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ABSTRACT: We found from DFT calculations that Ag—Ag orbital
interactions as well as Ag—O electrostatic interactions determine the
structures of three silver cations inside a nanometer-sized cavity of ZSM-$
(Agz—ZSM-S) in lower and higher spin states. Both interactions strongly
depend on the number of Al atoms substituted for Si atoms on the ZSM-$§
framework (ZSM-S(AL,)), where 1 ranges from 1 to 3. In smaller n, stronger
Ag—Ag orbital interactions and weaker Ag—O electrostatic interactions
operate. Accordingly, there are significant dependencies of the structures of
three silver cations on the number of Al atoms. In lower spin states of
Ag;—ZSM-5(Al;) and Agz;—ZSM-S(AL), Dy -like triangle clusters are
contained inside ZSM-5 whereas their higher spin states have triangle
clusters distorted significantly from the D3, structure. In lower spin states,

The number of Al atoms

the totally symmetric orbital consisting of Ss(Ag) orbitals is responsible for cluster formation, whereas in higher spin states
occupation of a Ss(Ag)-based orbital with one node results in significant distortion of the triangle clusters. The distortion can be
partially understood by analogies to Jahn—Teller distortion of the bare D3, Ags" cluster in the triplet spin state. When n is 3, we
found that three silver cations are isolated in a lower spin state and that a linear cluster consisting of two silver cations is formed in a
higher spin state. Thus, we demonstrate from DFT calculations that the number of Al atoms can control the properties of three silver
cations inside a ZSM-S cavity. Since the structural and electronic features of the enclosed silver clusters can link to their catalytic

properties, the DFT findings can help us to understand the catalytic activity of Ag—ZSM-S.

B INTRODUCTION

Zeolites,' * aluminosilicate-based porous materials, serve as
nanocontainers because they can incorporate various guest
species,™® similar to carbon nanotubes.” '° Encapsulation of
guests in a restricted environment of a host (zeolite™ and
nanotube'”) would change the properties of guests. Through
host—guest interactions, even unstable species are stabilized to
exist inside a nanometer-size cavity of a host."* In zeolite—guest
interactions, substituting AI>* for Si** on SiO, frameworks plays
an essential role, because the substitution bears negative charges
on framework oxygen atoms neighboring the Al sites. By the
requirements of charge balance, various cations are bound in the
vicinity of the substitution sites. Then, the negatively charged
oxygen atoms can have an influence on the structures of guest
species. Sometimes the inner cations aggregate to form unusual
small cation clusters, because they are stabilized by interactions
with negatively charged oxygen atoms of zeolites.

For example, small silver clusters consisting of 2—8 atoms
have been reported to exist inside zeolite cavities.">>® Depend-
ing on the size of enclosed silver species, silver-containing
zeolites exhibit quite unique optoelectronic properties.”® The
size dependences are owing to quantum-size effects of small
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clusters, because they have discrete energy levels that are
generated by quantization of the wavevector in its bulk.”” Beside
the unique electronic properties, smaller silver clusters inside
zeolites exhibit catalytic activity. The catalytic properties would
also depend strongly on the number of silver atoms in active
species, similar to nanometer-size gold catalysts.”® Thus, many
researchers have been making an intense effort to elucidate how
many atoms are really contained in the active silver clusters. In
terms of the catalytic activity, the existence of coordinatively
unsaturated metal atoms in clusters is additionally indispensable.
Despite their intriguing properties, we cannot fully understand
structures of silver clusters embedded inside a zeolite cavity as
well as how their structures link to the properties.

In the present study, we focus on the structural features
of silver clusters inside a nanometer-size cavity of ZSM-S.
Experimentally Ag—ZSM-5 allows one to catalyze NOx
decomposition®® >* as well as activate a C—H bond of
hydrocarbons.”>>* With respect to the catalytic reactions in
ZSM-S, many experimental reports suggest that silver clusters
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with nuclearity smaller than 4 are formed as active species. For
example, Satsuma et al. found that Ag—ZSM-5 reduces NO to N,
in the presence of hydrocarbons, and the reaction is promoted
by a small amount of H,.** To clarify the size of silver clusters
formed upon H, reduction, they measured UV —vis spectroscopy
and found bands at 255 and 305 nm. On the basis of UV—vis
measurements together with EXAFS analyses, they proposed
that H, reduction of Ag—ZSM-5 produces inner Ag,” clusters as
the active sites. However, they cannot exclude formation of
Ag43+, Ag,",and Ag32+ as possible active species. In fact, the UV —vis
band positions are close to those observed in X and Y zeolites,
where Ag36+ clusters are proposed to be formed.'®

Turning to activation of a C—H bond of hzldrocarbons by
Ag—ZSM-5,"% jons or clusters (such as Ag;")*” are responsible
for the reactions. Interestingly, different reaction products were
formed depending on pretreatment of silver-ion-exchanged
ZSM-Ss (oxidation as well as reduction by H, treatment or by
photoirradiation).** In particular, photoreduced Ag—ZSM-5s
transform CH, into C,Hg under photoirradiation, whereas
H,-reduced Ag—ZSM-5s can catalyze conversion of CH, into
C,H, by heat treatment.** The different reactivity between the
two reduced Ag—ZSM-Ss comes from the size of silver clusters as
its active species; larger clusters were expected to be formed in
H,-reduced Ag—ZSM-S relative to the photoreduced Ag—ZSM-5
cases. Note that similar catalytic reactions were also reported
under photoirradiation of silver-containing zeolite Y, where en-
closed Ags®" clusters are expected to behave as the active site.'®
Photoirradiation would induce an electron to be excited from an
occupied orbital of Ag—ZSM-$ to an unoccupied orbital.”’

