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The stability of monomeric 8-Cu-phthalocyanine (CuPc¢) against poisoning by sulfur com-
pounds has been shown with respect to catalytic oxidation at 350°C of 2-propanol to ace-
tone and water in the presence of 2-propanthiol in threefold excess to 2-propanol.

H.S, generated by decomposition of 2-propanthiol, blocks the active sites (the central Cu
ions) of the CuPc. In the presence of O,, H,S is oxidized to SO, and H,O.

The steady state activity of CuPc in the presence of 2-propanthiol is 45% of the activity
in the absence of sulfur compounds. When O, is absent, as in the study of the decomposi-
1ion of 2-propanthiol, CuPc is poisoned to 8% of the initial activity.

By titration of the adsorbed H.,S with pulses of O, it is shown that H,S is not only ad-
sorbed at the active sites on the outer (010) faces of the CuPc crystals but penetrates into
the interior. The ability of small molecules such as O, or H,S to penetrate into the CuPc lat-
tice is further shown by comparison of the amount of adsorbed O,, titrated by pulses of 2-

propanol, and the amount of adsorbed 2-propanol, titrated by pulses of O,.

INTRODUCTION

Metal phthalocyanines (MePc) are very
stable organic complex compounds (/).
Like other organic dyestuffs they may be
used as catalysts in a number of reactions
(2-6); especially, oxidation reactions in the
liquid phase have been investigated in de-
tail (7-21). Because of their good thermal
stability, MePc are also suitable as cata-
lysts in gas phase reactions (22-29).

Monomeric MePc form plane quadratic
molecules (symmetry D,,) of an area of
123 Az (30,31), the metal ion being held in
the center of the molecule. The catalytic
activity in oxidation reactions is due to an
activated adsorption of oxygen at the cen-
tral metal ion (7,22-25,32-39). Upon sub-
limation, crystalline powders of B-MePc¢
are produced (7); the crystals form mono-
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clinic needles generated by stacks of the
disc shaped molecules, the distance
between the discs being about 3.3 A (30).
The growing face of the crystal needles
(010-face) exposes the central metal ions
to the reactant molecules. These catalytic
centers are present in large number; all
centers of the catalyst have identical sur-
roundings and their catalytic activity is
high (22-25).

A model of the interaction of O, with
the orbitals of the central metal ion in the
complex has been proposed on the basis of
a comparison of the catalytic activity in
oxidation reactions of MePc with Me ions
of differing d-electron number (22).

Catalysts with metals or metal oxides
as active components are poisoned by mer-
captans (40-42). Poisoning results from
formation of a strong adsorption bond
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or even a stable surface compound of the
poisoning substance. Frequently, poisons
are selective with respect to the catalytic
reaction or to the kind of catalyst used
(43). The amount of poisoning is deter-
mined by the relative strengths of ad-
sorption of the poison and the reactant.
Frequently, not only the sulfur compound
present in the reactant mixture but one of
its reaction products is the toxic substance
(40). Since the central metal ions which
are the active sites of MePc catalysts are
bound strongly in a catalytically inactive
environment, formation of sulfur com-
pounds with the active sites is less likely
than on the surface of oxide or metal cata-
lysts. Furthermore, a study of poisoning is
particularly convenient when all active
sites of the catalyst have the same ligand
field.

The catalytic properties of MePc in a
gas phase reaction have been investigated
in a study of the oxidation of 2-propanol to
acetone and water (22-25); at tempera-
tures above 300°C the reaction occurs
with a number of MePc¢ catalysts showing
high degrees of conversion and good selec-
tivity. Since the activation energy has the
lowest value (9 kcal/mol) with CuPc as
catalyst, the investigation of poisoning was
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240 Torr (4.4 to 8.8 X107 mol) 2-
propanthiol, or (¢) oxygen and 40 Torr
2-propanol and 120 to 240 Torr 2-
propanthiol were passed in a helium flow
(99.999%, Linde) of 40 ml/min velocity
over 100 to 200 mg (2 to 4 X 10"* mol) of
the catalyst kept at 350°C in a Duran reac-
tion vessel (24). Reaction products were
analyzed by a Varian 1720 gas chroma-
tograph (5-ft columns of Carbowax 1500
or molecular sieve 5 A, both Perkin-
Elmer; column temperature 105°C, tung-
sten hot wire detector, 175 mA). Single
reactants were injected by means of Ha-
milton microliter syringes.

