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Abstract

Ag*-ZSM-5 and Cu*-ZSM-5 samples were prepared starting from (NH ,) *-ZSM-5 and achieving, in both cases, a nearly
total cation exchange. EXAFS studies have shown that the local environments of Ag" and Cu™ ions are very similar, being
Cu” surrounded by 2.5+ 0.3 oxygen atoms a 2.00+0.02 A and Ag* surrounded by 2.5+ 0.4 oxygen atoms at
2.30 + 0.03 A. Low temperature IR spectroscopy has shown formation of M *(CO),, species where n= 1,2 for Ag* and
n=1,2,3 for Cu®. However, the corresponding »(C—O) values are quite different: Cu™(CO) species absorb at 2157 cm ™1,
while Ag*(CO) is associated with a band at 2192 cm™*. Furthermore, Cu* (CO), species were observed at 2178 and 2151
cm~ ! (symmetric and asymmetric stretching, respectively) while Ag*(CO), gave corresponding bands at 2190 and 2184
cm~!. Comparison with literature data for Cu™ and Ag™ carbonyls formed as homogeneous compounds showed that
notable analogies, but also significant differences, exist between homogeneous and heterogeneous systems. © 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Zeolites and related microporous materials
are widely employed to obtain stable entrapped
species such as small metal clusters and coordi-
nation complexes. The protective effect of the
framework [1-5] on the intrazeolite complexes
alows to study structures which are not easily
obtainable in homogeneous conditions [6—10].
In some cases, metal-exchanged zeolites are
active catalysts in economically important pro-
cesses. For instance, Cu*-ZSM-5 has attracted
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much interest for the direct conversion of NO
into N, and O, [11-13]. The high activity of
Cu*-ZSM-5, as compared to other supported
copper catalysts, is probably related to the high
coordinative unsaturation of extra-framework
Cu™ ions hosted in the MFI structure-type
framework [14,15]. These ions are known to
have a high reactivity, as demonstrated by: (i)
the formation of end-on Cu*(N,) dinitrogen
stable complexes at RT [14,16]; (ii) the forma-
tion, upon interaction with NO at 77 K, of
Cu*(NO) and Cu*(NO), stable complexes,
which evolve spontaneously with formation of
nitrous oxides and oxidized copper species when
temperature is increased [14,17,18]; (iii) the for-
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mation, upon contact with CO at 77 K, of well
defined and stable Cu*(CO), Cu*(CO), and
Cu*(CO), complexes [14,15,18].

As far as Ag*-exchanged zeolites are con-
cerned [19], severa catalytic and photocatalytic
processes have been performed by exploiting
the presence of both isolated Ag™ ions and
aggregated Ag,, clusters. Among them we can
mention the photochemical dissociation of H,O
into H; and O, [20,21], the disproportionation
of ethylbenzene [22], the oxidation of ethanol to
acetaldehyde [23], the aromatization of alkanes,
akenes and methanol [24,25], the selective re-
duction of NO by ethylene [26] and the photo-
catalytic decomposition of NO [27-32].

However, the complexity of the interaction
between transition-metal-exchanged zeolites and
adsorbed molecules is not well understood, and
this hinders understanding of many of the
above-mentioned processes. It is the aim of this
paper to analyse the interaction of CO with Cu™
and Ag™ ionsin ZSM-5 zeolites and to compare
the carbonyl species thus formed with known
counterparts in homogeneous systems. Charac-
terization of the heterogeneous (zeolite) systems
has been performed by using mainly XANES,
EXAFS and FTIR spectroscopies. Similarities
with homogeneous complexes have been found
but relevant differences also exist.

2. Experimental

Both Ag™-ZSM-5 and Cu™-ZSM-5 were pre-
pared starting from the same NH ,-ZSM-5 sam-
ple (Si/Al =14, prepared in EniChem SpA,
centro Ricerche di Novara). Ag™-ZSM-5 was
obtained following a conventional procedure of
ion exchange with an agueous solution of
AgNO,. For preparing Cu*-ZSM-5, gas phase
CuCl was used for ion exchange (see Ref. [18]
for more details). In both cases, a nearly total
exchange has been obtained (corresponding to
one Cu® or Ag" ion for every framework
aluminium atom). This was inferred from the
fact that corresponding IR spectra obtained after

thermal activation of the sample wafers did not
show any appreciable sign of the O—H stretch-
ing band of bridged Si—(OH)—AIl groups, as
shown in Fig. 1. Note that this hydroxy groups
would be formed from non-exchanged NHj
ions upon thermal activation. Care was taken to
prevent, as much as possible, exposure of Ag™-
ZSM-5 samples to light, since long exposures
could lead to photoreduction of Ag™ ions and
formation of metal clusters.

