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Chapter 1

Introduction

1.1 On-surface self-assembly

Self-organization of particles of a different kind leads to systems exhibiting a rich
variety and complexity of ordering, phase behavior, and novel, interesting properties that
can be important for numerous applications in materials science,’*? medicine,>* and other
fields. Owing to this fact, within the last ten years, a great number of papers devoted to
the synthesis of organic chemical compounds possessing the ability to self-assemble into
different ordered phases have been published.

One particularly interesting group is formed by organic molecules that undergo on-
surface reactions, which often lead to the formation of products different or even not
possible to obtain in their bulk counterparts. Two main routes for the fabrication of
these novel materials have been established and they are shown in Figure 1.1

The first one is called a top-down approach and one is supposed to exfoliate a layered
crystal due to applied external forces to form a single layer of the smallest thickness possi-
ble. This has a particular advantage as it benefits from the general knowledge of the three-
dimensional (3D) materials such as covalent- or metal-organic frameworks. The second
protocol is a bottom-up approach where basic units such as atoms or molecules assemble
into larger structures by the means of various physical or chemical forces. This scheme
can be applied on the surfaces such as highly oriented pyrolytic graphite (HOPG), coinage
metals (Au, Ag, Cu), or in the air/water or liquid/liquid interfaces. Single nanolayers
obtained in such a way have been used, inter alia, as membranes for the separation of
liquid and gas phases,® in batteries,® and in molecular sieves.” The on-surface synthesis
performed either in ultrahigh vacuum or liquid conditions generally has proven to be the
successful and most conventional routine for the preparation of well-ordered networks.

P
= B
B P
) — o
& !l
™
] y
. L I J I’ -
gy ) B
- - ~ ) @ =
| 4 (@D
n L
[ )
\

Top-down

Figure 1.1: Schematic visualization of top-down and bottom-up approaches.
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Comprehensive reviews summarizing the findings up to date can be found elsewhere. 10

The chemical compounds of interest will be rigid, polycyclic aromatic hydrocarbons
which we will refer to as ”building bricks” or tectons. It has been stated that one of the
factors influencing the type of ordering being formed is the precursor’s architecture.'! 2
These templates are able to assemble into structures ranging from small clusters!® up
to extended porous networks,'* Archimedean tesselations,' glasses,'® etc. by the means
of directional interactions. Among these, one can distinguish hydrogen!” and halogen
bonds,'® the metal-organic ligand coordination,'” as well as van der Waals forces.?

One of the simplest, yet very popular examples of an organic chemical compound
that self-assembles on solid surfaces is the benzene-1,3,5-tricarboxylic acid, also known
as trimesic acid which forms strong hydrogen bonds.?! Another, very similar example is
1,3,5-tris(3-bromophenyl)benzene which due to the interactions with d- and f-block metal
atoms forms different ordered structures, depending on the coordination number of metal
atoms.??

Aside from the type of interparticle interactions, the surface nature and symmetry
are also important factors in the self-assembly phenomena. For instance, the results of
Gutzler et al. obtained for tetrabromotetrathienoanthracene, have shown that different
supramolecular networks can be formed, depending on the substrate type and the Miller
indices of the exposed surface.?> Moreover, it has recently been reported that the chemi-
cal or structural defects in the substrates can deteriorate the formation of supramolecular
networks.?* However, the conclusions from these investigations cannot be extracted equiv-
ocally. In general, the surface, or more precisely, their periodic properties, can influence
the self-assembly if the number of adsorbed molecules is small. Furthermore, for spe-
cific cases, it may be a decisive factor that enforces the formation of a given network.
This effect, however, decreases with the increase of adsorbed molecules and/or with their
size and in such cases can be neglected in the description of the self-assembly process.
Apart from the aforementioned factors, the formation of ordered networks can be depen-
dent on the thermodynamic conditions (temperature, density, etc.),?® solvent type and its
concentration,'” and the addition of guest molecules.?®

The plethora of different molecular architectures has also been a subject of many
studies. For instance, tetratopic building blocks have been studied in reference?! whereas
linear precursors in reference.?”2° In this respect, the paper by J. D. Wuest et al. is
particularly worth highlighting®' since they have shown the influence of the number of
aromatic rings on the structure of the adsorbed layer. They have studied a series of
chemical compounds ”originated” from the trimesic acid (M1, Fig. 1.2 a) on the HOPG
surface. This chemical compound assembles into a planar hexagonal network represented
by motif I. As the authors state, trimesic acid is a prototypic building block for the study
of self-assembly. These molecules are substituted by three carboxylic acid groups and
this geometry corresponds to the tripod model studied in paper PVII. However, grafting
isophthalic acid groups to linear connectors produces tetracarboxylic acids, abbreviated
as M2-M4 as shown in Figure 1.2 a, which are in accordance with our tetratopic model
and differ by the length of the segments in ”backbone”. These molecules form different
patterns which can be found in Figure 1.2 b. Adsorption of M2 and M4 leads to the
formation of open parallel network (motif IT) and Kagomé pattern (motif III). These
phases have the same density and create the same number of hydrogen bonds per particle.
For M2 compound, the stable phase is a structure formed with motif II, contrary to the
M4 where motif III prevails. In the case of M3 molecules, the simultaneous formation
of both phases is observed. It is also worth highlighting that the DFT calculations have
shown that the difference between hydrogen bonding energies that molecules M2 and
M4 form is insignificant. Therefore, the authors stated that the driving force for the
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Figure 1.2: Part (a): structural formulas of molecules M1-M4. Part (b): fragments
of various motifs created by molecules M1-M4. 1,3,5-trisubstituted phenyl groups are
represented by triangles and hydrogen bonds shown as broken lines. Picture taken from
the reference.?!

formation of ordered structures by these molecules is the difference in the topology of
building blocks.

Other noteworthy investigations have been performed for the p-terphenyl-3,5,3",5-
tetracarboxylic acid adsorbed on HOPG surface.!®3? This compound also could be de-
scribed by the tetratopic model proposed in the dissertation. The authors reported the
formation of random rhombus tiling which is built of six randomly distributed molecules
that adopt one of three possible orientations. In the paper,®' it has been found that the
chemical modification of the same compound leads to the formation of rhombus networks,
corresponding to the dimers that were aligned parallel or at some angle one to another.

Di-substituted polyphenyl molecules have also shown their ability to self-assemble on
solid substrates. In paper,?® the study of adsorption of dicarbonitriles with a different
number of phenyl linkers on Ag(111) surface has been performed. Depending on the
number of phenyl linkers (n = 3,4,5) the formation of diverse supramolecular networks
have been observed, i.e. chevron, rhombus, and Kagomé phases have been found for
n = 3,4, and 5, respectively.

Investigations of self-assembly of aforementioned organic chemical compounds have
also been thoroughly studied by the means of computer simulations.!” 32 In these papers, a
comparison between molecular simulations and experimental studies have been performed.
It is worth highlighting that although the employed models were quite simple, the final
agreement between these two approaches was impressive. Studies described in the paper!”
involved the self-assembly of rigid "tripod” molecules with C3 symmetry adsorbed on
HOPG. The authors considered two molecules that differed by the number of aromatic
rings in the molecule’s "backbone”. These building bricks formed molecular networks due
to the presence of weak N-H hydrogen bonds. In both cases, they have found two ordered
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phases of different densities. By the means of lattice Monte Carlo simulations, they have
examined their coexistence in the systems of different total densities.

In the paper,*? computer simulations preceded experimental studies. The authors
studied tripod molecules with Cy symmetry in which one "arm” was significantly larger
(was composed of more aromatic rings) than the two remainings. Simulations have been
performed for a one-component system and have shown the coexistence between two low-
density and one dense ordered phase. According to the Gibbs phase rule s = a — § + 2,
where s, a, and [ correspond to the number of degrees of freedom, number of components
and phases in the system, respectively, only one low-density structure can be stable.
However, if one would examine a binary mixture, both phases could potentially be stable.
For this purpose, a series of experimental measurements have been performed where
adsorption from solutions of tripod molecules and different solvents have been carried
out. Indeed, the authors successfully reported that depending on the type of solution and
mixture’s concentration, the formation of the first or the second low-density phase has
been observed. Moreover, the coexistence of two low-density phases has also been found.

Performing computer simulations requires the evaluation of models of particles of
interest. In the dissertation, particular attention will be devoted to coarse-grained models
which will be designed in such a way to be simple, yet able to correctly reflect experimental
properties of real systems. This choice allows us to conduct simulations of much larger
systems, comprising of at least 10* ”atoms”, which is a great advantage given studying the
collective phenomena accompanying the self-assembly processes. The selection of proper
models and simulation methods is crucial for the evaluation of not only final ordered
structures but also allows one to determine their stability and conditions when they can
appear. This, in result provides the mechanisms of their formation which are the most
important aspect of the self-assembly processes.

It is worth highlighting that for many compounds the quantum calculations such as
density functional theory (DFT) have also been successfully used for the investigations
of similar processes.?! These methods are useful for the evaluation of interaction energies
and both “ground-state” and intermediate conformations. These results can be used in
our simulations to manipulate the interaction strengths. In principle, the results presented
in paper?® concern the behavior of benzonitrile and the authors evaluated the energies of
dimers and trimers formed by these molecules in the gas phase and on Au(111) surface.
However, one has to note that it usually is used to study from one up to several molecules
at solid surfaces due to huge computational cost of such calculations.

Similar limitations concern the use of more "realistic” force fields which would mimic
the behavior of a particular chemical compound of interest. However, it is worth stressing
that the exact solutions do not exist. Even for a ”simple” a molecule like water, plenty of
force fields can be distinguished.?® Depending on the parameterization, they can reflect
several quantities correctly and give erroneous values for other which will be dependent
on the employed model.?* Therefore, one should not be surprised that the simulations
of all-atom models of real chemical compounds, which are even more complex, are also
limited. For instance, C. A. Palma et al. have conducted a comprehensive experimental
and simulation study, where they used molecular dynamics simulations with the MMFF94
force field within the CHARMM package.®> Their results were in a great agreement with
these approaches, however due to the more complicated computational approach, they
were only able to investigate 80 molecules. Similar investigations have been performed
with the Amber99sh force field to study the behavior of perylene-3,4,9,10-tetracarboxylic
dianhydride molecules.?® Although the results can be directly converted into the exper-
imental setups, the authors were also able to examine only 60 molecules on a graphene
surface due to the computational cost of such simulations.
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One can see that even though those approaches are able to compare explicitly all of the
properties, such as the strength of the interparticle interactions, measured in experimental
studies, they are hardly able to explore structural properties due to the limited amount of
molecules in the simulations. Therefore, these methods are not suitable for the study of
collective phenomena which are of particular interest here, although it is noteworthy that
interaction energies evaluated in this way could be ”transferred” into the coarse-grained
models.

1.2 Concept of the work
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Figure 1.3: Schematic representation of tetratopic (a), linear (b), and tritopic (c) tectons.
Parts (d-f) show examples of chemical compounds that could correspond to these models.
Confer the text for the description of symbols.

Based on the great experience of the group in this field, we decided to comprehen-
sively study molecular architectures described in the previous section (cf. Sec. 1.1). The
examined geometries that have been distinguished involve tetratopic, linear, and tritopic
building blocks as shown in Figure 1.3 a, b, and c, respectively. However, in the course
of the dissertation, these tectons were not exclusively studied. In Figure 1.3 d, e, and
f, one can see the possible chemical compounds that could correspond to these models.
The tetra-substituted model can be described as two jointed ”Y” letters. These molecules
are composed of the "backbone”, R and four "arms”, abbreviated as A-D. The entire
architecture of the molecules can be changed, i.e. it can be built of a different number of
flat and rigid segments, corresponding to aromatic rings. Moreover, the terminal segment
of each arm has been decorated with the so-called “sticky patch”, which will be referred
to as an active site and can correspond to the presence of functional groups such as -CN,
-OH, -B(OH),, -COOH, etec.

The model of linear building block is much simpler as it is comprised solely of the
"backbone” R, with active sites embedded at its terminal segments. The segments here
also correspond to the number of aromatic rings. In this case, the simulations with the
presence of metal atoms both implicitly and explicitly will be performed. In terms of the
latter, binary mixtures will be comprised of linear molecules and metal atoms of different
size and coordination number. The main idea will be to assess the parameters for both
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“single-component” and binary mixture systems which will result in the complementary
values of coordination numbers. In such a way one will be able to examine the influence
of the mixture composition on the self-assembly process.

In analogy to the tetratopic building blocks, the model of tripods can be described
simply as a one “Y” letter. It is composed of the central atom and three “arms” abbrevi-
ated as A-C. As already mentioned in the previous section (cf. Sec. 1.1) this architecture
can correspond to the trimesic acid is considered to be a prototypic building block for
self-assembly. In this respect, the existence of a broad variety of experimental findings is
available. Given that, one should agree that it is a good benchmark for the verification
of the versatility of the model used.

The justification for the choice of the aforementioned tectons is the fact that they can
be used for the description of the adsorption of a great number of experimentally inves-
tigated molecules. This can be achieved by the manipulation of the molecular topology
and the size/energy of active sites.

1.3 Research objectives

Overall, in the course of the analysis of experimental results, questions arise that can
not be answered, based on the measurements for that specific system and thermodynamic
conditions. One of the usually ignored aspects are whether the obtained ordered network
is stable? and whether the system is in equilibrium? While the synthesis can be tedious
and costly, computer modeling can be a very convenient substitute for the exploration
of problems of interest and a tool for answering the aforementioned questions. They
can also supply experimental studies with the possibility of finding a mechanism of such
processes which is not trivial to obtain in the laboratory. Therefore, computer simulations
can give valuable insight to experimentalists due to the possibility of examination of the
influence of multiple factors, such as particle geometry, under different conditions on the
self-assembly process in a reasonable time.

The main goal of the dissertation is to establish the mechanism of the formation of self-
assembled supramolecular networks on solid surfaces, by means of computer simulations.
Particular attention will be devoted to the tetratopic and linear tectons. For the latter,
we will also investigate their binary mixtures of different compositions with metal atoms
of different sizes. Studies of other molecular geometries (V-shaped, tri-, penta-, and
hexatopic) have been performed to present the versatility of this approach. Proposed
models will correspond to the organic compounds composed of aromatic rings with diverse
chemically active groups. One example of these are polycyclic aromatic hydrocarbons.

The main objectives are as follows:

1. Verification of the influence of structural parameters such as geometry, type and
directions of interparticle interactions on the formation of ordered phases.

2. Determination of the influence of thermodynamic conditions (temperature, density)
on the morphology of formed structures.

3. Establishing what parameters (molecular geometry, metal size, and mixture com-
position) determine the structure of adsorbed layers comprised of binary mixtures.

4. Attempt to evaluate a more “realistic” force-field for tetratopic building blocks.

5. Comparison of available experimental data with computer simulations and sugges-
tions of possible modifications/elucidation of the phenomena.



Chapter 2

Methodology

2.1 Simulation method

Computer simulations can be divided into two categories, namely stochastic and de-
terministic methods. The former concerns the broad spectrum of Monte Carlo (MC)
algorithms whereas the latter refers mainly to the molecular dynamics (MD) method
which is the computational technique that will be used throughout the dissertation. In
general, molecular dynamics is based on the numerical solutions of Newton’s equations
of motions which are second-order differential equations. For the N particles interacting
one with another we have:

2
F, = mz% (2.1)
where m;; r; are the mass and positions of the i—th atom, respectively and F; is the force
acting on the ¢—th atom.

