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1 | INTRODUCTION

Nanoporous materials exhibit outstanding features like high surface area and high porosity [1-11]. They have received a lot of interest in the
fields of material science and materials engineering and are utilized in a variety of processes, for instance in gas separation, catalysis, and drug
delivery, to name a few. The presence of nanopores of different size and shape enable them to exhibit novel features that are not present in the
bulk material. Among the nanoporous materials, zeolites [12-21] (porous crystal forms of aluminosilicate oxides) are the most well-known and
widely used materials due to their widespread availability, affordable price, and superior thermal, mechanical, and chemical durability. There are
more than 200 zeolites reported with different chemical compositions and distinct framework topologies. Although a plethora of zeolites have
been synthesized and chemically and structurally characterized [22-29], first-principles theoretical simulations investigating their optical features
are still very scarce.

For the design and production of zeolite-based optical material, a thorough understanding of their optical properties is essential. To the best
of our knowledge, quantum simulations that elucidate the optical characteristics of zeolites are scare. This gap will be closed by the current quan-
tum calculations. It is noteworthy that computational photochemistry's predictive ability has continuously grown over the past few years and that
it is currently regarded as a crucial tool in scientific research. In this work, we want to comprehend how the optical properties of zeolites change
in relation to modifications in shape or symmetry utilizing quantum simulations using the time-dependent density functional theory (TDDFT). We
remark that quantum simulations are worthwhile since unlike classical simulations they precisely incorporate quantum effects [30-40]. TDDFT
has become a very popular technique for the calculation of excited-state properties nowadays benefiting from its efficient numerical

implementations. It has been implemented in both frequency domain (linear response TDDFT [Ir-TDDFT] [41-47] technique based on the
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Casida's equation solved in the basis of Kohn-Sham [KS] particle-hole transitions) and time domain (real-time TDDFT [rt-TDDFT] [48-52] tech-
nigue based on the explicit propagation of the time-dependent KS equations).

The goal of this paper is to investigate how the underlying symmetry has a significant impact on the photoabsorption characteristics of zeo-
lites. As a main result, we demonstrate that high symmetry zeolite exhibits photoabsorption in the visible region, whereas, lower symmetry zeolite
exhibits photoabsorption in the UV-vis region of the electromagnetic spectrum. Electron-hole distribution in these materials (calculated via tran-
sition density matrices [TDMs]) and electronic circular dichroism (ECD) spectra provided important information regarding their optical excitations.
The paper is organized as follows. In the Section 2, we describe the structural models and the computational method used. Results are presented
and discussed in the Section 3 where we derive how the optical properties are influenced by the change in symmetry. We summarize our results
in the Section 4.

2 | COMPUTATIONAL METHODOLOGY

The computational methodology used in this work is based on the DFT and Ir-TDDFT method implemented in the Gaussian 16 [53, 54] software
package. DFT and TDDFT methods are currently the most widely used techniques in computational material research due to the optimal balance
of accuracy and computational power. Regarding the materials under investigation, we have taken into consideration two 48-atom zeolite struc-
tures, namely ACO and AFY (16 silicon atoms and 32 oxygen atoms), see Figure 1. In contrast to AFY zeolite, which has a lower symmetry trigonal
structure, ACO zeolite has a high symmetry cubic structure. Si—O interatomic distance in both structures is 1.60 A, as determined by the analysis
of the radial distribution functions (RDFs: g(r) =1, Nipzfil SN (8(r—Iri—r]))). Regarding the DFT calculations, structure relaxations were car-
ried out using an all-electron Pople double zeta basis set 6-31G [55-57]. The symmetry of the starting structures has been imposed during the
structure relaxations. Although in principle an exact theory, in practice the accuracy of both DFT and TDDFT depends significantly on the
employed exchange-correlation (XC) functional. We employed the CAM-B3LYP [58] range separated XC-functional (with 16% short-range and
65% long-range Hartree-Fock [HF] contributions). It is noteworthy that both local-density approximation [59] and generalized gradient approxi-
mation [60] XC-functionals consistently underestimate the excitation energies and charge transfer excitations. The issue of underestimating
excitation energy and charge transfer excitations [61-64] has been successfully addressed in this regard by the use of the CAM-B3LYP XC-func-
tional. It is noteworthy that accurate descriptions of valence excitations require full range-separated functionals [65-67] with the correct 100%
HF asymptotic exchange. Additionally, we examined the impact of the HF exchange on the photoabsorption spectra (see Figure S1). More specifi-
cally, we compare the photoabsorption spectra of the ACO zeolite structure using four different methods (a) wB97 x (16% HF exchange at short
range and 100% HF exchange at long range); (b) CAM-B3LYP (19% HF exchange at short range and 65% HF exchange at long range); (c) PBEO
(25% HF exchange); and (d) HF method. It is noteworthy that different XC-functionals render qualitatively similar results.