XANES, EXAFS and IR measurements have
been performed on self-supporting wafers care-
fully activated under a dynamic vacuum at 673
K for 2 h for Cu™-ZSM-5, and at 400 K for 1 h
for Ag™-ZSM-5. These activation temperatures
were chosen because of the need to: (i) ensure
total evacuation of excess CuCl from Cu*-
ZSM-5, and (ii) avoid the risk of reduction of
Ag™ ionsin the case of Ag™-ZSM-5.

Cu and Ag K-edge X-ray absorption mea-
surements were performed using, for Cu*-ZSM-
5 samples the synchrotron radiation of the EX-
AFSL station at LURE (Orsay), and for Ag™-
ZSM-5 samples the BM29 beamline at the ESRF
(Grenaoble). In both cases, angle/energy calibra-
tion has been achieved by measuring the edge
position of the corresponding metal foil. Each
EXAFS spectrum, measured in transmission
mode, was recorded three times under the same
experimental conditions, and extracted y (k)
functions have been averaged before data analy-

Cu-ZSM-5

Ag-ZSM-5
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Fig. 1. IR spectrain the OH stretching region of H-ZSM-5 and of
the Cu™- and Ag*-exchanged samples.
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sis. Standard deviations calculated from aver-
aged spectra were used to estimate the weight of
statistical noise in the evaluation of the error
associated with each structural parameter. The
EXAFS data anaysis has been performed fol-
lowing standard procedures [33] using programs
developed by Michalowicz [34].

For IR measurements, we have used an IR
cell designed to alow in situ high-temperature
treatments, gas dosage and low-temperature
measurements. The IR spectra were recorded, at
2 cm~?! resolution, on a BRUKER FTIR-66
spectrometer equipped with a MCT detector.

3. Results and discussion
3.1. Cation environment: EXAFS study

Fig. 2 summarizes the results obtained from
the EXAFS data analysis on both systems. The
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Fig. 2. EXAFS results obtained on Cu*-ZSM-5 and Ag*-ZSM-5
samples. (a) Experimental k y(k) functions; (b) k®-weighted and
phase-corrected FT functions; (c) same for the Ag,O and Cu,O
model compounds but without phase correction; (d) back-FT of
the first shell filtered data for Ag*-ZSM-5 and Cu*-ZSM-5, and
corresponding fits.

experimental k y(k) functions are reported in
part (a). The slightly higher period observed in
the oscillation of the y(k) for the Cu*-ZSM-5
is due to a lower cation-oxygen distance, as
compared with Ag*-ZSM-5. In both spectra, the
absence of any beats in the oscillations of the
EXAFS functions suggests that the main contri-
bution to the overall signa is due to only one
coordination shell.

Fig. 2b reports the k3-weighted and phase
corrected FT functions for Cu®-ZSM-5 (full
line) and Ag™-ZSM-5 (dotted). For comparison,
corresponding functions for Cu,0O and Ag,O
are reported in Fig. 2c. Fig. 2d shows fits
obtained on first-shell-filtered data for Cu™-
ZSM-5 and Ag*-ZSM-5. Cu-O and Ag-O
signas were modelled using experimenta
phase and amplitude functions extracted from
Cu,0 and AgQ,O, respectively. EXAFS data
anaysis gave a meta—oxygen distance of
2.00(+0.02) A for Cu'-ZSM-5, and
2.30(+0.03) A for Ag™-ZSM-5; corresponding
coordination numbers were found to be
2.5(+0.3) and 2.5(+ 0.4), respectively. The ob-
served differences in the metal—oxygen distance
are readily assign to the larger ionic radius of
Ag™, as compared to Cu*. Coordination num-
bers can be taken as been equal (within experi-
mental error) in both cases. The (average) value
of 2.5 for this parameter can be taken to mean
that both zeolites contain two-coordinated and
three-coordinated extra framework cation sites
in anearly equal proportion. Note that the much
lower intensity of the Ag—O first shell peak
(Fig. 2b), as compared to that for Cu-0, is due
to a shorter life-time of the 1s core hole of
excited Ag™ ions. This effect is aso shown by
the reference compounds Cu,O and Ag,O (Fig.
2c).