Monomeric 3-CuPc¢ (Bayer or BASF)
was purified by sublimation at 10~* Torr
and 450°C. After 12 hr heating in flowing
helium at 300°C the B-CuPc had a BET
area of 2.5 m?*/g. By means of X-ray analy-
sis (Philips, PW 1050 + PW 1352, Ka line
of Cu) no impurities and no change of the
structure of CuPc due to its use as catalyst
were detected.

RESULTS AND DISCUSSION

The Catalytic Reactions

. 2-Propanol underwent three reactions
(23-25,28):

CH;CHOHCH; +1/2 Og hd CH;;COCH:; + HgO,
CH;CHOHCH; - CH;COCH; + H,,
CH{CHOHCH; il CH_g:CHCH] + Hgo

(1)
(2)
(3)

carried out with 8-CuPc. For a convenient
comparison of the reactions, analogous
reactants, viz, 2-propanol and 2-pro-
panthiol, were used.

EXPERIMENTAL METHODS

The gas chromatographic pulse tech-
nique was used. Oxygen at atmospheric
pressure was passed at 22°C through
either 2-propanol, 2-propanthiol, or mix-
tures of both. Pulses of 0.62 ml containing
either (a) oxygen and 40 Torr (1.4 X 107®
mol) 2-propanol, (b) oxygen and 120 to

Per 100 mg CuPc the degree of conver-
sion according to reaction (1) was between
4 and 25 molar% of 2-propanol; it was
constant even after long runs. The degree
of conversion depended on the sublimation
conditions used to prepare the CuPc; only
on CuPc samples taken from the same
sublimation batch were equal degrees of
conversion per unit mass of the catalyst
observed. The side reactions (2) and (3)
were investigated in the absence of oxygen
by injecting pulses of 2-propanol or pulses
of 2-propanol and N,. The degree of con-
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version according to reaction (2) was 0.3
to 2 molar%/100 mg CuPc; the maximum
degree of conversion according to reaction
(3) was 1%. The sum of the degrees of
conversion according to reactions (2) and
(3) was 5 to 15% of the degree of conver-
sion of reaction (1).

2. In the presence of 2-propanthiol the
following reactions occurred:

a steady state degree of conversion of only
S to 8% of the degree of conversion in the
first pulse was reached.

When pulses of 2-propanthiol were
passed over the catalyst after it had been
saturated with H,S by previously injecting
several pulses of H,S, decomposition ac-
cording to reaction (4) was inhibited imme-
diately in the first pulse of 2-propanthiol

CH;CHSHCH; — CH,=CHCH,; + H.S, (4)

2 CH,CHSHCH; + %20, — (CH;),CH—SS—CH(CH,), + H.O, (5)
CH,;CHSHCH; + H;O0 —» CH;CHOHCH; + H.S, (6)
H,S + %20, — SO, + H,0. (7)

Reaction (4) was investigated by in-
jecting pulses of 107® to 107% mole 2-
propanthiol. The amount of H,S observed
in the chromatogram was essentially
smaller than the amount of propene, i.e.,
H,S was strongly adsorbed on CuPc.
When several pulses of 2-propanthiol were
injected successively, the amount of pro-
pene generated during each pulse de-
creased rapidly. Already in the third pulse

(Table 1). In pulses of 2-propanthiol and
O,, there was not only decomposition but
also oxidation of 2-propanthiol, forming di-
isopropyldisulfide and H,O. This latter
reaction is known already from liquid
phase investigations (/0-19). Water, gen-
erated in reaction (5) or adsorbed during
previous pulses, caused saponification of
2-propanthiol according to reaction (6),
forming 2-propanol and H,S; 2-propanol

TABLE 1
DEGREE OF CONVERSION OF 2-PROPANTHIOL FORMING PROPENE AND H,S AFTER
VARIOUS PRETREATMENTS OF CuPc?

