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The effects of the Si/Al ratio of the mother MFI on the N, adsorption phenomena at 301 K and
on the ion-exchange features of copper-ion-exchanged MFI zeolites (CuMFI) were investigated.
The CuMFI samples were prepared by ion exchange in an aqueous solution of Cu(C,HsCOO),,
Cu(CH;COO),, CuCl, or Cu(NO3),. The sample with an Si/Al ratio of 19.8, which had been
prepared by using a Cu(C,HsCOO), solution, exhibited extremely efficient N, adsorption in terms

of both the number of adsorbed molecules and its energetic behaviour, as compared to samples
with other Si/Al ratios and/or with other ion-exchange solutions. The coordination environment
of the copper ion adsorbing N, on this sample was clarified for the first time by analysis of the
EXAFS spectra. The IR and DR-UV-Vis spectra revealed that the state of exchanged Cu>" in
CuMFTI differs remarkably, depending on the value of the Si/Al ratio of the MFI and the types of
counter ion in the exchange solution. The Cu?" species coordinated with propionate or acetate
ion were preferentially ion-exchanged in samples with higher Si/Al ratios (i.e., 19.8 and above), in
comparison with aqua complexes of Cu®>" ions. From the measurements of heats-of-adsorption of
CO and photoemission spectra, it was elucidated that the relative proportion of the number of the
sites located in the neighbourhood of the three lattice oxygen atoms (i.e., three-coordinate sites)
to the total number of exchangeable sites in MFI including the two-coordinate sites increased

with an increase in the Si/Al ratio; Ccu??t

with propionate or acetate ion were exchanged

selectively on the three-coordinate sites. The DR-UV-Vis and EPR spectroscopic signatures of
two different Cu®" species located in the two- and the three-coordinate sites were determined.

Introduction

Copper-ion-exchanged MFI zeolite (CuMFI), especially, non-
stoichiometrically ion-exchanged sample (i.e., ion-exchange
level >100%), exhibits high levels of catalytic activity for
the direct decomposition of NO into N, and O, species.'*?
Furthermore, this material strongly adsorbs N, molecules,
even at room temperature (r.t.).>> A great deal of effort has
thus far been expended in the analysis of the state of active
sites on CuMFTI that are effective with respect to NO decom-
position or N, adsorption. It was previously shown that the
monovalent copper ions (Cu") formed by heat treatment in
vacuo act as active species.*”® Spectroscopic, calorimetric and
theoretical data suggest the presence of two types of exchange-
able site for copper ions in MFI;*®'° our group has empha-
sized that two types of site are necessary for NO
decomposition, whereas for N, adsorption, only one type is
dominantly operated.!''* Recently, it was also demonstrated
that the Nj-adsorption properties of CuMFI differ depending
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on the types of counter ion in the exchange solution
employed.'*+"”

The molar ratio of SiO, to AlL,O; (i.e., the Si/Al ratio),
which comprise a zeolite matrix, is among the factors that
govern the unique properties of zeolite (e.g., ion-exchange
features, catalytic activity, gas-adsorption properties, erc.).'®
Many studies have been reported regarding the effects of the
Si/Al ratio of the mother zeolite on NO-decomposition activ-
ity.19 However, the effects of the Si/Al ratio on the N»-
adsorption properties, as well as the effects on the state of
exchanged copper ions, have not yet been clarified.

In the present study, we examined the effect of the Si/Al
ratio on the N»-adsorption properties at 301 K of CuMFI.
Moreover, the effects of the Si/Al ratio on the state of ex-
changed copper ions in CuMFI and on the reduction proper-
ties of copper ions via heat treatment in vacuo were also
elucidated.

Results and discussion

The adsorption isotherms of N, at 301 K for the 873 K-treated
CuMFI(P) samples are shown in Fig. 1. The notation of the
samples is described in the Experimental section and ESI.t For
all samples, a remarkable increase in the adsorbed amounts is
seen in the lower pressure region, which indicates a strong
interaction between the Cu* ions formed in CuMFI and the
N, molecules. Moreover, the adsorption amount of N, reaches
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Fig. 1 Adsorption isotherms of N, at 301 K for CuMFI(P): (@)
CuMFI(P)-11.9-109, (A) CuMFI(P)-19.8-109, (H) CuMFI(P)-35.0-
105 and (®) CuMFI(P)-100-102.

a saturated value with an increase in the equilibrium pressure
of N, (i.e., a Langmuir-type isotherm). The distinct difference
in the adsorbed amounts among samples was due to differ-
ences in the Si/Al ratios, that is, the absolute number of
exchangeable sites for copper ions in the MFI was different
in each case. To obtain accurate information regarding N,
adsorption on CuMFI, we estimated the number of adsorbed
N, molecules per copper ion, nNz/NCu(mla]) (Table 1). The
results obtained for CuMFI(A) and CuMFI(C) are also listed
in this table. Here, we need not elaborate on the results for
CuMFI(N); in the case of the ion-exchange method used, non-
stoichiometrically ion-exchanged sample could not be pre-
pared.®® It is apparent that the value of nNZ/NCu(toml) for
CuMFI(P)-19.8-109 is the largest among the values obtained
for CaMFI(P) with different Si/Al ratios. In addition, for
CuMFI(P)-35.0-105 and CuMFI(P)-100-102, the nn,/Ncuotal
values are larger than that for CuMFI(P)-11.9-109. CuM-
FI(A) and CuMFI(C) samples also show the similar tendencies
as CuMFI(P). Effective sites for N, adsorption were thus

