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Assignment of Nonclassical [Cu(CQO)]* (n = 1, 2) Complex lons in Zeolite Cages
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A time-resolved FT-IR technique combined with an isotopic tracer method has been applied to study CO adsorbates
on Cu' ions in copper ion-exchanged zeolites. Three kinds of monocarbonyl species were found to adsorb strongly
on Cu-zeolite samples after admission and subsequent evacuation of gas phase CO at room temperature. Their
absorption bands were observed at 212660, 2128-2150, and 20972129 cn1?, respectively, dependent on

the zeolite structures. In the presence of gaseous CO, the monocarbonyl species-&1504énT? (so called
nonclassical [Cu(COJ] complexes) could react with a CO molecule to form a dicarbonyl species [Ci(CO)

with veym bands at 21692180 cnt®. The reactivity of the nonclassical [Cu(CO)fomplexes was dependent on

the zeolite structures, ferrierite mordenite> ZSM-5 > X-type = offretite/erionite== Y-type > L-type. The
remaining two types of monocarbonyl species have little been affected by gas phase CO.

Introduction interacting with a Lewis acid site. Sarkany etBhave claimed
) ) o ) the appearance of the band at 2177 tto be due to a migration

Copper ion-exchanged zeolites are promising materials for of [cu(CO)J* induced by a weak CO adsorption. Spoto efal.
the catalytic decompositidrand selective catalytic reductidn  haye suggested that the band at 2178 tcmade a pair with a
of nitrogen monoxide and the decomposition of dinitrogen 2151-cnt! band and was attributable to [Cu(G), though
oxide® It has been suggested that the oxidatieeduction  they could not confirm the assignment by experiments With
process of copper ions in the zeolites plays an important role COASCO (1/1) isotopic mixtures. In addition, the formation
in determining Catalytic aCtiVity. For eXample, lwamoto el4a|., of Clt—CO Specie@ or p0|ycarbony|ic Species CU(CQOX
Hall et al.> and Liu and Robofzhave suggested that Caations > 2)!4 has also been reported.

are active for the decomposition of NO, though Shelef has | homogeneous solution a number of cationic metal carbonyl

claimed that only the Ci cations would be involved. It complexes with averagg{CO) values higher than 2143 cf
should be very significant to characterize the'Quations in  the value of free CO, have been isolated and studied. The so-
zeolite framework. called nonclassical metal carbonyls have well been investigated

Carbon monoxide is widely used as a useful probe to on Cu" ions!® and Ag" ions by Strauss and his co-workers.
investigate the state of Cuions in zeolite since the reports of Carbon-oxygen stretching frequency is 2164 chifor [Cu-
Huang®® in which formation of a [Cu(CO)] complex was (CO)][AsFe), which is consistent with a two-coordinate linear
confirmed by an intense IR absorption band at 2160%rfihe (Dwh) structure for the [Cu(CQ)* ion!> The comparison of
Cu2t ions or the metallic Cu atoms can much more weakly the results of Ci—CO complexes on zeolites with those in
adsorb CO than the Cuons. However, the assignment of the solution or solid will allow us meaningful discussion of the
absorption bands, particularly that of the band at around 2177 structure of the surface carbonyl species on-@eolites and
cm! appearing in the presence of gaseous CO, is still one of of the characterization of the Cuons.
the controversial problems. For example, Howard and Micol _ )
have reported that an additional band at 2178 tmwas Experimental Section
dependent on the pressure of CO and could be assigned to CO || parent zeolites were supplied by Tosoh Corp. Copper ion-
exchanged zeolites were prepared as follows. Approximately 20 g of

T EAX: +81-11-757-8126. each zeolite was washed in 2 8of dilute NaNQ solution and then
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Nonclassical [Cu(CQ)* lons

Table 1. Properties of Copper lon-Exchanged Zeolites and
Absorption Bands of Carbonyl Species

zeolite wavenumber of carbonyl speciesfém

Si/Al exchangecu/al __ ¥ Of monocarbonyl Vym Of
structure ratio level/% ratio a p y dicarbony?
FAU 1.3 60 0.3 2154 2144 2126 2176
FAU 2.8 76 0.38 2160 2145 2109 2180
LTL 3.0 34 0.17 2150 2140 2122 2176
OFF/ERI 3.9 81 0.41 2146 2128 2097 2169
MOR 5.3 76 0.38 2157 2147 2129 2176
FER 6.2 66 0.33 2156 2140 2122 2175
MFI 11.7 110 0.55 2158 2150 2108 2177

2 CO was introduced at 13 Torr for 120 min and then removed by
evacuation for 30 min at ambient temperatdrin the presence of
gaseous CO of 13 Torf.Very weak.
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Figure 1. IR spectra and their deconvolution of CO adsorbed on the

Cu—MFIl—zeolite after adsorption of CO of 13 Torr for 120 min at
ambient temperature (B) and subsequent evacuation for 30 min (A).

