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Optical properties of the hydrated charged silver
tetramer and silver hexamer encapsulated inside
the sodalite cavity of an LTA-type zeolite¥

Ngo Tuan Cuong,*® Hue Minh Thi Nguyen,® My Phuong Pham-Ho*® and
Minh Tho Nguyen®

The optical spectra in the UV-VIS region of the hydrated doubly charged tetramer Ag42+ and hydrated
multiply charged hexamer Age®* silver clusters encapsulated inside the sodalite cavity of an LTA-type
zeolite have been systematically predicted using DFT, TD-DFT and CASSCF/CASPT2 methods. The
optical behaviour of the model hydrated clusters [Age(H20)g(SinaH24036)1P* is very sensitive to their
charge. Among the cations [Age(H>0)g(SioaH24036)1P*, only the embedded hydrated quadruply charged
silver hexamer [Age(H-0)g(SiraH24036)1*" shows a strong absorption band at ~420 nm (blue light) and
emits light in red color. The absorption spectrum of the hydrated doubly charged silver tetramer cluster
[AQ4(H20)m(Sin4H24036)12", which shifts slightly and steadily with the increasing amount of interacting
water molecules to longer wavelengths, has a strong peak in the blue region. The water environment
forces the silver tetramer to relocate into one side of the cavity instead of at its center as in the case of
the non-hydrated [Ag4(Siz4H24036)]2+ cluster. Water molecules act as ligands significantly splitting the
energy levels of excited states of the Ag,®* and Age** clusters. This causes the absorption spectra of the
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1. Introduction

Investigations on silver clusters have continuously been carried
out for decades,'® and recently the charged silver clusters
dispersed in media such as oxyfluoride glass and zeolite cavities
have been prepared and optically investigated.>***® An emerging
view is that the silver clusters, which are the associations of silver
atoms and ions, present a molecule-like behavior featuring
discrete energy levels. When interacting with photons, they
undergo electronic transitions and as a result, absorption and
emission occur as in any molecular system. Many studies also
showed that encapsulation of a charged silver cluster in a
restricted environment of a zeolite host is expected to change
the guest properties. Through host-guest interactions, even
unstable silver clusters could be stabilized to exist inside a
nanometer-size cavity of a host.***> Sometimes the inner cations
aggregate to form unusually small clusters, due to the stabilizing
electrostatic interactions with the negatively charged oxygen
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clusters to broaden and the emission to shift to the green-yellow and red part of the visible region.

atoms of zeolites. For example, small silver clusters consisting of
2-8 atoms have been reported to exist inside zeolite cavities.** >
Depending on the sizes and the charges of the enclosed silver
species, the embedded zeolites often exhibit unique opto-
electronic properties. For instance, the Ag;"" and Ags™" clusters
can be formed within Faujasite (FAU) and Linde Type A (LTA)
zeolites and become fluorescent after calcination.>' Recently,
the Ag,, cluster has experimentally been found to be formed
inside a sodalite cavity of an LTA zeolite.”* The actual charge of
the Ag,, cluster formed in this zeolite environment, the nature
of such association, the metal-metal interactions as well as the
role of the sodalite cavity incarcerating silver atoms and ions in
its center have been analyzed in a recent theoretical study.””
The small positively charged silver clusters, when being
encapsulated inside zeolite cavities, could also exist in hydrated
forms. For instance, the emission of thermally treated Ag activated
zeolite Na-A upon dehydration/hydration in vacuum/water vapor
has been observed experimentally.’® Although the characteristic
yellow-green emission has been assigned to be strongly associated
with the coordinating water molecules to the Ag" ions or Ag’
atoms,’® to the best of our knowledge, the effect of interactions
between water molecules and silver clusters on the resulting
optical properties is not well understood yet. In this context, we
set out to carry out in this work a theoretical investigation of the
small Ag, and Ags charged clusters and their hydrated forms
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encapsulated in the sodalite cavity of an LTA-type zeolite. We
are interested in determining how the optical behaviour of the
clusters changes with respect to the charge, and the amount of
interacting water molecules, as well as the role of the latter.

2. Methods of calculation

We first construct a non-substituted zeolite model including a
six-membered ring (6-MR) cavity, a composite building unit, or
a sodalite (SOD 24T) cavity. This simplest model has a Si4O36
framework whose silicon atoms are all saturated by hydrogen
atoms.>® As a result, the chemical formula of the host is
Siy4H,4036, as shown in Fig. 1. To construct the hydrated and
positively charged silver cluster Ag,(H,0),#" embedded model,
we add silver atoms and water molecules inside the cavity of
the SiyH,4036 framework and then optimize the resulting
structures. The chemical formula of the resulting cluster is thus
[Ag,(H,0),,S124H,4036F". The most plausible configuration of
the cluster can then be determined.

