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ABSTRACT: Computer-generated atomistic microstructures of atmospheric nanoparticles
are geometrically analyzed using Delaunay tessellation followed by Monte Carlo integration to
compute their free and accessible volume. The nanoparticles studied consist of cis-pinonic acid
(a biogenic organic aerosol component), inorganic ions (sulfate and ammonium), and water.
Results are presented for the free or unoccupied volume in different domains of the
nanoparticles and its dependence on relative humidity and organic content. We also compute
the accessible volume to small penetrants such as water molecules. Most of the free volume or
volume accessible to a penetrant as large as a water molecule is located in the domains
occupied by organics. In contrast, regions dominated by inorganics do not have any cavities
with sizes larger than 1 A. Solid inorganic domains inside the particle are practically
impermeable to any small molecule, thereby offering practically infinite resistance to diffusion.
A guest molecule can find diffusive channels to wander around within the nanoparticle only
through the aqueous and organic-rich domains. The largest pores are observed in nanoparticles
with high levels of organic mass and low relative humidity. At high relative humidity, the presence of more water molecules reduces
the empty space in the inner domains of the nanoparticle, since areas rich in organic molecules (which are the only ones where
appreciable pores are found) are pushed to the outer area of the particle. This, however, should not be expected to affect the diffusive
process as transport through the aqueous phase inside the particle will be, by default, fast due to its fluid-like nature.

1. INTRODUCTION where a hard-sphere penetrant of a given radius (equal to a few
The concept of free volume has been widely invoked over the Angstroms) can reside within polymer nanocomposite micro-
years to describe the temperature dependence of viscosity in structures.

glass-forming systems near the liquid-glass transition temper- The geometric analysis starts by first decomposing
ature by correlating transport or relaxation with the amount of thoroughly pre-equilibrated model structures of the material
potentially compressible space available within the dense under study (in the form of periodic simulation cells) into
fluid."™> The free volume is typically defined as the total nonoverlapping and space-filling Delaunay tetrahedra, then
volume of the system minus the volume occupied by the atoms determining the free (unoccupied) volume in each tetrahe-
of the system, the latter being defined as a hard-core volume dron, and finally identifying connected tetrahedra and their
and typically assumed to be temperature-independent.” In later clustering to bigger entities (the so-called cavities). The
studies,*™"* the free volume concept was invoked to relate the calculation of free volume in each tetrahedron can be done
diffusive motion of small penetrants in soft materials such as either analytically'” or, if the tetrahedra are highly irregular, by
polymer melts and polymer glasses to a series of hopping Monte Carlo integration.'® Finally, the network of clusters
events between sites where the penetrant can reside. formed and the diffusion pathways between neighboring
Greenfield and Theodorou'” implemented a geometric analysis sorption sites are determined by applying a connectivity
to determine the accessible regions within a dense glassy algorithm.n

polymer structure where a penetrant center may reside, how In the present work, we extend this detailed geometric

the size of these accessible regions changes with penetrant
radius, how their shape is distributed, and how they are
connected. This detailed information was exploited in a
subsequent work'> to study the diffusive motion of small
spherical penetrants through glassy polymers by calculating the
spectrum of rate constants describing the penetrant hopping
motion as an activated process in the context of a
multidimensional transition state theory (TST). In a more
recent study,'® the geometric analysis of Greenfield and
Theodorou'” was employed to determine the clusters of sites

analysis to model structures representative of atmospheric
nanoparticles (NPs).'"”*° Our scope is to determine the
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distribution of empty space (free volume) in such particles as a
function of relative humidity (RH) and degree of organic
content, and from that, the accessible volume to molecules of a
given size. This will be the first step toward analyzing the
mechanism of diffusion (continuous versus jump-like) of small
or large penetrants inside an atmospheric particle. Their
diffusivity could be then determined either based on brute-
force molecular dynamics (MD) simulations or on the basis of
the spectrum of rate constants governing activated hopping
events between clusters of free volume using multidimensional
TST." A recent MD study by Song et al,,”" for example, has
suggested that water diffusion in saccharide aerosol droplets is
not continuous but, instead, it proceeds by discrete hops
between transient cavities that form and dissipate due to
thermal fluctuations in the highly viscous solution. Our work is
more relevant for nanoparticles exposed to low levels of
relative humidity because, as the water content of the
nanoparticle increases, diffusion is expected to be dramatically
facilitated due to the more fluid-like nature of the nanoparticle
overall, resembling more and more a continuous process. In
contrast, at low or intermediate relative humidity where the
particle structure becomes more dense, more solid-like, and
less permeable, the mode of diffusion can change, proceeding
via a sequence of activated jumps between sorption sites
connected with channels that open as a result of thermal
fluctuations. This is at the heart of the present geometric
analysis.

Atmospheric nanoparticles are highly complicated struc-
tures”” not only because of the large number of constituent
molecules but also because of the completely different
morphologies and phases that can develop within them due
to favorable or specific interactions between these species.”> A
large number of experimental, theoretical, and simulation
studies over the years”*™** have shown that these particles,
which are complex multicomponent mixtures of organics,
inorganics, and water, can exhibit nonideal behavior and
undergo phase transitions and 4phase separation. In fact, Huang
et al.” and Gaikwad et al.”’ have reported recently that
particles consisting of primary and secondary organic aerosol,
as well as secondary inorganic salts, can phase-separate even
into three phases, depending on the elemental oxygen-to-
carbon ratio of the secondary organic aerosol and relative
humidity. The work confirmed the findings of a previous MD
study,”® which had indicated the development of three separate
and chemically distinct domains inside nanoparticles less than
10 nm in diameter made of a mixture of organics, inorganic
ions, and water molecules.

