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Abstract

w Ž . x2q w Ž . x2yThe effect of water content in Pt NH NaX on the direct synthesis of Pt Chini complexes Pt CO embedded3 4 3 6 2

in zeolitic cavities as well as the carbonylation process of PtNaX to the same anionic complex were studied using in situ
FTIR and UV–Vis spectroscopies. It was found that the presence of water affects carbonylation route of the Pt tetrammine
complexes; low water content makes this carbonylation similar to that of PtNaX. The interplay of water content and active
sites needed for its decomposition via WGS reaction is assumed to play the decisive role in the reaction route. The rate of
carbonylation is affected by the amount of zeolitic water, which supports migration of Pt species and supplies protons to the
charge-compensating species, accelerating thus the carbonylation process. IR wavenumbers of both bridge and on-top
bonded CO in platinum Chini complexes depend on the amount of water ligands. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Studies of anionic carbonyl complexes em-
Ž .bedded in zeolites have been aimed to get i

special catalytic properties because of the un-
Ž .usual redox features, and ii very small stable

Pt clusters, containing the same number of Pt
atoms as the parent anionic complex, homoge-
neously dispersed in the zeolite framework after

) Corresponding author.

the complex decomposition. The first point ap-
w xpeared to be matched in some reactions 1–3 ,

the second one has often failed due to the
w xagglomeration of the platinum clusters 3–6 .

Nevertheless, some very interesting features,
namely formation of platinum ‘‘chains’’ have

w xbeen found 7 .
To date, two routes of the ‘‘ship-in-bottle’’

Žw Ž . x2y.synthesis of Pt Chini complexes Pt CO3 6 n

in zeolites, predominantly faujasites, have been
w xreported. The first one 8–15 is the direct car-

w Ž . x2qbonylation of the Pt NH cations by CO3 4

in the presence of small amounts of water. The

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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carbonylation is assumed to proceed according
w xto the scheme suggested in Ref. 14 :

2q
3n Pt NH q 3nq1 H Oq 9nq1 COŽ . Ž . Ž .3 24

2y
l Pt CO m-CO� 4Ž . Ž .3 33 n

q2 3nq1 NHqq2 3ny1 NHŽ . Ž .4 3

q 3nq1 CO . 1Ž . Ž .2

The individual steps of the carbonylation pro-
cess have not been recognized yet. The second
route reported in literature concerns the car-
bonylation of Pt2q cations in zeolites by CO

w xand traces of water 4,5,16,17 , which can be
expressed by the stoichiometry:

3nPt2qq 9nq1 COq 3nq1 H OŽ . Ž . 2

2y q
™ Pt CO q2 3nq1 HŽ . Ž .63 n

q 3nq1 CO . 2Ž . Ž .2

Water is assumed to play the dominant role
Ž .providing H atoms consequently protons

w xthrough the WGS reaction 18 .
The present paper compares direct carbonyla-

tion of Pt ammine cationic complexes in hy-
drated and dehydrated zeolitic matrix, and the
carbonylation of Pt2q cations obtained by calci-
nation of Pt ammine cationic complex in the
same zeolite. All these processes were studied
in situ by UV–Vis and FTIR spectroscopies.
Gaseous phase was analyzed mass spectrometri-
cally. The assignment of various FTIR bands
was supported using 13CO for the carbonylation.

2. Experimental

ŽThe platinum containing NaX 3 wt.% of Pt,
.in some cases also 10 wt.% of Pt were pre-

Ž .2qpared by ion exchange of Na ions for Pt NH 3 4

from corresponding dichloride and used either
directly for in situ carbonylation, or decom-
posed in an oxygen stream at slowly increasing

Ž .temperature 18Crmin to 3508C. The calcined
sample was then carbonylated in situ in the

infrared cell of a Nicolet MX1E FTIR instru-
ment. The carbonylation of Pt ammine com-
plexes was performed using a Nicolet Protege´ ´
460 FTIR spectrometer either in transmission
mode with a DTGS detector or in diffuse re-
flectance mode in a Harrick cell with an MCTA
nitrogen cooled detector. In the former case,