Using the method of density functional theory (DFT),*’we
optimize the geometries of the [Ag,(H,0),,Si24H,4056 " clusters
in such a way that the geometry of the surrounding sodalite
cage is fixed and the hydrated and charged silver clusters
are relaxed converging to energy minima in their ground
electronic state. The harmonic vibrational frequency calcula-
tions are followed to confirm the optimized stationary points as
energy minima (with all real frequencies). In the following
stage, time-dependent density functional theory (TD-DFT)** >
calculations are performed to identify the electron transitions
from the ground to excited states that are responsible for the
absorption spectra.

The popular hybrid B3LYP functional® is employed in both
DFT and TD-DFT calculations. Due to the relatively large size
of the systems considered, the Los Alamos National Laboratory
2-Double Zeta (LANL2DZ) basis set® is used in conjunction
with the B3LYP functional. This basis set combines effective
core potential (ECP) basis sets for Al, Si, and Ag and the valence

Fig.1 The structure of the Sio4sH24036 host. The red circles represent
O atoms; the small grey circles represent H atoms and dark-green circles
represent Si atoms.
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basis sets for O and H atoms. All calculations are performed using
the Gaussian09 package.®® In the last stage of calculations, we use
the methods of complete active space second-order perturbation
theory based on complete active space self-consistent-field wave-
functions (CASSCF/CASPT2 method), and the restricted active
space state interaction (RASSI method) to simulate the emission
process of the investigated cluster using the Molcas package.*®™®

3. Results and discussion
3.1. The [Age(H,0)s(SizaH24036)F”" hydrated clusters

We started our investigation of the optical properties of hydrated
charged silver clusters embedded in the zeolite cavity from the
hydrated charged silver hexamers encapsulated inside the sodalite
cavity of an LTA-type zeolite, namely the [Age(H,0)g(SizaH24036) "
clusters. Geometries of these clusters with different charges
p =1, 2,..6 are optimized at the B3LYP/LANL2DZ level and
illustrated in Fig. Sla-e of the ESIf file. The cationic silver
clusters are located at the center of the sodalite cavity in which
silver atoms/ions point toward the four-membered rings of the
cavity (there are six four-membered rings). The eight water
molecules are located at the vicinity of the six-membered rings
inside the cavity and surround the silver cluster.

TD-DFT calculations are performed on the optimized geo-
metries to evaluate the transition energies from the ground
to excited states, and thereby simulate the absorption spectra.
The average Ag-Ag bond length, the HOMO-LUMO gap, the
NBO charge on Ags, transition energies and the first low-spin
excited state with respect to different charges p of the whole
[Age(H0)s(Siz4H,4036)F " are listed in Table 1. As could be seen in
Table 1 the average Ag-Ag distance decreases slightly from 2.770 A
in [Ags(H,0)sSi24H24036]"" to 2.766 A in [Age(H,0)gSizqH24056] "
and 2.768 A in [Age(H,0)sSi24H,4036]"" and then increases to
2.862 A in [Age(H,0)sSirsH,4056)°" and 2.990 A in [Age(H,0)s-
SiysH,4036]°". Transition energies between the ground and low
spin excited states as well as the absorption spectra of the
clusters are shown in Fig. S2 and S3 in the ESI{ file. We also
see from Table 1 that amongst the investigated clusters, only
[Ags(H,0)s(SiaH24036) " with p = 4, 5, and 6 have transition
energies between the ground and first singlet excited states
located in the visible region. The other clusters have smaller
excitation gaps.

The absorption spectra of the [Age(H0)s(SizaH24056)F"
clusters with p = 4, 5, 6 are plotted in Fig. 2. Accordingly, the
absorption spectrum of the [Agg(H,0)s(SizaH,4036)]°" cluster is

Table 1 The average Ag—Ag bond length, the HOMO-LUMO gap, the
NBO charge on the Agg cluster and the energy gap between the ground
and the first low spin excited state of the [Age(H20)g(Siz4H24036)1P" cluster
(B3LYP/LANL2DZ)

p 1 2 3 4 5 6
d(Ag-Ag), A 2.770  2.776 2.766 2.768 2.862  2.990
HOMO-LUMO gap 1.0 1.9 1.7 3.3 3.2 4.2
GS-EX; gap, eV 039 117 094 287 244 335

NBO charge on Ag, 1.2 2.3 1.7 3.4 3.4 4.9
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Fig. 2 Absorption spectra of the [Age(H20)g(SizaH24036)]°" clusters.
The black curve represents [Agg(H20)s(SinaH24036)1%; the green curve

represents [Age(H20)s(SizaH24036)1>"; and the blue curve represents

[Ags(H20)5(SinsH24036)14*. The full width at half maximum is 0.333 eV
(B3LYP/LANL2DZ). Absorption intensities of the clusters are relative to
each other.

characterized by a very weak absorption band in the visible region,
as compared to that of the [Ags(H,0)s(SizaH24036)]"" and the
[Ag6(H,0)5(Siz4H24056)]" clusters. The [Age(H,0)s(SizgHz4056)]""
cluster possesses a singlet ground state with all electrons
paired, while the [Ags(H,0)s(Siz4H4056)]°" cluster has a doublet
ground state with one unpaired electron. We therefore set
out to pursue further investigation on the optical behavior of
the [Age(H20)s(SizqH24036)]*" cluster which is a closed-shell
diamagnetic system.