As a result of their highly complex and quite rich
microstructure, molecular diffusion through an atmospheric
nanoparticle can be an extremely complex process to directly
simulate by resorting (e.g,) to brute-force MD; thus, one
needs to follow a more hierarchical strategy. As a first step
toward such a multiscale approach for understanding
molecular diffusion in atmospheric nanoparticles, we present
here results from a detailed geometric analysis of the empty
space (the so-called free or unoccupied volume) and its
distribution in the three main domains that one typically
expects inside such a particle: (a) solid (crystalline) core, (b)
organic-rich phase, (c) aqueous phase. As a byproduct of this
first analysis, we also obtain the volume accessible to a small
penetrant inside the particle of size close to that of a water
molecule and the connectivity of the corresponding sorption
sites.

The remaining of the manuscript is organized as follows. In
Section 2, we review the model particle structures analyzed
(their composition and morphology) and provide details
regarding the implementation of the geometric method for the
determination of free volume from infinitely periodic systems
already addressed so far to finite ones. This constitutes an
important technical development. Section 3 presents the
simulation results for the total volume, total surface area, and
average shape of the various particles studied, the unoccupied
and accessible volume in each one of them, and the
corresponding network of cavities, including their distribution.
We conclude with Section 4, summarizing the major findings
of the work and discussing possible future developments.

2. METHODOLOGY AND SYSTEMS STUDIED

Five types of atmospheric nanoparticles were investigated
(Table 1) consisting of 200 sulfate ions, 400 ammonium ions,

Table 1. Characteristics of the Five Different Atmospheric
Nanoparticles Subjected to Geometric Analysis

number of  number of  organic total number of
organic water mass RH atoms in the

system  molecules molecules (%) (%) simulation cell
1 10 400 S 40 5090
2 200 400 52 40 10,600
3 400 400 69 39 17,000
4 400 1600 57 76 20,600
S 400 3200 47 89 25,400

several water molecules depending on the RH considered, and
a variable number of cis-pinonic acid (CPA) (C;oH;40;)
molecules. The five nanoparticles have been described and
. . . . . 1920
morphologically characterized in two previous studies and
correspond to systems with numbers 1, 14, 15, 18, and 19 in
Table 1 of Karadima et al.”* The simulation cells also contain
nitrogen (N,) and oxygen (O,) molecules at the correct
stoichiometry in order to represent the surrounding atmos-
phere and control the pressure. Systems 1—3 serve to examine
the effect of organic mass (the number of organic molecules
varies from 10 to 400, corresponding to a fraction of organic
mass that extends from S to about 69%) at moderate to low
RH (approximately 40%). Systems 4—S serve to examine the
impact of RH (by considering respectively 1600 and 3200
water molecules in the simulation cell) at constant organic
content (number of organic molecules equal to 400). The
system with 3200 water molecules in the simulation cell, in
particular, is characterized by high RH, equal to 89%. All
particles were studied at temperature T = 320 K and pressure P
=1 atm.”® A temperature of 320 K is in the upper end of the
atmospheric temperatures and is only used because the model
particle structures that served as input to the geometric analysis
had already been equilibrated at this temperature. However, we
do not expect the results of the geometric analysis to change
dramatically at somewhat lower (by S—10%) temperatures. In
fact, one should expect them to change proportionally to the
change in the density of the nanoparticle with decreasing
temperature.

For each one of the systems of Table 1, three independent
configurations (borrowed from a previous long MD simulation
per system'”) were used for the geometric analysis by suitably
adapting the algorithm developed by Mermigkis and
Mavrantzas'® for analyzing the free volume in a bulk polymer
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nanocomposite. We worked only with three configurations per
system because the results obtained from them were not that
different, and for all NPs studied, they appeared internally
consistent. To validate the results for the unoccupied/
accessible volumes, we also simulated water and CPA as
pure bulk systems at the same temperature and pressure
conditions (T = 320 K and P = 1 atm).

An 1mportant dlﬁerence between the systems analyzed in
previous studies'>'® and the nanoparticles addressed here is
the finite size of the latter, which necessitated several
modifications to the geometric algorithm. First, atoms in
each of the five simulated NP systems are categorized as
internal (ie., atoms belonging to the NP) and external (i,
atoms belonging to the surrounding atmosphere). External
atoms include not only N, and O, molecules in the
surrounding air but also CPA and water molecules that had
escaped from the NP to the atmosphere in the course of the
MD simulation (inorganic ions never came out from the NPs).
Then, the geometric analysis starts by first tessellating the
space inside the simulation cell into Delaunay tetrahedra by
using as vertices the atomic positions in the system. Since
external atoms are sparse, the number of atoms in the set §; of
atoms surrounding atomic site i that will lead to the formation
of the Voronoi polyhedron around atom i (following the
algorithm proposed by Tanemura et al.**) is equivalent to the
total number of atoms in the system. This makes the entire
procedure extremely slow from a computational point of view.
In some cases, it was observed that the Delaunay tessellation
could not even converge at all. We overcame this problem by
adding a certain number of ghost atoms in the simulation cell
around the nanoparticle in order to fill the surrounding gas-
phase space; although ghost atoms are external, they are treated
as system atoms in the course of the Delaunay tessellation.