Ž 2.self-supported wafers 7–9 mgrcm were used;
Ž .in the latter case small pellets ca. 30 mg were

employed. A Cary 4 UV–Vis spectrometer
equipped with a Harrick reaction chamber was
employed for the carbonylation, oxidation and

Žrecarbonylation of small zeolite pellets ca. 30
.mg . Details of the samples preparation and of

the measurements were described in the preced-
w xing papers 13–15,19,26 . Analysis of the gas

phase during temperature programmed decom-
position of carbonyls in vacuum was registered
using a Balzers QMG 420 mass spectrometer.

3. Results

( )3.1. Carbonylation of dehydrated Pt NH NaX,3 4

FTIR spectra

Ž .The progress of carbonylation at 90–1508C
Ž .of Pt NH NaX dehydrated in vacuum at 1808C3 4

is given in Fig. 1. Decrease of the band at
y1 Ž1381cm asymmetric bending vibrations of

. y1 ŽN–H and 1589 cm symmetric bending N–H
vibrations, in mildly hydrated samples hidden in

.water peaks is accompanied by the increasing
y1 Ž q.band at 1443 cm NH ; formation of the4

w Ž . x2yanionic Chini complex Pt CO follows3 6 2

from the appearance of stretching C–O bonds of
Ž .the linearly on top and bridged bonded CO

Ž y1vibrations at 2024 and 1803 cm , respec-
.tively . Contrary to the mildly dehydrated

Ž . Ž . w xPt NH NaX at 258C for 5–30 min 19 an3 4

intermediate CO species vibrating at 2200 cmy1

Ž 2q w x.appears assigned to Pt CO 20 , and a band
at 1618 cmy1 is also created. While the inten-
sity of the former band exhibits a maximum
during carbonylation, that of the latter keeps



( )M. Beneke et al.rJournal of Molecular Catalysis A: Chemical 157 2000 151–161 153

Ž . 12Fig. 1. FTIR spectra, carbonylation of Pt NH NaX, CO. Sample dehydrated at 1808C, carbonylation by 600 mbar of CO, first four3 4

spectra at 908C in 15 min intervals, then at 1508C in 30 min intervals, last spectrum after 11 h.

increasing; stability of this species is low, as it
can be readily removed by oxidation at mild
temperature. The band at 1678 cmy1 also ex-
hibits a maximum during carbonylation.

If 13CO is used for carbonylation, the bands
Žof all species containing carbon linear and

bridge CO, Pt2q–CO and the band at 1618
y1. w xcm are shifted to lower wavenumbers 27 ,

Ž . 13 13Fig. 2. FTIR spectra, carbonylation of Pt NH NaX, CO. Sample dehydrated at 1808C, carbonylation by 500 mbar of CO at 1508C,3 4

first 11 spectra in 10 min intervals, next 10 spectra in 20 min intervals, then in 1 h intervals.
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Table 1
Ž y1 . Ž .2q 2q 12 13Position of IR bands in cm during Pt NH and Pt carbonylation of dehydrated samples by CO and CO3 4

?a, ?b some carbonates or carboxylates.
q a b 2qInitial Pt stateqCO Pt ammine NH Pt ammine ? H O ? )C–O –C–O Pt –CO4 2

Ž . Ž . Ž .d N–H d N–H d N–H d O–H n C–O n C–O n C–Oas s

12Pt ammineq CO 1380 1470 1587 1618 1651 – 1800 2021 2200
13Pt ammineq CO 1380 1476 – 1574 1651 – 1760 1979 2139
122qPt q CO – – – 1617 1649 1711 1797 2022 2201
132qPt q CO – – – 1574 1648 1667 1757 1976 2140
12 13Ž .Dn CO, CO – – – 43–4 – 44 40 42–46 61

as followed from Fig. 2 and Table 1. The shift
is 40–46 cmy1 for all species except Pt2qCO,
in which case the difference is considerable

Ž y1.higher 61 cm . In some cases, especially
when the sample was cooled to room tempera-
ture, the band of adsorbed CO appears; the2

shift with 13CO was in this case even higher
Ž y1.1345™1270 cm . The latter species can be
readily removed by evacuation at 258C.