The densities of state (DOS) of the [Ags(H,0)s(SizqH24056)]*"
cluster are plotted in Fig. 3. This has in its ground state
two electrons in the outer shell. The HOMO’s energy of the
[Age(H,0)s(SingH,4036)]*" cluster is far higher than that of the
inner orbitals, as could be seen in Fig. 3. The cluster is in a
C; point group and its ground electronic state corresponds to
the 'Ay: [...(ag)(au)(@u)(@y)- . .] orbital configuration in the outer
shell. These four frontier orbitals, namely HOMO, LUMO, LUMO+1
and LUMO+2, are constructed mainly from the AO(5s) of silver

' —— H(Water)
41 LUMO:15 .3%0(water)+2.9%Ag(d) O(Water)
+14.3%Ag(p)+42.4%Ag(s) Si(Framework
34 —— H(Framework)
Z HOMO:33.7%0(water) — O(Framework)
g 21 +14.3%Ag(d) ——Ag(d)
= +16.3%Ag(p)+29.3%Ag(s) ——AgP)
1] } Ag(s)
/\ Total
0 )

-15 -10
Energy, eV
Fig. 3 Densities of state of [Age(H20)g(SizaH24036)1*" (B3LYP/LANL2DZ).
The solid black lines denote the total DOS and the s(Ag) component is
shown by the shaded green area. The intensity corresponds to the number
of MOs. Contributions to the HOMO and LUMO of AOs of oxygen and
silver atoms are represented in the inset.
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atoms and significantly from orbitals of water molecules. The
shapes of these frontier orbitals and their relative energies are
presented in Fig. S4 of the ESIf file.

The calculated absorption spectrum of [Age(H,0)s(SizsH24056)],
which is broadened with the full width at half maximum equal
to 0.33 eV, has one strong peak centered at ~420 nm. The latter
is due to the convolution of the two electronic transitions of
which one is from the ground state to the first singlet excited
state (So — S;) and the other is from the ground state to the
second singlet excited state (S, — S,). In other words, this
absorption band arises from electronic transitions from the
HOMO to the LUMO and from the HOMO to LUMO+1 as well as
LUMO+2 in the region of frontier orbitals.

In order to probe the effect of Al-substitution on the optical
properties of the Age*" cluster, we perform calculations
on the hydrated-Ags*" encapsulated inside an Al-substituted
framework, namely the [Ags(H,0)s(Al4Siz0H,4056)]° cluster. The
reason for the choice of such an Al-substituted framework
having four Al atoms shall be discussed as follows. The sub-
stitution of one AI** for one Si*" on the SiO, framework should
induce one-electron negative charge on the framework. Therefore,
in the [Age(H,0)5(AlLSizoH,4056)]° cluster the (AlySizoH,4036) frame-
work has four-electron negative charge and the Ags(H,O)g cluster
has four-electron positive charge. In other words, the chemical
formula could be written as [Age(H20)s" (AlsSireH24036)" "
To confirm this assumption, we analyze the NBO charges of
the investigated cluster. The NBO charge on the Ag, cluster
is +3.4 electron, the average Ag-Ag bond length is 2.76 A and
the HOMO-LUMO gap is 3.4 eV. The absorption spectrum of
[Ag(H,0)5(Al,Si0H,4036)]°, which is plotted in Fig. 4, has one
strong absorption band centered at 425 nm due again to the
convolutions of both S, — S; and S, — S, electronic transitions.
These properties are the same as compared to the case of the
[Ags(H20)g(SizaH24036)]"" cluster.

