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The IR technique in combination with adsorption microcalorimetry was used to picture the bonding nature of
silver ion exchanged or supported on solid materials, such as ZSM-5-type zeolite, aluminosilicate,and SiO

by utilizing CO as a probe molecule. It has become apparent that there exists an adsorption site on which the

CO molecule is adsorbed to give an IR absorption band: IR band at around 219fcsilver-ion exchanged
ZSM-5 (AgZSM-5) and aluminosilicate (Ag/SiRAI.0s), and at 2177 cmt for silver-ion supported Si©
(Ag/Si0Oy). The CO adsorption took place accompanying a large heat evolution ef8DRJ mol™* on the
former two samples and relatively small heat of-2® kJ mot? on the latter sample; silver ions exchanged

with protons acting as Brgnsted acid sites are responsible for the strong adsorption sites for CO adsorption.

Taking account of the relationship between the differential heat of adsorgti@nad the stretching vibrational
frequency of adsorbed CQOdp), it was concluded that the electrostatic interaction is dominantly operative

in these systems. The large adsorption heats in the initial stage of CO adsorption on the AgZSM-5 and Ag/

SiO;+Al,O3 samples may be successfully explainable by considering a little contributierbohding in
addition to the electrostatic interaction. The quantum chemical calculation was performed to justify the two
types of ion-exchange model for silver ion coordinated to two or three lattice oxygen atoms in AQZSM-5, as

well as to clarify the bonding nature between the exchanged silver ion and CO molecule. As the results, the

two-coordinated silver ions in AgZSM-5 can adsorb CO molecules and give the values of about 100 kJ
mol~t and 2193 cm?, and the three-coordinated silver ions weakly adsorb CO to give the values of about 80
kJ mol* and 2184 cm!. These adsorption energies are much smaller and the stretching frequencies due to

the adsorbed CO are higher, compared with the case of CO adsorption on copper-ion exchanged ZSM-5

(CuzZSM-5). From these results it can be interpreted that the dominant force operating in the AgASM-5
system is electrostatic attraction, as is different from the case of CuzS®bsystem in which the-donation
is dominant in the bonding. This difference is explained by taking account of the differences in energy gap
between 4d-5s for silver ion and 3¢4s for copper ion; in the former case the hybridization of orbital is
limited to result in a large-repulsion. The present experiment clearly proved that the evaluation of bonding
nature from the relationship betweegz andvco is useful in the characterization of exchanged ions. The
specific bonding nature between copper ion {Cexchanged in ZSM-5 and CO molecule was also clarified.

Introduction sustained activities in NQlecompositiofr 8 and also in specific

It is well-known that the copper ions deposited on supports N2 adsorption at room temperatuffe? A large number of
exhibit catalytic activity as well as adsorption activity in various studies have so far been made on the catalytic activities of this
systems. Examples are the hydrocracking catalirst, catalyst material, intending to develop new practical catalysts, and have
for the synthesis of methanol frompldnd CO%3and the catalyst ~ made it clear that the copper ion (Quis in the core of the
for the low-temperature water-gas shift reactfoand so on. active site. Little is known about the electronic and structural
Among such catalysts, the copper ion-exchanged zeolite, in environment of the exchanged copper ion, though such informa-
particular, ZSM-5-type zeolite (CuZSM-5), exhibits high and  tion could help to rationalize the catalytic behavior exhibited

* Author to whom all correspondence should be addressed. Fax: 81- by the monovalent copper ion. If we draw our attention on the
(Japan)-86-251-7853. E-mail: kuroda@cc.okayama-u.ac.jp. outer shell orbitals, it is clear that Agakes the isoelectronic
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structure with Cdi. To examine the state of Ags helpful for neous measurements of the adsorption heat and the adsorption
getting the information on the specificity of the copper ion in isotherm of CO were performed at 301 K for the sample
zeolite. Relating to the silver ion, the photocatalytic decomposi- evacuated at 473 K under a pressure of 1.3 mPa. After these
tion of NO has been trying on the silver ion-exchanged ZSM-5 measurements, the sample was degassed at 301 K to remove
samplet3-17 Actually, the development of the effective photo- weakly physisorbed CO molecules. Then, the second adsorption
catalysis is the everlasting dream of humans in reducing global measurement was performed again at 301 K. The equilibrium

air and water pollution. pressure of CO gas was measured with a capacitance pressure
In the present paper, a thorough study of ZSM-5, alumino- sensor, MKS 310 BH.
silicate, and Si@that were modified by silver ion is presented IR Spectra. IR spectra were measured by a Mattson 3020

to reveal the properties of Agand also to clarify the specificity ~ FT-IR spectrophotometer with a TGS detector at a nominal
of the electronic state of Cuin CuZSM-5. In particular, IR resolution of 2 cm?. Sixty-four scans were collected to obtain
spectroscopy was applied in combination with adsorption each spectrum. The sample was pressed into the self-supporting
microcalorimetry to picture the bonding nature of the silver ion disk and was placed in an in-situ IR cell. IR spectrum of the
supported on solid materials by utilizing CO as a probe sample was recorded after evacuation at 473 K, and it was used
molecule. The effect of supports on the properties of exchangedas a reference spectrum. To analyze the surface state of the

silver ion was also examined in this study. sample, CO gas was adsorbed at 300 K.
XAFS Spectra.X-ray absorption fine-structure spectra were
Experimental Section recorded at the beam line BL-10B at KE#RF of Tsukuba.