Fig. 3. FTIR spectra, carbonylation of PtNaX by 12 CO. Calcined
Ž . Ž .Pt NH NaX to PtNaX, evacuated at 1508C for 1 h spectrum 1 ,3 4

then carbonylated by 700 mbar of CO at 1208C for 1, 3 and 18 h
Ž . Žspectra 2–4, respectively , at 1508C for 1 and 3 h spectra 5 and

. Ž .6, respectively , at 1808C for 1 h spectrum 7 .

3.2. Carbonylation of Pt 2qNaX, FTIR spectra

The NaX zeolite with Pt ammine decom-
2q wposed by calcination to Pt species 4,17,21–

x26 was evacuated at 1508C for 1 h and then
carbonylated at 120–1808C. The progress
of carbonylation is shown in Fig. 3, spectra

Ž2–10 spectrum 1 stands for the initial evacu-
.ated sample . The intensity of the band at 2200

Fig. 4. FTIR spectra, carbonylation of PtNaX by 13CO. Calcined
Ž . Ž .Pt NH NaX to PtNaX, evacuated at 1508C for 1 h spectrum 1 ,3 4

then carbonylated by 330 mbar of 13CO at 1208C for 15 min and 2
Ž .h spectra 2 and 3, respectively , then left in CO for 18 h at 258C

Ž .spectrum 4 , and carbonylation resumed at 1208C for 2, 7 and 18
Ž .h spectra 5, 6 and 7, respectively .
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cmy1, which is assigned to CO adsorbed on
Pt2q, decreases in time, and bands of CO
bridged and linearly bonded develop from the
beginning additional broad and not well-re-
solved bands, to the bands vibrating at 1797 and
2022 cmy1. In addition to bands formed during
the carbonylation of Pt tetrammine, a new band
vibrating at 1711 cmy1 is formed, the intensity
of which increases in time; however, this species
is only weakly bonded, as it can be removed by
evacuation at 258C. In the region of stretching

Ž .OH vibrations not shown here , the bands at
y1 Ž3635 cm and those on extralattice Al 3691

y1.cm are present in the spectra prior to car-
Ž . y1bonylation; the band at 3656 HF OH cm

Ž . y1and a broad one at 3585 LF OH cm are
formed during the carbonylation. The calcina-

tion of Pt tetrammine NaX to PtNaX prior to
carbonylation removed all the N–H species.

The same procedure of Pt2q carbonylation in
NaX zeolite was performed using 13CO. The
spectra are displayed in Fig. 4. Shifts to lower
wavenumbers due to the 13C labeling concern,
similarly to ammine carbonylation, linearly and

2q Ž .bridged bonded CO, and CO on Pt Table 1 .
The band at 1711 cmy1 is shifted to 1667
cmy1, and therefore this species, not present in
the carbonylation of Pt tetrammine, also con-
tains carbon.

The course of PtNaX carbonylation exhibits
similar features as the recarbonylation of the

w xoxidized carbonyl 19 , i.e., narrowing of both
main CO bands with progressing carbonylation.
However, the recarbonylation of the oxidized

w Ž . x2y Ž . Ž .Fig. 5. Effect of water vapour on the position of FTIR bands of Pt CO NaNH X diffuse reflectance spectra . a Spectra 1 and 2 —3 6 2 4
Ž . Ž .carbonyls on weakly and strongly dehydrated Pt NH NaX, and b effect of addition of water vapours on the spectrum of Pt carbonyl3 4

Ž .prepared on strongly dehydrated Pt NH NaX; spectrum 1 — initial carbonyl; spectra 2, 3 and 4 — after 15 min interaction with 1, 2 and3 4

3 mbar of water vapours, respectively.
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Ž . Ž .Fig. 6. Effect of dehydration temperature on the course of carbonylation, FTIR spectra. a and b Samples dehydrated at 258C 30 min and
Ž . Ž . Ž .1508C 2 h , respectively. Both a and b samples carbonylated at 908C by 600 mbar of CO: spectra 1, dotted — before carbonylation;