Here is our computational approach. After performing DFT calculations for the ground state, photoabsorption spectra are calculated using
the Ir-TDDFT technique based on Casida's formulation [68-70]. This is the most popular Ir-TDDFT implementation which involves setting up and
solving an eigenvalue problem over a basis of single-particle excitations. In essence, Casida's technique expands the molecular KS orbitals as linear
combinations of atomic functions and recasts the TDDFT problem in terms of diagonalizing a matrix omega (Q). In practice, the KS equations are

solved first, Hgsgi = €igi. Then, the Q matrix is diagonalized, QF, = w,2 F;, where the matrix elements of the Q matrix can be calculated from the KS

FIGURE 1 ACO and AFY zeolite structures under investigation. Each structure consists of 48 atoms: 16 Si (gray) and 32 O (red)
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orbitals are defined as

Qiajb:6ijaab(€a78[)2“1’21/6}176‘,‘K,’ayib‘/€b7€j and the coupling matrix elements
Kiajb = (ajlib) + <a]\f \1b> The number of dipole-allowed KS transitions should be sufficient to cover the appropriate range in the photo-

and eigenvalues, Kiajb
absorption spectrum. In order to plot the photoabsorption spectra of ACO and AFY zeolites in the energy range of 0-4.50 eV, we discovered that

200 transitions are required.

3 | RESULTS AND DISCUSSION

We begin our analysis-discussion starting with the photoabsorption spectra of ACO and AFY zeolite structures displayed in Figure 2. Zeolite sys-
tems are found to have distinctive optical characteristics. The photoabsorption spectrum of ACO zeolite appears in the visible portion of the elec-
tromagnetic spectrum in the energy range between 1 eV (1240 nm) and 3 eV (414 nm), with a dominating peak at about 2.42 eV contributing to
the majority of the photoabsorption spectrum (with a high oscillator strength of 4.6). In a nutshell, the photoabsorption spectrum of ACO zeolite
is characterized by four peaks, which are situated at ~1.77, 1.91, 2.39, and 2.42 eV and exhibit distinct fingerprints of its optically important elec-
tronic states. Note that in Figure 2, we have also provided (in the brackets) the main electronic transition contributing to the photoabsorption
peaks. Although there are many transitions in Figure 2, transitions with high oscillator strengths (over 0.1) are specifically examined. The oscillator
strengths of the 48th, 51st, 67th, and 71st transitions in ACO zeolite are larger than 0.1. The remaining transitions have oscillator strengths that
are substantially lower than 0.1.

