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ABSTRACT

Metal Organic Chalcogenolates (MOChas) are a class of robust, self-assembling, and
hybrid materials featuring inorganic metalo-chalcogen frameworks that are scaffolded by
organic ligands. These low-dimensional structures exhibit tunable optoelectronic properties,
making them promising candidates for various applications, including optical sensors and
nanotechnology. This tunable relationship between MOCha structural arrangements and
targeted properties opens up a vast yet challenging search space for novel MOCha structures.
Density Functional Theory (DFT) can predict properties of materials with good accuracy,
making it a powerful choice for even hypothetical materials. However, the discovery of
novel MOChas structures is constrained by poor scalability of DFT relaxation times for
large systems and a lack of high-throughput design methods that can capture the complex
geometries of MOChas. In this work, we employ DFT calculations to investigate the energetic
and electronic properties of various MOChas, and provide insight into the optical behavior
and kinetic favorability of such structures. To address the computational bottlenecks of high-
throughput design and DFT workloads, we discuss the use of machine-learned interatomic
potentials and various generative models that can enable rapid prototyping of novel MOCha
structures.
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B.8 (A) UV-vis spectra comparing compounds 2 and 4. (B) Comparison between 2 (left

C.1
C.2

C.3

panel, highlighted in orange) and 4 (right panel, highlighted in blue), focusing on the
asymmetry unit (upper panel) and Ag-S network (lower panel). In compound 4, the Ag-Ag

interactions strengthen, forming a coordination number (CN(Ag-Ag)) of 5. This represents

a significantly different silver core environment compared to the hydrated form 2 (Fig.

B), suggesting a change in the electronic structure, indicated by the UV-vis spectrum.

Importantly, the change in the Ag-Ag system occurs without altering the inorganic Ag-S
arrangement, which remains as double helices. Notably, the asymmetry unit of dehydrated

galactose MOCha does not contain water, in line with TGA experiments in Fig. A.

Brillouin zones for the selected k-paths. . . . . . . . . . . L.

(A-D) Band structure diagrams for the inorganic structure, indicated in orange. All

structures effectively have a direct band gap at the I" point. . . . . . . . . . . . . ..
Partial charge densities at the VBM and CBM for AgSPh-m-OH, viewed along the a-axis.

Electron delocalization of the participating Ag(d) orbitals is encircled in light blue.
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Chapter 1

Introduction

Metal chalcogenolate-based materials play a significant role across diverse scientific fields,
including molecular chemistry, coordination chemistry, and nanotechnology. Understanding
these materials at the intersection of these fields is therefore crucial for designing and opti-
mizing their targeted properties [1]. These compounds have the general formula [M,(ER),|,
where “M” is a late- or post-transition metal-most commonly a d'° coinage metal (Cu, Au,
Ag), “E” denotes a chalcogen (S, Se, Te), and “R” signifies any organic side group. MOChas
are often low-dimensional, featuring 0D oligomers and 1D and 2D coordination polymers,
in which the dimensionality is based on the inorganic structural topology [2|. Previously,
structure-composition-function relationships have been explored for a variety of these com-
pound systems [3, 4]. The inorganic structure and the packing of the organic components in
these materials are determined by the selection of the organic ligands, and each organic ligand
constitutes a unique semiconductor with properties related to the topology of the inorganic
phase. Because of the strongly excitonic nature of the material system, crystal engineering
by ligand editing is an attractive approach for modifying the optoelectronic properties of
the material system. Furthermore, the d'° coinage metals are equally important in property
tuning and are used in materials that self-assemble and emit light, leading to applications in
devices such as optical sensors [5].

Under this class of materials are Metal Organic Chalcogenolates (MOChas), which
are hybrid structures composed of an inorganic metal-chalcogen framework, arranged in a
polyhedral manner, and scaffolded by organic ligands. The inorganic and organic components
are bonded through covalent interactions, and van der Waals forces facilitate the assembly of
these hybrid motifs into the crystal structure. The choice of ligand drives the distortion of the
inorganic topology as well as their optoelectronic properties, making MOChas a compelling
class of materials for investigating structure-property relationships and tunability of targeted
properties [3, 4]. Additionally, the functionality and packing of the ligand within the MOCha
crystal, unique interactions between the metal and organic chalcogenolate, and the presence
of metallophilic interactions and hydrogen bonds result in a rich variety of MOCha structures
[4]. By manipulating the coordination modes, ligand choice, and selection of coinage metals,
we can tune the resulting luminescent, electronic, and structural characteristics for a wide
variety of MOChas.

Density Functional Theory (DFT) can be used to explore the electronic and energetic
properties of both synthesized and hypothetical MOChas, as well as relax the structures to
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equilibrium. As DFT is ab initio, it can predict electronic properties of atomic arrangements
at the ground state with good accuracy, making it a great choice for investigating hypothetical
structures.

In this work, we utilize DF'T calculations in collaboration with experiments to understand
the connections between electronic and energetic properties and structural features in bio-
chiral MOChas with fluorescent asymmetry. We focus on thiocarbohydrates, and precipitate
silver ions with sugar ligands to form silver(I) thioglucose dihydrate and silver(I) thiogalac-
tose dihydrate. Dehydration is reversible and yields silver(I) thioglucose monohydrate and
anhydrous silver(I) thiogalactose. Previously, 1D MOChas have been reported with yellow to
orange fluorescence, but here each compound forms a 1D MOCha structure with intense blue
or green luminescence. Importantly, the difference of the hydroxyl position in the glucose
and galactose derivatives resulted in entirely different luminescent and hydration properties
for the two structures. We show that the inorganic centers are themselves chiral in both
compounds. DFT modeling revealed that the dehydration in the galactose MOCha system
is energetically more favorable than the glucose MOCha system, predicting reversible dehy-
dration in glucose-based MOChas and irreversible dehydration in galactose-based MOChas.
The optical shift is attributed to atomic displacements in silver thioglucose during water
release/uptake, altering the electronic structure and energetics. These findings highlight
structure-property relationships that may extend to other bioinorganic systems and offer
promise for applications such as 3D displays, spintronics, and cancer diagnostics [6, 7, 8|, due
to their chirality, biocompatibility, and biofunctionalization potential [9, 10].

Also in collaboration with experiments, we investigate the electronic, structural, and
luminescent properties of silver benzenethiolate (AgSPh-X) MOChas, where X represents
the functional group and its position on the phenyl ring. The study highlights the critical
role of ligand functional groups in determining the topology of MOChas, ranging from 2D
to 1D structures. Four MOChas are examined: 2D silver para-methoxybenzenethiolate
(AgSPh-p-OCHg), 1D silver meta-methoxybenzenethiolate (AgSPh-m-OCHj), and two in-
termediate topologies— silver meta-hydroxythiophenolate (AgSPh-m-OH) and silver meta-
aminothiophenolate (AgSPh-m-NH;)- that capture the range between 2D and 1D structures.
We find that the functional groups influence the structural formation of silver benzenethiolate
MOChas but do not directly participate in the resulting electronic properties and luminescent
properties. Hypothetical 2D and 1D MOCha models containing m-OH and m-NHs functional
groups were created and analyzed using DFT calculations, revealing that the experimental
AgSPh-m-NHs; and AgSPh-m-OH are energetic and structural intermediates between the 2D
and 1D prototypes. In other words, DFT energetics calculations predict that the 1D topology
for these functional groups is the most energetically favorable, but additional factors may
drive the kinetic formation of the actual synthesized structures. We hypothesize that methyl
groups will disrupt the amine hydrogens from kinetically stabilizing AgSPh-m-NH, and
collapse the inorganic structure into a 1D topology. Indeed, the crystallite morphology of this
newly synthesized silver meta-(dimethylamino)thiophenolate appears to be 1D, validating our
hypothesis and showcasing the predictive power of DFT. Additionally, trends in electronic
band gaps, conduction band electron delocalization, and luminescence support the progression
from 2D to 1D inorganic dimensionality across the AgSPh-X series.

Due to the tunable relationship between MOCha structural arrangements and targeted
properties, the search space for novel structures remains large. Design avenues for novel

12



MOCha structures include selection and manipulation of the inorganic topology and the
ligands. From the inorganic avenue, the species of synthesized MOChas can be substituted,
the distortion of inorganic topologies can be parameterized, and several periodic inorganic
structures with varying arrangements can be generated. Additional consideration must be
placed on the ligand as well-the choice of ligand induces inorganic structural distortion, but
so do selections as simple as the functional group and positions on the ligand.

Nevertheless, exploring new combinations of inorganic topologies and organic ligands is
challenging. The task demands the construction of novel and chemically-valid geometries
that incorporate the complexities of MOCha properties (hydrogen bonding, van der Waals
forces, metallophilic interactions). Current attempts to construct hypothetical MOChas
involve substitution of inorganic species and ligands with the aid of a coordinate skeleton
and DFT relaxation of these hypothetical structures. Even DFT relaxations prove to be a
computational bottleneck, as accurate DF'T modeling is computationally-intensive. To address
these design questions, we conclude with a discussion on the possibilities of generative models
for producing novel inorganic structures and ligand packing patterns, and machine-learned
interatomic potentials (MLIPs) that can reduce the number of DFT calculations required for
MOCha relaxations.

We hope to extend this current research to create an accelerated design workflow for
MOChas that can generate, relax, and screen chemically and periodically valid novel MOChas.
With this workflow, we can enable fast feedback loops between ML rapid prototyping,
experimental synthesis, and DFT-based characterization for a vast range of functional
materials.

13
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Chapter 2
Methods

2.1 Density Functional Theory

The work in this thesis primarily relies on density functional theory (DFT) to understand the
electronic properties of experimentally-realized MOChas, as well as evaluate and relax the
geometries of experimental and hypothetical structures. DFT is based on the Schrodinger
wave equation, HU = EV, where H is the Hamiltonian operator that represents the total
energies of the system and W is a set of eigenstates (or solutions) for the Hamiltonian.
The Schrodinger equation can dictate many properties of a system, such as its most stable
geometries, kinetic and potential energies, and electronic energy levels [11]. However, this
equation is unfortunately only practical for very simple physical systems, as more realistic and
complex difficulties arise due to the many-body quantum effect [12]. This is a consequence of
the fact that the wave equation is a partial differential equation containing 3V variables, where
N is the number of electrons in the system. One can imagine that this kind of computation
scales quite sadly for systems as large and as complex as MOChas—whose metal-ligand
interactions and large system sizes yield a complex electronic structure composed of hundreds
of electrons.

The Born-Oppenheimer approximation greatly simplifies this by representing the atomic
nuclei and electrons as separate mathematical problems [11]. This approximation states
that the mass of an electron and the mass of an atomic nuclei differ by at least 3 orders
of magnitude, such that if given the same kinetic energy, the electron travels at least three
orders of magnitude faster relative to that of an atomic nuclei, thereby making the nuclei
appear static with respect to the electron. Consider the case of finding the lowest energy
configuration, or ground-state, of the electrons moving in the field of a set of atomic nuclei.
The problem can then be split into both an electronic and nuclear part. The electronic part
can be solved by treating the nuclei as fixed, solving it repeatedly as the nuclei change in
small steps. The ground-state energy can then be expressed as a function of the atomic
coordinates. We can model the system of multiple electrons interacting with multiple nuclei
with the following updated H in the Schrédinger equation:

{%Zvuzv +ZZU1~1, rj}\p EU (2.1)

i=1 i=1 =1 j<t
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where m is the electron mass, and the three terms in the brackets describe the kinetic
energy of the electrons, the interaction energy between each electron and the collection
of atomic nuclei, and the interaction energy between different electrons, respectively. As
the above describes the electronic Hamiltonian, the electronic wave function is therefore a
function of the spatial coordinates of the N electrons, ¥ = W(r,...,Fy).