Ž . Ž . Ž .spectra 2 and 3 — after carbonylation for 6 and 15 h, respectively. c and d Samples dehydrated at 258C 10 min and 1278C 0.5 h ,
Ž . Ž . Ž .respectively. Both c and d samples carbonylated at 1278C by 600 mbar of CO. c Spectra 1, 2 and 3 — after carbonylation for 10 min, 1

Ž . Ž .h and 15 h, respectively. d spectra 1, 2, 3 and 4 — after carbonylation for 0.5, 3, 9 and 15 h, respectively. e Time dependence of the
Ž y1 . qintegrated areas, normalized to the original N–H band 1380 cm , squares, full line ; NH bands — circles, dash-dotted; bridge bonded4

CO — up triangles, dotted; linearly bonded CO — down triangles, dashed; bottom part — mildly dehydrated sample, top part — strongly
dehydrated sample; left-hand side — carbonylation at 908C, right hand side — carbonylation at 1308C.

carbonyl proceeds very rapidly and Pt2q–CO
bonds are not created.

3.3. Effect of zeolite dehydration on the position
of CO ligands in Pt Chini complexes and on the
rate of carbonylation, FTIR spectra

If the zeolite is prior to carbonylation dehy-
Ždrated in vacuum only at 258C removal of

zeolitic water from 20% to 60% in dependence
.on evacuation time , the resulting Pt Chini com-

plex exhibits IR bands at 2053 and 1779 cmy1

for linearly and bridged bonded CO, respec-
tively. This is compared in Fig. 5a with the
positions of CO ligands in strongly dehydrated

Ž .samples spectra 2 vs. 1 : the bridged bonded
CO is shifted to higher value by ca. 20 cmy1,

while the linearly bonded CO exhibits an oppo-
site shift. The same effect is exhibited when
water vapours are added to the anionic Pt car-
bonyl formed on previously dehydrated sample,
as is shown in Fig. 5b: spectra 2–4 correspond
to the 5 min interaction with 1, 2 and 3.5 mbar
of H O, respectively.2

Ž .Fig. 6a–d shows the effect of Pt NH NaX3 4

dehydration prior to carbonylation on the rate of
Ž . Ž .carbonylation: a and b display the carbonyla-

tion at 908C of the mildly and strongly dehy-
Ž . Ž .drated parent sample, respectively; c and d

show the carbonylation at 1278C again of the
mildly and strongly dehydrated samples. It fol-
lows that in both cases, the carbonylation pro-
ceeds more rapidly on weakly dehydrated sam-
ples, which is summarized in Fig. 6e. Here, the
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Žintegrated values of the individual bands nor-
malized to the parent Pt tetrammine band at

y1.1380 cm are given for the mildly and strongly
Ždehydrated samples bottom and top lines, re-

. Ž .spectively , carbonylated at 908C left-hand side
Ž .and 1308C right-hand side .

2q ŽThe band assigned to Pt –CO at 2200
y1. y1cm , as well as that at 1618 cm , is formed

only on strongly dehydrated samples regardless
of the carbonylation temperature.

( )3.4. Carbonylation of Pt NH NaX, effect of3 4

water content, UV–Vis spectra

The UV–Vis spectra of the Pt Chini complex
formed on PtNaX dehydrated at three different

Žtemperatures 608C, 1208C and 1808C for 15
.min, respectively and carbonylated at 1808C

for 90 min, are shown in Fig. 7. A shift to
higher wavelenghts with increasing dehydration
is clearly visible.

Fig. 7. Effect of the dehydration temperature on the UV–Vis
w Ž . x2yspectra of Pt CO NaNH X. Carbonylation by 1200 mbar3 6 2 4

of CO at 1808C for 90 min; dotted, dashed and full-line spectrum
— after dehydration at 608C, 1208C and 1808C, respectively.

