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Chapter 1: Overview of the thesis.

The following thesis has been carried out in the Computational Material Science
Laboratory (CMSL) of the Institut de Quimica Teorica i Computacional at the University of
Barcelona. As such, the systems under scrutiny in this thesis follow two relevant lines of
research of the CMSL: titanium dioxide (TiO,, titania) and astronomical silicates
(astrosilicates hereafter).

Thanks to the increasing capabilities of computers and the ever-continuing
development and refinement of new theoretical methodologies, computational chemistry
has become a prominent tool for nanoscale virtual laboratory experiments, for confirmation
of experimental/observational results and prediction of new species and their properties.
The wide applicability of this now well-established field is due to several factors, such as
the possibility to study systems in conditions not easily available in experiments, the
capability to predict properties without any experimental support or the possibility to
uncover the importance that certain structural features have for the chemical and electronic
properties of systems. The research presented in this thesis contributes to the
understanding of both titania and silicate nanosystems by providing new information on
energetic stability and properties of nanometer sized particles using computational
modelling. Particular emphasis is placed on the importance of two nanosized regimes: i)
tens of atoms, and ii) several hundred up to thousands of atoms. We differentiate these two
size regimes by naming nanoclusters the structures containing between tens up to a
hundred of atoms, and using the term nanoparticles (NPs) for the structures containing
hundreds to thousands of atoms. Another topic explored in this thesis, with relevance to
both nano oxide systems, is that of amorphous surface-crystalline core NPs.

Even when describing the properties of nanoscale systems and understanding the
amorphous to crystalline transition are the bridging point between both systems, the
published articles deal with the relevance such topics have in the applied research for each
specific system. Titania (Ti0,) is the most studied photocatalyst, and thus research is
mostly focused on understanding the electronic properties of different morphologies of TiO,
NPs. In detail, for TiO, the present thesis benchmarks the ability of several interatomic
potentials (IPs) to reduce the computational cost of Density Functional Theory (DFT)
calculations, as well as a detailed analysis of the energetic stability of three different
morphologies of NPs together with an analysis of their band-gap. On the other hand,
research on astrosilicates is mainly focused on calculating the properties of nanoclusters
and NPs, with the objective of obtaining a better understanding of the relevance of such
species in interstellar space. In detail, for astrosilicates, we propose global minima (GM)
candidates for numerous nanoclusters based on global optimization (GO) searches and
compare their spectroscopic and chemical properties with literature values, where the later
values are mostly derived from extrapolation using macroscale laboratory samples. We also
evaluate whether silicate nanoclusters can be the origin of the anomalous microwave
emission (AME), a foreground emission in the microwave (MW) region of the spectra from
an unknown source. Finally, the IR spectra of large NPs are compared on the basis of their
crystallinity.



Chapter 1: Overview of the thesis.

The structure of the thesis follows the specific relevance of the research performed.
In Chapter 2 we provide an overview of the computational methodologies used in this work.
As such, we discuss the Born-Oppenheimer approximation and the Potential Energy
Surface (PES), Quantum Mechanics (QM) and DFT, IPs, GO with basin-hoping (BH)
methods and Molecular Dynamics (MD). A list of references follows to end the Chapter. The
first part of the research performed in this thesis, centered on TiO,, starts in Chapter 3,
which provides an introduction on known properties of TiO,, basic photocatalysis,
morphology of NPs, and the state-of-the-art in computational modelling of TiO, surfaces
and NPs. Chapter 4 gives the scientific objectives of the research performed on TiO,.
Chapter 5 compares the ability of different IPs to pre-optimize the structures of faceted NPs
as a preliminary step prior to DFT optimizations. Chapter 6 describes the energetic and
band-gap trends for differently shaped TiO. NPs and compares their calculated band-gaps
with experimental results. Chapter 7 provides a summary of the results, an outlook of
possible future research available after this thesis and the references for this part of the
thesis. The second part of thesis, devoted to astronomical silicates, starts in Chapter 8. An
historical overview on astronomical dust and astrosilicates is given, followed by a brief
description of the stellar and dust cycles and a discussion of the nature of astronomical
dust, providing evidence of the importance of magnesium silicates with a description of the
known silicates on Earth. Finally, the current knowledge on astronomical silicates is
reviewed, with emphasis on the importance of nano-astrosilicates. In Chapter 9 the
objectives of the research on nano-astrosilicates are outlined. In Chapter 10 we develop an
IP for magnesium silicates and propose GM candidates for nanoclusters of Mg,SiO, and
MgSiO; stoichiometries with 1 to 10 formula units. We describe the structure, atomic
charges, energetics with respect to size, and IR spectra of our candidate structures. In
Chapter 11 we analyze the dipole moments and MW emission of the presented astrosilicate
nanoclusters, providing theoretical evidence to relate the AME to astrosilicate nanoclusters.
In Chapter 12 we evaluate the energies and IR spectra of different models of NPs including
faceted crystalline structures and amorphous structures generated by annealing of
crystalline structures and by gas-phase aggregation. Chapter 13 provides a summary of
the scientific results obtained for nano-astrosilicates, an outlook for future research opened
after this thesis, and the bibliography of the astrosilicate part of the thesis.



Chapter 2. Methodology

The Born-Oppenheimer approximation and Potential Energy Surfaces

The properties of a chemical system are dependent on the positions of the
constituent electrons and nuclei, as they determine the chemical and electronic structure
from which all properties arise. Hence, a central problem in computational chemistry is to
obtain representative structures of a chemical system in order to compute realistic
properties that match experiments and observations.

In guantum mechanics (QM), to describe the static properties of a molecular system
one must solve the time independent Schrodinger equation, which is given by:

AHY =E¥Y (1)
where H corresponds to the Hamiltonian operator, ¥ is the wavefunction of the
system and E its energy. The Hamiltonian operator contains both the kinetic energy
operators T of electrons (e) and nuclei (N) and the potential energies (7, as described by

the Coulomb operator) between e —e, e — N and N — N. In atomic units, the operators
have the form:

ﬁ:TN+Te+VNN+I7N€+‘7€e (2)
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where P is the number of nuclei, S the number of electrons, V2 the Laplacian operator,
m; the mass of the i nuclei, Z; and Z; the atomic number of the nuclei, R;; the distance
between nuclei i and j, and r the e — e or the e — N distance. Taking notice that the nuclei
are at least three orders of magnitude more massive than electrons, the Born-Oppenheimer
(BO) approximation states that electrons respond instantaneously to the motions of nuclei,
and thus the motions of electrons and nuclei can be decoupled. This allows one to describe
the wavefunction as the product of electronic (¥ (r)) and nucleic (¢ (R)) wavefunctions:

YR, 1) =y@eR) 4)

The Schroédinger equation can now be separated into two sets of equations, one for
the electronic wavefunction and one for the nucleic wavefunction:

(Te + Ve + Ve + In ) (1) = eRIPE)  (5)
(Tw +2(®)) p(R) = E$(R) (6)

Equation 5 corresponds to the electronic wavefunction, while equation 6 corresponds
to the nucleic wavefunction. In equation 5, the electronic energy (e(R)) depends
parametrically on the positions of the nuclei. On the other hand, equation 6 shows that the
electronic energy defines the potential in which the nuclei are moving. Thus, in quantum
mechanics and under the BO approximation, the nuclei move over a potential energy
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surface (PES) defined by the electronic energy. The PES of a chemical system is a
hyperspace composed of all the possible geometrical conformations of the nuclei with their
associated energy. Critical points associated to minima of the PES correspond to important
chemical states. Minima are points of the PES where no forces are acting on the nuclei -
i.e, dV/or = —F = 0-, and correspond to stable molecules. Moreover, first-order saddle
points join two adjacent minima, and thus correspond to transition states between different
conformations or reactants and products. The search of stable chemical structures thus
corresponds to finding minima on the PES.

Density Functional Theory

In the BO approximation, the electronic energy represents the most complex term to
calculate. Currently, there are two main families of methods to obtain the electronic energy
from first principles (ab initio): wavefunction (WF) methods and density functional theory
(DFT) methods. Methods within WF theory have their root in the Hartree-Fock (HF)
approximation; because of that, such methods are usually referred as post-HF methods. In
the HF approximation, the N-electron problem is approximated to N effective independent-
particle problems. Because electrons are fermions, the HF approximation maintains the
antisymmetry of the wavefunction by describing it in terms of a Slater determinant (see
equation 18). Because of this, repulsion of same-spin electron pairs is described in HF
(Fermi correlation); however, Coulombic interactions between electrons are not directly
treated in HF, which approximates the repulsion by means of a mean field potential (mean-
field approximation). This makes opposite-spin electron pairs completely uncorrelated. This
approximation results in underestimated repulsive potentials between electrons and thus
the obtained energy from HF methods is an upper bound to the true energy of the system.
The difference between the exact, completely correlated energy and the HF one is known
as electron correlation energy. Post-HF methods improve the HF description by introducing
some correlation of the electronic motion, such as Coupled Cluster, Maller-Plesset (MP)
perturbational theory or Complete Active Space methodologies. However, introducing
electron correlation requires a huge computational effort. One of the simplest post-HF
methods, such as MP-2, already has a computational cost that increases between N* to
N>, where N is the number of electrons of the system, while more precise methods such
as coupled cluster with single and double excitations (CCSD) scale as N®. On the other
hand, DFT methods can provide energies, structures and properties with accuracies
between HF and post-HF methods with a computational cost smaller than that of most
post-HF methods, or in some cases, with similar scalability to HF methods. In general, post-
HF accuracy can be achieved with HF scalability (N*)'*

The basis of DFT can be found in the paper by Hohenberg and Kohn, where they
prove the following theorems®:

1. The external potential is a unique functional of the electron density. Since the
external potential fixes the Hamiltonian, the properties of the full many-particle
ground state are a unique functional of the external potential.
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In essence, the previous statement says that an “external potential”, which in our
case corresponds to the electron-Nuclei potential (V... = Vop), iS uniquely defined by the
electron density p(r). The external potential then defines the Hamiltonian, which in turn
provides the ground state wavefunction, with all the properties of the system. This first
theorem can be easily demonstrated by reductio ad absurdum for non-degenerate ground-
states. We start by defining the electron density (p(r)) as a function of the ground state
wavefunction:

p(r) = (Wolpl¥y) = N f f W@, 55, o 502 ds1dT; o dTy (7)

Where x, represents the ith spin coordinate for the ith electron and s; is the spin of
the ith electron. Now, we suppose that two different external potentials V,,; and V',
arising from the Coulomb potential of the nuclei (as we decoupled the motions of the nuclei
and electrons with the BO approximation) with different wavefunctions ¥, and ¥’ give the
same electron density, p(r). The variational principle establishes that for a given system the
energy of a trial wavefunction is always higher than the energy computed from the real
wavefunction:

E = (P|H|Y) < (¥'|H|¥') (8)
Where ¥ is the wavefunction associated with E and where we use ¥’ as a trial
wavefunction. The Hamiltonians have the form:
H=T, 4 Uee + Vext (9)
and
H =T, +Up+ Ve (10)

Both Hamiltonians are related by the difference in the external potential. From
equations 9 and 10, we can rewrite H = H' +V,,, — V... The inequality 8 can be
expressed, also using equation 7, as:

E< (WA + Ve = Vhe| W) = E' + (¥ |V — Vbre|¥")
—F+ f dr o) Ve () = V' ere )] (A1)

The same result appears if we substitute the energy for E’, it’'s wavefunction to ¥’
and the trial wavefunction to be W:

E'< (Lplﬁ + Ve’xt - 17extle> =E+ f dr p(r) [V’ext(r) - Vext(r)]

= E = [ dr p)Vere ) = V'ex )] (12)
Adding equations 11 and 12 we obtain the contradiction:
E+E' < E4+E (13)

Which proves that the electron density p(r) has a one to one relationship with the
external potential, i.e., for each configuration of nuclei there exist only one electron density,
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and vice versa. Similarly the wavefunction (¥) and energy are uniquely defined by the
electron density (i.e, ¥ is a functional of the electron density).

The second theorem reads:
2. The density that minimizes the total energy is the exact ground state density.

This statement is equivalent to the variational principle. The second theorem can be
complied as long as the electron density satisfies the boundary conditions that its
integration provides the number of electrons of the system and is positive:

fp(r) dr=N (14)

p(r) =0. (15)

As V¥ is a functional of the electron density, it also implies that the potential and kinetic
energy are functionals of the electron density as well. If we define the functional F[p] as the
functional which describes the electron-electron potential and kinetic energy Flp] =
T.[p] + V.e[p], we can describe the electronic energy of the system as:

E,[p] = f Vere (Mp@dr + Flp]  (16)

Which is equivalent to:
Ey = ([Fl) + (¥|Ven|v) (17)

A trial density p’(r) in the same external potential as the ground state density would
return a wavefunction " which by variational principle would give a higher energy unless
U’ = y,. If the two wavefunctions are equal, the densities must also be equal and therefore
the trial density corresponds to the real density (p'(r) = p(r)o).

The Hohenberg-Kohn theorem proves that DFT can give the exact solution for the
ground state energy, provided that we know the electronic functional F[p]. However, the
form of this functional is unknown. The energy can be obtained directly from the density by
describing the energy functional as a sum of functionals describing the kinetic energy of the
electrons T|p], the electron-electron interaction E,.[p] and the electron-nuclei interaction
Ene[p]. The electron-electron interaction term is also divided into the classical Coulomb
interaction J[p] and the exchange part K[p]. The functionals that describe the nuclei-
electron interaction and the Coulomb interaction from the electron density are directly
connected with classical expressions, but the electron kinetic energy and exchange
functionals are unknown, and therefore, initial research on DFT tried to obtain functionals
able to relate electron densities with the kinetic and exchange energies. This approach
however hasn't been able to give correct results for molecules, mainly due to a poor
representation of the kinetic energy and led to the re-introduction of orbitals in the Kohn-
Sham theory®.

Kohn and Sham realized that the kinetic energy of a non-interacting N electron
system can be exactly calculated using WF methods. For this non-interacting system, the
electronic wavefuncion can be described as the product of one electron wavefuncions that
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move in the mean potential generated by the rest of the electrons. Moreover, the
wavefuncion has to be anti-symmetric and the electrons must be indistinguishable, and
therefore all electrons should be able to occupy all the different orbitals. For this reason,
this product is written as a determinant known as Slater Determinant (SD):

1
Yo = Wsp = W det{p,(X1) p2(X3) ...on(Xy)} (18)

Where N represents the number of electrons, and ¢;(%;) corresponds to the i spin-
orbital composed of a spatial part, ¢;(7¥), and spin part, either a(s) or B(5). The kinetic
energy is exactly obtained from the spin-orbital:

N
1
T==3 ) @il%le) (19

Now, as one can obtain the kinetic energy exactly for this non-interacting system,
Kohn and Sham proposed to work with a fictitious system of non-interacting electrons
under an external potential such that the electron density obtained from the Slater
determinant of this fictitious system (ps(#)) is the density of the real system:

N

ps(®) = ) Y 1puF ) = o) (20)

To find pg(#) that corresponds to the real p, (7), we iteratively solve a set of equations
similar to the Hartree-Fock equations, known as the Kohn-Sham equations. The energy
can be described both as a functional of the density as well as an operator of the orbitals.
We define the electronic energy functional E[p(7¥)] as the sum of kinetic T[p], classical
Coulomb interaction J[p], non-classical correction Ex¢[p], which includes exchange and
correlation, but also kinetic energy in a small amount, and finally the nuclei-electron
interaction Ey.[p]:

E[p(®)] = Ts[p]l + J[p] + Exclp] + Enelp]

1 ((pGp() ., .
= T[p] + Efflr—zzdrldrz +EXC[p] + fVNep(r)dr
1

N N N

1 2 1 > 2 1 = 2,5 -

= _EE(WV i) +5 E E ff|¢i(r1)| — |, )| d#yd,

i — T12

l i Ji

N M
Z
+ixclp®] - ). | Y ZHoR i @D
7 a1t

The Exc[p] term is unknown, and so is the potential related to it. The associated
potential is defined as the derivative of Ex¢[p] with respect to the density:

OFE
Vyc = %[” (22)

We can calculate the energy of the Kohn-Sham orbitals with the equation:
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M
1 T Z

— s V2 + Vye +fp( Z)dT—Z—A ;i =@ (23)
2 T12 - 14

Even though the form of Ex. is not known, much work has been devoted to find
approximate forms which can describe with precision the effects of exchange and
correlation. The uniform electron gas allows one to obtain a first approximation of Ex. which
is the basis for the most important functionals available, and the ones used in this work.
Under this approximation, also called the Local Density Approximation (LDA)" the
exchange-correlation energy is assumed to arise from the interaction of electrons with a
homogeneous field:

Ex2* = [ p(Mexc(p(m))dr (24)

From this equation the single electron energy interaction with the homogeneous field
(eXC(p(r))) can be obtained by separating the exchange (ex) and correlation parts (e.):

exc(p() = ex(p() + ec(p(™)) (25)

The €y term was derived separately by Bloch and Dirac®® to be:

333
e == / 2D (26)

On the other hand, the e, does not have an explicit expression. Nevertheless,
analytical expressions have been computed by several authors” ™.

The LDA functionals perform very well taking into account the underlying assumption
of homogeneous electronic distribution. Nevertheless, molecules and clusters are clearly
non-homogeneous systems, and further approximations are needed. An improvement over
the LDA functionals is to include not only the density at a given point but also the gradient,
as in a Taylor series. This gives rise to the General Gradient Approximation (GGA)
functionals, which in general describe the exchange correlation energy as:

ESE* = [ p(exc(p(r), Vp(r)dr. (27)

The exchange correlation function ey is not univocally defined for GGA functionals.
The PBE functional'', developed by Perdew, Burke and Ernzerhof, is a GGA functional
developed completely without any fitting procedures. It is one of the most used and well
established GGA functionals, and it has been used in the calculations in Chapter 5, 6 and
12.

A final approach is to calculate the ey within the HF scheme instead, since the term
arises naturally in HF theory, and add some fraction of it to the exchange-correlation energy.
Such functionals receive the name of hybrid functionals. Different proportions and rationales
can be used in order to add the Ef* into the hybrid exchange correlation term (E;"), most
of them fitted to a dataset of molecular properties obtained with a combination of the most
accurate WF methods, the G2 set'. The PBE functional has its own hybrid version which
follows the equation:

10
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Hyb
Exl” = ESE* + ao(EfT — EX®*) (28)

Where the a, parameter is argued to be 0.25 using arguments from perturbation
theory. Such functional is known as PBEQ'. The PBEO functional is extensively used in
Chapter 10 of the present thesis.

Interatomic Potentials.

While QM methods allow for the most accurate assessment of the structure and
energy of a chemical system, their computational cost is large. In general, structural features
such as bond distances and angles are usually quite constant for the same types of atoms
in many chemical systems —e.g., the Si-O bond length normally is ~1.66 A-. This generality
has allowed the development of parametrized functions, known as interatomic potentials
(IPs), that can efficiently describe the interactions between collections of atoms. A simplified
IP-PES can be constructed which reproduces the minima positions of the real PES and the
relative energies between the different minima.

Overall, IPs define the internal energy (U) of the system as the sum of interactions
involving two, three or more bodies as in:

N N N N N
UG =D Y () + ) D > () + (29)

i Jj#i i j#i k#i#j
Where ¢ is a function which describes the energy interaction between two, three or
more bodies. The exact number of N-body interactions depends on the actual model used
to define the IP. Several different types of IPs (also called force-fields) have been developed
to tackle different families of materials, from general reactive forcefields to ionic models. The
later models are based on the Born description of ionic crystals, where the main
interactions are Coulombic interactions, Van der Waals attraction, and Pauli repulsion.

The chemical systems studied in this thesis are mostly regarded as ionic, and the
thus the IPs we use are based on the previously cited Born model. As such, the Coulomb
interaction is the dominant force in ionic materials and is defined by the Coulomb Law:

Ugoulomb Z 2 9:9;
Y 4megr;;

Where q; is the charge of the i-atom, ¢, is the vacuum permittivity and r;; is the
distance between atom i and j. In the Born model, atoms -or rather ions, as the Born model
requires them to possess a formal charge- are treated as point-charges. As a
consequence, the effect of polarization -i.e., distortion of the electronic structure around an
atom by the presence of a nearby ion- is completely neglected. The Born model can thus
be improved by including polarization, mostly of anionic species. The core-shell model'™
divides anions into two particles: the core, positively charged, and the shell, representing
the electron cloud, which are bonded by an harmonic potential:

1
Uceg = Ekrz (31)

11
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In the core-shell model, Coulomb interaction is evaluated between all pairs of shells
and cores on separate ions, but not for cores and shell of the same ion. On the other hand,
short-range interactions -Pauli repulsion and Van der Waals attraction- are only applied
among non-shell atoms and shells.

The approximation of ions to point-charges neglects the repulsion arising from the
superposition of the electron clouds of ions (Pauli repulsion) and the short-range attraction
due to Van der Waals forces. These two interactions can be taken into account using
several analytical equations, from which the most typical are the Lennard-Jones,
Buckingham and Morse potentials. Selecting any potential is a matter of preference. For
ionic models, the most used functional is the Buckingham potential, which is defined as:

Uil;uckingham — Aije(_rij/po) _ C_Z (32)
Ty

Where A;j, Cq and p, are constant parameters obtained from fitting to ab initio or
experimental data and r;; is the interatomic distance between pairs of atoms. Figure 1
shows a representation of the Buckingham potential function of the Mg-O interaction in Mg-
FFSIOH'. The first term of equation 32 accounts for the Pauli repulsion, while the second
corresponds to Van der Waals attraction. Overall, at short distances the repulsive term
dominates, while at long distances we see dominance of the attractive term. The balance
of these two terms generate an equilibrium position at a certain interatomic distance (see
Figure 1).

= = Pauil repedson
=+ Vian dar Waals

= guckngham

el A ——

Energy (V)

Interatomic Distance (A)

Figure 1. Decomposition of the Buckingham potential (solid line) into the constituent functions that describe the
Pauli repulsion (dashed line) and Van der Waals attraction (dot-dashed line), using the parameters from Mg-FFSiOH:
A =3200, p, = 0.2477 and C, = 35.

Global Optimization

In nature, most chemical systems are composed by ensembles of clusters, and thus
measured properties correspond to the average properties of the individual clusters in the
ensemble. The number of different stable conformations -i.e. structures that correspond to
minima points in the PES- increases exponentially with size, with each structure showing

12
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differences in properties. Finding representative structures is therefore mandatory in order
to obtain reliable properties of computational methods.

Following thermodynamics principles, for a given system in equiliorium the most
populated structures should be those of lowest energy. For example, observed spectra in
metallic and oxide cluster beam experiments''® can often be understood using
computational chemistry models by studying the properties of energetically low lying
isomers. Thefore, the problem to solve is that of finding the lowest possible energy structure
of a given system, i.e., to perform a global optimization (GO) search on a given PES. Since
the number of possible minima is already large for systems containing tens of atoms,
methodologies to find GM candidates are typically probabilistic. In such approaches, since
the PES is not completely explored, it is never guaranteed that the lowest energy isomer is
found.

Monte Carlo Basin Hopping

Different methodologies try to overcome the difficulties faced in efficiently and
thoroughly exploring the PES. For relatively small systems containing from tens up to
hundreds of atoms, the Monte Carlo Basin-Hopping methodology (MC-BH) is often
used®?'. In this scheme, it is not the real PES that is being explored, but rather a
transformed PES made of the minima structures. Figure 2 shows a graphical representation
of the original PES and the PES explored using MC-BH. The procedure of the MC-BH
algorithm is as follows:

—

an initial structure is optimized within a certain level of theory,
the structure is randomly distorted,
the distorted structure is re-optimized,

the probability of acceptance of the re-optimised structure in 3, P(x), is calculated,

o & 0N

if accepted, the re-optimised structure is used as the base of the new cycle starting
from 2. If the structure is not accepted, the cycle is repeated from 2 using the
previously optimized structure.

Energy

Figure 2. Fictional PES (solid line) and Monte Carlo-Basin Hopping PES (dashed line). Notice how for each point the
associated energy corresponds to the energy of the closest minimum

The probability of acceptance (P (x)) for a structure follows the Metropolis criterion
and is mathematically described in equation 33: if the energy of the current step (x) is lower

13
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than the previous accepted structure (x — 1), the structure is accepted (P(x) = 1), else, a
random number in the interval [0,1) is compared to the Maxwell Boltzmann distribution as
in equation 33, where AE is the difference in energy between the current step and the
previously accepted step, kj, is the Boltzmann constant and T is an arbitrary temperature
with no physical meaning.

=1, E(x)<E(x—1)

= e AE/kbT — E(x)>E(x—1) (33)

P |
In the 2" step, the random displacement, the atomic positions are randomly
displaced (both direction and distance) within an interval from zero to a user defined
parameter, which is typically taken to be 80% of a typical bond-distance in the system
under study. In this way, at each step the randomly distorted structure is largely confined
to be in a nearby region of the PES close to the previous structure. The temperature criterion
in the 4" step allows to tune the probability to escape from deep regions of the PES with
large barriers, and thus some codes allow this value to change according to a user-defined
value of the ratio of accepted structures (acceptance ratio), rather than having a fixed
temperature value.

In practice, the MC-BH algorithm -or in general any GO technique- requires several
runs of tens of thousands of steps with different initial conditions of structure and simulation
temperature/acceptance ratio in order to efficiently explore the PES. As such, the
computational cost is huge. Assuming that a local optimization takes 10 seconds, a GO
run with 10.000 steps would require at least one day to complete. Any increase in the
number of GO steps or in the precision of the energy evaluation by increasing the accuracy
of the optimization method (e.g. from IP-based methods to DFT) will increase the total GO
time inmensely, resulting in computational times of years. The most efficient way to perform
GO relies on the use of IPs to fast evaluate hundreds of structures in a matter of seconds.
While the use of IPs solves the time issue, new problems arise from optimizing a PES
generated from IPs. The two important issues that had to be dealt with in the course of this
thesis are the correspondence between the IP-PES and the DFT-PES, and the optimization
of core-shell IPs, as a random displacement of the core and shell would cause severe
computational issues. With regard to IP-PES and DFT-PES correspondence, it is clear that
the simple description of an IP will never be able to reproduce all peculiarities of the
electronic structure of nanoscale systems. The only possible solution is to evaluate a large
number of candidate structures and test whether the relative energies between structures
are similar in both DFT and IP.

A new variant of MC-BH was developed in a joint paper with Dr. Andy Cuko®, named
Cascade MC-BH. In this work, we added a two-step local optimization prior to energy
evaluation in the GO methodology: the first local optimization is handled by a simple
potential without shell polarization, bringing the random structure into a more reasonably
bound cluster, the second optimization with the complete IP then further refines the
structure and provides the energy by which the Metropolis criterion is evaluated. The
Cascade MCBH was implemented in the Atomic Simulation Environment (ASE)*, and
contains most of the capabilities of MCBH algorithms. In order to enrichen the GO

14
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searches, we also included an option in the MCBH code to allow for swapping positions of
dissimilar cations, with a pre-defined probability.

In this thesis, to obtain accurate results on the GM candidates, the IPs used were
finely tuned to reproduce as accurately as possible the relative energies of sets of isomers
for the chemical systems at hand. Moreover, large sets of low lying GM candidate isomers
were optimized by DFT calculations in order to refine the selection of the energetically
lowest lying energy structures.

Molecular Dynamics

For large particles containing hundreds or thousands of atoms the MC-BH is
inefficient, as every optimization even at the IP level will take several minutes. In addition,
the conformational space is huge, thus requiring to evaluate a larger number of structures.
Hence, any BH algorithm would require at least hundreds of thousands if not millions of
steps, rendering its application impractical. A complete exploration of the PES of such large
systems is therefore computationally unaffordable. It is possible however to explore the
local region of the PES and find structures with lower energy than the initial guess by
performing Molecular Dynamics (MD) simulations.

Since the nuclei are heavy particles which behave classically, the Newton second law
allows one to determine the forces acting on each atom based on their corresponding
positions in the system:

F=——=m— (34)

Where F is the force, V is the potential, r is the vector containing the positions of all
atoms, m their masses, and t time. The positions of a set of atoms r; at after a small time-
step (4t) are given by a Taylor expansion:

0%r 103r

oar 1 5 3
Tig1 =1 + E(At) + (At) + e (At)® + ---

20t?
1 1
Tiy1 =13 + Ui(At) + Eai(At)Z + gbi(At)s + ---. (35)

Where the first derivative of the position with respect to time is the velocity (v;), the
second derivative the acceleration (a;) and the third the hyperacceleration (b;). Several
methods allow one to efficiently determine the position of an atom at the step i + 1, such
as the Velocity Verlet, or the leap-frog algorithm. All the methodologies have accuracies up
to At3. In practice, numerical convergence and energy conservation are assured if the time-
step of the MD simulation is one order of magnitude smaller than the faster process involved
(e.g., the vibrational frequency of bonds involving the lightest atoms).

In principle, the forces acting on the atoms can be evaluated with any chosen
methodology. In practice, usage of ab initio methods to evaluate the forces increases the
computational cost up to the point that just tens of picoseconds can be simulated on
systems having ~30 atoms in a period of weeks. Hence, the most common method to
evaluate forces are IPs.
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Optimization of a structure using MD simulations have at least two different stages.
In the first stage, equilibration, a system is gradually heated to high temperatures in order
to incorporate enough energy into the system so that it can overcome the energetic barriers
between different conformations. Once the system is thermalized, the production run allows
the particle to explore the PES landscape. A further MD run slightly lowering the simulation
temperature will restrict the particle movement over the PES. If the cooling down is done
with a very small variation in temperature per unit of simulation time, the minima over the
sampled PES will be found. This method is called Simulated Annealing.
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Chapter 3: Introduction.

TiO, overview.

Titanium dioxide (titania, TiO,) naturally occurs in several different crystal structures.
The most well-known polymorphs are Rutile (Rt), Anatase (Ant) and Brookite. Several high-
pressure polymorphs have also been investigated'™ due to their possible relevance in
understanding the Earth’s Mantle, with some of the high-pressure polymorphs actually
found in meteorite impact craters®*. In terms of technological applications, Rt and Ant
phases are the most important polymorphs. Figure 3 show a representation of the crystal
structure of Rt and Ant. Rt and Ant are formed from the chemical building blocks: TiOg
octahedral units. These octahedral structures combine together such that O atoms are
three coordinated while Ti atoms are six coordinated. The TiOg units are is slightly distorted
in both Rt and Ant: Rt has four equatorial Ti — O distances of 1.946 A and two apical
distances of 1.984 A, while Ant has four equatorial distances of 1.937 A and two apical
distances of 1.964 A. The crystal structure is tetragonal in both cases, but Ant contains
four TiO, units while Rt contains only two. The unit cell volumes are 62.43 A3 for Rt and
136.82 A for Ant, giving densities of 4.25 g/cm?® for Rt and 3.88 g/cm?® for Ant. Both
materials have large refractive indices (~2.5 for Ant and ~2.8 for Rt).
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Figure 3. Crystal structure of Ant (A) and Rt (B). O atoms are represented by red spheres while Ti atoms are
represented by blue spheres

Rt and Ant are widely used, with several industrial applications. The current
importance of titania is highlighted by the large market around it which has a value of
~15.000 million USD®. To put such number in context, sulfuric acid has a market value of
~10.000 million USD® while ammonia’s market value is around 48.000 million USD’. The
main use of Rt and Ant is in paintings and coatings due to their great brightness and
refractive index, but market projections highlight that titania is the leading compound in
photocatalysis. Water remediation is the most promising short to mid-term application of
photocatalysis®, with decades of research showing how UV-irradiated TiO, NPs are an
efficient way to remove dyes and pathogens®™''. Other important applications of titania
involve its usage in biomedicine and batteries. For biomedical applications, TiO, is used as
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coating of titanium implants'®® to facilitate the integration of such implants by promoting
the growth of bone cells (osteoblasts) on it. For application in batteries, nanocrystallite Ant
phases can be used as anodes in rechargeable batteries, increasing the capacity and
reducing recharge times''°.

Basic photocatalysis and titania.

Photocatalysis emerged as a field after the seminal work of Fujishima and Honda'” in
which they presented a photo-electrochemical cell based on a TiO, cathode and a platinum
anode for water-splitting. A photocatalyst is a material (mostly a semiconductor) capable of
absorbing light and providing the absorbed energy to a chemical compound, promoting
the generation of radical species which can trigger chemical reactions with other
compounds. In detail, upon irradiation with light, an electron (e™) is promoted to the
conduction band of the semiconductor generating an electron hole (h*) in the valence band.
If the recombination time of e~ and h* is sufficiently slow, chemical species adsorbed on
the surface of the semiconductor can react with both e~ and h*, causing the generation of
radical species. The following equations exemplify how titania reacts in water:

TiO, + hv >h* + e~ (36)
h* + Handsorbed —H* +°0H (37)
h* + OHe:dsorbed — "OH (38)

Photocatalysis has received a lot of attention due to the possibility of achieving three
promising applications: (I) water splitting as a potential method to generate H, gas, (Il) CO,
reduction to CH,, CH;OH or other organic compounds with high industrial value and (lll)
water remediation. The first photocatalytic application would help move society from a
carbon-based economy to a hydrogen-based economy, the second would lower the
impact of fossil fuels introducing novel methods to recycle CO, and the third would provide
a more efficient and sustainable method for water purification.

While several chalcogenides such as Zn0'", Ce0," or CdS® have shown
photocatalytic activity, TiO, is seen as the most promising photocatalyst due to several of
its advantages?'. Titania is non-toxic, highly-photostable, cheap and can be synthesized at
the nanoscale with high crystallinities using sol-gel processes, allowing a good degree of
tailoring, as will be shown later. On the other hand, it suffers from some disadvantages such
as short electron-hole recombination time??* and a wide band gap. The band gap
determines the range of light frequencies capable of triggering the initial electronic
excitation. The irradiance (E, power received per square meter per wavelength) of the sun
at sea level is plotted in Figure 4. The maximum irradiance happens at around 500 nm, in
the visible range, and drops very fast as the frequency moves towards the UV region of the
spectrum due to absorption and scattering in the atmosphere. The band-gap of the bulk
Rt phase is 3.02 eV while that of the Ant phase is 3.2 eV. Such energies correspond to
frequencies of 410 and 387 nm. As a consequence, only 10% of all incoming solar radiation
can be taken advantage of in photochemical applications using bulk Ant and Rt (see Figure
4).
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Figure 4. Sun Irradiance at a frequency range between 250 nm to 2500 nm, thus covering the UV, visible and IR
spectrum. In black a blackbody model with a temperature of 5780K, in red the sunlight radiation at the upper

atmosphere and in blue the sea level irradiance. The large dips are due to absorption and scattering in the
atmosphere. The vertical dashed lines mark the limits on the UV, visible and IR spectra.

While a smaller bandgap increases the number of photons capable of generating the
h*/e™ pairs, other effects must be considered in order to determine the efficiency of a
photocatalyst. It was established quite early that, in fact, Ant has larger photoactivity than
Rt?*?° although having a larger band gap. Explanation of this behavior has been linked to
larger O? and O™ absorption on the surface of Ant in comparison to Rt**?°. Currently, the
most efficient commercially available TiO, photocatalyst consists in a mixture of Ant and Rt
NPs commercialized by Evonik Degusa under the name of Aeroxide P-25%. It is thought
that the mixture of both phases may have a synergetic effect on their photocatalytic
activity?®. The use of NPs greatly improves the efficiency per kg of compound, as the surface
to bulk ratio is largely increased when the particles reach the nano-sized regime.

Morphology of nanoparticles

As previously mentioned, the atomic structure of a NP has several consequences on
the bandgap of a given NP, but that is only one example on the impact structure has on
both physical and chemical properties of a given material. Another well-known example is
the larger reactivity of high energy surfaces with respect to the corresponding low energy
facets®. In the case of TiO,, the theoretical study of Vittadini et al.*° pointed out the
differences of water adsorption between the {001} and {101} surfaces of the Ant phase: for
the most stable {101} surfaces, water adsorbs molecularly at all coverages, while for the
{001} surfaces, metastable with respect to the {101}, the adsorption is dissociative for a
coverage range from low to one water molecule per surface Ti atom, which could have an
impact on photovoltaic efficiency. Clearly, the properties of a given NP will depend on both
the crystal structure and morphology. Theoretical knowledge on the formation processes
and stability of different surfaces and their properties is a powerful tool to increase our
capabilities to maximally engineer the synthesis of NPs tailored for specific applications.
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It is well established that the geometry of a particle during growth is governed by the
surface free energy. The Gibbs-Wulff theorem?®' states that the equilibrium shape of a crystal
in a given medium is that which minimizes the surface free energy. Equation 39 allows one
to calculate the difference in free energy (AG;) of a NP with i stoichiometric units and
composed of j surfaces with respect to the periodic solid. The free energy difference is
equal to the sum of the surface free energy (y) of each surface (j) times the area of the
surface 0;:

J

The second part of the theorem states that the length of a vector normal to the j-
plane (h;) is proportional to y;:

Application of the Gibbs-Wulff theorem gives rise to the Wulff construction. For Ant,
the surface energy of the most stable (101) surface is 0.44 Jm™, and therefore is the most
expressed facet. Figure 5 A depicts the most stable Wulff construction for the Ant phase,
which also shows the (001) surface. Single crystal NPs with the Wulff construction shape
are easily obtained.

(401}

Figure 5. Crystal shapes and STEM images of bipyramidal?® (A), octahedral?” (B), slab38 (C) and needle3¢ (D) NPs with
the corresponding facets labelled. For (A), the surfaces are proportional to their surface energy, while (B) and (C)
have non-equilibrium proportion of facets, and (D) shows a high-index facet.

Extensive experiments on TiO, NPs revealed that, if the diameter is kept below
several tens of nm, the most abundant crystal structure during synthesis is the Ant phase
rather than Rt. This is the opposite to what would be expected from classical
thermodynamic arguments where bulk Rt has a larger thermodynamic stability than the
bulk Ant phases®. The reason is that for such small NPs the contribution of the surface free
energy can be of the same order of magnitude as the free energy of the core. The Ant (101)
surface has a free energy of 0.39 J/m?, while the Rt (110) surface has a free energy of 0.47
J/m?as computed by DFT using the PW91 functional®. The total energy of an Ant NP is
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therefore smaller than for Rt for a size range where the surface contribution is sufficiently
large. The crossover between Rt and Ant phases at the nanoscale has been studied by
several groups both experimentally and theoretically. Experimentally, the phase transition
has been observed to occur at a size of 14nm. The theoretical study of Barnard et al.*® also
computed the crossover between Rt and Ant phases to happen at 9 nm.

The synthesis of high energy facets also comes from the interplay between theory
and experiment. Following theoretical predictions by Barnard et al.**, Yang et al.®
calculated the surface energy of different TiO, Ant facets with several adsorbate atoms on
the surface, finding that F~ stabilized the {001} surface to energies even below the {101}
surface. Synthesis using TiF, as precursor allowed Yang et al. to obtain Ant single crystals
with a large fraction of {001} surfaces, thus confirming theoretical predictions. Several
synthesis mechanisms have appeared since the work of Yang et al. which allowed the
synthesis of several other low index facets: {010}, {110} and high index facets {103}, {105}
or {107}. The significant degree of control over NP growth due to the stabilization of different
surfaces has also led to the synthesis of tailored structures such as nanoneedles®,
nanoslabs®’, bypiramids® or cuboctahedrons®. Some of the structures are depicted in
Figure 5 B, C and D.

Another relevant structural phase is the amorphous phase. The amorphous phase is
obviously metastable in the bulk limit, and thus annealing of amorphous nanostructures
causes the appearance of crystallinity*®. However, despite the thermodynamic preference
of the Rt phase at sizes larger than several nm, annealing of amorphous particles at low
temperature results in the crystallization of the Ant phase*™°. Justification for such
observation is actually divided into two points of view: a more crystallographic point of view
justifies Ant to form faster due to the less constrained nature of its atomic structure than Rt,
while a more thermodynamic point of view suggests that the lower surface energy of Ant
with respect to Rt favors the nucleation of the Ant phase*.

The arguments of the discussion so far had their foundations on the properties of
macroscopic objects such as bulk free energy and surface free energy of extended solids.
From a computational point of view, they involve the use of periodic structures of either the
bulk or surfaces, which are less computational demanding than computing a whole NP.
However, at sizes below the Ant-Rt crossover, such top-down approaches become more
difficult to justify. The reason for such difficulties lays in the fact that for NPs with hundreds
to thousands of atoms, at the border with the nanocluster regime, it is not easy to
differentiate between bulk and surface, nor the effect of surface atoms on the internal
structure. This size regime is important as the structure of the smallest clusters can
influence the structural evolution of nanostructured TiO, under thermal annealing®. From
this point of view, the previous observation of the amorphous to Ant transition could be
related to a closer similarity between structures as size grows, rather than the random
appearance of crystallite nucleation centers on the grain. A combined experimental and
computational study on TiO, nanoclusters with particle sizes of 2 nm found that the most
promising way to reproduce the experimental pair distribution function of synthesized
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amorphous clusters was with a NP model which contained an ant core and a distorted
amorphous shell*.

More evidence of crystalline core/amorphous shell NPs of TiO, has also appeared
with the synthesis of black TiO,*. Black TiO, is a metastable synthetic phase with
promising photocatalytic applications, since its bandgap is well below that of Ant and Rt
with a value around 2.2 eV*’. While the precise structure of these NPs is highly dependent
on the synthesis method, it is well agreed that their photocatalytic application arises from
its core-shell structure*®*°,

State of the art in computational modelling of TiO, nanoparticles

Computational studies have been a valuable tool to understand the physical and
chemical properties of TiO,. Wulff constructed NPs have been investigated by assuming
that their properties can be described as a combination of the properties of its facets.
Hence, the body of literature examining the properties of the {101} and {001} Ant facets is
extensive, with most of the work centered on understanding the reactivity of the surfaces
and their structure. For instance, the energetic stability of different surfaces seems to be
related to the presence of 4 coordinated Ti centers, with larger fraction of 4 coordinated Ti
centers decreasing the stability of the surface. Thus the (110) and (103) facets have larger
energies than surfaces with higher amount of 5 coordinated Ti centers®. Another explored
effect is the presence of oxygen vacancies, their characterization and the energetics for
their diffusion®®?. In terms of adsorption, DFT calculations have been used to understand
experimental results such as IR spectra of CO, adsorbed on Ant surfaces® and STM images
of the 0, interaction with surfaces containing O vacancies®. Also relevant in the field are
the studies of the effect of several adsorbates on the band-gap of different surfaces® and
the adsorption energies of formic acid®®. More recently, the use of full NP models following
the WuIff construction have been employed. The size evolution of the electronic properties
of ground state and excited state have found the convergence of NP properties towards
the bulk limit at a size around 20 nm°®"*®, For spherical particles, the effect of curvature in
reactivity and electronic structure has also been modelled by using hydroxylated spherical
NPs®, although such comparison does not exist for anhydrous spherical models. The effect
of defective sites on nanocrystals and the comparison with extended surface has also been
studied, showing a great variation in properties as a function of defective site position in the
NP,

A detailed thermodynamic study of the different phases and structures of NPs from
the cluster size to nanometer size containing several thousands of atoms could provide
new clues to understand the transitions between amorphous material and crystal phases,
as well as finding unexpected reactivity at the nanoscale regime. Several papers have
performed theoretical searches of TiO, global minima structures for clusters containing up
to 38 stoichiometric units®"®. While the smallest clusters tend to have some symmetry,
their structure cannot be compared to either the Rt or Ant phases. In this regard, the work
of Lamiel et al®® showed how Ant cut structures can be found to be from 8 to 10 eV higher
in total energy than the respective global optimized clusters for particles of 28, 35 and 38
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stoichiometric units. Energetically, the cross-over between amorphous globally optimized
particles and Ant Wulff constructed NPs was determined to happen in a size range around
2 nm. The position of spherical crystalline and amorphous NPs in such phase diagrams is
not yet stablished. Understanding the stability of spherical NPs can also hold clues on the
degree of hydration that such NPs can possess, which is necessary to properly evaluate
the properties of such NPs.

The work presented in this thesis aims to further explore the energetic stability,
structure and electronic properties of nanoscale Ti0,, with emphasis on spherical NPs. In
order to facilitate computational calculations using high accuracy methods, we evaluate the
ability of IPs to efficiently pre-optimize nanostructures. In addition, we use IPs to generate
spherical NP models and compare their internal energy with respect to directly generated
bulk cuts. Finally, we analyze the evolution of band gap with size and particle morphology,
as well as describe the structural motifs which differentiate the spherical amorphous NPs.
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Chapter 4: Objectives

As seen in the previous chapter, knowledge on nanometre sized TiO, NPs is still far
fromm complete. For one, the preferential crystallization of amorphous NPs in the Ant phase
is currently controversial. For structures smaller than 2 nm in diameter, the lowest energy
clusters reported by means of GO are amorphous, and do not yet seem to have any
resemblance to the Ant structure. As the structures of Ant core / Amorphous shell NPs
seem to be most compatible with the experimental X-ray spectra of small NPs, it is
important to evaluate the relative energy of core-shell NPs with respect to other
morphologies. As core-shell NPs are of spherical geometry, it is necessary to generate fully
crystalline models of spherical particles, as such crystalline spherical particles represent an
extreme case of core-shell particles in which the amorphous shell is non-existent. In
addition, having proper models of spherical NPs structures with their relative energy also
serves as a starting point for further studies aimed to evaluate the effect of hydration of
these structures. Finally, a comparison of non-hydroxylated TiO, NPs with several
geometries can allow a better understanding of the effect of structure on the electronic
structure of the system.

Specifically, the objectives of this part of the thesis are:

1. Determine the most appropriate IP to pre-optimize models of Wulff constructed and
spherical NPs to speed up DFT calculations of TiO. nanosystems containing
hundreds or thousands of atoms.

2. Determine whether MD simulations using IPs can properly stabilize spherical cut
models with lower internal energies than direct bulk cuts and reproduce the
energetical stability as obtained from DFT methods.

Determine the energetic stability of different anhydrous TiO. NP models.
Characterize the structure of core-shell amorphous NP models.

Understand the factors that play a key role in the energetic stability of NPs.

o o A~ W

Understand the factors that play a key role in determining the bandgap of spherical
NP models.
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Chapter 5: Efficient preparation of TiO, nanoparticle models using
interatomic potentials.

Introduction

As seen in Chapter 3, the shape of Ti0, NPs can be tailored to obtain specific
properties® . Among the different tuneable physical characteristics which affect the
properties of the material one can vary crystal structure, shape, composition or size. With
respect to geometry, the shape of a large NP is mostly governed by the free energy of the
different possible surfaces®'. Thus, synthesis conditions which stabilize different surfaces
allow the generation of facetted NPs with different morphologies. Spherical NPs can also
be synthesized both in the amorphous -as observed in X-ray- and crystalline state
depending on size***',

Despite the great degree of control over the synthesis, the NP products generally
exhibit a variety of surfaces and sizes, which complicates ascribing an obtained property to
a single chemical or structural motif. In some circumstances, even the characterization of
the produced NP is not obvious. Examples of such cases are black TiO, and amorphous
NPs, where it is thought that the amorphous surface may hide a crystalline core in its
interior*®®,

Computational methods have been used to identify the precise importance of
different structural features on material properties. Different modelling approaches are used
depending on the type of study at hand. For static properties such as band-gap, IR spectra
or energetics of bulk, surfaces, and small finite clusters, DFT methods are the most popular
choice, as even moderate computer capabilities allow such calculations. For dealing with
large nanoclusters or NPs and/or time dependent processes such as amorphization or
growth, other methodologies must be used such as Tight Binding DFT methods® (TB-DFT)
or interatomic potentials (IPs) coupled with MD simulations® ¢!, While IPs have extremely
low computational cost, they can only offer structural derived data, but not electronic
structure properties. TB-DFT methods on the other hand parametrize the electronic
interaction between pairs of elements. The computational cost is therefore reduced with
respect to pure DFT methods while retaining some components of the electronic structure.

Synthesized NPs have a typical size between 10 to 100 nm?, with lower limits of 3
to 4 nm*. Accurately computing the electronic properties of such experimentally obtained
species face several difficulties. Such NPs are composed of several thousands of atoms
and even a small size increase means a huge increase in number of atoms, as volume
increases as the cube of radius (V o« r3). For instance, a particle of 3.1 nm is composed of
around 500 units of TiO, (i.e., 1500 atoms), while a particle of 3.3 nm is composed of 600
units of TiO, (i.e., 300 more atoms). The computational cost of DFT methods increase
approximately as NZ, where N, is the number of electrons. Consequently, each Self
Consistent Field cycle has a very large computational cost. Even the optimization of a Wulff
constructed NP, whose structure is closest to the bulk structure, requires several SCF steps
and thus has a large computational cost. On the other hand, experimental results typically
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involve ensembles of structures, especially for non-annealed samples. Obtained properties
are therefore averages of the present structures which may not correspond to
thermodynamically stable NPs. It is therefore necessary to explore large portions of the PES
and analyze the properties of large sets of structures. However, evaluating a large number
of structures is not possible with DFT methods.

With respect to DFT, the use of TB-DFT and IP methods as a faster way to obtain
properties is well established. However, investigations assessing the time saved in using
such methodologies as pre-optimizers for subsequent more accurate DFT calculations is
not common. Although pre-optimization is unlikely to change the order of magnitude of the
computational cost of a calculation, for NPs that can only be computed in High
Performance Computing centers the time savings could imply a large increment of the
achievable research for a fixed computational time budget. In the following article we
benchmark several IPs with respect to their capability as pre-optimizers and compare them
to TB-DFT methods. As it is reasonable to expect that reducing the time needed for a DFT
calculation is related to having a starting structure closer to the DFT minima, it follows that
the PES of the IP should be related to the PES as obtained from DFT. We therefore evaluate
the energetic impact of IP-based simulated annealing on directly cut spherical NPs by
calculating the induced energy change using DFT.