The solution of N-body problem in molecular dynamics can be solved with following

steps:

1. Assigning initial positions and velocities of all molecules.
2. Assuming an equation for the force vector.

3. Application of algorithm solving equations of motion.

The two first points can be obtained straightforwardly as the boundary conditions can
be fulfilled by displacing the positions on a crystal lattice and assigning velocities from,
for instance, the Maxwell-Boltzmann distribution. The force vector is also given by:

F; = —V,u(r") (2.2)
where V is the vector differantial operator, u is the intermolecular potential and r"v =
(ri,ra,...,ry). Hence, one can see that it is sufficient to know a proper intermolecular

potential that is suitable to describe the system of interest. The problems, however, arise
in the third step. Once we want to investigate the system comprising of more than two
interacting atoms which refers to nearly all real systems. In such cases, we need to use
numerical methods to solve N non-linear differential equations. One of the most popular
and the one used throughout the dissertation is the velocity Verlet algorithm.3” This
method allows us to evolve explicitly velocities and positions at the same time step. The
positions are evolved in the following way:
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rilt 4+ Af) = 1i(t) + Abvi(t) + %ilFi(t) (2.3)
and velocities
At
vi(t+ At) = v(t) + Y [Fi(t) + Fi(t + At)] (2.4)

This method has a particular advantage over other numerical solvers as it possess
two properties that are crucial for the long-time stability of numerical solvers. The first
one is time-reversibility which means that if we take initial conditions r;(t+At), ..., ry(t+
At), v;(t+At), ..., vy(t+At) and use time step —At we will arrive at the state r;(¢), ..., ry(f),
vi(t),...,vn(t). The second property is the symplecticity which means that the algorithm
maps the initial phase space point rg into r; without destroying the symplectic properties
of classical mechanics.

Variations of molecular dynamics

By the definition, Newton’s equations of motion give us the trajectories evolved in an
isolated system composed of N particles in a container of volume V' and a total energy
E corresponding to a Hamiltonian H. These conditions are known as a microcanonical
ensemble, NV E. On the other hand, the majority of real systems’ conditions are such
that we control the temperature and pressure instead of energy. This is also possible to do
in molecular dynamics simulations, however, one needs to perturb the classical dynamics
with the use of thermostats and/or barostats to sample, for instance, the canonical NVT
or isothermal-isobaric NpT ensembles. It is also important to note that in such a way we
do not have a constant temperature which would result in having constant kinetic energy,
but rather we can change the dynamics to have a constant average temperature.

In the course of the simulations, we have used two algorithms allowing us to control
the temperature. The first one is the Berendsen thermostat®® which assumes that the
system at temperature T is in contact with a heat bath at a temperature 7. Therefore,
the temperature is controlled in the following way:

ar T, - T(t)
dt N B

where 75 is a damping factor that determines the coupling of a system with the heat bath.
The choice of this parameter is crucial as it regulates the order of thermal fluctuations
in the system. It is also worth highlighting that this thermostat has been used solely for
the initial equilibration as it does not sample the canonical distribution properly. Due to
this fact, we have employed another algorithm which is the Martyna, Tuckermann, and
Klein (commonly known as Nosé-Hoover chains) thermostat.?? This is an extension of
the original equations of motion proposed by Nosé*! and Hoover.*?

The idea is to scale particle velocities by an additional dimensionless friction factor
pn- The equations of motion are then given by:

(2.5)
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. Pi
r— —
my;
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pi=F;— p;
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. Dy
N, = =2
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Dy, = — kT —p,.
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)2
Pon = | — kT (2.6)
| Qur
where j = 1,..., M, @); are the masses of particle thermostats that determine the time

scale of thermal fluctuations, kp is the Boltzmann constant, and Ny is the number of
degrees of freedom. For M = 1 the equations reduce to the Nosé-Hoover (NH) equations
of motion. A good choice of parameter (); will support the dynamics achieving canonical
distribution. It has been shown®’ that the optimal choice should be:

N¢kpgT
Ql = fQB
TNH
kgT
Qj = 2 (2'7)
NH

where Ty is the frequency at which particle thermostats fluctuate. The algorithm pre-
sented in equations 2.6 has a great advantage over the regular NH method as it is able to
sample correctly a canonical ensemble for small or constrained systems.

To control the pressure in the initial steps of the simulations, devoted to attaining the
desired density we have simulated the NpT ensemble with the use of Berendsen barostat.®
The idea is similar to Berendsen’s thermostat and the system at pressure p is coupled to
the “pressure bath” at pressure pg. Therefore, the pressure is rescaled in the following
way:

dp _ po—p(t)

dt B B
where 75 has the same meaning as in equation 2.5. At every time step, the volume is
scaled by the factor y

(2.8)

x=1- BTg(p — Do) (2.9)
B
where At is a timestep, [r is the isothermal compressibility which can be fixed and
included into 75 factor. Aside from the volume, positions of center of mass rconm of all
molecules are rescaled by:

1/D
=X (2.10)
r'com

where " are new positions after the change of systems’ volume and D is the dimensionality
of the system.
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2.2 Structural parameters

To attain a deeper insight into the self-assembly processes, a variety of different pa-
rameters have been defined. These quantities are useful for the description of both local
and global ordering. While computer simulation data tend to be reflected by experiments
and vice versa, the analysis can be inaccessible by the available experimental methods.

The benefit of the former method is the possibility to divide the analysis with respect
to particular components or even atom types, present in the system with relative ease.
Moreover, one can employ structural parameters that are immeasurable or extremely hard
to measure.

Radial distribution function
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Figure 2.1: Radial distribution functions for gas, liquid and solid phases of water and
their relationship to molecular-level visualizations. Picture taken from the reference.*?

The function devoted to measure the probability of finding two particles a distance r
apart is a radial distribution function which in three-dimensional system can be defined
as:

g(r) 4W2 <Z<5 rw> (2.11)

1<J
where 0 is the Dirac delta and p is the system’s density. For gases and liquids, correlations
vanish with the distance, hence:

lim g(r) =1 (2.12)

r—00
Another valuable information that can be extracted from this quantity is the coor-
dination number, z. It can be defined as the average number of molecules in the first
coordination shell of the radial distribution function, given by:

z = 47Tp/ g(r)ridr (2.13)

1

10
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where ry — r; is the width of the first coordination shell.
Structure factor

The structure factor is the quantity closely related to the radial distribution function
defined by equation 2.11. This property, however, possesses one particular advantage,

namely, it can be directly compared with the intensity of scattering radiation in experi-
ments. In general, it can be defined as:

S(k) = — (9(k)g(-k)) (2.14)

where n, is the number of scattering points, g(k) is a Fourier transform of a radial
distribution function defined as:

g(k) = ngexp(ikr,) (2.15)

Since our systems possess the ability to self assemble into nanostructures, we need to
reformulate the equation 2.14 for the anisotropic cases which is given by:

Sk)=— < gk) > (2.16)

and from the properties of modulus of complex number we have:

2 2
1
S(k) = — < (Z Mg cos(krn)> + (Z N sin(krn)> > (2.17)
nO{
n=1 n=1
Multiple-angle formulas were calculated from the recurrence relations:
sin(kx) = 2sin[(k — 1)z] cos(x) — sin[(k — 2)z]
cos(kx) = 2cos|(k — 1)z] cos(x) — cos[(k — 2)x] (2.18)

The final structure factor S(k) was obtained as an average over all S(k) where |k| is
equal k.

Bond-orientational order parameter

To analyze the 2D crystalline phases, we used the global 2D bond-orientational order
parameter Qj,*** defined as:

Qr =

Z Z exp(kzqﬁm)
i g

where ¢ runs over all particles of the system, j runs over all neighbours of ¢, ¢;; denotes the

angle between the bond connecting particles ¢ and j and an arbitrary but fixed reference

axis, Nponq denotes the number of bonds in the system, and £ = 1,2,...,6. This parame-

ter can take values between 0 and 1 for the disordered and ordered phases of k—symmetry;,

respectively.

(2.19)

1
Nbond

11
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Nematic order parameter

, ., 0 Y/
Wil 77
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Figure 2.2: Schematic representation of the nematic (a), smectic A (b), and smectic C (c)
phases of rod-like molecules. Here, n and k are the director and layer normal, respectively,
and @ is the (tilt) angle between n and k. Picture taken from the reference.6

In order to quantify whether a given phase posses an orientational (cf. Fig. 2.2 a-c)
but not necessarily a positional order (cf. Fig. 2.2 b, ¢), one can use the nematic order
parameter”4® given by:

@w—E:{Dngﬁﬁo_%ﬁ (2.20)

]

where D is the dimensionality of the system, b,(i) is the a—th coordinate of the unit
vector b, specifying the orientation of the molecule ¢, and ¢ is the Kronecker delta func-
tion. The corresponding eigenvalues of () are +S, however, it has to be noted that the
absolute values of S tend to 1 in a perfectly ordered phase, and is expected to vanish in
a disordered phase when N — oc.

Relative shape anisotropy

Another quantity that allows determining the symmetry of a given structure is relative
shape anisotropy®® given by:

1 [DE+ M4 M

(A2 + A2+ A2)2
where D is the dimensionality of the system, A;, A\, A, are eigenvalues of the gyration

tensor in x, ¥, and z directions, respectively, and ¢;; is the Kronecker delta. The gyration
tensor, R; can be defined as:

N
Rz = N Z(TZ — TCOM)2 (222)

i=1
where rcoym and r; are the geometric center and the position of the i—th molecule, re-
spectively. The gyration tensor components for 3D systems are defined as:

Z(l‘i - zcom)? Z(xi —zcoMm)(¥i — ycom) Z(xi —zcom) (2 — zcom)
M= % Z(Ii —zcom)(¥i — ycom) Z(yi —ycom)? Z(yi —ycom)(zi — zcom) (2.23)
D (@i —zcom)(zi — zcom) D (yi — ycom)(zi — zcom) > (2 = zcom)?

i 2 i
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2.2. STRUCTURAL PARAMETERS

Moreover, the gyration radius can be defined as R} = A? + A2 + A2, Relative shape
anisotropy, in analogy to previous order parameters, takes values between 0 and 1, when
the system is spherically symmetric or the molecules lie along a straight line, respectively.

Block density distribution method
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Figure 2.3: Part a) displays a schematic representation of the simulation cell divided into
blocks. Picture taken from.?® Part b) shows an example of distribution function.

One of the possible methods to evaluate the phase diagrams involves analysis of the
density distribution function in blocks.’® Although this distribution does not describe the
structural parameters, it is a convenient tool to detect phase separation in the system.
The algorithm is as follows, the simulation cell is divided into smaller blocks (cf. Fig. 2.3
a) and the distribution of the density probability P(p) is estimated for all blocks. Fig-
ure 2.3 b displays an example of the function P(p) that exhibits a double-peak behavior
corresponding to the two-phase coexistence. From the distributions P(p) the densities of
coexisting phases are determined from the maxima of the peaks (red and blue lines in
Fig. 2.3 b).

Other quantities

Aside from the parameters described above, a number of other quantities devoted to
the description of structural order have been reported. Probably one of the most popular
is the Steinhardt order parameter®52 and its variations,®®®> however, none of those have
been used in this dissertation. In these papers, it has been shown that they are extremely
useful for the description of both the local and global order.

In this respect, in our group, it was possible to determine the type of ordering for
Janus particles in 2D confinement solely because of the use of the Steinhardt and 2D
bond-orientational order parameters (cf. Eq. 2.19). It has been found that the presence
of external field resulted in (i) the two-dimensional crystallization of nanoclusters, (ii) the
surface-induced formation of “levitating” slabs, and (iii) “inverted” adsorption in Janus-
like pores.®® The first case is particularly interesting since those nanoclusters locally
possess three-dimensional crystal ordering of hexagonal close-packed structure. On top
of that, due to the confining forces, these nanoclusters “levitate” in the middle of a slit-
like pore and center of masses of each nanocluster are arranged into two-dimensional
hexagonal structure.
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2.3. MODEL AND SIMULATION DETAILS

2.3 Model and simulation details

Figure 2.4: Schematic representation of parameters of the model used in the course of the
simulations.

Schematic representation and corresponding chemical compounds of a few molecules
studied have been shown in Figure 1.3. In this section, the parameters of the model used
will be described in more detail (cf. Fig 2.4). The segments in the main framework (both
backbone and arms) were of identical size equal to 0, = o whereas active sites were five
times smaller o, = 0.20 (unless specified otherwise). The angle 6 between neighboring
arms has been changed and set to different values depending on the studied molecular
architecture. The bonding distance between the terminal arms’ segment and the active
site was abbreviated as [ and depending on the embedment it determined the interaction
zone size (cf. Fig. 3.2). As already specified, for chosen systems, we have also examined
binary mixtures of linear linkers with metal atoms of size o,,.

In molecular dynamics simulations, all of the molecules have been treated as flat, rigid
objects. To maintain the molecular geometry, we have used harmonic binding potentials:

wy, = k(r — ow)? (2.24)
and
Uap = k(r — oap)? (2.25)
Likewise, all of the necessary angles have been preserved:
w(Bu) = ko (O — Oo ) (2.26)
and

u(eab) = k@(eab - HO,ab)2 (227)

The interparticle potential employed in the simulations was (12,6) Lennard-Jones po-
tential which has been truncated but appropriately shifted to ensure its continuity, as well
as its first derivative:®”

. ULJ(T) - ULJ(rcut) + Ui](rcut)(r - Tcut) 7 < Tcut
Usr = { 0 otherwise (2.28)

where

Uastr) = e | () = (%] (2.20)

r
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2.3. MODEL AND SIMULATION DETAILS

and UJ ;(reu) is the first derivative of the energy Up;(r) at r = rey.

The interparticle interactions have been designed in such a way that the only attraction
in the system is due to the association between active sites. In other words, all of the
cutoff distances have been set to reu;; = 0;; where ij = ab,bb and 7yt 40 = 204,. This
should result in the vanishing of a critical point of liquid-vapor condensation and possible
liquid phases due to an insufficient range of attractive forces.’®% In consequence, the
phase diagrams should be of swan-neck type.

All of the molecular dynamics simulations have been performed in the NV'T ensemble,
using the LAMMPS simulation package.®® The velocity Verlet®” integration scheme has
been used with the reduced time step of the order of t = 0.0017. The number of molecules
varied from 2500 to 8100. However, one has to note that the total number of “atoms”
varied depending on the molecular architecture. This amount is sufficient for most self-
assembly systems, which are simultaneously large enough to form ordered networks and
small enough to form those structures in a reasonable time frame. The simulation scheme
involved preliminary runs in the NpT ensemble to establish the desired density. Next,
equilibration runs for around 10° — 107 time steps using Berendsen thermostat®® with
the damping constant equal to 7g = 107 have been performed. Further equilibration for
around 107 — 10® time steps as well as production runs have been performed using the
Nosé-Hoover chain algorithm,?® with the damping constant equal to 7xy = 107 and the
number of chains set to M = 3. Every system has been cooled down from temperatures
where we did not observe any order, up to the point where self-assembled networks have
been distinct.
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Chapter 3

Shortened description of the results

The foundation of the presented doctoral thesis is a series of eight publications, abbrevi-
ated hereafter as PI-PVIII.