4. Discussion

It was mentioned in the Introduction section,
that the ship-in-bottle synthesis of platinum
Chini complexes in the cavities of zeolites can
be achieved either by direct carbonylation of
w Ž . x2q 2qPt NH or by carbonylation of Pt , which3 4

both compensate together with alkali cations the
negative charge of zeolitic oxygens. When an-
ionic Chini complexes are formed, their charge
must be compensated: NHq ions play this role4

Žin the former case according to Eq. 1 con-
firmed by the appearance of the respective band

y1.in IR spectra at about 1450 cm , and in the
Ž .latter case, protons from traces of water substi-

Ž .tute bare stripped off of the ammine ligand
2q Ž .Pt Eq. 2 . This has led to the assumption that

the reductive carbonylation proceeds via hydro-
w xgen created by the WGS reaction 18 : COq

H O™CO q2H; protons formed from the H2 2

atoms equilibrate the charge of the zeolitic oxy-
gens either in the form of ammonium ions or
framework OH groups. Active sites enabling the
WGS reaction have not been specified. Presence
of water — usually reported as ‘‘traces of
water’’ — is thus the necessary condition en-
abling reductive carbonylation to anionic car-
bonyl complexes. The second condition, well
known from the synthesis of Chini complexes in

wsolutions, is the alkaline environment 4,12,28–
x30 . This is provided by alkali ions in zeolites;

the ability to form Chini complexes was found
to increase with the increasing basicity of ze-
olitic oxygen in order of alkali cations: Li-Na

Ž . w x-K -Cs 13,14 . In the following, the atten-
tion will be paid to the effect of water vapours
and to the possible role of Pt2q cations on the
route of carbonylation.

4.1. Effect of the amount of zeolitic water on the
formation of Pt anionic carbonyl complexes in
NaX

Pt tetrammine complexes are supposed to be
homogeneously dispersed in zeolitic large cavi-
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ties; for the 3 wt.% Pt load, every third cavity in
average contains one ammine complex, i.e., the

w Ž . x2yformation of Pt CO needs a powerful3 6 2

migration of Pt species. This transport is most
probably enabled by the zeolitic water and
therefore formation of the Pt Chini complexes
occurs with higher rate in hydrated samples,
regardless of the carbonylation temperature
Žnaturally below that of carbonyl decomposi-

.tion , as is documented in Fig. 6a–d. In Fig. 6e,
the integrals of the individual bands, related to
the original N–H band in Pt ammine complex,
are displayed. A substantially higher carbonyla-
tion rate of mildly dehydrated samples is evi-
dent. It is worth mentioning that the higher Pt

Ž .load 10 wt.% results in a substantially higher
carbonylation rate, most probably by the in-
creased vicinity of Pt, favoring the migration–
aggregation process. Higher amount of zeolitic
water also contributes to the WGS reaction, thus
accelerating the process.

There appeared a marked difference in the
carbonylation of mildly and strongly dehydrated
Pt tetrammine complex: in the latter case, the
intermediate formation of the IR band vibrating

y1 Ž y1 13 .at 2200 cm 2159 cm with CO was
found, which we assigned to Pt2q–CO. This

w xassignment was made according to Ref. 20 and
in line with the same band formed during the
carbonylation of PtNaX. It seems that in the
absence of ‘‘sufficient’’ amount of zeolitic wa-
ter the carbonylation can proceed via the Pt2q

stripped off of the ammine ligands. However, it
is not possible to exclude that the same mecha-
nism occurs in hydrated samples in which the

2q Ž 2qcarbonylation of the ‘‘bare’’ Pt Pt with
.H O ligands? is so rapid that it could not be2

recorded. No intermediate NH –Pt–CO bonds3

were found pointing to a stepwise carbonylation
w xmechanism. Drozdova and Kubelkova 15 re-´ ´

ported on the same rate of the Pt tetrammine
removal and Pt Chini complex formation in
faujasites, the finding of which, however, can
support both the rapid carbonylation of ‘‘bare’’
Pt2q andror short-living Pt–ammine–carbonyl
intermediates. The appearance of Pt2q–CO in-

termediate species found during the carbonyla-
tion of the dehydrated Pt tetrammine NaX can
naturally be only a simultaneously proceeding
carbonylation route and not necessarily the only
carbonylation intermediate.