In the next step, the tetrahedra formed in the course of the
Delaunay tessellation are grouped into internal and external:
internal tetrahedra have all of their vertices on atoms that
belong to the NP, while external tetrahedra have at least one of
their vertices outside the NP. The subset of external tetrahedra
that have exactly three atoms on the surface of the NP are
called boundary external tetrahedra. Similarly, the subset of
internal tetrahedra sharing three vertices with an external
boundary tetrahedron are called boundary internal tetrahedra.
An interesting feature of boundary tetrahedra is that one of
their faces can be used to locate the boundary atoms of the
nanoparticle.

In the present analysis, the surface of the nanoparticle
encompasses the boundary atoms, and thus it should not be
confused with the nanoparticle surface region as defined by
Karadima et al*® to denote the outer-most region of the
nanoparticle. The total volume of the nanoparticle is equal to
the sum of volumes of the individual internal tetrahedra, and its
total surface is equal to the sum of the areas of the boundary
faces of all boundary internal tetrahedra. From the detailed
tessellation of the volume of each nanoparticle into Delaunay
tetrahedra, we can also get information about the shape of the
nanoparticle by looking at the positions of its boundary atoms.
For example, we can compute the equivalent radius of gyration,
the dimensionless asphericity b,'” and the relative shape
anisotropy’ ' k> of the nanoparticle.

The third step in the geometric analysis is to characterize the
formed Delaunay tetrahedra by considering the nature of
atoms defining their vertices so that we can assign them to one
of the three regions making up the particle: the core, the organic

phase, and the aqueous phase. If all vertices correspond to atoms
of the same compound (e.g, they are all organic or inorganic
(sulfate or ammonium ions) or water atoms) , the correspond—
ing tetrahedron is categorized as a pure organic CPA or pure
inorganic or pure water tetrahedron; otherwise, it is an interfacial
tetrahedron. The total volume of a nanoparticle region, either
pure or interfacial, is obtained by summing the volumes of the
corresponding tetrahedra spanning that region.

Once space has been tessellated into tetrahedra, the next
step is to calculate the free or unoccupied volume in the
nanoparticle or its volume that is accessible to a penetrant of a
given radius. For each internal tetrahedron, these calculations
are performed by Monte Carlo integration (with about 30,000
samplings per tetrahedron) , exactly as described by Mermigkis
and Mavrantzas,'® while for each external tetrahedron, we
assume that the wunoccupied or the accessible volume is by
definition zero. We can also use information about the
connectedness of tetrahedra to define the clusters (extended
regions) of accessible volume inside the nanoparticle that are
accessible to a guest molecule.'” ' We assume that these
clusters are made exclusively of internal tetrahedra that never
cross the large empty space of gas molecules surrounding the
particle, even if the cluster is terminated by a boundary internal
tetrahedron of an accessible (to the chosen penetrant) boundary
face.

Having defined the total volume of the nanoparticle (V') or
the total unoccupied volume (V*"°°) or the total accessible
volume to a penetrant of radius (V‘,‘fc), the final step of the

geometric analysis is to calculate how these volumes are
distributed within the nanoparticle. Strictly mathematically,
and on the basis of the present classification, one can consider
seven (7) different types of regions within a nanoparticle,
which we can label with the symbol k: k = 1 corresponding to a
pure organic domain, k = 2 corresponding to a pure (dry or
solid) inorganic domain, k = 3 corresponding to a pure aqueous
phase, k = 4 corresponding to an organic—inorganic interface, k
= § corresponding to an organic—water interface, k = 6
corresponding to an inorganic—water interface, and k = 7
corresponding to a triple interface. However, when we calculate
the total or accessible volume of a nanoparticle region (solid
core, organic-rich, aqueous with dissolved inorganics), we
should incorporate into it the corresponding total or accessible
volume located at its interfaces; thus, in the following, only
values of k from 1 to 3 will appear with the understanding that
the corresponding domain includes also the relevant interfacial
contributions. For example, the total volume of organic-rich
domains is given as

NoTE inorg

_ 1 org T
‘/org,mc - org + Z 1 ,org—inorg
NOB™ ‘water mple
1 org T i )01g T
+ Z 1 ,org—water + Z 1 ,org— trlpIe

(1)
where Vorg denotes the nanoparticle volume residing in
domains domlnated by the organic components while V; mrg inorg
Vforg watep and V, ,,org_mple stand for the nanoparticle volume
found in organic—inorganic, organic—water, and organic—
inorganic—water (trzp e) interfaces, respectively, with K orgs
Aiorg and p; .. denoting the respective number of atoms (or
vertlces) of the i-th tetrahedron belonging to organic species in

these domains. Also, NO&™10%g Nog—water 54 N'Ple denote the
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number of tetrahedra belonging to an organic—inorganic,
organic—water and triple interface, respectively. Similarly, the
corresponding accessible volume in organic-rich regions
including all possible interfacial contributions is given as

N inorg

yace Vacc + Z K; org

org,inc

1 Ol’g anl‘g

N Org—water

‘Ofg \
+ Z Iorg water

Ntﬁp]e
Z 'uifmg acc
+ Vi ,org—triple
- 4 (2)

and the same for the total volume and total accessible volume
in the other two primary domains (inorganic-rich and
aqueous).

