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Abstract. The most stable structures of tetrahedral M4?* cluster (M = Cu, Ag, Au)
encapsulated in SAPO-42 zeolite B-cage have been determined by the DFT method
using a/the B3LYP functional and LANL2DZ basis set. Electronic energies, zero
point correction to energies and geometries, as well as the charge of the clusters,
have been derived accordingly. The results showed that while the Cu-Cu bond length
increases much when Cus?* is in the framework, the Ag-Ag and Au-Au distances do
not. The UV-Vis spectra of the [Ms@SAPO-42]?* clusters, which were calculated
at the same hybrid B3LYP functional and the LANL2DZ basis set, show strong
absorption peaks at 259 nm, 270 nm, and 259 nm for M being Cu, Ag, and Au,
respectively. The nature of electronic transitions that are responsible for the
absorption peaks in the UV-Vis spectrum of the [M4s-SAPO-42]?* clusters has
been revealed.

Keywords: SAPO-42 zeolite, density functional theory (DFT), time-dependent
density functional theory (TD-DFT), M4?* cluster.

1. Introduction

Coinage metal clusters have attracted significant interest for decades due to their
fascinating properties and appealing structural beauty. The use of coinage metals in
catalysis is one of their major industrial uses. Catalysts made of copper, silver, and gold
have been used extensively [1]-[6].

Zeolites have a wide range of uses in our modern lifestyle, such as gas adsorption,
water treatment, agriculture, animal feed additives, green chemistry, and petroleum
refining, among many other uses. The most commonly used zeolite types are ZSM-5,
Faujasite X, Y, and LTA. In terms of specific volume, zeolite LTA is one of the most
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commonly used zeolites, while SAPO-42 is isostructural with zeolite LTA but shows a
much lower cation-exchange capacity. The structures of SAPO molecular sieves include
novel structure types as well as structure types analogous to certain zeolites [7]-[12].

Much research on the determination of structural characteristics and properties of
SAPO-42 zeolite doping coinage metals has been done recently [13]-[16]. For example,
the structure, location, and coordination of dehydrated Ag-SAPO-42 have been
investigated by electron spin resonance and electron spin echo modulation spectroscopies [14].
Electron paramagnetic resonance (EPR) spectroscopy and Rietveld refinement are
performed to identify the locations of active Cu?* ions in Cu-SAPO-42 [15]. However, to
our little knowledge of physicochemical and structural characterization, the detailed
geometries of the coinage metal clusters doped into SAPO-42 zeolite or other zeolites are
challenging due to the sensitivity to their sizes and geometries introduced by different
experimental probes, which may lead to the formation of larger aggregates when
examined with high-energy electron beams, X-ray irradiation. The effect of the
tetrahedral M4?* cluster (M = Cu, Ag, Au) dopant on the change of geometries and
properties of SAPO-42 zeolite has not been revealed and clarified yet.

With this up-to-date review, this work aims to study the optical properties of the
tetrahedral M4?* cluster (M = Cu, Ag, Au) incorporated into SAPO-42 zeolitep-cage,
namely geometrical and electronic structure, absorption UV-Vis spectra.

2. Content

2.1. Methods of calculation

In order to study the tetrahedral M42* cluster (M = Cu, Ag, Au) encapsulated in SAPO-
42 zeolite the method of density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) was used which are implemented in the Gaussian 09
software [17], [18].

Firstly, geometries of the tetrahedral M4?* clusters (M = Cu, Ag, Au) encapsulated in
a SAPO-42 zeolite -cage were optimized using the B3LYP/LANL2DZ functional and
basis set [19]-[21]. These calculations were followed by frequency calculations to
confirm that the stationary structures were minimal. Structural characteristics, relative
energies, the electron configuration, and the charge of the clusters have also been
investigated at the same level of theory.

Secondly, the TD-DFT calculation was performed at the optimized geometry to
determine the energy levels of excited states and absorption spectra of the clusters.