In the following paper, led by the author of this thesis, we investigate the capability of
four different IPs to lower to computational cost of DFT calculations. This work was done
in collaboration of Dr. Angel Morales. The author of the thesis generated all amorphous
models by means of MD simulations and analyzed the speed-up obtained due to the pre-
optimization using IPs. The DFT calculations were performed by Dr. Angel Morales and the
discussion of the paper was done by all authors.
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ool Ot o the M. IV sup of the Barcdona
Supercompuser Center usng 1934 cores

To esuablish the perfocmance of the MA, NaroTW), TVQIP,
and PMMCS 195 for preparssy eelisbie NP stroctunes, we ssalyoe the
results of (2] direct DI based optimizations of 3 Wulff cut anatase
NP contining 84 T, walts and (b) DFT opeimimtions after pre-
optizsizing the sene Wull ot with esch of the four conedered 1Ps
First, we enalyne whether the final strectures of [a) and (b} corre-
spond 1 the sume encrgy minlmum & order 10 discard any 1P that
provides a different description to that obtained by DFT. Afterwasds
we compare the computational cost required 4o reach structural coe-
vergenice. Near, we explore the capabiliny of the [Fs w0 accunaely
preoptimiee other TIO; NPs stoa, both smsaller and larper, In puartac-
ular, we sedect Wulff constructed anatase (110, NPs with n = 10,
35,84, and 165

Firally, we exploce the abulity of [Ps to thermally anneal sizher-
tcal NPs cut from the balk anatase crytal in order 1o Indoce energy-
bowering structund reconstractons These NFs wese generited by
cutting spheres of the anatase crystal structure following a proce-
dure reported In other studies. ' In the cited studies, the T10; siol
chiometry & peeserved by addition of hydeay! Broups snd kpdeagen
atoms to defective Ti and O conters, respactively, which results in
the gencration of hydrated TIO; NFs. Herets, we ensured St the
T;O; hi y was hvays preserved witout the sddition of
any o and therefoce madified the cited peocadace by -
doanly eliminating encugh three coordinased T centers until the
particie bocame stuickasmetnic. The 1P Sased and DFT-
calculted properties of sech anbydrous annealed sphorical Nis as
compared w0 experiment are discusied in Ref. | 1. Here, we consider
twa spberical NP sinek comtainizg 362 and 237 Ti0, eits. To caery
out the sonedling smulations, we waed MD simdations vang the
NezoTiO [P, The MD> sissalations were casried oot in the cancaical
ensemble. [2itiad raadom vdocitien of the stoms were generated cor-
respording to a NP temperature of 800 K. During § pkoseconds
[psh, the kmpanue was smhul!y incresed up to 1000 K aad the
NP was eq ly. 3 30 ps run at 102 K was per-
formed with energy and structure samplizg every 001 ps. The free
NP structuses with the kowest encrgies obaained during cach MD run
were then wlected The energetic stahikty change sn each of thes free
NPs with respact to the Inisial bulk cut NP strecoare was assessed
uilng the MA and NenoTiO 1Py, DFT. and SCC.DFT3 i order 1o
compare the ability of cach mehod w0 dexcribe the dructure aml
energetics of noncrystalline NPFs. SCC-DFTD cakeolanions were per-
feomed with the DFYB4 code” and the rmutac-0-3 parameter set.’

IIL RESULTS AND DISCUSSION

We first consider the sructural ogtimization of o Walff
comstrucied laceted budk con {T60; )y NP. DFT optimizations of
this NP strecture that were fird preoptimioed with MA, Nom-
oTID, and TVOIP all converged oo the same enecegy minimum
as that from & diret DFT opGmibzation of the initiad Walll
comatrucied Bulk cut NP Juee “ip (100l This was checked by
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confirrming that the differences between both the root mean square
devtation (RMSD) of atomiks positions and the final totl energles
of e final DFT optimsizad structures were negligibie. We foun
that the DFT optimiation of the structure obtatned by PMMCS
kol 10 a different cnergy minimuss [see F 100 than that from
a direcs DFT optimizatios. Specifically, with reipect w the ditectly
DFT optimized NP strecosce m | 1000 the PMMCS dertend
structure is higher In socal D(-T-altulmd energy by 036 ¢V and
hes 3 RMSD valoe of 1.37 A The main difference between the
o NP stroctures @ Uig s cansed by 3 lower cooedination of
T atoms in Be PMMCS derived structure. The Exect DFT opd.
micod structure maintzns the anatme crystal natare of the ss-cul
NP with an average T1 cooedination of 5.1, However, the PMMCS
denved strocrere dissoets the atomic esvironments of the Ti atoms
in the cemral paet of the NP & order maxsmize the pumber of
{-fold coardinated T atoms, candng an actificlal amorphization and
# reduction ks the averuge coordination of T3 aoms % 433, Cone-
quently, we exclude PMMCS from our further analysic Altaough
speculative, it seems reasonzhle that $ae origin of the poor perfor-
mance of PMMCS may be due 30 the ek of TO; strecaees used in
its fittng PMMCS won Jy devaed 10 reprodece both stractenl
and mechanical properties of sficate glses of variable compos-
tion, and the caly paee TiO, structure wied in the fating Satass wis
the ratde cryxtal stractere, On the other band, MA, NanoTiO), and
TVQIP were all parameterized with several THO; structures, pre

viding & betrer sepresentation of the overall darscresistics of Ti0,
materabe

(a)

PG (O DFT s (2] PRVCS cptrmind stuctres of fw {00y NP ctraned
Fom b wese sl i bt o2 Slovrg Se W coratucion. Nokos e
proghizaton = P equakorsl part o 1 NP In (3. Aom cokor oader 1d-Gogen
v preen—ttyar
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For any DFT optimization peocedure, the compatatioaal time
i mainly constrainad by two different Scton: (1) the nember of

&cmmwlscnmkanwwnanmhonmmn
s and (i) the number of sleps d 80 reach the desirod com-
wmcwm&ﬂhmn&dwd\:&&mabﬂwmlhc
il structure of the N¥ and thot of the dosest energy mint-
mnnﬂnwm&ywrmnm;m ik I, we show the
time evol o the ber of DFT op

ull optimization Howeves, when the e per step b desont con-
ey, thic stroegly sugpests that the aptsmization Is proceeding In
. mguhrprdmaﬂeﬁmonwchﬁem:mh(d energy mink
st This situation ahw imgplics that the optimization @ sty cn
2 structurd confgenation o the PES which is somehow dose to
that of the final energy minimum. In order 90 provide a measare
of the mnﬁgmmml distance betwoee the NP structure of asy ooe

stepe, both mb aod -mhut IP preopcimizason, foc the faceted
bulk cut {TH; s NP. For the calkculations starting from the directly
<ut NP stroctase sad fom the TVQIP optsssized NP structure,
the first three geometry optamization steps require a relatively large
computational cost, whereas the subsequest tme needed for each

bioquent wep s comistently bowee (~20 ) By ¢ wihien

step snd the final step, we e the RMSD of smomic
pum«u of 3 parvaly optimised NP with respect to the fully DFT
optimized NP structure. We nose that NPs wigh simiar RAMSD val
wek do not By have simidse For example, very
distored Iocal reglons tn cae NP strocture can mcreass the RMSD
by a simllar amount to the addition of many dstridated small dis-

sartng from MA and NanoTe) preoptimized NP stractores, the
DET geometry optimization steps have o constant low computa:
thowad ¢t {~ 20 5) per siep throughou the full optimization. The
underlying resaom fur this ddference is due 1o the redative nussber of
SCE cycles required for the trona) steps. The first three optiméza-
tios steps of the TVQIF preopeissined NP pegeiee 101, 117, and
200 SCF cyddies, respetively, adding up 1o & lotal tise of 2738 &
For the as-cut Wulff comtrucied NP, the three nitial opeimiza-
thom stegs need B0, 54, and 78 SCF cydes. with o total added time
12585

Timing mformation for each optimaation step does sot peo-
vide an esumate of how many such sseps will be required foc 2

ot enother. With increasing optenization, NP atruciures
become very choae to the DFT local energy mintmam and the xao-
clated RMSLE? becomes doser 1o 2eco. Here, the likelihood of ener
getically costly lasge strocveral diswetions groatly raduces, and NP
wwructures with low RMSDs become very similar, We defire 3 very
tight RMSL2 critecion 10 gauge when NPy are structurally converged,
wherey two strectares can osly Sifler on averige by 1% ohwx
ical Ti-0 bond lkesgh, that is, whes theg RMSD is below 002
Fanor 0 shows the evolition In RMSD of o (DO balk<ut
NF with respect 9o DFT opamiaation time for the as.cut stracrare
and with prooplimized Mructures wing aF comsidenad 10 NP struc-
tures peeapeimized with both the MA and Naoo TWO 1Ps have 2 very
smllar DFY optimization time of arcund ~163) s, while withoat
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preoptmuzing the structure (Lo, usng the bulk cwt NP s starting
point) a DFT epmization requiees 3780 5 50 conmverge 1o the same
Smal structure, Ths means that fhe preoptissastson sllows une o
reduce the compusationsd cos: for DFT optmeizatson by <30S {Le.
a 2% wpeed-up). By comtrast, precptimiong usng TVQIP leads to
a DFT optimization time of 4140 s sed consaquently, it Increases
the comgutationl time by ~10% We sole that the Nano T aad
TYOIP optimized THOs NPy have a quae smilar mitial RMSD bt
bead 1o 3 very dfferent DT aptimization times As noted above,
NP structures fir from the encrgy ssnimues may have differen

1ts total DFT eptimteation time ¢see (o0l 1) The masm probéom
appess o be due 10 the bigh number of 5CF cpcles required for
the asitial optimization steps of the TVQIP precptimized NP steuc-
ture. In arder to understand e dfernces between the &ferom
17 preoptimaations, we compare the average -0 boad lengthe
in each 1P preoprimined NP. As one may expas, the evengae TI-O
tond length seems to be coerclited with the Eference. AL
the final energy mentmum. the NP ban a0 aversge bond length of
151 A, wiatle the Wulff comstrucied NP has an aversge 3ond length
of 157 A, the longest for all evalewsed systems. The DFT opai

deformtions et can prod imias RMSDs Ancth ')

the mcet NP strectoce. The TVQIP

criterion o help vmderstand differances in optimésation time, espe-
cially during the intttal steps, 1s the difference m the energy of the
NP strecture with respect to the Snul fully optissized structese. 1o
P & we plot the energy difference of each tnttad (TIO W NP
strusture with respect to the completely DFT optimized NP energy,
A1 the first step of the sptimization, the as-cut bulk NP is 50 eV
Bighes ln esergy than when fully optisized. This & & karge differ-
ence with rapest 1o the cormespondng vidue for all the comsidenad
1P preopaimined NP stractures. However, the TVQIP preopeimized
NP Is ~30 ¢V higher in energy ®am the final DFT cptimized NP.
This &fference & sigaificantly higher than the MA sad NanoTiO

12l structures which have total DFT energees <15 ¢V aad
=10 eV above that of the fally DET optimized NP strocture, respec-
theely. Surpreisingly, although the TVQIP preoptimived NP has 2
Tower initid DFT energy than the es-cut NP structure {with a cor-
respoadingly loveer RMSD, it leads to 2 relativey loager time for

TABLE | Corgaticn 3! bre ja seconcie] and rember of 5CF cycles B 9o 4yt
OPETTIIOn s ¢ AN oPIrRzaben 3wt {18 0parRatoe eps) fr Be 2500t g
IF. precpdrized (TK); e WP chucass.

Number of SCF Totsd
Time for cyches at the opiraaten
Inithl strocere frststep first step dme
Axcet Wulff 5418 mw ™A
MA peeopt. 1423 bl 16284
NanoT) poeope 1384 2 18549
TVCIP precpt. T30 s 41810

structure shows ;rlluc'of 1.9 A, very close 10 the ongmal Wulff
constrocted NP, whle MA and Nano 11O average bond Jengihs
are moch unaller, 191 wed 190 A respectively. Both MA aad

]

J

P55 St of eretios YA-coraicted buk cut [TI0 ) NP iy« 10
35 B4, had 155 Adey cobly GOS8 nad—-Cay(a i ey

J Cher Prgs 18, 204306 (2099 coc 43 10831 £0S60TY
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NanoTiO preoptmuations compres the ss-sun NP structure o,
oo with DFT cptimization, thus helping to explain their relatively
Imgeoved perfonnance.

I vedier 10 tewt whether the revudts fimund for the (TWO: ) NP
can be extrapolyied to other stoes, we compare the sagle pomt (58
energies and correspomding SCF times %00 & selected set of faceed
balk cat (TiOy), NPa, with n ~ L0, 35, 84, and 185 The conedered
NP stroctures are shown In Vip , and thetr coscdimates aro avall-
abde in the sopelomeniany s, Slpue & [wp) shows e fraction
of time foe as SP DFT ciculution of cadt of the [P procptimised
NP strustures with respect 1o the ume for an 3P DFT clculstion
of the coeresponding fally DFT optimized NP structures. The rela

TABLE §. Optrayion fre of o (T NP wih MA, Kano ™0, are TVOPe
camganson wih the SCCOFTE mothod on 2 single tone pemordl compuier The

Method Total CPU time (x)
NanoTiO 058
MA 1.
m™wam 2829

SCC-DFTH 9.7

I 1

tive futal energics frum these SP aalculations oo the [P proopti d
NPy age also gives in [ o (bottam) wath respect to that of the cor
responding fuly DFT optimized NP structures. 1n this latter plot.
we dso inclade the SP encrgies calculated usiog is-cut sirdctures for
the (T104 ) NV preopeszed ustng a Self-Conastent Tight-Binding
ISCTB) mehod parameserized for T, by Barmard o o © and
for the (TiOy ) NP preoptimiesd wing the self consdstent charge
denaity-functionsl-based syght-bindeng (YOC-DFTE) method,  Pre-
optimization of TH; NPs usdng the SCTB method was suggesied
In Bef. & while SCC.DFTS bis been wied both @ prooptiniizer
and o directly cbitain properties of titania syserms. 7 We note

that althosgh calculations nsiog TH metheds are signibicantly faster
than DFT-based cilculations, they we sl tvo 10 thaee coders of

$ more comg y expenaive than thoes emsploying
IPs, a= can be sn In 2 comparisan between SOC-DFTD, MA,
NunoTi, aad TVQIP In Tohic L
In termes of DFT 5P calculation tamings, MA and NanoTi0)
exhibita quite stmikar performance. Except for the smmallest (100, )1y
NP, the DFT SP caboulations of dhe MA and NanoTH) peeopcimized
NP requare <30% of the time necded for the DFT SP calculaticns
of the corresponding direct bulk cut NPs (1e, ot least 2 3. 3% gpead
up). On the oher hund, the DFT SP cakcalatioo tmings for the
TYQIP procptimized NPy shows a very exratic debuvice. Far the
(N0 and (1105 hy Ny, TVQIP precptimization does not lead
to any over the DFTSE timisgs for the correspoading
mi-cut NP, while for (TiOy)yy and {T30:),0. it gives rise to 2 lime
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berical sataw (TH);), catx with & = 162 and 237, Both ats of

| g

quite senilar, and both MA and NanoTi() precptimizations peovide
a significant energetic stabidization of all NPs relative to the corre-
sponding direct bulk cut. The extent of the cncrpetic stabilization

NPs reere first gx d with fhe method described sbove and ops-
mized ysing DFT. 1 ipnre 7 shows e orginal bulk cut spherical NP
s enre of the NPs after the MD seascaling, Although the structures

incresaes with NP sizr. The TVOIP also enerpesacally stabilizes all
NP5, but 1o a Jesser extent. For instance, for the (TiOy )10 NP, the
seructures from 1P preoptimistion esing MA aod NanoTi) have
4 DFT encrgy whach in 60 ¢V Jower thas that of the Eeect bulk
cot. while TVOIP preaprimezaton provides an energy stabilization
of 32 «V. The relasvely large energy siabdlization in this case far
MA and NenoTIO preoptimization keds 10 ¢ DFT 5P energy cval-
wation calcelation taking <10% of the lime reqputred fur the Wl
constrocted belk cut (1050w NP structure (Le. more than 19«
speed aph In @i 0, we also Inchade doma tor the (T ) NP prece-
timcosticn usng the SCTH method und fur the NP peeoptimization
(T9O; ) uemg the SOC-DFTE method The SCTH peecgtimization
yldkds o NP structure with a DFT SP energy sighdly higher than
that ubtained threugh 1 usiag MA and NesoTIO [Ps,
with & very simdas 5P time. O= the ot band, SCC-DFTS yaclds o
dightly Jower 1otal energy than 1Ps, but, @ serms of time, the cor-
respoading DFT SP calculion raquines ¢ similar amount of tee
as e NaeoTWO and MA IPL In summary, for efficent proopti-
moesion, we fnd thae these relatively comp By oxp (in
comparkan with 1Ps) TH methods have a simiar performance 1o
1Ps.

ley' we “Fh“ e o’ [ 3ol '] w

o

thermal aracaling conuidoring two st of NP's dorived from

162

Ity look very similer, the RMSD values show that the anneal-
ing has induced some sructural reccostruction. The RMSD value
between the bowest energy annealed NP sructure and the angl
ual spherical bulk cuts, Bolh after DFT optisization, i LI12 A fur
the (TU0: )i NP and 049 A for the (T10:300 NP, Considering o
five extracted annealed NPs from each MD run for each NP sive,
the fve {T50;) ¢ NPs have an RMSD of 0.54 A, while
the average RMSD of the fee (TIO )0 NPs is 034 & The aver-
age total energy decrease In the armealed NPs with respect to the
direct spherical cuts, as evalomed using DET, Is foand to be fauly
large Sor both systemne - 1510 eV for {TUO,)0: NPs and -R%3 eV
for (MO0 NPy We notice that the DFT optimitoed energy for
the $ve differcat annealed NPs structures in each set b faiely sim-
ar, bismiag that the annealing procedure brogght the fve NPs in
ench cor to dow-dying mergy minima ca each napective PES
From this analysts of eructure and energetics, we conclode that the
aacaling was cartied out 4t & tempereture than aliiwed foe sur
fGece recomstruction while hooping the intemal structure relativedy
ntact

In [ etie U, we compere the selative energles of the Naso 110
wancaled NPy after optimbaatios using NasoTiO, MA, SCC-DFTE,
mad DET ssethods where we abus show the mmergy differences with
respect to the DET optimizasons and the mean emoe (ME] between

erage R ol fve considered
5 NP3} Adoe codor sode:
Groen-tariun
J Chem, Prys 168, 294306 Q0131 dot 10,1061 5056071 8 214057
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TABLE Bl Each colurn shows 1o 000y $8ronces bedwecs 10 Sphonca Dulcos N7 203 Bwe anreaied N° [T0,)
STVt (A0 10 AS, 500 a0 uppr pen ol S 7] as opinaed using OF T, WA, NanoTi, and SCCOFTS. In beackins, we
pervchs Poe clfasunce & S sditive arsrpan with readecd i3 S e the OFT cptimisabor. Aso repoted i P s

e ML) of B poargy dfereaces with respect o OF T

Stracten DFT MA NamoTi0 SCC-DFTR
Balk cat 0 o 0 o

Al 1372 083 (12m] ~1389 [~2.16) ~9 B4 (388
A2 1219 119 (1638 1625 [ -4.06) 11.71 (2.33)
A-S —1aM 108 [16.73) 1598 [-225] —10,83 1287
At 1269 165 [11.04] ~16.05 [ ~3.36) 1077 (1.92]
A5 1330 369 (16749 17.46 (- 438) 1010213
M for A-1-A-$ 1478 ~334 218

the NanoTiO, MA, and SCC-DFTE methods and GFT. Whale the
DFT opimizations confirss that the anmeded NPs &re maore sta-
hle than the bulk-cut particl by 1546 ¢V on average, optimiza-
ton udng the MA P shows that some of the NPs are found to
increase & cacrgy while some docreise relative to the bulk-cut NP.
[n terms of energetics, the MA 1P thus Is not rellable for generat-
ing eocerate structuraly reconstrectod anscaled NPs On the other
hand, NazoTiO consmtently prodicts thal e forsation of recen -
strected core-shell NPs Is energetically stabliaing with an average
overestimmation of the stabilication by 324 ¢V with respect to the
DFY values. SCC- DFTH optimizations also generally folkorw the DFT
trend W p anncaled NP to de lower In energy than the
spherical crystalline cet with an underestimation of the energy ala-
biation that DFT provides by 2.13 eV oo everage. These results
confirm that otk NanoTi0 and SCC-DEYVR provule 3 smilar and
reasonable description of the energetics of structurally reconstructed
NP,

We note that these resdts contrast semewhat with the results
repacted for <ot and lrrdmtymcd npbefml particles reporied
by Selli of & where li d usieg SCC-D¥FTH
om NP with 191, 723, 559, and m; TIO; units. Here, moderate
lesperature Lizs doced caly & margasd increase i NP
energetic stabllity loss |lun 07 «V In all stodued NPs Annealing at
higher temperatures, however, promoted the spgearance of amor
phous regons near the surface of the NPs which caued o decrease in
thelr energetic stabiity. Two possitle explanatsons for the observed
different behaviar are (i) cther the SOC-DFTB PES docs nol scos-
rately dencribe the refative stahilities of &fferent NPy with vasiable
crystallingty or (1) bydroxylason enesgescaly sabllizes a hwm
degree of NI' cryatallinity even at the warface, which s e s
1t aliowes for a higher coordination of the surface atoms. We noleM
NaooTO has recently been extzndad 10 alw model -OH groups’
and wiil be tested in figore tudies with respect 10 Its pecformance In
preparing hydroxylatad TIO; NPs,

In ceder to s either NanaTi0 or SCC-DFTE o pevpare ther-
mally annealed NP, MD calculations m necessary. As a smphe
benchmark 1o compare the 1 cont of rumsing MD cad-
culations, we ran 10 uquoh microcanomscal MD sowslation for
the (TIOy ) NP both wik wsing NanoTiO esd SOC-DFTE. In
both cascs, the sumulation was run 2t & ime wiep of 0.1 f with ran-
dom velocitles according 10 & temperature of 100 K. Lo addicion, the

SCC-DPTH caloulabon used preoptimived charges foo the tntial
sep. We bound that the 1P-basad NaaoTiO NP calculation teok
.29 5, whilie the SCC- DFTE methed required 155168 . Theappens-
tmately four arders of magnitode speed-wop of the 1P-based MD
watulation rdatve to the SOC-DFTE cdodation & even maore
pronoenced than the three ceders of magninde performance
lm;vcmunmt soted for the stracterd optimization of the [TiO ).
NP (soe Toile 117), This extra improvement w kely larpdy dec 10
the Jarger size of the NF constdered in the MD simulasions and the
fact that IP-based methods lend Ioud:wulmun".uhm
DETS methods tend 1o scale asn”

In light of our results, we can conclade that NenoT¥O Is the
beat performing 1P of thear conedered for preparing Ti0; NP for
efficient DFT calculations. While MA and Namo 'K provide simi
Ear preoptimization sevdts both @ Lerms of Shew structural socsracy
and In the ceseltant time saving = subscquent DI optmizaticns,
the energetics asseciated with annealing of the surface structure
of N¥s are Setter represented with NanoTi0. The performance of
NanoTiO & also found to be similar % TH methods in terms of
prepasing sccursle eplimized and anncaled NPy for efficient sabs-
saquent DET calculations, Bowever, the significantly higher com-
petational efficiency of NanoTIO aver TB methods (1-4 orders of
magnitude spead-up) means that Nano 190 could provide signifi-
cant odvantages for MD-based -mhs unlfor pmpﬂmlzlnglupe
wets of NPy (e g, for sampl or gotal
optmization) for sohcqucm DET cnlumnn especially where
large NPy (Le, imzg hundrals to 1 I of wlosea) are
tmvakeed

IV. CONCLUSIONS

The DFT-hasad medding of reafatic TiO; NP-baaed sywlems
Increasingly Involves evaluaton of (1) large sets of varked NP, (1)
NPs with H00s- 10003 atomas, and {1is) thermally sonedal NP Moch
of the large computational effort = such studies can be sipnificantly
reduced by preparing accerate NP structural models using compiea
tioraly efficiont methods for subsequent mare efficient DFT evalua-
thon. In the preseot work, we assessad the ability of several [Ps 1o pee
pare nediabile stroctures for TH0: NPs via optissication and MD smu-
hthons, OF the testod 1P, overall, Nano Tr0 wan foand to pecform the
best. Prooptimiziog bulk-cut NFs with the NenoTiO 1P can bnprove
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the comgputasonal efficiency of submequent DFT calesd wis
Y= 10 speed-ups for DFY SP erergy evabastions and spoad-wpe of
2o fur DET stracture optimizations. NeaoTiO basad MD senulas
tioes usad to anneal NPy are aba fooed w lesd 10 eaergy-liovening
sructural reconstructions & line with those predacsed by DFT cal-
colarions. The overall accuracy of NaneTKD for preparing sultable
NFs for subsoquent DFT evaluation is Seund %o be similar (o that of
TB-based methods. Hlowever, NanoTIO s 34 orders of magnitode
meee compuationally efficient thas T3 methods mnd & thes pur.
ticubedy well sulted foe studies invelving therssal snncaling of lasge
N0y NPy amd/or preparation of large sty of diverse VO, Ky

SUPPLEMENTARY MATERIAL

See ety vead i S parssciess foe all 1P corld-
ered and Cartestsn coordinates of a¥f repored NI stracteres
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Chapter 5: Efficient preparation of TiO2 nanoparticle models using interatomic potentials.

Conclusions

1.

From the analysis of the 84 units Wulff constructed TiO, NP, the equilibrium
geometry obtained using the PMMCS IP deviates significantly from the
corresponding DFT optimised structure. Such a result is surprising as the Wulff
constructed NPs are the most bulk-like possible and are those expected to be most
easily reproduced by IPs. However, the PMMCS was not fitted to reproduce the
Ant crystal structure, but rather silicate glasses with Ti inclusions and the Rt TiO,
crystal structure. We conclude that PMMCS is not appropriate to pre-optimize Ant
Ti0, NPs and highlight the necessity of adequate fitting or careful selection of an IP
for correct usage.

The total DFT optimization time can be both increased and decreased by using IPs
as pre-optimizers, with respect to a DFT-only optimization. By checking the time
taken per each optimization step, we show that the main difference between large
optimization times and short optimization times depends on the time to converge
the wavefunction in the initial steps of the optimization. This, in turn, is related to
structural differences between the initial NP and the final DFT-optimized equilibrium
geometry at DFT level, thus implying that a suitable IP for efficient pre-optimization
shares the position of the optimized energy minimum on the PES with that from
DFT.

The MA and NanoTiO pre-optimized 84 units NPs allowed for a convergence of the
structure at the DFT level three times faster than from direct DFT optimization. The
total optimization time when pre-optimizing using TVQIP was longer than for the
direct DFT optimization.

In order to evaluate if NP size may change the time saving capabilities of
preoptimizing with IPs, we performed a test comparing different NP sizes. As single
point (SP) calculations are a good proxy for understanding if a stucture will be
optimized faster, we evaluated the SP time of several NPs with 10, 35, 84 and 165
TiO, units with each IP with respect to DFT results. Both MA and NanoTiO achieve
faster SP convergence and energies closer to the DFT optimized structure
independently of NP size.

We also compared the performance of using DFTB and SCC-DFTB as pre-
optimizers with respect to IPs. We found that such methodologies, albeit providing
more information than IPs, have similar performances in terms of their structural and
pre-optimization capabilities. However, their optimization time is two orders of
magnitude longer than for IPs. In conclusion, we believe that if the objective is purely
to pre-optimize a NP for efficient subsequent DFT optimization, it is better to use
IPs. However, if exploratory data on the approximate electronic structure of a NP is
rapidly required the usage of DFTB methods is a reasonable option.

MD annealing using the NanoTiO IP resulted in core-shell NP structures which were
lower in energy than the direct spherical cuts from the Ant crystal. Comparison of
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the relative energies between the original as-cut spheres and the annealed NPs with
DFT, IPs and SCC-DFTB shows that their relative energetic stabilities are better
reproduced with NanoTiO than with the MA IP. DFT results show that annealed
nanospheres are between 12 to 13 eV more stable than the original spherical cut
NPs. NanoTiO was found to ascribe similar annealing induced stabilization energies
of ~15 eV for five different annealed NP structures. Conversely, the MA IP predicted
the as-cut spherical NP to be more stable than the annealed NPs in three out of the
five considered cases. In the other two cases, the MA-predicted energy difference
was smaller than 2 eV. Finally, SCC-DFTB was found to have a similar performance
to NanoTiO, providing stabilization energies between 10 to 12 eV for all five cases.
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Chapter 6: Understanding the interplay between size,
morphology and energy gap in photoactive TiO, nanoparticles

Introduction

As previously mentioned, the performance of TiO, NPs with respect to specific
applications relies on their optical, electronic, structural, morphological and surface
properties. Experimental synthesis techniques have achieved a great control in the structure
and morphology of Ti0, NPs. A novel achievement in the tailoring of Ti0, NPs has been
the synthesis of the so-called black TiO, NPs. With the objective of extending the valence
or conduction band and increase the amount of light capable of triggering electronic
excitations, Chen et al*’ used a high-pressure hydrogen atmosphere to amorphize the
surface of crystalline NPs. The resulting black TiO, NPs have much lower band-gaps than
crystalline NPs. The work of Liu et al”® evaluated the reason why amorphization induced by
H adsorption increased the electron-hole recombination time, in contrast to established
knowledge which assumed that amorphization lowers the catalytic activity. However, the
internal and surface structure of black TiO, is still a subject of debate, with claims of
stoichiometric surface and vacancies in the internal structure® or, conversely, a surface
layer of Ti, 05 composition with a stoichiometric TiO, interior*®. As the structures obtained
in the MD simulations of the preceding chapter can be defined as containing an internal
crystalline core and an amorphous shell, their electronic structure can give insights into the
structure of black TiO,.

The annealing dynamics of amorphous TiO, NPs has also been related to crystalline
core-amorphous shell NPs. To obtain single crystal NPs from sol-gel synthesis, amorphous
TiO, NPs are heated at temperatures between 400 to 500 °C™. While the dominance of
Ant has been justified by the thermodynamic preference of Ant with respect to Rt at the
nanoscale, it is not clear why the Brookite phase does not form, even when Brookite is the
most stable phase for a size range between 11 to 33 nm’™. Comparison of the Pair
Distribution Function (PDF) of sol-gel synthesized amorphous particles with computational
models revealed that core-shell particles are the most appropriate models to reproduce the
experimental PDF of spherical amorphous particles of ~2nm?,

The work of Fazio et al.*® compared the effect of shape on the structure of Ti0, NPs.
In their work, they compare the type and fraction of sites of Ant Wulff constructed NPs
versus spherical ones. However, in order to generate spherical crystalline NPs, their work
cuts spheres from the bulk structure and saturated undercoordinated atoms by adding OH
and H. Thus, these NP models have differences in chemical composition and, while they
could represent the NPs in low water environments, the electronic properties may be
influenced by the presence of hydroxyl groups on their surfaces. Moreover, the surface of
these models is completely crystalline, in contrast to the core-shell structure reported in the
work of Zhang*®. Another hindrance is that the models provided by Fazio et al. cannot be
used to explain important effects such as stabilization due to hydroxylation, nor compute
the adsorption energy of water, as a definite NP size can only be saturated in a unique way.
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Hence, a complete picture of the differences between spherical stoichiometric and faceted
NPs is still required.

Following the work of Chapter 5 and building upon previous results from our group®,
in this paper we evaluate the evolution of internal energy with respect to size for differently
shaped Ti0, NPs. We expand previous work by adding larger sizes, allowing a better
determination of the cross-over between amorphous nanoclusters obtained from global
optimization and Wulff constructed NPs. In this work we also include spherical NPs as cut
directly from the crystal structure and modified by simulated annealing, with the later
structures characterized by a core-shell structure. In addition, we perform high temperature
simulated MD annealing on three moderately sized NPs to compare the energetic stability
of amorphous NPs against the crystalline core-amorphous shell NPs. With the energetic
results we propose a tentative structure vs stability diagram. We also rationalize the
energetic stability in terms of coordination number for Ti and O elements. Finally, we
evaluate the band-gap of the different families of structures, finding significant differences
in band gap values, and we rationalize the structural features causing the differences.

In this work, led by Dr. Angel Morales performed all the DFT calculations. The author
of this thesis generated both the as-cut spherical models and the core-shell models and
performed the MD simulations to obtain amorphous structures from the spherical particles.
All the codes to extract structural data have also been written by the present author. Finally,
the author has contributed in the discussion of the phase diagram and energy vs size of
the differently shaped NPs.
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nanoparticles
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sic defects such as onygen vamncies have been stodied 5
potential mesns 10 improve the photoactivity and solas use of
TI0,." " The photocsestytic netivity of Ti0, & siso & funds
mental pancscale phenomenon, which emerges In sultably
sired ponoparticles (NPx), Under ambient conditions, bulk
m, Mnodynlﬂmlb fwvorars the rutile crystal structure,
, the ph e snmase  polymosph W maindy
cbeerved ot the nanoscale dee to s lower surfice energy.™
mcpcdmunmedammm,mmm,upplmmmshgﬁ/
depends on its optical, electronic, stractuml,
and surfeoe properties, which can all be wuned through the
wee of NPs with different sizes, shages, crymtallinities, and
wurfece faoets. "' Of particular note In this respect are so.
called black TO; N¥s which are morphologically and stnacto-
rally manipufsted to absorb Bght in the visible energy mnge,
thus vovering & groster range of solir-raclistion with conconms-
wnt effclenty improvements in phitocatalyeie applications.™
Cleady, the cesign of tadlored anatase T, hased nanceschno:
logies relies on both the ability to synthesize appropriate NPs
with wyllcontrolled stees and morphologies, and a detailed
understanding of how the intrinsic physical and chemical pro-
perties depend on these wo laetoes. To enbance the effciency
of NP-based photocasalysts, it is usaally desirable to decrease
the NP sixe as much as possthle to increase the proportion of
weailable surface area while maintaining the intrinsic activity
of the matedal, Such considerations, however, should also
ke oto account the fact that decreasing the size of an
anatase NP will akso Incresse guantum confinement which witl
et to increase the optical energy g2p, and thus reduce photo-
efficiency.”’ Both experiment™ and theory™ ™ have pointed to
 Domvr size limit of 2-5% am for the anstase phase, bevord
which the NPs are too small to madntaln any erystallinicy, Our
detalled thenredleal study focusses on relative stabilities and
properties of realistic NPs with different morphologies, struc-
tures, aned eovtalfinigies in this impartant nanosted regime in
veder to rstionalne egperimental nesulty ad o provide
Insighas into how photosctivity can be enshanced in these
systems,

Several synthetic strategies hove demonstrated that the mor-
phalogy of TWO; N#s depends significantly on the T precursoe
and the surfoctants used. ™ ** Nanbydrolytic and surfactant
assied selvochermal methods appear o be mast effective for
boch conulling NP size and shape and producng NPs with
high crysalliniy,™ Anatase Ti0, NPy with taibondd mor-
pholugies in the T0-100 nm soe range have boen ssocessfully
sathesised by using approsches hased on 2 seeded growtly
technigue.” Hoth bipyramidal and trumcated octahedral
unatase TIO, NPs have been reported.”™ The bipsramidal NPs
exhibit (101) surfaces only wheneas the truncated ocabedm
exhibit (001) and (101) surfeces. Fazio e 2l have angued thae
partial dissodation of these faoeted TIO, NPs could Jesd w0 the
formathon of hydrooylaed NPs whh dlameters (@) between
3-3 nm that exkibit moee curved surfaces,”' Purther theoeetical
work has oamined the structural and electromic properties of
partially bydroylasted anstase Ti0, NPs with fsceted and spheri-
cal morphologies with dlameters of ~3 nm"Y These
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stuclies saggest that the mterplay between hydroxdation and
meephology is significant for enhancing the hole tapping
ability ln sphesical NPs, whide belng loss impoetant foe faceted
NP7 All these theoretieal woeks employ euts from the
anwase crystal structure to derive their spherical and foceved
NP maodeis. Romoval of bow coondinated T3 atoms and sub-
soquent hydraglition of reoaining relatively low ccordinated
centres on the surfaces of these curs are then used o prodoce
stobehlometric hydrosylated NP models, which are then structe-
rally rekooed, Thus well-defined protocol bas the dombock that
it produces NP with uncontrolled varying dogrees of hydmay
lstion degendent an the size and morphology of the origisal
crystal cut Thas, use of such models makes it difficulr o sssess
the intrnsic relative stabibries of different NPy families with
respect to see, morphology and intermal strocture. Caleulations
applyiog thermal annealing to tydromdated spherical anotase
NP5 hive also resukad (n differenst predictions & 1 what extent
this trestment has oo the NP electonie stractare.' ™™ Whese
some anrealing-induced electromic change was cakuloted,™
the intrinsic reason foe the effect was oot dearly ascribed,

Herein, we focus om 8 varied set of stoichiometric anhy-
deous NPs with a mange of skees, for which a more controdied
compartive analysis of sability, structure and properties can
alvays be made. Bare ankydrous spherical anatase T9O, NPs
have also been produced in numerous operiments.’"" This
Indicates that, although hydestion may sometines play & role
in peomating moee spherical NPs, It is net secessary t main-
tain the stability of such NP As sach, this mises fundamental
questions about the mtrinsic stability and electromic'opeical
properties of anhydmus TIO, NPy with respect to their mor-
phalogy and sixe,

For anhydroas stolchlomesrie TIO, NPs with ~1 nm dda-
meters, global oprmisation searches have established thar
noacrystalline NPs with quasi-spherical morphalogies ane the
meet energetically stable® Bor irger sian, the atomic and
viectremic structuse of anhydross fested anstase T30, NPw
with masimusn dismeters up o 6 nm have also been pecemtly
theoretically investigated. ™ Towards the upper end of this see
regime, trunceted octahedral and bipyramidal NP structures
are found to be almost energetically degemwrate with one
another, with both exhibitiag & low degree of stractural distor
thon eelative to the bulk ansse erystal.”* " By interpolotiog
between these two size regimes, It has been estimated that
faceted crystalline N#s become mone stable than neo<natal-
line quasi-spherical NP for & dismeter mnge of 2-3 nm*™*
This cstimate & in e with suxdies of cxpedimentally prepuared
anhydrous spherical NPs, where crystallinity & found to be
severely dimmished @ ~2 nm NPs due to the structurally dis-
ruptive influence of the surface atoms.™ This result s also
consiszent with atomistic ssmulations of stress in TIO, NPs.™
As Kinetic factars can strongly influence the morphoiogy of
small NPs In esperiment, the thennodynamically peeferred
marphologies of T¥0; NPs in the <5 nm dameer ange has
not yet been extablished. Computational modelling offers an
alternative, contralled approach 10 assess whether cbsenvdd NP
maorphologies are determined malnly by intrinsic stability (eg.
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arystalline or non-crystalline strocture), preparmory conditions
feg kinetic tmppingl or by the NP's eowironment [eg
Fydeation), Heremn, we sse sate-of-theart electronic structure
methods and nanoscale models of unprecedented realisim 0
provide a peadictive gulde to the stablites and properties of
0,5-3.5 nm diameter stokehlometnic THO, NPs and how they
depend on maorphology, sixe and crystallinity. Specifically, we
pay particular attention to the accwrate modelling of anky-
drous NPs with sphenical morphologies and, ns in experi-
ment,”"™ we apply thermal annealing 1o all our NPs, We
campare the stabiliies of soch annesied NPs hoth with NPs
cbesined from simple relaxed sphereal cuts and with faceted
NPs, enabling us to peovide o tentathve stabiliey wrsus sixe
diagram for the Tit, NP size mnye considered, Moreover, we
estimate the lowest optical tunsitson by inspecting the energy
waps of all our NPy and show that our annecaled soichiometric
spherical NP3 have reduced gaps wiiich match particularly well
with thase from cxperiments on small spiverical NP8 with
endbanced phsomactivity. Analysis of the underlying reasan for
the gap reduction in spberical NPs points confirms the exist-
ence of gap edge brnadening due to their core-shell structure,
fully in line with the analogues effect in larger black TiO,
NPs, Y Specifically, we are able (o ascribe the gap sarmowing

(MO0 (MOde  MObw  (T10:) e

¢
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to moms with redoced coordinmion environments i the
sutface amoephiznd sivells of cur stoichiommetric NPs,

Methodology

The sability of facetix] and spherieal stoichiometric [Ti0,),
Ni's with structure devived from the asatase balk phase [Fig, 1)
was studied for sizes » o« 20595, The faceed NP5 wete
obtained ¥a the Wullf construction,*! which refates the shape
of u NP o the areas and refathe stabelities of the exposed sur-
faces The bipyramidal NPy exhibit the most sable (101)
surfoce and display octabedml symmetry {¥ig. 1a), wheneas the
trunemed octahedral NPs dispiay both (107) and (001) surfaces
(Fig, 10)™ Spherical 190, NPs (Fig. 1c) wene geoesmed by
cutting sphweres of the desired dizmeters froen the snstase
erystal structure following o procedure reported o other
works,"" ¥ while ensuring that the TV, stoschiometry was
always preserved. For all NPs, the Inital strocture was relaxed
wsing total energy minimizmtion as described below. In
addition to wlaation, molecular dynamics (MD) sisnulations
mans were carried out 50 mimic an annesling process with the
alm o Induce energy owering structunl roorganistion of the

(MO (TH0dy  (THO)y (TI0 )yt

Ng. 1 Strucoares of (TiO,], NPs in the xos mange n = 20-5545 wh: ja) bipy

{10, f,ur

ﬁl’l.l

[

o, It} and (d)

LAbw by
o

ghobaky optimised structures Som rel 23 tmmmluowuwwmcmwnm,mwmmanuiwwmm 14 Snd

and blue spheres comespond 1o O and T1 oms. respectively.
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NPs, The MD sisulations were perfarmind wighin the cunoeni-
cal ensemble (NVT) sl consisted of 5 ps of equilibrmation time
fotlowed by 10 ps of prodaction at 1000 K. These calculations
wero performed using both an imteratomic potential [IP) pass-
meterised for bulk TIO, by Matsul and Aaogi (MA)™ and an
1P specifically pammeterised for nancscale T, (Nano-Ti0),*
Structures and energies wore sampled every 001 g5 and the
lowesz [hve energies obeained dunng soch MD run were
sclected and furcher relaved using DPT based calculations as
described below.