Note that the wave function for any particular set of coordinates cannot be directly
observed. Rather, what is "measured" is the probability that the N electrons are at a
particular set of coordinates (ry, ...,ry). Important to DFT is the electron density in a given
region, n(r), which can be expressed as

n(E) =23 W)W (2.2)

where U} (F)W,;(F) = |¥(r], ...,Fx)|?, the probability that there are N electrons at a given
set of atomic coordinates. Compared to the 3N variables that exist in a wavefunction, the
electron density n(r) is a function of only 3 spatial coordinates, which greatly reduces the
complexity of the system while still retaining the information that is physically observable
from the full wave function solution to the Schrédinger equation.

Kohn and Hohenburg proved two fundamental theorems of DFT, specifically, (i) the
ground state energy F of the Schrodinger equation is a unique functional of the electron
density n(r), and (ii) the electron density that minimizes the energy of the overall functional
is the true electron density corresponding to the full solution of the Schrédinger equation |11,
13]. The energy functional can be written in terms of the wave functions, such that

E{Vi}] = Brnouwn {Vi}] + Exc[{V:}] (2.3)

h2 2 = =
Ernown{V:}] = EZ/\IQ‘VZ\IQCZSH—/ V(F)n(?)d3r+%// %d%d?’r'—i—&m (2.4)

The terms of Egpouwn|[{V;i}] correspond to the electron kinetic energies, electron-nuclei
Coulomb interactions, electron-electron Coulomb interactions, and ion-ion (or nuclei pair)
interactions, respectively. Exc[{V;}], the exchange-correlation functional, is an umbrella
term for all the quantum mechanical effects not included in Fypouwn[{¥;}].

Kohn and Sham [12] demonstrated that obtaining the correct electron density involves
the following set of equations that only include a single electron of the form:

%VQ + V(F) + Vi (F) + Ve (F) | 0(F) = ¢ V4(F) (2.5)
Vi (r) = 2|I7n£1?/’d3 / (26)

L OFExc(T)
VXC’(I‘) 8n—(F') (2 7)
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Note that the Kohn-Sham equations are very similar to Eq. 2.1. The only exception is that
the Kohn-Sham equations are missing summations that appear inside the full Schrédinger
equation 2.1, because the solutions of the Kohn—Sham equations are only single-electron
wave functions. Here, V/(T) is the potential describing electron-nuclei interactions. Vg (T)
is the Hartree potential, which describes the Coulomb repulsion between the electron and
the total electron density, and therefore includes a self-interaction contribution between the
electron and itself that is not physically meaningful. Therefore, the correction for this term
is included in V¢, the potential for the exchange and correlation contributions. The process
of Kohn-Sham (KS) DFT is then solved iteratively. First, we begin by choosing an initial
electron density, no(r). Then, ny(r) is used to obtain the wave functions ¥;(r). Next, we
calculate Eq. 2.5 for the Kohn-Sham electron density nxgs(r) as defined by the single-particle
wave functions. Finally, we compare nggs(r) to ng(r). If the densities are the same, then
nks(r) is the ground-state electron density; otherwise, this calculated ngg(r) becomes the
new initial electron density and the process repeats iteratively until a ground-state is found.

Density Functionals

While the exact form of Ex¢ is unknown, density functionals have proven to be quite
useful for its approximations. Various density functionals have specific ways of treating
Exc. An analogous method to visualize the density functionals is to think of them as a
“ladder” of approximations, also known as “Jacob’s ladder” [14]. In this visual, climbing up
the “rungs” of the ladder represents incorporating the details of the lower rungs, or simpler
density functionals, but with additional terms. Lowest on the ladder is the group of local
density approximations (LDA), the simplest form of density functionals. Here, the exchange
correlation energy density depends only on the density at a point and is that of the uniform
electron gas of that density.

Unlike the assumptions of LDA, in which systems are viewed as a homogeneous electron
gas, in reality most material systems are inhomogeneous with varying spatial density. As
such, generalized gradient approximation methods (GGAs) take into account not only the
electron density but also the gradient of the density [15, 16]. In this thesis, we use the
Perdew-Burke-Ernzerhof (PBE) functional [17], which is a part of a group of GGA methods
pushed by Perdew [15, 18, 19, 20, 21, 17| that consider Ex¢ to be derived directly from
quantum mechanics principles, including correct limits for various densities, scaling relations,
and exact relations on exchange and correlation holes. PBE tends to overestimate lattice
parameters [16] and underestimate the band gap [16, 22]. Additionally, PBE is neither
the most accurate GGA for bulk solid lattice parameters [23] or for small molecules [24].
However, while its accuracy is limited, we work with the PBE functional because it is less
computationally-intensive, the most universal GGA, and works for a wide range of systems.
Finally, to correct the absence of long-range van der Waals dispersion interactions in PBE,
the DFT-D3 dispersion correction [25] is implemented.

More complex density functionals exist, such as meta-GGAs, hybrid GGAs, and hybrid
meta-GGAs, and will be used in the near future to iterate on the work presented in this
thesis. However, such functionals are more computationally demanding and therefore not
explored for the purposes of this work.

17



2.2 Calculation Details

All calculations were performed using the Vienna Ab Initio Simulation Package (VASP) [26],
the PBE functional [17], and the DFT-D3 dispersion correction [25]. VASP uses a plane-wave
basis set; the plane-wave energy cutoff of all calculations is 1.3 x the maximum value of all
ENMIN and ENMAX as described in the POTCAR file, in units of eV. Additional terms not
defined in this section are reviewed in Appendix A.

Self-Consistent Fields

The purpose of a self-consistent field (SCF) calculation is to solve the Kohn-Sham equations
iteratively in order to achieve a consistent and stable electronic charge density given some
specified atomic configuration. The SCF cycle ensures that the input and output charge
densities are self-consistent within a defined convergence criterion (i.e. electronic loop
precision). This convergence ensures that the electronic structure calculations accurately
reflect the ground-state electron distribution for the given atomic positions. Specific outputs
derived from the SCF calculations, such as charge density (CHGCAR) and WAVECAR files,
are often used as inputs for the DOS, band, and charge density calculations, and must be
treated accordingly.

For the SCF calculation, an electronic loop precision of le-7 eV is used. Since the
calculation is static, the crystal structure does not update (the number of ionic steps is
zero). The unit cell shape and volume also do not change. Gaussian smearing is turned
on with a width of 0.03 e€V. For the density of states and band structure calculations, a
memory-conserving symmetrization of the charge density is used, whereas symmetrization is
turned off completely for the WAVECAR input that will create the partial charge density
calculations. This is because the partial charge is calculated from selected k-points and bands,
in which symmetrization can lead to misleading results due to incorrect k-point weights.

Structural Relaxation

Structural relaxation is performed in order to optimize the geometry of the MOChas, in
which the ground-state energy configuration is obtained. Relaxation consists of two loops, an
outer loop that updates the atomic positions and an inner electronic loop consisting of an
SCF calculation. To relax MOCha geometries, the conjugate gradient method was used with
a stopping criterion of 0.01 eV/ A on all atoms. Gaussian smearing was turned on with a
width of 0.03 eV. Finally, the convergence criteria are defined by an electronic loop precision
of 1e-6 €V and an ionic loop break condition of -0.01 eV/ A, when the forces on each atom are
minimized to this specified tolerance criterion.

Density of States (DOS) and Band Structure

The density of states (DOS) is the number of different states at a particular energy level
that electrons are allowed to occupy, whereas the electronic band structure describes the
range of energy levels that electrons may have or not have within a crystal. Forbidden
energy ranges are called band gaps, which separate the valence band edge (the highest
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electron-occupied band) and the conduction band edge (the lowest electron-unoccupied band).
The minima and maxima of these band edges can dictate whether or not a material has
a direct band gap; if the valence band maximum (VBM) and conduction band minimum
(CBM) are aligned at the same point in the band structure, then the band gap is direct,
and if not, then the band gap is indirect and may require additional analysis from electron-
phonon coupling. Conductors, such as metals, do not have band gaps, resulting in high
electrical conductivity, whereas insulators have quite large band gaps, and feature poorer
conductivity due to electrons having insufficient energy to jump from the valence band to
the conduction band. In contrast, MOChas exhibit semiconducting behavior, positioning
them as intermediates between conductive and insulating materials. For semiconductors,
only some electrons have sufficient energy to transfer up to the conduction band, and their
conductivity varies with temperature. Band dispersiveness also indicates electron mobility,
where dispersive bands signify higher mobility and flatter bands indicate more localized
electrons. High-symmetry k-paths to visualize these bands are taken along the Brillouin zone-
a Voronoi-decomposed primitive cell of the reciprocal lattice. The electronic band structure
diagram helps to visualize all of these parameters.

An input charge density is used from the SCF calculation to start DOS and band structure
calculations. For either electronic structure calculation, an electronic loop precision of 1le-6
eV and an ionic loop precision of 1le-4 eV are used. Memory-conserving symmetrization of the
charge density is used with no update of the crystal structure. Gaussian smearing is turned
on with a width of 0.03 eV, and the atomic positions are the only ionic degrees of freedom.
High-symmetry k-paths are chosen using the Setyawan-Curtarolo method [27]| according to
the space group of the lattice. To obtain the DOS for a given charge density or the eigenvalues
for band structure plots, the input is read from the charge density (CHGCAR) file. The
Wigner-Seitz radius for each atom type is ignored and Im-decomposed quantum numbers are
written. Specifically for a DOS calculation, 2000 defines the number of electronic DOS grid
points.

The DOS are normalized prior to plotting in order to adequately compare systems that
have varying numbers of atoms. Both the DOS and band structure diagrams are plotted with
Python Materials Genomics (Pymatgen) software [28], with a tolerance of 1e-8 €V to obtain
the VBM and CBM in the band structure. Pymatgen may visualize band diagrams in such a
way that the band structure appears to be indirect, rather than direct. When considering
minima and maxima along band edges, the differences between candidate band minima (or
between candidate band maxima) may be almost negligible. Here, we consider “negligible" as
any difference that is smaller than 0.025 eV, or roughly room temperature. We choose this
tolerance criterion because MOCha structures behave regularly at room temperature and are
not normally treated at extreme temperatures. Algorithmically, Pymatgen may state that
a band gap is indirect numerically, when in reality the minima points differ by very small
amounts. In this case, when Pymatgen determines that a band gap transition is indirect, but
the difference between minima or difference between maxima is smaller than 0.025 eV, we say
that the band gap transition is "effectively direct".
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Partial Charge Densities

The partial band-decomposed charge density can be used to analyze the contributions of
different electronic orbitals or energy ranges to a specific region in real space. We select partial
charge densities at the band gap, specifically at the VBM and CBM points. Consistent with
the input WAVECAR file derived from the corresponding SCF calculation, symmetrization
of the charge density is turned off completely. To obtain the partial charge densities at the
band gap, the k-point and band index pair is selected that corresponds to the maximum
energy level in the valence band, as well as the k-point-band index pair that corresponds to
the minimum energy level in the conduction band. Partial band and k-point-decomposed
charge densities are evaluated, and separated for all selected bands and k-points.

2.3 Modification of Structures

Inorganic-only structures

To further investigate the individual contributions of the inorganic structure, the isolated
inorganic topologies are extracted and evaluated as separate entities from the MOCha. To
construct the inorganic tubes, Pymatgen [28] is used to create code that truncates the
chalcogen atom with a hydrogen in place of the ligand site, at the appropriate distance for
each respective chalcogen-hydrogen single bond (1.46 A for Se-H, 1.34 A for S-H, and 1.65
A for Te-H). The final lattice of the inorganic structure remains the same as that of its
parent MOCha (Fig. 2.1A). High-symmetry k-paths are chosen using the Setyawan-Curtarolo
method [27] according to the space group of the original MOCha lattice. A SCF calculation
followed by a single-point band structure calculation were performed in order to obtain a
band gap for each inorganic structure.