2.2. Results and discussion

2.2.1. Geometries of the tetrahedral M4?* clusters (M = Cu, Ag, Au) in SAPO-42
zeolite B-cage

Stable isomers of the investigated clusters have been determined as follows. Firstly
the Gaussview program has been used to construct all possible structures of M42* clusters,
namely the Y-shape, the rhombic, and the tetrahedral structures. These structures were
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used for optimization calculations followed by frequency calculations. Stable isomers did
not possess imaginary frequencies.

Then M4?* clusters were added into the stable structures of the modeled SAPO-42
zeolite B-cage forming the modeled [M4-SAPO-42]%* clusters which are the input
structures for the next optimization calculations. The most stable optimized structures of
the clusters have been illustrated in Figure 1.
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a) [Cus-SAPO-42]?" cluster  b) [Ags-SAPO-42]%* cluster  c) [AU4-SAPO-42]2+ cluster

Figure 1. Geometries of the most stable isomers of [M4s-SAPO-42]>* (M = Cu, Ag
and Au) cluster which are optimized at B3LYP/LANL2DZ level of theory

The most stable isomer of the M42* cluster has a tetrahedral structure and belongs to
the Tq point group. When loading the tetrahedral M4?* cluster (M = Cu, Ag, Au) into the
SAPO-42 zeolite 3-cage, the symmetry of My clusters is all reduced, and the framework
iIs also deformed.

[Cus-SAPO-42]2*. The length of the Cu-Cu bond in the Cu4?* cluster is 2.54 A. When
loaded into SAPO-42 zeolite, the Cu-Cu average bond length is 2.59 A slightly larger
than the Cu-Cu bond length in the Cus®* cluster. This indicates that the Cus** cluster
interacts with the SAPO-42 zeolite 3-cage to a significant extent.

[Ags-SAPO-42]%. The length of the Ag-Ag bond in the Ag4?* cluster is 2.90 A. When
loaded into SAPO-42 zeolite, the Ag-Ag average bond length is 2.87 A slightly smaller
than the Ag-Ag bond length in the Ags?* cluster, and this shows that the interaction of the
Ags?* cluster and the framework is rather weak. The symmetry of the Ag4®* cluster is
reduced from the Tq to the Csy point group.

[Aus-SAPO-42]2*. The length of the Au-Au bond in the Aus?* cluster is 2.82 A. When
loaded into SAPO-42 zeolite, the Au-Au average bond length is 2.79 A slightly smaller
than the Au-Au bond length in the Aus?* cluster.

2.2.2. Properties of the [Ms-SAPO-42]%* clusters
Electronic energies and zero-point energies of the [M4-SAPO-42]* clusters

Table 1. Electronic energies and zero-point energies of the [M4-SAPO-42]?* clusters
(M =Cu, Ag and Au)

. Zero-point The sum of electronic
Electronic . . .
Cluster energies (HF, a.u) energies and zero-point energies
g T (ZPE, a.u) E=HF + ZPE (a.u)
[Cus-SAPO-42]* -3610.6643121 0.390655 -3610.27366
[Ags-SAPO-42]%* -3409.1439067 0. 3878448 -3408.756062
[Aus-SAPO-42]%* -3367.8497553 0.3886409 -3367.461114

Charges of the [Ms-SAPO-42]* clusters
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In the M4?* free cluster, the +2 charge equally spread on each M atom, making the
charge on each M atom being +0.5.
From the most stable isomers of [Ms-SAPO-42]*" clusters, NBO charges on My
clusters and the SAPO-42 zeolite framework were computed. The results are listed in Table 2.
Table 2. Charge of the Ma cluster and SAPO-42 framework in the [M4-SAPO-42]%*
clusters (M = Cu, Ag and Au)

Cluster NBO charge of the M4 cluster and SAPO-42 zeolite
Mgy SAPO-42 framework
Cus-SAPO-42]* +1.135 +0.865
{Agi-SAPO-42%2+ +1.109 +0.891
[Aus-SAPO-42] +0.935 +1.065

It was discovered that the +2 charge on the whole modeled cluster [Ms-SAPO-42]%*
is well distributed between the My cluster and the SAPO-42 -cage, making a ca.+1
charge on each part of the modeled cluster.