Let us indicate with N* the number of tetrahedra found in a
domain that is of the k-th type. Then, the fraction of total
nanoparticle volume residing in a domain of type k is

N T
Zi=1 ‘/i,k
VT (3)

where Vi denotes the volume of the i-th tetrahedron that
happens to be in this (k-th) domain. Similarly, the fraction of
the total accessible nanoparticle volume to a penetrant of

radius r, in a domain of type k is

NE ace
facc — Zi:l Vi;k
ET Ty @

fi =

where Vii denotes the accessible volume of the i-th tetrahedron
that happens to be in this (k-th) domain.

The fraction of unoccupied or accessible volume in a given
region of the particle is also of interest, since it provides
information about the percentage of volume of that region that
is accessible to a penetrant of a given radius. Following the
formalism of Mermigkis and Mavrantzas, 1 this fraction is
computed according to

N* acc acc
acc __ Zi:l Vi;k _ Vk
N
ZioVie )

where Vi is the total accessible volume within domains of type
k, while V{ = ff V" is the total volume of these domains.

A nice feature of the geometric algorithm is that it can also
track the connectivity of tetrahedra formed in order to detect
small islands inside the nanoparticle containing exclusively a
certain type of molecules. This is achieved as follows: for a
given compound, say A (e.g., an organic, inorganic, or a water
molecule), and starting from a vertex of a pure tetrahedron of
this compound, we construct a graph whose nodes correspond
to vertices of tetrahedra which have at least two atoms
belonging to A (in the case of a neighboring tetrahedron with
only one vertex of A, the island will have a boundary atom, and
so the edge of the graph will be a terminal node). Given a node
of the graph (and thus a vertex of a tetrahedron), we follow the
vertices of the tetrahedra sharing the same node and belonging
to A to identify all of those nodes that do not form a closed
loop (i.e., they do not return to a node having already been
visited). The algorithm is terminated when the cycle has been

completed, ie., when the path has returned to the starting
vertex.

The methodology followed to identify the formation of
islands does not necessarily assume that the full set of atoms
(vertices) belong to pure tetrahedra, since a narrow sequence
of atoms of an island can pass through an interfacial
tetrahedron as long as this contains at least two atoms
(vertices) that belong to molecules of type A. The total volume
of the formed island is then

Nisland

n.
Voma = 2, —V'
o 4 (6)

where N**™ denotes the total number of tetrahedra in an
island of compound A, V" is the volume of the i-th tetrahedron
participating in the formation of the island, and n; is the
number of vertices of the i-th tetrahedron that belong to a
compound of type A. The density of an island is computed
from the masses of atoms on the vertices at its tetrahedra and
its volume, Vi, The volume-weighted mean density of
islands of compound A, (p,)y, is then extracted throu h an
equation similar to eq. 23 in Mermigkis and Mavrantzas ® for
the volume-weighted distribution (i.e., the one based on the
total volume fraction and not on the accessible volume fraction).
The density of an island can be slightly different from the
density of the corresponding pure compound at the same
conditions due to density variations in the interfacial areas that
contribute to the total volume of some narrow island domains.
This is more pronounced for compounds spread to relatively
small islands inside the nanoparticle, since interfacial regions
then make a larger contribution to the total volume of the
island. The identification of islands gives a picture of how
extended the three characteristic regions making up the
atmospheric particle (core or inorganic-rich, organic-rich,
aqueous with dissolved inorganics) are and how they are
spread within the nanoparticle.

3. RESULTS AND DISCUSSION

3.1. Spatial Distribution of Nanoparticle Compo-
nents. Except for the nanoparticle of System 1 which contains
only a small fraction of organic mass, organic molecules in all
other nanoparticles are organized into one single island. The
same is true for the inorganic content at low RH, but as the
RH increases, more and more smaller domains containing the
inorganic species appear. In the particle of System 5 which is at
the highest RH, water molecules are dispersed almost
everywhere within the nanoparticle, forming large aqueous
islands in which inorganic species are dissolved.”’ In the
snapshot shown in Figure la, we can observe one large core of
inorganic ions and fourteen significantly smaller ones. The
colors in the figure denote different islands whose atoms, in all
cases, are made up of inorganic ions; white beads, on the other
hand, denote the surface atoms (irrespective of their
chemistry). The corresponding islands of aqueous phases
formed in the case of the nanoparticle at the highest RH
(System S) are shown in Figure 1b, where the different colors
denote different islands, all of which are made now by water
molecules, while the white beads denote again the surface
atoms (irrespective of their chemistry). Here, water and
inorganic ions prefer to be together in small regions at the core
of the particle because of the salting-out effect. A similar
conclusion had been reported by Karadima et al.”’ through a
different analysis. A small degree of mixing between organic

https://doi.org/10.1021/acsomega.3c03293
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Figure 1. Visualization of (a) inorganic-rich (representative of the
solid core) and (b) water-rich (representative of the aqueous phase)
islands in the nanoparticle of System 5 containing 47% CPA at 89%
RH. The color used to distinguish different islands was selected
randomly from a set of ten different colors, which explains why some
of the islands have received the same color. White dots represent the
boundary atoms.

and water molecules is also evident in the same figure.”
Inorganic ions and water islands form similar islands also in the
case of the nanoparticle of System 4, confirming its “core—
shell/organic surface” morphology.zo

