effectively requires that all of the W be
accessible for reaction with o-OH. Pre-
sumedly, the absence of o-OH would not
substantially increase the surface mobility
of the W species causing a low dispersion of
W(0). It is likely that other supports lacking
oxidation ability could also be used to syn-
thesize highly dispersed, low-valent W.
The complete decomposition of
W(CO),/ALQ, is irreversible. The lack of
reversibility for the oxidized decomposition
products but the existence of reversibility
for the subcarbonyl species was also found
for other supported carbonyls (5, 6, 8). By
inference from the similar chemistry of
Mo(CO),/AlLO, (9), it is also unlikely that
significant quantities of W(CO),ads or
W(CO)ads accumulate during the decar-
bonylation and oxidation of W(CQO),ads.
As shown in Table 2, the peak positions
depend on the temperature of pretreatment
of the Al,O,. At higher temperatures of
pretreatment, the first CO peak develops a
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pronounced shoulder and then splits into
two peaks and the high temperature CO
peak flattens (Figs. 2-4). The H, peak is
shifted to higher temperatures. Run M was
distinct from all other TPDE of W(CO); and
Mo(CO); on Al,O, in that about half of the
H, was evolved during the low-temperature
CO peak, the remainder being evolved
above 520°C. As the pretreatment tempera-
ture is lowered, the separation between the
high and low temperature CO peaks de-
creases in a roughly linear manner. The
reason for these effects is unknown at this
time, but it is interesting to note that on
Si0O, the ultimate coalescence occurs with a
single peak (CO + H,) being observed at
160°C (5).

In general, the TPDE of dry mix runs are
very similar to the results from runs in
which the complex was supported by im-
pregnation. However, during the dispersion
of solid W(CO); (done at 60°C) prior to
TPDE, ~0.7 CO/W is evolved and this
causes the peak height of the lowest tem-
perature CO peak to be ~40% lower than it
iS in wet mix runs.

The amount of CH, formed first increases
and then decreases as the temperature of
pretreatment of the alumina is increased
(Table 2). Since the CH, is formed simulta-
neously with the second CO peak, the
initial increase inCH,formation is probably
related to the second COpeak being shifted
to higher temperatures and therefore allow-
ing a more efficient hydrogenation of the
carbonyl ligands (Arrhenius effect). At very
high temperatures of pretreatment, the de-
crease in o-OH/W limits CH, formation.

In studying the surface chemistry of
W(CO)s/AlO, by highly quantitative tech-
niques, some discrepancies have been re-
vealed with the results of the infrared spec-
troscopic studies. The reasons for the
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differences are unknown. However, it
should be pointed out that the interaction of
carbonyls with a support results in a com-
plex mixture of sublimed carbonyl, subcar-
bonyl species, gas evolutions, and oxida-
tion. Hence, unless the experimental
conditions are carefully chosen it would be
very difficult to separate clearly the various
phenomena using infrared spectroscopy. It
appears that TPDE data coupled with infra-
red spectroscopic studies would be espe-
cially valuable.
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