3.1 Tetratopic building blocks

In the first paper PI, we have examined the behavior of the simple tetratopic molecules.
The main idea of the paper was to determine the influence of the system’s density and
temperature on the formation of ordered phases. It has been shown that in the density
p* = 0.25, molecules assemble simultaneously into ”paralle]” and Kagomé networks, as
expected based on the paper.2! However, the coexistence of two ordered and a gas phases
is inconsistent with the Gibbs phase rule for one-component systems as investigated in
our case. Based on that, we know that only one of these networks can be stable. Similar
cases have already been described in Section 1.1.

To assess which one, we have performed the simulations at two distinct densities. For
the higher density p* = 0.4, solely the parallel network was present, while for the lower
density p* = 0.1, the obtained configurations still correspond to the behavior observed in
p* = 0.25. As already mentioned, in such a case, one of the phases has to be metastable,
and we conclude that this situation refers to the Kagomé. It is worth highlighting that
the origin of why these networks can be observed simultaneously is the same potential
energy and that the density of ideal networks is only slightly different.

Other molecular architectures have also been examined. The building block with two
segments in the backbone R and every arm A-D form solely the Kagomé network. On the
other hand, elongation of the backbone R, does not lead to the stabilization of the parallel
network but results in the formation of a completely different phase with hexagonal sym-
metry. Moreover, we have observed quite unusual ordering of the active sites which has
not been found for any other system examined here. It resembled ”glassy-like” patterns
where long-range ordering is not present and a single unit cell could not be discriminated.
Owing to that, we have proposed a methodology for the calculation of two-dimensional
structure factors. We have found that this parameter describing the order in the system
should not be averaged if more than one domain is present. Other than that, we are
tracking trajectories where differently oriented clusters are present which can lead to a
completely incorrect interpretation of the results. An example of this can be found in
Figure 3.1. Theoretically evaluated diffraction pattern for segments of an entire frame-
work proves the hexagonal symmetry of the network (Fig. 3.1 a). Surprisingly, active sites
exhibit similar symmetry (Fig. 3.1 b), however, a deeper analysis has shown that the final
pattern is an overlap of at least two unit cells, namely, rhombic and rectangular, which
imitates the hexagonal arrangement of the molecules. As already stressed, if one would
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3.1. TETRATOPIC BUILDING BLOCKS
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Figure 3.1: Part (a) represents the diffraction patterns for a fragment of frameworks’
segments. (b-d) Display diffractograms for a part of one configuration and averaged over
500 and 5000 configurations of the entire system for active sites, respectively.

calculate this parameter for the entire system as a time average when differently oriented
domains are present, a diffraction pattern, similar to quasicrystals 12—fold noncrystal-
lographic diffraction symmetries can be obtained simply due to the rotation of clusters
in time (cf. Fig 3.1 ¢). This conclusion can be proven by prolonging the calculations
as shown in Figure 3.1 d where the diffraction peaks became diffused. Therefore, it is
readily visible that the best diffraction patterns are available from a fragment of only
one configuration because such methodology is not exposed on perturbations induced by
rotation of differently oriented domains.

The next papers (PII-PIV) are the extension of the same tetratopic model aiming
at the verification of the use of other directions of interparticle interactions. In the first
one (PII), we have found that with the increase of the backbone length R, the density
of the forming phases decreases as the voids in the networks’ structure increase, due to
the change of the molecular architecture. This has been shown on the schematic phase
diagrams which turned out to be qualitatively the same and invariant of the molecular
geometry. The only difference that is pronounced is the gradual decrease of the density
with the increase of backbone or arm length. This behavior may be related to the increase
in the cavity sizes observed in these structures. It also has been shown that these diagrams
are of swan-neck type which corroborates that the manipulation with attractive forces will
result in solely gas-solid transitions, as described in Section 2.3.

A deeper insight into the behavior of the studied system has been gained due to the
calculation of the nematic order parameter (cf. Eq. 2.20). It has shown that the backbones
are aligned in the same direction in these phases. Moreover, this behavior was invariant of
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1 Oq Tcut,aa CN
04 102 04 2
045102 04 3
06 [02] 04 4
0.65|03| 0.6 5
0.7 104] 08 6

Table 3.1: Model interaction parameters used in the paper PIII resulting in a particular
coordination number (CN).

the molecular topology. Temperature dependence of this parameter exhibited a hysteresis
which may indicate a first-order phase transition. However, finite-size scaling analyses
have not been performed to verify its presence in the thermodynamic limit.

On top of that, a comparison with an off-lattice Monte Carlo simulations has been
performed and a reasonable agreement has been attained for interaction zone size vy = 10°.
On the other hand, the increase of this parameter to v = 76° resulted in the formation
of “ladder-like” networks. Although the parameter v was sufficiently large to allow for a
simultaneous interaction of a single active site with two other molecules, this was not the
case in the present situation and each tetratopic building block associated with only one
molecule.

A comprehensive study on the influence of the interaction zone size (o = /2) was the
subject of the following papers presented in PIIT and PIV. Subsequent simulations (PIIT)
have shown that different directions of interparticle interactions result in the formation of
a broad variety of ordered networks. Among those we can distinguish (i) linear structures
in which length increased together with the length of the backbone R, (ii) rotated parallel
and Kagomé networks, similar to those as in paper PI. For the latter phases, different
ratios of one or the other have been observed, depending on the manipulation of building
block architecture.

Additionally, we have established the parameters of the Lennard-Jones potential for
the interactions between the active sites that could mimic (i) different chemically active
groups or (ii) the implicit presence of metal atoms. The parameters can be found in
table 3.1.

As already specified in Section 2.3, we embedded the terminal arms’ segments by the
"phantom site” to achieve the ”directionality” of spherically symmetric Lennard-Jones
potential. In previous papers, only two molecules were allowed to interact one with
another. Currently, the idea of the manipulation of the active site size o, or/and the
bonding distance [ is to decrease the directionality of the interparticle potential, hence
allowing more particles to interact with each other.

Using this information, we have checked the behavior of the tetratopic molecules with
the same direction of interparticle interactions as in the paper PI. In such a case, the
formation of different phases compared to previous studies can be observed. Similarly to
all molecular architectures, we manipulated the building blocks geometry and the most
interesting finding could be observed for the tecton with four segments in the backbone
and one in every of the A-D arms. Within this structure three distinct sizes of cavities
can be distinguished and it is worth highlighting that the almost identical structures have
been observed experimentally by J. Li, et al. for relatively similar compound.5*

The last stage of studying a coarse-grained model for tetratopic molecules was de-
scribed in the paper PIV. The main goal was to assess the influence of the change of
the molecular architecture (angle 0, cf. Fig. 2.4 a) in the molecules of this kind on the
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Figure 3.2: Schematic representation of the interaction zone (a). Parts (b-d) present
the angular dependence of the Lennard-Jones potential with respect to the separation
distance between active sites for [ = 0.360 (b), { = 0.40 (c), and | = 0.440 (d).

self-assembly process, in comparison to the geometry shown in paper PI. Moreover, we
wanted to examine in a more precise way how we can manipulate the models’ parameters,
similarly to what has been already shown in table 3.1, for the target design of supramolec-
ular networks. In analogy to the previous paper (PIII), we have changed the bonding
distance [, to which we will refer as an ”interaction zone” « (cf. Fig. 3.2). Parts b-d
of Fig. 3.2 demonstrate the influence of the bonding distance [ on the angular behavior
of the employed Lennard-Jones potential. We have estimated that the maximum size
of the interaction zone changes with [ and is equal to 34.6° and 45.2° for [ = 0.360 and
[ = 0.440, respectively. This corresponded to the formation of pairs (I = 0.360) or triplets
(I = 0.440) whereas in the case of intermediate bonding length [ = 0.40, depending on the
molecular architecture, association of both two and three molecules was possible. These
results have been validated with available literature data. Kalyuzhnyi and Cummings®?
have shown the ranges of the interaction zone size a allowing for the connections between
two (30° < a < 35.3°), three (35.3° < a < 45°), ete, "patchy particles”, due to geo-
metrical constraints. It is worth stressing that although these authors used a relatively
short-ranged square-well potential and the above ranges of « are expected to vary de-
pending on the form of interparticle potential, we observe a quite similar tendency in the
case of Lennard Jones potential used in this work.

Another interesting feature is that solely for this molecular architecture, the forma-
tion of triplets for intermediate bonding (I = 0.40) distance was observed. This should
emphasize how the self-assembly process can be sensitive to such subtle changes which
are not invariant on the molecule’s topology.

For currently studied molecular geometry (paper PIV), we have found the rules gov-
erning the formation of, inter alia, the Sierpinski triangles, Archimedean tessellations,
Kagomé, and ladder networks. The most prominent result of this work is that one can
attain a desired ordered structure by the manipulation of the interaction zone a. In Fig-
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Figure 3.3: Parts (a-c) display the configurations at the same density for tetratopic build-
ing blocks for separation distance | = 0.40, | = 0.360, and [ = 0.440, respectively.
Schematically drawn association paths are shown on the right-hand side of panel (a).

ure 3.3 a, one can see the simultaneous formation of Sierpinski triangles and a dense phase
for [ = 0.40. By the change of this parameter, one can selectively obtain either one phase
or the other as shown in parts (b) and (c) of Figure 3.3. This is particularly important,
because the same effect can be observed in experimental system where, for instance, the
same molecular architecture can exhibit distinct behavior depending on the substitution
with different chemically active groups (e.g. -B(OH),, -OH, -COOH, -Br, etc.) which
would promote the formation of dimers, trimers, etc.

On top of that, the appearance of Sierpinski triangles is rather surprising, since the
majority of papers report the formation of such structures in completely different systems.
The only general rule that has been established and proved experimentally is that the
so-called “V-shaped” molecules are able to order into Sierpinski triangles.!®% To date,
we could not find any experimental findings that exhibit similar behavior for relatively
small tetratopic tectons which would correspond to the results presented in paper PIV.
Therefore, we believe that due to this quite unexpected outcome, the possibility for further
studies is open.

Another remarkable finding is the formation of ladder networks. As shown in Figure 3.4
a, for the [ = 0.40, these wires align in one direction, however, small patches of a dense
phase, similar to those displayed on the right-hand side of Figure 3.3 a can also be spotted.
It is also noteworthy that the increase of the system’s density does not result in the gluing
of these "lines” one with another but the structure rearranges into a denser phase, instead.

In analogy to the previous building block that formed Sierpinski triangles, we can
achieve the selectivity of the formation of either of these networks by the change of
parameter [ and it can be seen that two phases are no longer present in Figure 3.4 b, d,
but their assembly is steered by the value of [. When embedment is changed to [ = 0.360,
the formation of wires is only observed as in the case of | = 0.40. However, it is worth
highlighting that the increase of the system’s density results in the wires starting to glue
laterally one to another. This resembles the behavior of liquid crystals which, even without
the presence of attractive interactions, tend to form densely-packed, ordered structures.
Two-dimensional structure factors calculated with respect to the backbone R which are
given in the insets to parts b, ¢ of Figure 3.4 corroborate with these observations. The
former is diffused and the distances in reciprocal space are small which means that those
wires are separated (large distance in real space). For a higher density system (Figure 3.4
¢) the structure factor shows the opposite. On the other hand, an increase of the bonding
distance to | = 0.440 leads to the emergence of a more dense phase in systems at both
low and high densities and the ladder networks have not been observed at all (Fig. 3.4 d).
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Figure 3.4: Parts (a, ¢, d) display the configurations at the same density for tetratopic
building blocks for separation distance | = 0.40, | = 0.360, and | = 0.440, respectively.
Part (c) presents the configuration recorded at density p* = 0.5 and [ = 0.360. 2-D
structure factors are shown in the insets to parts (b, ¢). Schematically drawn association
paths are shown on the right-hand side of panels (b, d).
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3.2 Other geometries

To verify the versatility of the employed model we wanted to simulate molecular archi-
tectures other than tetratopic building blocks. The first one studied was linear tecton.
In the paper PIII, one-component systems have been examined and the metal atoms
of different coordination numbers have been treated implicitly, due to the change of the
model’s parameters as shown in Table 3.1. The formation of square and triangular lat-
tices was reported, however, the most intriguing structure was found for the ”crossover”
parameters resulting in the coordination number CN=5. This network is called 3%.4.3.4
Archimedean tesselation and is composed of different polygons (squares and triangles)
where one, distinct unit cell cannot be distinguished. Moreover, we conducted the simu-
lations for V-shaped molecules and with the choice of parameters allowing the formation of
triplets, Sierpinski triangles have been observed. It has to be emphasized that these results
for both linear and V-shaped molecules are consistent with the literature data.!? 18 63,64

Although the aforementioned studies for one-component systems turned out to be a
quite successful tool for the description of experimental findings, they possess one rela-
tively important flaw. Such an approach lacks the possibility to change the concentration
of the mixtures since the second component has been treated implicitly. Hence, in the
paper PV we wanted to validate the importance of the mixture composition. We have
found the formation of disordered, square (SN1, SN2), and parallel (PN) networks de-
pending on the metal atoms’ size when the mixture was composed of an equal number of
the linear linker and metal atoms. Moreover, increasing the number of linker molecules
resulted in the formation of 32.4.3.4 Archimedean tiling (AT1, AT2), structure of trian-
gular symmetry (TN) and ”spaghetti” wires (SW). Schematic phase diagram for different
mixture composition y and metal atom size 0, can be found in Figure 3.5.

Other molecular geometries have been examined in the paper PVI. The building
blocks proposed were tetra-, penta-, and hexatopic molecules and their behavior in single-
component systems as well as in binary mixtures with either linear or V-shaped molecules
to which we will refer as linkers. The motivation of the former was to assess the influence
of the addition of a second component on the self-organization process we need to know
their behavior in such conditions. We benefit from the knowledge of linkers self-assembly
resulting from the investigations described in paper PIII.

The results for tetra- and hexatopic molecules in single-component systems were as
expected as the symmetry of the ordered phase resulted from the precursor’s symmetry.

1.00 — @® -~rn (] [ ] @
AT2 AT2+TN
5 080 o o o ©
DF AT1
sw
SN1 SN2
050 ° ° o o
| | | |
0.25 0.5 0.75 0.83
X

Figure 3.5: Schematic overview of structures formed in the binary mixtures. For the ab-
breviations confer the text. Black circles refer to simulation results; structure boundaries
are drawn arbitrarily to guide the eye.
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c)

Figure 3.6: Parts (a) and (b) show configurations of the entire system for pentavalent
molecules and non-associated terminal segments, respectively. Part (c¢) represents different
graphical representations of part (b) whereas part (d) shows the magnified fragment.
Diffraction patterns corresponding to each configurations are given in the insets.

However, in the case of a molecule with five arms, the behavior was completely different
and the formation of a few differently oriented domains has been found. The obtained
structure could only be characterized by the void analysis. It has shown that the cavities
are arranged in a specific way. It could be observed that within the hollow space, triplets of
non-associated arms were present and their center of mass formed a network of triangular
symmetry (cf. Fig. 3.6).

The behavior of binary mixtures of tetra- and hexatopic precursors with linear linkers
was nearly identical, compared to one-component systems, and the only differences were
(i) increase of the cavity sizes and (ii) imperfections of the network, increasing with the
number of linear molecules in the mixture.