Table 1 Analysis of adsorption data
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Fig. 2 Adsorption isotherms and differential heats of adsorption of
CO at 301 K: (@,0) CuMFI(P)-11.9-109 and (M,0) CuMFI(P)-
19.8-109. Filled and open symbols represent the first and second
adsorption, respectively.

formed at a higher rate in the samples with Si/Al ratios of
19.8 and above.

The CO molecule is known to be useful as a probe molecule
for the estimation of the number and the state of Cu™ ions in
zeolites, due to its preferential adsorption on Cu™*.2'°Fig. 2
presents the adsorption isotherms and the differential heats of
adsorption of CO at 301 K for CuMFI(P)-11.9-109 and
CuMFI(P)-19.8-109. The first adsorption measurement was
performed at 301 K for the 873 K-treated sample, and after re-
evacuation of the sample at 301 K for 4 h, the second
adsorption measurement was carried out at the same tempera-
ture as that used for the first adsorption measurement. From
these data, the ratio of the number of Cu™ ions to the total
number of copper ions in CuMFI, Ncy+/Neygotay, Was

N, adsorption/cm® g~!

CO adsorption/ecm® g~

1

Vineny "sz/ Ncugotan” Vemiccoy” Vinaccoy’ Vehem(coy Ncu+*/Neugotan nN,/Neu+
CuMFI(P)-11.9-109 7.32 0.51 19.10 11.16 7.94 0.55 0.93
CuMFI(P)-19.8-109 7.13 0.83 14.80 8.05 6.75 0.78 1.06
CuMFI(P)-35.0-105 3.66 0.73 9.30 5.38 3.92 0.78 0.94
CuMFI(P)-100-102 1.23 0.68 3.73 2.38 1.35 0.75 0.91
CuMFI(A)-11.9-105 6.30 0.46 17.73 10.69 7.04 0.50 0.92
CuMFI(A)-19.8-100 6.15 0.78 13.27 7.35 5.92 0.75 1.04
CuMFI(A)-35.0-103 3.50 0.69 8.97 5.22 3.75 0.74 0.93
CuMFI(A)-100-101 1.07 0.57 3.63 2.50 1.13 0.60 0.95
CuMFI(CO)-11.9-107 5.16 0.37 17.18 10.17 7.01 0.50 0.74
CuMFI(C)-19.8-113 6.01 0.71 13.06 6.98 6.08 0.72 0.99
CuMFI(C)-35.0-132 3.70 0.60 9.47 5.26 4.21 0.69 0.87
CuMFI(C)-100-125 1.02 0.47 3.56 2.40 1.16 0.53 0.88

“ Monolayer capacity for adsorbed N, (at STP). * The number of adsorbed N, molecules based on Vin(v,) value. ¢ The number of total copper ions
obtained by titration. ¢ Monolayer capacity obtained from the first adsorption isotherm of CO (at STP). ¢ Monolayer capacity obtained from the
second adsorption isotherm of CO (at STP). 7 Chemisorbed amount (= Vmicoy) — Vmacoy)- ¢ The number of monovalent copper ions obtained