Optima 3000) after the samples obtained were dissolved in HF solution.

The Si/Al molar ratios of parent zeolites used and the ion exchange
levels are summarized in Table 1, where the latter values were
calculated by 2(amount of Cu)/(amount of Al). IR absorption spectra
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2050 cntl. Figure 1A was measured after introduction of CO
of 13 Torr into the cell fo 2 h and subsequent evacuation of
the gas-phase CO for 30 min at ambient temperature. The
absorption band at 2158 crhcan be assigned to the-©
stretching mode of a monocarbonyl adsorbate, [Cu(CQ)h

the basis of the literature report&d> Although Sarkany et
all* and Spoto et ai? have reported that the band consists of
a single absorption peak, its shape is not symmetrical as shown
in Figure 1A. A numerical deconvolution technique was applied
here to decompose the peak and two absorption peaks were
obtained at 2158 and 2150 cfa This suggests the existence

of two kinds of monocarbonyl species on the "Cions
exchanged into the MFI structure.

With FAU zeolites of a Si/Al ratio of 2.42.5 (so called
Y-type zeolite), Borgard et &f.and Borovkov and Kardéhave
clearly observed two kinds of monocoarbonyl species at 2160
and 2145 cm® on the Cd ions. In the present study the effect
of zeolite structure on absorption bands of CO adsorbates has
been independently measured and summarized in Table 1. It
is clear that there are three kinds of peak positions on all Cu-
zeolites used: 21462160, 2128-2150, and 20972129 cnt™.

The table strongly supports the deconvolution in Figure 1A to
be quite reasonable. The-© stretching frequency is a useful
indicator of the magnitude of metaligand o- andz-bonding

in metal carbonyls. The C-O bond is strengthened by donation
of electrons from the slightly antibondingsr®rbital of CO to
Cu. In contrast to the-bonding, ther-back-bonding lowers
v(CO) by the transfer of metal,celectron density to the C,
orbitals. The blue shift in the IR band to 2148160 cnt?!
from the gas phase value of 2143 thindicates that there is
littte or no mz-back-bonding in the [Cu(CO})] complexes.
Similar »(CO) values have been observed at 2165 cior BH-
CO8 2184 cnr! for HCO',1® 2178 cn1! for [Cu(CO)J" in
solid*®> and 2208 cm? for [Ag(CO)]" in solid16 In addition,

ab initio calculation of Bates and Dwy&rconcludes that the
o-bonding between CO and &l ions in zeolites results in a
blue shift of the CO band.

On the other hand, there are species with CO stretching
frequencies lower than free CO, which indicates that the effect
of m-back-bonding on/(CO) is larger than that of-bonding.
This type of carbonyl species is widely known on various metal
ions as has been summarized by Nakandbt@he observation
of three bands on Ctzeolites suggests the presence of three
kinds of Cu centers with different adsorption properties in the
zeolite lattice. At the present it is unknown what factors decide
the degree of contribution of the-bonding and ther-back-
bonding. On the basis of reactivity of the respective species to
gaseous CO, which will be described in the next section, the
monocarbonyl adsorbates corresponding to 212650, 2128-
2150, and 20972129 cnt! are here referred to as 3, andy
species, respectively. Thespecies correspond to the nonclas-
sical metal carbonyls, thespecies give similar IR wavenumbers
to that of free CO, and the species are the classic ones.

Dicarbonyl Adsorbates on Cu' lons. The time-resolved

were recorded at room temperature by using a Perkin-Elmer SystemgT_|R spectra during adsorption of CO onto the-@dFI and

2000 spectrometer. A quartz IR cell with KBr windows was used. A
self-supporting wafer (ca. 4 mg cif) of the Cu-zeolite was heated
in the cell at 773 K fo 2 h under a vacuum<(102 Torr, 1 Torr=
133Pa), oxidized in @of 100 Torr at the same temperature for 2 h,

evacuated for 1 h, and then cooled down to ambient temperature in a

during removing the gaseous CO by evacuation are shown in
parts A and B of Figure 2, respectively. Figure 2A reveals that

(17) Borgard, G. D.; Molvik, S.; Balaraman, P.; Root, T. W.; Dumesic, J.
A. Langmuir1995 11, 2065.

vacuum as a pretreatment. The IR spectra of adsorbed species werg;gy gethke, G. W.; Wilson, M. KJ. Chem Phys 1957, 26, 1118.

obtained by subtracting the spectrum of wafer.