In analogy to a single-component system, binary mixtures of pentavalent molecules
with linear linkers are particularly worth highlighting. These systems form a unique
network that resembles 32.4.3.4 Archimedean tesselation. Since the structure is completely
different we wanted to assess the origin of this behavior. We have changed the length of
the linear linker to verify whether this structure emerges solely due to the presence of
a second component or is caused by the increased interparticle distance. To inspect the
latter, we have created also a pentatopic molecule with elongated arms and simulated
it in a one-component system. As shown in Figure 3.7, for all linker lengths the same
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Figure 3.7: Parts (a-c) display configurations of binary mixtures for pentavalent molecules
with linear linkers of 3 (a), 2 (b), and 4 (c¢) segments in backbone R, respectively. Part (d)
shows the fragment of configuration for a one-component system comprised of pentatopic
molecules with elongated arms. Particular polygons belonging to Archimedean tiling are
colored in red (squares) and black (triangles). The reminiscence of the one-component
system is marked in green.

Archimedean tiling is present whereas a single-component system with longer arms still
exhibits the same behavior as previously (cf. Fig. 3.6). Owing to the lack of qualitative
difference between obtained structures in binary mixtures (Fig. 3.7a-c), the conclusion
which naturally arises is that the length of the linker does not affect the formation of such
an ordered phase and it is formed strictly due to the presence of the second component.
Moreover, it can be assumed, that the linkers’ mobility drives the self-assembly of the
Archimedean tiling-like network in this system.

In the following paper PVII, simulations of tritopic molecules have been performed.
Two molecular topologies have been studied, i.e. (i) with the same angle between all of
the A-C arms (0 = 120°) and (ii) with angle 8 = 60° between A, C arms. Different
directions of interparticle interactions as well as the number of segments in the arms have
also been examined.

The formation of various ordered networks has been reported, depending on the molec-
ular architecture. It has been shown that for the molecules with 8 = 60°, the structures
formed are almost identical and invariant of the topology or direction of interparticle in-
teractions. However, for the molecules with 8 = 120° a variety of different phases have
been observed and the rules governing the formation of distinct ordered networks have
not been found due to the complexity of the phenomena.

For given cases, lattice Monte Carlo simulations have also been performed to check
the compatibility of these methods. Unfortunately, in several situations, triangular lattice
enforced the formation of other structures. Although the results were congruent with its
symmetry they were not reproducible with the currently used molecular dynamics model.
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a)

O~

Figure 3.8: Part a) and b) display structural formula and fragment of configuration formed
by compound M1, respectively. Schematically drawn association paths are shown on the
right-hand side of panel b).

This situation should be particularly emphasized that lattice simulations should be only
used as a preliminary tool for the investigation of any problem of interest.

The last stage of the investigations was devoted to extending the currently used coarse-
grained model to the one that will be able to reflect molecular architectures of compounds
of interest to a higher extent. In this respect, another model has been introduced. Briefly,
in this representation, every atom has been distinguished, apart from -CH groups of
benzene aromatic rings which were unified. The influence of both substitution position
and the type of active groups on self-assembly has been assessed. Each of the four aromatic
rings has been substituted by either -OH or -COOH groups. A more detailed description
of the model can be found in Section 2 of PVIII.

Compound abbreviated as M1 (cf. Fig. 3.8 a) have been already synthesized and
crystal structure have been determined in our group (cf. paper 6 in Section 6.1). There-
fore, the initial idea of the current study was to combine experimental and computer
simulation results. Unfortunately, we did not manage to attain the results from scanning
tunneling microscope in ultra-high vacuum conditions (UHV-STM) during the course of
the dissertation, however the group of prof. M. Jalochowski from the Institute of Physics,
UMCS is currently performing this kind of measurement on metallic surfaces. In this re-
spect, we wanted to gain a preliminary insight into the possible on-surface behavior of the
compound of interest as well as its derivatives. The first step involved quantum mechanic
calculations which have shown that some of the model compounds could exist in the form
of either of the two conformations. Specifically, the M1 molecule was found to preferen-
tially occur solely in one conformation named “zigzag”. Based on that, complementary
molecular dynamics simulations have been performed. It turned out that the molecule
M1 forms solely one ordered network (cf. Fig 3.8 b) which is quite densely packed. On
the right-hand side of this Figure, one can see a schematic representation of the ordering
within this network. It can be seen that the resulting ordered phase forms dimers of
hydroxyl groups of the same type (inner -Y and external -X substitution positions, cf.
Fig. 1in PVIII). Even though an alternate arrangement with disparately connected X-Y
hydroxyl group types is also possible, it is not the case that has been demonstrated in
radial distribution functions.
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Chapter 4

Summary and conclusions

The dissertation concerned the study of various building blocks, possessing the ability
to form self-assembled nanostructures by the means of computer simulations. The main
method used was molecular dynamics, however, several complementary simulations using
both lattice and off-lattice Monte Carlo have been performed.

A series of molecular architectures, as well as model parameters, have been introduced.
Models proposed in the course of the dissertation proved to be able to both reflect already
existing data and predict possible novel structures of potential interest. To gain a deeper
insight into the self-organization process, a variety of structural parameters have been
used to quantify given networks.

It has been proposed how a spherically-symmetric Lennard-Jones potential can be
mapped onto an angular-dependent one just by the manipulation of the active site size
and bond length . We report that it can be reflected in the substitution of chemical
compounds of similar geometry by such a group that is able to form dimers, trimers, etc.
Due to this approach, the target design of desired ordered supramolecular networks can
be performed in a much easier way and with a closer relation to the experimental findings.
It is particularly worth highlighting that in the case of the simultaneous occurrence of
two ordered phases a selectivity can be attained due to the procedure used.

Another noteworthy result is the introduction of a specific methodology on how to
evaluate two-dimensional structure factors that correspond to the experimentally obtained
diffraction patterns. It has been found that in the presence of more than one ordered
network of the same kind but with different orientations, averaging of this parameter may
result in the wrong interpretation of the outcome.

To summarize, the most pronounced results, found in the course of the dissertation
studies are:

1. Presentation of the model for tetratopic building blocks which allows one to reflect
experimental data as well as predict the existence of new ones.

2. Evaluation of the methodology for the analysis of two-dimensional structure factors
to assess the type of order.

3. Display of how a spherically-symmetric Lennard-Jones potential can be mapped
onto an angular-dependent one just by the manipulation of the active site size and
bond length I.

4. Demonstration by the means of computer simulations that the tetratopic building
blocks can form fractal networks (Sierpinski triangles) and structures resembling
liquid crystals.
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. Presentation of two versions of the model for linear molecules which are (i) steering
of the active site size/embedment and (ii) binary mixtures with “metal” atoms of
different sizes.

. Extension of these models for other molecular geometries, inter alia V-shaped,
penta-, hexatopic and their mixtures.

. Demonstration that the hollow spaces can be arranged in a specific manner that
facilitates analysis of obtained ordered network.

. Evidence that the presence of the second component (linear linker) can be a driving
force for the formation of Archimedean tesselation.

. A trial for the evaluation of a more “realistic” force field for tetratopic building

blocks.
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ABSTRACT: In this paper, we check how the molecular
architecture influences the self-assembly process of tetrapod
molecules. These particles were built of the linear core and
four attached arms. For this purpose, we employ molecular
dynamics simulation together with the lattice Monte Carlo
method to investigate the formation of supramolecular
networks. To characterize them, we evaluated structure
parameters such as distribution of the core—core angle,
average degree of association, and theoretical diffractograms.
Moreover, we conclude that for the latter parameter, the
influence of the rotation of differently oriented domains may
lead to wrong interpretation of results.

B INTRODUCTION

Directed self-assembly of functional molecular units has been
recently recognized as a promising method to fabricate low-
dimensional structures with tunable architectures and
functions. In this field, the on-surface self-assembly involving
weak molecular interactions, such as hydrogen'” and halogen
bonding,S’4 metal—organic ligand coordination,” and van der
Waals forces” has been frequently used to create diverse
supramolecular structures, ranging from small-molecular
aggregates® to extended porous networks.” This synthetic
approach has been also adopted in the polymerization of
functional monomers adsorbed on® catalytically active metallic
supports (Cu, Ag, and Au), where covalent bonding results in
persistent molecular constructs, including carbon nanoribbons,
nanoflakes, wires, and cyclic polymers.'*”'> The methods of
creation of the surface-confined molecular connections have
been particularly attractive, as they often produce new
nanostructures which are hardly or not obtainable with bulk
synthesis. Moreover, those nanostructures can have special
electronic, optical, catalytic, and so forth properties which
increase their application potential in nanotechnology and
material engineering.

An important factor which facilitates the self-assembly in
adsorbed overlayers is the spatial confinement reducing
substantial translational and rotational freedom of the
admolecules. In this case, effective intermolecular contacts,
resulting in a stabilizing interaction or a covalent bond, are
enhanced, as the molecules can easily position/orient
appropriately, required for the interaction or bonding. To
create an adsorbed molecular structure using this beneficial
effect, it is thus necessary to select a molecular building block
having suitable structural features and functionality. This refers
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especially to molecular size, shape, and intramolecular
distribution of functional groups (active centers). As it has
been demonstrated in numerous experimental studies,
manipulation of these factors is an useful way to direct the
self-assembly/polymerization toward molecular superstruc-
tures with predefined properties.' ">

Among various functional building blocks used in the 2D
self-assembly, the star-shaped molecules bearing terminal
active centers have been recently used to create on-surface
structures with diverse geometry and connectivity, in ultrahigh
vacuum and at the liquid/solid interface. One of such building
blocks is the tetrapod functional units equipped with arms
having terminal aldehyde and carboxylic groups.”*~" In the
case of the on-surface polymerization, the molecular arms have
been usually terminated with halogen atoms, so that the
tetrapod monomers were covalently bonded via the Ullmann
coupling reaction.'® As it has been observed in the experiment,
molecules such as >—<-shaped tetracarboxylic acids are able to
form extended porous networks with diverse morphologies.
For example, dichotomous self-assembly producing Kagomé
and brickwall porous phases has been observed for
tetracarboxylic acid molecules adsorbed at the liquid phase/
graphite interface.'”'* Moreover, when analogous building
blocks with an altered aspect ratio (shorter linear core) were
used, the self-assembly produced one glassy network with
regular hexagonal pores but with aperiodic spatial distribution
of the interacting molecules.>'* These findings highlight the
role of shape and size of a tetrapod functional unit in the
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creation of the corresponding low-dimensional structures.
Careful tuning of the structural molecular parameters is thus an
efficient way to direct the 2D self-assembly of organic tectons
such as the tetrapod molecules.

As test 2D self-assembly experiments usually require probe
tetrapod units differing in size/shape/functionality, these
molecules have to be synthesized, and the corresponding
STM imaging has to be performed in each case. An useful way
to reduce time and resources associated with these efforts has
been the computer simulations. In the computer-based
modeling techniques molecular parameters can be easily
modified, so that a large pool of candidate building blocks
can be screened, aiming at the selection of the optimal
molecule able to form the 2D superstructure with presumed
properties (porosity, periodicity, etc.). This refers to the Monte
Carlo (MC) calculations™"”~*" and molecular dynamics (MD)
simulations”>~ > which have been successfully used to model
the self-assembly of functional molecules on solid substrates. In
our previous studies, we used first of these methods to predict
the structure formation in the overlayers comprising tripod and
tetrapod tectons with different sizes’® and backbone aspect
ratio.”” Our studies demonstrated the formation of diverse 2D
superstructures ranging from chains, ladders, clusters, and
porous periodic and aperiodic networks comprising void
spaces whose size and shape was determined by the intrinsic
structural properties of the building blocks at play.

To further explore the possibility of tuning the structure of
2D networks by manipulating properties of the contributing
molecular tectons, in this study, we use MD simulations and
compare the predicted assemblies with their selected counter-
parts obtained with the MC method. To that end, a series of
tetrapod molecular building blocks with adjustable shape
proportions is studied, and the obtained superstructures are
characterized in detail using distribution functions of selected
structural parameters. Moreover, theoretically predicted
diffraction patterns of these 2D assemblies are provided to
refine and complement the gathered structural information.

B METHODS

The molecules used in this study comprised a few
interconnected segments (disks) forming the tetrapod planar
structures, of which one example is shown in Figure 1. The
contributing backbone segments, Ny, of diameter o}, = ¢ with ¢
being the unit length, were tangentially joined, and their
number was selected based on the assumed molecular size and
aspect ratio. Specifically, in these building blocks, two main
structural elements can be distinguished, namely, the linear
molecular core and four attached arms of equal length, with the
side arms meeting at an angle of = 120° (see Figure 1). The
size of these elements can be expressed in the number of
segments of the core (N¢) and the arm (N,), or alternatively
described by the distances, d; and d, shown in Figure 1. In the
latter case, d,, we are dealing with the sum of lengths of two
collinearly aligned molecular arms and the distance between
the contacting terminal arm segments. As we will show later,
using the adjustable parameters, d, and d, are particularly
convenient to establish the structure—property in the modeled
systems.'>'* To encode intermolecular interactions in the
tetrapod tectons, we assumed that the terminal arm segments
were active, that is, they were equipped with discrete
interaction centers (active centers), denoted by a (Figure
1c). This approach corresponds, for example, to the end-
functionalization of the arms of a polyaromatic tetrapod
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Figure 1. Part (a) displays the tetrapod molecule, where N and N, is
equal to the length of the core and arm respectively. Part (b) shows a
schematic representation of the chemical compound, which could
correspond to our model. The arrows show the direction of
interparticle interactions. Part (c) displays the terminal arm segment
(silver) and entirely embedded active site (red). The diameter of the
backbone and active sites were equal to ¢y, and o, respectively.
Finally, part (d) displays how the d; and d, distances were evaluated.

backbone using chemically different groups, including
carboxylic, aldehyde, and others.”>™"® In this view, each
molecular segment of the model tecton can represent one
benzene ring and the functional groups; according to the
assumed interaction pattern, it was attached in the para
position (see Figure 1b). The interaction centers, mimicking
the presence of the functional para substituents, were
represented by small circular zones of diameter o, = 0.20
buried inside the terminal segments at the distance | = 0.40
from the segment center (see Figure 1c). The abovementioned
condition means that the active centers are entirely embedded
in the terminal segments, and the main purpose for this
assumption was the reduction of the angular diameter of the
effective interaction zone. In this way, it was possible to model
highly directional intermolecular interactions, such as, for
example, the hydrogen bonding between terminal functional
groups of tetrapod tetracarboxylic acids.

All of the intermolecular interactions were modeled using
the Lennard-Jones (12,6) potential

4eyl(oy/r)"* = (0y/r)] 1< Teat

0

uy(r) =

(1)

where kl = bb, ab, aa; r is the distance between interacting
species. The parameters ¢ in the above equation were
calculated using the conventional Lorentz—Berthelot mixing
rule, that is, o = (o} + 07)/2, while the energy parameters were
&y, = & = € and g,, = S¢, where ¢ is the unit of energy. The
increased value of the energy of interaction between the active
centers (Se) was assumed to reflect the dominant role of the
terminal functional groups in the formation of short-range
directional bonds between the adsorbed tetrapods. The cut-off
parameters r_; were equal to o;; for ij = ab,bb, meaning a simple
size-exclusion condition and to 20,, in the case of the
interaction between a pair of the active sites. To maintain
rigidity of the model tetrapod building blocks, distances

otherwise
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between the composite segments (and the active site) were
fixed by imposing the harmonic potentials:

tyy, = k(1 = %)2 (2)
and

Up = kab(r - Gab)z (3)
and similarly for the angles between these components

”i,'(eij) = kg(eij - 90,;‘;‘)2 4)

where 0 ; is an actual angle between segments i and j, and 0, is
the reference angle corresponding to the assumed molecular
geometry (see Figure 1). The values of the potential constants
in eqs 2—4 were set large enough to make the molecules stiff,
namely, ky, and k,, were both set equal to 1000&/0% and k,
was equal to 1000¢/(radian?). Each of the backbone segments
(N,) had unit mass m, and the reduced time, density, and

temperature were expressed as 7% =t e/maz, p¥ = p62/8,
T* = kT/e,,. The meaning of the latter is that we wanted to
employ the temperature scale, which is independent on the
energy of association &,,. The mass of the small active center
was assumed to be five times smaller than m.