from CO adsorption.
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evaluated by the same method as that used in previous
studies.? Here, the chemisorbed amount of CO and the content
of copper-ion in the sample were used for the evaluation. The
adsorption data and the values of Ncy+/Ncygota for these
samples are listed in Table 1, together with those obtained for
other samples. The ratio, Ncy+/Ncy(eotal), 18 larger for those
samples with Si/Al ratios of 19.8 and above than it is in the
case of the sample with an Si/Al ratio of 11.9. Thus, in the case
of CuMFTI samples with higher Si/Al ratios, the reduction of
divalent copper ions to monovalent copper ions occurred
readily, as compared to that in the sample with an Si/Al ratio
of 11.9. In addition, when the extent of reduction is compared
among samples with the same Si/Al ratio, it is quite obvious
that the copper ions in samples prepared by using an aqueous
solution of Cu(C,HsCOOQ), are easy to be reduced to the
monovalent species. On the basis of the nn,/Ncygoran and
Ncu+/Ncuotay values, we evaluated the ratio of the number
of adsorbed N, molecules to the number of Cu™ ions, nn,/
Ncy+ (Table 1). In general, to obtain high levels of catalytic
activity and its reproducibility, the use of an aqueous solution
of Cu(CH3COO), has known to be useful for the preparation
of copper-ion-exchanged zeolites. The samples prepared by
using a Cu(C,HsCOO), solution have higher adsorption
capabilities for N, and CO, compared with the samples
prepared by using a solution of Cu(CH;COOQ),. It is thus
important from the viewpoint of the development of a new
preparation method of effective catalysts to elucidate the
specificity of CuMFI(P). In this paper, we mainly character-
ized the active sites in CuMFI(P) with various Si/Al ratios and
clarified the differences and the similarities between these
CuMFI(P) samples and other samples. The state of Cu™" ions
formed in CuMFI was investigated by taking account of the
adsorption-heat curves. For the first adsorption of both
samples, the heats-of-adsorption of CO are 130—120 kJ mol ™'
at the initial adsorption stage (chemisorption region), and
these heats decrease in a stepwise manner to about 110 kJ
mol~! with increases in the adsorbed amounts, and then values
of 55-50 kJ mol ™' are reached upon the completion of the
monolayer. The heat curves obtained for the second adsorp-
tion are similar to those obtained for the latter half of the first
adsorption, thus indicating that reversible adsorption takes
place in the second adsorption. In the chemisorption region,
which corresponds to adsorbed amounts of up to ca. 8 and
6 cm® g~!' for CUMFI(P)-11.9-109 and CuMFI(P)-19.8-109,
respectively, we confirmed the existence of two types of Cu™
species having different interaction energies with CO mole-
cules: 120 and 110 kJ mol~'. This is supported from the
theoretical results.’®?” Here, it is noteworthy that the Cu™
ions, which give a CO adsorption-heat of 110 kJ mol™', are
formed at a higher rate in CuMFI(P)-19.8-109 than in
CuMFI(P)-11.9-109.

The photoemission spectra of the 873 K-treated samples are
shown in Fig. 3. All of the photoemission bands are caused by
the electronic transition from the 3d%4s' to 3d'° levels of the
Cu” ions formed in CuMFL.’ By applying a curve-fitting
technique to the observed bands, we resolved the bands into
three components, that is, the bands centred at 21 000, 19 500
and 18500 cm™'. Thus far, the bands at 21000 and 18 500
cm~ ! have been attributed to emissions of Cu™ existing on two

5

5

= 6

z

‘%

=

£

=
7
8
.

24000 22000 20000 18000 24000 22000 20000 18000

Wavenumber / cm™

Fig. 3 Photoemission spectra of CuMFI: (1) CuMFI(P)-11.9-109, (2)
CuMFI(P)-19.8-109, (3) CuMFI(A)-19.8-100, (4) CuMFI(C)-
19.8-113, (5) CuMFI(P)-35.0-105, (6) CuMFI(A)-35.0-103, (7)
CuMFI(C)-35.0-132 and (8) CuMFI(P)-100-102.
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kinds of ion-exchangeable sites in MFI, where the respective
species have two- and three-coordinate structures involving
lattice oxygen atoms.>*® A weak 19500 cm~'-band is due to
the emission of Cu™ ions on the siliceous part of MFIL.>?® In
the case of CuMFI(P), strong emission bands for the sample
with an Si/Al ratio of 11.9 are observed at 21000 and 18 500
em ™!, whereas for samples with an Si/Al ratio above 19.8, a
band centred at 18500 cm™' is observed. It was thus found
that the ion-exchange sites located in the neighbourhood of
the three lattice oxygen atoms are present at a higher rate in
MFTI with higher Si/Al ratios. When the results shown in Fig. 2
are taken into account, two types of Cu™ species giving CO
adsorption-heats of 120 and 110 kJ mol™' correspond to
species responsible for photoemission bands at 21000 and
18 500 cm ™!, respectively. In contrast to CuMFI(P)-19.8-109,
in CuMFI(C)-19.8-113, the intense bands are also observed at
around 21000 and 19500 cm™', in addition to the band
centred at 18500 cm™'. The spectral feature of CuMFI(A)-
19.8-100 is similar to that of CuMFI(P)-19.8-109 rather than
to that of CuMFI(C)-19.8-113. From the photoemission spec-
tra of CuMFI with the Si/Al ratios of 35.0 and 100, we could
not distinguish the specificity of the sites occupied by copper
ions among samples prepared by using different ion-exchange
solutions; the site-occupancy of copper ions is remarkably
different in the samples with an Si/Al ratio of 19.8.