Results and Discussion

Monocarbonyl Adsorbates on Cu" lons. Figure 1 shows
the IR spectra of CO adsorbed on-€MdFl in the region 2206

(19) Davies, P. B.; Hamilton, P. A.; Rothwell, W.J.Chem Phys 1984
81, 1598. Foster, S. C.; Mckeller, A. R. W.; Sears, TJJChem
Phys 1984 81, 578.

(20) Bates, S.; Dwyer, . Chem Phys 1993 97, 5897.

(21) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds3rd ed.; Wiley-Interscience: New York, 1978;
p 279.
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Figure 3. Peak areas of the four absorption bands as a function of the
08l (B) adsorption time. The experimental conditions are the same as those
: in Figure 2A.
o v [Cu*-12¢0] v, [Cu*(2C0O), .
g v, [Cu*(*2coxt®co) v [Cu*-12c0)
s ve [Cu*(2CO)) | v, [Cu*(3C0),
s 11
<
05
04 -
[
1 | 1 1 1 1. g
2200 2180 2160 2140 2120 2100 S o03r
T
g 2158 ! oiar
Wavenumber / cm™ é 02 - |
Figure 2. Change in IR spectra during adsorption treatment of CO of s
13 Torr on the Ct-MFI—zeolite at ambient temperature (A) and during
evacuation treatment of gaseous CO after admission of CO of 13 Torr 0.1 -
for 120 min (B). (A) (a) before the introduction of CO, (b) after 0.1
s from admission of CO, (c) 0.2 s, (d) 0.3 s, () 0.5 s, (f) 1.0 s, (g) 2.0 0.0 E )
1 1

s, (h) 5.0 s, (i) 60 s. (B) (a) before the evacuation, (b) after 3.0 s, (c)
6.0 s, (d) 12.0 s, (e) 18.0 s, (f) 180 s.

Wavenumber / cm™!
the absorption peak monotonically increased at 2158'amp Figure 4. IR spectrum and its deconvolution after introduction of an
to 0.3 s after the introduction of CO, and then the peak gradually €quimolar mixture of?CO and'3CO at ambient temperature on the
increased in intensity with shifting its position to 2151 ¢ %’;MF'_ZeO"te' Both partial pressures $1CO and™=CO were 7
The additional peak at 2177 cthappeared simultaneously with '
the shift of the 2158-cmt peak. The evacuation of gaseous  also examined by the deconvolution technique. The [Cu(GO)]
CO resulted in shift of the 2151 cthpeak to 2158 cm* and (o) at 2158 cmi! increased with the disappearance of 2177-
disappearance of the 2177 chpeak. The change between and 2151-cm! bands, while the 2147-criband did not change
the initial and final spectra depicted in Figure 2B was completely in intensity with the evacuation but the peak position was shifted
reversible at room temperature. It was also confirmed in a back to 2150 cm'. The findings conclude mutual change
separate experiment that the intensity of the 2177icpeak ~ between the species corresponding to the 2177 and 2151 cm

was dependent on the partial pressure of CO in the gas phase@nd the [Cu(CO)](«) complex. _
An equimolar mixture of2CO and!3CO was introduced onto

To assign the absorption bands in the presence of CO, thethe Cu-MFI sample to determine the adsorbed species in the
spectrum was deconvoluted by using a computor simulation, presence of gas phase CO. The results are shown in Figure 4.
and typical results were shown in Figure 1B. There are four In the present experiments the purcha$&O gas contained
kinds of bands at 2177, 2158, 2151, and 2147tnAll spectra 10 vol% 3C180 other than®3C'®O, and thus*C0 gave
shown in Figure 2A were also deconvoluted to clarify correlation additional peaks around 2060 ckn The introduction of the
among these four peaks. Peak areas of the respective absorptiofi CO and'*CO mixture resulted in the appearance of 2167 and

bands were plotted against the adsorption time in Figure 3. The2110 cnT* peaks which were not observed upon the admission
2158 and 2150 cnt bands appeared first. The former of 12CO or13CO alone. The intensity ratio of the peaks at 2177,