All of the MD simulations described in this work were
performed using the LAMMPS package.zg’29 Starting molec-
ular configurations were prepared by distributing 2500
tetrapod tectons in a square lattice in the simulation box,
size of which was adjusted using the Berendsen barostat to
obtain the assumed reduced density. Accordingly, the total
number of segments in the simulation box varied depending on
the size/shape of the tetrapod tecton. The simulations were
run using the Berendsen thermostat with the damping constant
7§ = 107* along with the isokinetic temperature rescaling (7
= 10007*) to eliminate the temperature drift. The reduced
time step was of the order of 0.0017*, and the equilibration
was carried out for at least 10° time steps. Additionally, at least
20 replicas of each modeled system were produced for
averaging purposes, differing by the starting configuration. The
modeled molecular assemblies were gradually heated up and
subsequently cooled down to obtain representative results.
Production runs lasted for at least 107 time steps. During this
final stage, various structural parameters were calculated,
including distributions of molecular orientation and diffraction
patterns for each well-defined phase. Additionally, the average
association number and radial distribution functions were
determined.

B RESULTS AND DISCUSSION

To study the 2D self-assembly of the tetrapod molecules, we
first tested the smallest tecton sketched in Figure la and
characterized by the parameters d; = 1 (N = 2) and d, = 3
(N, = 1). This building block is further called 113, and similar
abbreviation (d,ld,) is consequently used for the larger
molecules. Figure 2 shows two extended porous phases
which were observed in the simulations with the 113 building
block at T* = 0.1 and p* = 0.2591. In the case of the first
phase, the molecules form brickwall-like network in which they
are fully coordinated, that is, each molecule has four interacting
neighbors. A closer inspection of this phase reveals that it is
aperiodic and comprises tetragonal pores differing in shape.
The possible shapes of these pores are dictated by the relative
orientation of the four contributing molecules. The resulting
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Figure 2. Part (a) brickwall phase, part (b) Kagomé network, and (c)
lattice MC results. Snapshots are obtained in the density p* = 0.25907
at temperature T* = 0.1.

network is a collection of (randomly) interconnected pores of
the four types (see Figure S1 in the Supporting Information)
Interestingly, this brickwall-type structure is continuous, and
no vacancy defects were observed. The second structural type
shown in Figure 2b corresponds to the trihexagonal tiling
called also the Kagomé network. In this case, we are dealing
with pores of two types, including the smaller triangular-
shaped and larger hexagonal-shaped void spaces. An interesting
property of the Kagomé type-networks has been the magnetic
frustration and long-range antiferromagnetism at low temper-
atures.’™’' Similarly, for the brickwall-type phase, we can
observe the creation of pores whose rims comprise differently
oriented molecules producing a few variants of the hexagonal
and triangular pore (see Figure S2 in the Supporting
Information). The increased diversity of structural motifs
observed for the Kagomé and brickwall phases results from the
presence of the interaction centers which, albeit small in size,
offer the possibility of (slightly) noncollinear alignment of a
pair of interacting arms of neighboring molecules. If the
geometric condition for the intermolecular interaction is
stricter, as imposed, for example, in the lattice modeling, the
molecules create perfectly ordered networks.”® To show this,
for comparative purposes, in the bottom part of Figure 2, we
presented snapshots of the analogous brickwall and Kagomé
structures simulated for the same average adsorbate density p*
0.26. These results were obtained assuming that each
segment of 113 occupies one vertex of a triangular 200 X 200
lattice, and the interaction between terminal arm segments
occurs only when the neighboring arms are collinear (—<«),
resulting in & = —1 energy contribution. Comparing the
predictions of the MD and the MC lattice modeling, we
observe small difference in the structure formation; however,
one can see that the underlying lattice enforces the creation of
networks with the corresponding symmetry. To examine the
structure formation in the systems comprising 113 in more
detail, we performed additional calculations at relatively high
and low adsorbate densities. In the first case, for p* = 0.4016
and T* = 0.12, one extended domain of the brickwall phase
emerged. However, at low density, p* = 0.1002 and T*
0.086, a collection of smaller domains of both types (Kagomé
and brickwall) was usually observed. The systematic inspection
we performed using twenty system replicas at p* = 0.2591
cooled down to T* = 0.1 and revealed the occurrence of the
Kagomé and brickwall phases in various proportions. In most
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of the replicas, the brickwall phase dominated (Figure 3b);
however, in one case, the ratio of the coexisting phases was
close to unity, as it is seen in Figure 3a.

Figure 3. Part (a) configuration with the proportion of the Kagomé
and brickwall phases close to unity, (b) snapshot of the system in
which the formation of the brickwall phase was more favorable.

To quantify the observed effects, we calculated the
distribution of the angle, 8, between molecular cores belonging
to a pair of neighboring molecules of 1I3. The resulting
normalized distribution function, p(6), defines the probability
of finding a molecular core of a neighboring molecule that is
oriented at 0 < 6 < 180° relative to the selected molecular core.
This parameter describes well the Kagomé and brickwall
phases, as it should take increased values at the angles which
are characteristic for the Kagomé-type: 60° and for the
brickwall-type: 0 and 90°. To demonstrate this, we first
calculated the function p(@) for the reference one-phase
system comprising the brickwall network formed by 13 at the
high density p* = 0.4016 (T* = 0.12). In the case of the

reference Kagomeé-type network, we used the results simulated
for the molecule 1IS(N; = 2, N, = 2) which was found to
create extended phase of this structural type at T* = 0.088 and
p* = 0.19599. The corresponding distributions are shown in
Figure 4a and they, as expected, differ in the position of
maxima being footprints of the two phases. Taking into
account the most probable values of the angle, 6, observed in
each case, that is, 60° for the Kagomeé and 0° and 90° for the
brickwall phase, we used them to analyze the results obtained
for the systems in which domains of both types are mixed at
different proportions. Figure 4b presents the results calculated
for the systems 1 and 2, whose snapshots are shown in Figure
3. In the first case (1, black line), it is clearly visible that the
proportions of the coexisting phases are very close to each
other, whereas the second curve (red) confirms that the
brickwall phase prevails the Kagomé network, which agrees
with the configurations from Figure 3. Moreover, we can
observe that, contrary to the reference system 15, a small peak
around 30° occurs. Closer inspection of the Kagomé network
reveals the structural perturbations caused by the different
arrangement of the 113 tectons (see Figure S2 in the
Supporting Information). Additional characteristics which we
showed in the inset to Figure 4b are the associated radial
distribution functions, where r is the distance g(r) between
centers of mass of the tectons. The different shapes of the
curves calculated for the systems 1 and 2 also reflect the
structural differences in these molecular assemblies, and they
are correlated with the corresponding distributions p(6).
Specifically, for both systems, the highest maximum in g(r)
(first sharp peak) occurs at r & 3.7 which equals to the smallest
intermolecular distance between interacting molecules forming
the Kagomeé and brickwall networks. Moreover, the second
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Figure 4. Part (a) distribution of the angles for reference systems and (b) for the adsorbed configurations from Figure 3. The inset to part (b)
displays the center of mass radial distribution functions, g(r). Part (c) shows the variation of the probability function with temperature—the inset
shows two extreme temperature cases, and part (d) displays the average association number as a function of temperature obtained for the model
d,/d, =1/3 at p* = 0.25907. Empty circles represent cooling of the system down, while the filled were obtained for heating the adsorbed overlayed
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Figure 6. Diffraction patterns calculated for (a) the brickwall phase and (b) the Kagomé phase for the molecules d,/d, = 1/3 at p* = 0.25907 and

T* = 0.1.

peak at r & 5.7 and third at r & 6.2 are helpful in distinguishing
these phases. Namely, the second and third peaks correspond
to the distance in the linear arrangement of molecules in the
brickwall and Kagomé phases, respectively (see Figure S3 in
the Supporting Information).

To assess the influence of temperature on the phase
coexistence in the overlayer comprising 113, we calculated
the corresponding functions p(6) and plotted them in Figure
4c. These results were obtained by averaging twenty system
replicas at each T. Taking into account the magnitude of the
characteristic peaks from Figure 4c, it can be concluded that at
low temperatures (black line, T = 0.1), the content of the
brickwall phase (peaks at 0 and 90°) is about twice higher than
for the Kagomé phase (peaks at 60 and 30°). An important
effect which can be clearly seen in Figure 4c is that the relative
content of the brickwall phase decreases strongly with
increasing temperature. Specifically, at the temperatures higher
than T* = 0.104, the peaks representing the brickwall phase
decay to the base line (~0.005—0.006), whereas the peaks of
the Kagomé phase are still present on the plot, even though
their magnitude decreases noticeably when T grows. The
changes in p(0) observed for the decreasing temperature are
consistent with the ordering transition occurring within the
range of T* = 0.106—0.104. Additionally, at higher temper-
atures, the disordered fluid still creates several smaller clusters,
which is reflected in the increased values of the function p(6)
for the angles centered around € = 30° and 6 = 60°.

The results shown in Figure 4c indicate that for p* = 0.2591
and below T* = 0.104, we are dealing with the coexistence of
the brickwall and Kagomé phases. To prove this, we performed
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additional calculations of the average association number, N,
as a function of temperature. This structural parameter
measures the average number of neighboring molecules within
the interaction zone of the active sites of a selected molecule. It
can take values from zero to four, and the association was
counted when active sites of neighboring molecules were in the
distance smaller than r,,,. The parameter N, was calculated
in both heating and cooling protocols, and the corresponding
results are shown in Figure 4d. As it can be seen there, the
curves obtained for both temperature scans coincide, and no
hysteresis is observed which demonstrates that the system is
approximately in the middle of the gas and ordered phase
coexistence. As we observe gas and two ordered phases, this
type of behavior is possible when a system is close to the triple
point, but it is not consistent with the Gibbs phase rule.
Otherwise, two ordered phases could not be observed at the
same time. To check this, we performed the simulations at two
distinct densities as mentioned previously, that is, p* = 0.1002
and p* = 0.4016. For the higher density, we observed only the
brickwall phase, while for the lower density, the obtained
configurations still correspond to the behavior as in the triple
point, which as already mentioned is impossible to observe in
the thermodynamic limit. In such a case, one of the phases has
to be metastable, and we conclude that this situation refers to
the Kagomeé. To prove this, we also examined these contrary
systems in the temperature plane, which confirms our
statement. However, one has to note that in our case, both
of the ordered phases (Kagomé and brickwall) have the same
potential energy, and the densities of the ideally packed
structures slightly differs (ratio of densities of Kagomé and of
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brickwall phases equals to 0.92). Hence, those two phases can
be simultaneously observed in both the experiment'” and our
simulations.

A significantly different result was obtained for the one-
phase reference systems discussed previously (113—brickwall
and 115—Kagomé phase, see Figure S). The corresponding
functions N,,,(T) are shown in Figure Sa, and in both cases,
we can observe hysteresis loops when the heating and cooling
protocol was used, being evidence for the formation of the
ordered phase of one type (Kagomé for 115 and brickwall for 1
3) in these reference systems. The latter effect is the final proof
for the stability for the brickwall phase. However, one has to
note that the occurrence of metastable phases such as the
Kagomé phase in our case has been a frequent effect observed
experimentally.

To illustrate the effect of temperature in a one-phase system,
we used the overlayer comprising 115 at p* = 0.19599 as an
example. Figure Sb shows the probability functions p(6)
calculated for this system for the different temperatures T*,
ranging from 0.084 to 0.1. As before, we can estimate that the
ordering transition occurs within the range of T* = 0.094—
0.09, which coincides with the association degree plot from
Figure Sa. Additional structural characteristics that we provide
here are the theoretical diffraction patterns calculated for the
brickwall and Kagomé phases using the method described in
detail elsewhere.”> The patterns displayed in Figure 6
correspond to the molecular orientations as shown in Figure
2a,b. These results prove the existence of highly ordered, solid-
like structures, which exhibit long-range correlations. Similar
calculations were performed for the reference systems 113 at p*
= 0.4016 and T* = 0.12 and 1IS at p* = 0.19599 and T*
0.088, but they lead to comparable results, which are omitted
for the sake of brevity.

We also examined the self-assembly of the tectons
characterized by the ratios d,ld, close to the values considered
previously (113 and 1I5), however, having different geometries.
The types of structures obtained for these molecules (brick and
Kagomé) were identical as for 113 and 1IS tectons and are
presented in the Supporting Information in Figure S4.

Let us now proceed to the system built of molecules
comprising four segments (Nc = 4) in the core and one
segment in each arm (N, = 1), abbreviated hereafter as 3I3.
For this tecton, the simulations performed for p* = 0.2601 and
T* = 0.1 revealed the formation of the hexagonal network as
shown in Figure 7a. Although the distribution of the hexagonal
pores occurring therein is periodic, there are a few different
ways in which the pore rims can be formed (see Figure SS in
the Supporting Information). These different rim config-
urations are responsible for the irregular (aperiodic) molecular
pattern which can be clearly seen when, for example, the
position of the active centers is considered. Such visualization
is presented in Figure 7b, and it demonstrates the emergence
of the glassy-like disordered molecular overlayer. This result is
qualitatively similar to the glassy pattern obtained using the
lattice modeling for the molecule 3I3. For comparative
purposes, in Figure 7c, we presented the snapshot obtained
for molecules of this type (corresponding to p* = 0.26)
adsorbed on the 200 X 200 triangular lattice at T* = 0.1. The
left part of Figure 7c shows the obtained hexagonal network,
while the right part presents only terminal (active) segments of
the adsorbed molecules. As it can be seen in these panels, the
results obtained with the MC lattice model are very similar to
their MD counterparts. This refers especially to the molecular
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Figure 7. Fragments of the configurations simulated for the molecules
with the ratio d,/d, = 1 at p* = 0.2601 and T* = 0.1. Part (a) shows
all of the molecular segments, while part (b) presents only the active
interaction centers. Part (c) shows the results of the complementary
lattice MC results.

configurations of the molecules forming rims of hexagonal
pores, which are identical for both MC and MD results. This
result differs from the previous MD case of tecton 113 which
due to the more compact shape was able to create deformed
nanocavities (see Figure 2) not occurring in the MC
simulations. For tecton 3I3, due to a special aspect ratio, that
is d| = d,, the different molecular configurations forming the
hexagonal pore are possible to occur in the MD modeling as
well as in the lattice and off-lattice MC approach. To show this,
we performed additional calculations for molecule 5IS
equipped with six core segments (N¢ = 6) and two segments
in each arm (N, = 2). As expected, the simulations run for p*
= 0.1603, and T* = 0.072 revealed the hexagonal ordering
observed already for 313 and characterized by the analogous
aperiodic distribution of molecules; these are not shown for
brevity. The above observations will apply to any tetrapod
molecule characterized by the ratio d,/d, equaling to one. As
we demonstrated, this quantity plays an essential role in the
formation of the glassy network structures comprising the
functional tetrapod building blocks.