2.2.2. UV-Vis absorption spectra of the [Ms-SAPO-42]?* clusters

Using the TD-DFT method implemented in the Gaussian 09 package, the absorption
spectra of the clusters were simulated. From there, the absorption spectrum of the ultraviolet-
visible region of the studied clusters and the origin of their spectral peaks were plotted.
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a) [Cus-SAPO-42]* b) [Ags-SAPO-42]%* c) [Aus-SAPO-42]%
cluster cluster cluster
Figure 2. UV-Vis spectral images of the M4?* bare cluster and the [M4-SAPO-42]%*
modelled cluster (M = Cu, Ag and Au)

TD-DFT calculations are performed at the optimized geometry of [Cus-SAPO-42]%*
modelled cluster using B3LYP/LANL2DZ method and several lower-lying singlet
excited states can thereby be identified. The corresponding optical absorption spectrum
is shown in Figure 2, and the electron transitions are summarized in Table 3. The
absorption spectrum of the [Cus]?* bare cluster has three peaks, and the one with the
lowest excitation energy at 270 nm due to the HOMO - 3 — LUMO, LUMO+1 and
LUMO+2 transitions. The other peaks are centered at 173 nm and 201 nm. When being
inside the SAPO-42 zeolite 3-cage, the absorption wavelength at 270 nm shifts to the
higher energy region, at 259 nm. This absorption band dues to the HOMO-8, HOMO - 1
— LUMO + 2 electronic transitions. This band has the same feature as the band at 270
nm in the absorption spectrum of the Cu4?* bare cluster, being the electron transition from
the s and d orbitals to the s orbitals of Cu atoms, with some contribution from orbitals of O
atoms in the framework.
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Table 3. Nature of electronic transitions that responsible for the absorption peaks
in the UV-Vis spectrum of the [Cus]?* cluster and the [Cus-SAPO-42]?* cluster

Cluster

Band

Transitions

AE
(eV)

A
(nm)

f

MO
Contribution

Theoretical
Assignment

[Cua]?*

4.60

270

0.0780

H-3 — L
20%
H-3 — L+1

9%

4.60

270

0.0780

H-3 — L9%
H-3 — L+1
20%

4.60

270

0.0780

H-3 — L+2
29%

s,d (Cu) —
s (Cu)

6.18

201

0.2143

H-20 — L
28%
H-20 — L+1
43%

6.18

201

0.2143

H-20 — L
43%
H-20 — L+1
28%

Vi

6.18

201

0.2143

H-20 — L+2
71%

s,d (Cu) —
s (Cu)

Vil

7.26

173

0.0600

H-2
28%
H —L+6
28%

— L+5

VI

7.26

173

0.0600

H-1
28%
H — L+4
28%

— L+5

7.26

173

0.0600

H-2
30%
H-1

30%

— L+4

— L+6

d (Cu) — s,
p (Cu)

[Cuz-
SAPO-
42]2+

4.78

259

0.0477

H-8 — L+2
18%
H-1 — L+2
22%

s,d (Cu) —
s (Cu), and
O framework
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The absorption spectrum of the [Ag4]?* bare cluster has only one peak with a
maximum absorption wavelength at 267 nm due to the HOMO — LUMO, LUMO+1 and
LUMO+2 transitions. When loaded into the SAPO-42 zeolite -cage, the maximum
absorption wavelength of the cluster does not shift significantly, being at 270 nm. This
absorption band also dues to the HOMO — LUMO, LUMO+1, and LUMO+2 transitions,
being the electron transitions from the s orbitals to the s and p orbital of Ag atoms, with
the contribution of orbitals of O atoms in the SAPO-42 [3-cage.