The electron storage ring was operated at energy of 3.0 GeV
and 300 mA. A Si(311) double-crystal monochromator was
used. Photon energy was calibrated by measuring the absorption
of Cu foil and was taken to be 8.9788 keV. Changes in the
energies of XANES and of EXAFS features were detectable to
an accuracy of 0.5 eV and of-3 eV, respectively. The EXAFS

Materials. A sodium type of ZSM-5 zeolite (NaZSM-5: Si/
Al =11.9) and silica sample (Aerosil 200) were kindly provided
by Tosoh Co. and by Japan Aerogel Co., respectively. An
aluminosilicate sample (S¥AI,03) was prepared in the
following mannert® A mixed solution including 0.93 g of
aluminum isopropoxide and 11.3 g of tetraethyl orthosilicate data were analvzed using a proaram developed by MEdda
in 25 mL of isopropyl alcohol was added to an aqueous solution these measure)r/nents allgsar% I%s were treaF:ed in)isitu ’
of NaOH (0.33 g in 100 mL). The solution thus prepared was . ' ple L
kept stirred at 318 K, then kept at 343 K for 24 h. The precipitate . Calculation Method. The gradient corrected density func-

N -+ tional (DF) and the hybrid functional methods, so-called, the
was thoroughly washed with distilled water and then dried in ;
air. The sample was finally calcined at 873 K for 6 h. Becke-three-parameter Lee-Yang-Parr functi$hgB3LYP)

P = : ) were employed in the present calculation. It was composed of
Sigzll-\,/Aelgcljzn (i)g(](l:ggg-ziéjwls:n%?ees Zvevzlr'tee é’?‘egpzasrg/(lj 5)byan: the Slatet! and Becké exchange functionals as well as the
conventional ion-exchange method with an aqueous solution Lexag:; Hat'gee?fOCk elxi_hang?e art]_d th? V(ﬁO-V&hIk-Ng §a1|9|j 198
of silver nitrate. The ion-exchange was repeated several times ee-vang-rafr cofrefation functionais. 'ne fsaussian

to obtain the sample with a desired ion-exchange capacity. Theﬁg?griwj I\ﬁ) e;%f;g;?;%%%??:uotréheo\:ﬁ?tg?sth(&%%:g'?}?5
ion-exchange capacity was determined by the chelatometric 9 p

method; the silver ion liberated by treating the sample with a 6-31G(D) all-electron were carried out. We found that the
solution of HCIQ was titrated. It was assumed that one optimized structures were close to each other but the harmonic

monovalent sodium ion can be exchanged with one rnOnovademfrequencles calculated with all-electron basis for the adsorbed

silver ion. The samples, hereafter, are abbreviated as AgZSM-ﬁ(e)rer;]%?CUl: Wﬁrreefg]rotrg tﬁlgsni' tg dtgzs?s),(?zgn?tes nta:]e\gl:ﬁz'
5-X and Ag/SiQ-Al,03-Y, where X and Y mean the ion we wl X ! uits w

exchange capacity in % and in wt % for the respective samples.s'SlG(D) basis is used for the CO moiety and the MCP basis

The sample was pretreated at 473 K under a reduced pressuréOr the ze(()jllte moiety. f ol del the CO ad .
of 1 mPa for 4 h prior to all the measurements of adsorption _We used two types of clusters to model the CO adsorption
heats, isotherms, IR, and XAFS. sites on AgZSM-5. One is so-called the pentameric modet/ Ag

Al(OSi(OH)3)4 and the other is AYAI(OH)4 (see in the text).
The latter is constructed by replacing the Si(@Hit with the

H atom. For the pentameric model, only the central g0 4
moiety was optimized, and the peripheral (Si(@kl)moiety
Jvas fixed to the crystalline structure. For A@l(OH),, the
whole cluster as well as the adsorbed CO molecule was
optimized.

The silver-ion supported Si&ample (Ag/SiQ) was prepared
by impregnating silica (Aerosil 200) with an aqueous solution
of silver nitrate. This sample is designated as AgiStOwhere
Z represents the amount of deposited silver ion in wt %.

The AgO sample used as a reference sample was prepare
by mixing a 0.5 mol dm3 AgNO; solution and a 0.5 mol dn#
NaOH solution at room temperature. The precipitate was washed
thoroughly with distilled water and then dried in a vacuum cell
to avoid an easy adsorption of GQas.

The metal silver (Ag) was presented from Vacuum Metal-  Adsorption Heats and Isotherms of CO.Adsorption micro-
lurgicals Co. and K[Ag(CNJ was purchased from Aldrich  calorimetry permits an accurate determination of the energetic
Chemicals. Carbon monoxide (CO) gas used as an adsorbat&trength of adsorption site by using a suitable probe moleé€ule.
was purchased from GL Science Co. and was purified by passingin the present study the calorimetric study of CO adsorption
through a cold trap (at liquid Ntemperature) before every was carried out in order to evaluate the adsorption properties
measurement. Dinitrogen gNgas was obtained by vaporizing  of the AgZSM-5 sample. The relevant energies of CO adsorp-
a liquid Ne. tion, differential heats of adsorptioms;), are represented in

Measurements of Adsorption Heat and Isotherm.The Figure 1, together with the adsorption isotherms. Corresponding
measurement of adsorption heats was carried out by using theto the drastic increase in the adsorbed amount along ordinate
adiabatic-type calorimeter that was made in our laboratory. The axis in the first adsorptionggi for the 473 K-treated sample
procedure for the measurement was as follows; first, simulta- gives a large and constant value of 90 kJ Malfter passing a

Results and Discussion
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Figure 1. The differential heats of adsorption (a) and adsorption 2300 2250 2200 2150 2100

isotherms (b) of CO at 301 K for the AgZSM-®3 sample evacuated Wavenumber / cm-l

at 473 K. Filled and open c_ircles represent the first and second Figure 2. Infrared spectra for the AgZSM-593 sample treated in
adsorption processes, respectively. the following manner: (1) evacuated at 473 K; equilibrated at 300 K