To gain a deeper insight into the structure, we calculated the
corresponding diffraction patterns. Analysis of the data
revealed that while for the hexagonal structure, the diffraction
patterns correspond perfectly to the observed configuration,
the one for active sites exhibits long-range order as well. It can
be seen that the final pattern is an overlap of at least two unit
cells, namely, rhombic and rectangular, which imitates the
hexagonal arrangement of the molecules in two-dimensional
structure factors. For a better understanding, we have also
computed the diffractogram for 500 configurations of the
entire system. It is interesting that this diffraction pattern
exhibits similarity to the one observed in quasi-crystals,
namely, it displays the noncrystallographic 12-fold rotational
symmetry.” It is most likely interconnected with the rotation
of domains in time. To prove this, we have prolongated our
computations for 5000 configurations, and the results are
shown in Figure 8d. It is readily visible that the best diffraction
patterns are available from a fragment of only one

DOI: 10.1021/acs.jpcc.9b04108
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Figure 8. Part (a) represents the diffraction patterns for a fragment of frameworks’ segments. (b—d) Display diffractograms for a part of one
configuration and averaged over 500 and 5000 configurations of the entire system for active sites, respectively.

configuration because such methodology is not exposed on
perturbations induced by rotation of differently oriented
domains.

B CONCLUSIONS

In this paper, using the MD modeling, we demonstrated the
ways in which the molecular self-assembly on surfaces can be
directed by tuning the geometry of tetrapod functional units.
Even though, in real situations, the chemical mechanisms
governing the self-assembly can be very complex; our results
obtained with the simplified coarse-grained approach indicate
clearly that molecular geometry plays the decisive role in the
structure formation. Specifically, our calculations revealed that
the structural descriptor d,/d, is primarily responsible for the
creation of the brickwall and Kagomé networks and the porous
glassy superstructures. Moreover, to assess the effect of the
surface corrugation on the self-assembly, we compared the
results obtained from the lattice MC modeling and the MD
calculations. This analysis revealed that the adsorbing surface
with high triangular symmetry can effectively eliminate
defective molecular connections producing 2D pores with
imperfect shapes. On the other hand, the connectivity of the
networks predicted by both methods (MC and MD) was
found to be identical, highlighting the less important influence
of the surface on the molecular coordination. Apart from these
findings, we also calculated additional structural characteristics,
including the distributions of the core—core angles and the
radial distribution functions which facilitated identification of
the ordered porous phases emerging in the simulated
assemblies and prediction of their stability. An additional
comprehensive information about the simulated structures was
obtained with the 2D structure factors which can correspond
to the X-ray scattering patterns in the experiment. As we
demonstrated, the differently rotated molecular domains of the
same type can produce apparent symmetry elements which are
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not present in these adsorbed systems. To avoid this
discrepancy, one can, for example, analyze reoriented clusters
to achieve one common orientation direction instead of
averaging over the directions in the entire system. The result of
our simulations refers to the tetrapod molecules with one
particular set of the assigned interaction directions, but the
model can be easily extended to cover tectons with differently
encoded interaction patterns. These possibilities are currently
the subject of our further simulation studies. The findings
reported herein can be useful in designing and fabrication of
2D molecular architectures with application potential in
nanotechnology and material engineering.
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This paper presents simulations of the molecular dynamics and off-lattice Monte Carlo devoted to inves-
tigate self-assembly process of molecules with tetrapod architecture. Formation of diverse supramolecular
networks were found, which were characterized by several structure and order parameters, such as two-
dimensional structure factors and nematic order parameters. Moreover, it follows from the aforementioned
functions that one of the most important factors driving the self-assembly phenomena is the molecular
architecture and the presence of directional interactions.
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1. Introduction

Construction of novel self-assembled, supramolecular networks
has been of particular interest over several decades, for both exper-
imental and theoretical investigations. The above statement is sup-
ported by a large number of papers devoted to the synthesis of
new chemical compounds having the ability to self-assemble, and
attempting to elucidate the mechanism of already known processes
or to propose the new ones. One of the most promising fields is the
new and rapidly developing method of “on-surface synthesis”, aim-
ing at the use of solid substrates to initiate chemical reactions, which
would not occur at all or would be very hard to perform in bulk sys-
tems. There are several factors that allow to control the self-assembly
processes, such as the precursor architecture [1,2], the substrate
nature and symmetry [3,4].

The molecules that can be used as the templates for self-
assembly include, for instance, linear [5-8], tripod [9,10] and tetra-
pod molecules [11-16]. The chemical compounds assemble into the
structures ranging from small clusters [17] up to the extended
porous networks [18] by means of directional interactions. These
interactions involve the hydrogen [19,20] and halogen [21,22] bond-
ing, the metal-organic ligand coordination [23, 24] as well as
the van der Waals forces [25]. Additionally, the surface nature
and symmetry are also important factors in the self-assembly
phenomena. For instance, the results of Gutzler et al. obtained

E-mail address: lukasz.baran95@gmail.com.

https://doi.org/10.1016/j.molliq.2019.111627
0167-7322/© 2019 Elsevier B.V. All rights reserved.

for tetrabromotetrathienoanthracene, have shown that different
supramolecular networks can be formed, depending on the substrate
type and the Miller indices of the exposed surface [3]. Moreover, it
has recently been reported that the chemical or structural defects
in the substrates can deteriorate the formation of supramolecular
networks [26].

Apart from the employed template molecules or substrates,
there are also other factors influencing the self-assembly processes.
Among them we should mention, the guest molecules [13,14,27], the
concentration dependent self-assembly [28,29] and the type of the
solvent used [30]. Comprehensive reviews that elucidate the effects
of the aforementioned factors can be found in Refs. [31,32].

Since the tendency towards self-assembly and the formation of
the desired supramolecular structutres by real molecules is rather
hard to predict a priori, the synthesis of appropriate molecules may
be difficult and costly. Therefore, computer simulations seem to be a
convenient tool to investigate the effects of multiple factors on the
self assembly of the molecules of different structure and chemical
composition. Computer modelling allows to easily change the sys-
tem parameters so that the large number of molecules, characterized
by different shape, symmetry and intermolecular interactions, can
be examined. The results of computer modelling may be very impor-
tant, allowing to select the molecules, which self assemble into the
supramolecular structures of desired properties, such as the porosity
and periodicity. In this way, the results of computer simulations may
be a valuable guide for experimentalists.

There are two basic computer simulation methods, Monte Carlo
(MC) and molecular dynamics (MD), which can be used. In the case
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of Monte Carlo method, either lattice [33,34] or off-lattice [35] meth-
ods can be used to model self-assembly of the molecules of various
architecture. The molecular dynamics simulations have also been
successfully used to model the self-assembly process of molecules on
solid surfaces [36-39].

In this study, the molecular dynamics and the off-lattice Monte
Carlo simulations, have been used to investigate self-assembly of
model molecules. Examination of diverse architectures of the tectons
possessing ability to form supramolecular networks has revealed
that the molecular geometry itself may be one of the most important
factors. The obtained structures have been characterized by vari-
ous distribution functions and order parameters. Additionally, the
diffraction patterns have been computed to complete the description
of the emerging superstructures.

2. The model and simulation details

The main goal of this study has been to model the tetra-
substituted chemical compounds where, for instance, isophthalic or
halogen groups are attached to the terminal phenyl rings. As already
mentioned, these types of molecules are likely to self-assemble on
solid surfaces. Therefore, the particles used in this work have been
treated as flat, rigid objects, which consisted of the rod-like “core”
of the length N¢, and four arms, of the length Ny, attached to it. The
angle between two arms at each side of the core has been set to
0 = 120°. The sizes of the segments forming the arms and the core
have been set to be the same, and equal to 0}. In the following will

a)

be referred to as the components of the backbone. The bonding dis-
tance between particular entities in the main structure has also been
assumed to be equal to oy,

The active sites, each of size 0,4, have been defined as the regions
entirely embedded into the terminal arms, and the backbone-site
bonding distance has been abbreviated as I The inclusion of the
site into the disk defining the terminal arm has been done in order
to make the models used in molecular dynamics and Monte Carlo
simulations compatible.

The molecular architecture used in this work has been schemat-
ically represented in Fig. 1a. However, in the case of Monte Carlo
simulations, the description of directional interactions has been done
using a different model of active sites at the surface of patchy arms
[40,41] (Fig. 1d). In this case, the interparticle potential has been the
truncated and shifted Lennard-Jones (12-6) potential [42], instead of
the square well potential. Moreover, each Monte Carlo step consisted
of translation, with orientational bias, and reorientation of randomly
chosen molecule [43]. The simulation cell has been a square of the
linear size L. The box size has varied between Ly, = 96 and 140,
depending on the molecular architecture, allowing to keep the same
number of molecules.

In the case of molecular dynamics simulations, the backbone-
backbone (bb) and the backbone-site (ab) bond lengths have been
allowed to relax by imposing the harmonic binding potentials

upp(r) = kpp(r — Opp)* (1)

b)

/N N

Fig. 1. Schematic representation of a molecule with Nc = 2 and N4 = 1 used in this paper. Part b) displays an example of the chemical compound, which can be described by
our model. Part c) defines angles in the model, and we have assumed that both « and (3 are the same and equal to 120°. Part d) shows the terminal arm in model used in the Monte

Carlo simulations. The angle 'y determines the size of interaction zone.
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and 73 = 107 for 5 x 105 time steps, and further equilibration has
been performed for 5 x 107 time steps, using the Nosé-Hoover

Ugp(r) = kgp(r = 1) (2) chains approach [47] with Nepin = 3, and with the dampening con-

Similarly, the angles between the backbone-backbone (bb) and
the backbone-site (ab) bonds have also been allowed to fluctuate,
owing to the applied angular-harmonic potentials

Upb(Opp) = Ko(O — Oo,pp)? (3)

Uab(0ab) = Ko(Oap — O0,ap)> (4)

To ensure the continuity of the truncated (12,6) Lennard-Jones
potential, necessary in the case of molecular dynamics simulations,
it has been appropriately shifted [42],

Uy(r) = Uy(reur) + Up(reue Xr — Teue) T < Teur
Uep = y . 5
SF [ 0 otherwise (5)

where Uy(r) = 4eu[(0w/1)'? — (01/r)°] and Uj(reue) is the deriva-
tive of Uy(r)atr = reye. Thus, the total potential energy of the system
has been defined as

Utotat = Usp + uj(r) + up(0) (6)

where kI = aa, ab, bb

The backbone Lennard-Jones parameters 0 = Oy, and € = &,
have been set at the units of length and energy, respectively, and
the reduced time and temperature are equal to ™ = t\/g/mo?,
T* = kT/gqq. The latter definition has been used in order to keep
the temperature scale independent of the association energy. Addi-
tionally, the number density has been defined as p* = NCL:rf‘L'yN" .The
mass of the backbone entities, as well as of the active sites have been
both set to unity, although their diameters have not been assumed
to be equal. The core and the arm segments diameters are equal to
op, = 0O, while the active sites diameter is equal to 04, = 0.20.
The energies of the backbone-backbone and the backbone-active site
interactions have been fixed and equal to €5, = €and g, = 5.0¢,
respectively. One should note that this kind of screened interparti-
cle interactions is characteristic of various chemical compounds in
solutions. However, in our model the solvent molecules have not
been treated explicitly, since our main aim has been to investigate
the interactions between active sites of different molecules, which
can be treated as, for example, corresponding to the formation of
hydrogen bonds between the molecules. The backbone-site diame-
ter and the energy of backbone-site interaction have been assumed
to be equal to 0y, = (Opy + Oaq)/2 and g, = € respectively. The
distance between the terminal arm segment and the active site has
been set as equal to [ = 0.40. The cut-off distance of the interaction
between two active sites has been set as equal to reytgg = 2044, On
the other hand, we have assumed that rey = Oy, for kIl = bb,ab,
ensuring that bb and ab interactions are non-attractive. The har-
monic potential constants ky, = kg have been set as equal to
1000g/02, and ks = 1000s/(radian?).

All molecular dynamics simulations have been performed in the
NV T ensemble using the LAMMPS package [44, 45]. The velocity Ver-
let integration scheme with the time step equal to t = 0.0017 has
been used. In every system the number of particles has been the
same and equal to 2500. However, the total number of “atoms” has
been depending on the particular architecture.

As already mentioned, the size of simulation cells has been
appropriately adjusted to keep the density and the particles num-
ber constant. The preliminary equilibration has been performed
using the Berendsen thermostat [46], with the dampening constant

stant equal to Tcpe, = 107. Each system has been slowly cooled
down, with the temperature grid AT* = 0.002, from the temper-
ature at which the system has been disordered, to sufficiently low
temperatures, at which the self-assembled structures developed. In
order to ensure that the self-assembled networks are stable, we
have performed several heating up and cooling down runs for every
system.

The production runs have been carried out using the Nosé-
Hoover chain thermostat. The number of time steps required to
obtain sufficiently accurate results has been observed to vary from
2 x 107 to 5 x 108. During the production runs, the calcula-
tion of two-dimensional structure factor for well-defined structure
has been performed. This corresponds to the X-ray scattering pat-
terns in experimental data, and can be treated as the “theoretical
diffractograms”. Moreover, for each system, the evaluation of various
parameters to determine the structure of molecular networks, such
as the nematic order parameter, and the core-core angle distribution
has been performed.

The phase diagrams have been determined using finite size scal-
ing of the block density distribution functions following the method
proposed by Binder [48]. We have also investigated, how the struc-
ture of applied molecules influence the shape of phase diagrams.

3. Results and discussion

The discussion begins with the presentation of results obtained
for different systems presented in Table 1. In Fig. 2, we have pre-
sented the examples of snapshots of the systems M1, M41, M3, and
My;, obtained from molecular dynamics simulations, which demon-
strate the influence of the tetrapod geometry on the formation of
molecular networks.

The complementary results of Monte Carlo simulations, for the
interaction zone y = 10° have shown the formation of exactly the
same networks (see Fig. S1 in the supplementary material). These
highly ordered structures form different types of porous networks,
depending on the molecular architecture, and resemble those pre-
sented in the recent paper published by S. Xing et al. [11]. In order
to get a deeper insight into the structure of the adsorbed overlay-
ers, the calculations of different structure parameters are needed. For
this purpose, we have calculated the core-core angle (6) distributions
between the neighbouring molecular cores, for the systems given in
Table 1. The resulting normalized distribution function, p(6), which
gives the probability of finding a molecular core of adjacent tetrapod
oriented with respect to the selected molecular core with the angle
0, from the interval between 0 and 180°.