Table 4. Nature of electronic transitions that responsible for the absorption peaks

in the UV-Vis spectrum of the [Aga]?* bare cluster and the [Ags-SAPO-42]%* cluster

. AE A MO Theoretical
Cluster | Band | Transition eV) | (nm) f Contribution | Assignment
| 465 | 267 |0.3076 | H— L 90%
H — L+2
0,
I 4.65 | 267 | 0.3076 90%
H — L+1 s (Ag) — s
Adsl? A 14% ’
[Agd] ° p (Ag)
H — L+l
90%
11 465 | 267 | 0.3076 H o 42
14%
| 454 | 273 | 0.2455 | H — L 94%
s (Ag), O
[Aga- H — L+1
SAPO- A | 459 | 270 | 0.2482 920 framework
4217 0 L | S PR
1l 4.60 | 269 | 02477 | o O framework

The absorption spectrum of the [Aus]?* bare cluster has three peaks, and the longest
wavelength one 276 nm due to the HOMO- 11 — LUMO, LUMO + 1 and LUMO + 2
transitions. The other peaks are at 205 nm and 160 nm. When Au4?* is in the SAPO-42
zeolite B-cage, the maximum absorption wavelength shifts to the shorter one, at 259 nm.
This absorption band dues to the HOMO - 15, HOMO - 14 — LUMO transitions.

Table 5. Nature of electronic transitions that are responsible for the absorption peaks
in the UV-Vis spectrum of the [Aus]?* cluster and the [Aus-SAPO-42]%* cluster

Cluster | Band | Transition | AE | * f MO Theoretical
e (eV) | (nm) Contribution | Assignment
| 449 | 276 | 00881 | Hil — L+l
2 68% s, d (Au) —
A A H-11 — L | s (Au)
I 449 | 276 | 0.0881 | ceor
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H-11 — L+2
Il 449 | 276 | 0.0881 20%
H-18 — L+2
38%
v 6.06 | 205 | 0.0942 H-17 — L1
38%
H-19 — L+2
38% d (Au) —s
B \Y/ . 2 .0942 ’
6.06 05 |0.09 H17 — L 0 (Au)
38%
H-19 — L+1
39%
VI 6.06 | 205 | 0.0942 H18 — L
39%
H-2 — L+5
37%
VI 7.75 | 160 | 0.1138 Hl — 146
37%
H-2 — L+4
37% d(Au) —s
VI 1.7 1 A1 ’
¢ > 60 1 0.1138 H — L+6 p (Au)
37%
H-1 — L+4
42%
IX 7.75 | 160 | 0.1137 Y L, 145
42%
[Aus- 4H9'01/5 = LI gqu,0
SAPO- A | 478 | 259 | 0.0328 0 framework
421 H-14 — L | —s(Au)
15%

3. Conclusions

A new B3LYP functional and LANL2DZ basis set has been employed to optimize
geometrical structures following by frequency calculations of the tetrahedral M?* cluster
(M = Cu, Ag, Au) encapsulated in SAPO-42 zeolite forming [M4-SAPO-42]?* clusters.
Electronic energies, zero point energies, and geometries of the clusters have been derived.

The changes in geometry, and average M-M (M = Cu, Ag, Au) bond lengths of the
[M4-SAPO-42]%* clusters have also been determined.
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The UV-Vis spectra of the [M4-SAPO-42]%* clusters have been investigated using
the TD-DFT method with the hybrid B3LYP functional and the LANL2DZ basis set. The
prediction absorption spectra of the [M4-SAPO-42]?* clusters were characterized by
strong absorption peaks at 259 nm, 270 nm, and 259 nm for the [Cus-SAPO-42]?* cluster,
[Ags-SAPO-42]?* cluster and [Aus-SAPO-42]% cluster, respectively. The electronic
transitions that responsible for the absorption peaks in the UV-Vis spectrum of the [Ms-
SAPO-42]?* cluster are from s-, d-AOs of Cu to s-AOs of Cu and s-, p-AOs of O in the
framework, from s-AQOs of Ag to the s-, p- of Ag combined with s-, p-AOs of O
framework, as well as from d-AOs of Au and s-, p-AOs of O framework to the s-AOs of Au.
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