Hypothetical MOChas

Constructing hypothetical MOChas is crucial to evaluating experimental MOChas in this
work, and is achieved through the help of Rhinoceros@®) architecture software. We begin
with an inorganic template derived from experimentally-realized MOChas. All desired atomic
species that compose the organic ligands are removed using Pymatgen [28], creating an
inorganic backbone with a carbon skeleton guide that provides the coordinates to which
the new ligands can be oriented (Fig. 2.1B, left panel). A one-to-one mapping is used to
transform each atomic species into a unique HEX color code, and the atomic coordinates
and HEX colors are converted into xyz inputs for Rhino, creating a skeleton file. Note that
the atomic bond lengths (A) can easily be scaled into the Cartesian coordinate system (mm)
in Rhino, and vice versa. Next, the SMILES string of the desired ligand is constructed
using Avogadro [29], optimized with the MMFF94 force field [30], and then imported as
an xyz file for Rhino using the same methods to import the skeleton (Fig. 2.1B, middle
panel). The orient3D command in Rhino helps to translate and rotate the new ligand into
the desired carbon skeleton (Fig. 2.1B, middle panel). The points of this skeleton file with
oriented new ligands are then exported, and the one-to-one mapping of HEX colors to atomic
species helps to recover the hypothetical MOCha (Fig. 2.1B, right panel). This hypothetical
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MOCha geometry can then be evaluated and relaxed as with experimentally-realized MOChas.

A original MOCha inorganic only

remove ligands Cg&ﬁf’
add hydrogens 704 .
B Avogadro + MMFF94
skeleton structure hypothetical MOCha

Figure 2.1: (A) Procedure for constructing the inorganic only, in which atomic species that make the ligand
are removed and the ligand is replaced with a hydrogen. (B) Procedure for creating a hypothetical MOCha.
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Chapter 3

Don’t Sugar Coat it..or do...

The work described in this chapter is in preparation for submission as Ref. [31].

3.1 Introduction

It has been a long-standing hypothesis that atomic displacements induced by ligand selection
are related to optical phenomena in the systems, and recently there have been reports of a
variety of largely achiral, petroleum-derived organic ligands with aprotic functionalities (e.g.
functional groups such as methoxy, methyl ester, and the halogens) [32, 33, 34, 35|. Hybrid
materials incorporating chiral organic ligands can enable unique functionalities, including
circularly polarized luminescence (CPL) [36, 37, 38, 39, 40|. Carbohydrates are biologically
derived, highly-protic molecules that are amenable to derivatization with sulfhydryl groups,
and so they present compelling targets for examining structure-function relationships across
a series of chemically similar, chiral ligands.

We have taken advantage of recent developments in serial microcrystallography to deter-
mine MOCha structures. This study focuses on thiocarbohydrates, specifically the epimers
1-p-D-glucosethiol (compound 1) and 1-5-D-galactosethiol (compound 2). These sugar
ligands precipitate with silver ions to form microcrystals of silver(I) thioglucose dihydrate and
silver(I) thiogalactose dihydrate. Dehydration is reversible and yields silver(I) thioglucose
monohydrate (compound 3) and anhydrous silver(I) thiogalactose (compound 4). Structures
of these four microcrystalline samples were determined by small-molecule serial femtosecond
crystallography (smSFX) at X-ray free electron laser (XFEL) facilities (LCLS and SACLA).
Each compound forms a 1D MOCha structure with intense blue or green luminescence, and
we show structural relationships for the resulting photophysical phenomena. Previously, 1D
MOChas have been reported with yellow to orange fluorescence. Importantly, the difference
of the hydroxyl position in the glucose and galactose derivatives resulted in entirely different
inorganic connectivities for the two structures. We show that the inorganic centers are
themselves chiral in both compounds, and the emission is circularly polarized. DFT modeling
revealed that the dehydration in the galactose MOCha system is energetically more favorable
than the glucose MOCha system, predicting reversible dehydration in glucose-based MOChas
and irreversible dehydration in galactose-based MOChas. The optical shift is attributed to
atomic displacements in silver thioglucose during water release/uptake, altering the electronic
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structure and energetics. These findings highlight structure-property relationships that may
extend to other bioinorganic systems and offer promise for applications such as 3D displays,
spintronics, and cancer diagnostics [6, 7, 8], due to their chirality, biocompatibility, and
biofunctionalization potential [9, 10].

3.2 Methods

Two sets of relaxations are performed. First, a relaxation is carried out using selective
dynamics on the hydrogens only, such that all other species in the system as well as its
unit cell remain the same as the original experimental structure. Then, a full relaxation
on all atoms in the system is performed without relaxation of the unit cell to eliminate
computational caveats on energetics that may be sensitive to unrelaxed atoms. The k-point
grid is based on the reciprocal lattice vectors, such that the number of subdivisions in
each lattice direction Ny, Ny, N3 = |bq| : |by| : |bs|. Finally, self-consistent field (SCF)
calculations are computed on the relaxed structures to provide a proper input charge density
for electronic structure calculations. More information on the relaxation, SCF, and electronic
structure calculations is reported in Section 2.2.

We evaluate the energetic favorability of the dehydrated systems by performing a SCF calcu-
lation on the 3 and 4 MOChas and compare the resulting final energies of the experimentally-
dehydrated systems with those of computationally-dehydrated systems. Computational
dehydration is achieved by taking the final relaxed structures of 1 and 2 and removing
water from the systems such that the final computationally-dehydrated structure matches the
stoichiometry of the experimentally dehydrated structures 3 and 4. Fig. 3.1 demonstrates the
process of computational dehydration for the glucose MOCha system. 2 waters are removed
computationally from compound 1 and 3 waters from compound 2. The energy difference
from the experimentally-dehydrated to the computationally-dehydrated structure per formula
unit is then compared, in which the dehydrated structure whose energy difference is more
negative relative to its computationally-dehydrated counterpart is the structure that is more
energetically favorable.
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Compound 3

Figure 3.1: Computational dehydration process of sugar MOChas, shown here specifically for the glucose
MOCha system. Blue solid-line circles encase water molecules, whereas blue dotted-line circles encase water
molecules that will be dehydrated, i.e. “computational dehydration". Red solid-line ovals encase Ag-O bonds
that are present in compound 3, but not in 1.

Since the stoichiometries of the final dehydrated structures no longer have the same formula
units as the hydrated 1 and 2, their total system energies cannot be divided and compared
with one another. Instead, the interaction of water with the glucose and galactose MOChas
can be evaluated using the equation:

akb rate _bEe rated — T E
Esystem _ hydrated dehydrated (H20)L2(H-0) (31)

Natoms

where a and b are coefficients aligning the same atomic species ratio between the hydrated
and dehydrated systems, Epyirated and Egenydratea are the total energies of the hydrated and
dehydrated systems, respectively, nm,0) is the difference in the number of water molecules,
E(m,0) is the total energy of an isolated water molecule, and n4¢oms is the total number of
atoms in the hydrated system.

3.3 Results and Discussion

Crystal Synthesis and Structural Characterization by smSFX

An overview of the synthesis and product structures is shown in Fig. 3.2. Compounds 1
and 2 were synthesized in a one-step reaction by reacting glucosethiol or galactosethiol—
a pair of epimers, each exhibiting five stereocenters and five hydroxyl groups— with silver
nitrate at room temperature. Scanning electron micrographs (SEM) revealed needle-shaped
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crystals with diameters of a few hundred nanometers and lengths of several micrometers (Fig.
3.2B-C). Dehydration of 1 and 2 was achieved either thermally (at 90 °C for 24 hours) or
by suspending the compounds in polar solvents such as ethanol, yielding dehydrated forms
3 and 4; additional details will be reported later. Both 1 and 2 were dispersed readily in
water, and these suspensions were prepared at a loading of 1-4 mg/mL for subsequent smSFX
characterization. To obtain the respective dehydrated-form structures 3 and 4, 1 and 2 were
heated at 90 °C for 24 hours and then suspended in either ethanol or methanol.

All four MOChas are well-behaved samples for serial microcrystallography; they were
routinely straightforward to collect data on and seldom did any issues like clogging arise. This
is primarily attributed to the extremely polar surface environment of the crystals from the
exposed hydroxyl groups of sugar ligands. The crystals themselves suspend well in any polar
protic solvent we tried and did not appreciably clump or settle over our normal experiment
timescales. Each XFEL experiment used a different sample delivery method. At LCLS
we used droplet-on-tape and droplet-on-demand methods, where small volumes containing
crystals were exposed to the beam, either dropped in air or carried on a belt to the interaction
points. At SACLA, we used gas virtual dynamic nozzles having a 200-pm diameter. Details
of the data collection and reduction methods can be found in Aleksich et al [41].

smSFX analysis revealed that all four compounds have a similar molecular formula,
CeH12055Ag, but differ in the number of water molecules of hydration per unit cell (0-2).
Glucose-based MOChas (1 and 3) and galactose-based MOChas (2 and 4) adopt hybrid
organic-inorganic structures, featuring 1D inorganic nanowires composed of Ag and S atoms.
These nanowires are surrounded by organic motifs derived from 1-3-D-glucose (1, 3) and
1-p-D-galactose (2, 4), respectively (Fig. 3.2D-G).

Compound 1 crystallizes in the orthorhombic crystal system and the P2,2,2 Sohncke
space group, classifying it as a chiral material |37, 42, 43| (Fig. 3.2D). The rod-like motif
for the inorganic nanowire has recently been reported for other 1D MOChas [44, 45, 4, 32].
Briefly, the AgS nanowire in 1 consists of repeating Ag,S, units linked by four AgS bonds
ranging from 2.519 to 2.526 A, forming a 1D chain (Fig. 3.2D, Fig. B.1A). Each Ag,S, unit
contains a pyramidal Ag, subunit, where each silver atom is coordinated to two or three
other silver atoms at different Ag-Ag distances from 3.121 to 3.369 A (Fig. 3.2D, Fig. B.1B).
Four glucosethiol ligands surround the Ag, pyramid, covering four of its faces. Notably,
this subunit Agy core is chiral when considered in isolation: it is not superimposable on its
mirror image, even when setting aside the stereocenters on the organic ligands [42]|. Similarly,
compound 3 observed the same orthorhombic crystal system and P2;2,2 space group as 1
(Fig. 3.2F, Fig. B.2). However, the asymmetric unit of 3 contains only one water molecule,
half the number found in 1 (Fig. 3.5D), reflecting partial dehydration.

Compound 2 crystallizes in a monoclinic Bravais lattice with a P2 Sohncke space group
(Fig. 3.2E). Its AgS core features a unique double-helix structure, composed of twin AgS
strands arranged helically. Interestingly, the dehydrated form of 2 (compound 4) undergoes
a transition from the P2 space group to the C'2 space group within the same monoclinic
system (Fig. 3.2G). Despite this change, the inorganic AgS nanowire remains a double-helix.
The absence of water molecules in 4 indicates complete dehydration (Fig. 3.2G).

The primary differences observed between the AgS inorganic nanowires of the glucose
MOChas and galactose MOChas systems stem from distinct hydrogen bonding patterns.
In both systems, abundant OH---O hydrogen bonds among ligands and water molecules
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create a supramolecular 3D structure. In the glucose MOChas system, hydrogen bonding
predominantly occurs between chains. In contrast, the galactose MOChas system exhibits
interchain and intrachain hydrogen bonds (Fig. B.3). Importantly, differences in the inorganic
core give rise to variations in luminescence.