The distribution functions p(0) for the systems M3y, Myq, M3, and
My, have been presented in Fig. 3, and demonstrate that in all the
cases, the distributions reach rather high maxima for 6 = 0°. This
allows to conclude that all networks are identical with respect to
their core-core orientations. Thus, the final structure is determined
by the entire architecture, i.e., by the numbers of arm’s and core’s
segments, leading to locally different ordering. On the other hand,

Table 1
Abbreviations for the systems studied in this work.
Mca Nc Ny

My 2 1
Msq 3 1
My 4 1
Ma; 2 2
M3, 3 2
May 4 2
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Fig. 2. Parts of the configurations for the systems M>; (a) and My (b) at T* = 0.092 in p* = 0.25, M, (c) and My (d) at T* = 0.088 in p* = 0.2. Silver and red disks mark the
core and arms segments, respectively.

the global order has been found to be of nematic type, and entirely resulting distribution of core-core angle functions has not shown any
determined of the orientations of cores. trace of those diffused maxima. This is demonstrated by the results

The appearance of small and rather diffused maxima around 30° given in the inset to Fig. 3. The second reason for the appearance of
and 50°, for the My, and My; systems, respectively, has been found to those additional peaks may be associated to the presence of differ-
be due to two reasons. The inspection of snapshots has revealed the ently oriented clusters. In such a case, the perturbation in p(0) results

presence of gas-like regions, in which the molecules can freely rotate, from the presence of interfaces between differently oriented clusters.
and lead to the appearance of perturbations in the calculated dis- When the orientation of the clusters is the same, these extra peaks at
tribution function. In order to demonstrate this, we have performed p(0) have not been observed.

the calculations at higher density, equal to p* = 0.45, and the The finding that the structures observed in hitherto investigated

systems exhibit a pseudo long range order [49] and similar ordering
relative to their core orientations, has been supported by the cal-
culations of the two-dimensional centres of mass structure factors.

- As already mentioned, the structure factor corresponds to the X-ray
0251 scattering patterns and considered as “theoretical diffractograms”.
0.25 0.2 The results given in Fig. 4 demonstrate that the structure factors cor-
0.15 respond to the rhombic symmetry for all the networks considered.
’ One should note, that the only difference between the particular
02 0.1 architectures, is due to different elementary cells parameters, which
005 coincide with the distances between reflexes observed in structure
8 o1s oL | L factors. Co.mpl.ementary resglts for the cores and the sggments are
i 0 20 40 60 80 presented in Figs. S2 and S3 in the supplementary material.
Another function characterizing the structure is the nematic
ol order parameter defined as
N
003 Qo = N1 3 [2beiDby(i) = ] )
1
0 — a—— w where b, (i) is the a-th coordinate of the unit vector b, specifying the
40 o 60 80 orientation of the molecule i, and &, is the Kronecker delta function.

The corresponding eigenvalues of Q are £S. This function takes on the
Fig. 3. The core-core angle distributions for the systems My, M4y, M2, and Mg,. The values ]?etween 0and 1in dls.or.dered "“?d perfeCtly ordered phases,
diagrams are shown over the range of 0° < 6 < 90°, since the distributions are respectively. In real systems, it is very difficult to reach the value of
symmetric with respect to § = 90°. Q equal to 1, due to possible imperfections of the ordered structure.
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Fig. 4. 2-Dimensional centre of mass structure factors for the molecules Mo (a) and My (b) at T* = 0.092 in p* = 0.25, My; (c) and Mg, (d) at T* = 0.088 inp* = 0.2.

Fig. 5(a) displays the temperature changes of the nematic order
parameter for different systems. In the case of the systems My; and
Ms;, the order parameter increases above 0.8 when the tempera-
ture is lowered, indicating the formation of highly ordered structure.
These results are in agreement with the behaviour of structure fac-
tors presented in Fig. 4. On the other hand, in the case of M and
My, molecules, the values of the order parameter reach the values
about S = 0.5, at the lowest temperature used here, suggesting that
the structures are less ordered than the structures of My, and M>,
molecules. It is not the case, however, since lower values of the order
parameter are due to the presence of two perfectly ordered domains
of opposite orientations. In such cases, the averaged values of the
nematic order parameter would be zero, despite that the local value
in each cluster may be very close to unity. Indeed, the inspection of
configurations has revealed that this is the case in our systems. Fig. 5
(b) presents the snapshot for the molecule My, in which two differ-
ently oriented domains are well seen. Very similar results have been

obtained for the molecule M5, but they are omitted for the sake of
brevity.

The above results are of particular importance, because the for-
mation of differently oriented domains may lead to wrong inter-
pretation of the temperature changes of the orientation-dependent
order parameters, such as the nematic order parameter, and the two-
dimensional structure factors. The influence of differently oriented
clusters on the behaviour of the two-dimensional structure factor is
now under study. The inset to Fig. 5(a) shows the hysteresis loop
obtained during cooling down and heating up runs. The appearance
of hysteresis loops suggests that the formation of supramolecular
networks occurs via the first-order phase transition.

Now, we proceed to the discussion of phase diagrams. Follow-
ing the Binder’s block analysis method [48], the simulation cell has
been divided into blocks of different sizes. Then, the density prob-
ability distributions for the segments of backbone, P(p*), have been
estimated for each block. The inset to Fig. 6 (b) presents an example

a) b)
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Fig. 5. Part (a) shows the temperature changes of the nematic order parameter for different systems, while the inset shows the hysteresis of the nematic order parameter (see
text for more details). Part (b) presents a fragment of the configuration for the molecule My;, which leads to the perturbations in the order parameter.
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Fig. 6. Parts (a) and (b) show the phase diagrams for different systems. The inset to part (b) shows an example of the density distribution function recorded for the system My,

at the temperature T* = 0.086 and the block size equal to Ly = L, = 55.

of the normalized P(p*), which exhibits double-peak behaviour cor-
responding to the two phase-coexistence. From these distributions,
the densities of coexisting phases have been determined from the
locations of maxima of the peaks.

From the results presented in Fig. 6 it follows that the phase dia-
grams are qualitatively the same and independent of the molecular
geometry. The main difference between the phase diagrams for dif-
ferent systems is a gradual decrease of density of the condensed
phase, when the core and arms length increases. This behaviour
may be related to a gradual increase of the porosity. This finding
is supported by the snapshots presented in Fig. 2. It has been pre-
sumed that the phase diagrams are of the “swan-neck” type. In order
to confirm this prediction, we have performed the calculations of
density probability functions for several systems at slightly higher
density. The results have been then used to estimate the locations
of coexistence points at higher temperatures, shown in the inset of
Fig. 6a. We should note that the investigation of phase behaviour at

a)

©)

high temperature and at high densities has not been the aim of this
work.

Then, we have used Monte Carlo method to study the model sys-
tem with rather large angle y = 76°. This value of vy is sufficiently
large to allow for a simultaneous interaction of a single active site
with two other molecules. In the previously considered situations,
each active site could interact with only one active site located on
another molecule. Thus, the coordination number in the presently
considered case is larger.

Surprisingly, we have found the formation of structures involv-
ing tetrapods, in which each molecule interacts with only two other
molecules. Fig. 7, shows the examples of configurations recorded for
different model molecules. One can see that these networks form
ladder-like structures of different porosity

and one has to note that similar tendency than for the lower value
of the angle can be seen. With the increase of the number of core’s
and arm’s segments, the increase of empty spaces can be seen. This

d)

g '; uﬂf?al

Fig. 7. Configurations recorded during the off-lattice Monte Carlo runs fora) Myy at T* = 0.1,b) My, at T* = 0.08,c) Mgy at T* = 0.1 andd) Mgy atT* = 0.08 in p* = 0.2 for
every system.
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can be interconnected with the decrease of ordered phases density
and thus, increase of porosity of the system.

4. Conclusions

We have presented the results of self-assembly and the forma-
tion of supramolecular networks, obtained by means of molecular
dynamics and Monte Carlo simulations. The latter were used to
investigate the influence of the interaction zone on the formation of
diverse phases. It has been shown that the employed model leads to
qualitatively the same results as obtained experimentally [11], and
is able to predict novel structures. This suggests that the key fac-
tor, driving the self-assembly processes, is the molecular architecture
and the presence of directional interactions. This finding is consistent
with the experimental data presented in Refs. [12,13]. Of course, the
structure of the underlaying surface and the type of solvent used may
both considerably alter the structure of dense phases. In our study
these effects have not been considered, since the surface was a uni-
form plane and the solvent was not taken into account. However, the
influence of the surface structure and symmetry on self-assembly, as
well as the effects resulting from the presence of explicit solvents of
different properties is presently under study in our laboratory.

The ability of the studied molecules to form the structures
described in this work seems to be of importance, because it might
be helpful for experimentalists, working with similar systems, capa-
ble to self-assembly on the solid surfaces. Our study has shown that
the application of simplified models, which are able to mimic a vari-
ety of architectures and types of interparticle interactions allows to
find structures of the presumed symmetry.

Moreover, various parameters characterizing the structure of
obtained supramolecular networks were employed. It has been
shown that the quantities, such as the nematic order parameter,
the core-core angle distribution functions, and the two-dimensional
structure factors are particularly sensitive to the imperfections of
the ordered phases. In particular, we have demonstrated that the
presence of differently oriented clusters leads to the appearance of
extra peaks on the core-core angle distribution functions and to con-
siderably lower values of the nematic order parameter. Therefore,
such side effects have to be taken into account, to avoid a wrong
interpretation of simulation results.
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between them are the driving force for the self-assembly phenomena investigated in the course of the
study. In our opinion the method presented here can be very helpful for the design of supramolecular
networks and can give insight for the preparation of experimental studies.
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The manuscript presents the results of molecular dynamics simulations devoted to investigate the influence of the molecular geometry on the self-
assembly process in two-dimensional systems. Additionally, examination of the influence of the size of the interaction zone on the formation of self-
assembled structures were taken into account. Our results demonstrate how the architecture of molecules can be controlled to create supramolecular
networks of desired morphology. It follows from the work that the molecular architecture and the presence of directional interactions are two of the most
important factors driving the self-assembly process. Since we have examined various geometries of the molecules we conclude that extension of the model
to diverse architectures is obvious. The findings presented in this paper can be helpful for scientists working on such systems, as they can help select a
building block that is able to create a 2D network with predefined topology.
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1 Introduction

Development of novel supramolecular networks has gained a
broad interest over past years. This was followed by a vast
amount of papers of both experimental and theoretical
findings. Experimentalists are mainly interested in the
synthesis of new chemical compounds, which are able to self-
assemble on solid surfaces or to find applications for already
existing ones. On the other hand, theoretical predictions are
devoted mainly to the elucidation of already known
phenomena, or to predict novel supramolecular networks,
which could be further investigated experimentally. Recently,
several factors have been established that could be helpful to
allow the control of the self-assembly process, such as the
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precursor architecture’”” or the substrate nature and
symmetry.>*

The templates which are of particular interest involve
building blocks of linear,”® V-shape,'®!" tripod'*** and
tetrapod'*™® molecules. Moreover, there is a lot of interest
devoted to investigation of  porphyrins®”*'  and
tetraphenylethylene derivatives (TPE).>>>° The chemical
compounds assemble on solid surfaces by means of highly
directional interactions, such as hydrogen®®*” and
halogen®®?° bonding, metal-organic ligand coordination®’~
as well as van der Waals forces.>® Besides that, the formation
of highly ordered structures is dependent on the
temperature,®* solvent type and its concentration.

Since increasing attention can be observed for the
investigation of such phenomena, development of
supramolecular networks with desired properties may be of
interest, however it is also hard to predict. Because of that,
the synthesis of such chemical compounds can be tedious
and costly. Therefore, the need for the application of
computer simulations seems to be an obvious and
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convenient tool to investigate the effects of multiple factors
on the self-assembly process. Computer modelling allows us
to change various parameters so that a vast range of both
molecules of different geometry and different conditions can
be examined. Therefore, such an approach can give very
valuable insight for experimentalists.

The most commonly used methods involve lattices with
triangular symmetry*>*® and off-lattice®” Monte Carlo, where
for the first one interactions only between the nearest
neighbors have been taken into account, while for the latter
square-well potentials have been employed. Another approach
was to use the model of so-called patchy rhombi particles,*®>°
which were supposed to reflect the behavior of tetra-
carboxylic acids, forming random and ordered structures.
Additionally, very recently, we have also shown that the
application of the Lennard-Jones (12,6) potential using the
molecular dynamics method?®*' is a suitable tool for the
reproduction of the behavior of real experimental data.

One can obviously say that the form of the interparticle
potential determines the behavior of the system. However, it
is important to note that the evaluation of the approximate
realistic force field, which would mimic the behavior of a
particular chemical compound, is very tedious and time
consuming. Moreover, exact solutions for complex molecules
do not exist. Even for a simple molecule like water, there are
plenty of force fields which display only several quantities
correctly and others which do not, dependent on the
employed model.*> Thus it is not surprising that the
approaches for simulation of all-atom models of real chemical
compounds, which are more complex, are limited. There have
been several approaches that were able to reflect the exact
behavior of particular experimental systems.**** For instance,
C. A. Palma et al have performed a comprehensive
experimental and simulation study, where they used MD
simulations with the MMFF94 force field within the
CHARMM package.*> They which
corroborated for both methods, however, it is not surprising
that due to the more complicated computational approach,
they were only able to investigate 80 molecules. Very similar
simulations have been performed with the Amber99sb force
field to reflect the behavior of perylene-3,4,9,10-tetracarboxylic
dianhydride molecules.’® They were also able to investigate
only 60 molecules on a graphene surface. One can see that
even though those approaches are able to compare explicitly
all of the properties, such as the strength of the interparticle
interactions, measured in experimental studies, they are
hardly able to investigate structural properties due to the
limited amount of molecules in the simulations. It is well
known that to study collective phenomena such as, for
example, self-assembly, which is a phase transition of a
different order, depends on the investigated system. In such a
case many more molecules should be considered due to finite
size effects.”” For instance, Fig. 18b of ref. 48 shows that for
smaller systems, a phase transition occurs, which is only an
artifact of the finite size system and will never be observed in
the thermodynamic limit. In these cases the coarse-grained

obtained results
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simulations provide an effective research tool. Moreover, the
use of coarse-grained models can be necessary to predict
numerous specific properties of materials, e.g., elasticity,
viscosity, etc. All-atom approaches are also computationally
more expensive in contrast to coarse-grained modelling.

Hence, the need for simplified approaches is very important
to complement the methodology of analysis of structural
properties. Our intention then, was to create a model that
would be able to both reflect experimental data and to predict
novel supramolecular structures. Moreover, such an approach
can help us to understand which factor plays the key role in
self-assembly phenomena. The main reason that this is
important is that it is a cheaper and a faster way to examine a
vast space of different conditions, of which only the most
interesting cases can be further investigated experimentally.
Therefore, in this study we propose a molecular dynamics (MD)
technique suitable for representation of various molecular
architectures. The reason for such an approach is mainly the
facility of its implementation (LAMMPS package)**° and the
possibility of investigation of quite complex systems in a
reasonable time and their dynamical properties.

The outline of this paper is as follows. In section 2 we
describe the model and simulation details used in the course
of our study. Section 3.1 presents molecular dynamics results,
which show possibilities of this approach for various directions
of interparticle interactions of tetratopic molecules. Finally 3.2
presents an extension of the model, which allows us to mimic
completely different architectures of chemical compounds.

2 Model and simulation details

The model proposed was chosen so that it could reproduce
tetra substituted chemical compounds. Besides that, we wanted
to examine whether our model is suitable for investigation of
different molecular architectures, such as linear and V-shape
tectons. We also propose a model of decorated disks,>"*> which
can mimic the behavior of TPE and porphyrins.

All of the molecules used in the course of the simulations
are shown in Fig. 1. They were treated as flat rigid bodies.