The stroctares of the theee smallest NP corsidened were
directly tmken from a recere global opeimésation sudy.”’ For
the lasger NPs, the initial stroctures were cut from the balk
anatese crystad, All NP5 were directly optimised wsing DFT
bused calcalalnns carried out without synumetry constralors
employing the PRE functional.™ For the spherical cuts it was
foand tha I ssed preoptimisation helped o hesl dangling
caygen defects an the NP surfaces while seesining thse aratase
core intact, before DFT-based optimisation. Optical gaps were
estimated from the electranic gips caleulmed wing DFT cales-
lalows using the PEEx hybrid functional,”™ For the largest
NP5, where soch cakulations would be computationally very
demanding, the gap values from the PBE Galealations wene
corpectid using 2 knwwn correlation between eloctrunie gaps
calcalated using the PBE and PBEx functicnals.™ The DFT
basod caleulstions explicaly include all electrons, where the
ehectron density is desenbed through oumerical mom-Centered
orbital basis sets, & Implemented In FHEalms package.™
A light grid and ver-1 basis set was used, which has an acco-
my omparable o 8 TZVP Gaussan-type ocbital basis yet,”*
The coovergence threshold for atomie forces during the relax
otion of the structure of the NPs was set to 107 eV A"

Results and discussion

We comsider fowr setz of stoickiometric TIO, NPs: 7] bipyrans-
dal and cuboctahedral faceted NPs, (6] spherical NPs directly
out from the anatase crystal structure, (iM] spherical NPs from
(i1} which hive been thermally snneaded, and (iv] quasisphen-
cal globally optimised NPs, see Fig. 1 [atoméc coordinates of
all NPs are prossded m the ESIt). To assign & commoa
mwasure of dimwter for wach of these four sets of [T50,), NP,
we use the diameter of sphere contalning o TIO, units, with
the volume of a single T¥0, unit taken as thae i bulk anatase.
A smilar approach was used m recent stody companng mor-
phalogically divesse 20 NPR' As noted above, it has bees
estimated thie the anatase structure can persist in NPs down
to & ~2-3 nm size,” " which strongly suggests that this is the
mancscale region whess NPs of differont maorphologies and
cayssailinixies could be ensrgecically campeting. Our TIO, NP
models have stzes throughout the mnge ~1.0-3.4 nm and thus
cover this interesting siee reghme In Fig, 2 we show the sl
dependent encrgetic stab@lities of foccted [hilue), aphericsl
(red), aneealed spherical (green), and global optimized**
[pEnk] Ti0y, NPs, The later st contains (TiOL), nanockastirs

Thes uml & © The Hoyed 500wy of Cheamany 2015
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Fig. 2 Fecluton of the anergy pee TIO, unkt releas to the srataoe Buk
phase (set %0 2erci of Goeted ke, sshercal cut roch), com-thell
sphencal (greanl, and amombous [pinkd TIO; NPs as » function of e
umzer of TIO; units il An approwimate dameter ks inclded o0 e
wper x-aais The fits for aach ot are depicted ty solid Dnes [Mting
paRmelers ae seporied in the E911 Faceted NPS comespond 10 e
Dy amiaid and cubociahedil goometnes depicted in Fg 28 and b,
spectvely. Spherical NPs ave stown in Fig. 10 Furdves nfommanon
niparsiag the gobelly cptimized Ti0, NPS Fig. 1d) can te found i . 23
The Slack = the getic stabilsation of the (1Ol
TR0 00 et (TH0,), 0 Cotw-abhull NP whan thay arv Surther arnealed %0
become NPr wih bdly smorphasd structares lses Tabie $2 b 1594

with ® = 28, 35 and 33 {see Fig. 1), The relative stabilsty of abl
T, NPs in Fig. 2 is given per TIO, unit with respect to thae of
bulk the anmase phase. From the so-called apherical chaster
approaximation (SCAL™ It & assamed that the encrgetic stabi
lity of a [TiO,), NP, E,, relaive to that of balk anatase, £ ..
can be approximatvly Gited by o scaling Jaw folkmwing
Ey = Epp + @™, (1)
whene g, is o fitting parsmeter oelatod the NI moephology, and
« Is mken o be /3, reflecting the surface ares to bulk mtio,
and both E, and Ey .y are per Ti0, unit. Note that egn (1) Is
derived based oo consderation of the grometric vhape of a NP
only, whereas realistic NPs are mare complex entities cony
posed of Imencung aggregates of soms/lons. As such, ocher
contributions to £, (eg sarface stresses) can become signifi-
cant which can be wpproxinately included through the
Inclusiom af higher order terms (eg adn'F, ala™"7,
Wb Further details and fitting parameters employed to
consrruce the plot in Fig. 2 are prosided in the BS1¢
FProm e fieed cueves i Fig. 2, we first note that the cross
et from non-crystalline K¥s { pink) to crystalkine facected NPs
[teae) cocues s m o« 2800 In & previows study,” this cossover
wis estimated 1o occur s & ssaller walue of o « 125 Fargly, wo
point out that the diameter of a NP with n = 125 (& = 2.01 nm,
axsuming @ spherical shape] and that of voe with n = 280
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(@ = 248 nm]| & similar, and thus the ongenal peediction thae
this crossoavr ocours for NP s2es hetween 2-3 nm i nef, 23 5
confirmed. The relacively small upward shift of the specific
size for the erossing polnt of the two flited lines is mainly due
to the indusion of extra data poants for larger foceted NPx in
the present work, which slightly improves the fit foc this
Farnily of NPw

In Fig. 2 we also can compare the relotve stabllity of
faceted [Bue) versws spherical NPs (red and green) as & fanc
thon of NP size. For spherical bulktut NPs that have been
relaxed to their nensst Josal mindimum energy structure (red),
we find that relaxed Dwected T90, NPs (blue) are more enorgeti-
cally stablde for all NP skees. For NPs with 9 22 nm the eneryy
difference in favour of the faceted NPs beoomes almost con-
sant with a vabee close to 1.1 eV per TiOy unit. Note tha this
implies thae, in terms of totsl enengy, the difference between
spherical refaxed und faceted stroctares grows uppeosdmacedy
bnearly with the number of TI0,; units explalning the dond
rance of focesed NP ac larger stzes. The large difference in the
stability butween these NP types can be mtionalized by noting
the relatively higher proportion of low oordinated soms in
the spherneal cut NP which leads @0 g small degree of partisl
amcephizatson a the surfoce of the NP,

Experimentally, thermal annealing** is often wsed to
reduce the number of defecss and to induce changes in the
crysiallinity and marphology of tania NPs. '™ Depending oo
the snpealing temperature different structuenl changes can be
cheerved.” For instance, (n ahsence of annealing, TI0, thin
films tend to exhibit the rutile phase, while annealing ot 723 K
camses the unatase phase to become dominant.®* Mirroring
sach experiments, we annealed our spherical cut reboad Nig
wsing MD simulaticas [see Methodology for desadls) followed
by & optimization of the most energetically stable NP struc
tures found during the MD runs. For faceted NPs, even for
small sizes, we found thee annealing does not significantly
change the intemal structuey or moephokogy. Correspondingly,
the energetic sabilisation indaced by anncaling for sach NS
is very small {eg 0.02 eV per TIO, unit for the (TIO),, foceted
NP). These results confirm the relative high stabélity of these
NPs. For spherical NPy directly relased from Bulk cuts,
Bowever, we found that annealing can incsease thele energetic
sability. In this case, amncaling usieg the MA 1P alwwys
resulted In NPs in which some degree of surface relaxacion/
moomtruction cocurs but which maintained their crystalline
anatase comes, We refer o such annealed NPy 25 cone-shedl
NPs. Coenparing the red and green lises in Fig, 2 we can see
that the energetic stablitcacion nduced wia annealing relaxed
spherical cut NPs to form core-shell NPs &s fuirly constane for
all NP smes. For the smallest sphenical cut NV, the vore-shedl
NI obtained from anaealing using the MA I was found oot to
be significantly more stable than the orginal relased NP, As
annsaling is expected 0 maindy affect the surface atoms,
which become a larger proportion of the total atoms as the NP
sue decrroses, we would perhaps espect that the difference in
stabdity betwewn the non-anoealed aod snoealed NPs should
be larger st small NP shkes. When annealing esing the Nano
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TH 1P we indeed found a sigrificantly larger energetic stability
increase for the three smallest relaged spherical cut NP5 than
wid found when anscalitg using the MA 1P, The amows in
Flg. 2 Indicate the esterst of Increase in energetic stablbity
throagh annealing using the Nano-T%) 1P with respect to the
three smallest core-shell NPy (Lo for {150, ), siees with » ~ €,
113, 136) obtained theough annealing wsing the MA 0
Analysls of these moee stable annculed spherkcal (TIO, |, NP
structures shows that the orginal crystalline bulk core dis-
appears in all coses. These NPs are thus no longer coee-shell
but are very simsilar to the langer globally ogrimised NPx in
Fig. T (Lo, (TIO,), For n = 28, 35, 38) with respect 1 bothy eor-
ploodogy (Ce. quasispherical) and structure (Le noserystals
line). This finding is in kine with other work indicating that 2
crystalline bulk core cannot easily be maintained for spherical
NPs with @ 2.0 nm. ™ We note that in nef, 22 antealing
using the MA IP ks used 10 desive a [Ti0,), spherical coee-shuell
NP with 115 < » < 136, Consbdering aur resalis, it is kely thar
this core-shell NP is metastable with respect to a moce dis-
orderod NP, Foe the smallest annealed [TiO,), NP with » = 43
the disordered NP structur i predicted 1o be moee enengeti-
cally sable than & cocrespandingly séeed faceted anatase NP
{see Fig. 2). This result s i line with the foct that non<rystal-
line NPs from global optimisation are the most stahle NPs in
this size repene. Strictly speaking, globally optimised NPs are,
by definition, the lowest i epergy for sny size and thas should
Include crysmalline faceted NPs for lasger stees, Polkwing the
soproach & 1. 23, however, we lncerpres these globally opamised
NP5 as forming the set of lowest energy noncrnstalline NPs,

To better understand the effect of the annealing process,
especially for larger NP sizes, we analysed the change of the
womie coordinason enwvironments of T and O ataoms when
golng from the relaxed spherical cut NPs to the coce-shefl NPs
for (TYO, ), with n = 257, 595. In particular, we focused on the
percentage of Ti stoms with t-fold coordisation [Tig) and O
woms with old coondivation (O, ), beeh corresponding to
the stomic esvdmnments found in the bulk anatase phase.
With or without annealing, a clear trend of an increasing per-
centage Ti, and O, with increasing NP size |s observed in
both set of spherical NPs [Table 1) This tendency cleardy
shows thar the To and O, coordinaton emirmaments in
spherical NPs become closer o those correspoading 1o the
anotase bulk phase In larger NPs. More specifically, in Table 1
one can see thot the percemtages of Tiy ond Oy, contres in the
lange (190 ) 502 annealed spherical NP aw guite compamble to
those in the lamge faceted costalline (T90,)45 NP Upon
annealing the percentage of bulichke Ty, and O,, centres In
the sphencal NPs slightly decoeases. However, at the same
time, we note in Table 1 that the percentage of four co-
ondisated Ti, conres incoeases. As snpesling invresses the
enegetic stability of the relaxed spherical NPs this saggests
that the Increase in the propenion of Ti,, centres helps
increase the structural imtegriey of the NPy

The abowe described results are schematicolly brought
together in o tentative structuse wersse stability diagram in
Flg. 3. Here xero emergy comresponds to the bowest energy strue
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Table 1 Percermages of Tig, T, and Oy, cosres Ialh resooct 1o the Lot aumber of Ti and O centies respactivelyl n opamaed (TiO . and
(MO hes sprmerical NPy wits and without sntmabng. Comeponding deta for the feceted (TIOJ NP & also inchaded Tor comparnon The effect of
nnealing i refectod in the fracticnal Change n the perceniages. Nobe thit & cul-off seda of 2.4 A wes csed to complv the dels

Spherical NPs Faceted NPy

(Tl 5 MO (MO lyss

i, e 0. 1, 1, o, . T, o,
Nom smaealnd 174 3.2 a5 (REX (1% 3 (S A Al i) T
Annesled M5 23 50N 175 50 656 i 582 e
NI %) 1za -3 -2.7 s -2.1 -2 a Q °

-
Namber of TO, vt (1)

Fg 3 Tertatwe streciere vevsus statddty diagram for TIO; NPs with
respect 1o the reaned sphenkcal Cun NPs poer biach Unel 2a5ed on e
fitled tendencies and Te NP structures corvespondng 10 the data
ponts in Fig. 2.

ture for each skze and the uppermost black cunve follows the
metastabilicy of the refaxed spherical cut NPs. The shading In
the figure indicates the relative snnealing temperature and
Tabels and dashed lines approximately delimit regions where
differest NP types are more stable. The seallest spherieal eut
NPs become meost stable when fully amoephised upon anneal:
ing in line with the small globally optimised NPy, and thus
non-crystalline N¥s dominate for small NP sizes. With increas-
ng size relaced spherical cut NPs can persist but ane meta-
stable with respect 10 NPs with amorphocs shells andior fully
amorphous NPs. Above & dlameser of about 2.7 nm moderate
annealing of spherical refaxed cut NPs will still lead to core-
shell type NPs but the most stable annealed NPs are crstalline
faveted NPy,

Nhough, snnesled splerical NI's are thus always prodicted
to be metastable species, depending on esperimental coo:
ditions, a range of NPs with energies above thot of the ideal
global minmma will typically be prodoced. Fur the langer NPs
considerad (@ 2 nm), vsar resules st that even sfter }

annealing In vacuum eswirunments appears to be an effective
method 0 activate T3, NPs and enhance their visible-light
photocatalstic sctivity,™ It thus may be expected that our anhy-
drvus amneaded spherical NP sy be good modds of the
spherical NPs In such expeniments. Comparison of the data in
Tahle t with experimental data from X-ray absorpdion spectra
25 performed in r=f, 22 would help to confirm the gype and
structure of NP in any particular vxperimental set-up,

The shape, size and Internal structure of TiO, NPs can
have u significant inflsence on the opueal absorption epergy
23 (040),"" which, in turn, dictates their usefulness in
photocatalysis. In Fig. &2 we report O, values as predicted
from the Kobn-Sham orbital energies from owr DFT aaleu-
latons Sor all considered NPs. Siace the PEE fusctionaf™
exhibits 2 systematic error with respect o calculated O,
values, we report corrected valoes obtained from o linear
relationship between POE valoes andd values obtained wsing
the hybric PREx [12.5% Fock exchange ] functional.™ We note
that the PBEX functional reprodaces the experimestal band
£ap of anatase and rutile, and properky described the corres-
ponding reduced systems.* ' In ocder to assess the validiey
of our KP models with respect to experiment, we include 2
gray shaded reglon In Fig. 4 delimitiog the range of measisred
0,,, values (2.85-3.0 ¢V) far dried and anrealed anatase TIO,
NPs possessing near spherical morphologies and diameters
between 2-30 nm.”" For NPs with @ <2 nm (L e. cutside of the
experimentally messured tange) nearly all considered NPx
have 0., valees higher than that of bulk anatase (e, >)2
eVl Oumly the relaxed (TIO,), sphesical cut NP with u =
115 has a slightly smaller gap than anatase, which is probably
due to n persistent surface defect, which is subsequently
d sipon ling. The nily high gapx in this
size punge for bhoth ansealed and global eptimised NI's
confirm the effectiveness of these approaches o producing
stable NP structures with few under-coordinated defects, In
the @ *2 nm siee regime, akhough the Oy, values of the

ing, an ansase crystal core can be mainmined in the spherical
NPs. Here, although faceted NPs are most energetically stable,
experimental NP preparation conditions will lurgely mffsence
the final morphology and structure. As small anhydmus
spherieal NP5 are aftens observed, ™" solely gas-phase thermo-
dynamac stability does not appear to be the main driving foree
in experiment. Moreover, there is experimental evidence that

Thes w150 The Roys! 500wty of Cherraty 118

f: I N in quite high with respect 1o the experi-
mental moge, the O, valoss for both sets of spherical NPs
|te relaxed and annealed] become significantly dower and
much closer to the meosured valoes, The agreement with
experiment @ particalary good for the annealed core-shell
spherical NPs which, for all five NP siees considered, the cal
culated O, values are within, or very close to, the expert:
mentally measured mnge.”” We now that these reduced
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energy gaps are not stnply due o the morphology of the
spherical NPs. For example, the slightly hydrogdated spheri-
cal cut KP models reported by Fazio of . " maintain emergy
paps abose that of the anatase bulk crystal. As noted abowe,
higher-than-bulk encrgy gaps in small anatase NPs could be
raticoalised doe to quantum coafinement.’’ Although our
spherical NPs are affected by quantum confinement, it
appears that the surface structurl disorder outweighs this
effect in our lager NPs to bring the gap below that of
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unatase. An anabesiv of the density of states [DOS) near the
gup edges of ene of larger spherical NPs in our swody (see
Fig. 4b) reveals 2 broadening of the valence band edge, which
reduces their energy gap by 0.6-0.7 eV with respect to that of
a samilar sioed Faceted NP,

For all NP families considencd, us expected, the optical gap
tends 0 decrease with Incressing NP sixe &5 the effect of
quantam confinement diminishes. We also note thet foc the
fargest spherical N¥s considered, althoagh the annealed NP
hes an O, valoe mone istert with experiment, the O
value for the relased sphencol cut NP s significantly lower.
This difference s Hhely due to the focr the annealing
increases the energetic stability of the sphencal cut NPs by
reducing the stexin in the near surface srocture, and thus
reducing the ligh enerpy 12l of the becadened valence band
edge. These resulks strongly suggest that small expesimentally
prepared 2-3 nm diameter spherical 190, NPy are Fkely o
have an anatase coee and an amorphized shell in line with a
privicus stracrurmal study esing the MA IR Our accurme
quantum mechanical DFT based cakulabons allow us o
further demonstrate that, relatve 10 foceted crystalline NPx,
sonealed  sphovical come-shell NPs are metastable species
which display relatively smaller O_, values throagh the for
mation of valence band edge talls and thus should exhinir
improved photocatalytic octivity.

A moee detailed anabmis of the valence Duod edge in the
care shell NPs is shown In Fig. 3 where the corresponding
partiad DOS of the thermally annealed spherical {TX), ), care-
shell NP shows that Oy, and Ti,. contribute significantly to the
brogdening. These low coordinated ssoms are located mmnly
in the NP sbell as depictod in Fig, Sh. Ax noted sbow these
Tl,, centres are creared wpon anseuling and appear to be
imvolved, along with Oy, centres, in creating energy-lowering
neorsurface  neconstructions.  Note thot the  presence of
a single O, cente depicted in white colour In Fig. Sb, also
contrshutes to the breadening as shown by dashed line in
Fig. 5a. This gap edge broadening, and consequent gap
redduction, is amalogous 1o that observed in langer core-shell
Black Ti0, NP5, and is associsted] with the disordered structuse
in their neas sarface shell™ The mesaseable black 190, NP
are produced by eogmneering surface disorder in thermo-
dynamdcally favoured faceted anatase NP hy variows physico-
chemical procedures.  Althosgh  these  moethods  typically
produce NPs with non stodehiometric shelts " **** our resals
show that significant energy gap engineering cun be induced,
m prieciple, by inducing disonder in moichinmetnic NPs.
Although, terminal defective aeygen spocies can influence the
gap odge, annealing & often found o remove such enerngetl-
cally unfmvourable and reactive species In other NPs, leasing
only 15, and O, as the only gap narrowing species, We note
that our analysiv ix alw in line with detailed experimental
studies of & nenostrectured stoichiomettie TIOW001) surfece,
where it is suggested that surface Ti,, atoms cause ssgnificant
band gap narrowing.™® As such, these surface science studies

and car NP-based resnlts stromgly sagpest that promating the
formation of surfece Ti,, sites could be a general means w siy-

Thet puorsd 6 © Tha flonsl Socaty of Chasradsy 2010
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with dfferent coordnations (the dashed kne shows the contritution of a sngie terminating O, cantre|. [b) Cros

I cut oh the

core-ghal (TIO; s NP where Th and © 3oms with ciffersrt coordnation are thown by the syme colowr cosing In the partal DOS plct. The ot

Cuaily shows o Buk ke crystaline core omnated by Ti, and O, ce

1 and & dsond

L the while sphose COMeseonds 10 the single Oy, centre.

nificantly elevate photocatalytic actvity in stoichiomesric TVO,
manosYstems,

Generally, our results highlight thae o desailed understand-
ing of the structure, siee and morphology of NPs & crucial in
ceder 10 understand experimentally medsured properties of
these important nancsystems. By showiog that stobchiometric
TiDy NPs with sizes <5 nm have highly tuneable optical energy
gaps {above and below thae of bulk TH#0,) our results point to
warys in which these fasors could be milored in esperiment to
optimise the photoadtinity of Tily, NPs,

Conclusions

In this work, we have systematically studied the stabllizy of rea-
Fistic, stoichiometric {Ti0,), NPx containing up to almast 1500
atoms, covering the corresponding NP diameter range from
LO-54 nm. We focus mainh on foeted and sphericnl mor-
phologies, both with Initlal stroctures cat from the bulk
anatase crystal seructure. After relasiog thelr peoenetry, we
compare the relaive stability and electronie structure pro
perties using accurate alfelectron DET-hased caloulations,
Moreover, we abso take into account the effect of the thermal
annealing on the structures and peoperties of these N2 Oar
results show thae annealing spherical NPs Jeads to a signifl-
cant Inceease o thelr encegetic stability. This efMfet can be
mtiocalised by the concométant increase in the proporton of
Tiy and O, centres irvobed in energy lowering surface re
canstraction upen unnealing. For the faceted NPs, however,
annealing induced only wery minoe structural change which
casses negligible energetle stabilisation, Non-ansealed sphert.
cal NP are always metastable with respect 1o both snneaked
spherical NPs and facesed NPs. Although faceted NPs are the
most stable species Sor the larger NV sizes considered, for the

The el = © The Roys Socey of Cresmogry X003

d shekl (dorminated by Ty, Ty, and Oy cemresl. Note

staller (TV0,), NPs annealing produces low energy omor
phized NP structures. Our analysis of the electronic structure
of cach NP family neveals that morphelogy, structune and sice,
all have a netable infuence on the optical shsorption enengy
gap. Specifically, car cakulitions confims that that metastable
annealed spherical NPy with anatese cores and amorphied
shells and @ >2 nm sizes exhibit O, values which match par-
ticularly well with those measured for annealed NPs with
2-10 nm dismeters.™ Thise 0g,, values for spherical con-
shell Nps are also significamtly Jower, and thas mone fvous
able for photocstalysis, than those eakeulated for the thermo
dynamically fasvared faceted NPs which are above that of bulk
anatase. We confinm that these results can be rationalised
through a disorder-induced broadening of the valence band
echge 4k observed in expeciment for langer black 150, NPs. Our
stady using pure Ti0, NP also implies it is oot necessary to
cmploy  pocedures which introduce nonstoéchiometty or
dopase atoens for this band gap reducing effect. Instead the
peesence of Tiy, and Oy, sites in the disordered shell of the
core-shell NPs are found to be sufficent to produce valence
band tails to reduce the energy gap. The impressive agreement
betweens our eakulations and experiment foe core-shell NP
with 2-3 i diameters implics that the conditions emploved
to prepare these NPs teads o lead to kinetically trapped core-
shell sructares. Our results dearty show that stelchlomesric
TH); KPs with sizes <5 nm have highly tuneable optical enengy
gaps (above and below that of bulk 190, and point to ways in
which these factors could be tiloned in eperiment 1w opei-
mise thelr phatcactivity,
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Conclusions

1.

Evaluation of the energetic stability of a variety of different anhydrous titania NP
shapes and structures shows that GO NPs, which we ascribe to the family of
amorphous structures up to the analyzed sizes, are most stable until a diameter of
2.5 nm. Beyond this size, in vacuum, crystalline Ant NPs with a Wulff-constructed
faceted bypiramidal shape are the most stable. Directly cut spherical Ant NPs are
always metastable with respect to such bipyramidal NPs.

Annealing spherical cut Ant NPs using the MA IP resulted in core-shell NPs which
were lower in energy than the direct cuts for all sizes, but still metastable with
respect to Wulff-constructed faceted NPs. Annealing using the NanoTiO IP for the
smallest NP sizes resulted in complete amorphization of the structures and a large
energy stabilization compared to the MA annealing, providing amorphous NPs with
energies similar to those of faceted NPs. We ascribe the energy stabilization of the
core-shell structures to an annealing-induced increase of four coordinated sites in
the surface of the NP.

Based on the energetic results of our MD simulations, we propose an energy versus
shape stability diagram as a function of size with an upper energy bound taken to
be that of as-cut spherically shaped Ant NPs.

We evaluated the band-gap of our NPs with respect to size and family of the
structure using DFT calculations. As expected, we find that the band-gap
diminishes as the NP size increases. However, we find a large difference between
the band-gap of spherical NPs and faceted ones. In particular, we find that annealed
and spherical NPs have band-gaps below that of bulk ant and in line with the band-
gap values of experimentally tailored anhydrous TiO, NPs.

Analyzing the density of states of the different NP models we ascribe the difference
in band-gap to the presence of a long tail in the valence band of spherical and core-
shell NPs. Looking at the contribution of each atom in the density of states, we find
that low coordination centers (two-fold coordinated O and four coordinated Ti sites)
are the origin of the tail.
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Chapter 7: Conclusions on TiO, nanoparticles and Outlook

The work done in the present thesis provides valuable advances in the modelling of
TiO, NPs, with implications on understanding both their electronic structure -and hence
the band-gap- of differently shaped NPs and their crystallization processes. The first
published result stress the benefits of using IPs even when target properties can only be
obtained through ab initio theory. We highlight two important advantages as: 1) IPs can
reduce the time of DFT calculations by half or even more, as both the initial SCF cycle time
and the number of steps to find the appropriate minima are diminished, and 2) NP models
which cannot be generated by hand -such as annealed spherical cut particles- can be
produced accurately with IPs in several steps to provide insight into the PES of the system
and point to clues on the stability of NPs. We conclude that while the MA IP can provide
slightly faster optimization times than the NanoTiO IP, the latter is able to accurately stabilize
spherical NPs, as judged via posterior DFT optimizations providing similar stabilization
energies. The second published result uses the NP structures generated in the preceding
paper to extend the analysis of the energetic stability of different NP shapes: direct-cut
spherical, faceted, core-shell and GO amorphous NPs. For small NP sizes, spherically cut
Ant NPs are highly metastable with respect to GO amorphous NPs. In this regime core-
shell NPs are slightly more stable than as-cut spherical ant NPs and faceted ant NPs.
However, the family of faceted Ant NPs become the most stable species once they reach
a size of 2.5 nm in diameter. Analyzing the stability of the core-shell NPs, we find that the
structure has an increase of 4 coordinated Ti centers with respect to the original Ant
spherical cuts. We ascribe the energetic stability to this increase of 4 coordinated Ti centers.
We also analyze the band-gap of the different NP families and find that spherical and core-
shell NPs have smaller band-gaps than faceted NPs. The diminished band-gap in the
former species can be attributed to low coordination centers, such as 4 coordinated Ti
atoms and 2 coordinated O atoms.

The NP models provided in this thesis open new opportunities for research in the field
of TiO, NPs. Starting with the core-shell NPs, it seems reasonable to assume that
amorphous NPs from GO will, at some point, be large enough to allow the presence of a
crystalline region in their core. Whether they are the global minima for a certain size, it is not
known, but they could provide information on the interface between crystalline NPs and
reconstructed/amorphous surfaces. The interplay between IP and DFT methods can allow
the modelling and energy evaluation of such models. Analysis of the effect of hydroxylation
could show differences between faceted NPs and spherical ones, thanks to the possibility
to generate spherical NPs with any degree of hydroxylation. Current hydrated NP models
used in the literature are derived from direct crystal cuts where the low coordinated centers
are saturated with H or OH groups, which cause that for a certain size there is only one
possible degree of hydroxylation. Comparison between constructing hydroxylated models
by either annealing anhydrous NPs for posterior hydroxylation or directly saturating dangling
bonds will also allow a better understanding on the effect that hydroxylation has on the
crystallinity of nanostructures.
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Chapter 8: Introduction

Astronomical dust

The study of the universe has its foundation on the light gathered from the sky.
Through the light received, the brightness and effective temperature of stars can be
determined, and properties such as mass, age or relative motion estimated. It was soon
realized though that stars often showed a lower emission than expected in the blue
component of light and absorption features in very specific regions of the infrared spectra’.
This effect, named by the astronomical community as extinction or interstellar reddening,
has a dependency on the observed direction in the sky: regions pointing toward the galactic
plane and distant objects have smaller emissivity (i.e., larger extinction) than other directions
or closer objects. Thus, extinction is caused by something within our galaxy, and not as a
consequence of the properties of the interstellar medium (ISM) itself. In addition, evolved
stars (i.e., stars in the last stages of their life-cycle) show deviations from black body
emission, implying that the mechanism causing the extinction is more prominent in the final
stages of stellar evolution. It was later suggested that the extinction was caused by the
presence of solid particles: grains of different chemical nature which, upon interaction with
light, absorb, scatter and reemit radiation, changing the Spectral Energy Distribution (SED)
of the source. Such solid particles have been called dust grains due to their size, which
ranges from nanometers to micrometers?.

Figure 6: Picture of the milky way. Dark patches correspond to obscured light due to
dust grains. Photo by Denis Degioanni on Unsplash

Although the density of such particles is very small, the vast distances between stars
compensate such low density. The effects of the interaction between dust and light become
easily apparent even to the amateur astrophotographer in the dark regions of galaxies like
our own Milky Way (Figure 6). It is important to note that interstellar dust has been estimated
to reprocess between 30% to 50% of the light in the entire universe®*. A precise knowledge

63



Chapter 8: Introduction

of the obscuration caused by dust is of uttermost importance if one wishes to accurately
determine the brightness and therefore SED of the parent source in order to determine its
current state, which in turn is necessary to understand the evolution of the universe.

Although improving our understanding of observational measurements is a good
reason on its own to perform research on astronomical dust, this is just one of several
reasons which make astronomical dust a very important scientific subject. While
obscuration is caused by dust being in between a light source and the observer, light that
does not travel towards us also interacts with dust and some fraction of it is reemitted in
our direction at a different wavelength. The two possible scenarios are pictured in Figure 7;
in one (left), the cloud is irradiated by light which is not traveling towards the observer, but
scattered and emitted light does travel toward the observer. In the second (right), the cloud
of dust is between the light source and the observer, obscuring the light source. The
emission of dust therefore allows us to determine the spatial extent and geometry of dust
clouds, providing insights into the physics relating the interactions between stars, dust
clouds and the ISM. Absorption and emission of light can also reveal dust properties such
as composition, temperature or size. Other heating mechanisms such as gas-grain
collisions and reactivity on the surface also increase the temperature of the grains and
cause some regions of space to become visible in the IR without the need of a light source.
The physical conditions of the ISM can thus be explored by analyzing the dust in it.

Figure 7. two scenarios showing the interaction of light between a light source and the observer. In the left, the light
from a source interacts with the ISM cloud which radiates certain wavelengths in other directions. In the right, the
light from the source goes through the ISM cloud, which lowers the intensity and loses part of the high frequency
region due to scattering. Blue arrows represent the original light emitted by an object, while red straight arrows
indicate the light which has passed through the dust, with a lower component of blue light. Red sinusoidal arrows
indicate emission from dust due to absorption of light.

Dust also plays a major role in determining the chemical properties of the ISM, as it
is involved in the formation of H, as well as the depletion -i.e, disappearance of atomic lines
in the UV-vis part of the spectrum, an indication of the removal of free atoms- of heavy
elements by condensation into grains®®. Dust also plays a role in the formation and
chemistry of molecular clouds, and their evolution into new stars. Since star forming regions
correspond to high density zones where collisions between matter are more abundant, dust
emission is linked to star forming regions’'°. This allows one to characterize the star
formation rates for different galaxies, a parameter related to the time a galaxy formed and
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even to the overall evolution of the Universe. It is also clear that the early stages of formation
of rocky planets, and quite likely also giant planets', require seeds of dust particles in order
to nucleate and grow'?.

There are also several astrochemical processes in which astronomical dust is
relevant. Gas-phase chemical reactions in space are very slow due to the extremely low
concentrations of reactants. The low densities have two important effects. Firstly, the
reaction rates are consequently very small. Secondly, the reaction yields also suffer from
such low densities: the energy generated in combination reactions (A + B - AB) must be
dissipated, otherwise the product will mostly decompose into reactants. The low density
implies that the reaction energy cannot be dissipated by inelastic collisions with third
bodies, and thus the newly formed molecules dissociate into the parent species. However,
if reactants are adsorbed or chemically bound onto dust species, the energy released in
the surface reaction can be distributed among the dust grain. This mechanism allows, as
previously mentioned, the formation of H,'*'°. In the same way, after gas phase species
such as CH,, H,0, NH; or CO are deposited on the surface of grains in the form of ices,
complex chemical reactions can take place on the surface of grains or inside the ices after
irradiation of UV light, allowing the formation of complex organic molecules'’'®. Hence,
there is great interest in understanding the adsorption of organic species onto dust grains
and elucidating if dust itself has a major role in such reactions.

Finally, understanding the formation of dust particles and their chemical and physical
evolution throughout their life cycle is a major challenge to current models of nucleation and
crystallization. Using classical nucleation theory (CNT), the net dust formation in outflows of
dying stars is calculated to be lower than the net destruction of dust in the ISM'®?°, These
theoretical results are in clear contradiction with observational evidence of dust in interstellar
space and highlight the need to find new formation pathways or a revision of the models
used in calculating dust formation rates.

In summary, dust is present everywhere in the universe, and understanding its
properties and its interaction with various environmental factors such as electromagnetic
radiation and gas phase molecules is paramount in order to describe processes such as
how planetary seeds are formed, the conditions found in different astronomical
environments, or even to understand large scale processes such as star formation at
different stages of the universe.

The stellar and dust life-cycle.

The life cycle of stars and dust are intimately related. An overall view of both cycles
helps understand why dust is related to such a large number of astronomical environments,
provides clues of where we should detect dust and which are their most likely compositions.
It is also important to know the different classes of stellar objects as these are classified
(among other things) as a consequence of their stage in the stellar life-cycle and their current
path (which depends on its mass). Finally, knowledge of the stellar life-cycle also provides
an understanding of the actual feasibility of observing and studying certain events related
with the formation and destruction of dust.
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Figure 8 provides a summarized scheme of the stellar life-cycle. Stars are formed
from the collapse of clouds of gas. Under the approximation of a homogeneous spherical
cloud of gas, the Virial theorem states that the kinetic energy (K) is equal to half the potential
energy (U) if the matter is under thermodynamic equilibrium:

1

If the kinetic energy is less than half the potential energy, the cloud of gas is said to
be under gravitational collapse, causing its shrinking and the formation of proto-stars.
Under more realistic conditions, i.e, inhomogeneities caused by differences in density of
several regions or the interplay between magnetic-fields and cloud matter, the cloud will
give rise to hundreds of proto-stars, where the temperature of each of this proto-stars will
increase due to the increase in kinetic energy and pressure. Stellar objects in their early
phase can be classified in several categories with respect to different properties, where
mass is one of the most important. Two classes of stellar objects are important in this stage:
T-Tauri stars and Herbig stars. T-Tauri stars are low mass objects that lay in the transition
between stars shrouded in dust and main sequence stars (i.e, stellar objects where H fusion
is the main source of energy). The lifetime of this stage of stellar evolution is of the order of
10’ years, and, as a consequence of the dynamics of stellar formation, they have mass loss
rates of 10°® solar masses (M) per year. On the other hand, Herbig stars are the high-end
masses of T-Tauri stars. Their lifetime is shorter, between 10° and 10* years.
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Figure 8. Schematic overview of stellar evolution for low mass and high mass stars with examples. From Wikipedia,
by cmglee based on an original image from NASA Goddard Space Flight Center

Once the burgeoning star’s temperature is high enough, nuclear reactions will start
to take place, with H fusion becoming the major energy source. At this stage, the star is
said to be in its main sequence phase.
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Along the main sequence, stars are in hydrostatic equilibrium, meaning that the force
of gravity is counteracted by the outward pressure fueled by fusion reactions. In this static
picture, the structure of the star is described by the following set of equations:

dP M.p

=G TLZ (42)

M.

d—rr = 4mr?p (43)

dL

d_rr = 4mr?pe (44)
daT 3 kp L, o
= 2ac T3 dnr? radiation

1\ um, GM
_ (1 - ;) uTh rzr (45)  convection

The previous idealized set of differential equations describe the pressure (42), mass
(43), luminosity (44) and temperature (45) gradients as a function of stellar radius and shows
how they are interconnected. From these equations, the Vogt-Russell theorem arises,
which states that the mass and composition structure determine the radius, luminosity and
internal structure, as well as the evolution of the star.

Although the model has several limitations, it serves as a tool to understand several
properties of the star. For instance, the amount of mass determines the rate at which stars
will consume its energy, since a larger mass will require a larger pressure coming from the
nuclear fusion reactions. As a consequence, massive stars have lifetimes orders of
magnitudes shorter than low-mass stars. The lifetime range of main sequence stars can
vary from 10° years to 5-10"" years. Luminosity and radii are, equivalently, larger for more
massive stars. The mass loss rate during this stage of stellar evolution is 10 Mg /yr,
confirming that through their lifetime stars are effectively static.

Another result of the previous equations is the radial structure of the star. Three main
regions dominate the star structure: the core, where H fusion is happening, and the radiative
and convective zone, which as the name suggest are characterized by the energy transport
mechanism.

Once H fusion is no longer occurring at the core of the star, the core will contract and
release potential energy to the outer shells, causing its expansion and a decrease of the
effective temperature. This process generates a shell of H fusion surrounding the core, now
mainly composed of He. Several processes involving changes in the composition and
reignition of layers of H and He fusion causes an even larger expansion of the star and a
drop in effective temperature. This brings the star to a stage known as the Asymptotic Giant
Branch (AGB), which corresponds to the Red Giant label in Figure 8. During the AGB stage,
the structure of the star is described as a shell of Helium fusion, a shell of Hydrogen fusion,
an envelope with non-ionized H and He and a core composed of Carbon/Oxygen, with no
fusion reactions taking place. The H shell expels mass at an estimated rate between 107
to 10 Mg /yr, which depends on further considerations of the evolutionary stage inside
the AGB period. The estimated lifetime of this evolutionary stage is of the order of 107 years
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and finishes with the formation of a white dwarf and ejection of the remaining shell?'#, This
phase is called the post-AGB phase. The ejected matter from the stellar envelope will loose
its gravitational binding to the star and will travel through the ISM, where eventually will form
a new star-forming nebula and start the cycle again.

While the main sequence stars do not gject large quantities of mass through their life,
and therefore don’t contribute to the return of mass to the ISM, the initial and final stages
of star formation (Herbig/T-tauri stars and AGB/post-AGB respectively) contribute to the
return budget. Young stellar objects form circumstellar shells that accrete and form
protoplanetary disks, and the real estimate of dust return varies from 0.33-0.1 of the
accreted material. Hence, the main contributors to the presence of dust in the ISM are
thought to be AGB stars and supernovae (i.e., the explosion of a massive post AGB-star)®.
It must be noted that the initial and final stages of stellar evolution represent 1% of the total
evolutionary time of the stellar cycle, which make it less abundant to observe, as can be
seen in Table 1. As a consequence, the number of observable stars in such stages is low,
and observational data of the processes occurring in such stages is scarce.

Evolutionary stage Number of entries Percentage of population
Herbig 151 0.004 %
T-Tauri 3278 0.095 %
AGB 2737 0.089 %
Post-AGB 306 0.009 %
Total star entries 3.442.662

Table 1. Population of stellar objects relevant to this thesis extracted from the Simbad astronomical database
(http://simbad.u-strasbg.fr/simbad/)

The link between stellar death and new star forming regions is the ISM. It is important
to note that the ISM is far from being a homogeneous medium. Rather, current theories
assume that the ISM can be divided in five different phases: molecular medium (MM), cold
neutral medium (CNM), warm neutral medium (WNM), warm ionized medium (WIM) and hot
ionized medium (HIM). The main differences between phases correspond to density and
strength of the radiation. In terms of density, the variations are as large as 10® H/cm? in the
MM to 1073 H/cm? in HIM. The radiation causes the ionization fraction to vary from non-
ionized material in the MM to highly ionized metal elements in the HIM.

Due to different processing mechanism, dust is theoretically expected to be
amorphized an destroyed in a time period of 5-10° million years, while the replenishment
rate is calculated to be 2.5-10° million years'®?*?°, As observation shows the presence of
dust in the ISM, the faster destruction rate with respect to replenishment rate seems
contradictory. While it has been suggested that dust may grow in the ISM, it is clear that a
complete picture of the processes involving dust growth, destruction and formation is still
missing.
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Nature of dust.

As mentioned in the previous section, AGB stars and supernovae are thought to be
the main source of dust in the universe. The conditions of stellar atmospheres are,
nevertheless, very harsh for the formation of grains and molecules: the temperature of the
outer envelope of AGB stars varies from 10,000 K at the most internal region to 10 K at the
most external, where the border with the ISM lies?®. Simultaneously, pressure also drops
significantly, and thus in the region in which temperature is near to 1,000 K the pressure is
within the range of 10”7 to 107 bars. Under such environment, only extremely refractory
grains -i.e., materials showing great thermal stability and thus strong bonding- can be
formed with adequate rates. A first guess of the possible condensates in such environments
can be made by using elemental abundances. Table 2 shows the elemental abundances
of our sun as reported by Asplund et al*’. Although the chemical composition changes
within the stellar phase and quite likely from source to source, it is expected that the
abundances are within similar orders of magnitude among main sequence stars, as well as
in the initial stages of AGB stars. From Table 2, the elements with higher abundancies
capable of forming refractory materials are C and O, which can form carbonaceous or oxide
dust respectively. The nature of the carbonaceous dust is thought to be amorphous
material -soot and polycyclic aromatic hydrocarbon (PAH)-, while oxides can be formed of
a variety of elements. Again, arguments based on abundances point out that the most
copious oxides should be silicates of either Fe or Mg nature.

Element | Solar System abundance
H 9.09:10"
He 8.51-10%
2.69-10*

N 6.76-10°
4.90-10*

Mg 3.98-10°
Al 2.82-10°
Si 3.24-10°
Fe 3.16:10°
Ti 8.91-10°®

Table 2. Solar system elemental abundances. It is assumed that, overall, elemental abundances in the sun are similar
to other stars and ISM?7. In astrophysics, the H abundance is referred to X, the He abundance to Y, and the rest of
elements as Z, a value also known as metallicity.

Several evidences confirm the composition and presence of both families of dust
particles. Two major indications are spectroscopic evidence obtained from observation and
the composition of meteors. However, carbonaceous and silicate dust are not expected to
form simultaneously. C and O primarily form carbon monoxide due to its very large binding
energy of 11.14 eV, which is of the same order of the N, molecule and larger than any
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precursor to silicate or carbonaceous dust®®, Formation of CO is much more favorable than
either family of dust and thus the less common element of the population of C and O atoms
is expected to be completely locked into CO. Therefore, AGB stars will form different kinds
of dust according to their composition: carbon rich (C-rich) stars will produce carbon dust,
and oxygen rich (O-rich) stars will produce silicate dust. Stars that have O/C ratios ~1 mainly
produce SiC grains.

The theoretical prediction of the most abundant dust compositions is supported by
observational evidence. Careful analysis of the spectra of AGB stars, regions of the ISM
and young stars show features characteristic of both types of grain both in the UV and IR
regions. Table 3 provides a list of the strongest emission and absorption features and their
corresponding dust assignments. A corresponding IR spectrum obtained from
observations toward the center of the galactic plane is shown in Figure 9. The
wavelength/frequency of the IR signals correspond to the average wavelength/frequency
of the features, as changes in the dust composition shift the wavelength/frequency of the
peaks to slightly shorter or longer values.

Wavelength Frequency Assigned to

217.5 nm 1.38:10'"° Hz | Carbon/aromatic dust
3.1 um 3226 cm™ | Ices
3.4 um 2941 cm™ | Carbon/aliphatic dust
6.2 um 1492 cm™ | PAHs
7.7 um 1299 cm™ | PAHs
8.6 um 1163 cm™ | PAHs
9.7 um 1031 cm™ | Silicate dust

11.3 um 885 cm' | PAHs

18 um 555 cm™ | Silicate dust

Table 3. Spectroscopic features in wavelength, frequency and their corresponding assignment. PAH is the acronym
for Polycyclic Aromatic Hydrocarbon.

The IR signals reported in Table 3 are mainly associated with stretching and bending
modes of C-H and Si-O bonds. These IR bands are generally quite broad, especially for the
silicate features, therefore implying that it originates from non-crystalline dust. While the
previous features are the most prominent, crystalline silicate dust has also been detected
in several environments®®",
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Figure 9. IR spectrum obtained by IRAS from the galactic center (GC). Emission by atomic features are seen as spikes
and labelled according to its origin, while absorption due to dust grains and ices correspond to large dips in the
spectrum.

General silicate structure

Silicates constitutes the largest family of minerals, where the main structural unit is
the silicate tetrahedron [Si0,]*~, with cations counteracting the silicate tetranedron charge.
The semi-covalent nature of the Si-O bond® allows the silicate tetrahedrons to polymerize
in a sizeable number of ways, and thus allow a great diversity of crystalline materials. The
classification of silicate minerals is based on the degree of polymerization/structure of the
silicate tetrahedrons, as can be seen in Table 4.

Major group Structure Silicate chemical formula
Nesosilicates Isolated tetrahedron [SIO]*
Sorosilicates double tetrahedra [SiO7]°
Cyclosilicates Rings [SinOsn]®™
Inosilicates Chains [SinOsn]®"™ 0F [SianO110]"™
Phyllosilicates Sheets [SizNOsn]*"
Tectosilicates 3d Frameworks [ALSIyOpxs2y]

Table 4. Classification of Silicate groups according to the polymerization of the silicate units

For each of major group, several sub-groups exist according to the particular crystal
structure, which is determined by the cation that compensates the silicate charge. Fe and
Mg are the main elements adjoint with silicates in astronomical environments. Both are
divalent cations and have similar cationic radii. Hence, silicates of both metals share the
same crystalline structures and can be exchanged in their corresponding minerals by the
other cation, therefore forming near ideal solid solutions®** (i.e., the energy of substituting
Mg?* by Fe?* or vice versa is linear with respect to the concentration of either element in
the crystalline system). As a consequence, genuinely pure Mg or Fe silicates are not
common in nature and normally contain a large fraction of the other element. Thus, in
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general, silicate stoichiometry is better represented by A,_4BSi0, or A;_4B4SiO5, with A
and B being either Fe or Mg.

The most abundant crystalline systems of Mg and Fe stoichiometries contain either
isolated tetrahedrons (nesosilicates) for the C,Si0, stoichiometry or chains of tetrahedra
(inosilicates) for the CSi0; stoichiometry, with C = Mg/Fe. The C,Si0, composition forms
the Olivine group, which has an orthorhombic crystalline structure with the Pbnm space
group. Wadsleyite and ringwoodite are polymorphs of the olivine stoichiometry found in
meteors and shown to exist in high-pressure regions such as the Earth mantle. The Mg-
rich olivine is called Forsterite (Fo) while the Fe-rich olivine is called Fayalite (Fa). As
previously mentioned, olivine generally appears containing a substantial fraction of Fe and
Mg in either of the “pure” mineral species. A representation of the Olivine structure is
displayed in Figure 10 A.

Figure 10. Crystal structures of Olivine (A) and Pyroxene (B), with [Si0,]*~ tetrahedrons in blue, oxygen atoms in red
and divalent cations in orange.

On the other hand, the CSi0; composition forms the Pyroxene group. The Mg-rich
end member is called Enstatite (En) while the Fe-rich end member is called Ferrosilite (Fs).
Three different polymorphs are largely abundant: two orthorhombic crystal structures with
groups Pbca and Pbcn and a monoclinic crystal structure with the space group P2./c. The
ortho-En is the most abundant of the three polymorphs. A representation of the Pyroxene
crystal structure can be seen in Figure 10 B.

The exact structure of astrosilicates remains unknown. As pointed out in the previous
section, the silicate dust IR bands are attributed to amorphous material due to the
broadness of the bands. An accepted definition of amorphous material is given by S.R
Elliot, which defines amorphous as a structure that lacks long range order®®. Glasses are a
subset of amorphous structures and are defined as “an amorphous solid which exhibits a
glass transition”. While silica (Si0O,) generates amorphous structures with ease, the addition
of Mg in the structure lowers the ability of the silicate structure to form amorphous states,
as described in Zachariasen’s theory of glasses®. Even when En can form glasses with
ease, the large Mg:Si ratio in Forsterite suggested that it could not form glasses. Amorphous
materials with the same overall composition of Mg,Si0, were synthesized in 1982 by Nuth
et al.*” by evaporation of Mg and SiO at a temperature of 750K. However, such amorphous
particles showed at least some degree of segregation with MgO regions, pure Si and
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Mg,Si0, phases. To distinguish such an inhomogeneous particle with a hypothetic pure
Mg,Si0, amorphous state, the term silicate-smoke was coined. Some years later, other
techniques were devised which allow for a better synthesis of glassy Mg,Si0, samples,
based on ion bombardment, ultra-rapid cooling of silicate melts, sol-gel synthesis or vapor
deposition of gas-phase precursors®®**'. However, a small variety of subtle physical-
chemical properties such as porosity, compactness of the sample, homogeneity or
hydration, some of which arise naturally from the synthesis technique, have an impact on
the resulting IR spectra. Therefore, while the IR spectra of amorphous silicates are very
similar, small differences with respect to peak positions and broadness of the peaks
highlight differences in the physical structure of the samples. Such differences are not easily
measured with standard characterization techniques due to the small size of the samples
used (between 10 to 100 nm)***%, While we will refer to all the different samples by
amorphous material, one must bear in mind that their structure is not clearly determined.
Without an understanding of the structure it is not possible to evaluate further properties
such as kinetics of growth, adsorption or crystallization.

State of the art into the research of astrosilicates.

As mentioned before, the typical silicate IR features appear at both 9.7 and 18 um.
These silicate IR features, as present in AGB stars, were fitted in 1996 using laboratory
spectra from Mg-rich amorphous material of olivine composition**. The amorphous material
in the ISM was thus determined to likely be of olivine stoichiometry, but in this case, with a
quite large contribution of Fe of around 50%**". Nevertheless, different Fe/Mg ratios can
result in similar spectra due to particle effects such as porosity and shape. Thus, pure Mg
compositions can also fit the ISM spectrum. In addition, the shape of the 9.7 um silicate
feature is not constant throughout the entirety of the ISM, which suggests slight differences
at different phases of the ISM*. Finally, IR spectra of Herbig stars are best fitted with Mg-
pure amorphous silicate spectra as the main component*. Therefore, although silicates are
clearly the source of one of the most prominent signals in the IR spectrum of most ISM
environments, there is still wide discrepancies on the exact composition and nature of
astrosilicate dust particles. This problem arises as amorphous structures can exhibit a great
degree of variation in shape, structure and composition that allows one to fit the same IR
spectrum with quite different grain types.

With space telescopes such as Spitzer, accurate measures in the far-IR have also
revealed some crystalline dust, including crystalline olivines and pyroxenes in circumstellar
shells. The 69 um and 40.5 um features, which respectively serve to identify olivine and
pyroxene crystals, also allows one to partially determine the Fe content of such crystals®.
From IR analysis it can be concluded that the observed crystalline astrosilicate dust particles
are mainly Mg-rich silicate crystals which contain ~15% of the silicate dust mass®°'%2,
Herbig stars possess similar features as AGB stars, but they can reach higher crystallinity
levels of up to 36% (see the entry for HD179218 in table 9 from Juhasz®). In the ISM
however, no crystalline IR features have been observed, placing upwards limits to the
presence of silicates in the ISM of less than ~3%°%. The difference in the degree of
crystallinity between AGB stars and the ISM provides evidence of the dust processing in
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the ISM, and two possible mechanisms have been proposed: 1. Complete destruction and
reformation of amorphous material®, or 2. Amorphization of the dust grains by low energy
ions®® or high-energy cosmic rays®.

Theoretical work on the nucleation and growth of silicates in AGB envelopes was
started by Gail, Sedimayr and Ferrorati. Based purely on thermodynamic arguments of bulk
crystalline samples and a simple model for the description of the physical state of AGB
stars, their work shows the preferential condensation of forsterite in the circumstellar shells
of AGB stars®®®, even if the Mg/Si ratio is largely displaced toward Si*°. The main outcomes
of such modelling are the predicted proportions of different chemical species and their grain
size, assuming the particles are of spherical shape. Overall, the models show that the
formed grains should stop growing at radius between 0.04 to 0.14 pum (thus, in the NP
regime), with differences related to the chemical stoichiometry. At such sizes, the radiation
pressure from the star causes the ejection of the NPs from the star atmosphere®®'. Still, a
variety of results can be achieved by changing input parameters of the model, such as gas
density of elements in the stellar wind, effective temperature of the star, and more
importantly, sticking coefficients (i.e, the ability of an incoming atom/molecule to be
adsorbed on the surface of a grain®). However, an important requirement of the models is
the presence of seed nanoclusters of 1Tnm in radius. The true nature of the seed
nanoclusters is still not clear. The main candidates for seed nanoclusters are TiO, and
Al,03%, as these compounds are very refractory, and the elemental abundances are large.
Surprisingly, observational evidence seems to indicate that TiO/TiO, nanoclusters/gas-
phase molecules are detectable through a wide range of distances from the parent star,
with the amount of Ti trapped in nanoclusters accounting for almost the entirety of Ti®*. As
astrosilicate dust must condensate in the vicinity of the star, the long-range presence of Ti
nanoclusters discard it as a seed for astrosilicate dust. Observation of Al-compounds and
their distributions seem more in line with the expected distributions if Al-compounds are
indeed precursors to astrosilicate dust grains, but clear evidence is still lacking®. In addition
to these two species, atomistic modelling has shown that the nucleation of silicate
nanoclusters is feasible if the precursor (Si0), species can be formed®, highlighting the
need to incorporate ab initio computed data for nanoclusters of the involved species in
order to clearly determine the different routes by which dust can be formed.

While the objective of the former theoretical approaches was to determine the
nucleation conditions and rates of astrosilicate NPs, other theoretical approaches are used
to describe the physical properties of dust grains. While IR absorption allows one to
determine the composition of the dust grains, the UV-vis scattering and the polarization at
different wavelengths allows one to introduce constraints on the size and shape of the dust
NPs. Using the optical constants of bulk silicates, Mie theory allows one to extrapolate the
spectral properties down to the nanometer regime. Using such approximations,
Weingartner, Li and Draine®”® computed the size population of different grains, providing
estimates of up to 20% of the Si elements in nanoclusters with radius below 1.5 nm. It must
be noted, however, that Si depletion varies largely along different regions of the ISM -see
Figure 2 of the review by Jones®-.

74



Part Il. Astronomical silicates

The shape of silicate particles is important in the selection of the model used to
reproduce the IR spectrum of the dust particles®>®°. Dust shape is also responsible for the
polarization of the received starlight’, and thus proposed grain models need to adequately
fit such observable characteristics. Assuming spheroidal shapes -i.e, two axes being equal
in length-, the possible values of axial to equatorial ratio which fit the observed polarization
ranges from 3" to 1.3

Al B)
AR=3 AR=13

Figure 11. Ellipsoids with aspect ratios (AR) of 3 (A) and 1.3 (B), corresponding to the theoretical shapes of
astronomical silicates as obtained from polarization constrains.

The importance of nanosilicates.

Nanoscale and sub-nanoscale silicates are gaining attention in the astrophysics
community. The relatively large population of “ultrasmall” dust particles (i.e., nanoclusters
and NPs) mentioned before is thought to play a role in the heating of the ISM due to
photoelectric emission®” ", Thanks to their large surface to bulk ratio, their absorption and
scattering cross-sections are much larger than their corresponding bulk materials™, and
thus their interaction with free electrons and other particles is more efficient. In the work of
Weingartner and Draine®’, the ionization potentials (IP) and electron affinities (EA) are
approximated from bulk parameters for a series of sizes ranging from 5 Ato 1.5 nmin
radius. From such parameters, the charged state of the nanoclusters as well as the heating
due to incident light was evaluated and its importance to some astronomical environments
assessed.