The carbonylation of dehydrated Pt ammine
complexes results not only in the creation of Pt
Chini complexes, but simultaneously some rela-
tively weakly bonded carboxylates or carbon-

Ž y1ates are formed the band at 1618 cm , and in
y1.PtNaX carbonylation also a band at 1711 cm .

The Pt2q species could be assumed as active
sites activating water and CO for the WGS

Žreaction partial CO dissociation is assumed in
w xRef. 19 , based on the carbon deposit laid in the

.zeolite during carbonylation . The fact that dur-
ing the recarbonylation of the oxidized car-
bonyls, the intermediate formation of Pt2q–CO
species was not observed, supports the assump-

w xtion given in Ref. 19 that mild oxidation pre-
serves in some way the arrangement of Pt atoms
characteristic for the Chini complex. The possi-
ble changes in nuclearity of Pt Chini complexes
due to redox processes will be discussed in the
following paper.

4.2. Effect of the water amount on the position
of IR and UV–Vis bands of CO in Pt Chini
complexes

The position of the linearly, as well as bridged
bonded CO in IR spectra, is reversibly depen-
dent on the presence of water vapours. It is
therefore tempting to assume that water ligands
participate in these shifts. Similar effects were

qŽ .reported for Rh CO complexes in zeolites2
w x31 : the stretching Rh–CO frequencies for

qŽ . Ž .Rh CO O were found at 2099 and 20212 zeol 2
y1 qŽ . Ž .Ž .cm , for Rh CO O H O at 2117 and2 zeol 2

2050 cmy1. In our case, the linear CO bonds in
hydrated Pt Chini complex also occur at higher

Žfrequency e.g., Fig. 5a and b, the difference is
y1.of about 30 cm . The opposite shift is, how-

ever, obtained for the bridging CO, where the
frequency in hydrated sample is by ca. 20 cmy1

lower than that in dehydrated sample. The linear
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Pt–CO are assumed to be oriented to the ze-
w xolitic oxygens 13,14 . A lower frequency of the

C–O bond in CO linearly bonded can agree
with the stronger interaction of C–O–O inzeol

the absence of water, and thus with a weakening
of the C–O bond. The Chini complex can be
slightly deformed due to this interaction, which
can result in the opposite shift in the bridge-
bonded CO. The shifts of the IR frequencies do
not seem to be related to the changes in the
nuclearity of Pt Chini complexes: the increased
nuclearity results in the shifts of both linearly
and bridged CO ligands to higher wavenumbers
Ž w x.e.g., Ref. 7 .

Shifts of the maxima to higher wavelengths
with increasing dehydration temperature found

Žin the UV–Vis spectra Fig. 7, shifts 13 and 18
nm, corresponding to 0.18–0.11 eV, respec-

.tively can be due to a lower stability of the
ground electronic state of the complex in dehy-
drated state.

5. Conclusions

Ž .i The carbonylation of the dehydrated Pt
tetrammine complex in NaX zeolite is accompa-
nied by the intermediate formation of Pt2q–CO
species, which disappear after removal of all the
Pt tetrammine ions by the reaction. The same
species are temporarily formed during the car-
bonylation of PtNaX zeolite and can thus serve
as an intermediate of the formation of Pt Chini
complex. This reaction route could also proceed
during the carbonylation of hydrated zeolite, but
in such case it should be very rapid because no
Pt2q–CO species were found in this case. An-
other process, a stepwise substitution of ammine
ligands by CO cannot be excluded, however,
such intermediate species were not detected.

Ž .ii Zeolitic water present in hydrated sam-
ples helps in the migration of Pt species and
adds protons to the charge equilibration acceler-
ating thus the carbonylation process.

Ž .iii The IR band of on-top bonded CO in
carbonyls is shifted to lower frequency in dehy-

drated sample compared to the zeolite in hy-
drated form while the opposite is found for the
bridged bonded CO. This is ascribed to the
participation of water ligands in hydrated sam-
ples.
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