Peak height (cm)

Degree of conversion
according to reaction (4)

No. of pulse Pulse Propene H,S mol %
1-3 3% 0.5mlQ,
4 1 ul 2-propanthiol 68.8 0 3.6 x 107¢ 33
S 1 pl 2-propanthiol 9.4 0 0.5 x 107 4.5
6 1 pl 2-propanthiol 3.2 0 0.2 x 10-¢ 1.5
7 1 ul 2-propanthiol 3.0 0 0.2 x 107¢ 1.5
8-10 3 x 0.5 ml H,S
11 1 upl 2-propanthiol 2.3 6.4 1.2 x 1077
12 1 ul 2-propanthiol 2.1 3.2 1.0 x 1077
13-15 3 x0.5mlO,
16 1 wl 2-propanthiol 78.4 4.1 x 10—® 38
17-19 3 x 0.5 ml H,S
20 1 pul 2-propanthiol 6.6 12.1 3.5 x 1077 3.2
21 1 ul 2-propanthiol 3.9 6.7 2.1 x 1077 1.9
22 1 ul 2-propanthiol 3.1 6.3 1.6 x 1077 1.5
23 I ul 2-propanthiol 2.3 5.5 1.2 x 1077 1.1

¢ Time between pulses: 10 min.
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then underwent oxidation according to
reaction (1). H,S was oxidized forming
SO, and H,O0.

The degree of conversion of 2-
propanthiol during passage of subsequent
pulses of 2-propanthiol and O, decreased
from pulse to pulse, until after about 10
pulses a steady state activity of the CuPc
was reached (Fig. 1). Simultaneously, the
degree of conversion to di-isopropyldisul-
fide decreased, and the degree of conver-
sion to SO, (via H,S) increased to steady
state values. Oxidation of 2-propanthiol
was inhibited; however, inhibition was not
as strong as with respect to reaction (4) in
the absence of O., since H.,S was oxidized
to SO,. During steady state conditions,
formation of disulfide per pulse was 40 to
44% of the formation in the first puise.
Saponification forming 2-propanol as well
as conversion to acetone in the sequence
of reactions (6) and (1) were rather high in
the first pulse. However, during the second
pulse, degrees of conversion were de-
creased to only 1/5 of the conversion in
the first pulse. During subsequent pulses,
in the steady state, the degree of saponifi-
cation was about 3%. Certain additional
side reactions with degrees of conversion
below 1% were not further investigated.

Experiments with H,Pc

In order to confirm the role of the Cu
ion as the active site, the various reactions
were studied with H,Pc as catalyst under
the same experimental conditions as with
CuPc. The conversion to acetone in pulses
of O, and 2-propanol started only at tem-
peratures above 430°C [200°C on MePc¢
(23-25)].

No reaction products were detected in
pulses of O, and 2-propanthiol up to tem-
peratures of 365°C. Only at temperatures
above 400°C were SQO,, acetone and 2-
propanol detected, and no disulfide was
formed. The results show that the catalytic
reactions (1) to (7) occur only when the
central ion is present as an active site.
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Fic. 1. Degree of conversion to SO, (O) and di-
isopropyldisulfide (&) during oxidation of 2-pro-
panthiol (@) in 15 subsequent pulses injected at
intervals of 30 min containing 240 Torr 2-propanthiol
and 520 Torr O,. (@) 1 unit=10cm: (O) ! unit= 35
cm; (A) | unit=1 cm.

Adsorption on CuPc

H,S

When pulses of 50 ul H,S were passed
over CuPc, no peaks of H,S were initially
observed in the chromatogram due to com-
plete adsorption. The amount of H,S ad-
sorbed was determined directly as well as
by titration with pulses of O,, the amount
of SO, being a measure for the adsorbed
H.,S (Table 2). Under the conditions used,
about 2.5 X 107% mol H,S were adsorbed by
259 mg catalyst. With 4.5 X 107 mol CuPc¢
(259 mg) of a specific surface area of 2.5
m?3/g, the implication is that a surface area
of 40 A? is available for one adsorbed H,S
molecule, assuming that the total surface
of the crystals is used to an equal extent in
adsorption. However, adsorption of H,S
should take place on (010) surfaces only,
since only there are Cu ions situated in the
surface. The area of the CuPc molecule
amounts to 123 A2 i.e., one Cu ion is
present per 123 A? (30,3]). Assuming
equal distribution of (001), (010) and (100)
surfaces in the CuPc crystal powder, this
means that one Cu ion is situated in the
surface per 369 A? of crystal surface. At
40 A*H,S molecule overall, this implies
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TABLE 2
CoNVERSION TO SO, IN PuLses oF O, PasseD ovER CuPc SATURATED
BY PrEvious PuLses ofF H,S¢