While the top-down methodology used to extrapolate the IP and EA properties is
useful as a first order approximation, such electronic properties are prone to be dependent
on the detailed atomic/electronic structure of the silicate material down to the nanoscale.
The large surface contribution at such sizes means that the properties will be governed
primarily by surface effects, and thus bulk extrapolations could be misleading™. One of
such properties is the IR spectra. Current estimates of the amount of silicate nanoclusters
and the amount of crystalline silicates in the ISM is based on the extrapolation of the bulk
optical constants by means of Mie theory. The large fraction of surface at the nanoscale
cause a deviation of the environment from the ideal bulk case, and thus the force constants
on each atomic center will not be the same as in the bulk case. Consequently, the IR
spectrum should differ. The size limit at which the IR spectrum of a nanocluster will
correspond to that of a bulk sample is unknown.
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Silicate NPs and nanoclusters can also be present in the atmosphere of some
astronomical objects. Brown Dwarfs -i.e., stellar objects with masses between 0.08 and
0.12 Mg, unable to undergo nuclear fusion- show a colour change in the range of
temperatures between 1100K and 1400K, known as the L-T transition. The formation of
clouds is the main candidate to explain the colour transition”. As in AGB stars, the
temperature conditions suggest that the main condensates should be silicates or iron. Yet,
the pressure conditions are very different: from 10 to 10 bars in Brown Dwarfs, -around
107 for AGB stars-, and thus the structures and compositions are expected to differ from
ISM silicates. Another important feature that has been recently related to astrosilicate
nanoclusters is an unidentified signal in the microwave region -300 MHz to 300 GHz- of the
electromagnetic spectrum. The Anomalous Microwave Emission (AME) refers to an
emission feature observed in most ISM environments which appears between 10 to 60
GHz and was first detected as early as 1960. The AME is correlated with the presence of
dust”"® and therefore dust is regarded as the most likely carrier for such emission. Since
the models for AME emission requires particles with radius ranging from 7 A to 10 nm, the
original models relied on PAHs as the most important source of the AME, as PAHs are
thought to be the most abundant particles with a molecular size. Yet, further research has
recently shown that the intensity of PAHSs is not well correlated with AME intensity®, casting
doubts on PAHSs as the source of the AME. Since then, silicates have gained attention as
likely carriers of the AME emission®'®, However, to establish the carrier of the AME it is
necessary to know the dipole moments of the parent species. Up to date, no experimental
or computational determination of the dipole moments of silicate nanoclusters has been
available, and the role of nano-silicates in the AME emission is still under debate.

It is clear that understanding silicate nanoclusters is crucial to further enhance our
knowledge of the universe, as they are likely to provide new ways to measure the physical
state of a wide range of astronomical objects. Computational chemistry can play an
important role in such feat, as several techniques allow to obtain structures in the nano-
meter size regime. For the smaller nanoclusters, GO can provide reliable low energy
structures based on internal energy. The GO technique can also provide a wide range of
isomers which allows one to explore the variations that a given property could have if a
range of structures is chosen instead of the lowest energy structure. For the NP regime,
faceted particles possessing known bulk crystal structures can serve as a starting point to
explore the potential energy landscape by means of thermal annealing. Having reliable
structures, properties such as dipole moments -which determine the microwave emission
and intensity-, IR spectra and free energies can be computed. Thus, computational
chemistry can in principle determine which are the most likely structures for astrosilicate
nanocluster and NP species, the observable properties of such particles, and allow us to
understand the astronomical environment in which the particles are found. This part of the
thesis aims to provide a solid knowledge on the physical properties of astrosilicates as
obtained from accurate computational methods, with emphasis on the importance such
properties have on our knowledge of astrosilicates in space. Solid evidence is presented in
favour of nanosilicates as the main source of AME.
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Chapter 9: Objectives

As seen in the previous chapter, silicate NPs and nanoclusters have important roles
in a wide variety of environments (ISM, circumstellar shells of both post-AGB stars, young
stars, etc) and are likely candidates for several signals in the electromagnetic spectra (e.g.
AME). Laboratory measurements of such clusters/NPs is, up to now, still unachieved, and
thus properties such as optical constants, dipole moments, IPs or EAs are being derived
from top-down models.

Thus, in the present part of this thesis we want to provide a foundational
computational study of Mg-rich silicate nanoclusters/NPs with the purpose to serve as
reference data for astrophysics research by providing ab-initio determined properties of Mg
silicates as well as to provide structures for further investigations. We focus our interest on
stoichiometric pure Mg silicate particles MgSiO5 for pyroxenic stoichiometry and Mg,SiO,
for olivinic stoichiometry containing from tens of atoms up to thousands of atoms. Such
particles have sizes of several nm in diameter.

In detail, the objectives of this part of the thesis are:
1. Determine/derive the most appropriate IP to perform extensive and accurate GO.

2. Obtain reliable low energy global minima candidate structures for Mg-pure (i.e,
Mg,Si0, and MgSiOs) silicates of sub-nm size.

3. Obtain reliable low energy candidate structures for olivinic stoichiometry NPs with
diameter between 1 to 5 nm.

4. Describe the structural properties of such silicates and compare them to their most
stable bulk phase.

5. Identify particularly stable structures (i.e. “magic” clusters) that could become good
candidates to direct astronomical observations in order to confirm the presence of
such nanoclusters.

6. Evaluate whether bulk crystal structure is thermodynamically favoured at the
nanoscale.

7. Provide spectroscopic data that can be used to unequivocally detect nanoscale
silicates in astronomical environments.

8. Determine whether astrosilicate nanoclusters can indeed be an important source
for the AME.
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Chapter 10: Structure and Properties of Nanosilicates with Olivine
(Mg,SiO4)n and Pyroxene (MgSiOs)n Compositions

Introduction

The presence of silicate grains of large sizes is demonstrated by their
absorption/emission features in the IR spectrum in a wide range of astronomical
environments®'*#%_ The size of such silicate structures can be extrapolated by fitting the
light extinction curves with models of dust having a certain size distribution®®®. Using the
experimental optical constants from different laboratories****#” and applying Mie theory, the
observational IR curve can be fitted considering the particle size as a parameter. The fitting
predicts particle sizes from 0.1 um to 0.005 um. Since the population density of particles
results also from the fitting, the depletion of Si can be traced. The results suggest that
almost the entirety of Si is trapped in dust in the cold regions (MM, CNM) of the ISM,
assuming that the ISM has a similar composition to our Sun®.

After the proposal of PAHs as likely carriers of the IR features appearing at 3.3, 6.2,
7.7, 8.6 and 11.3 um, research has focused on trying to find out the population of such
equivalent nanoclusters for astrosilicate dust. The lack of observed signatures of silicates
in some regions of the interstellar medium led to the conclusion that astrosilicate
nanoclusters were not present in the diffuse interstellar medium®. However, further
research suggested that astrosilicate nanocluster signatures could be hidden under the
large PAH features. In such scenario, a fraction of up to ~15%° of the total Si budget could
be hidden in astrosilicate nanoclusters if their radii is <1.5 nm. Such conclusion was
reached after using experimental optical constants of large grains to extrapolate the IR
spectrum of crystalline and amorphous nanoclusters. After computing the IR emission of
such nanoclusters, the population limit is determined by not allowing the emission to
surpass the observed intensity. While the previous argument does not prove the existence
of such small silicates, the fact that silicate dust is largely abundant with reasonable sizes
in most sightlines, but almost completely disappears in certain environments is a strong
proof of the processing, destruction, and regrowth of silicate grains, which can justify the
large presence of astrosilicate nanoclusters. Moreover, the regrowth of silicates in the ISM
requires a nucleation route in cold environments. Modelling of such growth is being carried
out using binding energies extracted from bulk parameters, but a fair modelling of the
growth requires the binding energies of the nanometer species™?".

In addition to the destruction processes in the ISM, the formation of silicates in AGB
stars is a likely source of freshly generated astrosilicate nanoclusters. Again, large grains of
silicates are easily detected through their IR signatures and UV extinction. While
thermodynamic arguments and computational models of the structure of AGB stars clearly
allow the formation of such silicates, they require seeds where deposition of parent species
-i.e, Mg, Si0, and H,0- allow the growth of silicates. Typically, Al,05; or TiO, are generally
thought to be the primary seed condensates, but computational chemistry methods have
shown that silicate nanoclusters of Mg, Si, 04 (P-2) can indeed form steadily and apparently
grow in a barrier less manner, at least for a couple of monomeric additions®™. The only

79



Chapter 10: Structure and Properties of Nanosilicates with Olivine (Mg,SiO4)n and
Pyroxene (MgSiOs)n Compositions

requirement is the formation of the Si, 0,, whose mechanism of formation has not yet been
demonstrated.

The understanding of both grain formation and destruction in the ISM can be further
enhanced by computational chemistry research. Deriving the amount of nanoclusters and
NPs in the ISM using properties of bulk materials may be erroneous. The proportion of
surface atoms in such small clusters is very large, and thus their properties will not
correspond to those of bulk materials. The presence of defects and surface reconstruction
will affect the bond lengths and angles, and thus modify the IR spectra. The IR spectra of
nanoclusters of sizes of up to approximately one hundred atoms can be calculated by ab
initio methods and thus, if realistic structures are available, IR spectra of astrosilicate
nanoclusters can be evaluated and compared to previous assumptions. In terms of the
formation of silicates in AGB stars, research requires a number of advances in order to
confirm that silicate growth is actually feasible: (i) kinetic models must prove that the growth
continues unhampered until nanoclusters of large sizes, (i) the growth rate must allow one
to reach macroscopic particles at the observed rates and (i), since the observational
spectra is fitted with olivine particles, a formation route to the olivine stoichiometry is
required.

With respect to nanoclusters, all the previous points require to obtain reliable
structures for both olivine and pyroxene stoichiometries. Some authors have already
published some structures for these species, but the methodology and objectives of these
works is not adequate for understanding astrosilicate nanoclusters. In the work performed
by Woodley®*, the main objective was to evaluate a Global Optimization algorithm, and thus
the reported structures are not optimized with ab initio methods but rather correspond to
the directly obtained structures from the GO with the use of IPs. On the other hand, the
work of Lazzati et al.® did perform DFT optimizations after the GO, but only focused on the
olivine stoichiometry. The structures proposed by the two papers are quite different among
themselves. Figure 12 shows as an example the structure of (Mg,SiO,), of both works.
The structures shown by Lazzati et al.*® are segregated structures where a Si0, skeleton
of completely linked [Si0,]*~ tetrahedra takes the central position, and low coordinated
Mg?* cations are grouped around the SiO, skeleton in a sandwich-like manner. On the
other hand, the structures proposed in Woodley’s work are much more compact and
several of them appear to be symmetric. Yet, the Olivine structures also appear to be
composed of a Si0, core and MgO surrounding it.

Figure 12. Structures for (M g,Si0,), obtained in the work of Lazzati et al.®> (left) and Woodley et al.?* (right). The
colour code for the left structure is green for Mg, light brown for Si and red for O, for the right structure, black is O,
light grey is Si and white is Mg.
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GO procedures, while being extremely useful, can provide unrealistic results if not
applied with care. One important feature that was not tested in any of the previously
published works was the capability of the used IPs to reproduce the relative energies of Mg
silicate structures. Optimization of the IP PES can provide unrealistic results if the energetic
description of the IP does not correspond to that of the material at the nanoscale. The IPs
used both by Woodley and Lazzati et al both are derived from an IP originally devised to
describe bulk properties of general silicates®. Hence, the IP’s ability to provide reasonable
structures for clusters cannot be guaranteed.

Our group has published a comparison of two IPs, FFSIOH and ReaxFF, to describe
structures and relative stabilities of pure silica and hydroxylated silica nanoclusters
compared to the results obtained with DFT calculations using the B3LYP functional®.
FFSIOH reproduced the structure, energetics and even frequencies of pure and
hydroxylated silica up to the point of allowing one to accurately compute free energies®.
Using the FFSIOH atomic charges as a reference, and the shape of the Mg-O interaction
as calculated from an IP published by Walker et al.*®, we included Mg as a species into the
FFSIOH IP. The new IP (labelled as Mg-FFSIOH) has the Mg-O interaction manually fine-
tuned by trying to obtain the best correlation in relative energy for a sub-set of (MgSiO3),
structures against the relative energy derived from DFT calculations using the PBEO
functional. The resulting IP outperforms previous IPs in describing the relative energies of
Mg silicate structures, as described by the PBEQ functional, for both Olivinic and Pyroxenic
stoichiometries. An example for O-6 structures can be seen in Figure 13.
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Figure 13. DFT relative energy vs IP relative energy for isomers of the (M g,Si0,)¢ structure. IP-1 corresponds to the
one defined in Walker et al.?®, IP-2 is the potential defined in Woodley®*, and finally IP-3 is the potential defined in
Lazzati et al.%5 the colours represent structures found in GO searches using Woodley IP (blue) and Mg-FFSiOH (red).
In orange the structure found by Lazzati, and in black the structure found by Woodley.
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The correspondence between DFT and IP relative energy in the Mg-FFSIOH is better
than any other reported IP. For the olivine stoichiometry nanoclusters, the previous reported
GM candidates of 6 formula units are between 2 to 5.5 eV above our GM candidate. For
the pyroxene stoichiometry, the energy difference is quite smaller, of the order of 0.4 eV for
the (MgSi03), cluster -see Figure 1 in results-. The good correlation between Mg-FFSIOH
and the DFT energies used as reference allows us to be confident that the obtained
structures are good references for energetic studies and extracting information from the
structure of the nanoclusters.

The energies and structures obtained through the GO optimization method allows
one to determine if some particular nanocluster sizes are intrinsically more stable than
others. In cluster beam experiments of MgO, the flow of nanoclusters going through a mass
spectrometer shows that the size population of nanoclusters is biased towards certain
sizes'®", Computational modelling allows one to rationalize the energetic stability of such
nanoclusters by analyzing their structure. This analysis shows that the series of (MgO)sn
clusters corresponds to structures that form symmetric tubes or cubes, while nanoclusters
not belonging to this series had less stable structures. The energetically stable and
abundant nanoclusters are known as “magic” clusters in the literature. If such magic
clusters exist in the family of silicates, those nanoclusters should be targeted as main
candidates for further studies and astronomical observations, since their presumably large
population could lead to detectable signatures of their presence.

The IR spectra of the silicate nanoclusters can be computed by means of the
harmonic approximation. The observed astronomical spectrum will be composed of the
individual spectrum of each nanocluster, weighted by the density of each individual
nanocluster. While currently there is no way to determine the population of each nanocluster
size, by adding the spectra of the different silicate nanoclusters we can highlight common
features which can be compared to models available in the literature. Such analysis can
provide fundamental measures to allow better estimates of silicates nanoclusters. It is
important therefore the find out the differences between the IR spectra of silicate
nanoclusters and the corresponding IR spectra from extrapolation of bulk parameters.

In collaboration with Dr. Thomas Lazauskas and Dr. Scot Woodley, the following
article provides the basis of the work performed on astrosilicate nanoclusters. Their
contribution to the article was to apply their advanced GO code Knowledge Lead Master
Code (KLMC)'® in the search of stable structures. In this article, we present low lying energy
structures of Mg-pure pyroxene and olivine stoichiometric nanoclusters containing from 1
to 10 formula units. We compare the structure and electronic properties of such silicate
nanoclusters with the corresponding most stable bulk crystal structure: En for pyroxene
and Fo for olivine. The energetic stability of the nanoclusters has been compared with
respect to the bulk structure as well as among themselves, to find out whether magic
clusters exists for silicates. The IR spectra of the nanoclusters has also been calculated
using the harmonic approximation. Finally, as an exploratory analysis to understand shifts
compared to bulk spectra, we generated an IR spectrum by equally weighted sums of all
nanocluster spectra.
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Structure

ABSTRACT: Magnesium-rich silicates are ubiquitous both terrestrially and
astronomically, where they are often present as small particles. Nanosized Mg-rich
silicate particles are likely to be particularly important for understanding the
formation, processing, and properties of cosmic dust grains. Although
astronomical observations and laboratory studies have revealed much about
such silicate dust, our knowledge of this hugely important class of nanosolids
largely rests on top-down comparisons with the properties of bulk silicates. Herein,
we provide a foundational bottom-up study of the structure and properties of Mg-
rich nanosilicates based on carefully procured atomistic models. Specifically, we
employ state-of-the-art global optimization methods to search for the most stable
structures of silicate nanoclusters with olivine (Mg,SiO,)y and pyroxene
(MgSiO5)y compositions with N = 1—10. To ensure the reliability of our
searches, we develop a new interatomic potential that has been especially tuned for
nanosilicates. Subsequently, we refine these searches and calculate a range of
physicochemical properties of the most stable nanoclusters using accurate density functional theory based electronic structure
calculations. We report a detailed analysis of structural and energy properties, charge distributions, and infrared vibrational
spectra, where in all cases we compare our finding for nanosilicates with those of the corresponding bulk silicate crystals. For
most properties considered, we find large differences with respect to the bulk limit, underlining the limitations of a top-down
approach for describing these species. Overall, our work provides a new platform for an accurate and detailed understanding of
nanoscale silicates.

KEYWORDS: cosmic dust grains, silicates, infrared spectra, nanoclusters, interstellar medium, computational modeling,
global optimization, density functional theory

B INTRODUCTION

Silicates constitute the largest fraction of solid matter in the
universe. Although bulk silicates form the basis for the geology
of the earth’s crust and mantle," weathering processes produce
mineral nanoparticles which are widely distributed throughout
many terrestrial systems.” Tonnes of small silicate particles also

compositions, and structures.”® Largely because of such
processes, a significant percentage of silicate cosmic dust
grains are likely to be nanosized (i.e, with diameters of
between 1 and 100 nm). Using observational constraints, it has
been estimated that up to 10% of the mass fraction of silicate
grains in the ISM could form a large population of very small

. - 9
enter our atmosphere every day in the form of interplanetary nanosilicates with diameters of less than 3 nm.” We also note

dust particles.” Indeed, all planetary silicates have their origin
in such extraterrestrial silicate dust, which is ubiquitously
found in numerous astronomical environments.”> Much of this
silicate cosmic dust is formed around evolved oxygen-rich stars
where it nucleates from small nanoscale clusters to form
micrometer-sized grains, which are then injected into the
interstellar medium (ISM).® Before their eventual coalescence
into larger bodies in protoplanetary disks, these grains follow a
long and tumultuous journey through the ISM. During this
time the dust is subject to processing by high-energy particles
and radiation (e.g, fragmentation, destruction, and reforma-
tion), leading to silicates with a range of sizes, shapes, chemical
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that the modeling of brown dwarf atmospheres also underlines
the likely importance of (nano)silicates in cloud formation and
the temperatures of such objects.'”"

Clues to the chemical structures and composition of silicate
dust in astronomical environments largely rely on the fact that
silicates tend to absorb and/or emit light at two characteristic
infrared (IR) wavelengths around 10 and 20 pm, which are
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associated with vibrational modes associated with Si—O
stretching and O—Si—O bending, respectively. A comparison
of IR observations with spectra from laboratory silicate samples
has generally confirmed that cosmic silicates are probably of
pyroxene (Mg,_,Fe,SiO;) or olivine (Mg,_,Fe,SiO,) compo-
sitions or mixtures thereof and are very Mg-rich.'” In some
specific cases, crystalline grains of these two compositions (i.e.,
enstatite and forsterite, respectively, for the Mg-rich end
members) have been observed; however, in the majority of
cases, the observed IR spectra exhibit only two broad silicate
peaks, and no detailed chemical structural information can be
obtained. As such, the available information on the properties
of nanoscale silicates is very limited.

Herein, we provide the structures and properties of stable
Mg-rich pyroxene (MgSiO;)y and olivine (Mg,SiO,)y nano-
silicates for N = 1—10 (~0.4—1.1 nm diameters) with
structures obtained via global optimization searches and
properties evaluated using accurate quantum chemical
calculations. We analyze how the structure and properties of
nano-olivines and nano-pyroxenes evolve with size and how
both compare with one another and their respective bulk
crystalline limits. For example, by comparing the stabilities of
these mixed magnesium silicate nanosystems with those of
pure magnesium oxide (MgO)y and silica (SiO,)y nano-
clusters, we obtain nanosize-scaled formation energies, which
are compared with those of the respective bulk phases. For all
of our nanosilicates, we also calculate their IR spectra over a
5—25 pm wavelength range and compare them with typical IR
spectra of astronomical silicate dust and of crystalline enstatite
and forsterite. In general, our systematic and detailed study
reveals a number of significant differences between nano-
silicates and bulk silicates and provides a new platform for
understanding the stabilities, structures, and properties of
silicates from the nanoscale upwards.

B METHODOLOGY

For both Mg-rich pyroxene (MgSiO;)y and olivine
(Mg,SiO,4)y compositions, we employed global optimization
methods to explore the potential energy surface (PES) of
nanosilicate structures to find the lowest-energy isomers for
each size for N = 1-10. For these calculations, we developed a
specifically tailored interatomic potential (IP) for silicate
nanoclusters and performed searches using both the Monte
Carlo basin hopping (MCBH)'" method and a genetic
algorithm (GA),"* as described below. Depending on the
system size, S0 to 200 of the lowest-energy nanocluster isomers
from the combined global optimization searches for each N
and stoichiometry were then optimized without symmetry
constraints using quantum chemical density functional theory
(DFT)-based calculations. For the latter, we employed all-
electron, full potential electronic structure code FHI-aims'
using the PBEO hybrid functional'® and a Tierl/light-atom-
centered numerical basis set. We note that the basis set has an
accuracy comparable to that of a TZVP Gaussian-type orbital
basis set.'” DFT calculations of this type were used to derive all
reported energies, charges, structures, and harmonic IR
vibrational frequencies. All results pertain to the best global
minimum (GM) candidate nanoclusters as determined by their
lowest energy obtained via these DFT-based calculations.
Monte Carlo Basin Hopping (MCBH). Although
originally applied to biomolecules," the MCBH algorithm
has been shown to be an excellent tool for exploring the low-
energy PES of nanoclusters.'> Our present application of the
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method follows previous successful work on anhydrous and
hydroxylated silica nanoclusters,'”™>" titanosilicate nanoclus-
ters,”> and the nucleation of silicon monoxide®® and
magnesium silicates.”* The standard MCBH algorithm moves
on the PES of nanocluster configurations through repeated
steps of distorting optimized structures, through the
application of small random atomic displacements, followed
by structural reoptimization. To better explore the PES in our
MCBH searches, in addition to atomic displacements, we also
set 0.5% of the steps to attempt a Mg <> Si cation exchange
move to further disrupt the nanocluster structure. After each
step, newly optimized nanocluster structures are accepted if
they are lower in energy than the previously accepted
optimized structure. If they are higher in energy, then a
probabilistic Metropolis criterion is employed to determine the
outcome. In the latter, the probability of acceptance is lower/
higher for a larger/smaller increase in energy. Herein, we
employ our cascade MCBH code™ which was written usin%
the Python-based Atomistic Simulation Environment (ASE)”
and which uses the General Utility Lattice Package (GuLpP)*”
code as an externally called nanocluster optimizer. The IPs we
employ describe the polarizability of the oxygen anions
through the core—shell model.”® Highly distorted structures
possessing polarized ions described in this way can be difficult
to optimize. To avoid these difficulties, our cascade MCBH
approach first optimizes distorted nanoclusters with a
simplified IP without shells, followed by a more refined
optimization with shells incorporated. For each nanocluster
composition and size, we used S MCBH runs of between
10000 and 250000 steps depending on the cluster size and
with each initialized using a distinct nanocluster structure.
During each run, the temperature was dynamically adapted to
maintain a target acceptance/rejection ratio of 0.65.

Genetic Algorithm (GA). A Lamarckian GA search of the
PES of all nanocluster compositions and sizes was also
performed using the Knowledge Led Master Code
(KLMC)'** software suite. The KLMC’s GA module has
previously been proven to efficiently locate low-energy minima
for a range different systems.”* > Most of the search
parameters were kept as defined in ref.'* Some minor
adjustments were, however, introduced in order to ensure a
sufficiently intensive search of the PES for magnesium silicate
nanoclusters. Namely, depending on the system size under
investigation, the population size, number of iterations, and
simulation box size were varied from 100 to 200, from 1000 to
2000, and from 10 to 28 A, respectively. For each nanocluster
size and stoichiometry (olivine and pyroxene), we performed
five independent GA searches. We stopped our GA simulations
when the energy of the lowest-energy structure and the average
energy of the 20 lowest energy structures became stable.

Interatomic Potentials (IP). To make the application of
both global optimization algorithms efficient and tractable for
available computer resources when performing an extensive
search of the PES for each nanocluster composition, IPs based
on simple analytical expressions were used. Such IPs are
computationally very inexpensive to evaluate with respect to
quantum mechanical-based electronic structure calculations.
Generally, however, IPs are parameterised to describe bulk
crystalline systems and are thus often less reliable for
describing nanoscale systems where structures can be more
varied and disordered. Also, because they possess two types of
cations, ternary magnesium silicate nanoclusters have a
relatively high degree of configurational structural freedom
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compared to clusters of binary ionic compounds. For any one
nanocluster size with a fixed composition, for example, we can
imagine a range of Mg/Si cationic ordering possibilities,
ranging from various highly segregated structures (e.g., layered,
core—shell, side-by-side) to fully mixed structures. Thus, in
order to help our global optimization searches find low-energy
isomers of (Mg,SiO,)y and (MgSiO;)y nanoclusters we
require an IP that provides a reasonably reliable description
of the complex PES of these systems.

Herein, we have reparametrized a bulk-parametrized IP to
more accurately describe the structures and energetics of
nanosilicates. This strategy has previously been shown to work
successfully in an IP-based global optimization study of silica
nanoclusters.”* Recently, we showed that FESiOH™ is a highly
accurate and reliable bulk-parametrized IP for describing the
structure and properties of hydroxylated silica nanoclusters.*®
Using the Si—O interaction in FFSiOH as a base, we
incorporated new parameters to describe the Mg—O
interaction in magnesium silicate nanoclusters based on a
modified version of the Mg—O interaction potential used in a
previously reported IP.”” We refer to this new IP as Mg-
FFSiOH, which incorporates a short-range Buckingham
interaction, long-range electrostatics, and polarization of the
oxygen anions:
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The full set of IP parameters for Mg-FFSiOH is provided in
Table S1 of the Supporting Information (SI). Although our
global optimization searches were mainly carried out using the
Mg-FFSiOH IP, we also employed an IP used to model bulk
crystalline olivine by Walker et al.** (hereafter referred to as
IP-1) and an IP based on parameters published in ref 39 for
pure Si—O and O—O interactions and parameters reported in a
library file of the GULP code® for the Mg—O interaction
(hereafter referred to as IP-2). The use of multiple IPs helped
to provide a greater degree of structural richness to our
searches. An example of the ability of Mg-FFSiOH to describe
the relative energies of silicate nanoclusters with respect to
those calculated by (DFT-based calculations is shown in
Figure 1 for the cases of olivine (Mg,SiO,)s nanocluster
isomers and (MgSiO;), pyroxene nanocluster isomers. In each
case, we plot the Mg-FFSiOH-optimized energies versus the
corresponding DFT-optimized energies for over 1000 distinct
isomers obtained from global optimization searches. For the
(Mg,Si0,)¢ searches we used Mg-FFSiOH and IP-1, and for
the (MgSiO;), searches we used Mg-FFSiOH and IP-2.
Clearly, in both cases, the Mg-FFSiOH calculated isomer
energies correlate quite well with those from DFT-based
calculations. For (Mg,SiO,)s, the two lowest-energy isomers
according to Mg-FESiOH are also the lowest in energy for
DFT. For (MgSiO;),, the best GM candidate according to
DFT is the 16th lowest-energy isomer with respect to Mg-
FESiOH. We note that our best GM candidates for both
olivine and pyroxene nanoclusters for nearly all cases for N > 5
resulted from global optimization searches using Mg-FFSiOH.
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Figure 1. MgFFSiOH IP-optimized energies against DFT-optimized
energies with respect to the energy of the lowest-energy DFT
structure (GM) for ~1000 isomers as obtained from global
optimization searches described above for (Mg,SiO,)s olivine
nanocluster isomers (upper) and (MgSiO;); pyroxene nanocluster
isomers (lower). Data points corresponding to the GM candidates
obtained in ref 40 are highlighted in each case. Note that the GM
(Mg,Si0,)s candidate from ref 41 was found to lie over S.5 eV higher
in energy than our proposed GM isomer (as calculated via DFT) and
is outside of the plotted range.

B RESULTS AND DISCUSSION

Previous work by Woodley* using an evolutionary algorithm
and a simplified version of IP-2 without polarizable shells on
the oxygen anions was the first to report GM candidates for
magnesium silicate nanoclusters. In this work, only IP-
optimized nanocluster structures were reported (i.e., no
DFT-based refinement, as performed in the present work)
for (Mg,Si0,)y for N = 1-7 and for (MgSiO;)y for N = 1—
10. In ref 40, the GM candidates found for both olivine and
pyroxene nanosilicate families were found to exhibit all or most
of their Si cations in a single central network of oxygen-bridged
SiO, tetrahedra decorated by peripherally scattered Mg
cations. Only the larger (Mg,SiO,)y olivinic nanoclusters (N
= 4—7) were found to display one SiO, unit separated from the
main silica network. For the pyroxene (MgSiO;)y GM
candidates, the silica networks tended to be quite compact
and form a number of (SiO), rings with x = 2—S. A number of
the predicted GM candidates displayed fairly symmetric
structures and often displayed five-coordinate Si centers.

A more recent study by Mauney and Lazzati*' focusing on
the nucleation of astrophysical Mg-rich olivinic dust also
derived some GM candidates for (Mg,SiO,)y with N = 2—13
using an IP (hereafter referred to as IP-3) which was derived
from combining parameters from various sources.’**”** The
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reported Mg-rich olivine nanoclusters, like many of those in ref
40, possess a single ---Si—O--- bonded network. However, in ref
41 the reported lowest-energy nanoclusters have a relatively
high degree of segregation. In particular, the silica fraction of
the (Mg,SiO,)y nanoclusters was typically found to form
highly compact subclusters sandwiched between dense MgO
regions.

IP-2 and IP-3 have a number of parameters in common with
IP-1. In fact, IP-1, IP-2, and IP-3 have a core set of parameters
for O—O and Si—O interactions that can be found in earlier
published IPs (e.g., refs 42 and 39). As such, we may expect
that the reliabilities of the predicted low-energy isomers using
each of these three IPs with respect to DFT-based calculations
would be quite similar. In section S1 of the SI, we plot the
relative energies of the 1000 (Mg,SiO,)¢ isomers in Figure 1
calculated using IP-1, IP-2, and IP-3 with respect to those
calculated using DFT. Figure S2 shows that the performance of
IP-1, IP-2 and IP-3 is rather poor compared to that of Mg-
FFSiOH (Figure 1). The energetic stabilities of the candidate
GM isomers for (Mg,SiO,)s proposed in ref 40 (using IP-2
without shells) and ref 41 (using IP-3) are also indicated in
Figure 1 (upper). These isomers are found to be between 1.5
and 5.5 eV higher in energy (as calculated using DFT) than
our GM candidate and to be less energetically stable than
many other isomers in our extensive data set. The predicted
GM isomer for (MgSiO;), in ref 40 is also highlighted in
Figure 1 (lower), confirming the relatively worse performance
of IP-2 for pyroxene nanoclusters. A more extensive
comparison between IP-2 and DFT relative energies for
(MgSiO;); isomers is reported in section S2 of the SI. Clearly,
these comparisons raise serious doubts as to the adequacy of
IP-1, IP-2, and IP-3 for finding structures of low-energy silicate
nanoclusters.

Our newly parametrized Mg-FFSiOH, as employed herein,
appears to provide a reasonably accurate and computationally
efficient means to search the PES of energetically stable
nanosilicate cluster structures. The use of a more accurate IP
for our global optimizations with respect to previous searches
is also clearly reflected in the structures of the resultant
candidate GM nanocluster isomers. For example, in contrast to
previous studies, the olivinic (Mg,SiO,)y nanocluster
structures from our Mg-FFSiOH-based global optimization
searches display increasingly nonsegregated structures with
increasing size. This relatively low degree of SiO, polymer-
ization in our olivine nanoclusters is consistent with the bulk
crystalline phase of Mg,SiO, (i.e., forsterite), where all of the
silica tetrahedra are completely isolated. Below we provide a
more detailed structural analysis of all of our GM nanocluster
candidates followed by an evaluation of their charge
distributions, energetics, and IR spectra.

Structure. Figures 2 and 3 show our candidate GM
nanocluster structures for Mg-rich olivine (Mg,SiO,)y and
pyroxene (MgSiO;)y nanoclusters, respectively. Hereafter, we
will refer to our olivine and pyroxene nanoclusters with N units
by the abbreviations O-N and P-N, respectively. The Cartesian
coordinates of the atoms in all nanoclusters are provided in the
SI and are also available in the open access HIVE database of
atomic structures for nanoclusters (https:/ /hive.chem.ucl.ac.
uk/).

Although the majority of the O-N and P-N nanocluster
structures are nonsymmetric, a few symmetric and nearly
symmetric cases were found. For olivine nanoclusters,

symmetry is exhibited only by O-1 (C,,) and O-2 (C,). The
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Figure 2. Structures of our GM candidate Mg-rich olivine
(Mg,SiO,)y nanoclusters (O-N) for N = 1—10. For each size, we
show the bonding connectivity of all atoms (left) and that of only the
bonded Si—O skeleton (right). Atom key: Si, yellow; O, red; and Mg,
blue.

O-3 nanocluster is also close to having a structure with C,
symmetry that is broken by small distortions. For pyroxene
nanoclusters, P-1, P-2, and P-6 have structures with C,,, Cy,
and C; point group symmetries, respectively. A more
symmetric C,;, version of the P-6 (MgSiOs)4 structure is also
found in a very low energy (Al,O;)¢ nanocluster isomer.*
Attempts to optimize our candidate GM (MgSiO3)s P-6
structure in this higher symmetry spontaneously relaxed to the
more stable C; structure probably because of the symmetry-
breaking influence of the two cation types. The P-3 and P-4
nanoclusters can also be viewed as having structures in which
energy-lowering distortions have broken a higher C,, symmetry
to form a C,; structure. We note that the P-4 and O-3
nanoclusters were employed in a previous study modeling the
formation and dissociation of H, on nanosilicate dust
grains.***> The P-4 nanocluster was also used in a study of
absorption of water on nanosilicates.”> All other nanocluster
structures are reported herein for the first time.

[SiOJ*= Polymerization. In the olivine Mg,SiO, composi-
tion, two Mg?* cations formally balance the charge of each
[Si0,]*" anion. Indeed, the structure of bulk crystalline
forsterite can be viewed as an interacting ordered array of such
discrete ionic species. However, if [SiO,]*" tetrahedra begin to
segregate and share oxygen atoms (i.e, [SiO;—0—Si0,]%),
then this in turn frees up O~ ions that then can coordinate
with Mg®* cations to promote MgO-rich regions (i.e., MgO
segregation). Generally, a low degree of =Si—O-Si=
polymerization implies less segregation and vice versa. In
bulk systems with the Mg,SiO, composition, such segregation
appears to be strongly energetically disfavored and the
dimerization of [SiO,]* tetrahedra is typically observed only
in high pressure phases (e.g., wadsleyite). Consistent with the
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Figure 3. Structures of our GM candidate Mg-rich pyroxene
(MgSiO;)y nanoclusters (P-N) for N = 1—10. For each size, we
show the bonding connectivity of all atoms (left) and that of only the
bonded Si—O skeleton (right). Atom key: Si, yellow; O, red; and Mg,
blue.

structure of low-energy bulk Mg,SiO, crystalline phases under
ambient conditions, our candidate GM olivine nanocluster
structures have a much lower degree of polymerization than do
previously reported nanoclusters.*”*" With increasing system
size, the most energetically stable nanoclusters should
approach their respective bulk limit in terms of properties
and structure. The size-dependent evolution of oxide nano-
cluster properties toward the bulk is very system-specific and is
typically highly nonmonotonic at small system sizes.*’
However, on average we expect that the degree of polymer-
ization (i.e, number and size of polymers) in our olivine
nanoclusters should diminish with increasing size. The smallest
olivine nanoclusters, O-2 and O-3, are found to be fully
polymerized and exhibit segregated structures containing a
[Si,0,]% dimer and a [Si30,(]®" trimer for O-3. For O-4, half
of the four [SiO,]*" tetrahedra are dimerized, with the other
two being isolated. O-S and O-6 both contain no polymers and
are fully mixed systems with all [SiO,]*" tetrahedra isolated.
Surprisingly, a small degree of polymerization appears again for
O-7 whereby two of the [SiO,]* tetrahedra (<30%) are
dimerized. Our best GM candidate for O-8 also exhibits a
single dimer, but in this case, two [SiO,]* units share two
oxygen atoms to form a Si,O, ring. Such strained “two-rings”
are not typically found in stable bulk silicates but are known to
be high-energy local reconstructions on the surfaces of
amorphous pure silica.*’ Two-rings are, however, commonly
found in small low energy nanoclusters of pure silica.”® In the
case of O-8, the Si,O, two-ring resides on the surface of the
nanocluster, but it is not clear why this particular structure is
more stable than many others in our searches that do not
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display such a ring. The O-9 nanocluster possesses a single
oxygen-bridged dimer, meaning that ~22% of the [SiO,]*"
tetrahedra are polymerized. The O-10 structure possesses two
such dimers with six isolated [SiO,]*” units. Although the
trends in the number and length of polymers in our
(Mg,Si0,)y GM candidates are not simply monotonically
decreasing with increasing N, we note that (i) the highest
degree of polymerization (i.e., 100%) is found for O-2 and O-
3, (ii) polymerization is mainly limited to dimerization, with
only one instance of a trimer polymer in O-3, and (iii) the
number of nonpolymerized isolated [SiO,]*” units tends to
increase with size (e.g,, 0—2 for O-1—0-4 and 5—7 for O-5—
0-10).

Because of the higher Si/O ratio in pyroxene (1:3) relative
to that in olivine (1:4), a correspondingly higher degree of
polymerization (i.e., oxygen sharing) in pyroxene is necessary
to maintain the four-coordination of the [SiO,]*” units. In the
bulk crystalline MgSiO; enstatite phase, this is achieved
through the formation of linear polymers chains in which every
[SiO4]*" tetrahedral unit participates in two single-oxygen
bridges with two other units. Similarly, in finite (MgSiO;)y
nanoclusters a relatively higher degree of polymerization is
necessary relative to olivine nanoclusters. In our candidate GM
pyroxene nanoclusters, polymerization occurs via the for-
mation of closed rings and/or branched networks. For the very
small P-2 and P-3 nanoclusters, the polymerization needed to
ensure four-coordination of the [SiO,]*™ units results in the
formation of two-rings and/or triply shared oxygen centers.
Nanoclusters P-4 and P-5 have more extended branched
polymeric networks which exhibit a single (SiO), three-ring. P-
6 can be seen as a simple structural extension of P-5, which
results in a symmetric nanocluster structure with two
nonlinked three-rings. Similarly, P-7 can be viewed as an
extension of P-6 in which the symmetry is lost and the two
distinct three-rings become a dimer and a branched network
containing a three-ring and a two-ring, respectively. Nano-
clusters P-8 and P-10 contain branched networks containing
one three-ring. The P-9 structure is unusual because it contains
three silicate groups, one nonpolymerized isolated [SiO,]*"
tetrahedron, a [Si,0,]7° dimer, and a six-membered chain
which contains three two-rings. Although all of these pyroxene
nanoclusters are relatively highly polymerized, often with a
single network of [SiO,]*" tetrahedra, there does not appear to
be any simple tendency with respect to the type/degree of
polymerization in nanoclusters over the considered size range.

[SiO,J*~ Tetrahedral Distortion. For both the P-N and O-N
nanoclusters, the overall structural distortion of the [SiO,]*"
tetrahedral units, with respect to perfect tetrahedrality,
decreases with increasing N. Specifically, in Figure 4 we
show how the root-mean-square (rms) O—Si—O angle over all
[SiO,]*" units in each nanocluster relative to the symmetric
unstrained angle of 109.47° (ie., Ap_g o = (abs(fo_go
109.47))) varies with N, as compared with the bulk values of
enstatite (4.4°) and forsterite (6.5°). Generally, the overall
trend is for Ag_g_o values to decrease with increasing N,
indicating a corresponding decrease in internal structural strain
with increasing nanocluster size. However, the two classes of
nanoclusters show differences in their structural evolution with
size. For small nanocluster sizes (N < 4), the pyroxene
nanoclusters have notably more tetrahedral distortion than
olivine nanoclusters. However, for the P-N nanoclusters the
Ao_si_o values also rapidly decrease with increasing size, and
for N = 4, the tetrahedral distortion is lower than in the O-4
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Figure 4. Average tetrahedral distortion of [SiO,]*” centers
(Ag_o_g) with respect to nanocluster size (N) for both the O-N
(blue) and P-N (red) series. Dashed lines correspond to the bulk
limits of forsterite (blue, 6.5°) and enstatite (red, 4.4°).

nanocluster. For sizes N > 4, the tetrahedral distortion in the
P-N nanoclusters appears to stabilize and exhibits an odd—
even oscillation around a value of approximately 8.3°. This
result suggests that pyroxene nanoclusters are structurally still
far away from the bulk crystalline limit. This can be
rationalized by the fact that the inherent spatial confinement
of the finite nanoclusters causes the short polymerized
[SiO4]*" chain to be bent and dendritic, unlike the long linear
chains in the bulk structure. For O-N nanoclusters with N > 4,
the Ag_g_o values tend to keep gradually decreasing with
increasing N, and for O-10, they come very close to the bulk
limit. This result is in line with the fact that the larger O-N
clusters exhibit isolated [SiO,]* units as in the bulk forsterite
structure.

Mg?* Coordination Number. Silicate polymerization is only
one descriptor of the chemical structure of nanosilicates. By
examining the changes in the number of bonded neighbors to
each Mg** cation (ie., the coordination number, CN)
throughout the O-N and P-N series, we obtain a comple-
mentary perspective on the size-dependent evolution of
nanosilicate structure (Figure S). Generally, for both P-N
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Figure 5. Average coordination numbers of Mg** cations (i.e., (CN))
in O-N (left) and P-N (right) nanoclusters (blue lines). The size of
the gray disks corresponds to the number of Mg cations with a

particular coordination in a nanocluster of a given size. A 2.3 A Mg—
O bond cutoff was applied to calculate the coordination values.

and O-N structures the average CN, (CN), of Mg?* cations
tends to increase with increasing nanocluster size. For the O-N
nanoclusters, (CN) monotonically increases from 2 (O-1) to 4
(0-6), where it then seems to stabilize for O-7 to O-10 (Figure
S, left). For the P-N nanocluster series, (CN) increases in a
more irregular fashion from 2 (P-1) to 3.88 (P-8), where it
then remains between 3.8 and 3.9 until P-10. We note, in
particular, that the (CN) value for P-S appears to be rather
high relative to its size, leading to a small peak in the (CN)
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versus size plot in Figure S (right). As we will see below, this
property is likely related to the anomalous high energy stability
of the P-$ nanocluster.

In both sets of nanoclusters, (CN) is still always below the
typical bulk value of 6 as found in both forsterite and enstatite
bulk crystals. This is unsurprising because many of the Mg?*
cations in finite nanoclusters are near the surface and have
correspondingly fewer oxygen neighbors than within an
extended bulk system. Examining individual contributions to
(CN}), we can see that there is indeed a heterogeneous mix of
CN values for each Mg?* cation within each nanocluster (gray
disks in Figure S). For the P-N series, the lower and upper
bounds of the set of exhibited individual CN values {A, B, etc.}
follow a monotonically increasing tendency with increasing
nanocluster size: P-1, {2}; P-2—P-4, {3}; P-5—P-7, {3, 4}; P-
8—P-10, {3, 4, S}. See Figure S (right). Here, a maximum
individual CN value of S is achieved, clearly confirming the
nonbulk chemical environment of all Mg** cations in all P-N
nanoclusters. For the O-N series, the distribution of CN values
for individual Mg** cations in each nanocluster evolves with
size in a more complex fashion. For example, O-4 has a
broader set of CN values (i.e., {2, 3, 4, 5}) than do O-3 and O-
S (ie, {3, 4}), with all three nanoclusters having fairly similar
(CN) values between 3 and 4. This suggests that O-N
nanoclusters can use multiple low-energy structural arrange-
ments of Mg?* cations to compensate for the charge of their
[Si0,]*" anions. This apparent structural freedom is further
confirmed by examining the Mg** CN distributions and overall
structures for the largest olivine nanoclusters, O-6—0-10. As in
most of the O-N series considered, in these nanoclusters most
of the Mg®* cations are four-coordinated. For O-6, unlike for
smaller olivine nanoclusters, one finds a centrally located Mg**
cation which allows it to be the first six-coordinated Mg** in
the O-N series. The structures of O-7 and O-8 further exhibit
two Mg*" cations linked by two oxygen anions, near their
centers. For O-7, both central Mg2+ cations are five-
coordinated, whereas for the larger O-8 structure one of the
central cations is able to attain six-coordination. Although the
emergence of six-coordinate Mg** cations in O-6 and O-8
suggests that the larger O-N nanoclusters are becoming more
bulklike, these nanoclusters are still far from having fully
bulklike structures. In O-9 and O-10, for example, we see
structures that maintain a relatively high (CN) by having fewer
three-coordinate Mg®* cations and more with Mg®" cations
with five-coordination, but display no six-coordinated centers.

Atomically Partitioned Charges. In mineralogy, the
atomic structure of silicates is often described and classified in
terms of the ordering and polymerization of silicate anionic
species with respect to an arrangement of charge-compensating
Mg cations (see above). Although silicates are generally ionic
insulators, the degree of charge transfer between anions and
cations largely depends on the local environment of the ions in
question. In crystalline bulk silicates, the periodic space group
symmetry dictates that only a limited number of distinct
environments for the ions are possible. However, for our
silicate nanoclusters, often possessing no point group
symmetry, every ion can have a different coordination
environment (Figure S), thus potentially yielding a different
ionic charge.

In Figure 6, we plot the Hirshfeld partitioned charges™ of
oxygen anions and magnesium cations with respect to
nanocluster size and distance to the center of mass of each
nanocluster for both the O-N and P-N series. We note that
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Figure 6. Hirshfeld partitioned charges of Mg cations (left) and O
anions (right) in P-N (upper) and O-N (lower) nanoclusters. Dashed
lines correspond to bulk crystalline limiting values (i.e., forsterite for
the O-N series and enstatite for the P-N series), and black data points
and the associated black line follow the corresponding average
partitioned charge values with respect to size N. The colors of other
data points indicate the distance (in angstroms) between the charged
ion and the center of mass of the respective nanocluster according to
the respective legend next to each plot.

these partitioned charges are significantly smaller in magnitude
than the formal charge states of the constituent ions and do
not reflect any observable quantity. Instead, these partitioned
charges should be viewed as a consistent means by which to
compare the charge distribution in the nanoclusters with
respect to variations in size, structure, and composition.

For the O-N nanocluster series, the average partitioned
positive Mg charge and the average partitioned negative O
charge both decrease in magnitude with increasing nanocluster
size. In the bulk olivinic limit of forsterite, Mg cations occupy
two crystallographically similar but distinct sites. Atomic
charge partitioning reveals these two types of sites to have
very slightly different positive charges. The respective bulk
limiting values (i.e., for forsterite for the O-N series and for
enstatite for the P-N series) are indicated by dashed lines in
Figure 6. A corresponding situation is found for O anions
which are found to possess slightly different negative
partitioned charges. In both cases, the respective average
partitioned charges in the O-N clusters are always higher in
magnitude than that in the bulk but approach the bulk
partitioned charge values with increasing nanocluster size.

In the bulk enstatite crystal, there are two crystallo-
graphically distinct oxygen anions with significantly different
chemical environments: (i) bridging siloxane oxygen centers
(Si—O-Si) and (ii) oxygen centers bonded to a single silicon
cation. The former oxygen center is found to have a lower
partitioned charge (—0.25 e) than the latter (—0.34 e). Both
types of oxygen can be identified in the P-N nanoclusters, and
as in the bulk, the siloxane bridging oxygen anions are
consistently less negative than the remaining oxygen centers on
average. As in the O-N case, the nanocluster-averaged
partitioned charges of these oxygen centers are more negative
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than their respective bulk counterparts and become pro-
gressively less negative with increasing N. The nanocluster-
averaged partitioned Mg cationic charges in the P-N series also
follow the general trend found for the O-N nanoclusters,
whereby the charge magnitude decreases with increasing
nanocluster size toward the bulk limits for partitioned Mg
cationic charges in forsterite. We note that unlike the Mg and
O partitioned charges, the average partitioned silicon charge
for all O-N nanoclusters remains unchanged at +0.42 e with a
standard deviation of 0.02 and a bulk value of +0.46 e. For P-N
nanoclusters, the average partitioned Si charge is +0.46 e with a
standard deviation of 0.03, while for enstatite the value is +0.51
e.
In each plot in Figure 6, we color code each individual O
and Mg partitioned charge to indicate its distance from the
center of mass of the respective nanocluster. First, this analysis
shows that the average partitioned charge values for O anions
and Mg cations result from a wide range of charge values
which, in some cases, can be lower in magnitude than the
corresponding bulk charge values. Such an extreme variation
reflects the high structural variety in nanoclusters with respect
to the ordered crystalline bulk phases. Second, we observe a
tendency for partitioned charges to be smaller in magnitude
the closer they are to the center of their respective nanocluster.
In the plots in Figure 6 we can see this by an increasing
blueness (i.e. toward smaller distances) of the data points
closer to the bulk limiting dashed lines. This can be
rationalized by noting that atoms in the interior of a
nanocluster (i.e., nonsurface) have a chemical environment
closer to the bulk, and hence they have correspondingly more
bulklike charge. With increasing size, the proportion of interior
atoms increases; therefore, the average partitioned charge
within a nanocluster for each species comes progressively
closer to the bulk limit.