. . with CO gas of increasing pressure of (2) 0.266 Pa, (3) 0.533 Pa, (4)
m?eléﬁl é-s ga}'ﬁgtogftgﬁvgﬂgﬁgr of Adsorbed CO 57.6 Pa, (5) 403 Pa, (6) 1.05 kPa, (7) 2.99 kPa, (8) 5.27 kPa, and (9)
13.8 kPa; followed by reevacuation at (10) 300, (11) 373, and (12)

sample CQs/Agt COsecondAg™ COchenfAg™ 473 K. Broken lines in spectrum 10 represent two component spectra
AgZSM-5-93 1.13 0.63 0.50 separated from the experimental spectrum.
Ag/SiO,rAl 05 0.54 0.37 0.17 o ) ] .
Ag/SiO; 0.28 0.28 10), which indicates the existence of a strong adsorption site

on AgZSM-5, being very consistent with high; values of
high energy region of 100 kJ mdl at the initial adsorption 100-75 kJ mof™. This absorption band disappears completely
stage, followed by descending values from 90 to 75 kJfol after the evacuation at 473 K (spectrum 12). Spectrum 10 can
with increasing adsorbed amount from 8 to 123@n?. After be resolved into two components, though the second component
passing this region, the adsorption heat decreases from 75 tacentered at 2184 cm is extremely weak. In this deconvolution
40 kJ moft as the adsorbed amount increases from 12 to 25 procedure we assumed that the spectrum for the 373 K-treated
cm? g1, coinciding with a departure from the ordinate axis in sample consists of one component (spectrum 11), and then the
the isotherm. It may be reasonable to assume thaiihelata, analysis of the spectrum for the 300 K-treated sample was
corresponding to the values of more than ca. 90 kJfahd performed by using both resultant peak position and fwhm of
those of descending from 90 to 75 kJ mblith increasing single band for the 373 K-treated sample. The observed band
coverage, suggest a presence of two types of sites for strongfor the 300 K-treated sample was successfully recovered by
adsorption, i.e., chemisorption. The almost constant value of these procedures; there are two bands consisting of a major and
ca. 90 kJ mot! is in fairly good agreement with the data a minor components. The former band vanished by the heat
reported by Meyer et & who examined the gaseous carbonyl treatment at 473 K and the latter band easily disappeared through
complexes of the silver ion. The second adsorption restores thethe evacuation at 373 K. For the CuZSM-60 system a broad
part of latter half in the first adsorption, which indicates that IR band ¢co) due to Ci—CO species was observed at around
the latter part (7540 kJ mot?) of the first adsorption 2155 cn1?; in this case the band could be resolved into three
corresponds to physisorption. Therefore, the chemisorbed andcomponents, that is, two dominant components which are
physisorbed amounts can be estimated to be 12.0 and 14.0 cmresistant to the heat treatment up to 573 K and one minor
g1, respectively. By combining the number of the exchanged component?31-33

silver ions with the adsorbed amounts, the CO/Agtios are It is meaningful to examine the factors affecting the bonding
calculated to be 0.50 and 0.63 for the chemisorption and nature observed for AgZSM-5, and hence we compared the
physisorption, respectively (Table 1). adsorption data for Ag/Si©AIl O3 and Ag/SiQ with the results

IR study gives information on the state and bonding char- obtained for the AgZSM-5 system. Figure 3 shows the adsorp-
acteristics of silver ions when CO is used as an adsorbatetion isotherms and the adsorption heats of CO for these samples.
because of its high IR absorbance intensity and weak basicThe heat of adsorption of CO on Ag/Si®\I,0; is about 100
nature?® The spectra of CO adsorbed on AgZSM-5 are shown kJ mol ! at the initial stage, and then it decreases to 80 kJ ol
in Figure 2. At the initial adsorption stage, a distinct and sharp at an adsorption of ca. 2 éng%, followed by a continuous
IR band is observed at 2193 cf With increasing coverage, decrease to about 40 kJ mélwith increasing coverage.
an additional broad band is observed with a slight tailing toward Corresponding to the fact that the adsorption isotherm is of
lower frequency side, and the 2193 chiband finally shifts to Langmuir type, the adsorption heats are relatively larger,
2185 cnrl.30 By the succeeding evacuation of the sample at probably due to chemisorption of CO on Agpecies. On the
300 K the strong band centered at 2193 &necovers (spectrum  other hand, CO adsorption on Ag/Si@ives the value of 70 kJ
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Figure 3. The differential heats of adsorption (a, ¢) and adsorption
isotherms (b, d) of CO at 301 K for the Ag/Si®@I,03;—6 (a, b) and
Ag/SiIO,—12 (c, d) samples that were pretreated at 473 K in vacuo, L L L
respectively. Filled and open circles represent the first and second 2300 2250 2200 2150
adsorption processes, respectively. Wavenumber / cml
o . Figure 4. (a) Infrared spectra for the Ag/SiAI ,0;—6 sample treated
mol~! at the initial stage and then reveals descending values, n the following manner: (1) evacuated at 473 K; equilibrated at 300
50—-30 kJ mot, with a slight increase in the adsorbed amount. K with CO gas of increasing pressure of (2) 10.5 Pa, (3) 147 Pa, (4)
This feature is distinctly different from those observed for the 744 Pa, (5) 1.42 kPa, (6) 4.52 kPa, and (7) 14.3 kPa; succeedingly
AgZSM-5 and Ag/Si®-Al,O3 systems. Furthermore, an ex- €vacuated at (8) 300 K and (9) 373 K. (b) Infrared spectra for the Ag/

PR et SiO,—12 sample treated in the following manner: (1) evacuated at
tremely small amount of adsorption is also characteristic of the 473 K. equilibrated at 300 K with CO gas of increasing pressure of