The XANES and EXAFS spectra for CuMFI(P)-19.8-109
under various conditions are represented in Fig. 4. The
observed XANES bands at 8.983 and 8.993 keV after evacua-
tion of the sample at 873 K are representative bands assigned
to the 1s—4p, and 1s—4p, transitions of the Cu™ ions, respec-
tively.?> The appearance of two such characteristic bands is
explained that the Cu™ ions assume a linear (two) or a planar
(three) coordinate structure.’”*° The band at 8.983 keV is
markedly reduced in terms of intensity when the sample is
exposed to N, gas at r.t.,, and the intensity of the band is
recovered by re-evacuation of the sample at the temperature of
exposure. Such changes in the intensity of the observed band
have been interpreted as adsorption of N, molecules by the
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Fig. 4 (a) XANES and (b) EXAFS spectra for CuMFI(P)-19.8-109
under various conditions: (1) after evacuation at 873 K, (2) followed
by exposure to N, gas at about 13 kPa and (3) re-evacuation at r.t.

three-coordinated Cu™ species, thus rendering a pseudo-tetra-
hedral arrangement, and resulting in a decrease in the intensity
of the 8.983 keV-band. In addition, changes in the intensity of
the XANES bands are indicative of a strong interaction
between the Cu™ ions and N, molecules; this finding is also
supported by the observation of a high heat value, 87 kJ
mol ™!, for N, adsorption (ESI%). In the EXAFS spectra, a
band due to back-scattering from the nearest neighbouring
oxygen atoms is observed at 1.52 A (no phase-shift correction)
for the 873 K-treated sample. The parameters, which were
obtained by analysis of the EXAFS data using the least-square
method and by using Cu,O as a reference substance, are as
follows: N (Cu—O coordination number) = 2.7 + 0.2, r (Cu-O
distance) = 1.98 + 0.01 A and ¢? (Debye—Waller factor) =
0.010 A, Here, we were also able to confirm from these values
that the copper ion in CuMFI(P)-19.8-109 is situated at the
site with a three-coordinate environment. When the sample is
exposed to N, gas, the band at around 1.5 A increases in width
and its intensity decreases, in comparison with the properties
of the band obtained for the 873 K-treated sample. By re-
evacuating the sample at r.t., this band recovered its original
pattern. Thus, the changes observed in the EXAFS spectra
also indicate a strong interaction between the copper ions and
N, molecules. Analysis of the EXAFS data for the band at
around 1.5 A (using Cu,O and [Cu(NH;),]" as reference
substances) gave the following parameters: N (Cu-O) = 2.7
4+ 0.2, N (Cu-N) = 1.1 £0.1; r (Cu-O) = 1.97 + 0.01 A, r
(Cu-N) = 1.91 £ 0.01 A; ¢* (Cu-0) = 0.013 A2, 6° (Cu-N)
= 0.005 A% These results are unambiguous evidence in
support of the hypothesis that three-coordinated Cu™ species
are the active sites for specific Ny-adsorption at r.t. Further-
more, the EXAFS spectra values showed good agreement with
the values obtained from the adsorption data (Table 1:
i New: = 1),

The effect of the Si/Al ratio on the state of exchanged
copper ions in CuMFI was examined. The IR spectra for
CuMFI(P)-11.9-68, CuMFI(P)-35.0-50 and NaMFI evacuated
at r.t. are shown in Fig. 5. The intensity of the spectra was
normalized, as described later (Experimental section). For
each sample, two strong bands appear at approximately

0.5

Normalized absorbance

2000 1900 1800 1700 1600 1500 1400 1300
Wavenumber / cm™

Fig. 5 IR spectra of CuMFI(P) and NaMFI in the wavenumber
region of 2000 and 1300 cm™": (--) NaMFI, (1) CuMFI(P)-11.9-68 and
(2) CuMFI(P)-35.0-50.

1860 and 1650 cm™!, which indicates that these bands are
derived from the mother MFI. In a study of HMFI (Si/Al =
14) treated at a high temperature, Zecchina and co-workers
assigned such bands to a skeletal Si-O-Al mode.’! In the
present case, the 1650 cm™'-band appears to involve another
component band assignable to an H-O-H bending vibration
of the water molecules physisorbed in the nanopores of MFI.*?
It is noteworthy that for CuMFI(P)-35.0-50, the characteristic
bands appear at 1700-1300 cm™'. These bands were also
observed for CuMFI(P)-19.8-72 and CuMFI(P)-100-75.
Moreover, similar bands appeared for CuMFI(A) with the
Si/Al ratios of 19.8 and above. The respective bands observed
at 1670, 1594, 1403 and 1308 cm ™! are assigned to the -COO™
species in the propionate ion coordinated to Cu®*, and the
1489, 1469, 1365 and 1340 cm ™ '-bands are attributed to the
CH; bending mode.>® In the higher wavenumber region (not
shown here), the C-H stretching vibration band due to the
propionate ion also appeared clearly for CuMFI(P) with
higher Si/Al ratios. As a matter of course, no such bands were
observed for CuMFI(C) and CuMFI(N) with various Si/Al
ratios. These results demonstrated that Cu®" ions take the
form of a complex with the propionate ion in CuMFI(P) with
higher Si/Al ratios ([CuC,HsCOO] ™). Taking into account the
results shown in Fig. 2 and Fig. 3 it can be concluded that
[CuC,HsCOO]" were exchanged at three-coordinate sites.
Fig. 6 represents the DR-UV-Vis spectra of the samples
evacuated at r.t. A broad band, which is assigned to a spin-
allowed transition from 2Eg to 2T2g of the Cu®>" ions in
CuMFI,*>7 appears for every sample. Judging from the
absorption position of the observed band, the exchanged
Cu’" ions were considered to form the complexes coordinated
with the oxygen atoms (in H,O molecules, C,HsCOO™ ion or
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Fig. 6 DR-UV-Vis spectra of CuMFI: (1) CuMFI(P)-11.9-12, (2)
CuMFI(P)-11.9-68, (3) CuMFI(P)-19.8-72, (4) CuMFI(P)-35.0-50, (5)
CuMFI(P)-100-75, (6) CuMFI(C)-11.9-74 and (7) CuMFI(C)-100-90.