Conversion to SO,

Total SO, formed (equals H,S

No. of pulse Pulse Peak height (cm) adsorbed) (mol)

1-3 3 x 0.5 ml H,$

4 0.5 ml O, 37.2

S 0.5 ml O, 35

6 0.5 ml O, 0.5 2.5 X 10°¢
7 0.5 ml O, 0.3

8 0.5 ml O, 0.2

9-11 3 x 0.5 ml H,S

12 0.05 ml O, 13.0

13 0.05 ml O, 11.6

14 0.5 ml O, 17.6

15 0.05 ml O, 1.5 26107
16 0.5 ml O, 0.8

17 0.5 ml O, 0.3

* Time between pulses: 10 min.

that 9 H,S molecules should be adsorbed
on this Cu ion! Certainly, in real crystals
the area of (010) faces is even smaller;
therefore, the excess of H,S molecules
over the Cu ions in the surface is even
higher.

Considering the long adsorption time of
H,S, it may be assumed that in the (001)
and (100) faces H,S penetrates between
the layers formed by the disc-shaped CuPc
molecules into the interior of the crystal to
be sorbed there. At present, one cannot
distinguish whether this adsorption (sorp-
tion) in the interior is achieved by interac-
tion with the Cu ions of the CuPc or
whether a condensation-like physisorption
process occurs in the channels and gaps
between the stacks of CuPc molecules.
The distance between two CuPc¢ molecules
being 3.3 A (30) and the diameter of the
H.S being about 2.6 A, both ways of ad-
sorption seem to be possible.

The H,S molecules held in the interior
by either way are apt to diffuse to the
outer surface of the crystal. Consequently,
H,S adsorbed on the (010) surfaces is rap-
idly removed by titration with pulses of

0.,; H.S held in the interior of the CuPc
crystal reacts slowly either because O, has
to penetrate between the CuPc molecules
or H,S has to migrate to the outer surface
(Table 2).

0,

The occurrence of a fast and a slow
process was shown further by pretreat-
ment of CuPc¢ with pulses of O, and sub-
sequent titration of the adsorbed O, by
pulses of H,S (Table 3). Again, SO, and
H,O were formed with degrees of conver-
sion decreasing rapidly during a succession
of H,S pulses. However, even after 10 min
comparatively large amounts of O, were
present on the CuPc, as was shown by the
amounts of SO, formed. The total amount
of O, adsorbed on CuPc was found to be
about one third of the total amount of H.,S
adsorbed by the same catalyst (Tables 2
and 3). Apparently, the adsorption bond of
H,S is stronger than that of O,. Adsorp-
tion of O, at the central metal ion has been
discussed considering the MO system of
MePc (22). Uptake of oxygen into the
interior of MePc crystals has been as-
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TABLE 3
CONVERSION TO SO, IN PULSES OF H,S PASSED OVER CuPc SATURATED
BY PREvIOUS PULSES OF O,

Conversion to SO,

Total SO, formed (equals O,

No. of pulse Pulse Peak height (cm) adsorbed) (mol)
1-3 3x0.5mlO,
4 0.5 ml H,S 13.1
5 0.5 ml H,S OJ} 8 x 1077
6 0.5 ml H,S 0.1
7-11 S 05m O,
12 0.5 mt H,S 142
13 0.5 ml H,S 0.3] 8.5 x 1077
14 0.5 ml H,S 0.1

2 Time between pulses: 10 min.

sumed also for FePc (44,45) as well as for
electroreduction on MePc (38). In addi-
tion, similar results, observed in a study on
formation of H,O during pulses of H, on
CuPc pretreated with O, (46), as well as
the slow desorption of products during de-
composition of N,H, on CuPc (29), point
to the ability of small molecules to pene-
trate into the MePc lattice.

2-Propanol

By pretreatment of CuPc with O, and
subsequent titration with pulses of 0.4 ul
2-propanol, injected 4 to 20 sec after the
last O, pulse, the rate of desorption of O,
was determined from the amounts of ace-
tone formed (Fig. 2). After a few seconds
only small amounts of O, were present on
the CuPc surface. However, after 10 min
or an even longer time, acetone was still
being formed in about the same amount as
after 20 sec. When the catalyst was pre-
treated with 2-propanol and titrated with
pulses of O, injected after the same in-
tervals of time, the desorption rate of 2-
propanol was obtained. The decay was
similar to O, desorption; however, after 10
min, 2-propanol was no longer being ad-
sorbed on the catalyst.