Although experimental papers proposed that the active sites
inside a ZSM-5 cavity contain three or four silver ions, it is still
desirable to shed light on the atomic configurations of enclosed
Ag clusters in lower and higher spin states with the aid of
computational chemistry. In this direction, we employed density
functional theory (DFT) calculations to elucidate factors deter-
mining the structures of silver clusters inside a ZSM-S cavity.
Currently, DFT methods can provide helpful insight into structure—
reactivity relationships in reactive metal guests inside a zeolite
cavity.® Considering the various experimental reports and
computational limitation, the present study focuses on an Ag;
cluster inside a ZSM-5 zeolite to obtain basic information on the
behavior of the enclosed silver clusters. In the DFT calculations,
we will discuss how structures of the Ags cluster are affected by
the number of substituted Al atoms as well as different spin states.

B METHOD OF CALCULATION

In previous studies,’ we constructed an aluminum-free ZSM-5
model (silicalite-1) including a 10-membered ring (10-MR) cavity, as
shown in Figure S1 (Supporting Information).*> The silicalite-1 model
has a Sig;O5; framework whose terminal Si atoms are saturated by the
H atoms (Sig0,5:Hss). To construct the Agz—ZSM-S model, we put
an Ag; cluster inside a 10-MR cavity of the Sig,O;51Hgs model and at the
same time some Al atoms are substituted for Si atoms. In the present
study, the number of substituted Al atoms (1) varies from 1 to 3. To
represent Agz—AlSis; ,0;5,Hes the notation of Agz—ZSM-5(Al,)
will be used throughout this paper. By using DFT methods, we fully
optimized Ag;—ZSM-5(Al,,) structures.

Searching DFT functionals suitable to describe properly the proper-
ties of silver clusters,™> >” we tested the B3LYP,>* *° B3PWo91,*
and PBEPBE™ functionals by using bare Ags clusters as a test case.
Then these results were compared with that obtained from coupled
cluster singlet double (CCSD)* calculations which are more reliable

than DFT calculations. Detailed discussions of the optimized structures
can be seen in the Supporting Information. Briefly, DFT calculations
found two types of bare Ag; clusters (acute isosceles and obtuse isosceles
triangles, as shown in Figure S2 and Table S1 (Supporting In-
formation)), while CCSD calculations found only one local minimum,
an acute isosceles triangle. In terms of whether DFT calculations can
reproduce CCSD results, BAPW91 and PBEPBE functionals are more
suitable than the B3LYP functional. Although the energy differences are
up to 1 kcal/mol irrespective of functionals, we can differentiate B3LYP
results from B3PW91 and PBEPBE results. The differences may come
from the failure of the LYP functional in B3LYP calculations to describe
silver clusters and its metals.* Accordingly, we used the B3PW91
functional to analyze the structures of Ag; species inside ZSM-S in the
following sections. However, B3LYP calculations have been prevalent
among chemists, because they can reproduce well experimental data, in
particular, geometries and vibrational frequencies. We also optimized
Ag;—ZSM-5(Al,) geometries by using the B3LYP functional to check
whether the structural features obtained from B3PW91 calculations can be
reproduced. As a result of the calculations, we confirmed that the B3PW91
and B3LYP calculations basically yielded similar Ag—Ag and Ag—O
bondings in Ag;—ZSM-5(AL,), as will be seen below. Although there are
some theoretical works on silver-containing zeolites,*> * the present
investigation is more appropriate to study effects of the ZSM-5 surround-
ings on the structures of silver clusters in terms of the accuracy of calculation
methods as well as the size of the silver-containing zeolite model.

In the optimization using Gaussian03 code*” and partially Gaussian09
code,® we used the CEP-121G basis set for extraframework Ag atoms,’
the 6-31G basis set for substituted Al atoms, and two O atoms that are
bound to a substituted Al atom®* and the 3-21G basis set for the other
atoms,™ due to limitations of computational resources. Accordingly, the
calculations of Ag;—ZSM-S(Al;), Ag;—ZSM-5(AL,), and Ag;—ZSM-
5(Aly) involve 2795, 2810, and 2825 contracted basis functions. When
the ZSM-S model contains two substituted Al atoms, Ag;—ZSM-S(AL,)
has odd-numbered electrons. Therefore, we considered its doublet
state as a lower spin state and quartet state as a higher spin state. In
the other cases (n = 1 and 3) where the Ag;—ZSM-5(Al,) models have
even-numbered electrons, its lower (higher) spin states are spin singlet
(triplet). Accordingly, unrestricted DFT calculations were used for
optimization of Ag;—ZSM-S, except for the singlet spin state of
Ag3;—ZSM-5(Al,) where we used restricted DFT calculations.