For the nanoparticle of System 3 (CPA 69%, RH 39%), all
organic species prefer to be at its outer area, forming one single
island, while inorganic species form two separate islands (two
solid cores) in its interior, indicative of a “core—shell/organic
surface with inorganic inclusions” morphology,20 as depicted in
Figure 2. On the other hand, in the nanoparticle of System 1
(low organic mass and low RH), the organic content is again
found at its outer area, but now this is dispersed in five
different islands. Inorganic species, on the other hand, form a

Figure 2. Visualization of the two inorganic-rich islands in the
nanoparticle of System 3 containing 69% CPA at 39% RH. White
small dots represent the boundary atoms. The two islands are located
at the core of the nanoparticle. We also clarify that the two different
islands are separate and do not share any common tetrahedra
(although it appears so in the figure due to the relatively large size of
the beads we used to represent more clearly the atoms in the two

islands).

single island at the core of the particle, indicating the so-called
“organic-enriched surface with islands”*° morphology (Figure
3). Overall, and as we move from particles at high or medium
RH (Systems S and 4) to systems at low RH (Systems 3 and
2), the aqueous phase does not include one single domain but
appears to be broken into a larger number of smaller islands
spread everywhere within the particle (Figure 4).

Figure 3. Visualization of organic-rich islands in the nanoparticle of
System 1 containing 5% CPA at 40% RH. With different colors, we
denote different islands in the nanoparticle, each one containing only
organic species. The boundary atoms are denoted as small white

beads.
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Figure 4. Visualization of water-rich islands in the nanoparticle of
System 2 containing 52% CPA at 40% RH. The islands are found
both at the outer areas and at the core of the particle. Different colors
denote different water islands except for the white small beads which
denote the boundary atoms.

Due to the small spatial extent of the different islands that
exist inside the particle, the corresponding mean densities of
the three major structures (inorganic solid core, organic-rich,
aqueous phase) are slightly different from system to system.
For example, the mean volume-weighted density of the organic
phase formed in the smallest nanoparticle (System 1) is around
10% higher than in the systems with larger organic islands
(Table 2). This also explains the relatively large error bars
accompanying these data (calculated by examining 3 different
configurations per nanoparticle). For comparison, the density
of bulk CPA in its amorphous solid state at T = 320 K (melting
point between 340 and 377 K*°) and pressure P = 1 atm is
1.066 g/cm®. On the other hand, regions occupied mostly by
inorganic ions exhibit higher densities. When these species
form one big core under conditions of low RH (Systems 1 and
2), their density becomes identical to that of bulk crystalline
ammonium sulfate (1.77 g/cm?).*’ Finally, the density of the
aqueous phase within the nanoparticle is slightly higher than
that of pure bulk water under the same temperature and
pressure conditions (Ppu waer = 0.984 £ 0.005 g cm™).** The
small discrepancy is a numerical artifact related to fluctuations
in the size of the different droplets forming in the various
particles.

3.2. Total Volume, Total Surface Area, and Average
Shape of the NP. The results from the detailed geometric
analysis for the total volume VT, the equivalent diameter D 20

eq)
and the shape of the studied particles agree with those reported

by Karadima et al.”® (Table 3) even if a totally different
methodology (calculation of the three major semi-axes of the
nanoparticle from its mass inertia tensor) was used. The
distribution of total nanoparticle volume (prior to subtracting
any atomic volumes to compute the free volume) into the
three nanoparticle phases is based on the knowledge of the
fractions fi, and for the five examined systems is presented in
Figure S1 of the Supporting Information.

The anisotropy of the nanoparticle is characterized by the
relative shape anisotropy parameter k%, which was less than 0.1
for all five particles studied, indicating that all of them are quite
symmetric. We also computed the dimensionless asphericity b
to check if the nanoparticles are spherical-like (b ~ 0) or
ellipsoidal-like (b ~ 0.5). All of the results of the shape analysis
are shown in Table 3 and indicate that the smaller particles or
the particles at low RH tend to be ellipsoidal, while particles at
a higher RH are practically spherical. In general, increasing the
organic content (Systems 1—3) increases the size of the
particle without substantially affecting its shape, as most of the
organic molecules prefer to reside at the outer surface. At
conditions of high RH (Systems 4 and S), organic molecules
still migrate to the surface of the particle,”” but the particle
swells considerably because of the increased water content,
which enhances sphericity.

The mean total surface area of the particles studied and their
interfacial composition are shown in Table 4. The boundary
area of the largest particle studied here (System S), which is
practically spherical (see asphericity value in Table 3), is a little
higher compared to the corresponding sphere of the equivalent
diameter (equal to 7.6 nm from Table 3), which comes out to
be 181.36 nm”. This is attributed to the roughness of its outer
surface, as revealed by our detailed geometric analysis.
Furthermore, and with the exception of the system with the
lowest organic content (System 1), the surface of the
nanoparticles is dominated by organic molecules. Increasing
the organic mass (Systems 1—3) enhances the presence of
organics at the surface, while inorganic ions are totally absent.