Comparing the photoabsorption characteristics of AFY zeolite to the (previously discussed) ACO case, significant differences can be seen.
The different symmetry of the structures under investigation can be used to explain variations in the photoabsorption characteristics. Unlike the
ACO photoabsorption spectrum, the AFY photoabsorption spectrum spans in the visible and ultraviolet region of the electromagnetic spectrum,
from an energy range of 1 eV to the maximum considered energy range of 4.50 eV. In other words, the AFY photoabsorption spectrum spans the
entire (considered) energy range. Figure 2 shows that AFY zeolite presents several transitions. Nevertheless, as mentioned before in the case of

ACO zeolite, analyzing all these transitions cumbersome and thus, our analysis of AFY photoabsorption spectrum is restricted to a few selected
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FIGURE 2 Photoabsorption spectra of the zeolite structures ACO (top left) and AFY (bottom left) computed using time-dependent density
functional theory (TDDFT). The photoabsorption spectra are broadened by a Gaussian smearing of width o = 0.15 eV. On the right side, the total
density of states (TDOS) corresponding to each structure is displayed. In TDOS, the dashed line represents the highest occupied molecular
orbital (HOMO)
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FIGURE 3 Spatial distribution of electrons and holes corresponding to the different transitions (Figure 2) exhibited by ACO and AFY zeolite
structures

transitions located at around 1.91, 3.38, 4.42, and 4.47 eV. Note that the oscillator strength of AFY transitions are significantly smaller in compari-
son to ACO oscillator strengths. This is associated with the change in reduced symmetry from ACO cubic to AFY trigonal. The total density of
states (TDOS) corresponding to ACO and AFY zeolite structures are also shown in the right panel of Figure 2. The spread of the AFY photo-
absorption spectrum to the ultraviolet region of the electromagnetic spectrum is presumably caused by a somewhat larger density of occupied
and unoccupied electronic states near the Fermi level. It is important to compare the photoabsorption characteristics displayed in Figure 2 with
the results that have been reported in the literature. Unfortunately, we have been unable to find even one theoretical or experimental paper that
provided information on the photoabsorption spectra of pristine ACO and/or AFY zeolites. We anticipate that the findings of such experiment will
be available soon. Furthermore, we anticipate that there will be some slight differences between the experimental data and the theoretical results
(energetic position and intensity of the photoabsorption peaks). This is due to the fact that the present theoretical calculations are performed in
vacuum with no variations in pH values or ionic strength of the solvent medium.

To further understand the nature of the photoabsorption peaks of ACO and AFY zeolite structures, we analyze and discuss next the electron
and hole distributions corresponding to the selected transitions shown in Figure 2. The spatial distribution profile of electrons and holes offers a
way to assign excitations, whether localized or charge transfer without the need for orbital inspection, offers subtle information about the type of
excitation. Large disparities in their spatial distribution imply a significant charge transfer, whereas electron and hole densities that are very equal
indicate only a minor charge transfer. The electron and hole distributions of the ACO zeolite for transitions 48, 51, 67, and 71, as well as the elec-
tron and hole distributions of the AFY zeolite structure for transitions 39, 80, 112, and 124, are shown in Figure 3. We start by analyzing how
electrons and holes are distributed in ACO zeolite (see the top panel of Figure 3). One discovers that there is almost no significant gap between
the centroids of electrons and holes in any transition and that they almost always coincide. In other words, there is a tremendous amount of over-
lap between electrons and holes. Our visual examination of the electron and hole distributions corresponding to the various transitions in ACO
leads us to believe that each transition is a local excitation, and that this is what mostly contributes to the photoabsorption spectrum. The distri-

butions of electrons and holes associated with the transitions in the AFY zeolite structure are next discussed (see the bottom panel of Figure 3).
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FIGURE 4 Transition density matrices (TDMs) representing different optical transitions in ACO (left panel) and AFY (right panel) zeolite
structures. The sizes of plotted matrices are 48 times 48 (equal to the total number of atoms). The color maps are given on the right side of each
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Evidently, in contrast to the local excitations observed in the ACO zeolite structure, the excitations in the AFY structure are primarily local but also
include significant charge transfer contributions. The centroids of electrons and holes, in particular, are shown to be significantly apart from one
another.