Ag/SIO,~CO system; in other words, there are few Sites g 4n'py (3) 20 5 pa, (4) 98.9 Pa, (5) 463 Pa, (6) 919 Pa, (7) 2.90
interacting strongly with CO molecules. These are reflected in pa (8) 5.05 kPa, and (9) 16.3 kPa; succeedingly evacuated at (10)
the small differences in the adsorbed amounts and in the 300 K.

adsorption heats between the first adsorption and the second

adsorption. Comparison of CO adsorption on these three samplesilver ions, and it remains even after evacuation at 300 K, being

2100

is given in Table 1. indicative of chemisorption on Ag/S¥AI,03 (Figure 4a). In
Figure 4 represents the FTIR spectra obtained after dosingthe case of CO adsorption on Ag/Si@ band at 2177 cnt
CO sequentially onto Ag/Si©Al,03 and Ag/SiQ at 300 K. becomes distinct when CO pressure is increased considerably,

For the Ag/SiQ-Al,O; sample, the center of the band shifts and at the same its center shifts to 2175 &r(Figure 4b).
from 2191 to 2183 cm! with increasing pressure or coverage. Furthermore, it is found that this band disappears after evacu-
This band is obviously due to the CO species adsorbed on theation at 300 K, corresponding to a weak interaction of CO



8980 J. Phys. Chem. B, Vol. 106, No. 35, 2002 Kuroda et al.

2195

2190 [2.0

T 2185f
2
£
E 2180 L
5] o
=
& 2175M ‘o) £
eo
]
2170 ' . L =
0 5 10 15 20
Pressure / kPa 2
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Figure 7. Fourier transform of the EXAFS oscillations at Ag K-edge

of the reference samples: (1) Ag metal; (2).8g (3) K[Ag(CN)g].

TABLE 2: Results of EXAFS Analysis for AQZSM-5—93
Sample Treated under Various Conditions

filie
iié

Magnitude
B
-
wl
w
ES
o >
n I w [ -
N
Magnitude

pretreatment contribution N r/A 0? R/%
evacuated at 300 K first shell 3.6 221 0.022 8.4
Agr-O(L)
) o DWW evacuated at 473 K first shell 26 214 0.013 2.8
01 2 3 45 6 01 23 456 AgT—0O(L)
Distance / A Distance / A Distance / A second shell 0.9 286 0.014 8.1
Figure 6. Fourier transform of the EXAFS oscillations at Ag K-edge ) Ag*—Ag*
and (c) Ag/SiQ—12. These samples were treated under various AgT-C
conditions; (a) evacuated at increasing temperature: (1) 300 K; (2) second shell 1.9 231 0.035
373 K; (3) 473 K; (4) followed by CO adsorption at 300 K; (5) Ag —O(L)
reevacuated at 300 K after CO adsorption. secondshell 0.8 2.85 0.0 17.7
Agt—Ag"
molecule with the silver-ion deposited on Sidhese IR data ZZ&CTS(?S)” 13 31z 00p

are consistent with the results shown in Figure 3.

Increasing of equilibrium pressure from nearly zero to 16 373 K and becomes more obvious after evacuation at 473 K.
kPa causes band shifts from 2193 to 2185 &iffior AGQZSM-5 Analysis of the EXAFS spectra collected for the AQZSM-5
and from 2191 to 2183 cm for Ag/SiO,-Al 03, and from 2177 sample evacuated at 473 K gives the parametidrs: 2.6 and
to 2175 cnrt for Ag/SiO,. The wavenumber of the bands, which  r = 2.14 A for the first shell and\ = 0.9 andr = 2.86 A for
are obviously assigned to the—© stretching vibration of the second shell, respectively (Table 2). These values are
adsorbed CO molecules, are plotted in Figure 5 as a functioninterpreted as follows; the silver ion takes a distorted two- or
of equilibrium pressure. The differences in position and extent three-coordination structure with the lattice oxygen atoms (in
of shift of these bands mean the difference in the bonding naturethe first shell), being concomitant with an existence of another
between the silver ion and CO molecule; for the larger band silver ion (in the second shell). When CO was adsorbed on the
shift the heat of adsorption of CO is higher. Since the silver 473 K-treated sample, the band at around 2.50 A (no phase-
ion exchanged with proton acting as the Brgnsted acid is shift correction) became stronger (spectrum 4), accompanying
responsible for the generation of higher heat of CO adsorfion,  a slight shift of the band from 1.85 A (no phase-shift correction)
the concept of acidity of solid as well as its electronic feature to 1.95 A. After evacuating this CO-treated sample at 300 K,
will be of benefit to the discussion on the state of exchanged the 1.95 A-band (no phase-shift correction) recovered at its
silver ions. original position, keeping the distinctive band at around 2.5 A

Structural Information on Exchanged Silver lon. The (spectrum 5). The spectra collected in the presence of CO was
EXAFS spectra of the AgZSM-5, Ag/SiAIl,03, and Ag/SIQ analyzed using one-shell and three-shell fittings for the first and
samples are shown in Figure 6. Prior to the measurement thethe second bands: the former fitting due to the carbon atoms
sample was evacuated at increasing temperature from 300 toof the adsorbed CO molecules and the latter one due to the
473 K, followed by the adsorption of CO at a pressure of 13.3 lattice oxygen atoms, the silver ion, and oxygen of the CO
kPa and at 300 K, and finally reevacuated at 300 K. The EXAFS molecule. In the first shell around the silver ion on which CO
spectra of the reference samples are represented in Figure 7was adsorbed, the radial distribution was inverse-Fourier
Fourier transformed spectra for the samples treated in vacuotransformed in the range 1.6@.16 A (Figure 8). The best fit
(spectra £3) exhibit a strong band at around 1.85 A (no phase- was obtained in the range k{wave vector) from 3.92 to 10.76
shift correction) that can be ascribed to a backscattering from A=2 In this analysis, thé-value, i.e., the photoelectron mean
the first nearest lattice oxygen atoms or water molecidl&€s34:35 free-path for the Ag-C pair, of the [Ag(CN)]~ sample was
A new finding for the AgZSM-5 sample is the appearance of a used as the backscattering contribution from the-&gpair
band at around 2.6 A, which is observable after evacuation atthat is assumed to be transferable as a reference. A similar
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Figure 8. The transform of the data3,(k) vs k) into real space is performed over a range of 3.02.00 A%, The best-fit spectra (broken line)

for the AgZSM-5-93 sample evacuated at 473 K (a, b) and succeedingly treated with CO (c, d) were obtained by using paramete@sinf Ag