B RESULTS AND DISCUSSION

Deformation of Bare Ags* Clusters in Singlet and Triplet
Spin States. Prior to discussing positively charged Ags clusters
inside a ZSM-$ cavity, we investigate the properties of Ag;" and
Agy™* clusters in the gas phase based on B3PW9I calculations.
Their key parameters are listed in Table 1. The optimized Ag;”
cluster has the Dy, structure with Ag—Ag separations of 2.721 A
(Table 1).>* The separations are close to those obtained
in Ag;—ZSM-S(Al;) and Agz—ZSM-5(AL), as will be seen
below. On the other hand, the Ag32+ cluster optimized under

Table 1. Key Parameters of the Bare Ag;" and Ag3,2+ Clusters
with D;;, Symmetry, Obtained from B3PW91 Calculations

cluster Ag—Ag” ’V(E’)l7 v(A,) b excitation energy ©

Ag;:r 2.721 115.4 169.7 318 (O.SO)d

Ag* 3.126 373 67.5 327 (0.12)%, 345 (0.09)*
“Ag—Ag (A): Ag—Ag separations (Agl —Ag2=Ag2—Ag3= Ag3—Ag1)
are defined in Chart 1. " v(E'), v(A,) (cm1): calculated vibrational fre-
quencies. Their modes can be seen in Chart 2. “ Excitation energy (nm):
Calculated excitation energy whose oscillation strength is relatively

o d S

significant. “ Calculated oscillation strength
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D5, symmetry constraints has longer Ag—Ag separations of
3.126 A.

Since the Ag;" cluster has Ag—Ag separations similar to those
in Agz—ZSM-5(Al;) and Ag;—ZSM-5(Al,), we confine our
attention to the electronic properties of the Ags” cluster.
Dependences of the geometrical parameters on calculation
methods (B3PW91, B3LYP, PBEPBE, and CCSD methods)
can be seen in Table S2, Supporting Information. Considering
the [Kr](4d)"°(5s)" configuration in the neutral silver atom, the
singlet state of the Ds;, Ag;” cluster has the (a;)*(e)® configura-
tion in Chart 1.> Its vibrational modes (one A; mode and two E’
modes) and their frequencies are seen in Chart 2 and Tables 1
and S2, Supporting Information, respectively. Also, we per-
formed time-dependent (TD) DFT calculations to investigate
how photoexcitation induces electron transfers from the ground
state to an excited state. According to TDDFT calculations, a
substantial oscillation strength (f = 0.30) is seen in the transition
where one electron in the a; orbital moves to an e’ orbital. The
calculated excitation energy in the bare Ag;* cluster is 318 nm.
Corresponding excitation energies in the bare Ag;** cluster are
327 and 345 nm. Both calculated values are comparable to those
obtained experimentally. A different perspective in the DFT
results suggests that it is difficult to definitely distinguish between
the Ags" and Ag;™* clusters by their excitation energies.

On the basis of TDDFT calculations, we assume that in a
higher spin state an ¢ orbital and the a; orbital are assumed to be
singly occupied. The resultant electronic (a;)"(e’)" configuration
is spin triplet. Then the triplet Ag;” structure would distort along
a single E vibrational mode to be stabilized, following Jahn—
Teller theory.*® Detailed discussion on the Jahn—Teller distor-
tion in the triplet state can be seen in the Supporting Information.
Following the Jahn—Teller distortion, we look into changes of
potential energies of the D3, Ags” structure (Q(D3y,)) distorted
along a vibrational mode of E' symmetry in Chart 2. The
distorted Ag;” clusters can be given by Q(D3;) + AQg, where
Qg is a small displacement along a single E’ vibrational mode and

{b) Agy* in triplet state A<0 4=0
68 -
(b-i) B3PWa1 (b-ii) CCSD
Evviatwe A
(keal/mol) Y% G R "
. - .
. Taan®
. . e " ¥
BR
(a) Agg* in singlet state
10
{a-i) BaPW91 (a-il) CCSD
Eotatvo | "
{kcalimol) ; . .
] LR L L P
-0.4 0.0 03-04 0.0 03
A A

Figure 1. Potential energy surfaces in the singlet and triplet spin states
of the Ag;" cluster distorted along a single E’ vibration (Q(Dsy,) +
AQy), where A represents how distorted a cluster is from the Dy,
structure (Q(Ds;,)) along the E' vibration (Qy). Energies of the
distorted Ag;" clusters in the singlet (a) and triplet (b) states are given
relative to the Dy, cluster in the singlet state (E v in kcal/mol). The
energy values were obtained from B3PW91 and CCSD calculations.
Corresponding values obtained from B3LYP calculations can be seen in
Figure S3 (Supporting Information). Key parameters of two stable
conformations are given in Tables 2 and S3 (Supporting Information).

A (a nondimensional parameter) represents how distorted a
cluster is from the Dy, structure along the vibration. Similar
procedures have already been devised by Yoshizawa and co-
workers to discuss the vibrational—electronic interactions in the
mono- and trianions of benzene and [18]annulene.®” Following
Yoshizawa et al,,>” we employed B3PW91 calculations to see the
energy changes of distorted Ags” clusters (Q(Ds;,) + AQy) in
the singlet and triplet states, as displayed in Figure la and 1b,
respectively. For comparison, corresponding values based on
CCSD calculations are also displayed in Figure 1. Figure la
shows that the total energy in the singlet Ag;™ cluster increases
with an increase in the absolute value of A. This suggests that the
Dy, structure in the singlet state is stable with respect to the
distortion. On the other hand, in the triplet state (Figure 1b),
the E’ vibrational mode in the D3, Ag;” cluster leads to two stable
conformations (Table 2): one triangle with a positive A value
has a triangle with £ Ag2—Agl—Ag3 (0) ~ SS, and the other
triangle with a negative A value has a triangle with 6 ~ 70.
As shown in Chart 3, two a; orbitals are occupied singly in a
distorted triangle with 0 < 60, whereas one a, and one b, orbitals
are occupied singly in a distorted triangle with 6 > 60. Accord-
ingly, they have different spin density distributions in Table 2; in
a distorted triangle with 6 & S5, one ion has significant spin
densities, while spin densities are mainly distributed into two ions
in a distorted triangle with 6 ~ 70. Figure 1 and Table 2 show
that the energy difference between the two distorted triangles is
only ~0.7 kcal/mol at CCSD and B3PW91 calculations. Similar