A Sugar ligand:
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Figure 3.2: (A) Material design of chiral bioinorganic MOChas: multiple chiral, hydroxyl, and only one
different stereocenter at carbon 4 (highlighted in orange oval) between glucosethio and galactosethio; the
bottom panel illustrates sugar MOCha self-assembly via silver ions with sugar ligands. (B-C) Scanning
electron micrographs (SEM) of both silver (I) thioglucose dihydrate (1) and silver (I) thiogalactose dihydrate
(2), respectively. (D) Crystal structure of silver (I) thioglucose dihydrate (1). (F) Crystal structure of
silver (I) thiogalactose dihydrate (2). (E) silver (I) thioglucose monohydrate (3). (G) Crystal structure
of anhydrous silver (I) thiogalactose (4). Color code: Ag, silver; S, yellow; O, red; C, black; Water, purple.
Hydrogen atoms have been omitted for clarity.
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Spectroscopic Characterization

Powdered crystals were prepared for photoluminescence (PL) emission measurements and
UV-Vis absorption (Fig. 3.3A). Notably, the 1 and 2 under UV light excitation exhibit
intense blue and green photoluminescence, respectively, consistent with the hypothesis that
distinct inorganic nanowires result in different luminescence (Fig. 3.3A). The 1 showed a
broad emission band peaking at 483 nm with an absorption band around 330-380 nm, whereas
the 2 exhibited a similar broad emission band centered at 507 nm along with a 250-320 nm
absorption band. Importantly, both 1 and 2 exhibit a relatively large Stokes shift, suggesting
the possible involvement of a self-trapped exciton luminescence mechanism [46].

The quantum yield (QY) of compound 1 in deionized (DI) water at room temperature
is 13.41%, while that of compound 2 is slightly higher at 15.57%. These values are higher
than most of the 1D AgS-based MOCha family, likely due to the Ag-O interaction observed
in the structures (Fig. B.4). Additionally, interchain and interchain H-bonds facilitate
numerous non-covalent interactions. This interlocked hybrid inorganic-organic system might
help to suppress non-radiative decay [47]. Time-resolved PL (TRPL) decay was well-described
by a bi-exponential function, with a fast prompt and slow dominant decay process. It is
important to note that 1 exhibits PL lifetimes extending to hundreds of nanoseconds. In
contrast, compound 2 has a much shorter extracted lifetime of approximately 21 ns. This
distinct lifetime may be attributed to their inorganic structures, leading to different electronic
structures.

Considering the chirality of these AgS chains from their crystallographic structures and
bright photoluminescence, we examined the chirality of the samples by circular dichroism
(CD) and CPL of both 1 and 2 in dilute DI water suspension (Fig. 3.3C-E). The resulting
CD spectra reveal that 1 and 2 display bisignate shapes with signals at 219 and 323 nm, and
248 and 278 nm, respectively. These signals differ from those of the corresponding D-glucose
and D-galactose [48], indicating that the CD profiles of 1 and 2 do not arise solely from
the organic motif. Notably, 1 showed CPL centered at 483 nm (Fig. 3.3D), which is rare
for 1D materials. The dissymmetry factor of emission was calculated to be 5.8 x 103, a
modest yet significant value compared to other metal-organic hybrid material emitters. A
similar phenomenon was observed for 2, with a dissymmetry factor of 2.2 x 10® (Fig. 3.3E).
In contrast, as expected, the achiral control sample, silver(I) methyl 2-mercaptobenzoate
(2MMB), showed no detectable CD and CPL (Fig. 3.3C, 3.3F), validating our hypothesis
that the chiral sugar ligands induce a chiral inorganic core, resulting in CPL activity [37, 43].
Therefore, CPL activity is intrinsic to these chiral silver-based MOChas. The consistency
between the CPL and PL spectra, along with the well-defined crystallographic structure,
helps us understand the intrinsic optical activity of the infinite chiral AgS inorganic network.
To the best of our knowledge, this work reports the first examples of chiral ligand-induced
chiral inorganic structure, leading to optical asymmetry in the MOChas family.
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Figure 3.3: Optical properties of 1 and 2. (A) Absorption and PL spectra of 1 and 2 at room temperature.
The photographs of 1 and 2 under UV light are shown in the inset: 1 is highlighted in a rectangular blue
frame, and 2 is highlighted in a rectangular green frame. (B) Time-resolved PL decays of 1 and 2 along
with the decay. (C) circular dichroism (CD) spectra for 1, 2, and the control sample 2MMB, respectively.
(D-F) CPL spectra of 1, 2, and the control sample 2MMB were excited at 350 nm, respectively.

DFT Modeling of the Electronic Structure

To understand the electronic origin of trends in the optical properties of the four MOChas,
DFT calculations are performed. Across all systems, the AgS inorganic core dominates the
electronic structure at both the valence band maximum (VBM) and the conduction band
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minimum (CBM), with minimal contributions from the ligands, emphasizing the AgS core’s
central role in emission and electronic behavior. Furthermore, inorganic electron orbitals in
the VBM are also highly localized, which can be observed from Fig. B.5.

The left panel of Figure 3.4A shows the calculated band structure of 1, featuring an
effectively direct band gap of 2.240 eV at the I' point with relatively flat bands surrounding
this point, indicating low electron mobility. The Brillouin zone inset shows the k-paths, in
which the I'—7 path corresponds to the plane perpendicular to the inorganic 1D tube, and
I'—X is the path along the 1D tube. The band structure showcases flatter bands along I'—Z7
and far more dispersive bands along I'—X, indicating more electron mobility along the 1D
AgS inorganic core. The density of states (DOS) shows that the VBM and CBM are primarily
located on the AgS core (middle panel in Fig. 3.4A), suggesting that the AgS inorganic
nanowire contributes to photoluminescence. In the conduction band (Fig. 3.4A, rightmost
panel), the diagram exhibits electron delocalization. Overlapping lobes of Ag(d) orbitals
and polarized inner lobes of S(p) orbitals contribute to central electronic overlap—notably,
cross-pairs of Ag(d) orbitals alternate between the central electronic overlap. Additionally,
weak interactions between the C! atom’s C(p) orbital in the aliphatic ring and the neighboring
S(p) orbital are observed. Parallel pairs of Ag(d) orbitals and a parallel single-lobe pair of
Ag(d) orbitals contribute to central electronic overlap.

Interestingly, the band structure of 3 in Fig. 3.4C reveals another effectively direct band
gap of 2.214 eV at the I' point. Note that the band structure and Brillouin zone k-path of 1
(Fig. 3.4A) and 3 (Fig. 3.4C) are indeed quite similar, differing in band gap width by merely
0.026 eV. The I'-7Z and I'—X paths in the Brillouin zone indicate k-paths perpendicular to
and along the tube, respectively. Similar to 1, the I'—7 path of 3 features very flat band
edges, whereas the I'—X path along the tube features very dispersive bands, indicating higher
electron mobility in these regions. Additionally, at the CBM, weak interactions between the
C! atom’s C(p) orbital in the aliphatic ring and the neighboring S(p) orbital are observed
(Fig. 3.4C, right panel). Similar to compound 1, in the conduction band of compound 3,
all Ag(d) orbitals are highly delocalized and polarized inner S(p) lobes contribute to central
electronic overlap. This participation of all Ag(d) orbitals in the central electronic overlap in
3, as opposed to the two opposing pairs in the hydrated 1, may result in higher stability and
therefore red-shifted color of the partially dehydrated glucose structure 3. Additionally, weak
interactions between the C! atom’s C(p) orbital in the aliphatic ring and the neighboring
S(p) orbital are observed.

In contrast, 2 is the only MOCha in this series that exhibits an indirect band gap of 2.974
eV between the VBM at the (0.000, 0.530, 0.463) point and the CBM at the Z wave vector
(left panel in Fig. 3.4B). The I'=Z and I'=Y k-paths indicated from the Brillouin zone (Fig.
3.4B, middle inset) showcase dispersive bands along and flat bands perpendicular to the tube,
respectively. Minimal band dispersion at the band gap suggests weak orbital hybridization
between adjacent AgS helices, contributing to localized charge carriers and a slightly higher
PLQY compared to 1. DOS analysis highlights the role of the AgS core in determining the
band gap, while organic ligands influence emission color (middle panel in Fig. 3.4B). In 2,
Ag(d) orbitals are smaller than S(p) orbitals and remain localized in the VBM (Fig. B.5B).
Slight delocalization occurs in neighboring C(p) orbitals within the aliphatic ring and O(p)
orbitals. In the CBM, all four Ag(d) orbitals participate in central delocalization, while S(p)
orbitals lack polarization (right panel in Fig. 3.4B).
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For 4, the band structure (Fig. 3.4D, left diagram) features an effectively direct band
gap of 2.387 eV at the N wave vector, primarily shaped by the AgS structure. The I'=Z and
I'—N paths from the Brillouin zone inset indicate the k-paths perpendicular to and along
the inorganic 1D core, respectively. The I'=N path in the VBM features more dispersive
bands than in the CBM, indicating more electron mobility. The CBM exhibits electron
delocalization across all four Ag(d) orbitals. One cross-pair of S(p) orbitals lacks polarization,
whereas the remaining cross-pair forms distorted crescent shapes around the sulfur atom,
suggesting orbital hybridization (Fig. 3.4D, right panel).
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Figure 3.4: (A-D) Electronic structure of compounds 1-4, respectively. For each structure, the left inset
shows the band diagram, where orange bands represent inorganic interactions, black bands represent organic
interactions, and interpolated colors indicate mixed inorganic-organic interactions. Blue and green points
highlight the wave vectors at which the CBM and VBM occur, respectively. The middle panel presents the
density of states (DOS), separated by atomic species. The middle inset displays the Brillouin zone k-path
for the visualized band structure. The right panel displays partial charge densities at the CBM for each
compound, with some other parts of the unit cell and water molecules omitted for clarity. Note that figures
with a larger number of bands correspond to MOChas with a larger number of atoms.
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Energetic Favorability and Kinetic Dehydration/Rehydration

Understanding the processes that govern hydration and dehydration is a critical aspect
of materials science [49]. Exploring the structural and electronic changes of bioinorganic
MOChas 1-4 induced by water release and uptake provides insights into their properties and
applications. Heating 1 in a vacuum oven at 90 °C for 24 hours resulted in 50% water loss,
producing partially dehydrated 3, as confirmed by TGA, in line with their asymmetric unit
(Fig. 3.5A, 3.5D). PXRD analysis revealed the disappearance of the first diffraction peak in 3
compared to 1, indicating structural distortion. Remarkably, rehydrating 3 restored its PXRD
pattern to that of hydrated 1 (Fig. B.6). Based on these observations, we conclude that
the hydration and dehydration processes are reversible. To investigate the kinetics of water
release and uptake in the glucose MOCha system, we conducted fluorescence measurements
during the dehydration and rehydration processes. Fig. 3.5B-C illustrates the kinetics of the
color shift between blue-luminescent 1 and green-luminescent 3 over time. The chromogenic
nature of water uptake and release provides a convenient visual excitonic readout of the
crystal’s hydration state. Structural distortions in the AgS core, as highlighted by red circles
in the AgS nanowires (Fig. 3.5D), suggest that water release/uptake induces distortion in the
nanowire structure, modulating the electronic properties and resulting in altered luminescence.
Interestingly, TGA, PXRD, and PL data indicated an irreversible solid-solid transformation
from 2 to 4, with no change in emission frequency (Fig. B.7). However, UV-vis spectra
revealed a broader absorption band for 4 compared to 2, likely due to variations in the Ag-Ag
inorganic network (Fig. B.8).

Water release and uptake are reversible in the glucose MOCha system but irreversible
in the galactose MOCha system, prompting an investigation of the energetic favorability
for these processes using DFT calculations. To understand the hydration and dehydration
process of the compounds, we perform a DFT energetic comparison between glucose-based
MOChas and galactose-based MOChas. Compound 2 has a formula of (AgSCgH;;05)4 and 1
has a formula of (AgSCgH;105)s, making them the proper ratio (i.e. same formula unit) to
compare energetics per formula unit as calculated by DFT. First, a self-consistent field (SCF)
calculation is performed on the fully relaxed structure. Then, the total energy of the system
obtained from the SCF calculation is divided by the total number of formula units in the
MOCha, that being 4 formula units for the MOCha 2 and 8 for the MOCha 1. The MOCha
that has the most negative energy per formula unit is the structure that DFT predicts to be
more energetically favorable when hydrated. Performing energetics analysis revealed that 1
is 0.224 eV lower per formula unit than its 2, suggesting that the hydration of the glucose
MOCha is more energetically favorable than that of its galactose counterpart.