Relative Energies. We employ the normalized relative
energy, E. (N) (eq 1) and first-order and second-order energy
differences, A'(N) and A*(N) (eqs 2 and 3, respectively) to
characterize the relative energetic stability of our O-N and P-N
nanosilicate clusters:

E
Erel(N) = EN - Ebulk (1)
A(N) = Ey — Ey_, - E, (2
E + E
R(N) = E., — oyt T En
( ) ‘N ) (3)

Here, Ey is the total energy of a nanocluster containing N
stoichiometric units, and Ey,y is the energy per stoichiometric
unit of the respective bulk crystalline structure.

In Figure 7, we plot the normalized relative energies for both
the O-N and P-N nanocluster series. In both cases, E,(N)
decreases monotonically from N = 1—10 with increasing size.
From a structural point of view olivine nanoclusters seem to be
closer than the pyroxene nanoclusters to the most stable bulk
phase. However, the largest O-10 nanocluster is 3.55 eV higher
in energy per unit than bulk forsterite, whereas for the same
number of units pyroxene is 2.56 eV higher in energy than the
enstatite bulk. To provide a rough estimate of the size at which
the nanosilicates become bulklike, we fit the E,(N) data with a
third-order polynomial in powers of N™'/3 (ref 49):

Eg(N) = a N3 4 a,N23 4 g,N! (4)
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Figure 7. Energy per stoichiometric unit, E(N), for the O-N
nanoclusters with respect to forsterite (left) and the P-N nanoclusters

with respect to enstatite (right). Blue data points indicate the
calculated data, and the blue lines show fits to the data following eq 4.

The resulting fitting lines based on the O-N and P-N total
energy data are shown in Figure 7. (All fitting parameters are
provided in Table S2 of the SL.) Considering, generally, that
metastable bulk polymorphs typically lie, at most, within a few
tenths of an eV per unit of the most stable bulk phase, we
assume that nanoclusters would become bulklike when E,;(N)
— Eyux < 6, where we take & to be 0.1 eV per atom. For olivine,
this criterion provides us with an approximate size of N = 860
(i.e,, 6020 atoms), whereas for pyroxene we obtain a smaller
size of N = 380 (i.e,, 1900 atoms). Although these are relatively
crude assessments, it suggests that at least a few thousand
atoms are required for nanosilicates to start to exhibit bulklike
energy stabilities. Interestingly, these estimates also suggest
that pyroxene attains a more bulklike energetic stability at
smaller sizes than olivine.

In Figure 8, we plot the first-order energy difference, A'(N),
and the second-order energy difference, A*(N), for both the

O Pyoseras

Figure 8. First-order (red line, left vertical axes) and second-order
(blue line, right vertical axes) energy differences for the O-N (left)
and P-N (right) nanoclusters.

O-N and P-N nanoclusters with respect to nanocluster size.
The first-order energy difference provides a measure of stability
for a nanocluster with N units with respect to a nanocluster of
N — 1 units and the N = 1 monomer. In this sense, A'(N) can
be thought of as a nucleation energy where more negative
values indicate an energetically favored incremental N — 1 —
N size increase and positive values indicate the converse. The
second-order energy difference measures the energy stability of
a nanocluster with N units with respect to nanoclusters with
both N — 1 and N + 1 units. For both measures, the
appearance of pronounced dips for specific values of N
confirms the particularly high relative stability of this
nanocluster size with respect to neighboring nanocluster
sizes. Values of N with high relative stability as shown by
A'(N) and A*(N) are referred to as magic numbers. Magic
number nanoclusters are found in many systems and are
usually found to have relatively high abundances in the
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distribution of nanocluster sizes in cluster beam experiments.*”
For olivine, the O-3, O-6, and O-9 sequences of nanoclusters
exhibit pronounced dips for A%(N) and, to a lesser extent, for
A'(N). These nanoclusters do not appear to have any
common structural features and have no symmetry. Of these
three nanoclusters, O-9 has the lowest values for both
measures and this is the most magic size for the olivine series.
For the pyroxene nanoclusters, although P-7 and P-9 show dips
for A'(N) and A*(N), the clearest signal of magic number
stability is for P-5, which has very pronounced dips for both
measures. Although the P-5 nanocluster has no symmetry, its
high relative stability may be linked to its relatively high Mg
cation coordination for its size (Figure sS).

We note that A'(N) and A*(N) are very sensitive measures
of the relative energy stability, and it is thus interesting to
establish whether the stability trends they predict are also valid
at finite temperatures. We note that many dust-containing
astrophysical environments (e.g,, the ISM) have rather low
temperatures (<100 K) and pressures, so the change in our 0
K results will be negligible. However, in circumstellar regions
of evolved stars,® nanosilicates are thought to start nucleating
at temperatures close to 1000 K. One may also consider the
standard laboratory conditions to be relatively extreme
compared to those of the ISM. In section S3 of the SI, we
calculate the A'(N) and A%(N) values for our P-N and O-N
nanoclusters based on their finite temperature free energies
under standard terrestrial conditions (298 K and 101 300 Pa)
and circumstellar conditions (1000 K and 0.000S Pa). From
this analysis, we can see that the general tendencies predicted
by our energetics calculated at 0 K are maintained for all O-N
nanoclusters. For the P-N nanoclusters, we see little difference
under standard conditions, but under circumstellar conditions,
the changes are more significant. In particular, we note that the
P-5 nanocluster loses its magic stability status and P-9 becomes
more magic.

Energies of Formation. The enthalpy of formation of a
bulk magnesium silicate from the binary oxides (MgO rock salt
and SiO, quartz) (AH) can be derived from

AH{™[silicate] = AH{[(MgO), (SiO,),]

— (aAH{MgO] + bAH{SiO,]) (5)
where AH{(MgO),(SiO,),] is the enthalpy of formation of
the magnesium silicate in question and AH{MgO] and
AH{SiO,] are the enthalpies of formation of the oxides, all
relative to the elements. For forsterite (Mg,SiO,), stoichio-
metric coefficients a = 2 and b = 1 are used, whereas for
enstatite (MgSiO;), one should employ a = b = 1. Using
extrapolated 0 K values from the NIST-JANAF tables of
experimental thermodynamic data®' for the three terms on the
right-hand side of eq S, we obtain AHP**[forsterite] = —0.66
eV and AHY[enstatite] = —0.38 eV. We note that these
values are within 0.01 eV of directly measured values obtained
at 970 K** Using the same level of DFT theory as for the
nanoclusters, we find AHP[forsterite] = —0.77 eV and
AHPM[enstatite] = —0.42 eV, which are in quite good
agreement with the experimental values, thus confirming the
adequacy of our DFT calculations for silicate energetics. Note
that in these theoretical values the calculated internal energies
are assumed to be a good approximation to the enthalpies (i.e.,
pV contributions are taken to be negligible). Because of the
fact that both of these silicates have distinct stoichiometries, a
direct comparison of these two values is not very informative.
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For each silicate family considered, we would like to have a
method for comparing the formation energies with their
respective bulk values which takes into account the finite size
of both the nanosilicate and the oxide components. One way
to do this is to find appropriately sized low-energy nanoclusters
of MgO and SiO, which, when brought together, form a
system with the same size and stoichiometry as for a particular
silicate nanocluster. Formally, we can describe this energy
difference (per stoichiometric unit) by

oxides
f(reactive)

AH oxides

f(reactive)

_ E[(Mg 8i,0,425)n] = (E[(MgO),y1 + E[(SiO, )y 1)
N

[nanosilicate] ~ AE, [nanosilicate]

(6)

where N is the number of stoichiometric units in the silicate
nanocluster and, as in eq 1, we have a = 2 and b = 1 for the
olivine case and a = b = 1 for the pyroxene case. Note that in
this case we compare the internal energies of a combined
system with (a + 2b)N oxygen anions with two smaller systems
containing aN and 2bN oxygen anions, respectively. In this
sense, we refer to these energies as reactive formation energies
(RFEs).

Although nanocluster RFEs can be difficult to obtain
experimentally, they can be easily evaluated using the
calculated energies of our candidate GM nanosilicates and
the corresponding GM nanoclusters for (MgO)N‘”‘54 and
(8i0,)x.”° In Figure 9, we plot the RFEs of the P-N and O-N
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Figure 9. Reactive formation energies (RFEs) for the O-N (left) and
P-N (right) silicate nanoclusters with respect to the number of
stoichiometric units. In each case, the calculated limiting value of the
calculated enthalpy of formation of the respective bulk crystalline
silicate is indicated by a dashed line (i.e., forsterite, left; enstatite,
right).

nanoclusters (blue lines) with respect to the number of units in
each nanocluster. In both cases, the RFE is initially relatively
negative because of the high energy stabilization gained from
the addition of the smallest and least stable monomeric pure
oxide species. With increasing nanocluster size, the internal
energies per unit of nanosilicates and the respective pure oxide
nanoclusters tend to increasingly stabilize toward the
corresponding bulk values. Note that, unlike the simple
normalization used to obtain the energy per unit (Figure 7)
for the nanoclusters, the RFE energies are dependent on the
stabilities of different smaller subclusters for each nanocluster
size and thus show some size-dependent fluctuations.
However, with increasing size these fluctuations will subside
and the RFE values for the P-N series and the O-N nanocluster
series will become progressively closer to the calculated bulk
enthalpies of formation for enstatite and forsterite, respectively
(dashed horizontal lines in Figure 9). Taking the largest O-10
and P-10 nanoclusters, we note that their RFE values are both

2398

91

still >1.5 €V more negative than the respective bulk AHp
values.

An alternative way to calculate silicate nanocluster formation
energies is with respect to the proportions of pure oxide
nanoclusters which contain the same number of oxygen anions
as in the silicate nanocluster in question. In such a formulation,
silicate nanoclusters are compared with oxide nanoclusters of a
similar size, thus mirroring the calculation of AHY for bulk
silicates. The equation for calculating such a “mixing”
formation energy (MFE) for nanosilicates is given in eq 7.

AH‘?T‘L‘E’:‘E)[nanosilicate] ~ AE;(’:menﬂmm)[nanosilicate]
. a 2 .
E(Mg Si,Ouap)n — (mE[(MgO)OHZB)N] + mE[(Sloz)(%M)N])
B (a+ 2b)N

™)
The results of the MFE are shown for both pyroxene and
olivine systems in Figure 10. As for the RFE values, the MFE
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Figure 10. Mixing formation energies (MFEs) of the O-N (red) and
P-N (blue) silicate nanoclusters with respect to oxygen content. The
dashed lines indicate the calculated bulk enthalpy of formation for
forsterite (red) and enstatite (blue) per oxygen atom.

equation implies that with increasing size the MFE will
approach the respective enthalpy of formation (per oxygen) of
the corresponding bulk. The MFE compares the energy of any
particular silicate nanocluster with that of a proportional mix of
pure oxide nanoclusters possessing the same number of oxygen
cations. As such, the MFE values are not dominated by the
energy liberated in a reaction of smaller pure oxide
nanoclusters and, unlike the RFE values, do not simply tend
to increase monotonically with increasing silicate nanocluster
size. Instead, starting from the smallest considered nano-
clusters, the MFE values for both pyroxene and olivine
nanoclusters initially decrease with increasing size. For
nanosilicates with more than approximately 18 oxygen cations,
the MFE values in both cases tend to then increase toward
their respective bulk limits. Curiously, although the bulk
enthalpy of formation per oxygen atom (and thus the bulk
MFE) is more negative for forsterite than for enstatite, for the
range of oxygen content considered for the nanosilicates the
MEE values are more negative for pyroxene than for olivine.
This inversion of the MFE values for small sizes has
implications for the relative stabilities of nanosilicates. For
example, if we take two silicate nanoclusters with the same
oxygen content in this inverted MFE regime, we can calculate
the total energies of the following Si/Mg exchange reactions
and compare with the corresponding bulk case (in square
brackets we also include the bulk reaction energy calculated
from data in the JANAF tables®"):

(Mg Si0,); + Si > (MgSi0)), + 2Mg, AE = —0.59 eV

DOI: 10.1021/acsearthspacechem.9b00139
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(Mg, Si0,)s + 2Si — (MgSiO)); + 4Mg, AE = —0.53 eV

(MgZSiO4)[orslerite + Si — (MgsiO}) + 2Mg,

enstatite
AE = +1.11[+1.84 eV]

These reactions imply that under nonoxidizing conditions (i.e.,
limited availability of oxygen), it is energetically favorable to
convert olivine nanoclusters to pyroxene nanoclusters via the
replacement of Mg by Si, while the analogous bulk process is
not energetically viable. In astrophysical environments, atomic
Si is often depleted into silicate dust and/or SiO molecules,
tending to reduce its availability for such processes. At low-
enough temperatures, the latter can condense into (SiO)y
nanoclusters®® which tend to segregate into O-rich (i.e, silica-
like) and Si-rich (i.e,, silicon-like) subclusters.”> Because Si—Si
bonds are much weaker than Si—O bonds, dust processing in
the ISM (e.g., shocks, sputtering) could potentially then lead to
the release of Si from the Si-rich parts of such nanograins. We
further note that careful estimates of observed Si depletions in
various regions of the ISM have recently been incorporated
into dust evolution models. This modeling leads to predictions
of the sufficient availability of atomic Si for high silicate dust
formation rates, especially in a cold neutral medium.*® Our
mechanism provides one possible route whereby such available
Si could then be (re)depleted onto olivinic nanograins, leading
to the sputtering of Mg to produce pyroxenic species. In
particular, the nanoscale thermodynamic preference for
pyroxene could provide an additional route for the observed
presence of pyroxene dust,’”*" where bulk thermodynamics
would suggest the favored formation of olivine.*’

IR Vibrational Spectra. Typical IR spectra from
amorphous astronomical silicates have two broad peaks
centered around 10 gm and 18—20 m.**® The more intense
10 um peak is associated with Si—O stretching modes, and the
weaker, longer-wavelength peak is linked to O—Si—O bending
modes. Like all silicate grains, nanosilicates will absorb infrared
(IR) radiation, and because of their ultrasmall size, they are
also subject to single-photon heating and thus are likely to
produce well-defined IR emission signatures.”” Under the
assumption that the IR wavelengths at which nanosilicates
absorb/emit are the same as those typically associated with
bulk laboratory silicates, observational spectra can place some
limitations on the potential abundance of nanosilicate species.
Assuming a single-sized population of spherical grains, for
example, the IR emission intensity with respect to wavelength
can thus be estimated for different ultrasmall grain sizes. In this
way, without violating any observational IR emission
constraints, it has been proposed that up to 15% of the silicon
in the diffuse ISM could reside in amorphous nanosilicate
grains having diameters <1 nm.” Such approaches to estimate
the IR spectra of nanosilicates are based on approximate top-
down methods in that they employ simple geometric
representations of grain shapes without atomic detail and
dielectric responses derived from those of bulk silicates. Our
DFT-based calculations allow us to directly and accurately
calculate the oscillatory atomic motions associated with IR-
active vibrational modes in our atomistically detailed silicate
structures. Herein, we use such an approach to calculate the IR
vibrational spectra for our O-N and P-N nanoclusters which all
lie in the <l-nm-diameter size regime.

A study comparing various functionals for DFT-based
calculations of the bulk forsterite crystal using a 28-atom
unit cell showed PBEO to be particularly accurate for capturing
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silicate atomic structure (differences with respect to exper-
imental parameters are typically <1%) and also for accurately
reproducing relative experimental IR oscillator strengths.®'
Reference 62 also showed that the DFT-calculated vibrational
frequencies of bulk forsterite using PBEO were consistently
slightly overestimated with respect to experimentally measured
values (by 12.3 cm™ on average). To compare our DFT-
calculated results more easily with published IR spectra of
silicate dust from astronomical observations, we convert the
frequencies directly obtained from our calculations to wave-
lengths in micrometers and add a small amount of Gaussian
broadening. We note that an average corrective frequency
downshift of 12.3 cm™" would correspond to small corrective
wavelength upshifts of only ~0.1 um for features close to 10
pm and ~0.3 um for features close to 20 ym. In Figures 11 and
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Figure 11. Calculated harmonic IR spectra for the O-N nanoclusters
with respect to wavelength (blue line). The gray shaded region spans
the wavelength range corresponding to Si—O stretching modes
calculated for the bulk forsterite crystal (where vertical orange lines
correspond to experimental peak positions of the IR reflection
spectra®®). The green shaded regions show the corresponding
wavelength range where Si—O stretching modes can be identified
for each nanocluster (note that O—Si—O bending modes can also be
found in these regions). The overlap of green and gray regions is
indicated by dark-green shading.

12, we show the uncorrected DFT-calculated IR spectra for the
O-N and P-N nanoclusters, respectively. In these figures, we
highlight the wavelength range associated with Si—O stretching
modes for the respective bulk crystal (gray area) and the
wavelengths of the corresponding main crystalline bands
within this region (red lines). With respect to the calculated
spectra of the corresponding crystalline bulk systems, in the
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Figure 12. Calculated harmonic IR spectra for P-N nanoclusters with
respect to wavelength (blue line). The gray shaded region spans the
wavelength range corresponding to Si—O stretching modes calculated
for the bulk clinoenstatite crystal (where vertical orange lines
correspond to experimental peak positions of the mass absorption
coefficients®®). The green shaded regions show the corresponding
wavelength range where Si—O stretching modes can be identified for
each nanocluster. (Note that O—Si—O bending modes can also be
found in these regions.) The overlap of green and gray regions is
indicated by dark-green shading.

nanoclusters the lower-wavelength peaks corresponding to Si—
O asymmetric stretching tend to cover a broader wavelength
range (green shading in Figures 11 and 12). These regions
tend to be reasonably symmetrically broadened in the O-N
nanoclusters with respect to that for forsterite. For the
pyroxene nanoclusters, however, the region of Si—O stretching
modes starts at a very similar wavelength to that in bulk
enstatite but then extends to much longer wavelengths (often
to >15 pm as compared to the bulk enstatite upper limit of
~12 pm). Such differences are likely due to the distinct size-
induced atomic structure of the nanoclusters (see above)
relative to the periodic atomic order found in crystalline bulk
systems.

Unlike typical IR spectra from astronomical silicate sources,
the calculated IR spectra of the individual nanoclusters clearly
have a great deal of discernible detail because of the fact that
these small nanoclusters possess a relatively small number of
vibrational degrees of freedom. This molecular-like character is
clearly more evident in the smaller clusters than in the larger
nanosilicates, where individual peaks start to overlap to form
broader features. Even for the larger nanosilicate clusters
considered, however, there are a number of significant distinct
peaks in the 8—12 yum region. It is of note that very few of the
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individual nanocluster spectra have significant IR oscillator
strengths at or very close to 10 ym (e.g,, O-10). As such, it is
not clear to what extent silicate nanoclusters would contribute
to the observed 10 ym Si—O stretching feature. We also note
that, generally, the well-defined peaks in the Si—O stretching
regions of the nanocluster spectra do not coincide with those
of the corresponding bulk crystal. In those few cases where
there is a match between nanocluster and bulk IR Si—O peaks
(e.g, for O-8 and P-8), this is clearly not due to a structural
correspondence between the two systems and is likely just a
coincidence.

For longer wavelengths, none of the pyroxene clusters
exhibit significant IR peaks beyond 15—17 pm. For the olivine
clusters, some discernible IR peaks can be found at up to 18 to
19 pm. The double-peaked spectra observed for noncrystalline
astronomical silicates are best matched by the spectra for O-N
nanoclusters, especially for N > 6. For this set of nanoclusters,
two main regions of the spectra can be distinguished: (i) a Si—
O stretching region between approximately 8 and 14 ym and
(ii) a longer-wavelength region between 14 and 21 ym. In the
latter region, the more intense peaks tend to be found in the
15—18 pm range and are thus at shorter wavelengths than
usually observed for astronomical silicate dust (i.e, 18—20
um).

We note that our reported spectra correspond only to the
lowest-energy GM silicate nanoclusters and do not currently
consider contributions from metastable nanosilicate isomers in
the size range considered. A comparison of DFT-derived IR
spectra with spectra from cluster beam experiments indicates
that the contributions from the lowest-energy cluster isomers
often dominate the measured spectra.é'4 However, in
astrophysical environments, various processing phenomena
could yield distributions of nanoclusters that are not
dominated by thermodynamics and that have contributions
from large ensembles of dust particles with diverse structures.
To begin to see the effect of mixing spectra from nanosilicate
grains with different structures and sizes, in Figure 13 we show
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Figure 13. Spectra resulting from equally weighted sums of (i) all
spectra from O-N nanoclusters in Figure 11 (left) and (ii) all spectra
from P-N nanoclusters in Figure 12 (right). Shaded bars indicate
typical wavelength ranges for the two main features assigned to
noncrystalline silicate dust.

the spectra resulting from equally weighted sums of all O-N
spectra (left) and of all P-N spectra (right). In Figure 13, we
also highlight wavelength regions typical of astronomical
silicate IR spectra with gray areas at 9.7 + 0.5 pm and at
18—20 pum. Consistent with the above discussion of IR spectra
of individual nanoclusters, in both summed spectra in Figure
13 we find that the 18—20 ym region is relatively weak and
instead we have greater intensity in the 14—18 um range. In
both spectra we also find two main peaks on either side of 10
pum rather than a single feature peaking at around 10 ym. In
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both cases, we also find a sharp feature at around 9.1 ym and a
broader set of less intense peaks spanning a wavelength range
approximately between 10.2 and 12.5 ym.

The clear difference between our calculated IR nanosilicate
spectra and those typically observed and assigned to silicate
dust raises some questions. For example, the poor match
between our calculated IR spectra and those observed in
circumstellar outflows of evolved stars (where the nucleation of
nanosilicates is thought to occur) could provide evidence that
nucleation predominantly occurs on other seed species rather
than on nanosilicates forming directly. Another possibility
could be that nanosilicates in such environments are present
but are very short-lived species (because of growth into larger
grains) and thus their net populations are very small.
Generally, our accurate calculated data for silicate nanoclusters
in the <I-nm-diameter size regime show that the assumption
that nanosilicates display IR spectra analogous to those of bulk
silicates is not always valid. As such, much care should be taken
when assessing the astronomical abundances of nanosilicates
based on bulk silicate interpretations of observed IR spectra.’

Bl CONCLUSIONS

Through the development of an IP that has been specifically
tuned for describing the structures and energetics of nano-
silicates, we perform extensive global optimization searches to
find new candidate GM isomers for olivine (Mg,SiO,)y and
pyroxene (MgSiO;)y nanoclusters for N = 1-10. Using
quantum chemical DFT calculations, we refine our search
results to obtain more accurate energies, structures, and
properties of our obtained nanosilicates. In particular, we track
the evolution of chemical structure, relative energies, energies
of formation, ionic charge distributions, and IR spectra with
nanocluster size and composition. Whenever possible we
compare these results with those from analogous accurate
calculations on bulk silicate crystals (i.e., enstatite and
forsterite).

Both O-N and P-N nanoclusters tend to have rather irregular
structures with only a few exhibiting symmetric or nearly
symmetric atomic arrangements. Although there is no
indication of crystalline structure, in all cases, some of the
larger O-N nanoclusters have all of their [SiO,]*" units as
nonpolymerized isolated species and also begin to exhibit
occasional six-coordinate Mg** cations, as found in the
corresponding bulk forsterite crystal. The sizes and structures
of our reported nanoclusters are also strongly linked to their
ionic charge distributions. We find that the magnitude of the
average atomically partitioned charges of the oxygen anions
and magnesium cations decreases with increasing size of both
O-N and P-N nanoclusters toward their respective bulk values.
However, in line with their rather irregular structures there is a
large scattering of cationic and anionic charges in all
nanoclusters.

Within the set of nanoclusters studied, we find that some
have relatively high energy stabilities with respect to other
nanoclusters of the same composition and similar size (e.g., O-
9 and P-5) and are thus predicted to be magic number clusters
at low temperatures. For larger nanoclusters, extrapolating how
the energy stability per unit of the O-N and P-N series evolves
with increasing size, we roughly estimate that a crossover to
bulklike crystalline stability would require having silicate
nanoparticles with at least ~2000 atoms (pyroxene) and
~6000 atoms (olivine). The energies of formation of our
magnesium silicate nanoclusters with respect to the reaction
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from constituent subclusters of MgO and SiO, (i.e., the RFE
values) approach the corresponding bulk crystal energies of
formation from below in a nearly monotonically increasing
fashion. The energies of formation of our silicate nanoclusters
were also calculated with respect to a normalized mixture of
MgO and SiO, nanoclusters, both with the same oxygen
content as the silicate nanocluster under consideration, (i.e.,
the MFE values). With increasing size the silicate nanocluster
MEE values should converge to the energy of formation values
per oxygen atom of the respective bulk silicate. Unlike for RFE
values, the MFE values pass through a minimum (for
nanoclusters containing 18—20 oxygen anions) before
approaching toward bulk values for larger nanocluster sizes.
For sizes near this minimum, the MFE values for pyroxene
nanoclusters are lower than those for olivine nanoclusters,
which is the inverse of the situation for the bulk energies of
formation per oxygen atom for enstatite and forsterite,
respectively. This unexpected higher stability for small
pyroxene nanoclusters relative to olivine nanoclusters, under
conditions when oxygen availability is limited, has potential
implications for astrophysical dust processing and/or for-
mation (e.g,, circumstellar environments, the ISM, and
exoplanetary atmospheres).

Finally, we report the calculated harmonic IR spectra of all
considered silicate nanoclusters. As expected from their small
size, all spectra have a number of discernible peaks. However,
in line with their noncrystalline structures, few of the peaks in
the nanosilicate spectra have wavelengths which match those
of the IR spectra from bulk silicate crystals. For the Si—O
stretching region, the O-N and P-N nanoclusters typically have
IR peaks with both longer and shorter wavelengths than those
found for forsterite and enstatite, respectively. The O—Si—O
bending band of typical IR spectra for astronomical silicates
typically covers an 18—20 um range. In the P-N nanoclusters,
we find very little intensity for the O—Si—O bending modes.
For the O-N nanoclusters, we find more significant peaks for
these modes but with the highest intensity concentrated over a
15—18 um interval. A sum of spectra for each respective
nanosilicate family confirms this general picture and also
highlights that the 10 pgm Si—O bending feature for our
nanosilicates tends to be split into two components above and
below 10 pm.

Overall, we provide a systematic bottom-up study of the
structure, energetics, and properties of stable Mg-rich nano-
silicates with both olivine and pyroxene stoichiometries. Our
results, based on accurate electronic structure calculations of
atomically detailed nanoclusters, highlight clear differences
between nanosilicates and bulk silicates and how the former
approaches the latter with increasing size. Our analyses thereby
underline the limitations of trying to understand and
rationalize the properties of ultrasmall nanosilicate grains by
using traditional top-down approaches extrapolating from bulk
silicate properties. Overall, we provide a new platform for an
accurate and detailed understanding of nanoscale silicates
which we hope will be of use in both earth and space sciences.
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Conclusions

1.

We developed a new IP (Mg-FFSIOH) tailored to perform GO for Mg-silicate
stoichiometries. From the scatter plots of the relative energy, as calculated with DFT
using the PBEO functional, versus the relative energy, as calculated with Mg-
FFSIOH, we find that there is a reasonable correlation between the two sets of
energies: r’=0.57 for (MgSi05), and r’=0.68 for (Mg,Si0,)¢. The results for this IP
outperform all commonly used IPs and gives us confidence that our presented
results are accurate

With the exception of P-1, P-2 and P-6, the rest of the P-N nanoclusters do not
present symmetry.

As with the P-N nanoclusters, the O-N nanoclusters do not show symmetry with
the exception of O-1 and O-2. The nanoclusters show some degree of
polymerization of the silica part, which is contrary to the known bulk phase Fo.
Overall, the tendency is to decrease the degree of polymerization as the nanocluster
size increases. Mg?* cations tend to be placed close to the center of the
nanocluster to increase their coordination.

The atomic charges calculated within the Hirshfeld partition scheme, the average
0O-Si-O angle, and the Mg coordination, all show values larger than bulk ones. The
importance of each of the structural descriptors in stabilizing the energy is not clear.
Although in many silicate systems the O-Si-O angle is thought to be one of the most
important factors to describe the energetic stability of the nanoclusters, the
presence of four-member rings indicate that other energetic contributions (e.g., Mg
coordination, Mg coordination shape, surface effects...) that we have not been able
to identify can play a more important role. The O-N nanoclusters are closer to the
corresponding bulk value than the P-N nanoclusters

In the P-N series, the first and second order energy differences as defined in the
paper show that the P-5 cluster is particularly stable, and thus corresponds to a
magic cluster. For the O-N nanoclusters, there is a series of magic clusters following
the 3N sizes.

Although the structural parameters seem to suggest that O-N clusters are closer to
the bulk, in terms of energy the P-N clusters are slightly closer to the bulk limit. This
is a rather surprising result since (i) Fo is thermodynamically more stable than En
and (i) for the same number of formula units, the O-N clusters have more atoms,
and therefore it would be expected to be closer to the bulk values. If the energy
comparison is done with respect to oxygen content, we find that the P-N
nanoclusters have lower energy per oxygen atom than the O-N nanoclusters, as
opposed to the bulk system.

In terms of IR spectra, although the nanoclusters are amorphous and thus would
generally be fitted with the broad 10 um feature, we show that, due to the small
number of atoms in the clusters, the IR spectrum of each individual nanocluster is

97



Chapter 10: Structure and Properties of Nanosilicates with Olivine (Mg,SiO4)n and
Pyroxene (MgSiOs)n Compositions

composed of a wide distribution of signals with no visual correspondence to those
typical of astronomical silicates. Adding together the IR spectrum for each
stoichiometry separately we can highlight the most important features and test
whether the resulting spectra would appear as a gaussian distribution. Even the
added spectra of the particles show large deviations from the expected behavior,
with several strong features appearing. The 10 um feature is shifted to lower
wavelengths and a strong wide feature at 11.5 um appears. On the other hand, we
don’t find features in the 18 to 20 um range, but rather at quite smaller wavelengths
around ~15 pum. Such results point towards the inadequacy of the usage of bulk
parameters to extrapolate the IR spectra of nanoclusters and highlights the need to
reevaluate the presence of silicates in the ISM as calculated with IR spectroscopy.

98



Part Il. Astronomical silicates

Chapter 11: Assessing the viability of silicate nanoclusters as
carriers of the anomalous microwave emission: A qguantum
mechanical study

Introduction

The Microwave radiation (i.e, from 300 MHz to 300GHz) received by radio telescopes
is composed of two main components: i) a background component, the cosmic microwave
background (CMB), assigned to echoes of early stages of the universe, and ii) foreground
components, which can be ascribed to different mechanisms: thermal emission by dust
grains, synchrotron radiation and free-free emission. However, observations in the late 90s
showed the existence of a bump in the region between 10 to 60 GHz"®"°. Some controversy
over the existence of such bump followed until its clear detection in the Perseus'® and the
p-Ophiuchus' molecular clouds. As the mechanism that caused the emission is not yet
clear, this feature has been named the Anomalous Microwave Emission (AME). Since then,
studies trying to localize the AME have shown that such emission is ubiquitous'®'% in the
ISM. Furthermore, the importance of the AME was highlighted in at least two studies which
showed that AME accounts for 25 to 45% of the radiation emitted at 23 GHz in the direction
of the galactic plane'®” ', Moreover, the AME has been recently detected in Herbig stars'®
and nearby galaxies'®.

While several hypothesis have been put forward as for which mechanism is
responsible for the AME'""""2 the mechanism that better fits the observations is the
spinning dust mechanism proposed by Draine and Lazarian'®''*, The spinning dust
mechanism uses classical mechanics to describe the emission and intensity of rotational
emission from “ultra-small dust particles” -i. e nanoclusters having radii between ~5 A to
20 A- subject to a large number of torques arising from the conditions of the ISM, such as
plasma-drag or collision with H and He ions. This mechanism is supported by several
factors. First, spatial correlation of the intensity of the AME with dust emission in the IR links
these two emissions in some manner'®'%, Second, the model predicts that the H column
density, a trace of dust growth, should be inversely proportional to the intensity of AME, as
a consequence of the coalescence of nanoclusters in large grains’®*''*''® Third, the
polarization of the AME is consistent with that of dust nanoclusters'”. Finally, the studies
done with the space telescope Planck showed that the maximum intensity of the feature is
not constant, but rather appears to be displaced towards higher frequencies, which can be

described by rotation of smaller, faster nanoclusters''®.

Although the spinning dust model fit observations particularly well, two important
caveats prevent the use of the AME to obtain properties of the environment in which it is
found. To emit radiation due to rotation, the nanoclusters require to have sufficiently large
permanent dipole moment, which is required to be larger as the size increases. Second,
the shape of the particle and the orientation of the dipole moment with respect to the
principal moments of inertia plays an important role on the intensity of the emission. The
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spinning dust model can thus work well with almost any particle type provided that the
combination of abundance-permanent dipole moment allows for large enough emissivity.

The detection of IR features associated with C-H and C-C stretching and bending
modes of polyaromatic hydrocarbons (PAHSs) -i.e, the features at 3.3, 6.2, 7.7, 8.6, 11.2
um- brought the confirmation of the presence of molecules with radius as small as 5 A8,
which could have an abundance of 5 to 10% of the C mass'?. Thus, PAHs have been
regarded as the main ultra-small species and the most likely candidate for the AME
emission. Other candidates based on carbon-based species are nanodiamonds, as
proposed by Greaves et al.'®

Instead of the dipole moment, the astrophysics community use the parameter g,
defined as g = \/LN with u being the dipole moment in Debyes, and N the number of atoms,
to describe the average dipole moment need by PAH molecules to have the required

emission. In the work of Draine'", the value of g was set to 0.4, and such value has been
implemented in the results of the Planck Collaboration'®.

B =04

N Dipole moment Selected Molecules | N Dipole moment ()
10 1.26 Benzonitrile'" 13 4,18 (1.15)

15 1.54 Ethylbenzene'® 18 0.59 (0.14)

20 1.79 Azulene'® 18 0.8 (0.19)

50 2.82 Fluorene'* 23 0.56 (0.02)

100 4 Coronene'®® 36 0 (0)

150 4.5 N-Coronene'®* 36 5.48 (0.91)

Table 5. Left: approximate dipole moment of molecules with selected N values assuming 3 = 0.4, and right, dipole
moment of some astronomically relevant PAH with the calculated [ values.

However, it is still not clear that PAHs are the carriers of the AME. PAHs are mainly
non-polar molecules as they are mostly constituted by non-polar C-H and C-C bonds. In
addition, most of the molecules are symmetric. Hence, most of the studied PAHs have very
small or even no dipole moment. In Table 5 we report the dipole moment of some pure
PAH molecules and some which contain N in their structure, as well as a list of the dipole
moment particles of size N should have in order to comply with § = 0.4. Some arguments
have been put forward in order to justify the possible large dipole moment in such grains,
such as the possibility of having radicals, charged states, or N substituted PAHs. As can
be seen in the table, N substitution allows for large values of dipole moment, but it does
not seem likely that the combination of abundance and dipole moment of such species
allows one to explain the entirety of AME emission. An important observational result is also
contrary to the PAHSs as the carriers of the AME. If PAHs were indeed the source of the
AME, the emission in the IR should be correlated with the AME emission. However, a recent
study®® has shown that this is not the case, but still found excellent correlation between
dust IR emissivity and AME emissivity.
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As PAHs are questioned as being the source of AME, research is going back to
investigate other dust species as carriers of the AME. The similar dust population between
carbonaceous and silicate dust has brought forward the possible contribution of silicates
to the AME. Since there is no experimental measure of the dipole moment of silicate
nanoclusters, two separate works®"# have tried to determine the required values of dipole
moment of silicates nanoclusters in order to account for the entirety of the AME. The two
studies arrive to similar conclusions: if the fraction of nanosilicates (Ys) is between 0.04 to
0.14, silicates could account for the entirety of the AME if 8 = 0.3 — 0.4 without violating
any other observational constraint. The presence of the dipole moment is justified by
random orientation of Si-O bonds. However, such justification does not seem likely, as SiO.
tetrahedrons are fairly rigid.

Dipole moments can be readily obtained with ab initio quantum chemical methods
for any particular structure in its ground state or in other electronic states. Thus, we have
used the results from the previous GO study to evaluate the dipole moment of our silicate
nanocluster global minima candidates. While Mg-rich silicates are generally thought to be
the most abundant silicon bearing species, molecular SiO is detected in large quantities
and in a wide variety of environments. Moreover, the SiO molecule can condense in cold
environments, as shown in the literature'?®, which appears to be the most viable route to
the formation of silicates in the ISM. Hence, (SiO)y is another potential viable carrier of the
AME. As GO of the (SiO)y molecule are readily available in the literature®, we also included
(SiO)n nanoclusters in our study.

Even if thermodynamic arguments suggest that the most stable structure should be
the most abundant, the conditions at which silicates form in different astronomical
conditions could be controlled by kinetic effects rather than thermodynamics. Thus, in
addition to the size evolution of the dipole moment we evaluate the dipole moment of a
range of 150 structures up to 1.5 eV higher in energy than the global minima candidate for
the O-6 and P-6 sizes. This test allows us to both obtain a view of the energetic distribution
of dipole moments as well as check the robustness of our results in the event that our
structures are not the global minima or in the case that astrosilicate nanoclusters are
composed of several high-lying isomers. As astrosilicates could contain Fe?t we evaluate
the effect of substituting one Mg?* cation for a Fe?* cation in all positions of the P-4
structure in order to explore the possible variations due to Fe incorporation. Finally, we also
evaluated the differences in dipole moment caused by the formation of anions (Z=-1) and
cations (Z=1), which are expected to be in abundance in some astronomical
environments®’.

Polarization of the AME and IR requires the grains to be non-spherical and some
authors’""#'% have tried to obtain plausible axial ratios of the particles based on the
observed polarization. From our calculations, the ratios of the moments of inertia can be
evaluated, and assuming ellipsoidal shapes of homogeneous density the ellipsoids semi-
axis can be calculated.

The moments of inertia, obtained directly from the structure, are also a requirement
to compute the rotational constants of the nanoclusters, which correspond to the most
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fundamental value required to evaluate the rotational spectra of molecules/nanoclusters'’,
In this work we provide the rotational constants for all the studied nanoclusters. The
calculation of the rotational spectra of rigid-rotor diatomic/linear molecules can be
computed analytically, but for asymmetric top rotors this is not the case. Yet, the spectra
of asymmetric top rotors can be computed by assuming that the rotational wavefunction
can be described as a linear combination of symmetric rotor functions'®. Free codes are
available to diagonalize the rotational Hamiltonian. In this work, we used the ASROT code
from the PROSPE website'®”® to compute the rigid-rotor energy levels and Einstein
coefficient of spontaneous emission of our nanoclusters. With the Einstein coefficient of
spontaneous emission between two states (4;;), the transition frequencies, and the
population of each rotational level obtained from Boltzmann statistics, we compute the
emissivity of our nanoclusters in every wavelength for typical MC conditions, and compare
this model with existing models based on classical mechanics. As we used the rigid-rotor
approximation to describe our spectra, in Appendix 4 we provide an estimate of the order
of magnitude difference due to the inclusion of centrifugal terms. The centrifugal constants
for the P-1, O-1 and P-2 nanoclusters are determined by anharmonic frequency

calculations as described in the paper of Barone'®, using the Gaussian code'".

Finally, the vertical ionization potential (IPy) and the vertical electron affinity (EAy) are
reported. These parameters are required to determine the charge state of the particles and
can also determine the interaction and temperature -through photoelectron emission- of
the environment in which the nanoclusters are®’.
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ABSTRACT

Namosteed silicme @us: & likely 1o be abeadane m masy atronomicad cavirvaments and it is 3 prime candidate for being the sowce of
the momadous microwave emission (AME), To maess the viability of silicate aanochssiers ax AME cariens, their detatied proporties
need % be esablshed. Using quarssm chemical calculations, wo compate the sccumate chemical and electronic srocteres of three
famebuos of nanockesiers with astropivvically relovant compositions: Mg-rich olivise (Mg SO, 1y, Mg-rick pyrosene (MgSeO, ), and
ablicon monoasde (SH00y. all in the <1 nm diameter stee repime @d for newend md 1 charge states. From these fundamental data
we directly denive the shapes, wnization potentialy, ¢lectron affinities, and dpoke moments of all meeosluders. The aspect ratio of the
nanochsiers Hechetes sipnificomtly with N foe simall sxes, bat especilly for the olivine and prrosene nanockssters, £ teods 1o stabitice
wewands ~1.3 for the largest sizes considered, These latter two namociusier famulies tend 10 have maes disinbutions consistent with
approsimately peolage ellipsoidal shopes. Our calculations reveal that the dipole momest of all our seochisters can be sshstantally
affecsed by changos in chemical drocsre (Le. differem somans for & fixed N), icaisation, and subetitution of Mg by Fe. Although all
these factors are importast, the dipole moments of osr Mg nich razocluders are always Sourd to be large enoagh to account for the
observed AME. Howeser, {S10), remoclustors are only likaly 10 be potentisl AME comribstors when they are both charged asd their
chemicad sructsnes are misotropicaily segregated. We also model the emessivaty per H of 2 represeatative (Mg SsOL ) nasod uster
by directly cdcslmeg the quarsem mochimical rotational energy drvels and assuming o dstnbution of cocupied hevels in accordance
with equkvrmm Doltzmann statistics. We compane our bottom-op resuhts with previously peblished classical models and show that &

population of shcate nasoclusters contaming ozly 1'% of the total Si budget can seproduce the AME omissiviey
Key words. dow. esunction - ISM: lines and bonds - madio continumen: [SM - radiston mechancens: general - aswochemistry -

maokcular data

1. Introduction

The momalows microwave emissson (AME) is detectod as o fore-
ground feature which typically peaks between 20 and 30 GHz
md extends over a 10-60 GHe range {Dickinson ot al. 2018). The
AME his boen observad in many astrophysical enviromments
Including the diffuse ISM {Hikdebemndt et &l 2007) and gadactic
chouds (Watson et al. 2005). It is also likely that AME is fun-
dameatally related 10 the excess microwinve emassion observed
in carcumstellar environments (Utach ¢f al 2017; Houng ¢l al.
2088; Gireaves et ul, 2008), Namosizedd dust graims, herealter refc-
rred 10 a5 nanockesters, wre expected 10 be the anigin of the AME
due to the spatial camelation of AME with regions of dest
infrared (IR) emixsion (Ade ot al. 2013; Casassus et al 2006
Fskbeiner et ol 2002). In the case of circumstelkar shells, a the-
arenical study by Rafikov (2006) showed that with our curvent
undesstanding of emission mechanism, the SAicss mecrowave
emission observed in circumstellar shells should have o large
coatribution from spinning dust. Several mechanisms could,
princaple. explain the AME depending ca the type ofgmn that
prodeces it Foo example, iron-containing nanochesers could

coaeribute doe W thesr magnetie progerties (Dralne & Laxarian
1999), whike silicae aad carbonaceous nanoclusters conld emit
due o thermal emisoon {Aglsdze et 2l 1996) indior raged

Article p

spinneng (Ali-Halmoud ¢t al. 2000; Draise & Laxarian 1999,
1998 Ericksoa 1957; Jones 2009). A recent review of available
observational evidence and astrophysical modelling concluded
that spinning dipokar sanoclusters are the most likely caese of
the AME (Dickinson ¢t al. 20081, As the gradn moalion fine mws
be rather high o accoust for the AME, studies have focused on
namoclusters with typecal diameters of <1 am.

Emitially, spinning polycyelic aromaGe bydrocarbons (PAHS)
were proposed as camdidates for the soeror of the AME
(Drwine & Lazarian 1998). Howeves, it his since deen shown
that there is no correlistioa beeween the observed IR intensi-
ties of PAHs and AME intensities (Hensbey et al. 2045), which
imples that the AME Likely onginates from ather manogrean
carrices (Hensley et al. 2015, Tibte et al. 2011; Vidal ¢t al,
2001 Although large quassities of both siticate ued carbosa-
ceous dust can be verified through thedr charactenstic IR spectr,
as yet, there is no clear cbservational evidence to ssppoet any
ane particular type of nanogsuin as the gemeral source of the
AME. Recently. carboo manodiamonds bave been put foeward
55 a possible source of AME in protoplanssary disks (Greaves
& ab 201%). From 2 botsom-ep chemical perspective, ane poten-
tial peoblem with this proposal is the origin of the necessary
dipeles in swch species, As carbon 1s inbesorely 3 nom-polar
covakently boaded material, cme must akso peovide evidence of
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an astrophysically feasible process vin whach a sufficiently hagh
dipole is producad i such potential carriers. Recently, sibicate
nuoclusters hive been peoposad &5 possibide general casriers of
the AME (Hoang ot o 2016; Hensley & Druine 2017). Here,
s the chemical bonding = silicutes is mare loaic, nanasilicales
will intrinsically tend to be polar without the need for invoking
external processes for dipoke creation,

Currently comployed models of microwave emission from
spinning mancclusters albow any type of nanograis so comribute
o the AME as long as it is sufficiently abundant and bas o large
enough dipole moment (Ak-Humood 2063; Dickinson et 2l
2008). The work of Dvsene & Lazarian (1998) established the
foundations on how 10 compate the rotsgionsl encrgy distributon
from nascclusters taking ino account the effect of severnl peo-
cesses such as grain.gas collistons, photon absorption/emission,
H: formation om the surface of the gmin, interactions with
the cic. Later modeds developed refincmwents such as
Including grain wobdding and precessson (Hoang e sl 2000,
testing the effect of asymmetnic grans (Hoang et al 2011) or
using the Fokker-Planck equinion s obtain more accurate rota-
ticoal energy destribotions (Al-Huimoud et al. 2009). Al these
sppeosches ane based on detailed siconpis 10 describe selevant
(astrejpdnyical phosomens and how they could affect rationsd
encrgy dutributions. In such works, estimates of the magnitudes
of nanogruin dipele moments are hased ca largely qualitative
top-down srguments (i.e. from general coasiderations of peop-
ertes of bul materials). The dpole moswnts derved by such
means oy be quite reasomable, however, the lack of 8 moee
quantitative and accurate basis for such estimates hisders our
abulity 20 test the valadity of vanous potential nanogran sources
of AME. In penciple, however, the microwave emassion from
spinning manoclustors can be derived directly in o more botfom-
up manoer (i.e. from their detailed chemicalsiroctemliclectronic
progerties) and thus the potential comtributions w the AME from
different sanocluster types could be caleslated and compared
thearetically.

[Geally. 00 oblgin the accwraie dipole moment of a manoclus-
Ter, one roguares ils alomistically detsbed chenmcal structare, the
wsaciated elecoonic charge distribution asd its ovemall charge.
In ceder to find stable chemical structares of nanoclusiers one
can employ global optimisation strectere searches (Catlow et al.
20000, Further, by usang quantum chearacal modelling one can
then derive the chectronic sewcture of such nunos hssaers and vio-
Ious sstroscenically relevant properties (e.2. dipole maments, IR
spectra, heat capacities. . ). Recently, following such an appeoach,
we reparted low energy structures of silicate manoclusters of
both Mg-rich olivine (Mg;SiO4)y imd pyroxene (MgSiO. )y sto-
ichiomesries with N = 110 (Escarlle et al. 200%9), and (5€0)
neoclusters with N o= 120 (Bromley et al. 2016). 1n all cases,
the largest coasidersd nanocluster size was of the onder of | am
diameter. As yadged by detections of characteristic [R tands at 10
and 18 ym, Mg-rich silicuto dust pasticles are commonly found m
# wide range of astrophysical emaroaments (Fogerty of al 2016
Kessler-Silaccs e al. 2006; Molsier et al. 2002; Waelkens et al,
195%). Based only on this high abundence, silicate nanoclusters
are a potential candidige source for the AME. Assumang that sil-
icate namoclusters comtaim 15% of the sotal Si budget in the ISM
(L2 & Draine 2001), Hoang 1 ab (2016) estimsaned that silicate
naoclusters may be able 1o explain the entrety of the oshserved
AME. Malecular SiO s also present in large gaantzies in the
ISM, and s condensation into manosized species in the cold
environment of the [SM has been shown 1o be vishle experimen-
wlly (Krasnokutski ef al, 2003). As soch, (55014 nmoclustiers
<ould also be corsiderad as a possibie contributor 1o the AME.
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Herem, we derive sccurate dipole moments (), ionizaton
poicatials (1P) and clectron aflinities (EA) directly from sccurate
quantam chenicsl calculations of stable sanoclusiers of olivine
(Mg:S80y )y, pyroxens (MgSIO: )y and (SI0)y sibicoa mesexide
for seutral, and +1 charpe stoges and for sizes up 1o 1 nm in diam-
cter. Where possshle we compare our botlom-up derived data
with provious reporied top-down modelling studies. Although
we show thal some sssamptions in the wop-Gown derivation of
nasosilicate properties are isaccurate, we confirm that nearly
dl our considered olivine and pyroxene nunochesiers do pos-
sess dipole moments with magnitades that are sufficient to lead
10 significant contributions % the AME. For all our mnoclus-
Ters we geovide e motatiosal constants sad dipele moments in
Appendix B,

To compene the emissivity of our manochusters, we employ
m altermative approach to the one generally wsed in the litera-
ture, Hereim, due o the fact that we bave calcalated the somic
sod clectronic strucsare of a range of stable sibecate ranoclus-
ters, we use this Informatson to directly calcslaze the rotationad
energy levels a2 bocomeup fashice esing quastum mechan-
ics. In this respect, our appeuach is similar to the one used for
PAHS & repocted by Ysard & Versracte (2010). [In the present
work, we apply satstical thermodynamies 10 compote the pop-
ulaticn of each rocatsanal level. [n effiece, this appeoach msumes
that all the physical processes described in the above works act
together to bring the nanoclaster rocatonal energy distribution
10 local theemodymamic eguilibrium (LTE), As such, the corrent
mesthodology shoukl be most aocurwe in vonditions where LTE
is Hkely 1o be fulfilad, soch as molecular choads or dark cloads,
and then omly requires an effective rocatsanal temperature. = a
fature work, we plan o conssder non-equilibrum conditions for
more sccurately modelling other sstrophysical envircaments.