6535 dx.doi.org/10.1021/ic2001514 |Inorg. Chem. 2011, 50, 6533-6542



Inorganic Chemistry

results can be reproduced by B3LYP and PBEPBE methods, as
shown in Figure S3 and Table S3 (Supporting Information).

Table 2. Key Parameters of Stable Conformations of the Bare
Ag;" Cluster in the Triplet Spin State, Obtained from
B3PW91 and CCSD Calculations”

angle bond lengths spin density*

Agl— Ag2— Ag3—
method A" 6° Ag2? Agd?! Agl? Agl A@2 Ag3 AF

B3PW91  0.150 549 2755 2579 2835 0.88 0.54 058 0.72
B3PW91 —0.250 69.0 2.682 2959 2540 049 0.78 072 0
CCSD 0.150 54.8 2.852 2.623 2852 084 0.58 0.58 0.79
CCSD —030 71.3 2636 3.073 2.636 0.54 073 073 0
“ Corresponding B3LYP and PBEPBE values can be seen in Table S3
(Supporting Information). 'A represents how distorted a cluster is from
the Dy, structure (Q(D3y)) along a single E' vibrational mode. Here
a distorted cluster is given by Q(Ds,) + AQg, where Qg is a small
displacement along a single E' mode in Chart 2. © @ (degree): optimized
angle of ZAg2—Agl—Ag3 “Agl—Ag2, Ag2—Ag3, Ag3—Agl (A):
Ag—Ag separations, defined in Figure 1. ° Spin density; calculated spin
density integrated over atomic basin of an atom. N (kcal/mol): energy
of a triangle relative the most stable conformation. When a triangle is the
most stable conformation, AE is 0.

‘ R 3
STN £\
© O G—0 9“9
i =6l H < Bl
DSBAQB’
i‘—a_g a; w— - —, j t

Chart 3

These analyses show that interactions between the Ss orbitals of
silver ions are key in determining the structural and electronic
properties of the bare Ag;” clusters in the singlet and triplet spin
states.

Behavior of an Ags Cluster Inside a 10-MR of ZSM-5. Here,
an important question arises as to how the properties of the Ag,
cluster are influenced by its encapsulation into a 10-MR of
ZSM-S. Inside a ZSM-S cavity, interactions between a silver
atom and a framework oxygen atom play an additional role in the
structures of the enclosed Ag; clusters. In the Ag—O interactions,
substitution of an Al atom for a Si atom is important because
negatively charged oxygen atoms exert an electrostatic force on
silver cations. Accordingly, the Ag—Ag orbital interactions as well
as the Ag—O electrostatic interactions are expected to determine
the structures of silver species inside a ZSM-5 cavity.

Properties of Agz—ZSM-5 in Lower Spin States. First, we
would like to consider the behavior of an Agj cluster inside a
ZSM-5(Al,) cavity with a focus on formal charges of clusters and
zeolite frameworks. The ZSMS framework with n-substituted Al
atoms has —n charge. Conversely, the formal charge of an Ag;
cluster inside the ZSM-S zeolite with n Al atoms is n. Considering
Chart 1, the frontier occupied orbitals of an Ags cluster inside
ZSM-5(Al,) in n < 2 would have Ss(Ag) character while that in
n = 3 would have 4d(Ag) character. Since the frontier occupied
orbitals of silver species contribute to determining their structur-
al features inside a ZSM-$, their structures depend on n. Looking
at the Ag—O interactions, negatively charged oxygen atoms of
ZSM-S emerged by substitution are important in the electrostatic
interactions with a silver cation. In ZSM-5 framework with larger
n, there would be larger numbers of negatively charged oxygen
atoms. Accordingly, stronger electrostatic interactions would
operate between three silver species and a ZSM-5 framework in
this situation. Since the number of Al atoms would be responsible
for both Ag—Ag and Ag—O interactions, the structures of silver
species are expected to be susceptive to the Al substitution.

Taking the electron-count argument into account, we inves-
tigate B3PW91-optimized structures for lower spin states of
Agz;—ZSM-5(Al,) whose local structures are given in Figure 2. In
each Ag;—ZSM-5(Al,) configuration, we considered one possi-

a,'o- """""""""" O, bility of Al position(s), due to limitations of computational
g resources. Corresponding B3LYP-optimized geometries are
displayed in Figure S4 (Supporting Information). Detailed

Ags-ZSM-5 (Al) Ag3-ZSM-5 (A1) Ags-ZSM-5 (Alg)

Singlet spin state

¢/ R

Doublet spin state

Singlet spin state

[ ™

Figure 2. B3PW91-optimized Ag;—ZSM-5(Al,) structures in lower spin states where n varies from 1 to 3. Ag;—ZSM-5(Al,) and Ag;—ZSM-5(Al;) in
the singlet spin state and Ag;—ZSM-5(Al) in the doublet spin state are given. The Ag—Ag separations are given in Angstroms. Corresponding B3LYP-
optimized geometries are given in Figure S4 (Supporting Information). Details of optimized Ag—O bond lengths can be seen in Tables 3 and S4