Since the stoichiometries of the partially-dehydrated 3 and fully-dehydrated 4 no longer
have the same formula unit, their total system energies cannot be compared with one another.
Instead, we achieve analysis of the isolated structures by creating computationally dehydrated
3 and 4 (Fig. 3.1), in which the compound that is more negative per formula unit relative
to its computationally-dehydrated counterpart is the dehydrated structure that is more
energetically favorable. Energetics analysis revealed that the experimental 4 is 0.257 eV
per formula unit lower than the computationally-dehydrated 4, whereas the experimental
3 is 0.101 eV per formula unit lower than the computationally-dehydrated 3. Because the
difference between experimental and computational 4 is greater, this means that dehydration
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of 4 is more energetically favorable than that of 3 and validates the irreversible hydration
that occurs in the galactose MOCha system.

Another way to model the interaction of water with the sugar MOChas is via Eq. 3.1,
the dehydration of the system. The atomic ratio is 1:1 for hydrated to dehydrated states
in the glucose MOCha system and 2:1 in the galactose MOCha system. In the galactose
MOCha, three water molecules are removed during dehydration, whereas the partial removal
of two water molecules occurs in the glucose system. The total number of atoms in 1 is 210,
whereas the total number of atoms in 2 is 105, yielding the following equations:

Ey — B3 —2FE,0

510 (3.2)

Bz — 1By — 3Em0
105

From the above equations, the galactose system has a final energy per atom of -0.01 eV
and the glucose system has a final energy per atom of -0.008 eV. These energy differences
between hydrated and dehydrated structures are quite small, indicating that there is a low
energetic barrier to overcome for dehydration to be possible. This aligns with experimental
results, in which the dehydrated structures 3 and 4 can be obtained by simply heating the
hydrated forms 1 and 2 to 90° C for 24 hours. Overall, changes in luminescence are attributed
to nano-inorganic structural distortions induced by water release and uptake, which modulate
the electronic structure and energetics of the MOChas.

(3.3)
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Figure 3.5: Kinetic uptake/release of water in glucose MOCha system. (A) TGA curves of glucose MOCha
1 and 3, with a zoom in the inset. (B) Emission spectra show the chromogenic transition of initial 1 from
blue to green (3) during dehydration in ethanol solvent (1 mg/2 mL). (C) Emission spectra show the
chromogenic transition of initial 3 from green to blue (1) during rehydration in water solvent (1 mg/2 mL).
(D) Comparison between 1 (left panel, highlighted in green) and 3 (right panel, highlighted in purple),
focusing on the asymmetry unit (upper panel) and AgS network (lower panel).

3.4 Conclusion

In summary, bioinorganic glucose and galactose MOChas with PLQY were synthesized
using a pair of epimeric ligands. A comprehensive XFEL diffraction analysis revealed 1D
and richly hydrogen-bonded structures of four bioinorganic MOChas. Our study provided
detailed insights into distinct chiral inorganic AgS arrangements. This enabled us to achieve
the first experimental MOChas with optical asymmetry and report the chiral inorganic
structure that induces CPL in MOChas. The glucose-based MOCha demonstrated a reversible
dehydration /rehydration process, leading to a reversible readout of color shift between
green and blue. In contrast, the galactose MOCha underwent an irreversible water release.
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Dehydration /rehydration alters the distortion of the inorganic core between the hydrated and
dehydrated states of MOChas. This work establishes a foundation for developing MOChas
with optical asymmetry, linking water release and uptake in crystalline materials to their
optical dynamics and potential applications in excitonic readout. Furthermore, the work
presented in this chapter is part of a broader effort to understand the origins of fluorescence
(emission color) in various 1D MOChas. Coupling DFT and experimental analysis, we hope
to unveil the origins of emission colors by analyzing properties such as the HOMO-LUMO gap
of the participating ligand, metallophilic interactions, electronic properties, and distortion
present within the inorganic structure.
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Chapter 4

Functional Group Drivers and Silver
MOCha Passenger Princesses

The work described in this chapter is in preparation for submission as Ref. [50].

—
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electron delocalization
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Figure 4.1: Graphical abstract showcasing the structural, luminescent, and electronic trends
across silver benzenethiolate MOCha series.

4.1 Introduction

The coinage metals within the MOCha class of materials possess a range of coordination
modes and self-assembling properties. Steric hindrance of the ligands via functional group
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position or ligand shape consequently affects the resulting inorganic structure of the MOCha
[33, 32, 51], and therefore its electronic and luminescent properties [52, 53, 54, 55|. The
flexibility and variability in MOCha composition means that we can deliberately tune the
properties of MOChas via organic ligand selection [55].

In this work, we report the electronic, structural, and luminescent properties of silver
benzenethiolate (AgSPh-X) MOChas, where X denotes the functional group and position
around the phenyl ring of the ligand. Here, we indicate position interchangeably between
numerical and chemical nomenclature: the 4- position is para (p), and the 3- position is meta
(m). Specifically, we observe a 2D MOCha silver 4-methoxybenzenethiolate (compound 1,
AgSPh-p-OCH3), a 1D MOCha 3-methoxybenzenethiolate (compound 4, AgSPh-m-OCH3),
and two topologically distinct MOChas— 3-hydroxythiophenolate (compound 2, AgSPh-
m-OH) and 3-aminothiophenolate (compound 3, AgSPh-m-NH,)— that capture the range
between 2D and 1D structures. The experimental procedure for the MOChas based on the
isomeric methoxy series (compounds 1 and 4) is described in Ref. [55].

We find that the ligand functional group X plays a critical role in determining the topology
of silver benzenethiolate MOChas. However, while the functional groups drive the structural
formation of these MOChas, they do not explicitly participate in the resulting electronic
structure properties. To demonstrate that compounds 2 and 3 are interpolations of the
possible series of distortions across 2D to 1D topologies, we create hypothetical 2D and 1D
AgSPh-X MOChas for the 3-aminothiophenol (m-NH;) and 3-hydroxythiophenol (m-OH)
ligands using inorganic AgS templates that were derived from experimentally-realized MOChas
1 and 4. Performing density functional theory (DFT) self-consistent field calculations on
the relaxed geometries of the hypothetical m-NHs, m-OH, and experimental 2,3 reveals
that compounds 2 and 3 are energetic intermediates between the 2D and 1D prototypes.
Furthermore, DFT-based electronic structure calculations of compounds 1-4 demonstrate
that trends in the electronic band gap, electron orbital delocalization at the conduction band,
and luminescence across the AgS series support the progression from 2D to 1D inorganic
dimensionality.

4.2 Methods

All atomic species in the structures were allowed to relax while the unit cell volume and
lattice parameters remained constant. Self-consistent field (SCF), density of states (DOS),
and band calculations are then performed on the relaxed geometries. More information on
the relaxation, SCF, and electronic structure calculations can be found in Ch. 2.2.

To confirm that the ligand functional group X plays a critical role in determining the
topology of the resulting MOCha, we create hypothetical 2D and 1D AgSPh-X MOCha
prototypes for the functional groups m-NH, and m-OH using Rhino. The inorganic AgS
templates are derived from experimentally-realized MOChas, namely AgSPh-p-OCHj3 for the
2D template and AgSPh-m-OCHj; for the 1D case. The ligands present in AgSPh-m-NH;y and
AgSPh-m-OH, respectively, were then attached computationally to the 2D and 1D templates
to create prototype models. More details to this method are described in Ch. 2.3. After
relaxing, a self-consistent field calculation was performed on the 2D, experimental, and 1D
models for m-NHy and m-OH. Inorganic-only band structure diagrams are then obtained
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and evaluated using methods also described in Section 2.3.

4.3 Results and Discussion

Experimental Details
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Figure 4.2: (A-D) Example morphologies of compounds 1-4, with the ligand inset. (E) Normalized
emission spectra of the four MOChas. Compound 4 is the only photoluminescent MOCha with a maximum
emission peak at 589 nm. (F) Solid-state powder samples of compounds 1-4 illuminated with ultraviolet
light. (G-J) Resolved structures for compounds 1-4.
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Scanning electron micrographs (SEM) of the MOChas are collected in Fig. 4.2A-D and reveal
distinctive habit differences depending on the position and type of the functional groups on
the phenyl ring. Notably, the para position of the methoxy species results in flat basal planes
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with step edges for compound 1 (Fig. 4.2A). Such visuals are less prominent in compounds
2 and 3 (Fig. 4.2B-C), which feature functional groups at the meta positions. Conversely,
placing the methoxy functional group at the meta position in the ligand produces needle-like
crystals for compound 4 (Fig. 4.2D). All MOCha product sizes are quite small, being no more
than 5 microns in size. Powdered crystals were prepared for UV-Vis absorption. Specifically,
the emission spectra of only the MOCha compound 1 can be observed in the visible light
spectrum when illuminated with ultraviolet (UV) light. Notably, compound 4 under UV
light excitation exhibits weak yellow photoluminescence, with a maximum emission peak at
589 nm (Fig. 4.2E in green) and a photoluminescent quantum yield of only 1% [55]. It is
also the only compound in the series that is reactive under UV light, as captured by the
power samples image in Fig. 4.2F. Meanwhile, compounds 1-3 show negligible interaction
under UV excitation. Finally, structural resolution—-a crystallographic technique- is used to
determine the precise atomic arrangements via the diffraction pattern of the crystal. Fig.
4.2G-J briefly highlight the structurally resolved images of compounds 1-4. While 4.2G and
4.2] clearly indicate stable 2D and 1D inorganic structures, respectively, compounds 2 (Fig.
4.2H) and 3 (Fig. 4.21) feature buckling in the 2D structure. These results contribute to the
ongoing dialogue on the role that ligand functionalization plays in the resulting crystallite
morphology and photoluminescent properties of MOChas.

Structural Analysis

The inorganic topologies of the AgS structures are quite striking as the series progresses
from 2D to 1D. The position of the functional groups in compounds 2 and 3 perturbs the
2D inorganic in such a way that its topology appears to buckle, capturing the idea of static
structures frozen by molecule selection that display a characteristic distortion across the AgS
series.

Fig. 4.3 highlights the progression for the inorganic connectivity across the AgS series.
Fig. 4.3A shows the 2D sheet of 1, with edge-sharing tetrahedral surfaces. This feature
is characteristic of the typical 2D inorganic connectivity, similar to that of mithrene [56,
57|, tethrene and thiorene [57|, and a handful of other 2D organofluorine structures [33].
Meanwhile, Fig. 4.3B highlights the slight buckling in the 2D sheet of 2, characterized by
the large open rings in the structure highlighted in light blue. Rather than purely edge-
sharing tetrahedra, 2 also features extremely distorted AgS trigonal planes, as indicated
by the red triangles over the polyhedral illustration. Ghost bonds, shown in dashed and
dotted lines, complete the connections that would form the tetrahedra in a typical 2D
inorganic structure, with dashed lines indicating forward projections and dotted lines being
the backward projections (Fig. 4.3B, top right panel). It is revealed that Ag atoms which
move out of the typical 2D position (boxed inset with red arrows of Fig. 4.3B) cause the
large open rings (Fig. 4.3B, top left panel) and therefore a slight buckling in the 2D structure.
However, this inorganic connectivity is still somewhat mainly 2D.