Ag20 and of Ag-C in K[Ag(CN),]. Inverse transforms (solid line) of the sample treated at 473 K were taken over the raRda)dirom 1.16

to 2.12 for the first band, and (b) from 2.32 to 2.96 A for the second band. The same procedure was performed for the sample on which CO had
been adsorbed in the region (c) from 1.60 to 2.16 for the first band, and (d) from 1.98 to 3.07 for the second band.

[os

procedure was applied to the second shell around the silver ion,
taking account of the backscattering from the species 4@, IM IM
AgT—Ag™, and Ag-—(C)—0O by use of parameters for AQ.
The resultant best-fit data are also shown in Figure 8 and Table
2. The change of AgO distance from 2.14 A (before CO
adsorption) to 2.31 A (after CO adsorption) is obviously due to
the interaction of the silver ion with CO molecule. This may
be the first example concerning the structure of the-&g J
species formed in zeolite. However, as for the detailed coordina- J
tion structures around the silver ion, we were not able to separate
the band into two components suggested from the IR data. The L ‘ ‘o o
coordination environment of the silver ion that has a low 2544 2550 2556 2544 2550 2556 2544 2550 2556
adsorbablity for CO molecules is not clear at the present stage. P& / &V Fhoton energy / KeV Photon enerey / ke¥
Similar tendencies were observed for the EXAFS spectra of Figure 9. Ag K-edge XANES spectra of the (a) AgZSM-33, (b)
the Ag/SiQ-Al,O; sample, though the feature of the second A/SiOxAl20s=6, and (c) AG/SIG-12 samples. These samples were
band is not so distinct as in the case of AGgZSM-5. The band treatgd under VE.II'IOUS conc.iltlons, (a). evacuated at increasing temper-
. =2 . ature: (1) 300K; (2) 373 K; (3) 473 K; (4) followed by CO adsorption
assignment was also similar to the latter case. The Ag/SIO 4t 300 K: (5) reevacuated at 300 K after CO adsorption.
sample also exhibited a similar band feature to those of other
two samples, though the change of spectra was far lessspectra between respective processes and the 473-K treated one
pronounced owing to both the small surface area and the smallare depicted in Figure 11. The most striking feature observed
content of silver ions of this sample. after CO adsorption is that the intensity of the band at 25.49
The XANES spectra of AgZSM-5, Ag/SiAI 03, and Ag/ keV decreases, and that at 25.50 keV increases. These data
SiO, samples that were treated under different conditions are indicate that the electronic configuration of the silver ion is
shown in Figure 9, and those of reference samples arestrongly affected by the formation of [Ag(CO)]species.
represented in Figure 10. The spectral pattern of the 300 However, the quantitative analysis of the spectral pattern is
K-evacuated sample (spectrum 1) is found to be different from difficult for the silver ion system, because of a broadening nature
those of reference samples (Ag metal and®@)y which implies of these bands. The original pattern for the 473 K-treated sample
that the silver ion takes the isolated state: coordination to lattice could not be completely recovered by the reevacuation at 300
oxygen atoms and/or adsorbed water molecules. Evacuation ofK after CO adsorption. This implies that the strong CO
the sample at 473 K yields a slightly different pattern from that adsorption takes place on the monovalent silver ions.
observed for the 300 K-treated sample. In this sample, the silver Force Being Operative in the Interaction between Silver
ions take a bridging structure between two lattice oxygen atoms lon and Coming Molecules.It is expected that the nature of
or a distorted three-coordination structure, corresponding to thebonding between metal ions and CO affects both valuegif
models proposed below. An important point should be added and vco as well as their relationshi{§:3” We have so far
when the change in XANES spectra is looked at carefully; for emphasized that the IR technique in combination with micro-
the AgZSM-5 sample the lower energy side of the first strong calorimetry is useful to picture the bonding nature between
band decreases in intensity upon CO adsorption. The differencesnetal-ion exchanged in the zeolite sample and CO molecule.

e v wi=

(& v (v =
Absorption

i“ii i.— I

Absorption
Absorption




8982 J. Phys. Chem. B, Vol. 106, No. 35, 2002 Kuroda et al.

140
120 3
% 0p e
z sof 7
~ ‘
g6 QAo
s Dy n
£ wf e
& 201 a =
2
< 0 L L 1 1 1 1
2130 2150 2170 2190
Wavenumber / cm™
60
50| Li*(v)
!
f . ! ! 40 i
2544 2547 2550 2553 2556 25.59 = Na*QV) ®
Photon energy / keV 2 30}
> +,
Figure 10. Ag K-edge XANES spectra of the reference samples: (1) < b NEE K'av)
Ag metal; (2) AgO; (3) K[Ag(CNY),]. O RbOVD L 2
12 10 Cs*(VI)
0 1 1 1 1 L 1
10 000 002 004 006 008 010 012 0.14
0.8 1/ (Rco+ Ru,)
’ Figure 12. (a) Relationship between differential heats of adsorption
0.6 of CO (qair) and observed CO stretching vibratior§) for different

samples: @), AQZSM-5-93; (O), Ag/SiO,-Al,05—6; (©), Ag/SIO—

12; (#), CUZSM-5; ©), Cu/SiQ-Al,Os; (M), LiZSM-5; (O), NaZSM-

5; (@), KZSM-5. (b) Plots ofAvco values versus 1Ryu++Rco)? The
number in the parentheses represents the coordination numbers of the
respective metal ions in the sample®),(AgZSM-5-93; (#), CuZSM-