(Supporting Information).
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Table 3. Ag—O Bond Lengths of Ag;—ZSM-5(AL,) in Lower Spin States, Obtained from B3PW91 Calculations”

b

method n three silver ions spin state
B3PW91 1 Dyy-like cluster singlet
B3PW9I1 2 Djy-like cluster doublet
B3PW91 3 isolated ions singlet

Agl—0° Ag2—O°¢ Ag3—O°
2318 2375 2377
2,315, 2.399 2435, 2.466, 2.466 2391, 2.472

2.335,2.414, 2.426 2.301, 2.342, 2.379 2.400, 2.372, 2.630

“ Corresponding values obtained from B3LYP calculations can be seen in Table $4 (Supporting Information). ® n: number of substituted Al atom inside a
ZSM-5 model. ‘Ag—O (A): Ag—O separations are seen in Figure 2, where atom numberings are also given.

Agy-ZSM-5 (A1) Agy-ZSM-5 (A1) Agy-ZSM-5 (Al3)
singlet spin state doublet spin state singlet spin state
LUMO+1 4.65eV LUMO+1 () 5.37 eV LUMO+1 5.73eV

_..‘ }' ro-§ }4

=%

LUMO (o) 4.86 eV

Figure 3. Frontier orbitals of lower spin states of Ags—ZSM-5(Al,) where
n varies from 1 to 3. Orbital energies (in eV) of the LUMO and LUMO+1
relative to the HOMO are obtained from the B3PW9I calculations.
Corresponding values obtained from B3LYP calculations are seen in ref 58.

information on the optimized Ag— O bond lengths is tabulated in
Tables 3 and S4 (Supporting Information). As shown in Figures 2
and S4 (Supporting Information), the behavior of the silver
species inside a ZSM-$ cavity follows the electron-count argu-
ment. Actually, the structural features of the enclosed Ags species
are strongly affected by the number of substituted Al atoms.
Figure 2 shows that the silver species inside the ZSM-S(Al,)
and ZSM-5(Al,) cavities take Dg-like triangle clusters. Agz;—
ZSM-S(Al}) contains a nearly equilateral triangle whose Ag—Ag
separations are around 2.70 A, while in Ag;—ZSM-5(Al,) there is
an isosceles triangle slightly distorted from a Dy, structure (two
Ag—Ag separations around 2.88 A plus one Ag—Ag separation of

Table 4. Electronic Properties of Ag;—ZSM-5(Al,) in Lower
Spin States, Obtained from B3PW91 Calculations.”

spin density NPA charge?

three silver  spin

method n® ions state  Agl Ag2 Ag3 Agl Ag2 Ag3

B3PW91 1 Dy like singlet 020 0.17 0.08
cluster

B3PW91 2 Dyj-like doublet 0.33 0.21 040 043 049 043

cluster
B3PW91 3 isolated

ions

singlet 0.80 0.66 0.53

“ Corresponding values obtained from B3LYP calculations can be seen
in Table S6 (Supporting Information). Yn: number of substituted Al
atoms inside a ZSM-5 model. “Spin density; calculated spin density
integrated over atomic basin of an atom. Atom numberings are given in
Figure 2. YNPA charge; calculated charge density of an atom obtained
from natural population analyses (NPA). Detailed information can be
seen in Tables S7—S9 (Supporting Information).

2.84 A). In contrast, such triangle cluster cannot be formed in
ZSM-5(Al;) zeolite; three silver atoms separate each other by
5.56—6.98 A at the B3PWO91 calculation. Instead, each silver
cation is bound to two or three framework oxygen atoms, being
similar to the Ag;—ZSM-S(Al;) case. Actually, similar Ag—O
separations are found in Ag;—ZSM-5(Al;) and Ag;—ZSM-5(Al,)
(Figure SS (Supporting Information)); their separations range
from 2.34 to 2.64 A in Tables 3 and SS (Supporting Information).
These results suggest that the silver cations in Ags—ZSM-5(Al;)
prefer to bind into framework oxygen atoms rather than to
aggregate each other. In other words, the Ag—O interactions play
more dominant roles in determining the structural features of
Ag;—7ZSM-5(Al;) than the Ag—Ag interactions.

In order to clarify factors in the cluster formation inside a
ZSM-5 cavity, we turn to their frontier orbitals in Figure 3.
Frontier orbitals of Agz;—ZSM-5(Al,) and Ag;—ZSM-5(Al,) are
made up of their Ss(Ag) orbitals; the HOMOs are totally
symmetric, whereas the LUMOs and LUMO+1s have one node.
Since the totally symmetric orbitals have in-phase interactions
between adjacent silver atoms, the attractive orbital interactions
are a major source of forming the triangle clusters. Net NPA
charges for the Ag; clusters in Ag;—ZSM-S(Al;) and Ag;—
ZSM-S(AL,) are, respectively, 0.45 and 1.35 at the B3PW91
calculations (Table 4). Corresponding NPA values obtained from
B3LYP calculations are given in Table S6 (Supporting In-
formation). See detailed information on electronic configurations
of Ag;—ZSM-5(Al,) in Tables S7—S9 (Supporting Information).