3.3. Unoccupied/Accessible Volume in Each Nano-
particle. The total fraction of unoccupied volume and the total
volume accessible to a water penetrant in the atmospheric
particles examined in this work are presented in Table 5. In
general, the fotal unoccupied volume fraction ¢**° (the volume
accessible to a pseudo-penetrant of zero radius) in the
nanoparticles is between 0.22 and 0.26, while the total
accessible volume fraction for a penetrant of the size of a
water molecule @i, (rp =r, = 1.4 A) is between 0.0048 and
0.011. The latter is a very small fraction, implying that diffusion
of such a molecule in the nanoparticle is not a continuous
process, but most likely, it involves a sequence of activated
jumps or hopping events from one site of accessible volume to
another. The value of "™ in the particles increases with
increased fraction of organic content (Systems 1—3), an

Table 2. Average Number of Islands per Nanoparticle and Mean Volume-Weighted Densities of the Three Major Phases
(Organic, Inorganic or Core, Aqueous) Present in the Five Simulated Systems

number of organic- number of inorganic- number of aqueous-
system phase islands phase islands phase islands

1 N 1 16
2 1 1 38
3 1 2 60
4 1 4 37
S 1 15 22

mean density of organic mean densitZ/ of inorganic  mean density of aqueous

phase (g cm™) phase (g cm™) phase (g cm™

1.266 + 0.156 1.768 + 0.002 1.038 + 0.032
1.122 + 0.029 1.765 + 0.002 1.011 £ 0.078
1.057 + 0.003 1.788 + 0.007 1.003 + 0.076
1.080 + 0.008 1.813 + 0.078 1.033 + 0.045
1.076 + 0.017 1.843 + 0.185 1.032 + 0.026
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Table 3. Results from the Geometric Analysis for the Total Volume V', the Equivalent Diameter D,,, the Relative Shape
Anisotropy k?, and the Dimensionless Asphericity b of the Particles Studied Here, and Comparison with the Corresponding

Results of Karadima et al.*’

system number of organic molecules number of water molecules
1 10 400
2 200 400
3 400 400
4 400 1600
S 400 3200

Deq20 (nm) 1D}y (nm) VT (nm?) K2 K b
4.3 4.4 38.7 0.07 0.06 0.22
5.6 5.9 91.2 0.09 0.07 0.21
6.8 7.1 125.1 0.09 0.06 0.22
6.9 7.1 183.4 0.01 0.006 0.07
7.5 7.6 230 0.00 0.003 0.04

Table 4. Total Surface Area and Surface Composition Based
on the Fraction of Boundary Atoms Belonging to Organic
Molecules, Inorganic Ions, and Water Molecules from the
Geometric Analysis of This Work

percentage of percentage of

surface organic inorganic percentage of
area boundary atoms ~ boundary atoms  water boundary
system  (nm?) (%) (%) atoms (%)
1 68.44 174 9.6 73
2 128.37 91.3 0.6 8.1
3 174.59 99.5 0 0.5
4 182.61 97.1 0 2.9
S 21245 97 0 3

Table 5. Total Fraction of Unoccupied Volume and Total
Fraction of Volume Accessible to a Water Molecule in the Five
Simulated Atmospheric Particles

unoc acc

system 4 Pwater
1 0.225 0.0048
2 0.232 0.0067
3 0.25 0.0109
4 0.25 0.0051
S 0.261 0.0052

indirect indication that organic-rich islands contribute
substantially to the formation of voids. The same is true for
@isser For the nanoparticle with the highest RH (System 5),
@' is slightly higher due to the dominance of aqueous
solution domains. In contrast, as the RH increases, @i,
decreases (compare, e.g, System 3 and Systems 4 and S).
To explain this, we also computed @i, for bulk water and
found it to be equal to 0.00014, which is indeed a very small
number, indicating that water molecules form a dense structure
due to their tight hydrogen-bonding network. Of course, this is
purely a geometric and static result referring to how water
molecules are organized in their liquid state and does not
imply anything about the diffusive process, since small
molecule diffusivity in an aqueous solution is, by default, a
fast process due to the liquid-like nature of water at room
conditions (compared to inorganics that form practically solid
structures or to organics that are either glassy or highly viscous
materials).

The fraction fi"°° of total unoccupied volume in different
regions of the nanoparticle (inorganic-rich, organic-rich,
aqueous phase) is depicted in Figure S2 of the Supporting
Information. Figure S2 shows the contribution of each region
to the total measured wunoccupied volume, and the overall
picture is similar to that extracted from the corresponding
distribution of the total particle volume (Figure S1). For
instance, except for the smallest nanoparticle containing only
ten organic molecules (System 1), most of the unoccupied

volume within a nanoparticle resides in organic-rich regions
( organic = 0.5), which is directly connected with the
corresponding fraction of total particle volume analyzed earlier.
This becomes more pronounced when we study the
distribution of the total accessible volume (e.g., to a penetrant
such as water, r, = r,) in the three characteristic nanoparticle
regions (Figure S). Apart from System 1, organics dominate
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Figure $. Fraction of total accessible volume for r, = r,, in organic-rich,
inorganic-rich, and water-rich regions, as a function of nanoparticle

content in (a) organic and (b) water molecules.

completely the cavities accessible to external penetrants in all
nanoparticles ( Jorganic > 0.9); domains rich in inorganic ions
and water, on the other hand, contribute practically zero to the
accessible volume. Because of the small @i, in each particle,
the total accessible volume in small particles is very small

(smaller than 0.5 nm® in the NPs of Systems 1 and 2), which

https://doi.org/10.1021/acsomega.3c03293
ACS Omega 2023, 8, 33481—-33492


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03293/suppl_file/ao3c03293_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03293/suppl_file/ao3c03293_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03293/suppl_file/ao3c03293_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03293?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

also explains why the contributions to f;™ in the smallest

particles (System 1 and 2) are characterized by large
uncertainties.