It has also been demonstrated that instead of modeling the
absorption spectra of the non-hydrated silver clusters embedded
inside the Al-substituted sodalite cavity of an LTA-type zeolite as
it is usual in reality, we can simulate the absorption spectra of
these silver clusters encapsulated inside the non-substituted
sodalite cavity, which is less complicated, with an appropriate
formal charge on the whole model.”®

In this research work attempt is made to do an in-depth
study of the effect of hydrated-water molecules on absorption
properties of the encapsulated charged silver clusters. To clarify
this crucial importance, we investigate in this Section, together
with the Ag42+ in the later section, the embedded non-hydrated
charged silver cluster Ag,"", namely the [Age(SiyH,4036)]*" cluster
as well as some low-hydrated [Age(H,0)s(NasAlgSiicH,4036)]°
[Ags(H0)5(NazAl,Si;; H,4056)]° and [Age(H,0)s(Na,AlgSiisHy4036)]°
clusters. Of the latter clusters, the cage framework now contains
some levels of Al-substitution and the Na atoms as well as the water
molecules are in the vicinities of six-membered rings. We thus
optimize the structures and perform TD-DFT calculations on the
optimized geometries of the clusters. Both optimized structures of
the [Age(SizsH24036)]"" and the [Age(H,0)s(SizgHz4056)]"" clusters
are presented in Fig. 5. Absorption spectra of the low-hydrated

This journal is © the Owner Societies 2016


http://dx.doi.org/10.1039/c6cp02037b

Published on 10 June 2016. Downloaded by KU Leuven University Library on 31/10/2016 11:28:57.

Paper
0.24 L L - bk
0224 . [Age(HzO)S(AIASlz()HzAOas)] :_
0.20 3 —— [Ag,(H,0)(Si, ], 001" [f
g 0.184 _[Agﬁ(Si%HZ“OM)]M E
2 0161 ——[Ag,(H,0),(Na,ALSi H, 0, )]|E
E 014' \ —[Agﬁ(HZO)S(NalAl7Si17H24036)] i"
= 0.124 [Ag,(H,0),(Na,AlSi H, O)T|E
2 0107 :
= 0.08]
~0.06
0.04 5
0.02 4
0.00 = - F
300 400 50 600 700

Wavelength, nm

Fig. 4 Absorption spectra of the [AgG(Si24H24OSG)]4*, [AgG(H20)8(Si24H24O36)]4*,
[Age(H20)8(AliSizoH24036)1°, [Ags(H20)4(NasAlgSinsH24036)1° and [Ags(H20)s-
(NazAl;Si;sH24036)1° clusters. The black curve represents [Ags(SizsHz40z6)1*;
the green curve represents [Ag6(H20)8(8i24H24036)]4+; and the blue curve
represents  [Age(H20)s(AluSingH24036)1°;  the red curve represents
[Age(H20)4(NasAlgSirgH24036)1°; the orange curve represents [Age(H,0)s-
(NasALSi;zH24036)1°. The full width at half maximum is 0.333 eV (TD-DFT
with B3LYP/LANL2DZ).

[Age(H20)4(Na4AlsSi16H24036)]0y [Age(Hzo)s(N33A175117H24036)]0
and [Age(H0)e(NayAleSissH,4036)]° clusters which are integrated
in Fig. 4 in comparison with that of non-hydrated and fully
hydrated Ags** clusters have two obvious absorption bands of
which one is at 530 nm and the others are at 390, 380 and 345 nm,
respectively. That is due to the distorted geometry of the Ags
cluster caused by the direct interactions of silver atoms/ions with
the framework where no water molecules are present. The Cartesian
coordinates of these clusters are represented in the ESIT file.

Geometrical parameters such as the nearest Ag-O, Ag-Ag
contact distances and the coordination numbers are listed in
Table 2. Transition energies between the ground and the lowest-
lying singlet excited state are schematically illustrated in Fig. 6, in
comparison with the hydrated [Age(H,0)s(SisH24036)]"" cluster.

The lowest-lying singlet and triplet excited states of
[Age(SizgH24056)]"" are of three-fold degeneracy. The LUMO,
LUMO+1 and LUMO+2 of [Age(SizsH24036)]*" are in a T repre-
sentation of the Oy, point group and atomic p-like orbitals. The
result shows that the hydrated-water molecules form a ligand
field interacting with and splitting the excited states of the
encapsulated Age*" moiety. It is noteworthy that the quadruply
charged hexamer Agg*" is not a stable association itself in the
gaseous state, even when it is surrounded by eight water
molecules. It is stabilized when being encapsulated inside
and electrostatically interacting with the sodalite cavity. The
role of water molecules in this case is not to stabilize the
association of six silver atoms and ions but to perturb and to
split the excited states, and thereby to increase absorption
intensity of the encapsulated Ag¢*" cluster.

The results presented in Fig. 6 indicate that the water
environment actually splits the singlet and triplet excited states
so that the emission occurring from the lowest triplet state, as
compared to the absorption, will shift very much to the longer
wavelength in the visible region.