The orbital features of Agz;—ZSM-S(Al;) and Ag;—ZSM-
S(AL) are analogous to those in Chart 1 in terms of orbital
symmetry. Considering the similar orbital symmetry, we expect
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that an electron in the a;-like HOMO can be excited to the ¢'-like
LUMO or LUMO+1 by photoirradiation from an analogy to the
bare Ag;" cases. The HOMO—LUMO gap in Ag;—ZSM-5(Al,)
is 44 eV, and that in Ag;—ZSM-5(AL) is 4.9 eV.>® The
calculated gaps may explain the absorption bands of Ag—
ZSM-S at 255 and 305 nm. The energy levels of the HOMO
and LUMO (LUMO+1) are determined by not only Ag—Ag
orbital interactions but also Ag—O orbital interactions. Thus, the
Ag—O orbital interactions are an important factor in determining
absorption band positions of Ag—ZSM-S.

In contrast to the Agz;—ZSM-5(Al,) and Ag;—ZSM-S(AL,)
cases, the summation of the NPA charges for three silver atoms in

Chart 4

The number of Al atoms

The number of electrons in Ag;
Positively-charged guest |

Frontier orbital patterns

A )
Negatively-charged host | Ag-Ag orbital interactions

Structures of Ags inside a

ZSM-5 cavity

Agz—ZSM-5(Al;) gives a larger value (1.99 and 1.94 obtained
from the B3PW91 and B3LYP calculations, respectively, in
Tables 4 and S6 (Supporting Information)). Considering the
total NPA charge together with the frontier orbitals of the Ag;”
cluster (Chart 1), each silver cation cannot gain substantial
attractive interactions with a neighboring cation. Then all cations
approach to extraframework oxygen atoms because of the
electrostatic attractive interactions. Accordingly, Ag;—ZSM-
S(Aly) has quite different orbital features in frontier orbital
regions; the HOMO exhibits 4d character, whereas the LUMO
exhibits Ss character. The electronic properties in Ag;—
ZSM-S(Al3), such as their frontier orbitals and NPA charges,
are basically similar to those in the Ag;—ZSM-5(Al,) given in
Figure S6 and Table S10 (Supporting Information).

From Figures 2 and 3, the number of substituted Al atoms has
a striking influence on the properties of Ag;—ZSM-5(Al,); the
size of the triangle cluster increases with the number of n. Key
factors in determining the structures of three silver cations inside
a ZSM-S cavity can be schematically explained in Chart 4. First,
the attractive interactions coming from the totally symmetric
orbital of silver ions are a main key in cluster formation. Whether
the symmetric orbital is occupied or not is determined by the
NPA charges that are directly connected to the number of
substituted Al atoms (n). Another important factor is the
existence of more oxygen atoms charged negatively in a larger

Ags—ZSM-5 (A1) Ags—ZSM-5 (A1) Ags—-ZSM-5 (A1g)
Triplet spin state Quartet spin state Triplet spin state

acute triangle

f LY

acute triangle

Figure 4. B3PW91-optimized Ag;—ZSM-S(AL,) structures in higher spin states where n varies from 1 to 3. Agz;—ZSM-5(Al,) and Ag;—ZSM-S(Al;) in
the triplet spin state and Ag;—ZSM-5(AL) in the quartet spin state are given. The Ag—Ag separations are given in Angstroms. Corresponding B3LYP-
optimized geometries are given in Figure S7 (Supporting Information). Details of optimized Ag—O bond lengths can be seen in Tables S and S11

(Supporting Information).
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Table 5. Ag—O Bond Lengths of Ag;—ZSM-5(AL,) in Higher Spin States, Obtained from B3PW91 Calculations.”

b

method n three silver ions spin state
B3PW91 1 obtuse triangle triplet
B3PW91 1 acute triangle triplet
B3PW91 2 obtuse triangle quartet
B3PW91 2 acute triangle quartet
B3PW91 3 linear cluster plus one ion triplet

Agl—0° Ag2—0° Ag3—O°
2402, 2.591 2661 2494
2420, 2.424 2.388
2427, 2.561 2.163, 2.344, 2.391 2.565
2.396, 2.504 2.174, 2.607, 2.349 2481
2235, 2.405 2.254,2.254, 2.531 2284, 2.322, 2.638

“ Corresponding values obtained from B3LYP calculations can be seen in Table S11 (Supporting Information). ® n: number of substituted Al atoms
inside a ZSM-5 model. Ag—O (A): Ag—O separations are seen in Figure 4, where atom numberings are also given.

number of Al atoms. In that situation, silver cations have larger
coordination numbers, indicating that stronger electrostatic
interactions are exerted between three silver ions and a ZSM-5
framework. Consequently, weaker Ag—Ag interactions as well as
stronger Ag—O interactions operate in larger n. The DFT results
demonstrate that the balance between the Ag—Ag and the
Ag—O interactions plays a dominant role in determining the
structures of silver species inside a ZSM-S cavity. Despite the
interesting DFT findings, we need further investigation into
the Al-position dependences of the Ags clusters inside a ZSM-5
cavity, because substituted Al atoms are randomly distributed
within a ZSM-5 framework experimentally.