For Cu*-ZSM-5, the presence of a single
significant maximum in the k3-weighted FT
function (Fig. 2b, full line curve) proves that no
aggregates of copper-containing species were
formed. For Ag*-ZSM-5 (Fig. 2b, dotted line)
three maxima are observed: at 1.5, 2.3 and 2.9
A, respectively. The pesk at 1.5 A has no real
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meaning, it arises from unsubtracted low fre-
quencies in the extraction of the y (k) function.
However, besides the 2.3 A peak corresponding
to the Ag—Q contribution, there is the smaller
peak at 2.9 A which most likely corresponds to
Ag—Ag contributions of small metal clusters.
Note however, that the back-scattering ampli-
tude from silver atoms is much greater than that
from oxygen atoms. This implies that the frac-
tion of total silver which is present in aggre-
gates is in any case smaller than 3%.

3.2. Formation of carbonyl species upon ad-
sorption of CO: IR spectroscopy

Fig. 3 shows the IR spectra in the C-O
stretching region of carbon monoxide adsorbed,
at liquid nitrogen temperature on the Cu*-ZSM-
5 sample previously outgassed at 673 K. At the
lowest CO equilibrium pressure (Fig. 3a) the
spectrum shows a single absorption band at
2157 cm™, which according to data reported in
the literature [14,18,35—38] is assigned to Cu*

- -+ CO adducts. A similar band was found for
CO adsorbed at low pressure on Cu*-exchanged
mordenite at 2160 cm™ ! by Kuroda et al. [39]
and at 2159 cm~* by us [40], on aon a Cu*-Y
zeolite at 2160 cm™* by Huang [41] and on
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Cu™ species supported in dealuminated Y zeo-
lite at 2159 cm~* by Miessner et a. [42]. These
values are to be compared with the frequency of
2143 cm™* of the free molecule and to the 2127
cm~* frequency observed for CO adsorbed on
the unpolar (111) face of Cu,O [43]. Fig. 3b
shows that upon increasing the CO equilibrium
pressure the band at 2157 cm™~* is substituted
by two new bands at 2178 and 2151 cm™ %,
respectively. Spectra taken at intermediate pres-
sures (not shown) demonstrated the gradual
build up of these new bands and progressive
erosion of that at 2157 cm™*; two isosbestic
points were also observed. These facts provide
clear proof that the Cu™ - - - CO adduct adds a
second CO ligand to yield a Cu*(CO), dicar-
bonyl complex. In agreement with previous re-
ports [14,18,40,42] the bands at 2178 and 2151
cm™! are assigned to the symmetric and asym-
metric stretching modes, respectively, of the
Cu*(CO), complex. From the intensity ratio of
the two bands in Fig. 3b, and by using the
formula [44,45],

lagym/ lgym = tan?(6,/2)

(where 0 is the angle between CO ligands) an
angle of about 125° was inferred for the
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Fig. 3. IR spectra in the C—O stretching region of carbon monoxide adsorbed at liquid nitrogen temperature on Cu*-ZSM-5. Equilibrium

pressure as follows: (a) 0.1, (b) 1 and (¢) 10 Torr.
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Cu*(CO), species formed inside ZSM-5 chan-
nels. Thisresult isin qualitative agreement with
the 6 = 113° value recently reported by Miess-
ner et a. [42] for a similar Cu*(CO), complex
in dealuminated Y zeolite. In this regard, it is
worth noting that, even if the geometrical con-
straints in the supercage cavity of the faujasitic
structure are less important than in the MFI
channels, the # angle show no tendencies to
increase in order to approach the linear configu-
ration (note that due to the consistent uncer-
tainty in the indirect determination of the 6
angle, the two values of 125° and 113° should
be considered as fully comparable). This means
that in the determination of the structure of the
intrazeolitic Cu™(CO), complexes the elec-
tronic factors play a non-negligible role.