5; (M), LiZSM-5; (O0), NaZSM-5; (), KZSM-5; (§), RbZSM-5; (),
CsZSM-5.

bonding, i.e., covalent bonding, is predominantly operative, it
consists of two parts: one based on the withdrawal of an electron
from the S orbital of CO molecule, and the other depending
on the back-donation of an electron from the metal tostte
antibonding orbitaf243 The 5 orbital of CO molecule is
assumed to possess some @ antibonding character. Conse-
quently, M—C o-bond formation should lead to the removal of
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-0.15 " TR S S—— " L an electron from this orbital to result in raisingo, whereas
2544 B ot o e 2560 7-bonding due to a back-donation clearly induces a decrease

] ] & in vco owing to the flowing electron into the* orbital of CO.
Figure 11. (a) Normalized XANES spectra of the AgZSM-S3 As for the case where the electrostatic attractive force is

sample under various conditions. (b) Difference XANES spectra rative. it is al xpected thago of the adsorbed i
between respective spectra and the spectrum of 473 K-treated sampleOpe ative, It IS also expecte o OF the ausorbed species

The sample was treated under various conditions; (a) evacuated at?€comes higher than that of the gas molecule due to the
increasing temperature: (solid line) 300 K; (dotted line) 373 K; (short- induction of dipole moment in CO by electric fields. It seems,
dashed line) 473 K; (long-dashed line) followed by CO adsorption at therefore, that the increases in the ligand-to-metdbnation
300 K; (dashed-and-dotted line) reevacuated at 300 K after CO and in strength of the electrostatic force are expected to give a
adsorption. positive contribution taco, and that the increase i back-
We applied this technique to the present study to examine thedonation from metal ions exhibits a reverse tendency, though
state of silver-ion exchanged or supported on the solid materials.these bond formations enhance the bonding energy between
The relationships betweeqq: and vco for the respective metal ions and CO molecules. We can recognizedfigmeans
adsorption stages are represented in Figure 12a. Analogousa formation energy of the AgCO bond and/co corresponds
relationships have been found in the CuZSM;5Cu/SiQ- to strength of the bond Ag€O. In the case of-bonding and
Al,O3—, and Cu/SiG—CO system32:33:36though the absolute  electrostatic force being operative, it is expected that as for the
values are different from those for the AgZSM-60 system. bonding strength between metal ion and carbon atom both values
The data obtained for the M-ZSM-8CO (M = alkali-metal of qgif andvco increase, whereas the simultaneous raising of
ions) systerff~4! are also shown in this figure for comparison. the qqit andvco values is not expected in view of theback-

The nature of the bonding between metal ions (M) and CO donation, because it contributes to lowering of the value.
molecules can be evaluated on the basis of both covalent bondBy taking account of the observed value of 2193 @éifor vco,
and electrostatic forc®.Through the discussion on the bonding which is higher than the value for a free molecule, the concept
nature between Agor Cu™ and CO, it makes it possible to  of 7#* back-donation is clearly excluded in the present system.
interpret the differences in electronic feature and in reactivity As a result, it is found that the MC o-bonding or electrostatic
between Ag and Cu species. When the former type of interaction plays a major role in raising both valuesig§ and
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vco and in the present AgZSM-5CO system. On the other
hand, the similar phenomenon observed for th&-800 system
may be explainable through the ligand-to-metalonation, as
pointed out for zeolite by d333and for complexes by Strauss’s
group#*45In Figure 12a, it is clearly seen that the plots for the
AgZSM-5—CO system closely locate at the position where the
alkaline-ions exchanged ZSM-8C0O systems are plotted,
whereas the plots for the CuZSM-5- and also CufSA0O3—

CO systems are situated at different positions.

On the basis of IR data of CO adsorbed on various alkaline
metal ion-exchanged zeolites, Zecchina et al. have proposed that 2
the relationship betweetwco (= vobsd— Vgad for CO molecule
and 1/Ry + Rco)? reflects the bonding nature between the metal
and CO, wher&y andRco are the radii of the exchanged cation
and the CO molecule, respectively. For some kinds of alkali 1
ion-exchanged ZSM-5 samples the linear relationship was L
established betweetwco and 1/RQu + Rco)?, which indicates 2360 2340 2320 2300
the electrostatic force being dominant in these systéigure Wavenumber / em!
12b shows such data for the AgZSM-E0 system, together 10
with the data obtained for other systefid! Here, the ionic NaIY) -
radius of silver ion was estimated from the EXAFS data of the ok DM Lav
first nearest distance due to the backscattering from the lattice T, L HN L
oxygen atoms by assuming the ionic radius of oxygen ion being of e b Rren
1.21 A% As can be seen from Figure 12b, the datum for the
AgZSM-5—CO system is virtually placed on the same line as 20 e
that was drawn by the data of other alkali ion-exchanged ZSM-  f T
5—CO systems. This makes us confirm that the nature of Bs0F T »
bonding is substantially governed by the electrostatic force, as *
is different from the case of CuZSM-8CO system in which Ao Tor o0r 006 008 o010 o1 o1
o-bonding is operativé?-3®However, we should also point out 1/ (R +R
the experimental facts as mentioned above: the larger adsorp'uor}:igure 13. (a) IR spectra of M adsorbed on the AgZSMED3

heat and the ireversible behavior of the !R band upon deg‘E‘SSIr'g:sample: (1) after evacuation at 873 K; (2) succeedingly treated with
of CO at room temperature. Therefore, it may be reasonable to, gas under an equilibrium pressure of 13.3 kPa and at 300 K. The
consider that in the present AgZSM-E0 system the bonding  difference spectrum is also shown in the figure. (b) Plotawy, values
nature between ion-exchanged Agpecies and CO molecule  versus 1Ru* + Ry,)? for the various samples:@®), AgZSM-5-93;

is mainly due to the electrostatic force with some contribution (®), CuZSM-5; @), LiZSM-5; (0), NaZSM-5; @), KZSM-5; (),

of covalent nature. Similar consideration will be given to the RbZSM-5; (), CSZSM-5.