Properties of Agz—ZSM-5 in Higher Spin States. Next, we
discuss the Ag3—ZSM-S structures in higher spin states depend-
ing on the number of substituted Al atoms (1). In the triplet state
of Ag;—ZSM-5(Al,) and the quartet state of Agz;—ZSM-S(AL),
an antisymmetric orbital in Figure 3 is occupied by one electron
from the HOMO (symmetric orbital), which is in line with the
electron excitation of the bare Ag;” cluster. In the Ag—Ag
interactions in the higher spin states, the symmetric orbital as
well as an antisymmetric orbital are important. Occupation of an
antisymmetric orbital differentiates its higher spin states from
lower spin states. Figure 3 shows that the lower spin states have
two antisymmetric orbitals (the LUMO and the LUMO+1) lying
close in energy. Accordingly, we obtained two types of optimized
geometries for higher states of Agz—ZSM-S(Al;) and Ag;—
ZSM-5(Al,) at B3PW91 calculations (Figure 4). Corresponding
B3LYP-optimized geometries are displayed in Figure S7
(Supporting Information). Their key geometrical parameters
are shown in Tables S and S11 (Supporting Information). Their
frontier orbitals are shown in Figures S and S8 (Supporting
Information). Figure 4 shows that both optimized structures have
triangles distorted significantly from D3;, symmetry. The existence
of two types of distorted triangle in a ZSM-$ cavity (acute and
obtuse triangles) is similar to the bare Ags" case in the triplet state
(Figure 1) where Jahn—Teller distortion can be seen. We see from
Table 6 that the energy differences between the two triangles do
not significantly change by encapsulation into a ZSM-5 cavity.

Despite the similarity in terms of energetics, the distortion of
triangle clusters in higher states of Ag;—ZSM-S(Al;) and
Agz—ZSM-5(AL,) is more pronounced than the bare Ag;”
cluster in the triplet state. In the obtuse triangles inside ZSM-§
cavities with single and double substitution, two silver ions
are apart by ~4.50 and ~4.65 A, respectively. Accordingly, the
optimized angles of £ Ag2—Agl—Ag3 are 104.2—108.6°. In
contrast, the acute triangles have one silver ion separating them
from the other ions. Then we found a smaller £ Agl—Ag2—Ag3
around S0° and two enlarged separations (Agl—Ag2 and
Ag2—Ag3) ranging from 3.06 to 3.44 A in the B3PW91 calcula-
tion. These results suggest that the cluster distortion inside a

Ags—ZSM-5 (A1;) Agz-ZSM-5 (A1y) Agz-ZSM-5 (A1)
triplet spin state triplet spin state triplet spin state
obtuse triangle acute triangle

LUMO (a) 2.85 eV LUMO () 2.32 eV LUMO (a) 4.52 eV

*

e

HOMO (a)
~ -4 1

, ©
‘: ™ A ¢

)
)

HOMO-1 () 2.48 eV
®» “R4e
P

9

Figure 5. Frontier orbitals of higher spin states of Ags—ZSM-5(Al,) where n
is 1 and 3. Orbital energies (in eV) of the LUMO and LUMO+1 relative to the
HOMO are obtained from the B3PW91 calculations. Corresponding orbitals
of Ags—ZSM-5(AL) are given in Figure S8 (Supporting Information).

ZSM-$ cavity is significant relative to those in the bare Agsy"
cluster in the triplet state owing to bindings of silver species into
framework oxygen atoms. The distortion may be important in
enhancing the catalytic activity of Ag—ZSM-5, because it gen-
erates coordinatively unsaturated silver atoms with a space for
guests to approach directly.

Reflecting from the different geometries of the two enclosed
triangles, patterns of the spin density distribution are quite
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Table 6. Electronic Properties of Ag;—ZSM-$ (Al,,) in Higher Spin States, Obtained from B3PW91 Calculations”

spin density* NPA charge?
method n’ three silver ions spin state Agl Ag2 Ag3 Agl Ag2 Ag3 AE*
B3PW91 1 obtuse triangle triplet 0.48 0.72 0.72 0.18 0.17 0.19 0
B3PW91 1 acute triangle triplet 0.38 0.88 0.67 0.31 0.05 0.16 2.02
B3PW9I1 2 obtuse triangle quartet 0.58 1.07 0.74 0.23 0.57 0.21 0.14
B3PW9I1 2 acute triangle quartet 0.45 1.47 0.52 0.35 0.42 0.22 0
B3PW91 3 linear cluster plus one ion triplet 0.70 0.80 0.00 0.55 0.54 0.54

“ Corresponding values obtained from B3LYP calculations can be seen in Table $12 (Supporting Information). ® n: number of substituted Al atoms
inside a ZSM-S model. “ Spin density; calculated spin density integrated over atomic basin of an atom. Atom numberings are given in Figure 4. 4NPA
charge; calculated charge density of an atom obtained from natural population analyses (NPA). Detailed information can be seen in Tables $7—S9
(Supporting Information). ° AE (kcal/mol): energy of a triangle relative the most stable conformation. When a triangle is the most stable conformation,

AE is 0.

different, as shown in Tables 6 and S12 (Supporting In-
formation). Roughly speaking, in the enclosed obtuse triangles,
the two silver atoms separating each other (Ag2 and Ag3) have
significant spin densities, whereas the other silver atom (Agl)
does not. In the enclosed acute triangles, significant spin densities
appear at the silver atom (Ag2) that is far from the other two
atoms. The spin density distributions are similar to those in the
bare Ag;” cluster in higher spin states. The patterns of the spin
density distribution are understandable from their singly occu-
pied molecular orbitals (SOMOs), whose orbital amplitudes are
found in Figure S. Unpaired electrons exist in symmetric and
antisymmetric orbitals in the higher spin states which can be
generated by photoirradiation. Since radical Ag cations can have
the power to cleave a C—H bond of hydrocarbons in a homolytic
manner, the silver cations inside a ZSM-S cavity may become
reactive toward hydrocarbons under photoirradiation. Despite
the similarity in spin distributions of the Ag; cluster with and
without the ZSM-5 surroundings, there is a slight difference in
the spin density distributions; spin densities of silver cations near
the Al substitution are less than those in the bare cluster. The
slight discrepancy in the spin density distributions may give us
a hint to elucidate Al positions within a 10-membered ring of
ZSM-S.