Next, we analyze-discuss the TDMs [71-76] corresponding to the selected transitions highlighted in Figure 2. We point out that TDMs offer
a unique two-dimensional color-filled map that shows the distribution of electron-hole pairs and enables one to determine the delocalization and
coherence lengths of those pairs. TDMs, in particular, make it possible to determine which atoms are most impacted by transitions and which
atom pairs exhibit significant coherence when an electron transits. Note that charge transfer between atoms is represented by off-diagonal contri-
butions, whereas local excitations are mapped on the main diagonal running from the lower left to the upper right. The value appears brighter on
the map if the effect is stronger during excitation. In Figure 4, we display TDMs for the transitions for ACO and AFY zeolite that were highlighted
in Figure 2. TDMs corresponding to various excitations (48, 51, 67, and 71) in the case of ACO zeolite (see the left panel in Figure 4) show more
or less having similar characteristics. More specifically, bright spots, albeit a few can be spotted on the off-diagonal, are almost symmetric with
regard to the main diagonal. However, it is possible to draw the conclusion that ACO excitations are primarily local in nature. In the case of AFY
zeolite, the situation is different. One discovers that transitions 80 and 124 are made up of both local and charge transfer excitations, in contrast
to transitions 39 and 112, which are localized. The bright spots are found to be present at transitions 80 and 124 on both the main diagonal (run-
ning from the bottom left to the upper right) and off-diagonal (charge transfer from Si to O atoms). Overall, we note that TDMs offer a compelling
substitute for the conventional quantum-chemical characterization of photoexcitation processes based on molecular orbitals.

In Figure 5 we present and contrast the ECD spectrum of ACO and AFY zeolites. ECD is a phenomena that results from chiral systems inter-
acting with circularly polarized light. More particular, chiral systems absorb circularly polarized light differently for right- and left-handed systems.
ECD spectroscopy is used to examine this distinction. The difference in molar extinction coefficient is a frequently used experimental metric to
assess ECD spectra: Ae(w) M@wR(w)cgs. Here, w is the energy of the incident light, c is the speed of light, # is the reduced Planck

= 3In(10)10° he

constant, N, is Avogadro's constant, and R(w)®®

is the rotatory strength in cgs units. More recently, TDDFT techniques have been successfully
employed in ECD calculations [77, 78]. In contrast to the ECD spectra of AFY zeolite, Figure 5 demonstrates how weak the ECD spectrum of
ACO zeolite is. This can be due to the ACO structure's high cubical symmetry. Both positive and negative bands can be seen in the spectra of
ACO zeolite, as seen in Figure 5. The strongest positive band (between 210 and 230 nm) consists of a single dominant peak. Additionally, there
are a few positive bands that are visible at between 235 and 270 nm. Negative bands can also be found at wavelengths of about 200, 230, and
290 nm. In summary, the ECD spectra of the ACO structure are very weak, and it may be quite challenging to measure them experimentally. Posi-
tive and negative bands are very strong and powerful in the case of AFY zeolite. At around 235 nm, there is a strong positive band, and at about
220 nm, there is a strong negative band. At 275 and 320 nm, there are a few other negative bands that are not as strong. Overall, the AYF zeolite's

ECD spectrum is robust and is easy to measure in an ECD experiment.

4 | CONCLUSIONS AND OUTLOOK

In conclusion, we have shown that symmetry and the optical characteristics of zeolites are related. We utilize TDDFT to perform first-principle
quantum simulations. We show that the underlying symmetry significantly affects the zeolite photoabsorption properties. We find that zeolites
with high symmetry (cubic ACO) absorb light in the visible range, whereas zeolites with low symmetry (trigonal AFY) absorb light in the UV and
visible range. Our analysis of the optical excitations using TDMs helped us gain a better understanding of the electron-hole distribution in these
materials. Additionally, the ECD spectrum of zeolites were also computed. We discovered striking differences in ECD spectra that suggest

symmetry-driven modulations. In our view, the calculated results will contribute to a better understanding of zeolite optical excitations.
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