These results further support the conclu-
sion that small molecules such as O, and

H,S may penetrate between the CuPc mol-
ecules and may be adsorbed in the interior
of the crystal, whereas the voluminous 2-
propanol is incapable of such an adsorp-
tion.

2-Propanthiol, Di-isopropyldisulfide

A long adsorption of 2-propanthiol
leading to inhibition of its own reactions
was not found at the temperature used in
this investigation (350°C). No disulfide
was generated in pulses of O., passed over
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Fi6. 2. Desorption of O, and 2-propanol. (@) for-
mation of acetone during titration with pulses of 0.5
ml O, after pretreatment of CuPc with 2-propanol;
(O) formation of acetone during titration with pulses
of 1 wl 2-propanol after pretreatment of CuPc
with O,.
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CuPc after pretreatment with pulses of 2-
propanthiol. Possibly, the thiol molecule
undergoes only a short interaction with the
active site being decomposed rapidly into
propene and H,S.

Disulfides are known to be strong
poisons in catalysis (42). However, di-
isopropyldisulfide is desorbed very quickly
from CuPc; possibly, due to steric hin-
drance by the bulky C;H; group, the two S
atoms cannot interact with the Cu ion.

Influence of Adsorption
on Activity

H,S generated by decomposition of 2-
propanthiol, being adsorbed strongly by
CuPc, constitutes the poisoning com-
pound. The influence of poisoning upon
oxidation of 2-propanol was measured in
pulses of 0.62 ml containing 40 Torr 2-
propanol, 120 Torr 2-propanthiol and 600
Torr OQ,. A comparison was made between
the degree of conversion in these three-
component pulses with the degree of con-
version in pulses without 2-propanthiol
under consideration of the amount of ace-
tone formed by saponification and oxida-
tion of 2-propanthiol. Such a comparison
showed a decrease of the degree of oxida-
tion of 2-propanol to acetone to about
45% of the value found in the absence of
2-propanthiol. This is equivalent to a de-
crease of the oxidation of 2-propanthiol to
40 to 44% (Fig. 1).

CuPc was reactivated either by oxida-
tion of the adsorbed H,S according to
reaction (7) or by desorption of H,S in
flowing helium. Reactivation by oxidation
was fast and complete. CuPc pretreated
with pulses of H,S or pulses of thiol and
O, was regenerated during the first sub-
sequent pulse of 2-propanol and O,. The
degree of conversion after repeated cycles
of poisoning and reactivation was found to
be equal to the degree of conversion on
fresh catalysts.

Desorption of H.S in flowing helium

STEINBACH AND SCHMIDT

was very slow. After 12 hr at 350°C in a
flow of 10 ml/min, only about 75% of the
initially adsorbed H,S were desorbed.
Even after 72 hr of helium flow, SO, was
generated in pulses of O,; the reactivation
by desorption remained incomplete.

CONCLUSIONS

CuPc is a selective catalyst with respect
to oxidation of 2-propanol forming ace-
tone. Dehydration and dehydrogenation
are side reactions with degrees of conver-
sion less than 4%.

2-Propanthiol is decomposed forming
propene and H,S; it is oxidized forming di-
isopropyldisulfide and H,O. Saponification
to 2-propanol occurs as a side reaction.
Due to poisoning by H,S, a steady state
activity —lower than the activity found in
the absence of S-compounds—is gen-
erated. In the steady state the strong ad-
sorption of H,S is balanced by oxidation of
the adsorbed H.S forming SO,, the latter
being desorbed rapidly.

In the absence of O, (decomposition
reactions), the CuPc catalyst is poisoned
severely by H,S to about 8% of the origi-
nal activity; in the presence of O, (oxida-
tion reactions), about 45% of the original
activity remains with the catalyst. Even
CuPc strongly poisoned may be reacti-
vated by oxidation or by desorption of
H.S.

The number of adsorbed H,S molecules
is at least one order of magnitude higher
than the number of Cu ions in the surface
of CuPc (010 faces). It is assumed that
small molecules like H.S and O, are able
to penetrate between the CuPc molecules
and are adsorbed (sorbed) in the interior of
the CuPc crystals.
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