Large buckling of the 2D inorganic structure in 3 is visualized in Fig. 4.3C in the bottom
left boxed inset panel. The connectivity here is quite unusual-from polyhedral illustration
along the a-lattice vector, four edge-connected tetrahedra (Fig. 4.3C, top right panel) have
silver-sulfur bonds alternating top and bottom of every other pair of sulfur atoms, connected
to either bent or flattened trigonal pyramidal inorganic geometries. Above this edge-sharing
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tetrahedral motif, distorted, flattened trigonal pyramids (red triangles) are connected to the
forward-projecting sulfur atoms of the motif, while bent geometries (blue lines) are connected
to the bottom forward-projecting sulfur atoms. The reverse is true for backward-projecting
sulfur atoms: the tetrahedral motif is connected to bent geometries for top sulfur atoms
and flattened trigonal pyramidal geometries for bottom sulfurs. This pattern then tiles the
periodic space. It is theorized that the large buckling in the 2D structure from the giant
inorganic rings (Fig. 4.3C, top left panel) is due to the central hydrogen intermolecular forces
between the neighboring amines (Fig. 4.3C, middle inset boxed in blue), which form a helical
tube in the center of the unit cell. This weak hydrogen-interacting core is parallel to the
2D plane and aligned with the low-density part of the inorganic, therefore giving rise to the
presence of intermolecular forces in this region. Finally, Fig. 4.3D shows the 1D rods of
4, indicated by tubes of connected trigonal planes. The inorganic tube is distorted from a
square into a rhombus when viewed along the a-lattice vector (Fig. 4.3D, bottom panel).
The trigonal planes create a sheared inorganic core, or one that is not necessarily “upright”
but slanted along the vertical tube (Fig. 4.3D, top panels).
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Figure 4.3: Structural arrangement of the various AgSPh-X inorganic AgS topologies. (A) 2D sheet of
AgSPh-p-OCHj3, with edge-sharing tetrahedral surfaces. (B) Slight buckling in the 2D sheet of AgSPh-m-OH,
characterized by the large open rings in the structure highlighted in light blue. Red triangles over the
polyhedral illustration demonstrate the pattern of trigonal, near-planar geometry. Grey dashed and dotted
ghost bonds show the typical 2D inorganic connectivity. (C) Large buckling of the 2D inorganic structure in
AgSPh-m-NH,. Highlighted red triangles and blue lines in the polyhedral illustration show the presence of
trigonal pyramidal and bent geometries, respectively. (D) 1D rods of AgSPh-m-OCHs, signaled by tubes of
connected trigonal planes.
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Energetics with 2D and 1D Models

A 2D AgSPh-m-NH, model synthesized 1D AgSPh-m-NH, model
, AgSPh-m-NH,

R 357 Lagts ?
8(AgSCgHsNH,) 16(AgSCgH;NH,) 4(AgSCgH5NH,)
B 2D AgSPh-m-OH model synthesized 2D AgSPh-m-OH 1D AgSPh-m-OH model
e : -o 089 eV
SH \
8(AgSC.H,OH) " 8(AgSC,H,OH) 4(AgSCH-OH)

C 1D AgSPh-m-NH, model 1D AgSPh-m-N(CH;), model

Figure 4.4: DFT self-consistent field calculations on relaxed geometries, highlighting the energy difference
per formula unit between the transitional AgSPh-m-NH, and its 2D and 1D homologues of the same ligand
(A). The same is done for AgSPh-m-OH (B). (C) Hypothetical MOCha models of the 1D AgS structure
paired with 3-aminothiophenol (left) and 3-(dimethylamino)thiophenol (right), the latter of which has a
crystallographically-unresolved structure.

DFT modeling of hypothetical MOChas supports the inorganic progression from 2D to
1D quite well. To evaluate the energetic differences between experimentally-realized and
hypothetical MOChas, we take the ligands containing m-NHs and m-OH functional groups and
attach them to inorganic 1D and 2D silver sulfide templates from the experimentally-realized
compounds 1 (2D) and 4 (1D) as shown in Fig. 2.1B. An SCF calculation is performed on
the relaxed geometries of hypothetical 2D and 1D AgSPh-m-OH and AgSPh-m-NH,, as well
as the original experimentally-realized 2 and 3. Comparing the energetics per formula unit in
Fig. 4.4A, we see that the hypothetical 2D silver AgSPh-m-NHs MOCha is 0.357 €V higher
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in energy per formula unit than the experimental compound 3, whereas the hypothetical 1D
silver AgSPh-m-NH,; MOCha is 0.058 eV lower in energy per formula unit compared to the
experimental 3. Similarly, the hypothetical 2D AgSPh-m-OH MOCha is 0.012 eV higher
in energy per formula unit than the experimental compound 2, whereas the hypothetical
1D AgSPh-m-OH is 0.089 eV lower per formula unit than the experimental 2 (Fig. 4.4B).
The modeling reveals that both compounds 3 and 2 are energetic intermediates between
the hypothetical 2D and 1D models, and further suggests that the 2D topology and the 1D
topology are the stable beginning and end of a series of possible inorganic distortions.

In particular, DFT predicts that the 1D topology is the most energetically-favorable
configuration for the Ph-m-NH, and Ph-m-OH ligands. For compound 3, specifically, we
hypothesize that neighboring amine hydrogens, which form weak intermolecular forces
(Fig. 4.3C, middle inset of compound 3 boxed in light blue), drive the kinetic formation
of compound 3, locking the inorganic structure in its energetically-unfavorable buckling
configuration. By disrupting these weak hydrogen interactions, we can force 3 into its
lower-energy 1D homologue. This hypothesis led our experimental colleagues to synthesize
silver 3-(dimethylamino)thiophenolate (AgSPh-m-N(CHj;)s)—with a ligand quite similar to
that of compound 3 but with methyl groups in place of the amine hydrogens (Fig. 4.4C, right
panel). We propose that the methyl groups are able to disrupt the weak hydrogen bonding
and collapse the inorganic structure from that of compound 3 to a 1D topology. While the
actual structure for this new AgSPh-m-N(CHj3)s compound is yet to be resolved, its crystallite
morphology reveals a 1D-like habit analogous to that of Fig. 4.2D, showcasing the power
of DFT predictions in driving experimental work. This evidence validates our hypothesis
that the forces between interacting amine hydrogens were at least partially responsible for
the large buckling in the inorganic structure. Furthermore, this confirms that disrupting the
hydrogen interactions of compound 3 by replacing the amine hydrogens with methyl groups
indeed leads to a crystallite morphology that is likely 1D, supporting the DFT prediction
that the 1D topology is the most energetically-favorable.
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Electronic Structure
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Figure 4.5: (A-D) Electronic structure calculations for the AgSPh-X series. Left inset is the band diagram,
in which orange bands indicate inorganic interaction and black bands indicate organic interaction, with
interpolated colors representing mixed interaction. Blue and green points indicate the wave vector where the
conduction band minimum and valence band maximum occur, respectively. Right inset is the normalized
density of states, separated by atomic species. Note that figures with a larger number of bands correspond to
MOChas with a larger number of atoms.

1 has a direct band gap transition at the I' point, with a band gap of 2.391 eV (Fig. 4.5A,
left). Inorganic interaction (orange) dominates at both the valence and conduction band
edges. This can be verified by the density of states diagram (Fig. 4.5A, right), in particular
where the largest volume of orbitals belongs to the sulfur atoms. Given the Brillouin zone
k-path (Fig. C.1A), the I'=Z path travels along the plane perpendicular to the 2D sheet,
and electronic bands are rather flat along this path. Contrastly, the I'=Y and I'—X paths,
corresponding to paths in-plane with the 2D sheet, are much more dispersive, indicating more
mobile electrons along these regions. The inorganic-only band structure (Fig. C.2A) features
an effectively direct band gap transition at the I' point with a width of 2.408 eV, slightly
smaller than that of the original 1, indicating that the presence of p-OCHj in the ligands
reduces the band gap width compared to the inorganic-only band structure.
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2 has a band gap of 2.333 eV, with an effectively direct band gap transition at the I" point
(Fig. 4.5B, left). Inorganic interaction dominates at both the valence and conduction band
edges (orange). In the density of states diagram (Fig. 4.5B, right), again sulfur atom orbitals
dominate in the valence band, with smaller Ag and S densities present in the conduction
band. The Brillouin zone k-path (Fig. C.1B) shows I'=Y as perpendicular to the plane of the
slightly-buckled 2D sheet, and similar to 1, the inorganic bands at the band gap are rather flat
along this path. Along the I'-Z k-path, which is in-plane with the 2D sheet, the conduction
band is far more dispersive than the valence band, indicating more electron mobility in the
CBM along this region. The inorganic-only band structure (Fig. C.2B) features a direct band
gap transition at the I' point with a width of 2.112 eV, suggesting that the addition of m-OH
functional groups in the ligands increases the band gap from the inorganic-only structure.

3 has a band gap of 2.302 €V, with an indirect band gap transition from the Z wave vector
in the valence band to the Y wave vector in the conduction band (Fig. 4.5C, left). Inorganic
interaction appears to dominate at the valence band edges (orange), and slight inorganic-
organic mixing occurs at the conduction band edge (dark orange). This can be verified by the
density of states diagram (Fig. 4.5C, right), in which the presence of S orbitals dominates in
the valence band, and Ag, S, C orbitals appear in the conduction band. The I'—N path in the
Brillouin zone (Fig. C.1C), lies perpendicular to the buckling 2D inorganic plane and is quite
dispersive in the conduction band. Similarly, the I'-Z path features a dispersive conduction
band edge, though the valence band edge is relatively flat. The inorganic-only band structure
(Fig. C.2C) features a direct band gap transition effectively at the I' point with a width of
1.830 eV. This width is smaller than that of its parent MOCha’s band gap of 2.302 eV, and
suggests that m-NHy functional groups in the ligands increase the band gap width and force
an indirect band gap, possibly requiring electron-phonon coupling analysis to unveil these
properties in 3.

4 has a direct band gap transition at the R wave vector, with a band gap of 1.940 eV (Fig.
4.5D, left). Inorganic interaction dominates at both the conduction and valence band edges
(orange). This can be verified by the density of states diagram (Fig. 4.5D, right), in which
the presence of S orbitals dominates in both the valence and conduction bands. The I'—M
k-path (Fig. C.1D) is perpendicular to the inorganic tube and features relatively flat bands,
whereas the I'—Y k-path (Fig. C.1D) corresponds to the direction in the original lattice that
is along the inorganic tube. Along I'—Y the bands are very dispersive, indicating higher
electron mobility along the tube. The inorganic-only band structure (Fig. C.2D) features
an effectively direct band gap transition with a width of 2.045 eV, indicating that m-OCHj3
functional groups in the ligands shrink the band gap of the inorganic structure.

We note that there is a trend in decreasing electronic band gap width from the 2D to
1D structures (Fig. 4.5), in which the contribution at the band gap edges remains largely
inorganic. The only exception is compound 3, which features some carbon orbitals in the
conduction band edge (Fig. 4.5C, right). The decreasing trend in band gap supports the
progression in inorganic dimensionality from 2D to 1D. From the band structure and density
of states diagrams, contribution at the band edges from the functional group atoms (e.g. the
atoms of OCHjz, OH, and NHy) is negligible, suggesting that for the silver benzenethiolate
series, the functional group may drive the structural formation of these MOChas, but does
not explicitly participate in the resulting electronic structure properties.

Interestingly enough, this trend of decreasing band gap from 2D to 1D topologies holds
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for all inorganic-only band structures except for 3, whose inorganic-only band gap width
is the smallest of the four (Fig. C.2C). Coincidentally, 3 is the only MOCha in this series
that features non-inorganic electronic interactions at the conduction band, hinting that this
may be responsible for the disruption in inorganic band gap trends. The inorganic-only band
gap widths of 1 and 4 (Fig. C.2A,D) are also wider than those of the full thiolated MOCha
structure (Fig. 4.5A,D), indicating that the presence of the methoxy series functional group
may contribute to the shrinking band gap. Conversely, the inorganic-only band gap widths of
2 and 3 are augmented with the addition of ligands containing m-OH and m-NH, functional
groups, despite having the same meta position as m-OCHj3. This suggests that the selection
of the functional group, rather than the specific position, may contribute to changes in the
electronic band gap between the inorganic-only and the full band structure.