The corresponding results for the fraction of unoccupied
volume are depicted in Figure 6. The results extracted from
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Figure 6. Fraction of unoccupied volume in the three characteristic
particle regions (organic-rich, solid core, aqueous phase) as a function
of the number of (a) organic and (b) water molecules.

regions characterized by very small total accessible or
unoccupied volumes, for instance, the organic-rich domains
in System 1 (low organic mass) or the aqueous phases in
Systems 4 and 5 (high RH), suffer from large uncertainties and
are presented only for completeness. The fraction of unoccupied
volume in the organic phase, @§., is on average between 0.25
and 0.27, and the lowest @{"°° is found in the areas dominated
by inorganics (0.15—0.2), implying only a tiny amount of free
volume at the center of the particle where the inorganic ions
prefer to reside forming a dense solid core.

Figure 7 shows the results of the geometric analysis for the
fraction of volume accessible to a water penetrant (rp =r,) in
the three key phases (organic-rich, solid core, aqueous). Again,
except for the smallest nanoparticle (System 1), the geometric
analysis reveals that clusters of accessible volume for the chosen
penetrant exist only in organic-rich domains. These @i
values vary mildly between 0.008 and 0.014 and appear to be
approximately 2.0—3.5 times larger than the corresponding
accessible volume fraction in (e.g,) pure melt poly(methyl
methacrylate) or PMMA (¢ & 0.004) at T = 400 K,'° due to
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Figure 7. Fraction of volume accessible to a water molecule in the three
characteristic particle regions (organic-rich, solid core, aqueous
phase) as a function of the number of (a) organic and (b) water
molecules.

the much shorter molecular length of CPA compared to a long
PMMA chain.

Additional @} results for other penetrant sizes (from r, = 0
Ato r, = r,) from the geometric analysis of System 3, where
the organic content is quite high, are shown in Figure 8.
Obviously, @i drops down to zero in the aqueous and
inorganic-rich domains for penetrants of radius r =1 A,
implying the complete absence of any empty space there, in
the sense that not even a guest as small as a hydrogen
molecule® can be accommodated. For the accessible volume
in the aqueous phase, our results agree with those from the
simulation of bulk, liquid water at the same conditions, but as
we already discussed above, this is not important for the
mechanism of transport as diffusion in the aqueous phase is
fast and continuous and can be reliably accessed by brute-force
MD.

3.4. Cavities and Their Distribution Inside the
Nanoparticles. Having analyzed in detail the total,
unoccupied, and accessible volume in each nanoparticle and
their distribution in the organic-rich, inorganic or core, and
aqueous phases, the next step is to study the possible formation
of clusters of accessible volume due to pores that are connected
sequentially one with the other. To make this more clear, in
Figure 9, we plot the results for the volume-weighted
distributions py(V**°) (eq 22 in Mermigkis and Mavrantzas'®)
of clusters of accessible volume to a water molecule in Systems
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00 A3 for System S. Even if System S is more than two times larger
than System 3, the largest cluster computed (~0.5 nm?) is
025 —=®— organic-rich (i( =1) | identified in System 3 (Figure 9a), while the largest cavity of
: —e— solid core (k = 2) System S (Figure 9b) is less than 0.2 nm”.
] —4A—aqueous phase (k = 3) Considering that cavities appear mostly in organic-rich
0204 T domains, we attribute this phenomenon to the displacement of
organics to the outer area of the NPs with increasing RH
g 0.5 . (salting-out effect), which hinders the formation of a single,
s large cavity. To make this more clear, in Figure 10, we plot the
0.10 E
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Figure 8. Accessible volume fraction in each one of the three £
characteristic particle regions (organic-rich, inorganic-rich, aqueous) T2 0.04-
as a function of penetrant radius for the nanoparticle of System 3. <
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'f:; Figure 10. Number distribution of the dimensionless mean distance
= 0.06 b of the clusters accessible to a water molecule from the center-of-mass
‘?S of the particle in Systems 3 and 5.
\é 0.04 B
number distribution of the mean distance r,,,,, of the cavities
0.02 i from the center-of-mass of the particle, normalized with the
equivalent radius R, of the particle (mathematically, e, is
0.00 | 1 I ' ' defined as the average distance of atoms comprising an entire
0 100 200 300 400 500 600 cluster from the geometric center of the particle). The
V(A% distribution of .rmean/ R is quit'e broad for System 3, while in
System 5, cavities are preferentially located at the outer area of
0.06 T T . T T T T (b) the partic.le.‘Values of 7mean/ Req slightly larger than 1 are due to
1 local deviations of the particle shape from the spherical one,
0.05 . which is more evident for the smaller particles (e.g, that of
System 3). The largest clusters identified by the geometric
0.04 4 analysis belong to the nanoparticle of System 3 and can be
— seen in Figure 11. They are primarily located at its outer area
< 003 i (but also at intermediate distances from its center) but not at
g its core which, in turn, is dominated by islands of inorganic
W?g 0.02 i ions and water molecules. Since these clusters belong mostly to
< the external area of the particle, their shape is irregular, with a
mean asphericity parameter between 0.4 and 0.45. Of course, it
0.01 T is important to note here that the sites or clusters of free
volume accessible to a penetrant (such as a water molecule)
0.00 computed in the present study are based solely on geometric
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Figure 9. Volume-weighted distribution of the cluster volume
accessible to a water molecule in the nanoparticles of (a) System 3
and (b) System S. The figure shows the fraction of volume accessible
to a water molecule in the available clusters in the two particles as a
function of the volume of these clusters.