OH™ ion) as a ligand. The position of the absorption max-
imum of the observed band for CuMFI(P)-11.9-12 is found to
be almost the same as that for CuMFI(P)-11.9-68. It is
important to note that for CuMFI(P), the absorption max-
imum of the band is observed at the side with the higher
wavenumber with increasing Si/Al ratio of the sample. Similar
tendency was also seen in CuMFI(A). By taking into con-
sideration that the content of copper ions in CuMFI(P)-11.9-
12 is equal to that in CuMFI(P)-100-75 (i.e., the absolute
amount), the coordination environment of Cu’" ions in
CuMFI(P) appears to differ, depending on the Si/Al ratio.
In addition, for the samples with the Si/Al ratios of 35.0 and
100, a weak shoulder band is also seen at around 16 500 cm™".
Here, we intended to resolve the observed band for CuM-
FI(P)-19.8-72 into the bands centred at 16500, 13900 and
12000 cm™'. The positions of these bands were referred to
those of the bands for CuMFI(P)-100-75 (16 500 and 13900
cm™ ') and CuMFI(P)-11.9-68 (12000 cm™"). The difference in
the position of the maximum absorption of the observed band
has been interpreted as a difference in the strength of the
ligand field associated with Cu®" ions in the samples after the
ion-exchange operations. For CuMFI(C), the positions of the
absorption maxima of the observed bands are almost the same
(ca. 12000 cm™"), independent of the Si/Al ratio, indicating
clearly that the states of Cu®" ions in these CuMFI(C)
samples differ from those in CuMFI(P) with higher Si/Al
ratios.

The EPR spectra of the r.t.-treated CuMFI(P) samples are
shown in Fig. 7. All of the spectra are due to the Cu®>" ions
exchanged in the MFL3¢*? In the case of both CuMFI(P)-
11.9-12 and CuMFI(P)-11.9-68, a band derived from the Cu>*
ions with axial anisotropy is observed at about 3400 G, thus
indicating that the rotation of electron spin in Cu?* ions are
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Fig. 7 EPR spectra of CuMFI(P): (1) CuMFI(P)-11.9-12, (2)

CuMFI(P)-11.9-68, (3) CuMFI(P)-19.8-72, (4) CuMFI(P)-35.0-50,
(5) CUMFI(P)-100-75.

2000 4000

restricted. In CuMFI(P) samples with Si/Al ratios of 19.8 and
above, a sharp and well-resolved band is clearly seen in a
magnetic field that is similar to the bands observed for samples
with an Si/Al ratio of 11.9; analogous spectra were observed
for CuMFI(A). Interestingly, bands similar to those for CuM-
FI(P) with the Si/Al ratios of 11.9 and 19.8 were observed in
the case of the r.t.-treated CuMFI(C) and CuMFI(N) samples
(Si/Al ratios of 35.0 and 100; ESIT). The characteristic bands
observed for CuMFI(P) with higher Si/Al ratios can be
interpreted as follows; the higher the Si/Al ratio of MFI, the
lower the absolute number of copper ions contained in sample,
and thus the probability of spin—spin coupling between copper
ions decreases, resulting in the EPR band being sharp.
Furthermore, special attention was paid to the band on the
side with the low magnetic field. As regards CuMFI(P)-35.0-50
and CuMFI(P)-100-75, we were able to discriminate between
two types of Cu®>" species that differed in terms of coordina-
tion structure by two parameters, g, = 2.34, 4, = 136 G and
g1 = 2.26, A, = 163 G. The Cu®" ions that give the g, values
of 2.34 and 2.26 in CuMFI(P)-35.0-50 and CuMFI(P)-100-75
are subjected to a stronger ligand field, as compared to species
in other CuMFI(P)-11.9 samples with the g, value of 2.36. This
finding is in good agreement with the results deduced from the
DR-UV-Vis spectra (Fig. 6). It appears that in CuMFI(P),
Cu?" ions that yield the parameter g, = 2.36, 2.34 and 2.26
correspond to the species showing the DR-UV-Vis band
centred at 12000, 13900 and 16 500 cm ™', respectively. Taking
account of the results of IR spectra, the Cu®" ions giving the
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Fig. 8 IR spectra of (a) CuMFI(P)-11.9-68 and (b) CuMFI(P)-100-75
in the wavenumber region of 2000 to 1300 cm~!. The samples were
evacuated at the following temperatures: (1) r.t., (2) 373, (3) 473, (4)
573, (5) 673 and (6) 873 K.

gy = 2.36 value were indicative of an aqua complex. In
addition, in the case of CuMFI(P)-100-75, the intensity of
the gy = 2.34-component band is considerably weaker than
that of the gy = 2.26-component band. On the basis of the fact
that the intensity of the band due to the [CuC,HsCOO]"
species is weaker than that of the band due to [CuOH] ™, the
Cu®" ions giving the gy = 2.34 and 2.26 component bands
were assigned to the [CuC,HsCOO]* and [CuOH]™ species,
respectively.