Additionally, the direct band gap transition of the 1D compound 4 may elucidate the
electronic origins of fluorescence in this MOCha. The same should therefore be expected
of the 1D compound 1—with the same methoxy functional group species and direct band
gap transition—but the lack of fluorescence in the latter structure hints at the importance
of functionalization on the meta and para positions around the phenyl ring, resulting in
different inorganic topologies and therefore, different structural, electronic, and luminescent
properties.
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Partial Charge Densities

(B) AgSPh-m-OH

Figure 4.6: Partial charge densities at the valence band maximum (VBM) and conduction band minimum
(CBM). (A) AgSPh-p-OCH;. (B) AgSPh-m-OH. (C) AgSPh-m-NH, note that the other half of the motif
for the unit cell is omitted for clarity. (D) AgSPh-m-OCHjs.

In the VBM of compound 1 (Fig. 4.6A), Ag(d) and S(p) orbitals are highly localized.
p-orbitals from the phenyl ring appear on the C!, C?, C*, and C°® atoms, as well as on the
oxygen atom in the methoxy functional group. In the CBM, Ag(d) and S(p) orbitals are
still localized, though lobes of the Ag(d) orbitals are polarized towards the neighboring S
atom, and S(p) orbitals polarize to the neighboring Ag atom. Additionally, weak interactions
between the C! atom’s C(p) orbital in the phenyl ring and the neighboring S(p) orbital are
observed, and contribution from the remaining ligand atoms is negligible.

Compound 2 contains mostly tetrahedral geometries, but slight buckling in the 2D
structure results in some distorted trigonal planar connectivity (Fig. 4.3B, top right panel).
Again, in the VBM of compound 2 (Fig. 4.6)B), Ag(d) and S(p) orbitals are highly localized.
Contribution from the phenyl rings is present in the C* and C® atoms, while negligible O(p)
orbitals appear minimally. Strikingly, in the conduction band, electron delocalization appears
in Ag(d) orbital lobes, specifically between the distorted trigonal planar Ag atom and its
nearest neighbor tetrahedral Ag atom (shown in blue circles in Fig. C.3), suggesting that
distortion in the 2D inorganic sheets closes the distance between neighboring Ag atoms and
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leads to electronic orbital overlap. Polarized S(p) lobes point towards the delocalized Ag(d)
electronic overlap, and there are weak interactions between the C! atom’s C(p) orbital in the
phenyl ring and the neighboring polarized S(p) orbital.

In 3 (Fig. 4.3C), the inorganic structure contains a mix of tetrahedral (grey), trigonal
planar (red triangles), and bent geometry (blue lines). In the VBM, there is minimal Ag(d)
orbital contribution of the trigonal planar and bent AgS geometries compared to the Ag(d)
tetrahedral orbitals. S(p) orbital lobes are weakly polarized towards the tetrahedral Ag(d)
orbitals, but otherwise the S(p) orbitals are localized and nonpolar. In ligands where the
S(p) orbitals are nonpolar, slight electron delocalization occurs between the C(p) orbitals of
the C! and C® atoms, and there are minimal C**(p) and N(p) contributions. For ligands
whose S(p) orbitals are polarized, only the C*5(p) orbitals participate minimally in the
VBM. In the CBM, d-orbitals of trigonal planar Ag atoms form crescent shapes, indicating
electron hybridization. d-orbitals of Ag atoms that are in the bent or tetrahedral geometry
are delocalized and overlap one another. In particular, electronic overlap occurs between the
two Ag atoms that are at a distance of 2.94 A from one another (that is, within 3.45 A, or2 x
the van der Waals radius of silver), whereas the Ag(d) orbitals of the other Ag atoms that are
not within the 3.45 A range interact weakly with the Ag(d) electronic overlap. Neighboring
inner lobes of S(p) orbitals interact weakly with the Ag(d) orbital delocalization, and weak
interactions between this S(p) orbital and neighboring C!(p) orbitals are also present. Some
ligands also contain minimal C(p) orbital contributions on the C?, C*, C® and C® atoms
(Fig. 4.6C).

Within 4, the 1D rods of the inorganic structure feature only trigonal planar AgS
connectivity (Fig. 4.3D). In the VBM, all inorganic orbitals are localized, and small C(p)
orbitals appear on the C?, C%, and C® atoms. In the CBM, electronic overlap occurs between
the two Ag atoms at a distance of 3.3 A (within 3.45 A), whereas the Ag(d) orbitals of
the other two Ag atoms that are not within this van der Waals distance interact weakly
with the Ag(d) electronic overlap. Inner S(p) orbital lobes are polarized towards the Ag(d)
orbital delocalization, and weak interactions between the S(p) orbitals and neighboring C(p)
orbital of the C! on the phenyl ring are also present. We see that the electron orbitals at
the conduction band edge are very localized in the 2D 1 compared to the orbital mixing
that occurs at both the metal and ligand sites of the 1D 4. Furthermore, the sturdy and
consistent trigonal planar topology of the 1D rods in 4, direct band gap transition, and
orbital delocalization participating at the band edges may also explain the luminescence in 4
and lack thereof in the other structures.

Complementary to the band diagrams for the silver benzenethiolate series, DFT partial
charge density calculations revealed that there is increasingly more electron delocalization
of electron orbitals at the conduction band across the silver benzenethiolate series as the
2D topology begins to buckle into 1D rods. Again, electron orbitals at the band edges are
also largely inorganic. In agreement with the band structure and density of states diagrams,
contribution at the band edges from the functional group atoms is negligible, with the
exception of 3 which features C(p) orbitals present in both the valence and conduction bands
(Fig. 4.6). As mentioned previously, this indicates that while the functional group does not
explicitly participate in the resulting electronic structure properties, it plays a significant role
in the structural formation of silver benzenethiolate MOChas.
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4.4 Conclusions

In this work, we demonstrate that the ligand functional group X plays a critical role in
determining the topology of silver benzenethiolate MOChas. To confirm this, we create
hypothetical 2D and 1D AgSPh-X MOChas for the m-NH, and m-OH functional groups using
inorganic AgS templates that were derived from experimentally-realized MOChas. Performing
DF'T self-consistent field calculations on the relaxed geometries reveals that compounds 2
and 3 are energetic intermediates between the 2D and 1D prototypes. In particular, we
focus on 3, and suggest that weak hydrogen intermolecular forces between neighboring amine
groups lock 3 in an energetically-unfavorable configuration. We hypothesize that disrupting
these weak hydrogen interactions can collapse 3 into a 1D MOCha. This analysis prompted
experimentalists to synthesize a similar compound to 3, with m-N(CHjz), as the functional
group that disrupts weak hydrogen interactions. While the structure is still unresolved, its
habit is 1D, validating the DFT prediction that the 1D topology is the most energetically-
favorable. Furthermore, DFT-based electronic structure calculations of compounds 1-4
reveal trends in the electronic band gap, orbital delocalization at the conduction band, and
luminescence across the AgS series that support the progression from 2D to 1D inorganic
dimensionality.
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Chapter 5

AT’ll be back— machine-learning
accelerated materials design

In this work, we have understood the tunable optoelectronic properties of the robust, self-
assembling, and hybrid materials that are MOChas. From Ch. 3, we have seen that a change
as simple as the position of a hydroxyl group in glucose and galactose-ligands that are
stereoisomers of each other— result in MOChas with vastly different structural resolutions and
optical properties. While both structures were fluorescent 1D topologies, silver(I) thioglucose
dihydrate yielded blue photoluminescence while silver(I) thiogalactose dihydrate yielded green
photoluminescence. In Ch. 4, we observed that simply varying the position and type of a
functional group on a phenyl ring ligand can influence the resulting silver-sulfur inorganic
topology, creating a range of possible distortions in the silver benzenethiolate MOCha series.

By manipulating the coordination modes, ligand choice, and selection of coinage metals,
we can tune the resulting luminescent, electronic, and structural characteristics for a wide
variety of MOChas. This tunable relationship between MOCha structural arrangements and
targeted properties opens up a vast yet challenging search space for novel MOCha structures.
In addition to the selection of functional groups, functional group positions, and ligands,
procurement of physical materials and successful metal-ligand combination experiments take
particular consideration and time. Considering all of these parameters together then creates
a design space for MOChas that is very difficult to explore experimentally. Computational
searches of materials can often be more efficient and cost-effective than experiments, as they
allow for rapid exploration of a wide range of systems, frequently yielding intriguing results
and occasionally uncovering potential new materials. For example, computational structure
searching can augment experimental studies when the data is incomplete or sparse. In the
case of MOChas, while over tens of new structures have been resolved since the beginning
of the MOChas project, vast metal-ligand combinations remain in uncharted territory, but
computational tools can help automate this process.

The task of computationally discovering MOChas is still quite challenging. One must
also consider ligand packing patterns, possible inorganic distortions, and unit cell stacking
patterns that periodically tile the crystal space. Additionally, materials generation demands
the construction of novel and chemically-valid geometries that incorporate various complexities
of MOCha properties, including metallophilic interactions, hydrogen bonding, and van der
Waals forces. Current attempts to construct hypothetical MOChas involve substitution of
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inorganic species and ligands with the aid of a coordinate skeleton followed by DFT relaxation
of these hypothetical structures. We saw this in action in Section 4.3, where hypothetical 1D
and 2D homologues for 3-aminothiophenolate and 3-hydroxythiophenolate were constructed,
relaxed, and then energetically evaluated with DFT. In this chapter, we discuss how to
enable high-throughput design methods for MOChas such as generative models. Ground
state configurations of these generated novel structures could then be obtained via DFT
relaxations. However, while DF'T can predict properties of materials with good accuracy and
is a powerful choice for even hypothetical materials, DF'T relaxation times scale poorly for
large systems and therefore impede the discovery of novel MOChas structures. To address
this computational bottleneck, we discuss the use of machine-learned interatomic potentials
(MLIPs) to reduce DFT workloads. The aim of this ML-accelerated workflow is to enable
rapid prototyping of novel MOChas. We can propose these structures as new synthesis
directions to experimental collaborators, thereby promoting the development of the MOChas
field. This work can then be extended to other functional materials with the same prospective
applications.

5.1 Structure Generation for Novel Materials

While generative methods are an important avenue for molecular generation, these methods
face exceptional obstacles for materials. Complex materials such as MOChas, Metal-Organic
Frameworks (MOFs), and Transition Metal Complexes (TMCs) are much larger systems than
small molecules, with many more elements, and training data for ML materials design can be
limited, as is the case with MOChas. Additionally, because crystalline materials are expressed
through periodic transformations, simple 3D molecular generation methods cannot be used
as they do not consider periodic transformation invariance [58]. However, in recent years,
significant efforts have been made in tackling this problem. Materials generation methods for
MOChas can be derived from existing tools that can automate the discovery of novel MOCha
structures and functional materials.

Ab-Initio Random Structure Search (AIRSS) is one such computational tool that can
generate candidate inorganic structures for MOChas through the use of potential energy
surfaces. AIRSS has been used to explore and predict stable crystal structures from first
principles, without the need for any prior experimental data or assumptions about the atomic
arrangement [59]. It has been instrumental in predicting novel superconductors, 2D materials,
and high-pressure phases, and enabled screening of thousands of candidates to identify
promising structures. AIRSS generates multiple atomic arrangements randomly by sampling
the potential energy surface. The generated structures can follow certain constraints, such as
imposed symmetry, stoichiometries, or number of units, to guide the search. Each structure
is relaxed using DFT to reach a local minimum in the potential energy surface. Low-energy
structures are kept for further analysis, while high-energy ones are discarded as they are not
considered energetically stable. Then, a list of stable and metastable crystal structures is
produced, which can guide experimental synthesis by predicting the most likely phases to
appear under certain conditions.