decreased with the adsorption time after reaching a maximum2167’ and 2.128 crﬁ was roughly 1:2:1 as §hown n Flg.ure .4'
at 0.3 s, while the latter monotonically increased and leveled The conclu3|_\/e assignment O.f each band_|s described in Figure
’ - . 4 on the basis of the calculation of isotopic effect. The results
off around 1.0 s. The position of the latter peak was slightly j, rjgyres 2-4 conclude the formation of dicarbonyl species
shifted from 2150 to 2147 cm. It should be noted that the o, cir ions through the reaction of the-type monocarbonyl
intensity of the 2177-cmt band is in proportion to that of the species with a gaseous CO molecule. The dicarbonyl species
new 2151-cm* band, and both of them increased along with reversibly decompose to give the original monocarbonyl species
the disappearance of the 2158-cnband. The change of the  and a free CO molecule by evacuation. The bond andle, 2
spectra during the evacuation of gaseous CO (Figure 2B) wasbetween two carbonyl ligands can be calculated by the following
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equatior?? gas phase. It follows that the carbonyl species have little
reception of electrons from the €uon through ther-back-
bonding and show great ability to form the dicarbonyl species
- 05
20 = 2 [arccotanfyyn{Assym] in the presence of gaseous CO, while fhepecies show the
similar peak positions to that of free CO and their reactivity to

In the equationsym andAqsymare peak areas of the symmetric  the gaseous CO are quite low. The intensityycddsorbates
and asymmetric bands, respectively. The bond angle of Were very weak in the present experimental COI’!dItIOI’lS, and
dicarbonyl species on GtMFI was 110 independent of the therefore detailed investigation has not been carried out.
partial pressure of CO or the adsorption time. This is very N homogeneous phase Rack et al. reported that the [Cu(CO)]-
different from the value of 180n solution or in solid and close ~ [ASFe] complex was dark brown in color and the [Cu(GP)
to the value of 108for Rh* ions?3 in the FAU zeolite. [AsFe] complex was colorlesS: The color of Cu-MFI was
. — . whitish blue after the pretreatment and did not change during

The same experiments as those in Figure 2 have been carriedne adsorption desorption treatment of CO. It has already been
out on all zeolites. Thet species were all in equilibrium with  reported that half or more of the copper ions loaded on the MFI
corresponding dicarbonyl species in the presence of gaseousegjite |attice exist as Cti and 20-50% of the copper is in
CO. Thevsymvalues have been listed in Table 1. The ratio of he form of Cur after the oxidation in @at 673-873 K and
peak area obsym Of the dicarbonyl specieg\§;) to that of the subsequent evacuation at the same temperattfés. The
remainingo speciesAmond in gaseous CO of 13 Torris agood  formation of Cu ions upon evacuation of GtMFI at elevated
indication of reactivity of thex-type monocarbonyl species. The temperatures has also been revealed by & ghotolumines-
order was FER(3.9y MOR(2.1)> MFI(1.1) > FAU(X)(0.9) cence study4 The presence of a significant amount of'da
= OFF/ERI(0.8) = FAU(Y)(0.7) > LTL(0.1), where the  thys without doubt in the present EMFI. No color change
numerical values are the ratios &f/Anono It is clear thatthe jn the present study might indicate a very small change of the
order does not agree the order of peak positions.aype Cut color. The redox behavior of copper ions in the other
monocarbonyl species, indicating that the degreestodnding zeolites has not been studied in detail; the reason for no color
and z-back-bonding are not the significant factor controlling change of the Ctizeolites should be solved in the future. Rack
the reactivity ofa species to gaseous CO. In addition no et al. have also reported a Raman absorption band at 2177 cm
correlation between the order of the above reactivity and that for [Cu(CO)]J[AsF¢] in the solid staté® but we could not
of the catalytic activity of Ctrzeolites for NO decomposition  observe a corresponding Raman band probably because of the
and reductiofr” can be recognized. The CO-adsorption is & low concentration of the adsorbates compared to the sensitivity
good method to characterize the Cions in zeolites, but the  of the Raman spectrometer (Perkin-Elmer System 2000 R).
catalytic activity of the Cerzeolites would be determined not Acknowledgment. This work was supported by a grant-in-
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1C960429K
(22) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith ed.; (24) Dedecek, J.; Wichterlova, BJ. Phys Chem 1994 98 5721.
John Wiley & Sons: New York, 1980; p 697. Wichterlova, B.; Dedecek, J.; Vondrova, A.Phys Chem 1995 99,
(23) Miessner, H.; Burkhardt, |.; Gutschick, D.; Zecchina, A.; Morterra, 1065. Dedecek, J.; Sobalik, Z.; Tvaruzkova, Z.; Kancky, D.; Wich-

C.; Spoto, GJ. Chem Soc, Faraday Trans1 1989 85, 2113. terlova, B.J. Phys Chem 1995 99, 16327.