This journal is © the Owner Societies 2016
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b)

Fig. 5 Optimized geometries of the [Ags(Sio4H24036)]*" and [Age(H20)s-
(SizaH24036)1** clusters. Silver atoms are in blue color. (a) The [Age(SizsH24036)1**
cluster; the average Ag—Ag bond distance is 2.958 A. (b) The [Agg(H20)s-
(SizaH24036)1*" cluster; the average Ag-Ag bond distance is 2.768 A
(B3LYP/LANL2DZ).

3.2. The [Ag4(H0),,(Si>4H,4036)]”" hydrated clusters

Prior to the investigation of the [Agy(H,0),(Si»sH24036)"" clusters,
we perform calculations on the Ag,>* cluster in the gas phase and
the Ag,*" cluster encapsulated inside the sodalite cavity of an LTA-
type zeolite, giving the [Ag,(Si,4H24036)"" model. The most stable
gas phase structure of Ag,*" is in the Ty point group with the orbital
configuration in the outer shell being [. . .(a;)*(t)°(t2)°(t2)°. . .].

The transition energy gap between the ground and lowest-
lying singlet excited state is calculated at 4.6 eV (B3LYP/
LANL2DZ). When the Ag,>* cluster is encapsulated inside the
framework, this gap becomes smaller amounting to 4.2 eV. The
[Ag4(SizsH,4056)] Fcluster is also in a proper tetrahedral shape
(Tq symmetry) with each of the silver atoms pointing toward
six-membered rings of the cavity. The average Ag-Ag bond
length is 2.94 A, which is slightly longer than the Ag-Ag bond
length in the gas phase Ag,*" cluster, being 2.91 A obtained
at the same level. NBO charge of the embedded Ag, cluster is
approximately +2.0 electron.

The lowest-lying singlet excited states of the [Ag,(Siz4Hz4036)]>"
cluster is also three-fold degenerate, being in T representation
in the Ty point group. The calculated absorption spectrum

Phys. Chem. Chem. Phys., 2016, 18, 18128-18136 | 18131
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Table 2 Structural parameters of the [Ade(SizaH24036)1%F, the [Age(H20)s(SizaH24036)1*" and [Aga(H»0)e(SioaH24036)12" cluster (r: contact distance,

N: coordination number) (B3LYP/LANL2DZ)

Short Ag-O Long Ag-O Ag-Ag
Cluster r/A N r/A N r/A N
[Age(SizaH,4036)]" — — 2.82 4.0 2.96 4.0
[Ags(H,0)5(Siz4H24036)]"" 2.35 + 0.06 2.0 2.78 + 0.09 4.0 2.77 + 0.02 4.0
[Ag4(H20)6(SizaH4036) " 2.33 % 0.09 2.5 3.10 + 0.07 4.0 2.68 + 0.02 2.5
5.5 T o T E | [AEA(H20)7(Siz4H24036)]b
5.0 E 03 — [Ag,(H,0),(Si,H,,0)I'T
4.5 E 5 [Ag,(H,0)(Si,H,0,)T']
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Fig. 6 Splitting diagram for the lowest singlet and triplet excited states of
the encapsulated Age** cluster due to the ligand field formed by water
surrounding. Horizontal bars on the left side represent the ground and
excited states of the [Age(SizsH24036)1*" cluster; on the right side represent
that of the [Age(H20)s(SioaH24036)1** cluster. Black lines represent the
singlet states and red lines represent the triplet state (B3LYP/LANL2DZ).

[Ag4(SirgH,4036)]*" is illustrated in Fig. 7, in comparison with
the embedded hydrated doubly charged tetramer Ag,>". The
absorption spectrum of the [Ag4(Siz4sH24036)]>" cluster has only
one strong absorption peak at 295 nm, which is at a longer
wavelength as compared to the Ag,>" cluster in the gas phase,
being 267 nm at the same level of calculations.

We now analyze the hydrated doubly charged tetramer
[Ag4(H20),,(Siz4H24036)", aiming at the role of the interacting
water on their optical properties. The numbers of water mole-
cules ranges from m =1 to 7, being the maximum number of
water molecules that could be inside the sodalite cavity.

The structures of [Agy(H,0),,(SizsH4036)]>" are constructed
as follows: from the [Agy(Si,sH24056)]"" optimized structure,
water molecules are added inside the cavity in the vicinity of
six-membered rings. The oxygen atom points toward the edges
or the faces of the silver clusters whereas the hydrogen atoms
point toward the rings. The structures of the resulting
[Ag4(H20),(SizsH24036)]>" species are optimized and followed
by vibrational frequency calculations. TD-DFT calculations
using the B3LYP/LAN2DZ method are performed at optimized
structures to simulate their absorption spectra.