When the CO equilibrium pressure was fur-
ther increased (Fig. 3c), new bands developed at
2192 and 2167 cm™?, together with a shoulder
at about 2140 cm~?! (shadowed by the strong
band at 2151 cm™?!). According to arguments
fully discussed elsewhere [14,15,18], we assign
these new bands to Cu*(CO), tricarbonyl
species. The fact that these species give rise to
three IR bands implies that the symmetry of the
corresponding structure is less than C,,, other-
wise only two bands should be observed.

It is relevant to add that at room temperature
(spectra not shown) only formation of Cu*(CO)
and Cu*(CO), species was observed [14,18].
The IR bands corresponding to the latter disap-
peared upon outgassing, while the band at 2157
cm~! (corresponding to Cu™ - - - CO adducts)
was found to be very persistent. This implies a
high stability of the monocarbonyl.

Fig. 4 shows the IR spectra of CO adsorbed,
a liguid nitrogen temperature and increasing
equilibrium pressure, on Ag*-ZSM-5. At the
lowest equilibrium pressures a single band is
observed, at 2192 cm™~*. We assign this band to
the fundamental C—O stretching mode of Ag™
.-+ CO adducts. A similar band, at 2195 cm ™2,
was observed and equally assigned by Huang
[46] for CO adsorbed on the faujasite-type zeo-
lites Ag™X and Ag™*-Y. For CO adsorbed on
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0.50
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2200 ' 2180 ' 2160
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Fig. 4. IR spectra of CO adsorbed at liquid nitrogen temperature

on Ag*-ZSM-5. Increasing equilibrium pressure from ca. 0.1 to
ca 5 Torr.

Ag*-exchanged zeolite A, Baumann et al. [47]
reported the corresponding band at 2188 cm™ 1.
The high frequency of this band, as compared to
2157 cm~*! for the Cu™ - - - CO adduct, needs
some comments. Two main effects can lead to a
hypsochromic shift of the C-O stretching mode
(which for the free molecule appears at 2143
cm™1) of CO coordinated to cationic centres:
electrostatic interaction, and o-donation from
the weakly antibonding 50 orbital of CO to the
metal cation. The electrostatic effect is expected
to be smaller for Ag™ than for Cu™, on account
of the larger ionic radius of Ag™. In fact, the
Ag™ ion has a size intermediate between Na*
and K*, and reported C-O stretching
wavenumbers for CO adsorbed on ZSM-5 ex-
changed with these cations are 2178 and 2166
cm™?, respectively [48-50]. It should thus be
clear that electrostatic effects alone cannot jus-
tify the high frequency found for Ag* --- CO
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adducts. We must invoke a substantial amount
of o-donation. This can be understood from the
fact that d'° ions (Ag* and Cu™ have this
electronic configuration) have an enhanced po-
larizing power [51], which increases with atomic
number. We suggest that strong polarization of
the CO 50 orbital by Ag* ions contributes to
o-donation, and therefore to the observed high
frequency of the C—O stretchingin Ag* - - - CO
adducts. Note that m-back-bonding should not
operate. Absence of m-back-bonding in silver
carbonyls has been tentatively justified by Hurl-
burt et al. [52] on account of alarge Ag—C bond
length. Note that 7-bonding is a more sensitive
function of distance than o-bonding. Regardless
the fact that the above explanation must remain
tentative, it is true that all known silver car-
bonyls (see below) show a much higher C-O
stretching frequency than other metal carbonyls
[52].

When the CO equilibrium pressure is in-
creased (Fig. 4) the band at 2192 cm™?! devel-
ops a shoulder at ca. 2184 cm™?, which gradu-
ally becomes the main band of the spectrum.
For the highest CO doses, this band shows a
distinctive shoulder at 2190 cm™ . We tenta-
tively assign the band at 2184 and the shoulder
at 2190 cm~?! to the asymmetric and symmetric
stretching modes, respectively, of CO in
Ag*(CO), adducts. Coordination of a second
CO molecule by Ag* --- CO species would
paradlel the phenomenon observed for CO ad-
sorbed on Cu*-ZSM-5. However, no more bands
(apart from that corresponding to physisorbed
CO) were observed when the CO equilibrium
pressure was further increased (up to 20 Torr)
for the CO/Ag*-ZSM-5 system (spectra not
shown). It thus seems that for Ag™ ions polyco-
ordination to CO molecules stops at the dicar-
bonyl species. Note that Ag*(CO), formed in-
side the channels of ZSM-5 must not be linear
(otherwise no symmetric mode would be ob-
served in the IR). The low resolution of the
spectrain Fig. 4 (for high CO equilibrium pres-
sure) would render very inaccurate any calcula
tion of the angle between CO ligands, however,

the band profile seems to suggest a value not
too far from 180°.