The change in the state of copper ions in CuMFI by heat
treatment in vacuo was elucidated. Fig. 8 shows the IR spectra
obtained for CuMFI(P)-11.9-68 and CuMFI(P)-100-75 after

evacuation at various temperatures. For CaMFI(P)-11.9-68
evacuated at 373 K, the intensity of the band at approximately
1650 cm ™! is considerably smaller than that for the r.t.-treated
sample, indicating that the physisorbed water molecules were
almost desorbed from the sample. In contrast, in the case of
the 373 K-treated CuMFI(P)-100-75 sample, the 1650 cm~!-
band is slightly less intense. This result is due to the difference
in the state of exchanged Cu®*. The IR band in the range of
1700 to 1300 cm™ !, which is ascribed to the [CuC,HsCOO] "
species, disappears after evacuation at 573 K, thus indicating
the decomposition of the propionate ion coordinated to Cu®" .

Fig. 9 shows the EPR spectra for CuMFI(P)-11.9-68 and
CuMFI(P)-100-75 evacuated at various temperatures. For the
373 K-treated CuMFI(P)-11.9-68 sample, two parameters
were evaluated, indicating the existence of two kinds of
exchangeable sites occupied by copper ions. The intensities
of the observed bands decrease gradually with increases in the
treatment temperature (i.e., the reduction of Cu?' to
Cu™).384042 No the values of two g, parameters of CuM-
FI(P)-11.9-68 evacuated at above 473 K change, suggesting
that these signals are due to the Cu®>" ions coordinated to
lattice oxygen atoms. As regards CuMFI(P)-100-75 evacuated
at temperatures of up to 473 K, the relevant parameters were
identical to those for the r.t.-treated sample; the ligand fields
around the Cu®* ions hardly change. The state of the Cu*™
ions in the sample was negligibly affected by the desorption of
physisorbed water molecules, as was also indicated by the
result of the IR spectra (Fig. 8). Thus, from the results of Fig.
3, Fig. 6 and Fig. 7, we assigned the Cu®>" ions in CuMFI(P)-
11.9-68 yielding g, = 2.32 and g, = 2.27 to the Cu®" ions
located in the neighbourhood of the three and the two lattice
oxygen atoms, respectively. Evacuation of CuMFI(P)-100-75

b
1
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2 g, =226,4,=163G
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Fig. 9 EPR spectra of (a) CuMFI(P)-11.9-68 and (b) CuMFI(P)-100-75. The samples were evacuated at the following temperatures: (1) r.t., (2)

373, (3) 473, (4) 573, (5) 673 and (6) 873 K.
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Fig. 10 DR-UV-Vis spectra of (a) CuMFI(P)-11.9-68 and (b) CuMFI(P)-100-75. The samples were evacuated at the following temperatures: (1)

r.t., (2) 373, (3) 473, (4) 573, (5) 673 and (6) 873 K.

at 573 K led to a dramatic decrease in the intensity of the
band. The reduction of the Cu?" ions coordinated with the
propionate ion to Cu™ appears to occur by evacuation at this
temperature. In addition, in the case of CuMFI(P)-100-75
evacuated at 873 K, a sharp band is clearly seen in the vicinity
of 3500 G (g = 2.003; this value was almost the same as that of
the free electron (g = 2.0023)*), whereas this band is not seen
in the case of CuMFI(P)-11.9-68.

The DR-UV-Vis spectra of CuMFI(P)-11.9-68 and CuM-
FI(P)-100-75 evacuated at various temperatures are repre-
sented in Fig. 10. For the 373 K-treated CuMFI(P)-11.9-68
sample, the position of the absorption maximum of the band
due to the Cu®" ions is shifted toward the side with the higher
wavenumber, that is, by 1540 cm”!, as compared to the
position of the maximum for the r.t.-treated sample. This shift
is due to the increased ligand-field strength caused by the
stronger interaction between the Cu®" ions and the oxygen
atoms in the zeolite framework, which had been induced by
the desorption of water molecules from the sample. In the case
of CuMFI(P)-100-75, the extent of this shift is less marked
(550 cm™"). For other samples of CuMFI(P)-11.9-12, CuM-
FI(P)-19.8-72 and CuMFI(P)-35.0-50, the extent of the shift
was 1520, 1250 and 870 cm™!, respectively. For the band shift
of CuMFI(C)-11.9-74 and CuMFI(C)-100-90, its extent was
found to be, respectively 1540 and 1440 cm™'. These results
suggest that the relationship between the Si/Al ratio and the
extent of the band shift strongly depended on the state of
exchanged Cu”" ions. The observed band for CuMFI(P)-11.9-
68 evacuated at 473 K appears to involve at least three kinds of
component bands: the bands centred at 16500, 13900 and
12000 cm™!. Taking account of the results described above
(Fig. 6, Fig. 7 and Fig. 9) and our recent work,** the bands
centred at 16500 and 13900 cm ™' could be ascribed to the
Cu®" ions located in the neighbourhood of the two and the