3 and S. The total number of clusters analyzed was 142 and
198, respectively, utilizing a binning of 5 A3 for System 3 and 2

criteria without having taken into account additional,
preferential energetic (enthalpic) interactions between the
penetrant and the constituent molecules. For water, in
particular, an important role in its solubility within the NP
will be played by specific interactions such as hydrogen bonds
with the polar groups of certain compounds of the NP, and this
could be the subject of a future study.

Of interest is also to compute the characteristic penetrant
radius r,. for which the average number of clusters per
nanoparticle reaches the maximum value. This is shown in
Figure 12 and suggests a value of r, . close to 0.5 A for all
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Figure 11. Visualization of the seven largest clusters accessible to
water identified by the present geometric analysis in one of the
configurations of the nanoparticle of System 3 (containing 69%
organic mass at 39% RH). Different colors denote different clusters.
The boundary atoms are denoted as small white beads.
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Figure 12. Average number of total clusters in the five simulated
nanoparticles as a function of penetrant radius.

particles except the smallest one (System 1), for which r, . =
0.4 A. From Figure 12, we also see that larger particles include
always more clusters of volume accessible to any penetrant with
a radius equal to or smaller than that of water (rP <r,=14
A). We also mention that r,  is most likely a system size-
dependent quantity,” but its value should reach an asymptote
with increasing particle size while keeping its composition
constant under the same temperature and pressure conditions.

Overall, the geometric analysis indicates that places where
significant amounts of accessible volume are computed roughly
coincide with the domains where organics prefer to reside in
the NP, for all different levels of RH studied. The accessible
volume, particularly in the presence of an organic coating, may
enable the uptake of reactive gases and water vapor, which

could impact the rate of particle growth or its heterogeneous
chemistry reactivity. The organic coating does not appear to
inhibit the uptake of gas molecules, although this may depend
on the type of organics present.’” On the other hand, the
gradient observed in the unoccupied and accessible volumes
may also suggest a gradient in water transport, which is
thought to be more significant for nanosized particles.”">”
Additionally, the dispersion of pores/cavities as described in
this work, particularly at low to medium RH values, is
consistent with the hopping process described by Song et al.,*’
and it could be potentially connected with particle morphology
and phase state.

4. CONCLUSIONS

By subjecting model microstructures of atmospheric particles
generated by detailed atomistic Molecular Dynamics simu-
lations to Delaunay tessellation and computing their volume
with Monte Carlo integration, we have been able to compute
their unoccupied or free volume, as well as the cavities of free
volume inside these particles, where a penetrant of a certain
radius can reside. The studied particles consist of ammonium
and sulfate ions, cis-pinonic acid, and water molecules. From
the geometric analysis, we obtained results for the total volume
of the particles, their equivalent diameter, and shape (the latter
quantified in terms of the relative shape anisotropy parameter)
that are consistent with a previous but less detailed study. The
mean dimensionless asphericity showed that larger nano-
particles are quite spherical, but their surface area is slightly
larger than that of the corresponding equivalent sphere due to
roughness.

According to the geometric analysis, both the total
unoccupied and the total accessible volume fraction of the
nanoparticle to a hypothetical guest penetrant increase as the
organic content increases. When the relative humidity is
increased, the unoccupied volume increases while the accessible
volume decreases. Most of the accessible volume to penetrants
with size similar to that of water is found in the organic-rich
regions, and these are practically the only regions where such a
penetrant can be accommodated. In contrast, regions rich in
inorganic ions do not contain any cavities that could host
realistic penetrants (e.g, with a radius larger than 1 A).
Although the same observation applies to the aqueous domains
of the particles and even to bulk liquid water, we remind the
reader that the geometric analysis presented here is a static
one; thus, other important diffusive mechanisms of direct
relevance to microscopic transport in simple fluids, such as the
fast redistribution of empty space and the rapid (practically
instantaneous) formation of new cavities that lead to
continuous appearance of diffusive pathways between
neighboring cavities (due to high mobility of small molecules
in their pure liquid state), have not been considered here.

The largest pores accessible to water were found in the
medium-sized nanoparticles characterized by high levels of
organic mass and low relative humidity, while at higher relative
humidity, the extra presence of water molecules disturbs these
clusters by pushing organic molecules (which is the only region
where appreciable pores can be found) to the outer areas of the
particles. In general, at lower relative humidity, diffusive pores
are dispersed everywhere in the nanoparticle except its core,
while at higher relative humidity, these pores are mainly
located at the surface of the particle (and of course in its
aqueous domains).
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According to the present analysis, at medium-to-high levels
of relative humidity, the diffusivity should be expected to be
fast due to the presence of the aqueous phase. At low relative
humidity, however, the diffusive motion will be more jump-like
and proceed through activated hops between neighboring
sorption sites such as those identified in this work,
necessitating a more hierarchical simulation methodology.
Thus, in a future study, the rates of transition of a given
penetrant between the cavities of accessible volume identified
in the present work can be estimated using transition state
theory on the basis of the quasi-harmonic approximation.
These can serve as input to larger-scale kinetic Monte Carlo
calculations capable of tracking the long-time scale diffusive
motion of these molecules inside the nanoparticle from which
we can extract next their diffusivity.
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