other systems of Ag/SifAI,0;—CO and Ag/SiQ-CO. 50-bonding orbital of an B molecule has a bonding nature,

Figure 13a shows the IR spectra measured before and aftelyitierent from the case of a CO molecule, and theback-
the adsorption of dinitrogen @Nat 300 K on 473 K-evacuated  gonation undoubtedly causes an electron penetration into
AgZSM-5. A weak and distinct band at 2328 chis observed  gntibonding orbital of N molecule from the metal center. In
at a pressure of 13.3 kPa. This ban_d is close to the stretchingi,q AgZSM-5-N, system, the adsorbedSpecies brings about
vibrational band of free Nmolecule (in the Raman spectrum) 5 gjight red-shift effectively, and hence it seems reasonable to
and is found to be higher in wavenumber, as compared with 55n0se that the dominant force being operative in this system
the band (2295 cnt) observed for the CuZSM-5N, systemt? is the electrostatic force.
In addition, the band intensity is extremely weak, which Calculation Based on the Density Functional Theory
indicates that the adsorbed amount and the interaction energy(DFT). The quantum chemical calculation method allows us to
are much smaller than those for the CUZSMP; system. verify the model of the monovalent silver ion exchanged in

The relationship similar to Figure 12b is obtained for the ZSM-5. We also intended to compare the bonding nature of
AgZSM-5—-N; and some kinds of metal ion-exchanged ZSM- silver ion and of copper ion in zeolite. Furthermore, the hybrid-
5—N, systems, as shown in Figure 13b. Hefen=y\ is the type density functional approach is helpful to determine the
extent of shift in wavenumber from the =N stretching vibrational frequency of the adsorbed CO species;, the
vibration of gaseous Nmolecule, and the ionic radius of Ag bonding energy of the Ag-CO structure, and the optimized
was obtained from the present XAFS data and other radii were structures. In this process, the harmonic frequency was evaluated
taken from Zecchina’s repof?.The plots can be classified into by the analytical second-derivative method. Taking account of
two groups, i.e., the group of nearly zero or small positive shift both data of the emission spectra and of IR spectra using CO
and the group of large negative shift. The foregoing consider- molecule as a probe, we have proposed that there are at least
ations are helpful in evaluating the interaction between the two types of metal ions exchanged in ZSM-5 (i.e., two- and
exchanged metal-ion andz;Nnolecule. It is expected that a three-coordination sites with regard to lattice oxygen atoms in
purely electrostatic interaction should bring about a blue shift CuZSM-5)32 The presence of two types of exchangeable site
of vn=n due to an induced polarization. In fact, alkali metal was also proposed for NaZSM-5, through the dielectric mea-
ions exchanged in zeolite belong to such a group that gives asurement and NMR spectroscofiy#® In recent years, some
positive shift. On the other hand, a covalent nature (lheth  interesting papers on this subject were published by Dedecek
and z-bonds) induces a red shift, because the electron in the and Wichterlove® by Sauer’s group!™>2 and by Zecchina’'s
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group3+55They independently proposed a model of copper ions
exchanged in ZSM-5. The first group inferred a model for ion-
exchangeable sites from the emission data, and the second group
justified the model by the density functional quantum calculation
method. Moreover, the third group argued on the basis of
EXAFS data that there exist two types of exchangeable site in
ZSM-5. With respect to our proposed model for the copper ion
in ZSM-5232 the most interesting point is that there are two-
and three-coordination sites in many exchangeable sites. Here,
we propose, as the first approximation, two types of neutral
pentameric cluster model (Scheme 1) similar to the case of
CuZSM-52 the silver ion is anchored by two- or three-
coordination to lattice oxygen atoms near aluminum atoms in
the zeolite framework. In these models, the formal charge
assigned to the monovalent silver ion compensates the excess
negative charge of each cluster. In calculation, it was assumed
that an aluminum atom with four lattice oxygen atoms is mobile
and the position of four Si(OH)units is fixed. The resultant
optimized structures are shown in Figure 14. The two-coordina-
tion site exists as an energetically stable site, and the three-
coordination site changes its geometrical arrangement through
the movement of a silver ion, as shown in Figure 14b; the latter
type of site is relatively unstable and is different from the case
of copper-ion exchanged in zeolitélt may be due to the fact
that the ionic radius of a silver ion is larger, compared with
that of monovalent copper ion, as is deduced from the EXAFS
results. Recently, on the basis of computational results Silhan
et al. have proposed the model of ion-exchanging structure of
Ag™ in ZSM-5, and they described that the two-coordination
site is most stable site, though the bond distance is about 0.1 A
longer, compared with our resgf.