three lattice oxygen atoms, respectively. For CuMFI(P)-11.9-
68 evacuated at higher temperatures, the intensity of the band
decreases gradually, which suggests a reduction of Cu®>" to
Cu™ .**3% The 13900 cm™'-band observed for the r.t.-treated
CuMFI(P)-100-75 sample disappears with evacuation at 573
K, although in the case of CuMFI(P)-11.9-68, the band due to
the Cu®™ ions remains intact, even after evacuation at 873 K.
For CuMFI(P)-100-75, the treatment temperature, 573 K, was
the same temperature at which the band ascribed to the
propionate ion coordinated to Cu®>* had disappeared (Fig.
8(b)). The results obtained for CaMFI(P)-19.8-72 and CuM-
FI(P)-35.0-50 were similar to those obtained for CuMFI(P)-
100-75. Therefore, the extent of reduction clearly differed in a
manner dependent on the Si/Al ratio of the samples, support-
ing the adsorption data. Noteworthy is that in the case of
CuMFI(P)-100-75, a new band appears at 17870 cm™' with
evacuation at 873 K. This band has been assigned to the
plasmon resonance of metallic copper particles formed in the
sample during heat treatment in vacuo.*> On the basis of the
observation that no such band was observed in the cases of
CuMFI(C)-100-90, CuMFI(N)-100-73 and CuMFI(A) with
various Si/Al ratios, the formation of metallic copper particles
is assumed to be unique in the case of the sample with a
higher Si/Al ratio when exposed to an aqueous solution of
CU(C2H5COO)2.

Fig. 11 represents the TPD profiles for CaMFI(P)-11.9-68
and CuMFI(P)-100-75. For both samples, a desorption peak
at around 373 K is derived from the desorption of physisorbed
water in zeolite nanopores. In particular, in the case of
CuMFI(P)-100-75, other distinct peaks are observed at 555,
660 and 715 K, which are, respectively ascribed to the
desorption of CO,, C;H, and H,, as a result of the decom-
position of the propionate ion coordinated to the Cu®>" ions.
These results clearly demonstrate the Si/Al ratio-dependent
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Fig. 11 TPD profiles for (a) CuMFI(P)-11.9-68 and (b) CuMFI(P)-
100-75.

differences between species (molecules) desorbed from CuMFI
during heat treatment. This difference undoubtedly originates
from the different states of copper ions in the samples after ion
exchange. In addition, it can be assumed that H, molecules,
which are decomposition products of propionate ions,
contribute to the reduction of Cu™ to metallic copper in
CuMFI(P) with higher Si/Al ratios.

More recently, interesting report has been made by Chris-
tensen’s group; CuMEL and CuMTW exhibit efficient cataly-
tic activity for the direct decomposition of NO, in comparison
with CuMFL* The difference in the catalytic activity was
concluded to be caused by the difference in the location of
active sites in samples. We here reported that by the difference
in the Si/Al ratio of the mother MFI, the relative proportion of
the number of the active sites in CuMFI for N, adsorption was
considerably different. Referring to the model of the ion-
exchange sites in MFI proposed by Nachtigallova er al.,*’
the two- and the three-coordinate sites presented are consid-
ered to correspond to 12 and M7 sites locating on the inter-
section of the straight and sinusoidal channels and on the main
channel of MFI framework, respectively; the number of 12
sites were suggested to decrease with increasing the Si/Al ratio.
Thus, the work of Christensen’s group seems to have close
connection with ours.

Conclusions

As regards N, adsorption at 301 K, CuMFI (Si/Al = 19.8)
prepared by using a Cu(C,HsCOOQO), solution exhibited ex-
tremely efficient properties, as compared to the adsorption
properties of samples with other Si/Al ratios and/or with other
solutions. Furthermore, the three-coordinated Cu™ species

clearly exhibited effective for N, adsorption at r.t. and these
species interact with N, molecules at a ratio of 1 : 1. The Cu™
ions that exhibited a photoemission band at 18 500 cm ™' and
gave a CO adsorption heat of 110 kJ mol~! were formed in
higher rate in samples with higher Si/Al ratios. This type of
Cu™ species had a three-coordinate structure involving lattice
oxygen atoms. Taking account of the results of IR, DR-
UV-Vis and EPR spectra for the r.t.-treated samples, it was
concluded that Cu®" ions with a propionate or acetate
ion were exchanged in the neighbourhood of the three-
coordinate sites.