Another promising method for materials generation of MOChas is the Crystal Diffusion
Variational Autoencoder (CDVAE) [60], which generates materials in the form of 3D graph
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representations. CDVAE functions by learning from the data distribution of stable materials,
in which the VAE generates lattice parameters, randomly initializes atom coordinates, and
iteratively refines atom coordinates via score matching models [58]. CDVAE also explicitly
encodes operations across periodic boundaries, with strengths in generating valid, diverse, and
realistic materials, as well as materials that optimize a targeted property. Similar to CDVAE
is Symat [61], whose advantage over CDVAE is that it achieves invariance to translations
because it applies score matching to pairwise distances (versus CDVAE, which only applies
score matching to atom coordinates) [58]. SyMat is therefore invariant to all symmetry
transformations on materials. When utilized on the datasets Perovb, a set of 18,928 perovskite
materials that share the same structure but have different compositions [62], and MP-20,
a set of 45,231 materials that differ in both structure and composition [63|, both CDVAE
and SyMat outperform other generation methods in at least 5 of the 7 validity metrics (i.e.
composition validity, structure validity, etc.). Because of these advantages, CDVAE and
SyMat are situated to be promising candidates for proposing novel MOCha structures.

Another future avenue of materials generation could be through learnable shape grammars.
Guo et al. [64] propose a data-efficient property predictor that can generate molecules from
grammar production rules, which outperforms a wide spectrum of baselines, including
supervised and pre-trained graph neural networks. This grammar representation of the
molecules induces an explicit geometry of the space of molecular graphs, in which graph
neural diffusion on the geometry can be used to effectively predict property values of
molecules on small training datasets. While this approach is also promising, the previous
problems concerning materials generation still apply— encoding transformations across periodic
boundary conditions, chemically-valid ligand geometries, and packing patterns. Currently, we
are fostering early collaborations with fellow shape grammar specialists to translate MOCha
geometries into shape grammar representations.

Ideal models, whether through AIRSS, SyMat, or shape grammars, will be able to generate
novel inorganic structures and eventually, novel ligand packing patterns at the appropriate
chalcogen sites.

5.2 Fine-tuned ML-interatomic potentials

The majority of this thesis is indeed based on DFT, which we have demonstrated to be a
fantastic choice for modeling the electronic structure of experimentally-realized materials,
relaxing geometries, and even predicting hypothetical materials. However, anyone working
closely with DFT methods for large structures can agree that despite its accuracy, DFT relax-
ation can be computationally intensive and slow down progress for materials characterization,
analysis, and generation. For example, the hydrated glucose MOCha system discussed in
Ch. 3 is exactly 205 atoms in size. Coupled with this large system size, DF'T-D3 long-range
dispersion corrections and hours-long queue wait times for computing resources resulted in the
glucose MOCha taking weeks to relax for even the simple ionic loop precision of 0.01 eV /Al As
such, the discovery of novel MOCha structures is hindered by the computational bottlenecks
associated with DFT relaxations. One can imagine that this bottleneck would scale poorly
for the vast number of hypothetical MOChas produced with generative models, all of which
would need to be relaxed to obtain their ground-state optimized geometries. Machine-learned
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interatomic potentials (MLIPs) can fill this gap in DFT by optimizing the geometry of
structures while reducing the computational demands required by the highly-accurate but
computationally-intenstive modeling methods of DFT.

A possible solution lies in testing EquiformerV2, an equivariant transformer model that
iterates on its predecessor, Equiformer, which has demonstrated the efficacy of applying
transformers to 3D atomistic systems. EquiformerV2 incorporates higher degrees of equivari-
ant representations [65]. By leveraging higher degrees, the architectural improvements offer
speed-accuracy trade-offs, better data efficiency, and a 2x reduction in DFT calculations
needed for computing adsorption energies compared to its state-of-the-art competitors. Here,
we siphon directly from the work of Open Direct Air Capture 2023 (ODAC23) [66], which
consists of more than 38M DF'T calculations on more than 8,400 MOFs containing adsorbed
CO4 and/or HyO. In particular, MOFs, due to their porous nature, have been widely studied
as modular adsorbents for capturing pollutants, such as CO,, from ambient air (known as
direct air capture, or DAC). EquiformerV2 is trained on the ODAC23 dataset to approximate
calculations at the DFT level, and can perform the tasks of geometry optimization, adsorption
energy prediction, and force field development.

From the work of ODAC23, we are interested in the geometry optimization task. We aim
to fine-tune an EquiformerV2 model trained on ODAC23 such that it can successfully relax
MOCha geometries. We can then assess whether this fine-tuned model can perform ML-based
structure relaxations comparable to DFT-calculated results. The goal is to significantly reduce
the computational wall time required for MOCha relaxations, which would allow for a faster
screening of available generated structures. Early developments in this project have confirmed
details that can simplify this fine-tuning task: (i) all the atomic species present in MOChas
are also present in the ODAC23 dataset, so the trained EquiformerV2 model will not have to
learn any new species mapping and (ii) the DFT relaxations in ODAC23 use the same PBE
functional [17] and DFT-D3 dispersion corrections [25] as the MOCha calculations in this
thesis. Successful implementation would generate reasonable, relaxed MOCha structures (i.e.,
without "explosive" atomic migrations during relaxation), providing sufficiently presentable
results for experimental synthesis, even if perfect packing is not achieved.

5.3 Closing Remarks

Looking forward, we hope to extend this current research to create fast feedback loops between
ML-accelerated materials design, experimental synthesis, and DFT-based characterization
of materials. Specifically, we aim to create a rapid prototyping workflow for MOChas
that can (i) generate valid inorganic topologies, (ii) generate ligands at the appropriate
chalcogen sites of generated inorganic topologies, and (iii) relax and screen chemically and
periodically valid hypothetical MOChas constructed from methods (i) and (ii) using ML
interatomic potentials. The generated chemically-valid structures can then be proposed
to experimentalists for synthesis, promoting seamless integration between computational
predictions and experimental validation and accelerating the discovery of novel functional
materials.
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Appendix A

Relevant Terms

A.1 Relevant Terms

e CBM - conduction band minimum
¢ CHGCAR - a file that stores the charge density and the PAW one-center occupancies
e DOS - density of states

e ENMIN/ENMAX - the minimum or maximum plane-wave energy cutoff in eV for
the POTCAR it is read from

e POSCAR - an input file that contains the lattice geometry and the ionic positions

e POTCAR - an input file that contains the pseudopotential for each atomic species as
listed in order in the POSCAR

o SCF - self-consistent field
e SEM - scanning electron micrograph

e WAVECAR - an input file for a continuation job, which contains the number of bands,
initial energy cut-off, initial basis vectors defining the supercell, initial eigenvalues,
initial Fermi-weights, and initial wave functions

e VBM - valence band maximum
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Appendix B

Appendix for Don’t Sugar Coat it..or do...

B.1 Figures

Figure B.1: (A) The inorganic nanowire of compound 1 consists of repeating Ag,S; units. The Ag4Sy
units are linked via four Ag-S bonds, forming a 1D chain. (B) Each AgyS, unit features a chiral pyramidal
Ag, core where each silver atom is coordinated to two or three other silver atoms at different Ag-Ag distances.

Color code: Ag, Silver; S, Yellow.
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Figure B.2: The inorganic AgS core of compound 3 retains a similar 1D Ag-S arrangement as compound 1,
composed of repeating AgySy units (A) with chiral pyramidal Ags motifs (B). Color code: Ag, Silver; S,
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Figure B.3: (A) Compound 1 is viewed along the ¢ axis and (B) Compound 2 is viewed along the b axis.
Light blue polygons highlight the inorganic topologies and hydrogen bonding interactions of the molecules,
whereas light red circles enclose the galactose and glucose ligands. Color code: Ag, silver; S, yellow; O, red;
C, brown; H, pink. (C) structure of 1D chain unit and S-Ag-S angle in glucose MOCha 1. (D) structure of
1D chain unit and S-Ag-S angle in galactose MOCha 2. There are H-bonds (OH---O) among ligands and
water molecules in both glucose and galactose MOChas. In 2, there are interchain and intrachain H-bonds,
whereas there are only interchain H-bonds in 1. The O-H:--O hydrogen bonds in 2 have a distance of 1.982
A, indicating directional hydrogen bonds of hydroxyl groups in the sugar ligands. This leads to an increase in
the angle of the sulfur-silver-sulfur bond compared to glucose MOCha 1 which lacks interchain hydrogen
bonds of the hydroxyl group. As a result, the sulfur-sulfur distance is longer in MOCha 2 (dS-S = 4.698 A)
than in 1 (dS-S = 4.389 A), decreasing the coordination number of silver-sulfur (CN = 2 in galactose; CN
= 3 or 4 in glucose MOCha 1) and reducing the symmetry of the crystal system compared to the glucose
MOCha. In this case, we observed that the secondary structure, driven by the hydrogen bonding network,
affects the primary structure of the Ag-S network in a manner similar to biological geometry.

Figure B.4: The Ag-O interaction distances are shown in compounds 1 (A) and 2 (B). High luminescence
in silver(I) methyl 2-mercaptobenzoate compounds, has been linked to Ag-O interactions, which we recently
reported as correlating with relatively high quantum yields. In compounds 1 and 2, a similar close association
is observed between silver and the bridging oxygen atoms of the sugar ligands, with Ag-O bond lengths
ranging from 2.741 to 2.827 A. These distances are notably shorter than the sum of the van der Waals radii
(3.24 A), suggesting the presence of a strong interaction that may contribute to the observed luminescence
properties.
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Figure B.5: (A-D) VBM partial charge densities for each compound 1-4, respectively, with some other
parts of the unit cell and water molecules omitted for clarity.
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Figure B.6: Comparison of PXRD patterns between as-synthesized hydrated silver thioglucose dihydrate
1, partially dehydrated silver thioglucose monohydrate 3, and rehydrated silver thioglucose dihydrate 1,
demonstrating that dehydration and rehydration are reversible.
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Figure B.7: (A) TGA curves of compounds 2 and 4. (B) Comparison of PXRD patterns between
as-synthesized hydrated silver thiogalactose dihydrate 2, fully dehydrated silver thiogalactose 4, and the
rehydrated galactose MOCha. (C) Emission spectra comparing the 2 and 4. The as-synthesized 2 was heated
in a vacuum oven at 90 °C for 24 hours to release water, resulting in fully dehydrated samples 4 (Fig. A).
PXRD patterns revealed that the 4 exhibits few distinct phases and does not revert to the hydrated state 2
after rehydration, suggesting an irreversible solid-solid phase transformation from galactose MOCha hydrates
to dehydrated forms. Fig. C shows no significant change in emission between dihydrate 2 and anhydrous 4
under 350 nm excitation.
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Figure B.8: (A) UV-vis spectra comparing compounds 2 and 4. (B) Comparison between 2 (left panel,
highlighted in orange) and 4 (right panel, highlighted in blue), focusing on the asymmetry unit (upper panel)
and Ag-S network (lower panel). In compound 4, the Ag-Ag interactions strengthen, forming a coordination
number (CN(Ag-Ag)) of 5. This represents a significantly different silver core environment compared to the
hydrated form 2 (Fig. B), suggesting a change in the electronic structure, indicated by the UV-vis spectrum.
Importantly, the change in the Ag-Ag system occurs without altering the inorganic Ag-S arrangement, which
remains as double helices. Notably, the asymmetry unit of dehydrated galactose MOCha does not contain
water, in line with TGA experiments in Fig. A.
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Appendix C

Appendix for Functional Group Drivers
and Silver M OCha Passenger Princesses

Figure C.1: Brillouin zones for the selected k-paths.
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(A) AgSPh-p-OCH, (B) AgSPh-m-OH
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Figure C.2: (A-D) Band structure diagrams for the inorganic structure, indicated in orange. All structures
effectively have a direct band gap at the I point.
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Figure C.3: Partial charge densities at the VBM and CBM for AgSPh-m-OH, viewed along the a-axis.
Electron delocalization of the participating Ag(d) orbitals is encircled in light blue.
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