Several isomers for each m-value of the [Ag,(H,0),(SizsH24056) "
clusters are found. The most stable isomers and their relative
energies are presented in Fig. S5 and S6 in the ESIf file. TD-DFT
calculations using the B3LYP/LAN2DZ functional/basis set are
carried out at optimized geometries of all stable isomers in

18132 | Phys. Chem. Chem. Phys., 2016, 18, 18128-18136
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Fig. 7 Calculated absorption spectrum of [Aga(H20)m(SizaH24036)1%*
clusters with m = 0, 1, 2,..., 7 using TD-DFT at B3LYP/LANL2DZ.

order to evaluate the transition energies from the ground to
excited electronic states, and thereby the absorption spectra.
The calculated absorption spectra of different isomers of
[Ag4(H,0),(Siz4H24056)] "are plotted in Fig. S7 (ESIf). The result
shows that the absorption spectra of [Agy(H,0)n(SizaHa40s6)]"
isomers differ very much from each other when varying the m-value.

The calculated absorption spectra of the most stable isomers
of the [Ag4(H,0),,(Siz4H,4036)*" clusters for each value of m = 0,
1, ..., 7 are plotted in Fig. 7. Exception is found for m = 1 and
m = 4 in which the absorption spectra do not correspond to the
most stable isomers but rather to the isomers lying at 0.45
and 0.25 eV higher than the ground states, respectively.
The reason for such exception is that the absorptions of the
most stable isomers of the [Ag,(H,0)(Si»4H,4036)]>" and
[Ag4(H20)4(Siz4H,4036)]*" clusters, which contain nearly planar
Ag, tetramers, have two and even three separate absorption
bands and are not compatible with those of other forms. The
excitation energies from the ground to excited states of these
[Ag4(H0),,(Si4H,4036)]*" are shown in Fig. 8 as well as Fig. S8
in the ESIf file. Geometrical shapes of the most stable
[Ag4(H0),,(Siz4H,4036)]*" isomers are shown in Fig. 9.

As could be seen from the plots in Fig. 7 and the energy
diagram in Fig. 8, the calculated spectra of the [Ag,(H,0),-
(Si4H,4036)]*" clusters display one strong absorption band and
one vice-peak in the visible region. The energy gap between the
ground and the first singlet excited state decreases and the
positions of the absorption peaks shift to longer wavelengths
when the number of water molecules m increases.

For the non-hydrated [Ag,(Si,4H,4036)]", the calculated absorp-
tion band shows only one single peak centered at ~295 nm.
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Fig. 8 Splitting diagram for the lowest-lying singlet and triplet excited
states of the encapsulated Ag,2" cluster due to the ligand field formed by
water and framework surrounding.

For the hydrated doubly charged tetramers [Ag,(H,O0),-
(Sin4H,4056)*", the calculated absorption spectra show a vice-
peak. That is due to the fact that the symmetry of the Ag, tetramer
is lowered from Ty once the cluster is hydrated resulting in the
splitting of the LUMOs, which are three-fold degenerate (in T
representative of the Ty point group, or atomic p-like orbitals) for
[Ag,(SizaH24036)]*", and therefore the splitting of the absorption
spectra. Such an effect of water molecules on the splitting of
energies levels of excited states is represented in Fig. 8, which is
quite similar to the case described in Section 3.1 above. In general,
the lowest-lying singlet excited state of the embedded Ag,”" cluster
is split once the cluster is hydrated.

The relative intensity of the absorption spectra of [Agy(H,0),,-
(Siz4H,4036)]>" shows that the water surrounding does not affect
significantly the intensity of the absorption of the Ag,**cluster.
The calculated absorption spectra of [Ag,(H,0)4(SizaHz4036)]*",
[Ag4(H,0)5(Siz4H24056)" and [Agy(H,0)(SizsH,24036)]" which
are plotted in Fig. 7, are indeed very similar to each other.
In other words, the absorption spectra of the hydrated doubly
charged silver tetramer [Agy(H,0),(Si>sH24056)]" no longer
significantly change when the number of hydrated water mole-
cules reaches the value m = 4.

Recently, structural parameters of silver clusters in nanopor-
ous matrices have been investigated using X-ray absorption fine
structure (EXAFS) measurements. There is a wide agreement that
a nuclearity of four silver atoms/ions in the sodalite cages of
heat-treated silver exchanged LTA zeolite is preferred.**® The
absorption and emission spectra of the silver clusters have also
experimentally been studied revealing that the green/yellow
emission was observed in hydrated silver clusters encapsulated
inside the sodalite cages of the LTA zeolite.>*>*°° For the
purpose of a subsequent comparison between our theoretical
predictions and experimental results, we now analyze the optical
properties of [Agy(H,0)e(SizsH,4036)"" which includes the Ag,
tetramer in some detail.