Here we show that quascam chemicsl modelling can be
& powerful and accurae 100l foc mvestigating detalled astro-
physically relevant properties of silicate nanochsssers. Together
with constrimts from observation and laboratory stachex, our
bottwer-up approach cas complement moee tradilional wp-down
muodelling sppeosches. In particalar, we aim 0 provide meon:
secure underpiasings for essessing the properties, abundance
and astrophysecal relevance of nascsized silicmie dest.

2. Methodology

The detailed womistic sracteres of all comsiderad Mp-pece
Olivine (Mg:SI0y )y, Mg-pere Pyrasens (MgSiO:)y 2ad silicon
monoxide (S¥0)y nanoclusters (hereafter referred 10 2s O.N, PN
md Si0-N, respectively) were obtained from exteasive searches
of low energy somers as reportad in Escatllar ¢t al, (2019) and
Bromley ¢t al (2016), In cach case, the momistic and clectronic
struceare of all considered nanoclusters were optimised using
dlelectoa density fanctiomal theoey (DFT) based quantem
chemical caloalations using the hybrid PBED (Adamo & Barone
1999) lfonctional. The caloulatons were performed using the #ll-
lectron FHIFAIMS code (Blum et &1, 2009) using & Teer 1light
sonn-cestred numerical basis set which has s accuracy copgua-
rahle to a TZVP Gaussian-type orbatal bisis set (Lamie) Garcia
etal 2017).

From the masses of cach momic species und the optimizod
stomistic stroctares of the sanoclusters we can caloulane the
moments of inenka £, where 0 €y 2 and where we take:
1. = 1, > 1,. The mtics between momeses of isertia allow us o
determine the approximate shape of the nanochesters. Although
the moments of inertia are rigorousty defimed, as we are dealing
with species that comtan only & few tens of stoers, the denved
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measure of nasograin spherowdal shape shoukd be carefully
interpreted as beizg assocaated with 2 mass-weightod spatial dis-
tribution of different atoes types, 07, =1, =1, then I/, = 1
and e mass distribution can be mea(ed with & sphere. When
Lo 0y and B0 = 1, the nenocluster can be described by an
obllesphaod.vth!he&gmo‘oblmmuglvmbyﬂrm
nitude of £,/1,. Altermatively, the cise where J, > [oand 1. = [,
mmmwawuhwsplmid. with the depree of proliteness
glven by the magninsde of £/, In all other cases where the
three moments of inertia are differemt the nasocluster shape can
be classed as being between the two limeting oblate and prolate
e

The dipole moaent (2 0F cand manociuster wis dircctly com-
putad from iss calculased electron dessity and nocless posstions.
The full electron density {o{r)) is readely obtained from DFT
calculations, allowmg to compute g by

= f m(']df*z‘:z.c.m m

where the left-hand integral term corresponds to the electron
contribation o g, and the right-hamd werm swms over all nuclei AL
with nuclear charge 7,5 and position Ry, Specifically, we report
4 values for PV sad OV foe N = 1-10 and SIO-N foe N = 2-
20 in their neutrad state and = | chorged states. The 1P and EA
values were also calcelated for all nestral naneclusters. The [P
is defimed @3 the energy required o extract am electron from the
highess accupiad molecular cebital (HOMO), therefoee:

IP = AEy e = E(M*) =~ EIM), )

where E{M) is the woead caloulated encrgy of a newsral nanoclhus.
ter, M, and E(M*) is the energy of nanochuster, M, with one
ebectrom removed. The EA is defined i the eoergy redessed upon
awnchment of a free-clecton onto o nancclusier, with positive
sign meaniag o release i cosrgy, and negative sign meaning that
electrom attachment requires energy (Z2an e al. 2003). Hence, it
is calculiied as:

EA = -AE(M — M") = EIM) - E(M"), (k)]

where EQM) is the sl caloslated energy of a nestral nstoshus-
12z, M, and E(M7) I8 the energy of nanockesser, M, with one
edectron addad. This definlcon s constssent with that reponed In
Wemgartner & Draime (2001a). We note that the valoes repoeted
in this work cormespond 10 veetical EA sad 1P values (i.0. where
the nmocluster strocivee in s charged @od scutral stxle is
unchanged).

The rotetionsd spectrum of a nanccluster can be computed
quantern mechanically by calculatng the cigemvalues of the
rotatomal Hamelionian (H,). For symmetre namoclusters, the
guiar momentun operaiors (P square of the 1otal angulae
momenum, Pz space-fixed angular momentem projction on
the Z-axis, and P,: body-fixed angular momeseam projection on
the z-axis) commute with #, and thus the enengies can be found
casily (Ywrd & Verstracie 2000). However, for asymmetric lop
species, such as most of the nusoclusters in s work, the P.
aperssor does not comimete with 4, In such cises, the rotaticaal
wavefunction can be described 25 lmear cambinations of sym-
is diagonalined. Foe o complete deserption of the calculation
of such rotational spectra, we refer the reader 10 more detaiied
sources (Gardy & Cook 1984). Here, we use the ASROT soft.
ware (Kisel 2001) from the PROSPE website (Kisiel 2019} 10
compete the frequencies (v) in MHz wnd line intonsities (T} in

neo’ MHzZ 31 & given temperature (7) of each allowed teansition
using the rotatiosal canstimts (8, From the two former quasti-
ties and usizg T = JOK, we can obtuin the Einstein coefficient
of spontancous emission for the 1 — J transition {A,)) (Pickett
ol &1, 19498) as:

Ay AT dQuUTy g B Y 1148 x 107,

where v, is the transiton frequemcy between the stotes ¢ und j
in MHz, (T is the sotational patition functon at 7' = 300 K,
o s the degeneracy of the spper-stute (' = 24 # 1), E' Is the
upper stie in cm™', & is the Bolemann constaee and
1748 x 107 converts the resulting wmits 0 5’ Q,, can be
approximeled s

Pl r’. 2
Q“ & o, (ev lol‘erx)l": !,

where @, , as the rotational seerperatere for the x. gor - axis. The
Sormer approximstion of @, is valid as Jong ws 6,7 15 smaller
than unity, For osr nancclustors, the values never exoeed D.001
even with 7' = 10K, Asin the work of Ysurd & Verstraete (2H1),
the total power emutied by a specific transitica is calcalated as:

Rjy=ApEydir. &)

To obtain the powes emutted in a given astroscenical eavizon.
ment it is further required 10 add the populmion fraction of the
upper state j (3 ), the total number of nanockestees in that envi-
ronment (N} and divide by 4e to obtain the power emined per
steradian:

)

(5)

p N | -
P(J)s;t,,-v,rh-ﬁj-ﬂ,-ﬁlhar', g
where & is the Planck coustant. Fizally, the emassivity is obtained
by dividiag the given £ by the samber of hydrogen atoms (o) in
the given esviroament L /my; = Pfry). From this approach, the
mblrccpmnmm the mamber of nanockesces, he frac-
than of nascciusters in o given enengy state j and the samber off

woms. Most available models the popualation
of each rotational level by a detailed description of the physics of
cach eoveonment (Drmine & Lazoran 1998 Ali-Halmouod e al.
20065 Ysamd & Verstraete 2010, inclading ges-gradn collisions,
plasma-drag, H: formation on the surface of the nascclusters,
encrpy transfer between vibrational sed rotational stses and
several other mechanisos, Gas-grain inleractions asd energy
transfer between vibratosal and rotasonsd staees shoeld in prin-
ciple allow reaching & sttionary Estribution of the rotstional
energy. We (hos expect that (s some dense enviroaments, such
as molecalar chonds (MC), dark clowds (DC) sod reflection seh-
ulas (RN), the populations of cich rotmionsl energy level can be
approximated by statstical mechanics. The fractica of particles
in the szate | can then be computed by:

(c-t'}lf
N, T ean !
where 7 s the motational of the gram. While
the dest T wiloes in Draiew & Lazarisn {1995) correspond 0
toasd grain tempenaturss, here ae take themn w be mnochus-
ter rocasianal temperatares. In Appendix A we show how our
resalts with results from Dradne & Lazariam (1995) and
Al-Hoimouod et al, (2015) for a fctitions asymmetric PAH with
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a summber of atoms (V.o ) ogeal to 20and g = | 8D in selected
asronomical omirooments, confirmang that roeatonal energy
thermal equilibriam can repeodoce AME caleulatsons.

The fisal parameter required s the member of siticate san-
octusiers N, The works of Wesaganiner & Deaine (2001b) and
Li & Dmine (2001) provide the basis for most distributions
comployved m other theoretical stdies of AME (Hoang ef 21, 2010,
Draine & Heasley 2016, Ali-Haimowl of al, 2009), The work
of Li & Dralne (2001) pravides upper sbundance limits of sil-
icate panoclusters with radii <1 nm 0 he <I5% of the wead
Si budget, based om extrapolated IR propertics. The stady of
Wemgariner & Draioe (20015) provides a size distribuion fusc-
tion capable of reproducing the observed extinction in the Miky
Way and Magellanic Clouds, However, the woek of Hensley &
Draine (2017} and Hoang et al. (2016) suggests that the frac-
tios of smadl iimosilicase grains could be Emited by microwme
cmission cbsenations. For example. i silicate sanoclusters hive
large dipole momems, fewer manoclusiens would be needad w0
reproduce the atserved emissivities, In this work, we wntutively
explore this possibilicy by taking & representative manositicate
containing 21 atoes with Mz:Si0, compasitica (i.e. O-3) and
compating the reqaired abundssce of such nancclusters noeded
10 qualitatively reprodce the resulls of other reported stdies
for aa MC enviromment. The popolation of cur representative
nasosilicate grain is defined as the total Si asams pes H nucleon
(365x107%) as in Weingurtner & Draine (2001 b), times the frac-
tioe of Si atoms contsined in manoclusters (¥, ), divided by the
number of S atoess in ech sanochesier (3)

No=365% 107 - ¥, /3 (9)
With our sccurate chemical structures, the motaticnal con-
stunts B, are directly available from
&
8= & (i

where J, Is the momem of inertia cormespending o the one of
three arthogonal rotational axes # € 1, g,z In Appendix B we
report B, values for all our sanocheskers

The spectra dedved in this wark correspond 1o rigich-rolor
spectea under thermodynamic equilibriom ansd thos have some
intrinsic bias sowands fonger winvelengths as we do st incor-
porate the effect of centrifugad dissortion. The addition of cen-
trifugal dssaortion 1enms §s beyond the scope of the present pager
s their calcalion penerally requires significant extrs compu-
tational effort (Puzzanni et al. 2010), Nevertheless, wo estimate
the possible effect of distoetion constants, we compuiad the dis-
tortion coeflicients fram ssbarmonic frequency calcalatioos s
described in Barone (2005) for the P-1 and P-2 nanoclusters
using the Gaussian 16 code (Frisch et al. 2016), employing DFT
hased calculations with the PRED functionad and a 6-31G* hasis
set. In Appencix B we pronide on estimate of spectral change
due to the inclasion of centrifugal dissortion, which rnges from
0.2 %0 3% with increasing sixe, from the P-1 w0 O 10 nanockewer,
respectively

3. Nanocluster shape

In Fig. 1A and B, we plot LA, versus JJ1, for sll considered
nesocluster saructures in ceder o provide sn overview of their
shape distributices. In principle, amorphous grains (12, with no
long-range crystalline aomic vrder) should not have any pre-
ferred gromth directions. As such, m the shsence of external

AT pagedof 16

masotropes factors, the mtrinsic average shape of amorphous
grains 3s expected 10 be spherical. In comtrast, for example, crys-
talline grams 1end 10 cxhidin Bosged morpdodagies and are thas
Intrinsically non-spherical (Zamirmi et al. 20091, The nanocluster
structares presested in our wark e clearly not crystalline and
hence it may be expected that they would become spherical as
their size increases, Interestingly, we actwally find that many of
our silicate nasoclusters are still Garaway from being spherically
symmetric for the size mnge we consider. In geaeral, o large frac-
tion of nazoclusters is found inside the prolate area of the ploe.
The largest O-N nanoclusters are prolate with two moments of
inertia 40 larger than the smallest one. On the other hand,
the Bargest PN nuoochusters are slightly oblate but relatively
dhaser o the spherical limit, Comversely, the largest Si) man-
odusters are largely prolate. The elongation of Si0 nanoclusters
is u consequence of the side-by-side segregated niture of such
species, containing sibica-rich (S10;) wd silicoa-rich (Si) frac-
1oas respectively, wWhich causes aa clonganon of the nmociuster
structare (Broenley of al. 2014)

In Fig. 1C and D we report the shapes of two large sets of sil-
icate nanoclusters with fixed sizes and composstions bul vaniable
chemical structares. Specifically, we plot /1, veesus 17T, for
set ol 180 P-6 isomers (C) and 180 O-6 isomers (D). In these
plots, the colour code repeesents the relatlve energy of ach ise-
mer with respect to the lowest ensrgy seructure in each se1, The
random distribution of colowrs in both plots confirms the lack
of correlation between energetics and shape. The P-6 stroctures
<over a widke range of L/, sad 121, vidoes with both ratios neach-
ing up 10 3 and with respective matian values of 1.Si and 1,78,
For P-4 these too ratios are coevelated with cach other such that
the ploeted daota follow a fairly sarrow band that lays close and
parullel with the limiting prolate shape line. Only for 1./, vulues
lower than ~ 16 do we find a fow P-6 strectuses that are dom-
Insnmily ohlaee. Overall, only 200 of the particles appesr 1o be
helaw the lise that separases the prolate from oblage particles.

The 06 stractures cover 2 smaller range of shape variohbility
than the P-6 set with all 1/, and JJI, valwes being less than
2 and respective median values of 117 and 137 As i the P6
se2, the majority of the O-6 sorectures have shapes which end
10 bhe mare peulate. Here, however, the tendency is slightly less
prosoeaced with the 0.6 set, and the fraction of particies in the
oblate region is 37%.

Several stodies have ted o obtan Gust grain shapes by cal-
culating the polarreation sausad by differenly stupes! particles
wd companing it to observation. Mast models rely on spheraidal
particies, where the free parameter is the axial 10 equasoral rata,
also known as wspect rao (AR = a/b) with @ > b. Several works
have reprodocald observad pofarizalions using grains with AR
valecs of 1.33 (Gupta et al. 2005) or between | and 2 (Dvwne &
Fragsse 2009), The largest AR values are repored by Das ot al.
(2010} to be between 2 and ). Although these studies tend 0
address the shape of relatively larpe grains (i.e. size ~ 0. gm).
the evolution of AR values with increasing sice from the man-
ocluster scake wprannds can potentially help us waderstand the
origin of the shape of larger graens, The wltraseall nancclusters
coasidered hereds can be thought of as sacleation seeds for dust
growth, as considered in the works of Gobeecht et al. (2016) und
Goumans & Bromley (2012), and are s likely to influence the
shage of larger graing In Fig. 2 we report the change in the AR
values of our nanoclussers with respect % the number of atoms,
For very small namocluster sizes there s a high degree af fhac-
tuation in the AR values for all considered manochster species.
Fue the Si0-N nanoclusters (his bebaviour persasts for afl siees,
However, Tor the O-N and P-N set of namcsilicates the AR values
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Fig. 1, Ratio between the Sarpest and smallest momest of inerta (127, ) wiegh respect to $he ratio betweos the imtermediane momest of ineria 1o the
smallest one (F,0), ) for teroe selected sets of manockusters. The black arcle indicanes the ratw that dofines 2 perfiect sphere (01, = Lt = 1), whelo
the dashed lines shos the prolate 4, = {, > [, and oblane (1, = 1, < 1) limees, (A) Lowest eoergy O-N and PN sancchsters for N = 1-10 mnd
S10-N ramoclusers for ¥ = 1-20, grey arca corresponds to the plomed area in (H). (8) Zoom of the plot in (Al over a |.0-1 8 range oc both ases.

1€ 180 16 panoclustor isomens, (D) 18) O-6 namocluster isomans

¥ \J T ¥ ¥

3N & 5
Atoms
Fig. 2 Aspect sutio (AR} of O-N |, P-N md Si0-N aenoclssiens with

respect 10 the sumber of dons (n coch naeocluser. The dashod line
corresponds 0 AR = | 33 s detenmined by Gupoa e al. (2005).

' \J
60 T

seem 1o be stabilidng an larges slzes w lay ko 4 range becween 1.7
end 13 in line with the values used by Gupea et al. (205) and
Draine & Fraisee (2009) We note that these results are tenta-
live as they carrespond W a teadency derived [rom only & few
mooclusiers over 3 small sze mnge.

4. Dipole moments

The peoposal for naaosslicates being the source of the AME wis
eszablished in the works of Houng e al (2016) and Hensley &
Draine (2017). Using 2n expected fraction of silicate nanoclus-
tors refative fo the total S5 abundance in the ISM of between 0.06
od 014, they concdoded that nanosilicates coukl explain the
entirety of the obscrved AME in the ISM. In oeder (o reach (his
coaclusion it was necessary that the silicme sanoclusiers shoeld

comply with:
B = il YWNpeas 203, (an

where N is the number of atomns in the nasocluster aad 4 is
the dipole moeent m Debyes. Withont detailed accurate dists
pertainmg 10 such sanosilxates, the compliance with the above
criserion was justified by the following hypothesis: sioce the Si-O
bond is poler and the strocture of the nanasilicases is ussumed
o be random orientations of the Si.0 honds wilt
lead to the formation of a permanemt dipole in the sanosibicate.
Assuming a simple near-sphercal volume 0 00 Nogre
(ssing & bulk salicate dessity) and & fixed valse foe the dipale
moment of the S1-0 boad, & random walk can be used w estimate
valwes of p for different values of N, (Houng et al. 2016).

In the present wock, the dipole moments of our manochus-
ters are calculsied disectly from thar charge distribations (see
shore), In Fig. 3 we show the cheomical structures and change
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Fig. 3. Chesscal stracoure (kft) and doowostntie posential projected
wpoa the doctron dessity (dght) Sor most stdle (MSIO, ) P-S nan-
ochasier isomer (A), dnd Be most stable (M@.SI0 ) 04 nasocluser
womes (B Ao codowr hey. Se - yellow, O - rod, Mg — plnk The
charge deasity soserface value Is 01 &/A’, The elecwostatic posen:
tal ranges from -0.07 (olue) 1o 00T 1ped) m AU The onnge armors
indicate the direction of the dpole moment vecor,

densaty destnibutions foe the P-S and O-4 panockasers. Here,
the charpe demsaty is bounded by a surfoce which follows a
fixed charge density vadoe (i.e. a change densaty isoserface) typ-
wal for the outer region of an wom, Such isosurfaces provide
& visaal means 10 sppeeciate the detailed atomistic shage of a
nanocluster. The colouring of the isosurfaces Is proportional 1o
the cectrostatic potentsal at each poant (1., a measure of the
energy rogured o take an ckctron from xero chectric fickd w
& paint o0 the mosurfoce). The blue (negative) repaons coere-
spond to regices for which it ks more encrgetically favourshle
1o place an electron (12 indicating local excess pasitive charge),
mnd red {posative ) regions correspond 10 where 3t 1s more enerpet-
ically costly to place an clectron (indicating Jocul excess nepative
charge). Geoen reglons correspond o moee neweral arcis. Over-
all, the presence of a dipole in 2 nanocluster 1 compacihle with
spatial asymmetries of the electrostitic potential oo an isosur-
face which sarrounds the nanoclesier. Clearly, im the cises of
P-5 snnd O-4, the bloe and rad arcas do 0ol symmetrically oovey
the 1sosurfaces of cach namocluster and thus o dipole is expected
in both cases. The direction of the dipale in each case is shown
by an mTow.

We notie tht the Si cations always sit centradly with respect
10 four tetrahadenlly bondald O andons sed are thes always inshde
the manoclusters. Perfectly symmeenic [SI04]* tetmhedra pos-
sexs mo dipale moment (& the dipoles of the four 5320 bonds
cancel each other) and thus would sot contribute o e overull
dipole moment of & maooclusier, o our small nesoclusters, thee
silica setrubedrs caly display small deviations from their ideal
structare (Escatllar et al 2049) and thus do not tend to make a
significant contribution to the overall calcufated dipade moments.
We also noee that, although e stroctares of sifkale sanociskss
wre non-crysiadling, often we thad some [SI0,]* erahodm tha
we orentaticaally aligned (see atoméstic stractures in Fig. 3).
Onerall, the presence of karge dipole momenes in nanosshcates is
chearly mot simply due 1o rndom orientitions of Si-D bonds as
sugpested by other wuthors (Howng e al, 2006),

laspecting the atcenistic stroctares of cur nascoclusters and
their associmed electrostatic potential we find that generally the
reginns with kargest negalive electrostatic podential cornespond
10 sarface Mp™ cations positions, while aress of positive efec-
trostatic potential are assoclated with surface caypen anions
locations. This teadency can be understood from the lower num-
ber of acighbours for ions ot the mnocloster surface wnd a
resultant fowering of the shielding of the electrostanc Geld for
these soms in drections e from the nasoclestier. Asymme-
tries in the positions of anions and caticns near & sanocluster
surfoce will thes tend to produce am overall nomocluster dipole.
Coaversely, the short-range dipoles doe 10 akernating charges
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of cations and assors within the nasccluster will tend to be
both counterscted by dipoles of neighbouring ion peérs andior
be shuzbded by the polarisation of the sureunding charge density.
The energetic stabelity of 2 silicate nanocluster mainly depends
oa the number and strength of interactions doe to icasc bond-
mg. Although asymmetric arrangements of calmes and o
tend to give rise wo dipoles, geneeally (n a senal] nasocluster the
enerpetic cast 1 maintain a overall dipele is cutweighed by the
sam of boading interaction energies. Overall, we find that only
vory fow namocluster isomers have symmetric slomistic strec-
tures which miurally lead 1o & 260 overall dipole. In our set
of lowest energy nanoclusters, the P-6 nanociuster Is a0 exam-
ple of 2 symmetric structure with no dipode. To highlight thes
s not 2 typical situstion, in Fg. 4A we plot the relative ener-
getic sabilitics sgainst the dipole moments of 18D Jow encrgy
(MBSO isomers, deardy showing the seceadously low dipole
of the P-6 structere. Similarly, foe olivine nanoclusters is Pig. 48
we show the analogous plot for 180 low energy (Mg Si0, ), iso-
mers where the Jowest energy 0-6 panochester has a finite dipole
and where anly two metastable isomers have dpoke moments
close o zero. In both ceses, we acte that gheee Is no corre-
latsom between refative esergetic stability and dipole momest,
confinming tha the energetic cost of maintaising a dipole in
vanosilicates 1 small comparad %0 the iternal bonding encrgy,
While the Jowest energy nanocieser structure would be the
most populated = thermodynamic agellibrium, processing
astronomical environments could generate metasiable isomers
which can be Kinctcally trapped foe long persods of time, As
sach, rather than e dipole moment of only the lowest encrgy
manocluster, u better averall estimate of the dipole possessed
by astronomical nancsilicates may be 10 take an average dipole
moment over @ set of nanocleser isomers. [s Figs. 4A and B
the vertical red &shed lines indicate the median of the dipole
momnent all corresponding somens. In both cases, the median
dipale value is foand 10 be larger than the dipole moment of
the ive lowest emergy nanocluster. Although this result is
eapecial for the P-6 case for which the dipole moment is 2ero,
the dipole moment the O-6 manoclusicr is abso sagmificantly lower
than the mediaa value. These results indicate that our cakeulated
dipole moments for the lowest energy nanocluster for each size
is likely 10 be a lower bound estimate wyth respect 10 a average
valoe tken with respect 30 masy banoclusser jsomers for ths
stze, In Fg. 4C we compuase the g (Debye) valnes agaiest nueber
of atoms (N, 00, ) for all our O-N, P-N pnd Si0-N nasoclusters i
their neutral state. The grey shaded area in the plot highhights the
vegion for which sanosilicates would not sigeé icantly contribute
10 1he AME (L2, 1N pem ) < B NN ey o 8=003), a5 cslimared
in previous studies (Hensley & Dralne 2007; Hoang et al. 2046).
The biack dashed lines mdicate the previously estimated wpper
and lower limats for dipole moments (12, f= 10 and f=0.3)
for nandsilicaes in Ihe 1Wo previous references. These upper and
Sorwer limins are abso mdicanad in Fags. 4A and B by vertcal black
dashad lines. Overall, the o(N,...) valucs of the olivine and
pyrexene nanockesters show Jitthe rogularity with respect to size.
The (o N ga? valoes of the smaller P-N and O-N nanoclusters
bave some tendency o Ouctste more 3 smaller sizes proda-
by doc w the greaer peoportion of surface to intenor atoms
in such species. The 04 namocluster has a particularly large
dipole moment for its size, winch is even larger than thae of the
O-1 nasoclusier, As noted shove, the ocigin of sach large dipole
moument seems 10 be the presence of a kew coordinaed surface
Mgz cation (see Fig. 1) which is not coamerncted by any other
wom. Gemerally, the magority of O-¥ asd P-N sanoclusters (excopt
for the symmetric P-2 and P-6 nanociusters) possess @ valves,
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and 006 teomers (8). In cads phoe, the Bk dashed Eaes mdicate the lowest and Righed previoanly esmstod dipole ssoments for nasilicases
(Hoeng et al, 206, while the red dashed lines mark the mediza value calculaiad for cech data st () Dipole moments @ foe O-N (red cindles),
PN (blue triangles) and SiO-N (green squass ) ssaoclesdens with sespoct 10 the aussber of atoms N The blue sl red croases comrespond 1o
the swverags dipole @ vadues for @e P6 and O-6 momer shown in (A) sad (F) with the ermor han indicating the vieiance in g vaduey for cach sl The
prey shadal area cornsponds 0 e region when: the digale monmest is w00 saall foe sssoaliciles o costribale sehwantally o the AME. The two

codey brex corpespond s the limets in (A) and (8)

which, although varying in 4 rather irvegudar manner, sre shonve
the lower value deemed sigmaficant for contributing to the AME
(Le. F=0.3). Many of these namoclusters bave dipole moments
that are close %0, and sometimes above, the upper estimated limit
(1.e foe 5= 1.0} for manosalicales. As noted above, 35 our @ values
see calculated for the lowes! encrgy manoclhusiers, this mcans that
they are Hkely lower sstimates of median dipode moments for
each size and composition. In Fig. 4C we also include median
end variance of the set of g valves for MgSiOyle (Mo, =
30) and (Mz=Si04)s (Npeww = 42) isomers plotied in Figs. 4A
wd B, Is both cases, e dipole mamest of the ariginal ket
energy nanociusser would be shified w near o above the pota-
ticnal upper limit line. Clearly, however, whether we take median
u values or mot. our Mg-rich olivize and pyraxene nanoclusters
harve dipoles that are sufficiently Large %o significantly contribute
10 the AME

Io canrast 1o the O-N and P-V specics, the nesenl SIO-N sa-

nockesters generally display sigaificantly lower dipole maments

making them kess likely o contribute @ the AME, For many of
the $10-N nanochasters the u values are an, or helow, the lower
limat for AME significance. Ouly five of the nineteen S1O-N man-
oclusters considered have sufficiently large dapole moments to
be above this limit. The zero dipole of the first few S¥O-V man-
ociusion <in be sscribod w teir symmetr i structures, However,
toe larger sizes (SI0)y nanochesaces tend 30 structunlly segre-
gate into axypea-rich (1.e. Si0;-like) and silicea-rich regioes = a
side-by-side fashson (Bromicy et al. 2016). Although, such senac-
tures are seitably asymmetric for possessing a large dipole. in the
neutral stine charge does not tend 10 Jocalise on cither segregated
region. As soch the anly lonic charge shalance come from the
humiuofSiOMh&cmy?m‘rﬂmmnﬁh,indw
shsence of neework disrupting Mg™ icas, tend to form symmet-
ric (Si0), rings and (Si0 1" tetrahedny, both of which possess
very low dipole momems,

As moded sborve, ISM silicates are likely 10 contain & sl
fraction of Fe™* i their chemical structure, which has heen
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Fig. 5. Stucture of the P4 nunoclusier with e diffesent cation
positions labelled.

Table L Dipole moesent variagon of the P-4 structure by sebaiouting
ooe Mg™ by e Fe?' 1o ench of e foor Afereat skes (O 1 o C4)

Strctwre (D) Ap{D)
Original P4 283 000
FeC- 355 «m
Fe C-2 156 -7
Fe C3 306 «023
Fe C4 24 D49
Fo meim 263 02

wssuened o explan the poleization of stelighe 2ad polarized
emission from alignad dust gruins {Hoang et . 2010}, Although
the peesent wock does not deal with polarisation, the inclusion
of Fe* exadd nevertheless affiect the calewlated dipole moments
of the manoclusiers. As a 1ot case we evaluse the chasge in
the dipole moment induced by sohatituting one Mg’ cution
by a Fe catiom in the P-4 namocluster in ull four symmetri-
cully inequavalent positions, C-1 10 C-4 (see Fig 51 We nowe
thig the esergetic stability of Fe'* substitution @ cach of the
pasitioas is very similar (difference of <02 ¢V) 2ad cthus all
could be occupied in a population of Fe™ -substitoed P-4 naz-
oclmiers, In Table | we show the dipole momeats of the P-4
nanocluster with each € Mp?' cation substguied by a Fe'*
catica. The results show that the dipode momem of the Fe-
substituted small P-4 manockuster can both increase and decrease
with respect 1o the Mg-pare original P-4 sarwcture. In this cise,
we find o maximues vardaion of ~1.27 Debyes, Althowgh in
this extreme case the dipole reduction is signiscant, the total
dipole moment is still .56 andd thes the manocluster
would stifl be a viable cacrier of the AME, Oversll, in thas test
case, the range and sverage change of dipole moment due
Fe-substitution would not he significane campared 10 the dipole
variation expected due to structurul isomerisation (see Figs. 4A
and B).

Chaging of sanoctasers will also affect chelr electronc
strocture and hence their corresponding dipole moment. In adds.
tion, an excess charge can significantly affect the inseraction
between a nasoclusier and ws emvevament, wfluencing, foe
instance, the collisional crass-section ar the gesin empenture,
Ia Draise & Lazarian (1998), the effect of grain charging oa the
dipole 1s modelled by assumming that the extra charge is Jocalized
aver o region of the grain with the charge centrosd disphiced from
the centre of miss by 1% of the grsen radius (soe also Purcell
1575). Such 2 localized charge would then 0dd to the intrinsac
dipole moment by Ay = en, Ze, with ¢ = 0.0] being the displace-
ment of the charge centroid with respect 10 The centre of miss, a,
the grals rdius wod Ze the gruin charge. The overall pradicoed
effect is that charging 2 gramn increases its dipole moment by
2 small amount. In Fig. & we repont the difference in dipole

AT page Kof 16

A} 1504
1254
1004
7514
504

1 20N

2 ol
254
501
759
10047

$ 0 1% W 25 N X W0

Atoms

B) 150+
1254
1004
759
504

-
2049

Fymwssre
- foor:
= Cotorm

and - - - -

25/

504 /

25 ..'

W
5 10 152020 20 ) 4) 43 W0
Atoms

Paon = dactw

804
1289

1004
AL
/

254 ™ ‘
204
-S04 / \I 'f'
7.5+ M

Wice = 1ol

10.0 deyr—yp—y o —
10 20 30 40 5 & 7O
Atoms

Fig. 6. Digok: moment (Debye) difference Setweon o (rad Gncles:
aionic, Mo triangles: cationic) and oectral states for the SO,

ad olivise nanocduwens. The dashod line 0o the morease of
dipole moment psng the model of Deaine £ Locwrion (19959) md usksg

the lafpest nanociusier axis 1o project the Ssplacemene.

moment in the +1 swomcltionic Mates of cur namoclusters
with respeet 10 that of cormesponding nessral nanoclusters where
the dashed lines iodicate the increase i dapole predictod by clas-
sical top-down modelling (Drasme & Lazanian 1998). Clearly. in
nearly all cases the chamges in dipole we observe in our quastam
chemacal calculations ane sspmficantly Jarger sad Jess reguliar m
magnitude with respect 1o size and ¢ than the clas-
scal estimanes. Typical changes in the dipole moment for the
classical model are of the order 0f 0.2 D. Thus, due to the kirge
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Fig. 7. Ohemicad stractures of ationic ssooclesizns for (A) (SI0), and
{5} (5100, nanochumers. The blick dots pead 1o the of
meos. Ouygens are shown ss eed, while silicon is shown e sellow o
preen. The gprees ooloer indicates that the 53 contee in (uestios ciarpe
posseises & Lager than menge pegive Charge.

range in the difference of dipofe momeats in Fig. 6 the pre.
diction of classacul model appears as a horizonesd e Cose 10
o, Even thoogh it seems inmitive thet ackling o chiege
& manochester would incresse its Spole moeoent, the results of
our accurate clectronic stnacture calculations show that this is
not necessarily the case. In fact, foe most of the O-V sod P-V
nanoclusters o change in the charge staee results in 2 dimis.
ished dipale mamese, sugpesting that the added charge allocates
itself %0 counteract the exissing dipole of the neutral nanoclus-
ter. This is most clearly exhibited for the O-4 nanochesser winch,
o neutral nanccluster, his a lage Gpole moment. Howewr,
omce the O-4 manccluster becomes charged most of the dipoke
moment is counteracied. Converscly, changed SiO-N nnoocius-
1ers with N 2 10 exhibit large and consistent inceeases in their
dipole moments. The reason for such behsviour in these nea-
ochaszers is their asymmetric segregated natere. Adthough in the
neutral charge-balanced state these segregated namoclusters have
low dipole moments (see above | excess charpe localizes on either
the O-rich or Si-rch side of the nanocluster giviag rise o a
spatially asymmetric charge distribution and e pencration of
» significset dipole moment, We note that for N < W the S/0-V
nanoclustens Bave & more symmesnic structure smd the sckditional
charge is distribosed in 3 more balsscod wiy, thus oot ading o
Ierpe dipoke incresses. In Fig, 7 we show siructores of the (560,
wnd (S10), nancclusters, where we colour in green the moms
thint receive most of the electran dessaty from an added elec
tron. The (S¥0); cluster distributes the electron demsaty on three
peripheral Siomoms in g symmetric fishion that leads w link
change in the overall dipale mament. However, in the (540),,
nanccluster the sdded clectron is completely localized on the
Se-rich region which generates a large differemce between the
contre of mass ad centre of charpe, dramstically mcreasing
the dipole maome,

5. lonization potentials and electron atfinities

Fram our quantum chemical calculations we can also extract the
electrom affinizy (EA) and the ionization potersial (1P) of cur
nanoclusters, These two parameters cum be used % help under-
siand the charge state of the nunochegers in varioos astrophysical
enviconments i well as 1o determine the tempersture of the ISM
(Weingarmer & Druine 2Mia). Figere 8 peovides the [P and
EA values of the O-N, P-N and Si0O-¥ nanochusters venus their
raddius in A. Here we cakoulate the radies using the sverage of the
moments of kpertia (L modelling the nssocluster as & sphere
with bomogeneoes density ). Although cur manoclasiers are not

pertectly spherical (see above) we convert them o 2 spherical

siape in onder 10 better compase our 1P and EA values with val-
uey caleulssed iving the classacal electrostalic bused oouaticns
reported in Weagartner & Druine (2001a). For the [P values, the
descrepancies between owr quamtum chemécal calculations and
clussical electrostatic estimates are largest for both the smallest
O-1 und P-1 nanociusters (>3 5 ¢V, With increasing manoclus-
ter shze our calculged 1P values foc the O-N and P-N serles
grodaally decrease Enearly with respect to the nanocluster radias
whereas the classical electrostitic valves decresse propartionally
o e inverse namocluster radbus, For the P-N sot of nimoclusters,
our ceculated values meet the classacal estimaled tendency o1 &
rudius of ~4.0 A and macch well w 1o 2 radius of ~4.7 A. For
the O.¥ manochssters, the IP values as predicted by our gean-
tum chemmical calcalations temd to be approximately 0.5 eV lower
than those of the P-N nanociesers, As such, the TP valecs for the
O-N nasoclusters woakd likely match the classical prediction
nanochuster shze larger than of thase considesed in this study (for
the P-10 manocluster the difference is ~0.5 eV), For the SiO-N
manociusters our calosdated 1P values ane always significantly
below the classicad appracamation, where, even for the larges
seven S:O-N nanoclusters, the difference is >3 eV,

The quamtum chesmically calculated EA values for both
O-N and P-N manoclusters appear %0 Sollow 2 similir gradu-
ally decreasing tendency with respect 1o incseasing radius, with
both sets of values seeming vo reach & platess al D86 eV for the
Largest sizes. Conversely, the classical electrastatic values follow
# megative inverse radius relitionship with respect 1o manoclus-
ter radins which crosses the limiting plateas EA vadoe over o
ractres range of ~3-5 A Moving above and beknw this nanoclus-
ter sixe range the discrepancy between the classical electrostatic
peedicted EA valoes and the quantum chemical values increases.
For the Si0-N nmoclusters the general tendency is for the EA
values o incresse in & Birly consiment Sashiom with respect ©
the classical sppeoximation, Generally, the magnatudes of the
cakulated EA values for smalles Si0-¥ manoclusters tend 10 be
higher than those predicted by the classical estimaies. However,
for the laper SE0-N nanochaders, foe ¥ = 10-19, the caleulated
EA vadses oscillate above and hedow the classical prediction,

The [P and BEA values repocted by Weinganner & Dralne
(20012) are used for silicate nanocluster sizes with a >3.5 A
(see solid portion of bleck tines in Fig. §) Comgaring osr cal-
culmed IP values with those of Weinganner & Draine (2H04)
in this segion for the O-X and P-N nanoclusters we obtain max-
imal differences of ~ | eV for nascclusters of 3.5 A rafius and
~05 ¢V for a5 A radius. However. for the SiO-N nmoclusters
the respective energetic Sffersaces are ~6 and ~4 &V, For the
EA wvalues, the corresponding ensrgy differences for the O-N and
PN nanoclusters are <0.5 eV for nancclusters of 3.5 A radies,
and -8 eV for 5 A rading manocluster. For the SIO-N manoclus-
ters the respective energy Efferences are ~3 and ~0.5¢V.

In general, the size dependence of the values of the 1P and
EA as peedicted by classical electrostatic arguments 3s not
very good overall agreement with that of more accurate quan-
tum chemical calculations. However, for O-N and P-N silicale
manociusiers with 2 adius close 10 ~4 A the masch between the
EA and [P valoes from the two types of calcolations is quite
reasonohle For the IP values this match is fairly well main.
tined for Loger sanoclusier sizes, wheness for the BA values
the compespomdencs deserioemes. Foe the SIO-N nanociusters our
quantum chemically caiculmad 1P valaes are always significascly
below those predicted by the classical appraximation although
for Farper sizes the EA values predicted by both methods tend 0
e in choser ngresment
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6. Microwave emission

The gaantum mechumcal derived data m this work allows us to
derive the macromanve emissson of our nasosilicates. Figure 9
shows the predicted emissivity of a populatica of represen-
tative O-3 nanoclusters under genoral assamed comditions of
MCs as deseribed in Dyvaine & Lazarian (1998), using three
rocansonal tempesseares of T =Ty = 10, 20 and 40 K and
containing & fraction of 1% of wtal Si. Thex, the only differ.
cnce m the three models cormesponds to changes in seanperatare.
As expected, an imcrease m ure cuses an increase of
cmissivity und peak frequency. For the iempersture of 20 K,
both peak positson and emissivity 2ee i very good agreemese
with the models of Draine & Lazarian (1998, model DLSS) und
Ali-Hatmond et al. (2009, model AHHD). Again. we highlight
that both cited methodologies compuie the rotsticnal distributyon
of the grains by estimanng the inflsence of numernces phys-
lcal processes involved o accelerating and decelerating grain

ATL page 10 of 16

rotatyon. Thes, such models can be apphed to & wide range of
covironments whese rotation may be above or below the thermal
rotatson rle. Seversl parameters are required for such models,
bath foe the eavironmens and the grain. Nevertheless, in some
crcumstances, the rocatsonal encrgy diserdvation wild still follow
the Boltzmann distribation. In Appendix A we show that, wader
peneral MC conditions, the present study under the wassump-
tion of LTE slightly overestimiies the cmissicn in companson
with the detailed mdels of DLSS and AHHD by <40%. On
the other haad, the O-3 sanociusier possesses one of the ket
non-zers dipoles mamenes s our considered set of nasocluster
isomers. In Fig. 4 we show that the average dipole momeats
of a populstion of ™6 and O-6 manociusier wsomers is Sarger
than that of the lowest emergy -6 snd O-6 panochusier 1s0-
mer, Assuming thas Is & general iendency, we should then use
& larger dipole moment value for a representative average 0.3
naocluster. Doing 50 would caose the cakulated emission o
be larper than shown in Fig. 9 and would imply that a lower
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shundince of manodestiers would be rogurad 10 peoduce this
cmission.

Li & Draine (20013 argoed that silicale nanoclusters with
diameters <1.0 nm radii could not contaim more than 15% of
Si in the ISM kased ca the lack of IR signatures attriboted
10 silicaes. Basad oo this cosstraint, Hessdey & Drwine (2017)
and Hoang e al. (2016) argeed that the engirety of the AME
could be mtributed to soch silicate nunoclusters as long as they
possoss sufficiently farge dipole moments. We note that such
constrainls should be viewwsd with cation & the IR spectra
of salicate nanoclustens cam pot gencrally be exiragolaied from
those of bulk silicates (Zamurn et al. 2019; Escadlar e al. 2019).
Herein, baving access to the sibcalz manocluster dipole moment,
we can, instead, find the appeopriate popelibon of nanochus-
1ers har would be requirad 10 account S (e observed AME.
Our modelling requires only 1% of the weal SI badget w repro-
duce AME predictioes of other models in MCs. I this way, we
have an alternative bottom-up constraint on silicate sanocluster
abundances bised on mectow e observation,

As soted in Deaine & Lazarian (1998), 1he wse of classical
mechanics 10 describe the microwave emussion can be justiied
if @ grain is above a cerain sixe or temperature. However, scv-
eral of our graims sre small enough to be effectively considered
molocubes, such & P-1, O-1 and a freaction of the smaller S10-
N species. In addition, the hegh resalution achievable by radio
iehescopes (eg. 0.4 MHz, All-Halmood e al 2043) recpaires
us to evaluate the possibility that. even if the overall
shape of the emissson can be descnbed by clussical mechie-
i, At such high resolegions some hint of strectere could also
be found. Although 2 fall analysis of the macrowave specera of
the namoclusters s beyond the scope of the presemt work, in
Fg 10 wo show the caloalated sormalized (10, strengths are
relative 10 the most intense ignal) microwave spect foe the
small P-1, O-1, -2 and O-3 nanoclusters at MC coadzions

(20 K rutational lemperature). -2 was not comsidered as its bagh
symmetry Iy 00 8 zero dipole mooment, md thus o emis-
seom, We find that the P-1 shows & complicased pattern
of well.separated peaks {see Fig. 10A) with oo clear constant
fine-separation. The O-1 nanochester also shows molecular-like
cmission spectrum, bt in this case the muin peaks are much
e consistent sbowing 4 spacing of ~1H GHz, Wah iscreas-
ing ranocluster skze, the density of states incresses and the peak
separation becomes smaller and the spectra become an almost
canlinuous (see Fig, 10D),

In Fg. 11, we compare the macrowine CIpmssion spodtrs
of Mg pere clivine and pyraxene nanoclusters with three sizes
(small: coe manomenic unit of olivine and pyroxene, medium:
Pl and O3 nanochusters contaizang 20 and 21 atoens respec-
tively, and karge: P-10 and O-10 sanockesiers, comsining S0 and
0 aoms respectivedy) lo conditions represestative of MCs (T =
20 K). The fraction of the total Si budget in the naaoclusters
':sutxntobv I‘l«fonhem«ﬁ-m.dlugeumochmmd
107 for the ssmallest ones. Willh increasing size we fimd that the
emissivity rapidly decresses, The plots in Fig. 1] show fhat, &5
expecied, an increase in mass i correlated with a decrease in the
magnitede of the rmtational coastants (see Table B.1), and thus o
smaller spacing of the rotational levels. Hence, the spectral peaks
are displaced somands lower freguencies with an lecreasing num-
ber of atoms. 1t is chear from Fig. 11 that the microwave emission
froan all the sanoclusters in the skze range we consider overlups
with the cbserved frequency range of the AME at T=20 K. The
sanaliest namoc lusters have emissson covering most of the obsery-
able AME frequency range but 1end to peak an higher frequencics
than those cbserved. At 20 K, we find that the emissivity of the
smallest Pl and O-1 sanoclusters peaks 2t 2 frequency close
to 100 GHe. As AME chservations generally have a maximem
emissivity in the range hetween 20 sed 30 GHz, it follows tha
the pogulation fracton of the O-1 and P-1 nanochasers must
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be smaller thas the 107 used in o modelling. Conversely,
from Figs. % and 11 &t can be seen that Mg-rich silicsme san-
ocleters contining 20 o 30 atoms can best account for the
observed AME speciral shape in MC conditions Sinoe karger
otatceal femperstares ply emission @ higher frequencics,
larger nanochesters (~50 1o 70 atoms) could also then be signif.
icant coatributors 2o the AME. With respect 1o observation, the
monomens species P-1 and O-1 woeld sppear as the most cas-
ily detectabie species due o the laege separalion betwoen their
spectral peaks and their large emissivities.

7. Conclusions

While the evidence that small spinning dust grains are the source
of the AME seems o be well established, the nature of the
potentiad panosized carriers is stif) under discussioa. In this work
we perform accurate bottom-up quantum chemical caloulatsons
of the propertics of astronomically selevant silicate chustery of

Mg 520, (olivime), MgSiO, {(pyroxene) and Si0 (slicon moaox-

ide} with diameters <1 nm, with the maim aim of clarifying their

importance as carners of the AME, Our resulss provide strong
evidence that silicate sanockesiers, of greseal, woald be a major
component of the AME. Specifically, our results show thaa:

L Mg-rich olivine and pyroxens silicate nanoclesaers e
mainly profate shaped, with no chear tendency %o become
spierical with incseasing size.

The size dependency of 1P wd EA values calculmed by

classical electrostatic estimanes are generally not in good

agreemesz with those from quantum chemical caloslations.

However. for olivine and pyroxeme nmmoclusters with radia

close 10 4 A the sgreement between both appeosches &

reascaable.

L. Tee dipole moments of neatral Mg-rich silicate clusters of
both olivine (Mg=Si0y) ad pyragene (MgSiOy) compaosi-
tons we lape and well abne the estimaned minisssm for
silicates to comribate w the AME. Our stutlstical salysls of
dipole moments for over 180 nanocluster isomer stroctuses
for two stzes, (MgaSiOg)y and (MgSi04 ), shows less than
4% hive a dipole moment bedow the required vadoes. 510
clusters om the other hand tend 10 have much kower dipole
moments and are Jess likely to be significast cootribanars to
the AME.
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4. Changng the charge stase of the nanochssters can sigmifi.
cantly increase or decrease the dipole maoment of a neutral
wanoclusicr. For O-¥ and P-N sanoclusters and the smadles
SIO-N particles (with N < 10) waisason generally lowers
the dipole moment of the parucle, although the resulting
dipoles are sl lange enough to significantly contribute %o
the AME, For the segregated SiO-N partickes (N > 10) the
chiege is pencrally localizad in the Si-rich part of the san-
ocluster, generuting a large separation between the ceatre
of mass and cestre of charge, thus increasng the dipole
mamest, In sech circemstances, Garged SiO-N nasoclusters
Pave larger dipole moments than simidar sized magnesiam
silicate nanochesters.

S. Substissting a small fraction of Mg®™* cations by Fe®* cations
can both increase or decregse the dipode moment of 3 mugoe-
stum silicase nanoclusier. Althoagh this effect cin be Eirly
large for individual substitations, it appears that the overadl
effect does not tend to significanely diminesh the magnitude
of mnudusla dipole mwoemenis. In particubir, consaderation
of Fe™ is very wnlikely 10 afToct our overall conlirmition thw
silicate sanociusiers bave sufficiemly large dipode momests
to be carmiers of the AME

6 Using a Boltzmann distribution to describe the population
of the rotational leveds we find that we only reqaire 1% of
the totad S| sbundunce o be coatained In Mg-nch silicate
manoclusters in oader 1o reproduce the resules of previously
published AME models, Thus, we fnd that the abundumcy
of silicate sanoclhusiers i betier constraimed by microwine
spectra than IR spectrn

7. By virtwe of their detathed and, in principle, resolvable
microwave emission spectra, smaller silxwe namoclusters
(eg. P-1, O-1, O-2 sad any womer hawviog <X aloms) aoe
poimary candidaies that could peovide dicect observable evi-
dence of sibcale nanochasers in differeat 1SM phases as well
as to allow determine chast \emperateres.
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Chapter 11: Assessing the viability of silicate nanoclusters as carriers of the anomalous
microwave emission: A quantum mechanical study

Conclusions

1.