Also for Ag*-ZSM-5, it is relevant to add
that in the same experiment performed at RT
only the band at 2192 cm™! is observed and
that an increase of the CO equilibrium pressure
does not yield to the formation of dicarbonyl
species but only to small bathochromic shift at
2189 cm™ 1. This band has been observed to be
resistant to evacuation at RT.

After the submission of this work, an interest-
ing paper by Hadjiivanov has appeared [53],
reporting a similar IR study of CO dosed at RT
and a low temperature on Ag*-ZSM-5. He pre-
pared the Ag*-ZSM-5 sample starting from a
sodium form, using the same silver salt used by
us and achieving an exchange degree of 65%.
The results of the experiment performed at RT
are in full qualitative and quantitative agree-
ment, and the same holds for the low CO
dosages at low temperature since also Ref. [53]
reports a single band at 2192 cm~ 1. At higher
CO equilibrium pressures Hadjiivanov has ob-
served two distinct components at 2195 and
2189 cm™! attributed to the symmetric and
asymmetric stretching frequency of the
Ag*(CO), adducts respectively. The interpreta-
tion is again in agreement with our assignment:
however the frequencies of the Ag™(CO), com-
plexes observed by Hadjiivanov are 5 cm™?
higher than those reported by us. This differ-
ences can be tentatively ascribed to the different
exchange degree of the two sample. Ref. [53]
aso reports that no nitrosyl complexes are
formed by dosing NO at RT on the Ag™-ZSM-5.
Thisisin fact correct: in fact we have observed
that, in order to obtain the formation of nitrosyl
complexes a low temperature experiment must
be performed [54].

3.3. Carbonyl species: XAS sudies

Fig. 5a reports XANES spectra of Cu*-ZSM-
5 in vacuo (dotted line) and after admission of
CO (50 Torr) at room temperature (continuous
line). From the previous IR spectroscopic stud-
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Fig. 5. Normalised XANES spectra (pre- and near-edge region)
for (a) the CO/Cu*-ZSM-5 system, and (b) the CO/Ag*-ZSM-5
system.

ies, Cu™(CO), species are known to form under
these conditions. For comparison, the XANES
spectrum of copper foil is aso reported. The
pre-edge region of the Cu™-ZSM-5 spectrum in
vacuo shows a sharp peak at 8393 eV, which
corresponds to the dipole-allowed 1s — 4p tran-
sition of Cu™ [9,14,30,39,55,56], thus proving
the 1™ oxidation state of the copper ion in the
zeolite. For Cu?* this transition appears at
8995-8998 eV [9,39,57,58]. Upon adsorption of
CO, a clear reduction of the 1s— 4p peak is
observed, together with a red-shift of ca. 1 eV;
simultaneously the structure of the spectrum in
the near-edge region is significantly altered, re-
vealing the modification of the coordination
symmetry of Cu™ ions. Similar comments apply
also to the XANES spectrum of Ag*-ZSM-5,
shown in Fig. 5b, and to its modification upon
adsorption of CO. Note, however, that the 1s —
5p transition of Ag™ appears at ca. 25518 eV
(inflection point) and is less sharp than the
1s — 4p peak of Cu™. This is a consequence of

a considerable reduction of the 1s core-hole
lifetime, which also makes the 1s — 5p transi-
tion of Ag" not distinguishable from the
photo-€electron edge of the spectrum.