The optimized geometry of the most stable isomer of the
[Ag4(H,0)(Siz4H24056)] "cluster is presented in Fig. 9 in which the
tetramer Ag, is in butterfly shape (close to the C,, point group).
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Fig. 9 Structures of [Aga(H20)m(SizaH24036)1%* clusters optimized at
B3LYP/LANL2DZ. () [Ag4(SizaH24036)1%" cluster; (b) [Aga(H20)1(SizqH24036)12*
cluster — isomerl; () [Aga(H»0)x(SiraH24036)12* cluster — isomer2; (d)
[Ag4(H20)3(SizaH24036)12* cluster — isomer2; (€) [Aga(H20)4(SizaH24036)12*
cluster — isomer3; (f) [Aga(H20)s(SiraH24036)12* cluster — isomer2; (g)
[Ag4(H20)6(SizaH24036)12" cluster — isomerl; (h) [Ag4(H20)7(SizaH24036)12*
cluster — isomerl.

The results in Fig. 9g again suggest that water molecules are
actually the cause for changes in the position and geometry of the
silver tetramer inside the cavity, in going from the center in the
case of the [Ag,(SirsH,4036)*" cluster to the one side of the cavity
in the case of the hydrated cluster [Ag,(H,0)(SizaH24036) "

The selected structural parameters such as the nearest Ag-O,
the Ag-Ag contact distances and the coordination numbers are
listed in Table 2. The six water molecules are located at the
centers of six-membered rings on one side of the sodalite cavity,
while the silver tetramer is found at the other side.
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Of twelve H atoms of the six water molecules, six are towards
centres of the rings and six are in between water-O atoms. As
could be seen in Fig. S9 of the ESIf file, there are five O-H---O
local interactions among the six water molecules in which the
average length of the H- - -O interactions is 1.581 A, of the O- - -0
distance is 2.566 A and of the O-H bonds is 1.006 A - lengthened
by 0.030 A as compared with that of the other O-H bonds in
these water molecules. This evidence suggests that the interac-
tions are hydrogen bonds’® and contribute to the stability of the
resulting structure.

Of the four silver atoms, two are located close to the two six-
membered rings nearby, and two others bound to two water
molecules. The former silver atoms have more positive charge
than the latter. On average, each silver atom is surrounded by
~2.5 nearest oxygen atoms including oxygen atoms in water
and in the framework with an Ag-O distance of ~2.33 A. The
average Ag-Ag bond length is 2.68 A and the average coordina-
tion number of each silver atom is 2.5 A.

TD-DFT calculations are performed on the optimized geometry
of [Agy(H,0)(SinsH24036)]*". Several low-lying singlet and triplet
excited states can be identified. Transition energies are presented
in Fig. 8 in comparison with those of [Ag,(Si,sH24036)"". Excited
states are split in the case of the hydrated [Ag,(H,0)g(SizaH24036)""
cluster as compared to the unhydrated [Ag,(SixsH,4036)] "cluster,
resulting in a broadening and shifting of the absorption and
emission bands to the longer wavelength in the visible region.
The lowest triplet and singlet excited states are close and even
cross over to each other. As the result, the emission occurring
from the lowest triplet state is quenched very much to the
longer wavelength in the visible region.

The calculated absorption spectrum of [Ag,(H,0)e(SizaH24036)>"
exhibits one band at ~350 nm and a vice-peak at ~285 nm, as
could be seen in Fig. 10. As in the previous case, the main
absorption band centered at 350 nm is a convolution of the two
electronic transitions from the ground state S, to the first and
the second singlet excited states S; and S,. The vice-peak is
apparently due to an electronic transition from the ground state
to higher singlet excited states.

0.3 1 1 1 1 —— 1
] ——I[Ag,H,0)(8i,H,0,)I -isol
] fﬁsl
a: 0.2 - _
5
2
g
= 0.1 -
] ?0_
0.0 | r

T - T T T T
200 250 300 350 400 450 500
Wavelength, nm

Fig. 10 Simulated absorption spectrum of [Ag4(H>0)e(SizaH24036)1°". The
vertical lines represent the electronic transitions from the ground state Sg
to lowest singlet excited states (TD-DFT/B3LYP/LANL2DZ).
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3.3. Luminescence of the [Agy(H,0)6(Siz4H»4036)]>" cluster

In order to probe further the emission behaviour of the
[Ag4(H,0)6(SirsH24036)]>" cluster, we perform two types of
calculations. In the first type, the TD-DFT method is used to
calculate the single point energy of the ground state (S,) and
excited states including the first (lowest) triplet one (T,). The
energy gap between both triplet state T; and ground singlet S,
states is illustrated in Fig. 11a. In the second type, we carry out
CASPT2/CASSCF calculations on a fragment of the optimized
structure of the [Ag,(H,0)e(SizsH,4036)]" cluster (given in Fig. 11b).
The fragment used for CASPT2/CASSCF calculations includes four
silver atoms, four nearest water molecules and six other water
molecules corresponding to six oxygen atoms in the framework
nearest to the two silver atoms close to the six-membered rings.
Such a model used for the CASPT2/CASSCF calculation is the
species [Ag,(H,0);0]*" for which the structure is illustrated in
Fig. 12. The active space selected in this case is a distribution of
two electrons amongst four MOs including the HOMO, LUMO,
LUMO+1 and LUMO+2. The shapes of the MOs in the active
space are illustrated in Fig. S10 in the ESIf file.