Mg-rich silicate nanoclusters of up to 1 nm in diameter are mainly prolate, with no
tendency to become spherical with increasing size. The aspect ratio of these
nanoclusters seems to evolve towards a value of 1.33 as their size increases.

The IP and EA values of Mg-rich silicate nanoclusters differ substantially from values
calculated from classical electrostatics assuming perfectly spherical clusters. For
clusters having a radius of 4 A the agreement between the values calculated by
quantum and classical methods is reasonably good.

The dipole moments calculated from DFT methods from all considered Mg-rich
silicate nanoclusters are in line with the required values to account for the entirety
of the observed AME. Only some nanoclusters with high symmetry have zero dipole
moment. (SiO)y on the other hand do not appear to have the appropriate dipole
moments for small sizes, and only the largest segregated (SiO)n nanoclusters could
play some role in accounting for the AME.

An analysis of large sets of nanoclusters (~180 isomers) of O-6 and P-6 shows that
the variability in dipole moment with respect to nanocluster structure is large.
However, only a small fraction (4%) of these nanoclusters have dipole moments that
are below the value required to contribute to the AME. We also show the lack of
correlation between dipole moment and energetic stability of these nanoclusters,
implying that even if the nanoclusters presented in this thesis do not correspond to
global minima, it is very likely that more stable nanoclusters would also have large
dipole moments.

A change in the charge state does not always increase the dipole moment, as
previously assumed. For very dipolar nanoclusters, the added charge tends to
allocate itself to lower the dipole moment of the neutral nanocluster. Overall, for the
P-N, O-N and the smallest SiO-N (N<10) nanoclusters, the dipole moment slightly
lowers, although not enough to change the conclusions reached from neutral
nanoclusters. For the large SiO-N nanoclusters (N>10), the segregated nature of
the particle causes the excess electronic charge to be localized in the Si pure region,
bot for anions and cations. As a consequence, a large dipole moment arises from
the large difference between the position of the center of mass and the center of
charge. lonic SiO-N nanoclusters could therefore contribute to the AME.

Fe incorporation is the main compositional variation that silicate nanoclusters would
likely possess. Based on calculations on an example nanocluster we obtained a first
order estimate of the effects of substitution of Mg by Fe. We conclude that Fe does
not greatly affect the dipole moment of our candidate Mg-rich silicate nanocluster
structures.

We report the rotational constants of all our nanoclusters. Together with the
structures provided in Chapter 10, more precise calculations of the rotational
spectrum can be evaluated.
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8. We calculate the emissivity of silicate nanoclusters in several astronomical
environments by using Boltzmann statistics to evaluate the population of each
rotational level. We find that astrosilicate nanoclusters would require 1% of the Si

budget in order to account for the entirety of the AME, ten times less than previously
assumed.
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Chapter 12: What can infrared spectra tell us about the
crystallinity of nano-sized interstellar silicate dust grains?

Introduction

The presence of dust in the ISM is essential to allow the cooling of interstellar clouds
through gas-surface reactions and, as a consequence, dust is linked to the chemical
evolution of interstellar clouds'?'*®, Thus, understanding the types of dust present in the
ISM and their efficiency in adsorbing gas-phase molecules and elements is important to
further refine evolutionary models of interstellar clouds, galaxies and even the universe®.
Unfortunately, our knowledge of the evolution of dust grains in the ISM is far from complete.
One of the most critical issues in our understanding of dust in the ISM is the discrepancy
between injection rates of dust (10° yrs to produce all observed dust) and dust destruction
rates (10° yrs to destroy all observed dust)'®. The ongoing debate as whether these two
rates can be accurately determined with current knowledge?® highlight the limitations of our
knowledge of the critical processes in the ISM.

The IR spectra of astrosilicate dust show differences between the regions where dust
is produced (e.g. AGB stars), where it is reprocessed (e.g. the different phases of the ISM)
and where it is finally incorporated (e.g. protoplanetary disks). As described in Chapter 8
the main evidence for the presence of silicates in astronomical environments is the IR
signatures of the Si-O stretching (~9.7 um) and O-Si-O bending modes (~18 pym) in silicate
tetrahedra. The silicate component expelled from AGB stars is mainly amorphous, but a
considerable fraction (from ~20 to 60% in Si mass) could be present as crystalline silicates,
as identified by features at 40 and 60 um®®. However, IR spectra observed from the ISM
indicate that the structure of the dust is amorphous in nature, with an estimated maximum
fraction of crystalline dust of 2.4%'**. Even though the IR spectra of silicates in the ISM
clearly points to amorphous dust, the position and width of the two main silicate features
varies for different sources®, which has been suggested to be related to the growth of dust
grains or differences in composition. The disappearance of crystalline spectral features
suggests that processing occurs in the ISM. There is debate as whether this processing
leads to complete destruction of silicates and regrowth into amorphous grains® or, instead,
that amorphization (without destructions) of crystalline grains is fast enough to produce the
observed IR spectra'®. Current models appear to favour a complete destruction and
regrowth scenario.

In addition to IR observations, a novel method has been devised to obtain new
information about astrosilicates. Stars that emit strong radiation in the X-ray region of the
spectrum can be used to analyse the X-ray absorption spectra of astrosilicates if the original
star is located behind a significant dust-containing region of the ISM. Using an extensive
set of experimental X-ray absorption fine structure (XAFS) spectra as reference, including
amorphous and crystalline materials from several silicate stoichiometries, the XAFS spectra
from astronomical observations can be fitted. Preliminary data obtained from the fitting of
nine X-ray sources by Zeegers et. al. '*° appear to be at odds with the analysis of IR spectra
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with respect to the fraction of crystalline silicates. This work indicates that the minimum
fraction of crystalline dust in the ISM is at least 4%, with the largest fraction being 12%. It
must be taken into account that the fine structure that appears in a XAFS spectrum is a
result of the atomic neighbourhood of the irradiated atom and is thus very sensitive to short
range order. It is also possible that the amorphous structures generated either in the ISM
or in the outflows of AGB stars does not correspond to that of the amorphous samples
synthesized in the laboratory. Hence, a plausible conclusion may be that X-ray observations
show that silicates in the ISM, although amorphous at long length scales, possess larger
degree of local order than expected from amorphous samples synthesized on Earth. It can
also be argued that crystalline grains of up to tens of nanometres in diameter, while not
being detectable in the IR, can be detected in XAFS spectra and thus could increase the
observed crystalline fraction in the ISM.

Another issue with the determination of the crystalline fraction of the ISM and even
the amount of astrosilicate NPs present in the ISM comes from the IR data used to fit
observations. Due to the lack of spectroscopic data on nano-sized crystals, astronomers
extrapolate IR optical constants of large grains down to the nanocluster regime®. While
extrapolations have been necessary, the large fraction of surface area to bulk fractions in
nanometer sized dust grains can cause the extrapolated values to be erroneous. For
example, the optical constants for large grains will be dominated by a bulk environment
which is different to a nanoscale object with a large fraction of surface atoms. In Chapter
10 we have shown that the IR spectra of the GM silicate nanocluster candidates are
composed of a wide range of individual peaks, some of which are discernible even after
summation of spectra from nanoclusters of several different sizes. As size increases, the
spectra of amorphous particles must become identical to that of the corresponding
micrometer particles. The cross-over size at which the IR spectra of nanoclusters will
converge towards that of micrometer-sized particles is not known, but it is required in order
to confirm the validity of the extrapolations used in the literature. Likewise, the shape of the
IR spectra of crystalline astrosilicate NPs may not be well determined by extrapolation from
that of the bulk crystalline material.

Finally, the lack of symmetry of our GM silicate nanoclusters candidates shows that
the bulk crystalline structure is not stable at the nanoscale. For other systems, the
dependency of stability on size is rationalized by the competition between bulk and surface
energy. Several examples of such transitions have been experimentally determined for
compositions of Ti0,'¥"*° Zn0'**'*" and Zr0,'*. If a cross-over between amorphous and
crystalline phases exists at the nanoscale, it may play a fundamental role in understanding
the growth of silicates in the ISM and around AGB stars, as well as understanding the
dynamics of the ISM.

In the following article, we develop different dust models of astrosilicate NPs of an
Mg-pure olivinic composition (Mg,Si0,)n and explore whether structural differences can
be appreciated in their IR spectra. The model particles are generated with three different
methods for sizes of 14, 30, 50, 60, 80, 92, 104 and 116 formula units (N). The methods
by which such models are generated attempt to mimic the different mechanisms by which
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astronomical grains could form and grow. For crystalline particles, we follow the Wulff
construction, while for amorphous materials two methods are employed: i) amorphization
of crystalline particles by MD simulations which allow one to generate reconstructed grains
without any memory of the original crystal structure, and ii) aggregation of SiO, Mg and O
atoms onto a small seed nanocluster, mirroring gas-phase dust grain nucleation at a
temperature of 1000K using MD simulations. The particles that results from gas-phase
aggregation are non-spherical, and very structurally inhomogeneous, with some regions
having a large degree of SiO, polymerization, and others showing the presence of
aggregates of pure Mg0. Using DFT calculations the structures are refined, and their internal
energies evaluated. This allows us to more accurately differentiate the three models based
on energetic stability grounds, as well as structurally. We indicate measures that allow us
to unequivocally determine the structural differences between the amorphous, nucleated
and crystalline NPs, and try to relate them to global and local structural order, in an attempt
to classify different degrees of amorphicity in the NPs. The energetical stability of each of
these models has been determined and the size of stability cross-over estimated. As the
most studied observable of interstellar silicate grains is their IR spectra, the main objective
of this study is to identify whether the three different structural phases can be discerned
throughout their IR spectra. For the smaller grain models the IR spectra could be calculated
directly using DFT calculations, whereas for the larger models the use of IPs was mandatory
due to the increase in computational cost. While we have shown that our newly developed
Mg-FFSIOH IP can reproduce DFT relative energies better than previously reported IPs, IR
spectra obtained from using Mg-FFSIOH do not accurately reproduce DFT IR spectra as
well as the IP used in Walker et al®®. For this reason, we evaluated the IR spectra of large
grains using the former IP rather than Mg-FFSIOH.

This work is a collaboration with Professor Piero Ugliengo and PhD student Lorenzo
Zamirri. The author of this thesis wrote the codes to perform the gas-phase aggregation of
silicate grains, performed the amorphization of the crystalline structures, the RMSD-Si
analysis, the tetrahedral distortion analysis and the harmonic spectra calculated with IPs.
The discussion of size dependent amorphous/crystallinity cross-over, as well as the
astrophysical implications of the calculated amorphous and crystalline IR spectra were also
mainly written by the author.
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ABSTRACT: Infrared (IR) spectroscopy is the main technique used to identify
and characterize silicate dust grains in astronomical environments. From IR
spectra, the fraction of crystalline dust particles can be estimated and used to help
understand the processing of dust occurring in different astronomical environ-
ments such as the interstellar medium (ISM) and circumstellar shells. Narrow
spectral lines are assigned to crystalline grains, while broad signals are usually
assumed to originate from amorphous material. Herein, we accurately calculate
the IR spectra and energetic stabilities of several amorphous and crystalline silicate
nanograins with an astronomically common Mg-rich olivinic (Mg,SiO,)
stoichiometry and with sizes ranging from hundreds to thousands of atoms.
First, unlike at larger length scales, crystalline forsterite-like grains at the nanoscale
are found to be energetically metastable with respect to amorphous grains.
However, from our careful analysis, we further show that the IR spectra of such
nanosilicate grains cannot be unambiguously used to identify their structural
nature. In particular, our work indicates that amorphous and crystalline silicate nanograins both exhibit broad IR spectra typical
of noncrystalline grains, raising potential issues for estimates of the fraction of crystalline silicate dust in the ISM.

KEYWORDS: Forsterite nanoparticles, cosmic dust, amorphous silicates, crystalline silicates, density functional theory, force fields,
interstellar medium, vibrational IR spectra

1. INTRODUCTION

Silicates are a fundamental constituent of the solid matter in the
universe and are abundantly and ubiquitously detected as dust
particles in several environments, e.g., dense molecular clouds
(MCs), circumstellar shells (CS) of young and old stars, comets,
and the interstellar medium (ISM).'™ The lifecycle of silicate
dust is very complex and involves newly generated dust in the CS
of old dying stars, destruction, regeneration, and processing in
the ISM and subsequent incorporation in MCs and proto-
planetary disks."” Silicate dust is affected to a greater or lesser
degree by the astrophysical conditions encountered throughout
its journey. Knowledge of the structure and crystallinity of

help deduce the crystal structures and chemical compositions of
the observed dust grain populations. From such studies, it has
been confirmed that crystalline silicate dust is very magnesium-
rich and primarily of either pyroxene (MgSiO5) and/or olivine
(Ol, Mg,SiO,) composition.”® IR spectra from the ISM are
dominated by two broad peaks at around 10 and 18 gm that are
attributed to silicate vibrational Si—O bond stretching and O—
Si—O bond bending modes, respectively. Such spectra are
usually interpreted as originating from amorphous silicates.'
This assignment is supported by noting the strong similarity of
such observed IR spectra with those from experimentally
prepared bulk amorphous silicates.”™"> Spectral analyses of

silicate dust can thus provide a diagnostic tool to help
understand the physical and chemical conditions in a range of
astronomical environments.

Infrared (IR) spectra provide the primary source of
information regarding the atomistic structure of astronomical
silicate dust grains. Observations where well-defined IR peaks
can be discerned give strong support for the presence of highly
crystalline grains (e.g., in some CSs).° In such cases, comparison
with laboratory IR spectra from carefully prepared samples can

v ACS Publica‘tions © 2019 American Chemical Society
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carefully prepared laboratory samples have revealed that the
position and width of these two characteristic IR peaks of dense
glassy amorphous silicates vary, to an extent, with respect to the
chemical composition,”” and the degree of thermal anneal-
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ing.g_11 Interestingly, it has also been shown that experiments

irradiating crystalline silicates with high energy ions, thus
mirroring the environment of the ISM, can induce atomic
disorder and porosity.”? Although these irradiated samples
spectroscopically appear to be very similar to dense amorphous
silicates, they likely retain residual pockets of the original crystal
order. By fitting observed IR spectra using various combinations
of laboratory spectra, a number of investigations have attempted
to gain insights into the properties and structure of amorphous
silicate dust from thegositions and shapes of the 10 and 18 ym
silicate features.'"'** Since the lifecycle of silicate dust involves
different types and degrees of energetic processing, insights into
the evolutionary history of grain populations and how processed
they are can be gained from knowing their crystallinity. By fitting
the observed 10 pm absorption feature using laboratory IR
spectra from both amorphous and crystalline silicate samples, an
upper bound on the fraction of crystalline silicate in the ISM of
2.2% by mass was derived,"®"” consistent with other more recent
measurements.'® Although such studies clearly point to a strong
lack of crystalline dust grains in the diffuse ISM, we explore the
possibility that observational IR spectra from putative
amorphous grain populations could have contributions from a
population of quasi-crystalline nanosized silicate grains.

In this work, we developed atomistic models of nanoparticles
(NPs) with diameters varying between ~1.2 and ~4.6 nm and
with a pure Mg,SiO, olivinic composition. It has been estimated
that such small NP grains could form up to 10% of the mass of
the silicates in the ISM without violating observational
constraints and, if so, could form the largest population of
ISM silicate dust grains by number.'® Indirect support for the
existence of such a population of nanosilicate grains also comes
from their potential role in explaining the anomalous microwave
emission (AME) in the ISM.”*">> We employ both quantum
mechanical (QM) and classical mechanical (CM) calculations
to model our nanograins with varying degrees of crystallinity and
provide a detailed analysis of their structure and relative
energetic stabilities. Our main focus is on how the crystallinity of
such nanograins is reflected in their IR spectra. In order to assess
this, we derive reliable IR spectra directly from accurately
modeling the vibrational modes in our atomistically detailed
silicate NP structures. Through this approach, we explicitly show
that, unlike for larger grains, IR spectra do not provide a clear
measure of crystallinity for nanograins. The possible implica-
tions of our results for estimating the crystallinity of
astronomical silicate dust are discussed.

2. COMPUTATIONAL DETAILS

For all QM calculations, we used the CRYSTAL package,”
while for CM calculations we used the GULP>* and LAMMPS*®
codes.

2.1. Relative Energies. For all calculations, the relative
energies per Mg,SiO, formula unit with respect to bulk
crystalline forsterite of our Ol NPs, AE*, have been computed
according to eq 1
1

1
—Eyp — —E
N NP 4 bulk

AE" =

F )
where Eyp is the energy of an Ol NP with N formula units and
E,i is the energy corresponding to a unit cell of crystalline
forsterite containing four Mg,SiO, units.

2.2. QM Calculations. For the QM modeling, we used the
CRYSTAL package, which can perform ab initio density
functional theory (DFT) and Hartree—Fock calculations of
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periodic (e.g,, crystals, surfaces, polymers) as well as non-
periodic (e.g., molecules, NPs) systems. The wave function is
expressed as a linear superposition of crystalline/molecular
orbitals, which in turn are expanded as linear superpositions of
Gaussian-type functions centered on all atoms, constituting the
basis set. All calculations were performed within the DFT
framework, using the Perdew—Burke—Ernzerhof (PBE) func-
tional,”® and a specific basis set consisting of the following
contraction: (8s)-(61sp), (6s)-(6211sp)-(1d), and (6s)-(31sp)-
(1d) for the Mg, Si and O atoms, respectively. In the following,
we will refer to this basis set as “OIBS”. A detailed description of
the OIBS is provided in the Supporting Information (SI).

Default thresholds parameters were adopted for all energy
calculations, geometry optimizations and IR frequency and
intensity calculations. To evaluate the electron density, we used
a pruned (7S, 974) grid, consisting of 75 radial points and a
maximum number of 974 angular points. At these points,
Coulomb and exchange integrals were computed. All other
technical details regarding these DFT calculations are reported
in the SL

2.3. CM Calculations. We used the CM-based GULP code
to perform the preliminary optimizations of bulk cut NPs, to
amorphize the PBE-optimized NPs through molecular dynamics
(MD) simulations, and to simulate IR spectra for all NPs.
Specifically, for some preliminary optimizations, we used the
general Reax force-field (FE),”” while for all other GULP
calculations we used the FF used by Walker et al,,”® which is
based on previously reported FFs developed by Price et al.”” and
Catlow et al.>* All the parameters controlling the numerical
accuracy of the GULP calculations were kept constant to default
values. For geometry optimizations, we used either the standard
Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm or,
when necessary, the Rational Function Optimization (RFO)
algorithm.*"** IR intensities were computed from the Born
effective charge tensor.”®> All MD simulations used in the
amorphization of bulk cut NPs were performed at either 1800 or
2400 K within the canonical ensemble (NVT) using a 1 fs time
step and with initial velocities randomly generated at 800 K.

For preparing the nucleated NPs, we used MD-based
simulations using the CM-based LAMMPS code (see
Subsection 3.1.3 below). Here we progressively built NPs by
the addition of monomeric species (SiO, O, and Mg) following
the heteromolecular h0m0§ene0us nucleation route proposed
by Goumans and Bromley.>* Each monomeric addition step was
performed within the microcanonical ensemble (NVE) with a
time step of 0.5 fs and using the Berendsen thermostat to
maintain the temperature between 1000 and 800 K, typical for
dust nucleation in CS environments.

We checked the reliability of the PBE/OIBs and Walker FF
methodologies by comparing the simulated structural (lattice
parameters) and spectroscopic IR features of crystalline
forsterite with those from experimental measurements. Figure
1 shows the comparison of IR spectra (the experimental
spectrum from a sample of amorphous Mg,SiO, olivine material
is also included), while Table S2 shows the structural details in
terms of the forsterite cell parameters. Experimental spectra are
taken from a recent work and reproduced with the authors’
permission.” Structural data are in excellent agreement with the
experimental ones (errors are within ~1%, Table S2) for both
CM and QM based methodologies. The simulated spectra are
generally in good agreement with the experimental IR spectrum
for forsterite. In particular, both the QM-based (PBE/OIBS)
and the CM-based (Walker FF) show two distinct Si—O

DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 2323-2338
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Figure 1. Experimental spectra (from ref 35) for crystalline forsterite
(in black) and amorphous Mg,SiO, olivine (in red) compared with
calculated IR spectra using CRYSTAL at PBE/OIBS level (in blue) and
GULP with the Walker FF (in green). Intensity is in arbitrary units, and
spectra are vertically shifted for ease of comparison.

stretching peaks between 10 and 12 ym with similar relative
intensities as in the experimental spectrum. Also, both simulated
spectra exhibit a characteristic feature at ~22—23 ym. The PBE/
OIBS spectrum also shows peaks between 16 and 19 um in
agreement with the experimental spectrum. These peaks are not
so evident in the Walker FF spectrum, indicating that this CM-
based method may find it more difficult to reproduce O—Si—O
bending modes. For the purpose of the present work, we are
predominantly interested in the relative amount of discernible
detail in the IR spectra for our different sets of Ol NPs. As such,
the two methods we employed are clearly able to provide well-
defined IR spectra with narrow characteristic peaks of crystalline
material, and this is sufficient for our purposes.

3. RESULTS AND DISCUSSION

In this Section, we explain the procedures we followed to
generate our different NP models (Subsection 3.1), then we
present and analyze the results from an energetic and structural
point of view (Subsection 3.2), and finally, we show and discuss
the simulated IR spectra of the NPs (Subsection 3.3). Figure 2
schematically summarizes the methods we followed to produce
our atomistic NP models, the calculations performed within this
work, and the methods used to define the initial geometries of
our Ol NPs. Figures 3—6 show the initial and PBE/OIBS-
optimized structures of some selected NPs.

3.1. Generation of NPs. To simulate Ol NPs, we developed
three different sets of NP models, namely bulk cut (BC) or
crystalline, amorphized (A), and nucleated (N) NPs. Hereafter
we label our NPs as “Ny Z” where N represents the number of
formula-units, Z = BC, A, or N (i.e,, it indicates the set which the
NP belongs to), and y can be any additional information
necessary to identify the NP in question.

3.1.1. Bulk Cut (BC) Crystalline NPs. BC NPs were generated
following the top-down methodology, starting from the Wulff
construction (i.e., following the shape of a macroscopic, perfect
crystal, Figure 2, panel A, top-right corner) of forsterite. We note
that this method has already been successfully used to model
NPs of binary oxide systems such as titania and ceria.’**’

The main steps we followed in this top-down approach were:
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o Using CRYSTAL, we first optimized the crystallographic
structure of the forsterite unit cell using DFT calculations
at a PBE/OIBS level of theory (top-left corner of panel A
of Figure 2).%°

Using the VESTA software,” we replicated the unit cell
several times and then cut along the crystallographic
directions representing the most energetically stable
surfaces of forsterite crystals,”® as derived from previous
DFT calculations.*" During this phase, the initial choice of
the unit cell origin can play a fundamental role in the final
shape and stability of the resulting NP, thus we also
studied bulk cuts after translating the forsterite unit cell.
NPs generated after this translation have been labeled
with “trasl”. For more details, see the SI.

The NPs generated after this top-down method represent our
initial set (Figure 3). After some a posteriori structural
modifications and preoptimizations using Reax FF, we finally
fully optimized the NPs at a PBE/OIBS level of theory (see
resulting structures in Figure 4). All the details concerning the
top-down procedure, the a posteriori NP modifications and the
Reax FF optimizations are reported in the SI. For the largest BC
NP studied in this work (418 formula-units), as the PBE/OIBS
optimization was very computationally demanding, we only
employed CM-based calculations. For all reported energetic and
structural results concerning this NP, refer to the calculations
using the Walker FF (right-hand side of Figure 2 B). For the
details, please see the SI.

3.1.2. Amorphized (A) NPs. Using the GULP code, PBE/
OIBS-optimized BC NPs were heated using classical MD
simulations at 1800 K with the aim of amorphizing their
structures. For one NP only (30a BC) we also tested a higher
temperature of 2400 K to check for temperature effects on the
final structure and morphology of the NP (see Sections 3.2 and
3.3 for details). For most NPs, after a 10 ps equilibration, we ran
MD simulations for 20 ps of production time. For the largest 418
formula unit NP, a significantly longer 200 ps production time
was found to be necessary to amorphize the NP. Further details
about these MD runs are available in the SI. These amorphized
particles were then optimized at a PBE/OIBS level of theory
using CRYSTAL (see Figure 2, panel B). The final optimized
NP structures are shown in Figure S.

3.1.3. Nucleated (N) NPs. Since the A NPs were generated by
thermal annealing of BC NPs, it is possible that they can still
retain geometric similarities with the original crystalline
structures. As silicates in the ISM may form by condensation
from the gas-phase under nonequilibrium conditions, amor-
phous silicate grains, however, can be completely unrelated to
bulk crystal structures. Therefore, we also constructed NPs using
a bottom-up procedure through monomeric addition ensuring
no relationship with the forsterite crystal structure and then ran
MD at 1800 K simulations using the LAMMPS code. These N
NPs were then finally optimized at PBE/OIBS level of theory
using CRYSTAL (see resulting NP structures in Figure 6).

It is worth noting that, as a consequence of the way they are
generated, these N NPs often appear to display as a mixture of
MgO, pyroxenes (—Si—O— chains), and pure olivine, although
their stoichiometries are the same as that of pure forsterite. This
differentiation of phases is particularly evident for the smaller
NPs (see, for example, the 30 N NP of Figure 6) where the
structures are quite distinct to that of forsterite (the forsterite
unit cell structure is reported in the top-left corner of Figure 2,
panel A).

DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 23232338

124



Part Il. Astronomical silicates

ACS Earth and Space Chemistry

A TOP-DOWN METHODOLOGY
FORSTERITE UNIT CELL

WULFF SHAPE

h Replicated S5
I‘ —

A
M
- o
ki R
' 1) Walker MD P
(GULP) H
2) PBEopt I
MONOMERIC ADDITION (CRYSTAL) 3
St = 1) MD AMORPHIZED (A) 4
> . (LAMMPS) -
~ b —_— ’
> 2} PBE opt
7/ \Y (CRYSTAL) o
N
Bues cut AMORENZED NUCLEATSD
8 @c’ w lN] : 413 uwiTs
Top-sown [ M%m] [ (v, phone ] |['-"W] mem
Insa A ﬁpﬂm “‘t‘l- owa opn of 414 BC
gostmetres Ao \
o adon
- W PP rezdecne o] [webmrr
W gL e Aprwwrack [0S for 20 s vt O

Energelic (08, Eq. V)
and structursl (UNSD3,
Mg CN») charssterizstion O!Iluu

T I T NI

Figure 2. A: Graphical representation of the procedures followed to obtain our three types of Ol NPs. i) bulk cut (BC) NPs (top-down methodology,
followed by structural relaxation using the GULP code at Reax FF level), ii) amorphized (A) NPs (MD-based amorphization at high temperatures
using the GULP code with the Walker FF), and iii) nucleated (N) NPs (from gas-phase monomeric addition). Atom color code: Si, yellow; O, red; Mg,
black. B: schematic representation of the methods employed in the work. In rounded rectangles we outline the methods we used to define the initial
geometries of our NPs (panel A). Square rectangles represent FF calculations (GULP), while ellipses represent PBE/OIBS calculations (CRYSTAL).
The scheme on the right-hand side of the straight dot-dashed line refers only to the 418 formula-units NP, for which slight modifications of the NP-
generation procedure were necessary (see Sections 3.1.1 and 3.1.2) and for which all properties were calculated exclusively with FFs.

3.2. Energetic and Structural Features. 3.2.1. Energetics forsterite bulk (AE*) has been computed according to eq 1.
and Stability. The relative energetic stability of our PBE/OIBS- AE* values (in kJ mol™) for all NPs are reported in Table 1,
optimized NPs per Mg,SiO, formula unit with respect to the together with other structural properties. We have grouped the

2326 DOI: 10.1021/acsearthspacechem.9b00157
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Figure 3. Selected structures of the set of initial unrelaxed Ol NPs (see Subsection 3.1.1), i.e., with structures frozen to those of the original forsterite
crystal. Color code: same as Figure 2. Note that the relative NP sizes are not to scale. See Figure S1 for the full set of initial NP structures.

data with respect to the number of formula units N in order to
facilitate a comparison between NP models of the same size. The
NPs containing 30 formula units are used as a test case to show
the effect of different methods to generate the crystal cuts as well
as different annealing temperatures. 30a BC and 30b BC NPs
correspond to two different crystalline cuts for the 30 formula
unit nontranslated NP (Figures 3 and 4). The 30a A at 1800 K
and 30a A at 2400 K NPs have been amorphized using two MD
runs at 1800 and 2400 K, respectively (Figure S).

The overall energetic stability is clearly affected by the
different processes involved in the generation of a given NP,
which highlights the importance of carefully generating such
NPs in order to estimate the amorphous vs crystalline stability
crossover size regime. For example, the difference in energy per
formula unit between the 30a BC and 30trasl BC NPs is 23.6 kJ
mol™" (Table 1). This energy difference is close to that between
forsterite and the energetically metastable wadsleyite Mg,SiO,,
crystal polymorph (~32 kJ mol™").*” This result highlights the
importance of generating top-down BC NPs from unit cells with
different translated origins. Generally, this can also be seen from
the fact that the lowest lying BC NP structure (highlighted in
bold in Table 1) is neither consistently in the translated (“trasl”)
nor in the nontranslated series. Conversely, different amorph-
ization temperatures (1800 vs 2400 K) do not appear to
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significantly affect the final results, at least from an energetic
stability (AE*) point of view.

Figure 7 provides the AE* values as a function of N™V/3,
following the spherical cluster approximation (SCA) that relates
the energy of a NP with the ratio between its surface and bulk
atoms.*® We note that the SCA is only a first order geometric
approximation that does not take into account the atomic/
electronic degrees of freedom (e.g, surface stress) 1n realistic
NPs, which roughly correspond to higher order terms.” ° We find
that the lowest energy structures of each family of crystalline,
amorphous, and nucleated NPs follow well a simple fitted N~'/3
dependence, with R* values of 0.982, 0.986, and 0.979,
respectively. Hence, even if some of the NP structures do not
correspond to the lowest energy minima for that family of NPs,
these simple fits can provide a tentative estimate of the size-
dependent energetic trends for each of the NP families.

We first note that the A NPs are the most energetically stable
NPs for all considered sizes. Although A NPs are always more
stable that N and BC NPs, we note that the largest A NPs of 104
and 116 formula units are higher in energy per unit than the
smaller 92 unit A NP. This result clearly indicates that the 104
and 116 unit A NP models are not the most stable amorphous
NPs for their size. As found in other NP systems,*® the BC NP
structures are more energetically unstable relative to the A NPs

DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 2323-2338
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Figure 4. Selected structures of the set of optimized PBE/OIBS bulk cut (BC) NPs particles (Subsection 3.1.1), i.e., NPs resulting from energy-
lowering relaxation of the NP structures in Figure 3. Color code: same as Figure 2. Note that the relative NP sizes are not to scale. See Figure S2 for the

full set of BC NPs.

for the smallest sizes but converge faster to the bulk limit (i.e.,
the fitting line for BC NPs has a steeper slope than that for A
NPs), as expected by the fact that crystalline forsterite is the
most stable bulk phase of the Mg-rich olivine family. This
implies that any process that generates small crystalline NPs will
be generating metastable particles, which will, upon annealing,
evolve toward amorphous structures. Although the exact energy
evolution for each family is not precise due to the use of the SCA
and the fact that not all NPs are the lowest energy for their type
and size, we can extrapolate the fitted lines to roughly estimate
the energetic crossover point between amorphous and
crystalline NPs. Following a previous study,** we convert the
number of formula units to the radius of an NP assuming a
spherical shape and a volume per Mg,SiO, unit extracted from
bulk forsterite. With the current available data, the crossover
between A and BC NPs appears to occur at a diameter of ~12
nm, which is quite far away from the NP sizes explored within
this work. Finally, the N NPs appear to be the most energetically
unfavorable species, typically being ~50 kJ mol ™" less stable than
the BC NPs. It is reasonable to suggest that the large
metastability of N NPs arises from their “glass-like” silicate
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disorder and the suboptimal mixing of MgO units into their
structure. There is still an ongoing debate on the formation
mechanisms of silicate dust in the envelopes of asymptotic giant
branch (AGB) stars. Observational evidence seem to show the
preferential formation of amorphous material with respect to
crystalline NPs,** while thermodynamics based on extended
systems always assume the formation of the most stable bulk
phase, which is crystalline OL*® The results in this work highlight
the necessity to consider the formation of amorphous Ol NPs as
a possible route for the condensation of silicate species in CS,
probably aiding to bridge the discrepancy between purely
thermodynamic arguments and observational evidence. It must
also be considered that, although on thermodynamics grounds,
the smallest silicate grains should be amorphous, the actual
structure of dust particles of such dimension in CSs and the ISM
will not depend only on the energetics but also on several
processes like accretion from nucleation centers, temperature-
related kinetics effects, high- and low-energy collisional events
involving cosmic rays, and/or other dust particles.l'z’("M’48
3.2.2. Structural Descriptors and Characterization. The
energetic analysis performed in Subsection 3.2.1 suggests the

DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 2323-2338
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Figure 5. Selected structures of the set of amorphized (A) NPs, after PBE/OIBS optimization (Subsection 3.1.2). Color code: same as Figure 2. Note
that the relative NP sizes are not to scale. See Figure S3 for the full set of A NPs.

existence of at least three energetically distinguishable phases of
small Ol NPs: amorphous material with mainly isolated
[SiO4]*" tetrahedra, crystalline forsterite, and glass-like NPs
with some segregated pockets of MgO and more polymerized
silicate units. From an energetic point of view, these three phases
are represented by our three sets of A, BC, and N NPs,
respectively. Experimental characterization of these phases at
such a small scale would be extremely challenging. Theoretically,
however, with direct access to the detailed atomistic structure,
we can begin to quantitatively analyze the structural differences
among these three NP families.

Silicates are structurally complex inorganic materials due to
the presence of both ionic (Mg—0) and semicovalent (Si—O)
bonds, with the former being weaker than the latter. The
difference in bond energy causes Mg cations to be more mobile,
while the SiO, anionic units are more rigid but can create
complex polymerized networks with little energetic cost. In
order to structurally characterize our NPs, we first take the
crystalline forsterite phase as a crystalline benchmark, which we
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describe in terms of tetrahedral units of SiO, that are regularly
interspaced by octahedrally coordinated Mg cations. Second, we
assume that the degree of crystallinity of NPs can be described
by two structural measures that we take to be optimal in the Ol
bulk crystal: i) short-range structural order, which is related to
the orientation and distortion of SiO, tetrahedra and MgOy
octahedra, at their fixed lattice sites, and ii) long-range periodic
order, which is related to the repeated presence of the SiO, and
MgOg units along the crystal lattice vectors.”®** In this work, we
use the average Mg-coordination number ((Mg CN)) and the
structural distortion of SiO, tetrahedra to describe short-range
order, while the root-mean-square-displacement of silicon atoms
(RMSD-Si) is used to describe long-range order. The use of (Mg
CN) as a short-range order descriptor is justified by the fact that
reorientation of silicate tetrahedra and displacement of Mg
cations from their equilibrium geometries will cause changes in
the Mg—O distances and, hence, to the coordination numbers. It
is reasonable to assume that amorphization using mild
temperatures will involve small changes in the orientation

DOI: 10.1021/acsearthspacechem.9b00157
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Figure 6. Selected structures of the set of nucleated (N) NPs, after PBE/OIBS optimization (Subsection 3.1.3). Color code: same as Figure 2. Note
that the relative NP sizes are not to scale. See Figure S4 for the full set of N NPs.

and/or distortion of the different units, especially for the lower
coordinated (i.e., least well bound) atoms at the surface. Surface
relaxation of a NP can thus be seen as a local amorphization
taking place at the outermost layers of the NP, which should be
reflected in the (Mg CN) values and the spatial distribution of
SiO, structural distortion. However, a higher temperature
amorphization should cause a strong displacement of the
different SiO, units, with the possibility of inducing polymer-
ization of the silicate skeleton. The displacement of the SiO,
units can be analyzed through the RMSD-Si. Although the
RMSD-Si is a natural way in which to compute the displacement
in the MD amorphized NPs with respect to the corresponding
parent BC NP, the comparison with the nucleated NPs is not
straightforward, as the atomic assignment cannot be unequiv-
ocally matched to an original crystalline structure. We therefore
only provide RMSD-Si values for the A NPs in order to compare
MD amorphized NP structures with the BC NPs.

In Figure 8, we show illustrative examples of crystalline (left),
locally amorphized (center), and globally amorphized (right) Ol
structures. In the left panel, the perfect periodic structure of
crystalline forsterite can be easily recognized, with the oxygen
atoms of the isolated silicate tetrahedra coordinating to the Mg
cations. In the center panel, a mild amorphization has partially
altered the original crystalline structure, but some crystalline
features are evidently retained, while in the right panel, a higher
temperature amorphization results in a structure lacking any
clear remnants of crystallinity. Although the structures in the
right and center panels of Figure 8 both represent amorphous
O], both RMSD-Si and (Mg CN) structural descriptors can help
us to analyze whether they have some intrinsic structural
features that allow one to distinguish them in our NPs.

In the left panel of Figure 9 we graphically report the RMSD-
Si data for all the PBE/OIBS-optimized NPs (data for the 418
formula unit NPs are omitted for a clearer representation; see
Table 1 for the values). The RMSD-Si values for BC particles are
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low even for the smallest considered NP sizes. For A NPs, the
RMSD-Si values are several times larger and spread over a wider
range. These data show that BC NPs preserve a high degree of
periodic crystalline order, while the relatively lower crystallinity
of the A NPs is clear.

Finally, we note that the RMSD-Si value for the 30a A NP
after a 2400 K MD run is almost double that of the
corresponding NP after a 1800 K MD run (3.24 A versus 6.44
A, Table 1), with the latter value being the highest among all
PBE/OIBS optimized particles. This indicates that the use of
higher temperatures could produce an even more amorphized
NPs. However, as we will show in the next Section, this large
difference in the RMSD-Si value does not produce significant
differences in the simulated IR spectra.

In the right panel of Figure 9, we graphically show the (Mg
CN) values as a function of the number of formula units N for
our three sets of NPs, plotting the average when we have more
than one NP for a given N. In this figure, the (Mg CN) values of
the initial NPs (Figure 3) are also incorporated in order to
compare the values with respect to the perfect crystalline
structure for every NP size (see Table 1 for values). From Figure
9, it can be seen that the initial unrelaxed cut NPs have the
largest (Mg CN) values of all considered NPs, corresponding to
the fact that, by construction, they are structurally most like the
bulk crystal. However, even for this family of NPs, the largest
initial cut NP has a (Mg CN) value of 5.28, which is still
significantly different from the bulk crystal limiting value of 6
due to the lower coordination of Mg cations near the NP surface.
From the other three families of NPs, as expected, BC NPs have
(Mg CN) values, which are the closest to those of the initial cut
NPs. Here, the largest BC has a lower (Mg CN) value of 5.04
indicating that the initial cut NPs preferentially relax to lower
energy structures with slightly lower crystallinities. The lowering
of (Mg CN) values going from the perfect initial cut NPs to
relaxed BC NP structures points to the fact that even the most

DOI: 10.1021/acsearthspacechem.9b00157
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Table 1. Summary of Energetic and Structural Data for All
PBE/OIBS-Optimized Olivinic NPs“

(M RMSD-
NP model n N N  AE* CN| Si

14 BC 98 14 0415 4201 425 112
14A 382.0 4.14 3.95
14N 4742 4.04 -

30a BC 210 30 0322 3579 4.35 0.95
30b BC 346.4 4.48 1.05
30trasl BC 334.3 4.55 0.90
30a A at 1800 K 3311 4.37 3.24
30a A at 2400 K 340.5 430 6.44
30trasl A 327.0 4.50 3.40
30N 417.5 418 -

50 BC 350 S0 0271 2987 4.64 0.78
S0trasl BC 3115 4.61 0.98
50 A 282.0 4.56 2.86
SOtrasl A 280.2 4.64 2.04
SON 350.7 431 -

60 BC 420 60 0255 3043 4.53 1.09
60trasl BC 301.0 4.55 0.85
60 A 281.6 4.56 3.32
60trasl A 273.6 4.54 1.70
60 N 350.1 443 -

80 BC 560 80 0232  287.0 471 1.04
80trasl BC 2942 4.68 0.73
80 A 2724 4.61 372
80trasl A 255.4 4.65 2.26
80 N 3234 4.38 -

92 BC 644 92 0222 2633 472 0.67
92trasl BC 281.5 471 0.77
92 A 264.9 4.58 3.45
92trasl A 246.8 4.65 215
92N 3293 4.39 -

104 BC 728 104 0213 2674 4.78 0.55
104trasl BC 259.9 472 0.64
104 A 262.7 4.53 2.94
104trasl A 249.0 4.67 218
104 N 3185 4.45 -

116 BC 812 116 0205 2559 4.84 0.83
116trasl BC 2722 471 0.94
116 A 250.6 4.63 3.04
116trasl A 235.5 4.69 215
116 N 308.3 4.49 -

418 BCY 2926 418 013 829 5.04 0.97
418 A” 86.0 4.74 9.21

“n is number of atoms; N the number of Mg,SiO, formula units.
Relative energies with respect to forsterite bulk (AE*, eq 1) are in kJ
mol™" per formula unit. (Mg CN) values correspond to the overall
average coordination numbers of Mg ions. Root-mean-square-
displacements of the silicon atoms (RMSD-Si) are given in A. AE*
values for the most stable bulk cut and amorphized NP for each N are
highlighted in bold. “Data from Walker FF-optimizations only (see
Figure 2, panel B, right-hand side).

crystalline material at the nanoscale cannot be described as
completely crystalline. Visual inspection of the NPs suggests that
the BC NPs should be considered as being core—shell structures
(ie., with highly crystalline cores and slightly disordered near
surface shells). For the largest A NP, the (Mg CN) value is equal
to 4.74, while for a hypothetical 418 N NPs it can be predicted
from the trends of the existing data to be even smaller (~4.60).
These lower (Mg CN) values correspond to a higher degree of
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Figure 7. Relative energies with respect to forsterite bulk per formula
unit (AE*) for the most stable NPs we found for each size, as a function
of the number of formula units (N): the linear correlation fitting
parameters and R* values are also reported close to each respective line.

local structural disorder and thus even lower crystallinities.
These data strengthen our above analysis concerning the
structural (and energetic) distinguishability of BC, A, and N
NPs.

The (Mg CN) and RMSD-Si values are averages over the
whole structure of a NP and thus do not spatially differentiate
regions of more or less local structural change within a NP.
Changes in both O—Si—O angle and Si—O bond distances are
typical ways in which local structural relaxation can take place.
Although separated in IR spectra, relaxations of these structural
features combine to distort the [SiO,]*" tetrahedra in NPs.
From our discussion above, we should expect that in a relaxed
BC NP the relaxation of [SiO,]*” tetrahedral should be mainly
close to the surface, whereas for an amorphous NP we should
expect all [SiO,]*" tetrahedral to be fairly equally distorted. In
Figure 10, we show two cuts through the relaxed 116 BC NP
(left) and a cut through the 116 A NP (right) showing only the
Si atoms. The degree of local [SiO,]*~ tetrahedral disorder (i.e.,
of the surrounding four oxygen atoms, which are not shown) is
related to the color of the Si atom in question. We take the
tetrahedral arrangement of oxygen atoms around the Si atoms in
forsterite as our benchmark for the highest tetrahedrality. We
measure the degree of distortion of each [SiO,]*” center by
taking the RMSD of the atom positions with those of a
rotationally aligned [SiO,]*" center from the forsterite crystal.
In Figure 10, we give the lightest color to Si atoms with
associated [SiO,]*" centers having structures very close to those
in forsterite and progressively darker shading to more distorted
tetrahedrons. For the amorphized 116 formula unit NPs (right,
Figure 10), the darker shading of all Si atoms shows that all
[Si0,]*" centers have significantly distorted structures.
However, for the BC (left, Figure 10), it is clear that significant
tetrahedral distortion only occurs at the surface of the NP (i.e.,
due to surface relaxation).

In summary, from our average measures (ie., (Mg CN) and
RMSD-Si values) we find that BC NPs preserve a higher degree
of periodic crystallinity than A NPs, while BC, A, and N NPs all
show some degree of local structural distortion, which increases
with the level of amorphization. We note that our BC NP
structures correspond to the most crystalline possible
morphologies for their size (i.e., relaxed crystal cuts), even
though our structural measures show that they do not possess
the full structural order of the perfect, infinite crystal. In
principle, average local structural measures such as our (Mg

DOI: 10.1021/acsearthspacechem.9b00157
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Figure 8. Left: periodic structure of perfectly crystalline forsterite. Center: structure for a noncrystalline olivinic material, preserving a partial long-
range order (Si and Mg atoms are disposes in “column and rows”, but silicate tetrahedra are partially distorted and rotated). Right: structure for a
noncrystalline bulk material with a forsterite stoichiometry with no local and periodic order (highly distorted and partially polymerized SiO,
tetrahedra, with some formation of MgO units). Color code: same as Figure 2.
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Figure 9. Left panel: Root-mean-square-displacements of the silicon atoms (RMSD-Si) in A with respect to the initial cuts of Figure 3 as a function of

the size of the particles, N

(data for the 418 formula unit NPs are not shown; see Table 1 for the numerical values). Right panel: Average Mg

coordination numbers, (Mg CN), as a function of the size of the particles (N). See Table 1 for the numerical values. The numerical values correspond

to the largest 418 formula unit NPs. Lines are added as a guide to the

eye.

116 BC

Figure 10. Cuts through 116 NPs showing only Si atoms with the degree of local tetrahedral distortion of the associated [$i0,]*~

116 A

centers indicated by

shading (lighter, less distortion; darker, more distortion). Left: two perpendicular cuts through the 116 BC NP. Right: a single cut through the 116 A

NP.

CN) values could be measured and/or observed from X-ray
absorption spectra. Interestingly, preliminary estimates of the
proportion of crystalline dust in the ISM based on such X-ray
observations have placed tentative upper limits, which are
significantly in excess of those derived from IR observations.*
From our spatially resolved maps of tetrahedral distortion of
individual [SiO,]*” centers, we can further confirm that,
although A NPs are distorted fairly homogeneously throughout
their structure, the main contribution to local structural disorder
in BC NPs is through surface relaxation.

3.3. Full IR Spectra. 3.3.1. Simulated Full IR Spectra.
Besides structural identification, it is important to establish
whether our Ol NPs can be characterized by IR spectroscopy, as
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this corresponds to the main astronomical observable for silicate
dust grains. Consequently, we employed frequency calculations
to obtain the full IR spectra of all optimized NPs. All IR spectra,
calculated using GULP for the larger NPs and CRYSTAL for the
smaller NPs, as well as the comparisons between the two, are
reported in the SI.

The PBE/OIBs full IR harmonic spectra with CRYSTAL were
simulated only for a few NPs, i.e., all the 14 and 30 formula units
NPs and the S0 BC NP. For all NPs, we also simulated the full IR
spectra with the GULP code at the Walker FF level (Figure 2,
panel B). In all cases, the line shapes of the IR spectral peaks
were obtained from sums of Gaussian functions centered at the
computed IR frequencies with heights adjusted to the
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Figure 11. Simulated IR spectra for some selected NPs: A: Some selected 30 formula unit NPs calculated with DFT (spectra for A and N NPs have
been vertically transposed by 150 and 300 km mol™’, respectively, for the sake of clarity). B: 50 BC NP IR spectrum calculated with DFT.
Contributions from subsets of atoms are also reported (see Subsection 3.3.1). C: 50 BC NP IR spectrum as calculated using DFT and using the Walker
FF. D: All 104 NPs IR spectra calculated with the Walker FF. E: 418 unit BC and 418 unit A NPs IR spectra calculated using the Walker FF. The spectra

for experimentally synthesized crystalline forsterite and amorphous olivine are also reported for comparison.* These experimental spectra have been
reproduced with the authors’ permission.

corresponding absolute IR intensities. The full width at half- selected particles in the 8—26 ym (1250—385 cm™) region. See
maximum (fwhm) for the Gaussian functions was set equal to 10 Figures 4—6 for the corresponding structures. The full set of IR
cm™". This choice is justified below (see Subsection 3.3.2). In frequencies and intensities for all NPs computed with either

Figure 11, A—E panels, we report the full IR spectra for some CRYSTAL or GULP are available in the SI. The reliability of the

2333 DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 2323-2338

132



ACS Earth and Space Chemistry

Part Il. Astronomical silicates

IR spectra from both CRYSTAL and GULP calculations is
confirmed through a comparison with experimental data for
both amorphous and crystalline Ol (Figure 1).