Although we found more significant Ags distortion inside
ZSM-5(Al;) and ZSM-5(Al,) by changing from the lower states
to the higher states, the ZSM-5(Al;) case has opposite trends
between the two states. In fact, Figure 4 shows that the triplet
spin state of Agz—ZSM-5(Al;) has two silver cations approach-
ing by ~2.73 A, different from its singlet state where three ions
are isolated. Formation of the linear cluster in the triplet state can
be understood by the HOMO where a Ss orbital interacts with a
Ss orbital in a bonding fashion (Figure S). Occupation of the Ss
orbitals in Ag;—ZSM-5(Aly) is characteristic in the triplet state,
which cannot be seen in the singlet state where each Ss orbital is
unoccupied. A similar relationship can be seen in the singlet and
triplet states of Ag;—ZSM-S(Al,) (Figure S6 (Supporting In-
formation)). Owing to a SOMO orbital with two Ss orbitals
interacting in an in-phase manner, the linear structure has
radical character at both atoms, indicating different reactivity in
Agz—ZSM-5(Al;) compared with those in Agz—ZSM-5(Al)
and Ag;—ZSM-S(AL).

B CONCLUSIONS

The behavior of Ag; clusters inside a nanometer-size cavity of
ZSM-5 zeolite with a different number of substituted Al atoms
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(ZSM-5(Al,); 1 < n < 3) was investigated by means of density
functional theory (DFT) calculations. Comparison in the Ag;
clusters with and without ZSM surroundings provides the basis
to clarify factors determining their structures inside its cavity.
DFT calculations demonstrate that Ag—Ag orbital interactions
as well as Ag—O electrostatic interactions govern whether an
enclosed triangle Ags cluster can be generated in lower and
higher spin states of Agz;—ZSM-5(Al,). Then the number of
substituted Al atoms can control the strength of both interac-
tions; stronger Ag—Ag interactions and weaker Ag—O interac-
tions operate with a smaller number of Al atoms. In the lower
spin states, the Ag—Ag interactions come from the totally
symmetric orbital consisting of three Ss(Ag) orbitals. Inside
ZSM-5 cavities with single and double Al substitutions, Ds,-like
Ag; triangles are contained, whereas three silver ions are isolated
in triplet substitution. The cluster structures in lower spin states
of Ag;—ZSM-S(Al,) and Ag;—ZSM-5(Al,) are analogous from
the bare Agy" cluster with the (a;)*(e’)° configuration. In
contrast, higher spin states of Ag;—ZSM-5(Al;) and Ag;—
ZSM-5(Al,) have two types of triangles significantly distorted
from the D5, structure, whereas a linear Ag, cluster is formed in a
higher spin state of Ag;—ZSM-5(Al;). In the qualitative inter-
pretations of the distorted triangles of Ag;—ZSM-S(Al;) and
Ag;—ZSM-5(AL,), analogies to Jahn—Teller distortion in the
bare Ag;” cluster in the triplet state are helpful. In other words,
two orbitals with one node are responsible for the existence of
two types of distorted Ags cluster in their higher spin states.
Furthermore, bindings of an Ag; cluster into framework oxygen
atoms facilitate significant distortion. Consequently, the DFT
calculations found that the structural and electronic features of
the enclosed silver clusters are governed by the number of Al
atoms through the Ag—Ag and Ag—O interactions. The DFT
findings are helpful to understand the catalytic activity of
Ag—ZSM-S.

B ASSOCIATED CONTENT

© Supporting Information.  Searching DFT functional sui-
table to describe the bare Ags cluster, Jahn—Teller distortion
of the Ags” cluster in the triplet spin state, and properties of
Ag,—ZSM-5(Al}). ZSM-S modeling (Figure S1); optimized
structures for bare Ag; clusters (Figure S2); Jahn—Teller distor-
tion of the bare Ag;" cluster in the singlet and triplet states in the
B3LYP calculations (Figure S3); optimized Ag;—ZSM-S(Al,)
structures in lower spin states obtained from B3LYP calculations
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properties of Ag;—ZSM-S(Al,) in lower spin states obtained
from B3LYP calculations (Table S6); electronic configurations of
Ag;—ZSM-5(Al;) based on NPA (Table S7); electronic config-
urations of Agz—ZSM-5(AL,) based on NPA (Table S8); elec-
tronic configurations of Agz;—ZSM-S(Al;) based on NPA
(Table S9); electronic configurations of Ag; —ZSM-5(Al, ) based
on natural atomic orbital analyses (NPA) (Table $10); Ag—O
bond lengths of B3LYP-optimized Agz—ZSM-5(Al,,) structures
in higher spin states (Table S11); electronic properties of
Ag;—ZSM-5(Al,) in lower spin states obtained from B3LYP
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