Fig. 6 shows the k3-weighted FT radial func-
tions of the EXAFS spectrafor CO/Cu*-ZSM-5
and CO/Ag*-ZSM-5 (50 Torr of CO). No phase
correction was applied, since simultaneous con-
tributions from metal-framework oxygen,
metal—carbon and metal—carbonyl oxygen are
present, thus rendering a quantitative analysis of
the spectra very difficult to carry out. However,
it is clear that the first and second significant
maxima in the spectra are due to metal-frame-
work oxygen and metal—carbon contributions,
while the third maximum corresponds to the
metal—carbonyl oxygen contribution. It is, how-
ever, well noted that the two first contributions
strongly overlap, giving rise to interference ef-
fects as detailed in Ref. [5] for Cut-ZSM-5. For
the CO/Ag"-ZSM-5 system, this third peak
goes from ca. 2.2 to 3.4 A and covers an area
significantly larger than that occupied by the
corresponding peak of the CO/Cu*-ZSM-5 sys
tem. This fact provides further evidence that
Ag*(CO), carbonyls, which were considered
when discussing IR data, are nearly linear. Note
that this geometry would lead to near co-linear-

R(A)

Fig. 6. k®weighted FT radia functions for CO/Cu*-ZSM-5
(continuous line) and CO/Ag*-ZSM-5 (dotted line).
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ity of five atoms, thus enhancing multiple scat-
tering contributions to the EXAFS signal.

3.4. Comparison with homogeneous species

As discussed in Section 3.3, extra framework
Cu™ ions in Cu*-ZSM-5 form mono-, di- and
tricarbonyls, depending on the CO equilibrium
pressure. For the monocarbonyl a single C-O
stretching band (at 2157 cm™*) was found.
However, we remark the fact that this band
(Fig. 3) is strongly asymmetric, which suggests
that Cu™ ions are situated in (at least two)
different local environments inside the zeolite
channels. This is in agreement with EXAFS
results, since a coordination number of 2.5 for
the Cu™ ion strongly suggests the present of
two- and three-coordinated extra framework
cations when the zeolite is in vacuo. lwamoto
and Hoshino [59] have recently given more
details on the asymmetry of the 2157-cm™!
band.

Homogeneous Cu™ compounds containing
one CO ligand are known, and relevant exam-
ples are summarized in Table 1. Reported val-
ues of the C—0 stretching frequency range from
2080 to 2178 cm™ L. Values smaller than 2143
cm~! (the stretching frequency of free CO)
clearly indicate a substantial contribution of -
back-bonding (to empty antibonding 27 or-
bitals of CO) which lowers the stretching fre-
quency, while values over 2143 cm~*! can be
explained in terms of a predominance of o-
bonding. Careful inspection of the compounds
in Table 1 shows that »(C-0) increases with
increasing ionicity, which reflects the fact that

less electron density is available (in the copper
atom) for m-back-bonding. The value of 2157
cm~! found for Cu™ --- CO adducts in Cu*-
ZSM-5 is consistent with the ionic character of
extra framework cations (note that otherwise
they would not be easily exchangeable). How-
ever, it should be remarked that Na* - - - CO
adducts formed in Na*-ZSM-5 show a C-O
stretching wavenumber of 2178 cm™?, being the
hypsochromic shift (from 2143 cm~*) due solely
to electrostatic effects [37,49,50]. Since theionic
radii of Cu™ and Na* are approximately the
same, the 2157-cm~! vaue found for Cu™
-+ - CO adducts seems to suggest a small de-
gree of r-back-bonding. This back-bonding
(which strengthens the metal-carbon bond) can
also explain the high stability shown by these
adducts.

Copper dicarbonyls formed inside the chan-
nels of Cu*-ZSM-5 show |R-absorption bands
at 2178 and 2151 cm~*. The only well charac-
terized Cu™-dicarbonyl in a homogeneous phase
seems to be [Cu(CO),]*[AsF]~ for which a
single band, at 2164 cm ™, was observed (Table
1). Rack et al. [8] proposed, on account of this
fact, that the homogeneous dicarbonyl has a
linear structure. In contrast, the dicarbonyl
formed inside the channels of Cu™-ZSM-5 must
be angular. This can be easily explained in
terms of geometrical constraints imposed by the
channel wall. Note, however, that the actud
value of the angle between CO ligands can be a
result of a delicate balance between steric hin-
drance and orbita hybridization. Similarly,
Cu*(CO), species formed inside the channels
of Cu*-ZSM-5 were found to have three IR-ac-