For the present, we shall confine our attent_lon tq the analysis Figure 14. Results of DF calculation for two dominant types of the
of the state of adsorbed CO on the respective sites. Unfortu- jjyer-ion exchanged in ZSM-5 (pentameric model): (a) two-coordina-
nately, when we used the pentameric model, we have failed totion silver ion; (b) three-coordination silver ion.
get a stable structure of the adsorbed CO species on the three-
coordination site, probably because of its extremely unstable optimized structures are shown in Figure 15. It is clearly seen
nature (liable to move to the two-coordination site). Therefore, that the CO molecule chemisorbed on the two-coordination and
we adopted, as the first approximation, the following two small three-coordinated silver-ions gives adsorption heats of 93 and
and simple neutral-cluster models in order to get information 79 kJ mof?, respectively. This finding is consistent with
on the IR frequencies for the adsorbed CO species. Here, weprevious description and also with the results of CuZSM-5
utilized four hydrogen atoms instead of four Si(QHdjits, and sample®2 Furthermore, the chemisorbed CO molecules give the
tried to examine which site would be responsible for higher (or IR bands at 2212 and 2207 cinwhen they are bound to the
lower) IR absorption band when CO molecule is adsorbed. The two-coordination Ag site (species |) and three-coordination
stretching vibrational frequency of the adsorbed CO and the Ag* site (species II), respectively. These wavenumbers may
binding energy of the A—CO bond were also estimated by be regarded as those shifted to a slightly higher side from the
the hybrid type density functional approach. The resultant observed ones (2193 and 2184 djn The value for the free
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the respective sites: (a) two-coordination silver ion; (b) three- Feature of the Interaction between Silver lon and CO
coordination silver ion. In the calculation, the simplest model was used \jglecule. Recently, revision of the bonding nature between
as a zeolite. metals or metal ions and CO molecules has been performed
CO molecule in such field was evaluated to be 2209%rfihis for the classical or nonclassical classification of- KO bond-
result is well explained by considering that the interaction type?#?4356]t is meaningful, therefore, to discuss the bonding
between Ag and CO molecule is dominantly electrostatic, as nature between the silver ion and CO molecule, in comparison
described in the previous section. Such interaction is strongerwith the case of the copper iefCO system. Sincer back-
for the species | than species Il, which is consistent with the donation involves a transfer of electron from the filled metal
following facts: (1) the higher wavenumber for the adsorbed d-orbital to the empty CO orbital, it is related to the tendency
CO on the Ag site in the bridged structure, compared with the of a removal of electron from the metal, i.e., ionization potential.
value for the gaseous CO molecule, indicates that the electro-In this stage, it is worthy to describe two points. First, Rack
static interaction is dominantly operative; and (2) the bond length and Strauss reported that the@gl(!D) state of Ag™ lies at
of AgT—CO is slightly shorter for the two-coordination site than 473 kJ mof? above the ground state W8L(2A), which is
for the three-coordination site, as shown in Figure 15. compared with 261 kJ mot for the corresponding state in

We have tried to compare the bond distances of AQ Cu™.42444557Their datum was also substantiated by the photo-
(lattice) and Ag—C (relating to the CO species adsorbed on emission spectra which give the larger energy separation
the silver ion) obtained by the EXAFS analysis with those by between 5s and 4d levels of the silver i§d>1’compared with
the present DFT calculation method. As a result, the computedthat between 4s and 3d levels of the copper ion (Scherig 2).
value of Agr—O in the two-coordination site is about 0.1 A Second, the second ionization potential of silver metal is larger
shorter than the experimental value from the EXAFS data, and than that of copper met&:*>5"Taking account of the data given
for Agt—C the computed value is 0.06 A longer than the above, the contribution of back-donation can be ruled out in
experimental one. These findings support the above-mentionedthe copper iorCO system and also in the silver ie€O
idea that the site in the two-coordination environment exclu- system. In the case of the latter system, another covalent nature,
sively acts as the adsorption site for CO molecule by the namely,o-bonding, may be considered similarly to the former
electrostatic force. system. It has been demonstrated that the exteatdufnation

In the previous section we showed that the ratios of CG/Ag from the & MO of CO molecule, i.e., the lone-paired electron
are 0.50 for the chemisorption and 1.13 for the total adsorption of carbon atom, to the empty levels of the monovalent silver
including chemisorption and physisorption (Table 1). These ion is not such to allow the classification of the AgCO
values clearly indicate that half of the silver ions act as the strong bonding as ar-dative surface complex in the present system.
adsorption sites (two-coordination sites) and the remaining half The interaction of silver ions with CO molecules can be of
as the physisorption or weak chemisorption sites (three- entirely electrostatic nature; the large energy difference between
coordination sites). Furthermore, we revealed that respective5s and 4d levels for the silver ion reflects in the larger
IR bands at 2193 and 2184 ci which were obtained by  d-population and smaller s-population of Ag€Qn contrast
deconvolution of the band due to the CO species adsorbed onto the case of CuCQ which indicates less 5s4ghybridization
the sample evacuated at 300 K, correspond to chemisorptionand moreo-repulsion. In this connection we must recall here
and weak adsorption of CO molecules. These findings also that the adsorption energies for the AQZSM<GO0 system are
support the model proposed above; CO molecules were adsorbedh the range of 10880 kJ mofl; these values for bond energy
on the two-coordination silver-ion sites can be stabilized and of Agt—C in an (Q).Ag*—CO species are smaller than those
those on the three-coordination sites are less stable, in otherfor Cu™—C in (O),Cut—CO (i.e., 146-110 kJ mot?1) 3136
words, only weak adsorption occurs on the latter sites. In Barnes et al. estimated the bond energies of me@ibonyl to
addition, the fact that no dicarbonyl species on the silver-ion be 138 and 79 kJ mot for [Cu(CO)]" and [Ag(CO)T,
sites was observed in the present system gives a reasonableespectively, and found that the bond distance-) is much
interpretation of the ratio CO/Ag greater for AgCO than for CuCG.%8 It is worth noting that
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the initial adsorption heat of 100 kJ mdlis in fairly good of Osaka University for technical assistance in making the in
agreement with the data reported by Meyer et al. for the gaseoussitu glass cell for IR and XAFS measurements.
monocarbonyl silver-ion comple®.A few groups also reported
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