5.0 -
4.5 E
S
407 —=L f
3.5 s »a) TD-DFT b) CASPT2}
il
= 3.0 T . 3
B 29 o £ ]
5 209 2 g 8|y, |
5 1.5 & 2 A
M : o == - QL
1.0 2 £ E E
053 < g S, 5,1 3
0.0 o ;
B S ——

Fig. 11 Transition energies between the lowest triplet T; and ground
singlet S states at the T, state geometry, which is obtained by (a) TD-DFT
and (b) CASPT2/CASSCF calculation. The oscillator strength for the T; — So
electronic transition calculated by the RASSI calculation is f ~ 107,

Fig. 12 B3LYP/LANL2DZ structures of [Ag4(H,0)el*" used for CASPT2
calculations. [Ag4(H.0)gl?" includes six water molecules corresponding
to the nearest oxygen atoms of the framework of the sodalite cavity (with
Ag-O bond distances approximately equal to 2.4 A) and four nearest
amongst six water molecules in the [Ag4(HZO)G(Si24H24036)]2+ cluster (with
Ag-0 bond distances approximately equal to 2.2 A).
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Transition energy between the triplet excited T; and ground
singlet S, states of the [Ag,(H,0)e]*" model, which is obtained by
CASPT2/CASSCF calculations, and the oscillator strength for the
T; — S, emission obtained by the RASSI calculations including
the spin-orbit interaction are presented in Fig. 11b, along with
the result of TD-DFT calculations for the purpose of comparison.

Fig. 11 points out that when the [Ag,(H0)s(SizsH24036)]>"
cluster absorbs light at ~350 nm wavelength (the blue absorp-
tion), its lowest-lying singlet excited states S; and S, will be
populated. These states are expected to rapidly lose some of the
excited state energy and decay to the lowest-lying triplet excited
state T; by non-radiative processes, such as vibrational relaxa-
tion, due to the intermediate states, and the small energy gaps
between them.

The luminescence is expected to occur from the lowest-lying
triplet excited state Ty, which is located at ~2.27 eV (~ 540 nm)
according to the TD-DFT calculation, or at ~2.52 eV (~ 500 nm)
from CASPT2/CASSCF calculations, above the ground state, to
the ground state in a long time scale. In other words, for the
hydrated doubly charged tetramer encapsulated inside the sodalite
cavity of the LTA-type zeolite — [Ag4(H,0)s(Siz4sH24036)]>" modeled
cluster, the absorption is predicted to occur in blue color and the
emission in green-yellow color.

4. Concluding remarks

A number of important results emerge from the present theo-
retical study of some hydrated and charged silver clusters
embedded in the cavity of the LTA zeolite. The hydrated doubly
charged tetramer Ag,>" and hydrated multiply charged hexamer
Agd" silver clusters encapsulated inside the sodalite cavity
of an LTA-type zeolite have been investigated systematically
by using DFT, TD-DFT and CASSCF/CASPT2 methods. Their
absorption spectra have been simulated theoretically using the
TD-DFT method.

The optical behavior of the hydrated model clusters
[Ag6(H,0)5(Si24H24036)P" is changed very much with respect
to the charge of the clusters. Of the [Age(H,0)s(SizaH24036) )"
clusters considered, only the embedded hydrated quadruply
charged silver hexamer [Age(H,0)s(SizaH24036)]"" shows a
strong absorption band at ~420 nm (blue light) and emits
light in red color.

The absorption spectra of the hydrated doubly charged silver
tetramer model [Ag,(H,0)(Siz4H24056)]*" change slightly and
steadily with the increasing amount of interacting water mole-
cules to longer wavelengths. The water environment forces the
silver tetramer to relocate into one side of the cavity instead of at
its centre as in the case of the non-hydrated [Ag4(Si,sH,4036)]""
cluster. They act as ligands binding to silver ions and atoms.
The effect of the generated ligand field of water molecules on the
energy levels of excited states of the clusters, and therefore
their optical properties, is rather peculiar. This actually splits
the excited states of the doubly charged tetramer Ag,>" and
quadruply charged hexamer Agq'’, leading to broadening of
the absorption spectra in the blue part of the visible region
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View Article Online

PCCP

and shifting of the emission to the green-yellow and red part of
the visible region.
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