Two different types of Cu®* species in the two- and the
three-coordinate sites were distinguishable by DR-UV-Vis and
EPR spectral measurements. That is, the Cu?" ions in the
two-coordinate sites exhibit the DR-UV-Vis band at
16500 cm™! and the g, = 2.27 parameter and the ones in
the three-coordinate sites the DR-UV-Vis band at 13900 cm ™
and the g, = 2.32 parameter. Changes in the state of the
copper ions in CuMFI induced by heat treatment in vacuo
clearly differed in a manner dependent on the Si/Al ratios of
the MFI. Metallic copper particles were formed in sample
prepared by Cu(C,HsCOO), solution which had an Si/Al ratio
of 100.

Experimental

Sodium-form MFI zeolite (NaMFI) with an Si/Al ratio of 11.9
and three types of protonic-form MFI zeolite (HMFI) with
respective Si/Al ratios of 19.8, 35.0 and 100 (all supplied by
Tosoh Co.) were used as the starting materials for the copper
ion-exchange procedure. Approximately 5 g of MFI was
dispersed in an aqueous solution of Cu(C,HsCOO), (pH
6.0), Cu(CH3COO), (pH 5.5), CuCl, (pH 3.0) or Cu(NO3),
(pH 3.3) while being stirring for 1 h at a definite temperature.
By repeating this operation several times, CuMFI samples
with different Si/Al ratios and desired exchange levels were
prepared. These samples were washed thoroughly with dis-
tilled water, followed by drying at room temperature (r.t.) in a
vacuum desiccator for 24 h. The copper ion-exchange levels of
the samples were determined according to the same method as
that used previously.> The present samples are denoted as
CuMFI(X)-Y-Z (X: type of counter ion employed, i.e., P, A, C
and N; Y: Si/Al ratio; Z: ion-exchange level). Detailed ion-
exchange conditions and the resultant samples are described in
the ESI.+ N, gas, used as an adsorbate, was obtained by
vaporizing liquid N,. CO gas (99.9%) was purchased from the
GL Sciences Co.

For the sample treated at 873 K for 4 h under a reduced
pressure of 1 mPa, the adsorption isotherms of N, or CO were
obtained volumetrically at 301 K. The heat of adsorption was
measured simultaneously with the adsorption isotherms by
using an adiabatic-type calorimeter.*®

The photoemission spectra were measured at r.t. with a
Hitachi F-2000 photoluminescence spectrophotometer. The
emission was observed by focusing an excitation light of
33300 cm™! onto an in situ sample cell.

The X-ray absorption fine structure (XAFS) spectra were
taken at beam line 10B, which was equipped with a double-
crystal monochrometer of Si(311), under ring-operating
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conditions of 2.5 GeV and 300 mA (Photon Factory in the
Institute of Materials Structure Science: Inter-university
Research Institute Corporation, High Energy Accelerator
Research Organization, KEK, Tsukuba). The photon energy
was calibrated by using the pre-edge peak of a copper foil
(8.9788 keV). The X-ray absorption near edge structure
(XANES) and the extended X-ray absorption fine structure
(EXAFYS) spectra were recorded at energy intervals of 0.5 eV
and 2-3 eV, respectively. A self-supporting disk was loaded
into an in situ cell. The spectral data were analysed using
Maeda’s program.*

For the measurement of infrared (IR) spectra, a self-sup-
porting sample disk was loaded into an IR cell. The spectra
were recorded at r.t. on a Digilab FTS4000MXK FT-IR
spectrophotometer equipped with a TGS detector (accumula-
tion: 64 scans; resolution: 4 cm’l). The intensity of the IR
band was corrected by normalizing the intensity of the skeletal
mode of zeolite at approximately 2000 cm™".

The diffuse reflectance UV-Vis (DR-UV-Vis) spectral data
were collected at r.t. using a JASCO 550 UV-Vis spectro-
photometer equipped with an integrating-sphere attachment.
The sample was placed into a vacuum reflectance cell.
Spectralon (Labsphere, USA) was employed as a reference
material.

The electron paramagnetic resonance (EPR) spectra were
recorded at r.t. with a JEOL-FE3XG spectrometer operating
at about 9.5 GHz. The measurements were carried out under
the following conditions: field modulation, 100 kHz; micro-
wave power, 1 mW; and modulation width, 5 Gauss. The
sample was loaded into an EPR sample tube equipped with a
stop cock. The resonance magnetic field was determined by
using a manganese species doped into the solid material as a
reference.

Prior to measurements of the spectra, each sample was
treated at a definite temperature for 2 h under a reduced
pressure of 1 mPa.

The temperature-programmed desorption (TPD) profiles
were obtained by using an apparatus equipped with a thermal
conductivity detector (GL Sciences, Type E-12). The sample
was treated at r.t. for 2 h under a reduced pressure of 1 mPa
before the thermal desorption run, and then the sample was
heated to 873 K at a rate of 5 K min~! under flowing He gas at
a rate of 60 cm® min~'. Desorbed gases were monitored by an
ANELVA M-100QA-F mass spectrometer.
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