Table 1

Infrared data for some well-characterized (homogeneous) Cu* carbonyls

Complex vCO(cm™1)  Reference  Remarks

[Cu(dien)COI(BPh,) 2080 [46] (Diethylentriamine)copper(l)carbony! tetraphenylborate. White crystalline solid
[Cu(en)COI(BPh,) 2117 [60] White crystal's

[Cu(en),CO] 2060 [60] White crystals

[CUW(CO)]*[TFA]™ 2155 [61] Copper(Dtrifluoroacetate carbonyl. lonic compound forming colorless crystals
[Cu(CO)N* [AsR;]- 2178 [8l Brown solid

[Cu(CO), ] [ASR]~ 2164 [8] Colorless, glassy solid

[Cu(CO),]*[ASR]™ 2183, 2206 [8] Bright white solid
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tive modes (at 2192, 2167 and 2140 cm™ ).
They can be compared with the compound
[Cu(CO),]*[AsK;]~ (Table 1) which only shows
bands at 2183 and 2206 cm™ !, and was pro-
posed to be triangular [8]. It is clear that the
zeolite host imposes a distortion of the (opti-
mum) geometry of the tricarbonyl.

A few cationic silver monocarbonyls have
been described in the literature [52,62], among
them [Ag(CO)]"[OTeF,]~, [Ag(CO)]*
[B(OTeFRy),]~ and [AQ(CO)][Zn(OTeR),]*;
reported »(C—0) wavenumbers for these com-
pounds are 2189, 2204 and 2203 cm ™, respec-
tively. [Ag(CO)]"[B(OTeF;),]~ was isolated as
a pure compound, and structure determination
by X-ray crystallography [62] showed a nearly
linear Ag—C—O linkage (176°) and an Ag—C
bond length of 2.10 A. The C-O stretching
frequency (2204 cm~*) compares well with that
of 2192 cm~* found for the monocarbonyl
formed on Ag*-ZSM-5 at low CO pressure
(Fig. 4). In both cases, the high value of »(C-0O)
provides clear evidence that CO exhibits no
m-acidity in these compounds, which is aso in
agreement with results from recent guantum
chemical ab initio calculations [63].

Cationic silver dicarbonyls containing the
[Ag(CO),]* cation and the weakly coordinating
anions [B(OTeFy),]l”, [Zn(OTeFy),]1?,
[Ti(OTeRy)¢]>~ or [Nb(OTeFR,);]~ have been
described [52]; the corresponding »(C-0O) wave-
numbers are all included in the narrow range of
2196 to 2198 cm™ !, which is to be compared
with the values of 2190 and 2184 cm™~* found
for Ag(CO),, species formed inside Ag*-ZSM-5
channels. [Ag(CO),]"[B(OTeF,),]~ was iso-
lated and reported to be a hygroscopic and
thermally labile compound [7,52]; the unit cell
is monoclinic. The cations are located at inver-
sion centres and have Ag—C—O bond angles of
174 and 179°; i.e, the [Ag(CO),]" moiety is
roughly linear [7]. For the dicarbonyl species
formed inside Ag*-ZSM-5 channels, the already
discussed IR and EXAFS data suggest an angu-
lar structure, although the angle should not de-
part much from 180°. We performed computer

modelling studies which showed that, because
of geometrical congtraints, the zeolite encaged
dicarbonyl cannot be linear. The maximum value
of the (CO)-Ag—(CO) angle could not be pre-
cisaly determined, because the exact extent till
which Ag* ions are displaced from their origi-
nal position when they coordinate CO ligandsis
not known. However, we found that an angle of
at least 165° would be tolerated.

In conclusion, comparison of our studies on
carbonyl species formed upon adsorption of CO
by Cu™-ZSM-5 and Ag*-ZSM-5 with data for
analogous homogeneous compounds shows that
the chemical and structura principles involved
are very dike. However, some structural differ-
ences exist between both types of carbonyl
species. These differences, which are mainly
due to steric constraints imposed by the zeolite
host can affect chemical reactivity, including
catalytic activity. More knowledge has yet to be
gained on the details of intrazeolite chemistry in
order to boost technical applications of zeolite
encaged chemical species.
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