Figure 11 panel A reports the IR spectra of a wide selection of
30 formula unit NPs including examples of BC (both translated
and nontranslated), A (amorphized at 1800 and 2400 K), and N
families. At such a small NP size, and using 10 cm™" as fwhm,
clearly we do not have only two distinct peaks typical of
amorphous  silicates."***' Indeed, many individual small
narrow peaks extending over a wide range of wavelengths can
be easily distinguished. However, even though the individual
peaks of the spectra for each NPs differ in their position, the
overall profile of all spectra is quite similar. In particular, the IR
spectral profiles of these NPs are broadly characterized by two
distinct regions, namely, the Si—O stretching between 8 to 12
pum and the O—Si—O bending between 13 to 18 um. Silicate
NPs at these sizes tend to show sharp spectral features due to the
limited number of atoms, irrespectively of the amorphous/
crystalline nature of the specific NP in question. Calculated IR
spectra of even smaller olivine and pyroxene silicate nanoclusters
have also been reported showing a similar behavior.”> The
comparison of all the spectra in Figure 11 panel A suggests that
small crystalline and amorphous silicate NPs with an olivinic
Mg,SiO, composition are indistinguishable by IR spectroscopy
irrespective of their origin. Generally, the large number of
distinct peaks can be attributed to the effect of the high surface to
core ratio of these NPs and the subsequent effect that surface
relaxation exerts on the core of the NP. This is well underlined
by Figure 11 panel B, which shows the contribution to the IR
spectrum of the 50 BC NP with respect to different chemical
species (i.e., “surface shell” and “core” silicates and Mg cations).
In the surface shell, SiO, units contribute to the whole spectrum,
while Mg ions in this region involve modes from A4 > 17 ym
(~590 cm™). The contributions from bulk SiO, units are also
present throughout the 8—20 ym (~1250—500 cm™) range,
but to a minor extent.

As IR calculations using DFT are computationally expensive
for NPs larger than 50 formula units, the IR spectra of larger NPs
were analyzed by means of CM calculations. The IR spectra of
these NPs were calculated using the Walker FF, which provides a
reasonable account of the IR peak positions of silicate NPs (see
also Figures S8—S17). Figure 11 panel C shows a comparison
between the IR spectrum of the S0 BC NP as calculated using
the Walker FF and DFT at a PBE/OIBS level. The IR spectrum
from a CM-based FF calculation can only provide an
approximation to the more accurate QM-based DFT-calculated
spectrum; however, the overall FF description of the IR
spectrum appears to still be fairly well captured. In particular,
the spectrum of the 50 formula units NP in both cases comprises
a wide range of features with two main regions: the Si—O
stretching region around 10 gm and the O—Si—O bending
region. While the FF calculation reproduces the 10 ym features
very well, intensity at the O—Si—O region (i.e., ~13—16 ym) are
less well captured and seems to be shifted toward longer
wavelengths with respect to the DFT-calculated IR spectrum.
This behavior mirrors that shown in the comparison of the
Walker FF calculated spectrum of forsterite with the
corresponding DFT-calculated spectrum and that from experi-
ment (see Figure 1) and is thus perhaps a systematic feature of
IR spectra calculated using the Walker FF. Nevertheless, the
qualitative broad and double-peaked IR spectrum is well
reproduced in both calculations, which in both cases clearly
do not provide evidence for a highly crystalline NP.
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Figure 11 panel D shows the full IR spectra for all the 104
formula unit NPs calculated using the Walker FF as illustrative
examples. As for the 50 BC NP in Figure 11 panel B, the
characteristic broad double-peaked silicate profile is reproduced
for all BC, A, and N NPs. In particular, the spectra from the two
BC and the two A NPs are almost identical, with very similar
absolute intensities for the two main peaks. As the sizes are
increased, the O—Si—O bending region appears to be less sharp
and more featureless and becomes more similar to the typical
features observed in the spectra of astrosilicates. This similarity
is even more clear for the spectra of the largest 418 formula unit
NPs, depicted in Figure 11 panel E, shown together with two
experimental IR spectra for crystalline forsterite and amorphous
olivine.*® At this size, which corresponds to a NP diameter of
~4.6 nm, the BC NP IR spectrum is still dominated by the two
broad silicate peaks and thus, like the A NP, spectroscopically
noncrystalline. As previously discussed, the effects of surface
relaxation are up to at least a size of ~4 nm, clearly large enough
to prevent the appearance of crystalline features in the IR
spectra.

The N NPs show slight changes from the BC and A particles.
The first noticeable change corresponds to the decreases of the
intensities of both peaks. In addition, the O—Si—O peak is
arguably shifted toward lower values. This effect is found in the
spectra of all the N NPs (see Figures S18—526) and is probably
the result of the formation of silicate polymerization and MgO
segregation. The displacement of the O—Si—O band has
previously been linked to the progressive change of silicate
structure along the mineral series olivine—pyroxene—silica.”'*>*

The broadened IR peaks exhibited by our NPs is a direct
consequence of the (partial) loss of local and periodic crystalline
order. For BC NPs, which maintain much of their periodic
crystalline order with respect to amorphous NPs (see Figure 9,
left), the local structural disorder mainly occurs at the surface
(i.e.. surface relaxation) as shown in Figure 10. For BC NPs the
proportion of surface to core atoms could be a useful indicator of
the extent of surface relaxation. We may assume, for example,
that a necessary condition for a NP to exhibit a crystalline-like IR
spectrum would be that it has at least 50% of its atoms to be in
relatively undisturbed crystalline positions. Using the SCA (see
Subsection 3.2.1), we predicted that the energetic stability
crossover size between amorphous and crystalline NPs is ~12
nm diameter. For this NP size, the SCA provides us with an
estimate of the ratio of surface to core atoms of only 24%. This is
a lower bound, as in real NPs the surface area is typically larger
than that of a sphere, and surface reconstruction of the
outermost atoms can also disrupt subsurface atomic ordering.
Nevertheless, at this crossover size and above, it is highly
probable that olivinic NPs have crystalline cores and that the
reconstructed surface atom proportion is <50%, and thus, we
would more likely expect a crystalline-like IR spectrum.
Conversely, for the largest NPs considered in our study the
SCA predicts a significantly higher lower bound proportion of
surface atoms of 60.5% for the 418 NPs and 79.3% for the 116
formula unit NPs. The high proportion of surface atoms in each
case and the associated surface reconstruction are consistent
with the noncrystalline IR spectra for these NPs. We also note
that atoms in the NP interiors also appear to contribute to peak
broadening. This is evidenced by the absence in the IR spectra
from all NP models of significant features at wavelengths larger
than ~24 um, usually assigned to modes involving Mg cations in
perfect crystalline silicates.® As such, even in the NP core, the
positions of Mg and O atoms in the largest considered BC NPs
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Figure 12. Comparison of the harmonic IR spectra for the 104 BC NP applying two different broadenings (fwhm = 10 cm™ in black and fwhm = 20
cm™" in blue), with the MD-based IR spectra (red). The MD simulation temperature is set equal to 100 K (left) and 400 K (right).

cannot be considered as fully mirroring those of crystalline
forsterite.

Overall, the IR spectra of our larger NPs of all types are
dominated by two broad features associated with Si—O
stretching and O—Si—O bending modes. The peak wavelength,
width and strength of these bands are related to the distribution
of Si—O bond lengths and O—Si—O angles in each NP. For very
narrow distributions of these quantities (as in crystalline
forsterite), the associated IR bands will also be very narrow.
For noncrystalline systems, the associated IR peaks will be
related to the properties of the distributions of Si—O bonds and
O-Si—0 angles (e.g, broadness, maximum values). Clearly, we
have similar types of 10 and 18 ym bands (i.e., position, width,
and intensity) for both relaxed BC NPs and amorphized NPs,
and we should thus expect that their Si—O bond lengths and O—
Si—O angle distributions are similar. In Figures $27—S32 we
show these distributions for the BC, A, and N 116 formula unit
NPs clearly demonstrating their similarity, thus helping to
underpin the similarity of the resultant IR peaks. We also note
that the width of the Si—O stretching peak in our larger NPs
ranges from 1.7 to 2.0 ym, which is in line with typical ISM 10
um peak widths.>* Although consistent with observation, our
calculations only deal with a very small selection of NP
structures, sizes, and compositions, and the possible significance
of this match should not be overstated.

As a consequence of the above-mentioned effects, the
simulated NP spectra for all our larger NPs closely resemble
those assumed to arise from amorphous cosmic silicates. Thus,
contrary to the spectroscopic distinguishability of large
crystalline and amorphous dust grains, Mg-rich olivinic
nanograins (at least in the size range considered herein) cannot
be classified as being in an amorphous or crystalline state only
from their IR spectra, despite the fact that they can be explicitly
and measurably shown to be structurally and energetically
distinguishable.

3.3.2. Temperature Effect on Simulated IR Spectra. To
justify the extent of broadening applied to the individual
harmonic frequencies in our computed IR spectra above, we also
computed the IR spectra for the 104 BC and 80 BC NPs (as test
cases) directly from finite temperature MD simulations at
temperatures of 100 and 400 K. As these calculations would be
extremely computationally expensive to perform at a QM level,
we employed the CM-based GULP codes for this analysis. Such
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calculations inherently incorporate anharmonic effects and thus
provide a realistic measure of the temperature-induced broad-
ening of spectral features. Details on the theoretical background
to calculate such spectra can be found in the SI. The results for
the 104 BC NP only are shown in Figure 12.

At a temperature of 100 K, the MD-based IR spectra show at
least five discernible peaks in the 10—12 um Si—O stretching
region and three peaks in the 15—-22 ym O—Si—O bending
region. This corresponds well to the respective number of
distinct peaks in each corresponding region of the 10 cm™
broadened harmonic spectrum (see lower spectra in Figure 12,
left). Conversely, the 400 K MD-derived anharmonic spectrum
has fewer discernible peaks in the Si—O wavelength region and
only a single broad peak with two shoulders in the O—Si—O
bending region. This spectrum better corresponds to a 20 cm™*
broadened harmonic spectrum (see upper spectra in Figure 12,
right).

From these results, we can conclude that when computing the
IR spectra of NPs using the harmonic approximation, the
applied broadening can be tuned to simulate temperature-
induced anharmonic effects. Here, we find that a harmonic IR
spectrum broadened by 10 cm™ provides a good approximation
to the inherent broadening of an IR spectrum of an NP at ~100
K. All our harmonic spectra in Figure 11 are broadened by 10
cm™" and thus roughly correspond to the temperatures that
could be encountered in a number of astrophysical environ-
ments (e.g, CS, protoplanetary disks, exoplanetary atmos-
pheres, and diffuse interstellar clouds). We further note that this
analysis only corresponds to the effect of temperature on the IR
spectrum of a single NP. A more detailed analysis should take
into account large ensembles of NPs with different sizes and
structures, which will also tend to affect the discernible details in
an observed IR spectrum.

We note that the small amount of broadening applied to our
calculated harmonic frequencies results in a corresponding
broadening of the wavelength peaks of ~0.1 ym. As such, the
applied broadening mainly affects the number of resolved peaks
in a spectrum but does not significantly affect the overall
broadness of features comprising many summed peaks (as
clearly seen in Figure 12). As such, the widths of our calculated
Si—O and O—Si—O features are hardly affected by the choice of
individual peak broadening.
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4. CONCLUSIONS

In this work we provide a comprehensive study of the energetic,
structural, and IR spectroscopic properties of crystalline and
noncrystalline Mg-rich olivine (Mg,SiO,) NPs possessing 10s to
1000s of atoms (from ~1 to ~5 nm in diameter). Bulk cut (BC)
crystalline-like NPs were modeled using the top-down Wulff
construction, while two kinds of noncrystalline NPs were
studied: thermally annealed (amorphized, A) NPs based on the
Wulff constructed cuts and nucleated (N) particles grown by
monomeric addition. While the A and BC NPs share some
structural features similar to bulk crystalline forsterite (e.g.,
isolated SiO, units), the N NPs show the presence of pyroxene-
like chains and small MgO regions and thus can be seen as partial
solid mixtures. In terms of energetics, BC NPs are metastable
with respect to A NPs, while N NPs are higher in energy than
both other NP types. In the bulk phase, however, crystalline
forsterite is the most energetically stable phase. From the size-
dependent energetic trends of the A and BC NPs, we tentatively
estimate that the energetic stability crossover size between these
two NP families will occur for a NP size of ~12 nm diameter.

We have analyzed the structures of our NPs in detail in order
to evaluate the effects of amorphization by comparing three
measures of crystallinity to assess local and periodic order. The
displacements of silicon atoms were used to characterize the
periodic order and demonstrated that the A NPs are easily
structurally differentiated as more disordered with respect to the
crystalline BC NPs. From the analysis of the “average Mg
coordination number” (Mg CN), our local order descriptor, we
show that the BC NPs have lower than bulk values due to surface
effects, which cause a lowering of the Mg coordination.
However, the A and N NPs show even lower (Mg CN) values
due to their more disordered structures. By examining the
spatially resolved local structural distortion of tetrahedral SiO,
units in BC and A NPs we also confirm that i) A NPs show a
homogeneous distribution of disorder throughout the whole NP
and that ii) BC NPs show only significant local structural
distortion at their surfaces. Due to the large surface to core atom
proportions (>50%) in the considered NPs, the effect of surface
relaxation on the IR spectra of BC NPs is found to be relatively
large.

The IR spectra of the smallest NPs are composed of a large
collection of distinct signals. As the NP size increases, the IR
spectra of all NP families show broader peaks in the
characteristic ~10 and ~18 um regions, in accordance with
typical astronomical silicate IR spectra. Surprisingly, both
thermally annealed structurally amorphous NPs and NPs
relaxed from bulk crystalline cuts (with only significant disorder
at their surfaces) show similar double-peaked broad spectra.
Indeed, from the calculated IR spectra, our larger BC and A NPs
would be clearly judged as spectroscopically amorphous. This
result implies that it would be very difficult to accurately
estimate the degree of crystallinity of nanosilicate grains in the
~1-5 nm diameter regime using IR spectroscopy alone. In
contrast, the IR spectra from nucleated NPs arising from gas
phase monomeric addition show some features that make them
distinguishable from the A and BC NPs.

There are several astronomical implications to our results.
First, the higher energetic stability of amorphous NPs with
respect to their crystalline counterparts highlight the necessity to
include such considerations in theoretical studies of the
formation of silicates in different environments. Here, however,
further work is necessary to provide a more accurate estimate of
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the crossover NP size for the amorphous to crystalline transition.
Second, the IR spectra of maximally crystalline nanograins (i.e.,
BC NPs) having diameters of ~4.5 nm cannot be distinguished
from the corresponding spectra of amorphous nanograins (i.e., A
NPs). This surprising result may cast some doubts on the
currently established upper limits of the fraction of crystalline
silicate dust in the ISM based on observed IR spectra. If a large
population of crystalline nanograins exists in the ISM, a
traditional analysis would lead to their observed IR spectra
being interpreted as showing the presence of amorphous grains.
Generally, the existence of many highly crystalline nanograins
could be hidden in IR spectra that are usually taken to indicate
only amorphous silicates. Although further studies are needed to
evaluate the size regime where the IR spectra of crystalline and
amorphous NPs eventually becomes distinguishable, our results
may also provide support for preliminary results from X-ray
absorption observations,*”** which indicate a relatively large
fraction of crystalline silicate dust in the ISM as compared to
estimates based on analyses of IR spectra.'®

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsearthspace-
chem.9b00157.
S1: Description of computational details. S2: Technical
details about the procedure we followed to generate bulk
cut and amorphized NPs. S3: Details of the calculations
used to derive a realistic value of the full width at half-
maximum for the IR spectra. S4: Plots of the harmonic IR
spectra for all NPs. S5: Si—O bond distance and O—Si—O
angle distributions for the 116 formula-unit BC, A, and N
NPs (PDF)
IR spectra (ZIP)
Cartesian coordinates of all optimized NPs where we
report the structure of each Ol NP in XMOL format
(z1P)
Input and output files of our CRYSTAL (DFT) and
GULP (Walker FF) calculations containing the computed
IR intensities and frequencies of all NPs (ZIP)

Bl AUTHOR INFORMATION

Corresponding Authors

*(S.T.B.) E-mail: s.bromley@ub.edu. Telephone: +34 93 403
9732.

#(P.U.) E-mail: piero.ugliengo@unito.it. Telephone: +39 011
670 4596.

ORCID

Lorenzo Zamirri: 0000-0003-0219-6150

Piero Ugliengo: 0000-0001-8886-9832

Stefan T. Bromley: 0000-0002-7037-0475

Author Contributions

IThese authors contributed equally to this work.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

L.Z. and P.U. acknowledge financial support from the Italian
MIUR (Ministero dell'Istruzione, dell’'Universita e della
Ricerca) and from Scuola Normale Superiore (project PRIN
2015, STARS in the CAOS - Simulation Tools for

DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 2323-2338



Chapter 12: What can infrared spectra tell us about the crystallinity of nano-sized interstellar silicate dust

grains?

ACS Earth and Space Chemistry

Astrochemical Reactivity and Spectroscopy in the Cyberinfras-
tructure for Astrochemical Organic Species, cod. 2015FS9J3R).
AME, JM.G,, and S.T.B. acknowledge support from the
Spanish MINECO/FEDER CTQ2015-64618-R research proj-
ect, the Ministerio de Ciencia, Innnovacion y Universidades
(MCIU) Spanish Structures of Excellence Maria de Maeztu
program through grant MDM-2017-0767, and, in part, by
Generalitat de Catalunya (grants 2017SGR13 and XRQTC).
The Red Espanola de Supercomputacién (RES) and the Italian
CINECA consortium are also acknowledged for the provision of
supercomputing time for part of this project. We also
acknowledge Dr. Daiki Yamamoto from Hokkaido University,
Sapporo, and Dr. Shogo Tachibana from University of Tokyo for
having provided us the raw IR data for bulk crystalline forsterite
and amorphous Mg,SiO, olivine shown in Figure 1 and Figure
11E.

B REFERENCES

(1) Henning, T. Cosmic Silicates. Annu. Rev. Astron. Astrophys. 2010,
48, 21-46.

(2) Henning, T. Cosmic Silicates - A Review. In Solid State
Astrochemistry; Pirronello, V., Krelowski, J., Manico, G., Eds,;
Proceedings of the NATO Advanced Study Institute on Solid State
Astrochemistry, 2000; pp 85—103.

(3) Malfait, K.; Waelkens, C.; Waters, L. B. F. M.; Vandenbussche, B.;
Huygen, E,; de Graauw, M. S. The Spectrum of the Young Star HD
100546 Observed with the Infrared Space Observatory. Astron.
Astrophys. 1998, 332, L25—L28.

(4) Hanner, M. S. The Silicate Material in Comets. Space Sci. Rev.
1999, 90, 99—-108.

(5) Waters, L. B. F. M.; Molster, F. J.; de Jong, T.; Beintema, D. A,;
Waelkens, C.; Boogert, A. C. A.; Boxhoorn, D. R.; de Graauw, T.;
Drapatz, S.; Feuchtgruber, H.; Genzel, R.; Helmich, F. P.; Heras, A. M,;
Huygen, R,; Izumiura, H.; Justtanont, K.; Kester, D. J. M.; Kunze, D.;
Lahuis, F.; Lamers, H. J. G. L. M,; Leech, K. J.; Loup, C; Lutz, D,;
Morris, P. W.; Price, S. D.; Roelfsema, P. R.; Salama, A.; Schaeidt, S. G.;
Tielens, A. G. G. M; Trams, N. R,; Valentijn, E. A.; Vandenbussche, B.;
van den Ancker, M. E.; van Dishoeck, E. F.; van Winckel, H.; Wesselius,
P. R; Young, E. T. Mineralogy of Oxygen-Rich Dust Shells. Astron.
Astrophys. 1996, 315, L361-L364.

(6) Molster, F. J.; Kemper, C. Crystalline Silicates. Space Sci. Rev.
2008, 119, 3—28.

(7) Jager, C.; Molster, F. J.; Dorschner, J.; Henning, T.; Mutschke, H.;
Waters, L. B. F. M. Steps toward Interstellar Silicate Mineralogy. IV.
The Crystalline Revolution. Astron. Astrophys. 1998, 339, 904—916.

(8) Molster, F. J.; Waters, L. B. F. M.; Tielens, A. G. G. M. Crystalline
Silicate Dust around Evolved Stars II. The Crystalline Silicate
Complexes. Astron. Astrophys. 2002, 240, 222—240.

(9) Jager, C.; Dorschner, J.; Mutschke, H.; Posch, T.; Henning, T.
Steps toward Interstellar Silicate Mineralogy VIL Spectral Properties
and Crystallization Behaviour of Magnesium Silicates Produced by the
Sol-Gel Method. Astron. Astrophys. 2003, 408, 193—204.

(10) Speck, A. K.; Whittington, A. G.; Hofmeister, A. M. Disordered
Silicates in Space: A Study of Laboratory Spectra of “Amorphous”
Silicates. Astrophys. J. 2011, 740, 17.

(11) Hallenbeck, S. L.; Nuth, J. A,, III; Nelson, R. N. Evolving Optical
Properties of Annealing Silicate Grains: From Amorphous Condensate
to Crystalline Mineral. Astrophys. J. 2000, 535, 247-255.

(12) Thompson, S. P.; Parker, J. E.; Tang, C. C. The 10 y#m Band in
Amorphous MgSiO;: The Influence of Medium-Range Structure,
Defects and Thermal Processing. Astron. Astrophys. 2012, 545, A60.

(13) Demyk, K.; D'Hendecourt, L.; Leroux, H.; Jones, A. P.; Borg, J.
IR Spectroscopic Study of Olivine, Enstatite and Diopside Irradiated
with Low Energy H" and He" Ions. Astron. Astrophys. 2004, 420, 233—
243.

(14) Chiar, J. E.; Tielens, A. G. G. M. Pixie Dust: The Silicate Features
in the Diffuse Interstellar Medium. Astrophys. J. 2006, 637, 774—785.

2337

136

(15) Fogerty, S.; Forrest, W.; Watson, D. M.; Sargent, B. A.; Koch, I.
Silicate Composition of the Interstellar Medium. Astrophys. J. 2016,
830, 71.

(16) Kemper, F.; Vriend, W. J.; Tielens, A. G. G. M. The Absence of
Crystalline Silicates in the Diffuse Interstellar Medium. Astrophys. J.
2004, 609, 826—837.

(17) Kemper, F.; Vriend, W. J.; Tielens, A. G. G. M. The Absence of
Crystalline Silicates in the Diffuse Interstellar Medium. Astrophys. J.
2005, 663, $34—534.

(18) Li, M. P.; Zhao, G.; Li, A. On the Crystallinity of Silicate Dust in
the Interstellar Medium. Mon. Not. R. Astron. Soc.: Lett. 2007, 382,
126—L29.

(19) Li, A,; Draine, B. T. On Ultrasmall Silicate Grains in the Diffuse
Interstellar Medium. Astrophys. J. 2001, 550, L213—L217.

(20) Kogut, A.; Banday, a. J.; Bennett, C. L.; Gorski, K.; Hinshaw, G.;
Smoot, G. F.; Wright, E. L. Microwave Emission at High Galactic
Latitudes. Astrophys. J. 1996, 464, L5—L9.

(21) Draine, B. T.; Lazarian, A. Diffuse Galactic Emission from
Spinning Dust Grains. Astrophys. ]. 1998, 494, L19—122.

(22) Draine, B. T.; Lazarian, A. Electric Dipole Radiation from
Spinning Dust Grains. Astrophys. J. 1998, 508, 157—179.

(23) Dovesi, R.; Saunders, V. R.; Roetti, C.; Orlando, R.; Pascale, F.;
Civalleri, B.; Doll, K.; Harrison, N. M.; Bush, L J.; D’Arco, P.; Llunel,
M.; Causa, M.; Nogl, Y.; Maschio, L.; Erba, A.; Rérat, M.; Casassa, S..
CRYSTAL17 User’s Manual, 2018.

(24) Gale, J. D. GULP - A Computer Program for the Symmetry
Adapted Simulation of Solids. J. Chem. Soc., Faraday Trans. 1997, 93,
629.

(25) Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular
Dynamics. J. Comput. Phys. 1995, 117, 1-19.

(26) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(27) van Duin, A. C. T.; Dasgupta, S.; Lorant, F.; Goddard, W. A,, III
ReaxFF: A Reactive Force Field for Hydrocarbons. J. Phys. Chem. A
2001, 105, 9396—9409.

(28) Walker, A. M.; Wright, K; Slater, B. A Computational Study of
Oxygen Diffusion in Olivine. Phys. Chem. Miner. 2003, 30, S36—545.

(29) Price, G. D.; Parker, S. C.; Leslie, M. The Lattice Dynamics and
Thermodynamics of the Mg2SiO4 Polymorphs. Phys. Chem. Miner.
1987, 15, 181—190.

(30) Catlow, C.R. A;; Price, G. D. Computer Modelling of Solid-State
Inorganic Materials. Nature 1990, 347, 243—247.

(31) Simons, J.; Joergensen, P.; Taylor, H; Ozment, J. Walking on
Potential Energy Surfaces. J. Phys. Chem. 1983, 87, 2745—2753.

(32) Banerjee, A,; Adams, N.; Simons, J; Shepard, R. Search for
Stationary Points on Surfaces. J. Phys. Chem. 1988, 89, 52—57.

(33) Baroni, S.; de Gironcoli, S.; dal Corso, A.; Giannozzi, P. Phonons
and Related Crystal Properties from Density-Functional Perturbation
Theory. Rev. Mod. Phys. 2001, 73, 515—562.

(34) Goumans, T. P. M.; Bromley, S. T. Efficient Nucleation of
Stardust Silicates via Heteromolecular Homogeneous Condensation.
Mon. Not. R. Astron. Soc. 2012, 420, 3344—3349.

(35) Yamamoto, D.; Tachibana, S. Water Vapor Pressure Dependence
of Crystallization Kinetics of Amorphous Forsterite. ACS Earth Space
Chem. 2018, 2, 778—786.

(36) Lamiel-Garcia, O.; Cuko, A.; Calatayud, M.; Illas, F.; Bromley, S.
T. Predicting Size-Dependent Emergence of Crystallinity in Nanoma-
terials: Titania Nanoclusters versus Nanocrystals. Nanoscale 2017, 9,
1049—1058.

(37) Bromley, S. T.; Moreira, L. D. P. R. R;; Neyman, K. M,; Illas, F.
Approaching Nanoscale Oxides: Models and Theoretical Methods.
Chem. Soc. Rev. 2009, 38 (9), 2657—2670.

(38) Bostrom, D. Single-Crystal X-Ray Diffraction Studies of
Synthetic Ni-Mg Olivine Solid Solution. Am. Mineral. 1987, 72, 965—
972.

(39) Momma, K; Izumi, F. VESTA 3 for Three-Dimensional
Visualization of Crystal, Volumetric and Morphology Data. J. Appl.
Crystallogr. 2011, 44, 1272—1276.

DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 2323-2338



ACS Earth and Space Chemistry

Part Il. Astronomical silicates

(40) Bruno, M.; Massaro, F. R.; Prencipe, M.; Demichelis, R.; De La
Pierre, M.; Nestola, F. Ab Initio Calculations of the Main Crystal
Surfaces of Forsterite (Mg,Si0,): A Preliminary Study to Understand
the Nature of Geochemical Processes at the Olivine Interface. J. Phys.
Chem. C 2014, 118, 2498—2506.

(41) Zamirri, L; Corno, M.; Rimola, A;; Ugliengo, P. Forsterite
Surfaces as Models of Interstellar Core Dust Grains: Computational
Study of Carbon Monoxide Adsorption. ACS Earth Space Chem. 2017,
1, 384—398.

(42) Jacobs, M. H. G; de Jong, B. H. W. S. An Investigation into
Thermodynamic Consistency of Data for the Olivine, Wadsleyite and
Ringwoodite Form of (Mg,Fe),SiO,. Geochim. Cosmochim. Acta 2008,
69, 4361—4375.

(43) Johnston, R. L. Atomic and Molecular Clusters; CRC Press, Taylor
& Francis Group, 2002.

(44) Vines, F.; Lamiel-Garcia, O.; Illas, F.; Bromley, S. T. Size
Dependent Structural and Polymorphic Transitions in ZnO: From
Nanocluster to Bulk. Nanoscale 2017, 9, 10067—10074.

(45) Suh, K. W. Crystalline Silicates in the Envelopes and Discs
around Oxygen-Rich Asymptotic Giant Branch Stars. Mon. Not. R.
Astron. Soc. 2002, 332, 513—528.

(46) Gail, H.-P.; Sedlmayr, E. Mineral Formation in Stellar Winds. .
Condensation Sequence of Silicate and Iron Grains in Stationary
Oxygen Rich Outflows. Astron. Astrophys. 1999, 347, 594—616.

(47) Molster, F. J.; Yamamura, L; Waters, L. B. F. M.; Nyman, L.-A.;
Kaufl, H.-U,; de Jong, T.; Loup, C. IRAS 09425—6040: A Carbon Star
Surrounded by Highly Crystalline Silicate Dust. Astron. Astrophys.
2001, 366, 923—929.

(48) Gail, H. P.; Sedlmayr, E. Inorganic Dust Formation in
Astrophysical Environments. Faraday Discuss. 1998, 109, 303—319.

(49) Zeegers, S. T.; Costantini, E.; de Vries, C. P.; Tielens, A. G. G. M,;
Chihara, H.; de Groot, F.; Mutschke, H.; Waters, L. B. F. M,; Zeidler, S.
Absoption and Scattering by Interstellar Dust in the Silicon K-Edge of
GXS—1. Astron. Astrophys. 2017, 599, A117.

(50) Meeus, G.; Waters, L. B. F. M.; Bouwman, J.; van den Ancker, M.
E.; Waelkens, C.; Malfait, K. ISO Spectroscopy of Circumstellar Dust in
14 Herbig Ae/Be Systems: Towards an Understanding of Dust
Processing. Astron. Astrophys. 2001, 365, 476—490.

(51) Draine, B. T. Interstellar Dust Grains. Annu. Rev. Astron.
Astrophys. 2003, 41, 241—289.

(52) Macia Escatllar, A.; Lazaukas, T.; Woodley, S.; Bromley, S. T.
Structure and Properties of Nanosilicates with Olivine (Mg,SiO,)y and
Pyroxene (MgSiO;)y Compositions. ACS Earth Space Chem. 2019,
DOI: 10.1021/acsearthspacechem.‘)bOOl39.

(53) Ossenkopf, V.; Henning, T.; Mathis, J. S. Constraints on Cosmic
Silicates. Astron. Astrophys. 1992, 261, 567—578.

(54) Shao, Z.; Jiang, B. W.; Li, A;; Gao, J.; Lv, Z.; Yao, J. Probing the
9.7 pum Interstellar Silicate Extinction Profile through the Spitzer/IRS
Spectroscopy of OB Stars. Mon. Not. R. Astron. Soc. 2018, 478, 3467—
3477.

(55) Zeegers, S. T.; Costantini, E.; Rogantini, D.; de Vries, C. P.;
Mutschke, H.; Mohr, P.; de Groot, F.; Tielens, A. G. G. M. Dust
Absorption and Scattering in the Silicon K-Edge. Astron. Astrophys.
2019, 627, Al6.

2338

137

DOI: 10.1021/acsearthspacechem.9b00157
ACS Earth Space Chem. 2019, 3, 23232338



Chapter 12: What can infrared spectra tell us about the crystallinity of nano-sized interstellar silicate dust

grains?

Conclusions

1.

Several olivinic (Mg2SiO4)n NP models have been generated in order to compare
different possible structures that olivine dust grains may have in astronomical
environments. These models correspond to crystalline cuts using the Wuff
construction, amorphized NPs generated from simulated annealing using the crystal
particles as initial seeds, and gas-phase aggregated (nucleated) NPs.

The calculated energetic stability of our Mg-silicate model NPs show that crystalline
structures are metastable with respect to amorphous NPs, as generated by
simulated annealing. The energetic stability of amorphous NPs has been computed
by DFT methods for particles with sizes of up to 2.5 nm in diameter (almost 1000
atoms). Extrapolation of the energetic curves using the spherical cluster
approximation suggest that the cross-over from amorphous to crystalline grains
could occur at a size of ~12 nm in diameter. The nucleated NPs are generally >50
kd/mol per formula unit less energetically stable than the amorphous NPs.

We confirm that the three different NP models are structurally differentiable by
providing two measures of order: the <Si-RMSD> and the <Mg-CN>. From the
average Mg coordination value, we find that a larger amorphicity implies lower
coordination <Mg-CN>: nucleated NPs have the lowest <Mg-CN> values of the
set, while crystalline NPs have the largest values, with the annealed NPs having
values which lay in between. The crystalline NPs do not show the bulk value of <Mg-
CN>, likely because the fraction of surface atoms is still too large.

Using DFT calculations, we computed the IR spectra for the three types of model
NPs for a size of 30 units, showing, in all cases, numerous distinguishable features.
As such these IR spectra are similar to those of the nanoclusters possessing 1 to
10 units. No structural differentiation seems feasible by IR spectra alone for such
sized species.

We show that MD IR spectra as calculated with the Walker IP is able to accurately
reproduce the DFT IR features of the Si-O bonding region for a 50-unit olivinic NP.
The features at longer wavelengths, corresponding to the O-Si-O bending and the
Mg-O stretching are much more compressed than those from the DFT calculations,
and thus precise characteristic features cannot be extracted. In the comparison
between experimental IR spectra and DFT-based and/or IP-based IR spectra, both
computed methods show similar results. We conclude that the crystalline spectral
features should be well reproduced by the Walker FF, allowing us to differentiate
between crystalline and non-crystalline IR spectra for all NP sizes.

We model the IR spectra of nanoclusters up to a size of ~5nm in diameter using the
Walker FF. As the system size increases, the IR peaks start to resemble those of
amorphous astrosilicate peaks, (i.e. composed of two main regions: the 9.7 mm
feature and the 18 mm feature). Nucleated particles seem to show the 18 mm
feature displaced to lower wavelengths, but further analysis is needed.
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The IR spectra of crystaline and amorphous NPs for the larger size range
considered are extremely similar and both resemble a typical amorphous
astrosilicate spectrum. We rationalize this finding by virtue of the large proportion of
surface atoms that these NPs have, (e.g. largest grain considered has 60.5% of its
atoms on the surface)
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Chapter 13: Conclusions on Astronomical silicates and Outlook

The work performed in this thesis provides a solid basis for extending our knowledge
on the importance of silicate nanoclusters and NPs in the universe.

The first major result of the thesis is the complete characterization of olivinic and
pyroxenic Mg-pure stoichiometric nanoclusters by tailoring an IP for GO searches. Analysis
of the energetics showed that some nanoclusters can be regarded as magic, and thus they
should be targeted as candidates for detection. The structure of the nanoclusters is far from
their corresponding bulk crystal structure, and thus they should be regarded as amorphous.
However, the IR spectrum of the clusters is far from what is considered the standard
amorphous IR spectrum. As nanoclusters only contain up to hundreds of atoms, the
number of oscillators is small enough so that no gaussian distribution can be generated.
The spectrum of the nanoclusters is composed of single signals with varying degrees of
oscillator strengths. Hence, we cast doubt on the use of the standard amorphous spectrum
to identify the presence of astrosilicate nanoclusters.

The second major result from this thesis is the theoretical confirmation that silicate
nanoclusters have large enough dipole moments to contribute to the AME. We find that
with only 1% of the silicate mass in nanoclusters, the entirety of the AME can be explained.

Finally, the energetic stability of crystalline structures with respect to amorphous ones
is studied and reveals that crystalline NPs could be more stable in the region of 12nm. The
IR spectrum of small NPs (up to 4nm) show that it is not possible to distinguish crystalline
NPs from amorphous ones. We attribute the lack of crystalline signals to the large
proportion of surface atoms, close to 60%.

The characterization of olivinic and pyroxenic nanocluster structure, energetic
stability, IR spectra and MW spectra allows for several future research pathways to be
followed which could involve computational and astrophysical modelling, astronomical
observation and laboratory studies. A clear follow-up study involving the nanocluster
structures, energies and harmonic frequencies derived in this thesis is related to the growth
of nanoclusters under a range of astrophysically relevant conditions. In AGB stars, kinetic
models have determined the condensation zone of silicate monomers and dimers® and
assumed grain growth by condensation following the equation formulated by Jacobson'.
Such models could be easily extended to include our new nanoclusters, which may provide
faster rates than previously considered, as well as provide insight into whether the magic
clusters identified in this work are indeed more abundant than other sizes in stellar wind
conditions. Incorporation of non-stoichiometric species into kinetic models would also allow
a better estimate on the pyroxene/olivine ratios under different conditions. The mechanisms
and growth rate of silicates under ISM conditions could also be improved thanks to our
models. The current view on grain growth in the ISM involves the adsorption of atoms on
the grain surface and diffusion on the grain until reaching an active site®’. Several
parameters are needed for such calculations, such as binding energies and active site
densities for each of the possible incoming species (Si, O, Mg and Fe). Growth of
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nanoclusters by deposition of elements can be studied by trajectory studies which can
provide more accurate measures of grain growth under the extremely cold conditions of
the ISM.

In terms of IR spectroscopy, it is required to analyze the quantity of nanoclusters
needed in order for their individual signals to appear in IR spectroscopy. As for NPs larger
than 4 nm, we have shown the crystalline/amorphous indistinguishability of isolated NPs
with respect to IR spectroscopy. In light of this finding, current estimates of the crystalline
fraction of silicate dust in the ISM may require revision. In this context, it is important to
evaluate the overall IR spectra of a multiphasic dust population with different fractions of
crystalline components to identify the maximum degree of crystallinity that could be hidden
in amorphous grains. In relation to the crystalline/amorphous fraction, annealing MD
simulations could help understand the diffusion processes which cause the formation of
crystalline material. In turn, such simulations could also help in determining the required
timespan to obtain certain degrees of crystallization, which could be confirmed against
observable evidence.

With respect to the AME, silicate nanoclusters possess very large dipole moments
even in their neutral state, largely thanks to their ionic nature. Hence, it is clear that as long
as silicate nanoclusters are present in the ISM, they are likely to be an important source of
the AME. A reasonable next step is to confirm or discard the presence of such nanoclusters
through microwave observations by: (I) providing more accurate predictions of spectral lines
for the smallest silicate nanoclusters and (ll) performing observations in the ranges where
we have found such silicates nanoclusters to emit. The smallest monomeric and dimeric
silicate nanoclusters have large numbers of MW features appearing in a range between 10
to 150 GHz, and up to even larger frequencies if the rotational temperature is larger than
20 K. MW observations can reach resolutions in the range of kHz to few MHz'**. We note
that most of the MW spectra presented in this thesis are calculated under the rigid rotor
approximation, thus having errors in the range of MHz or even some GHz for the largest
frequencies and highest J-levels. The data provided for P-1 includes centrifugal distortion
coefficients which allow more precise calculations of MW spectral lines, but the effect of
vibrations have not been taken into account. More explicitly, the rotational constants in the
vibrational ground state (Bg) should be provided, which can be calculated as:

Where ABy;, is the vibrational correction and ABg; is the electronic correction, which
is usually neglected'’. Once the vibrational contribution is taken into account, the predicted
MW spectra can be used to search for identifiable lines in astronomical environments.
Another related study would be to estimate of the population of rotational levels under non-
equilibrium conditions. Collisions with ions, H atoms and H, molecules are a major source
of energy transfer in MC and DC environments. Understanding attachment of H/H, on the
grain surface and the rotational energy distribution after interaction would allow one to
better characterize the rotational levels in such environments. Again, trajectory studies
would shed light on such processes.
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Chapter 14: Thesis conclusions

While the most applied results of the research presented in his thesis have been
described in the corresponding subchapters and the overall advances in the field in
chapters at the end of each part, some general considerations that applies to both studies
can be drawn.

First of all, we emphasize the importance that computational methodologies can have
in advancing fields of study where nanoscale objects are of primary importance. We have
shown that bottom-up methodologies can offer new insights of nanometer sized species
which cannot be easily measured by experimental set-ups.

Another valuable point of the present thesis is the importance of IPs as pre-optimizers
as well as to explore the PES of a chemical system, allowing to fasten more accurate
calculations and allowing to extract reliable properties afterwards with ab initio
methodologies. However, the use of IPs comes with the necessity of assessing whether a
particular IP is capable to mimic the structure and relative energy of high accuracy methods.

Finally, we have shown the importance of amorphous structures for both TiO, and
astronomical silicates. In this regard, it must be noted the large difference in size at which
crystalline structures become the most thermodynamically favored structure: for TiO,the
size cross-over happens at ~2.5 nm in diameter, while for Mg,Si0, the cross-over is
estimated to happen at ~12 nm in diameter. The differences which make silicates become
crystalline at much larger sizes should be analyzed in the future.
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Appendix

1. Parameters of most important Interatomic Potentials used in this work.

Table Al: Parameters of the TiO, IPs used in both Chapters 5 and 6. Units of the
parameters are: 4;;in eV,p, in Aand C;; in eV-A®

MA NanoTiO

Charge

Ti 2.196 2.4

0 -1.098 -1.2

Aij Po Cij Aij Po Cij

Ti-Ti 31120.2 0.154 5.25 69000.0 0.210 500
Ti-O 16957.53 0.194 12.59 22054.2 0.185 5.05
0-0 11782.76 0.234 30.22 3328.5 0.297 16.48

Table A2: Parameters of the Mg silicate IPs used in Chapters 10 and 12. Units of the
parameters are: 4;;in eV,p, in Aand C;; in eV-A®

Walker MgFFSiOH
Charge
Si 4.0 2.7226
O core 0.848190 1.91981
O shell -2.848190 -3.28111
Mg 2.0 1.3613
Ajj Po Cij Aij Po Cij
Si-0 1283.90734 0.32052 10.66158 | 8166.2632 0.193884 0.0
Mg-O 1428.5 0.29453 0.29453 3100 0.247732 35.0
0-0 22764.0 0.149 27.88 | 15039.909 0.227708 0.0
Core-shell spring constant
74.92038 256.71027
Three body*
0, k
0-Si-0 109.47 2.097

*: The three-body potential is modeled with harmonic function using:
1
E = Ek(e - 90)2
With 6 being the angle between the three atoms.
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Appendix

2. Comparison of the AME model from Chapter 11 with respect to currently used

models.

A&A 634, A77 (2020)

Appendix A: Rotational emission for a PAH:
comparison with other models

Using the equations described in the Sect. 2, in this appendix
we compare the results of our model with those from the works
of Ali-Haimoud et al. (2009) and Draine & Lazarian (1998).
The parameters of each environment can be found in Draine &
Lazarian (1998), where we have used the dust grain tempera-
ture as the rotational temperature of our grains. The number
of grains for our particle containing Nc =20 atoms is extracted
from the FORTRAN code in Weingartner & Draine (2001b)
using a radius of =3.5. Dust particles of this size are likely
to be the most important contributors to the AME, although
larger particles also contribute to the emission. Figure A.l
shows a comparison of the results between our model and the
results from Draine & Lazarian (1998) and Ali-Haimoud et al.
(2009). In CNM conditions, where the densities are extremely
low and there is a large discrepancy between dust and gas
temperature (Ty = 20K, T, = 100 K) we find a large dis-
crepancy between published models and our model. Here our

PAH - CNM PAH - ML
1 |
s N o Node
1 - b it
'; : : oLse
T T
P r r
-
: T T
8 : |
4] 0 vl

Frageancy |Gz Frpgamny 1o

calculated emissivities are larger than expected and can not
be reconciled by lowering the rotational temperature. For the
MC environment, our result is 1.4 times larger than other pub-
lished models. Surprisingly, for DC our model provides lower
emissivities than those previously estimated. In DC, the densi-
ties are sufficiently large to expect a distribution dominated by
collision interactions, which would cause the rotational temper-
ature to be equal to the gas kinetic temperature. For RN, while
T4 # T, the emissivity is reduced by 60% compared to other
models.

From Fig. A.1 both the emissivity and peak position obtained
in our model is in good agreement for the MC, DC and RN
cases. Taking into account that the reported data from DL98 and
AHHD correspond to total microwave emissivities for all PAHs
and our data corresponds to a single particle, it is expected that
our results should appear close to or below the reported data
points in terms of emissivity, and at slightly larger frequencies
in terms of peak position. The MC case shows larger emissiv-
ity in our model than expected, while the best case scenarios
correspond to DC and RN conditions.
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Fig. A.1. Microwave emission from fictitious PAH with the rotational constants A = 432 B = 370 and C = 344 MHz under several astronomical
environments: Cold Neutral Medium, Molecular Cloud, Dark Cloud and Reflection Nebula.
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3. Rotational constants and Dipole moment of O-N and P-N nanoclusters.
A. Macia Escatllar and S. T. Bromley: Viability of silicates as carriers of the AME

Appendix B: Rotational constants and dipole Table B.2. Total dipole moments (1) in Debyes (D) for olivine (O-N),
moments of silicate nanoclusters pyroxene (P-N) and silicon monoxide (SiO-N) nanoclusters.

Table B.1. Rotational (B,) constants (MHz) for the nanoclusters in this Molecule 2 (D)

work.

0O-1 9.50
Molecule B, (MHz) B, (MHz) B, (MHz) 0-2 6.00
0O-1 3260.983 1291.755 925.244 8_2 1%23
0-2 614.676 583.865 373.861 0-5 2.03
0-3 312.054 277278 221.305 0-6 3.28
0-4 196.153 143.527 106.91 0-7 6.60
0-5 114.285 101.138 75.222 0-8 6.56
0-6 85.73 72.891 64.873 0-9 5.79
0-7 73.928 47.551 42.208 0-10 327
0-8 54.536 40.455 38.061 P-1 12.60
0-9 45.888 31.399 29.14 P-2 0.00
0-10 37.203 28.814 24.862 P-3 328
P-1 9876.871 2947.067  2269.802 P-4 2.83
P-2 1472.618 1176.786 746.653 P-5 408
P-3 565.57 492.799 398.548 P-6 0.00
P-4 391.274 210.07 189.036 P-7 6.39
P-5 279.393 158.611 146.333 P-8 5.29
P-6 201.405 101.628 98.244 P-9 6.61
P-7 137.455 86.734 76.038 P-10 5.29
P-8 94.832 82.928 62.082 Si0-2 0.00
P-9 71.393 66.017 58.03 SiO-3 0.00
P-10 64.729 57.262 46.684 Si0-4 0.00
SiO-2 11267.036 5809.04  3832.887 SiO-5 0.73
SiO-3 2590.916 2590.65  1295.392 Si0-6 2.20
SiO-4 1224.702 1209.03 680.397 SiO-7 0.18
SiO-5 1408.354 430.413 416.801 SiO-8 1.68
SiO-6 614.419 445.02 442.944 Si0-9 1.79
SiO-7 467.093 467.05 277431 SiO-10 1.41
SiO-8 352.59 336.434 267.523 SiO-11 1.19
SiO-9 289.786 227.942 214.823 SiO-12 0.92
SiO-10 229.872 178.145 134.59 SiO-13 1.44
SiO-11 242.421 98.354 89.432 Si0-14 1.08
SiO-12 196.505 101.967 87.743 SiO-15 1.52
SiO-13 155.539 82.323 76.655 SiO-16 0.76
SiO-14 148.656 64.472 64.22 SiO-17 1.63
SiO-15 133.012 52.728 50.781 SiO-18 1.78
SiO-16 158.38 48.654 46.506 Si0-19 313
SiO-17 81.492 68.293 51.566 Si0-20 3.55
SiO-18 90.666 42475 41.509 _
SiO-19 86.865 50.438 50.425
SiO0-20 72.194 46.981 42.23
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Appendix

4. Error estimation from the use of the Rigid-Rotor approximation.

A&A 634, A77 (2020)

Appendix C: Estimate of changes due to
centrifugal distortion

The frequencies at which a linear rotor would emit are calculated
as:
ve(J) = 2B(J + 1) —4D(J + 1)*. (C.1)

In general, the difference in orders of magnitude between
B and D is of the order of 4 to 6. As stated in the text,
the Gaussian16 package can calculate centrifugal constants. In
Table C.1 we compare the smallest rotational constant (B;) with
the centrifugal constants (D;) for P-1 and P-2 nanoclusters.

The difference in orders of magnitude are 6 for P-1 and 7
for P-2. We can estimate the importance of the centrifugal term
by calculating the fraction 4D(J + 1)*/2B(J + 1) using J =400,
B=1 and two values of D;=10"% and D, = 10~7. For D, the
fraction is 0.32, which means that the frequencies can be shifted
up to 32%, while for D,, the fraction lowers down to 3.2%.

AT77, page 16 of 16

Table C.1. Rotational (MHz) and Wilson centrifugal distortion con-
stants (kHZ) for P-1 and P-2 nanoclusters.

Molecule B, (MHz) D;(kHz) Djk(kHz) Dy (kHz)
P-1 2269.802  0.4145 17794 63816
P2 746.653  0.0531 0102 0.0357

We remind the reader that /=400 may only be accessible for
the largest O-10 nanocluster, while the smallest particles should
achieve maximum J values of the order of ~50 to ~100. For the
P-1 nanocluster, we find that using the reported data in Table C.1
the difference is of the order of 0.2%. The centrifugal distortion
term will likely reduce as size increases, thus the most likely
value for the O-10 is D, rather than D;. Hence, we expect our
results to have a typical error of approximately 3% with respect
to the real spectra.
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5. Link to developed codes and electronic supplementary information (ESI) of the
chapters.

ESI for Chapter 5:
https://doi.org/10.1063/1.5095071%23suppl

ESI for Chapter 6:
http://www.rsc.org/suppdata/c9/nr/c9nr00812h/c9nr00812h1.pdf

ESI for Chapter 10:
https://pubs.acs.org/doi/abs/10.1021/acsearthspacechem.9b00139%notes1

ESI for Chapter 12:
https://pubs.acs.org/doi/abs/10.1021/acsearthspacechem.9b00157#notes1

Code for evaluating mixing energies
https://gitlab.com/a.macia/MixingEnergies
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