¢
>

Y
d) e) f -
Q’Q WAAANS VH
\% LIN D
Fig. 1 Schematic representation of the tetratopic models (parts a—c)
used in this work. Parts d-f show diverse geometries inspected in the

course of this study. Silver and red circles correspond to the
components of the backbone and “phantom” active sites, respectively.

a) b)

(Y

@
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The tetratopic particles consisted of a rod-like “core” of
length N¢ and four “arms”, each of length N,, attached to it
(see Fig. 2a). The angle between the arms at each side was set
to & = 120°. The size of the components of both core and
arms was set to be equal and abbreviated as a;,. Because of
this, we will not distinguish them one from another and they
will be referred to as the components of the backbone. The
bonding distance between these entities was also set to o,
The active sites, each of size o, have been settled into the
terminal arm's segment, and the backbone-site bonding
distance is abbreviated hereafter as I. In the case of linear
and V-shape molecules, both the bonding distance /, and the
active site size o, changed, however the size of the backbone
constituents remained equal to ay,. In the case of the model
of decorated particles, we had only one core of size o. = 40y,
and four arms of size oy, defined as in the previous tetratopic
model. Additionally, we have also changed the angle, ¢,
between arms at each side - see Fig. 2c.

In the case of molecular dynamics simulations, to ensure
distances between particular entities in the entire framework,
we have employed harmonic binding potentials

ubb(r) = kbb(r - O'bb)z (1)
and
Uap(7) = kap(r — 1) (2)

In a similar manner, the angles have also been allowed to
fluctuate, by application of angular-harmonic potentials

a) b)

QP

)

Fig. 2 a) Schematic representation of a tetratopic molecule - see the
text for the meanings of the abbreviations. b) and d) show the
chemical compounds which could correspond to the employed
model. The arrows denote the direction of the interactions. c) and e)
explain the parameters of the model used.
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Up(Obp) = ko(Oob = Oo,pb)” ()

and
Uab(0ab) = Ko(ab — go,ab)2~ (4)

To ensure the continuity of the truncated (12,6) Lennard-
Jones potential, necessary in the case of molecular dynamics
simulations, it has been appropriately shifted,*?

ULJ(r)_ULJ(rcut) + ULJ(rcut)(r_rcut) r < Tcut
Usr = . 5)
0 otherwise

where Uyy(r) = 4ai((01a/1)'” = (010/7)°] and Upy(reur)-

The backbone Lennard-Jones parameters ¢ = o, and ¢ =
epp have been set to be the units of length and energy,
respectively. The reduced time and temperature are equal to
™ =ty\/e¢/mo?, T* = kT/e,,. The latter definition has been
used in order to keep the temperature scale independent of
the association energy. Additionally, the number density has
Ng-op® + X-Ny-0,°

Ly-Ly
number of “arms”, which for the models Y, B, and W, X = 4,
for the model V, X = 2 and for the LIN, X = 0 - see Fig. 1.
However, for the decorated particle (molecule D), in the
following formula oy, was replaced by o., and X = 4. In the
molecular dynamics simulations the mass of the backbone
entities, as well as of the active sites have been both set to
unity, although their diameters have not been assumed to be
equal. The core and the arm segment diameters are equal to
op = o, while the active site diameter is equal to o, = 0.2¢ for
the V-shape and tetratopic molecules, and the active site-
terminal arm's bonding was set to [ = 0.4 or [ = 0.45 if we
assumed that two or three particles can associate,
respectively. However, for the linear molecules the active site
diameter was set to o, = 0.20, 0.30, and 0.40, and in such a
case [ was set so that the active sites were tangentially jointed
into the terminal segment of the molecule. It has been done
in order to increase even further the maximum amount of

been defined as p* = , where X means the

molecules which can associate.

The energies of the backbone-backbone and the
backbone-active site interactions have been fixed and are
equal to ey = € and &,, = 5.0¢. It is important to note that this
kind of screened interparticle interactions can reflect diverse
chemical compounds in solutions. Nevertheless, in our
systems solvent molecules have not been treated explicitly,
because we were mainly interested in the interactions
between active sites of different molecules, which can be
treated as, for instance, corresponding to the formation of
hydrogen bonds between the molecules, as mentioned above.
The mixtures of such molecules with solvent particles are
currently being thoroughly investigated in our laboratory.

The backbone-site diameter and the energy of the
backbone-site interaction have been assumed to be equal to
Oab = (0bb + 0aa)/2 and e,, = &, respectively. The cut off
distance of the interaction between two active sites has been
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set as equal to Tcytaa = 2045, On the other hand, we have
assumed that 7.y = ok, for kl = bb, ab, ensuring that bb
and ab interactions are non-attractive. The harmonic
potential constants ky, = kg, have been set as equal to 1000¢/
%, and ko = 1000¢/(radian?).

For the sake of brevity all of the model parameters are
listed in Table 1.

All of the molecular dynamics simulations have been
performed in the NVT ensemble using the LAMMPS
simulation package.**”° The velocity Verlet integration
algorithm has been used. The reduced time step was equal to
t = 0.001z. In the molecular dynamics simulations the
number of molecules was set to 2500. However, one has to
note that the total amount of “atoms” varied with the
molecular architecture.

The preliminary equilibration runs were performed using
a Berendsen thermostat with the damping constant equal to
5 = 107 for 5 x 10° time steps. Further equilibration for 5 x
107 time steps, as well as the production runs, were
performed by Nosé-Hoover chains algorithm. The number of
chains used was set to Ncpain = 3 with the dampening
constant 7y = 107. Each system (Table 2) has been slowly
cooled down from temperatures at which the system was
disordered to temperatures where the formation of self-
assembled structures was observed, with the temperature
grid equal to AT = 0.002.

3 Results and discussion
3.1 Application for tetratopic molecules

We start with a description of the chemical compounds,
which were experimentally investigated by S. Xing. et al'*
The authors presented the self-assembly of 1,4-bis(6,6"-
dibromo-[2,2":6',2"-terpyridin}-4-yl)benzene on the Au(111)
surface. They showed that a mixture of this compound with
Fe atoms (template atoms) leads to selectivity of the on-
surface reactions, which introduces highly directional
interactions, resulting in the formation of nanoribbons.

We propose a simplified model, which is shown in Fig. 1a,
which should reproduce their results. The reason for
choosing this particular direction of interparticle interactions
was to mimic the structures which have been obtained in the
mixture of tetrapod tectons with metal atoms. However, we
did not want to include additional atoms explicitly, because
we did not want to exactly reflect any real chemical
compound nor their interaction, but to reproduce an
approximate form of the effective interactions observed in

Table 1 List of interaction parameters for all models

Model oy A l X  Teutaa

B 1 0.2 0.4 4 0.4

w 1 0.2 0.4 4 0.4

Y 1 0.2 0.45 4 0.4

\'% 1 0.2 0.45 2 0.4

LIN 1 0.2;0.3; 0.4 0.6;0.65;0.7 0 0.4;0.6; 0.8
D 1;0.= 4o, 0.2 0.4 4 04

This journal is © The Royal Society of Chemistry 2020

View Article Online
Paper
Table 2 The systems investigated in the course of our simulations. P

means different models (a-c), as shown in Fig. 1. For abbreviations of d
and e see the text

PCA NC NA
Py 2 1
Py, 3 1
Py 4 1
Py, 2 2
P, 3 2
P, 4 2

the systems. Besides that, we wanted to further extend their
work to study the influence of molecular geometry, that is
the core and the arm length.

Fig. 3 and 4 show the formation of the bead-like structures
of different sizes, depending on the molecular architecture.
One can see in the case of particles B,; to B,; that the
increase of the core length, N¢, causes an increase of the
cluster length. This statement has been proven by the cluster
analysis procedure, described in ESIf and the results of
average cluster sizes are shown in Fig. S1j In Fig. 4 even for
a short core size we observe very long clusters. This means
that the length of the arms allows formation of bigger
structures. Moreover, those long beads tend to “glue” one
with another to minimize the empty spaces. This results in a
structure where the cores of one cluster are alternately
arranged with respect to another cluster. It is marked in the
red ellipse - see Fig. 4. Of course, the length of the beads is
temperature and density dependent and for some conditions,
we could obtain similar results for every system. However,
our intention was to estimate the influence of molecular
geometry for the stabilization of longer clusters.

Since our model reflects the behavior of quite complex
experimental systems consisting of tetratopic molecules, we
wanted to check the possibility of including other directions of
interactions, not investigated yet, to the best of our knowledge.
Results for molecules W,; to Wy, (Fig. 1b) are shown in Fig. 5.

e k
o &
ol r

oot

;. &
Loty
it

i

Fig. 3 Results for molecules a) By; in p* = 0.257 at T* = 0.1, b) Bz, in
p* =0.255at T* = 0.1 and c) B,y in p* = 0.251 at T* = 0.1.

Mol. Syst. Des. Eng., 2020, 5, 484-492 | 487



Published on 20 November 2019. Downloaded by Uniwersytet Marii Curie Sklodowskie on 10/5/2020 8:49:08 AM.

PIII

Paper

Fig. 4 Results for molecules a) B, in p* = 0.207 at T* = 0.08, b) B3, in
p*=0.204 at T* = 0.08 and c) B4, in p* = 0.2 at T* = 0.08.

Fig. 5 Results for molecules a) Wy, in p* = 0.237 at T* = 0.08, b) W3,
in p* = 0.231 at T* = 0.08 and c) W4, in p* = 0.227 at T* = 0.08.
Different pores observed in the system W,; are marked in red and
green.

One can see that for the system consisting of molecules W,
there is a highly ordered, parallel-like network, built of at least
two types of pores of different sizes - marked in red in Fig. 5a.
We also sometimes observe a formation of smaller clusters —
marked in the green dashed line in the Fig. 5a. This structure
forms pores of different shape, which are significantly larger
than mentioned previously. Even though this structure is very
rarely observed in our simulations, the same situation could be
the case during experiments.

For a slight elongation of the core length, N, in contrast
to system W,;, we observe the formation of one well ordered
phase with small imperfections in its network. It is easy to
see that in the case of Wj3,, the structure from the previous
system which occurred very rarely is the only one present.
This network's pore shape resembles rotated hexagons. The
same situation occurs in the system W,;. We can clearly see
that the change in core length stabilizes this phase.
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However, elongation of the arms does not show so
apparent an effect as in the case of molecules B. Indeed it is
easy to see that the supramolecular network built of W,
molecules is more pronounced, but is qualitatively the same
as for W,,. There is also an interesting feature observed in
the behavior of this model. The elongation of the core length
to Nc = 3 and 4, with arms of length N, = 2, causes formation
of a Kagomé-like network (Fig. 6). However, this network is
rotated, which is due to the nature of the designed direction
of interparticle interactions. Another interesting observation
is that the parallel-like network almost vanishes and the
rotated Kagomé structure starts to dominate in the case of
the W,, molecule. Moreover, it is apparent that elongation of
the core also leads to the stabilization of the formed
structures in the system. There are no more observed
imperfections in both of the structures. A parallel-like
network is formed only by one type of the pores, which was
not the case for previously investigated systems. We have also
elongated the length of the arms to N, = 3 and we did not
observe formation of a Kagomé network for molecules from
W,3 to W3 and only a parallel-like network was present. We
did not show the results for the sake of brevity. Such an
observation allows us to conclude that the elongation of the
arm's length means that the phase of lower density is not
able to form in the range of investigated core lengths.
Because of such promising results, obtained for a yet
unknown structure, we have already found the chemical
compound which could possibly reflect the phase behavior.
To do that, we have already started to prepare experiments in
our laboratory, which can confirm our predictions.

As we can see, our model is able to reproduce both
experimental and novel supramolecular
(molecules W), hence we wanted to further examine its
possibilities. We have checked what frameworks will be
formed if we use the molecules of Y (Fig. 1c) geometry, but
with the active site-terminal arm's segment bonding
distance equal to [ = 0.45. The reason for this is to allow
the possibility of three molecules interacting simultaneously

structures

a)

Fig. 6 Results for molecules a) W5, in p* = 0.207 at T* = 0.074, b) W3,
in p* = 0.196 at T* = 0.074 and ¢) W4, in p* = 0.18 at T* = 0.074.
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(Fig. 7c and d). In other words, we can assume that the
chemical compounds have been substituted with a different
chemical group, which has a “wider” interaction zone. It
can also reflect interactions of a binary mixture with metal
atoms, resulting in a coordination number equal to three.
Results for Y,; and Y,; are shown in Fig. 7a and b,
respectively. One can see that for both models, we observe a
completely different type of ordering. In the system with
molecules Y,;, we see the formation of a network of
randomly distributed sunflower structures, around which we
observe the creation of 12 pores of different sizes to the
former one.

Elongation of the core size, N; = 4, causes a completely
different, highly ordered structure to be present in the
system. We observe a network created by three different kind
of pores (see Fig. 7b). Surprisingly, very recently a similar
structure have been observed by ]J. Li et al. for 3,3',3",5,5',5"-
benzene-1,3,5-triylhexabenzoic acid.>® Such a network with
different porous sizes can be very useful technologically, for
instance in analytical chemistry. Moreover, we can see the
similar tendency, as in the case of every other previous
model, that the elongation of the core causes formation of
better ordered supramolecular networks.

3.2 Application for diverse geometries

We have shown that this model works for various tetrapod
molecules. Let us now proceed to a different molecular
architecture abbreviated as V (Fig. 1d), which has V-shaped
particles. It has been proven that molecules of this shape in
a mixture with metal atoms form Sierpinski triangle (ST)
fractals on solid surfaces. For instance, 1,3-bi(4-pyridyl)
benzene with Co atoms creates STs on Au(111)."' Other
experimental studies show that it is possible to obtain these
frameworks without metal atoms for different active groups,
but with the same geometry of particle.'®>> It follows from
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Fig. 7 Results for molecules a) Y, in p* = 0.24 at T* = 0.116, b) Y4 in
p* = 0.228 at T* = 0.116; different pore sizes are marked. c) and d)
show the configurations formed by “phantom” active sites.
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that that the driving forces for such a phenomenon are the
directional interactions and the shape of the molecule.

To check if this is the case, we have constructed V-shape
molecules, as shown in Fig. 1d. In this model, we have set
the terminal arm's-active site bonding distance to [ = 0.45, so
that three molecules could interact simultaneously, as in one
case of tetrapods (Y). The results for such a system are shown
in Fig. 8a, and one can see that this particular approach also
reflects the experimental data of complex structures such as
fractals. It is also seen that the formation of up to third-order
Sierpinski triangles is possible by our approach. It follows
from that that the key factors of such type of self-assembly
are the directional interactions and the shape of the template
molecule, which can be very helpful for the design of such
compounds experimentally.

Besides V-shape molecules, we also show that such an
approach is a suitable tool to reflect the behavior of linear
molecules, whose architecture is shown in Fig. 1e. As already
mentioned, the active sites in these cases were tangentially
jointed into the terminal segment of the molecule. The
reason for that was to reflect the behavior of a binary mixture
consisting of such molecules and metal atoms. By changing
the size of the active site, we could mimic the interactions of
these tectons with different atoms, resulting in a different
coordination number of the supramolecular framework.
Fig. 8b shows the structure with square symmetry, with no
visible imperfections. This was achieved by changing the
bonding distance to the value of [ = 0.6, with the same g, =
0.2. To obtain the so-called Archimedean tiling and
hexagonal network, we have increased the value of the active
site size to o, = 0.3 and o, = 0.4, respectively. The results are
shown in Fig. 8c and d. The obtained configurations are also
in agreement with experimental data.®° Different lengths of
the linear molecules have also been taken into account, but
lead to similar results and were omitted for the sake of

Fig. 8 Results for molecules a) V in p* = 0.17 at T* = 0.1, b) LIN with
0a = 0.26 in p* = 0.16 at T* = 0.11, ¢) LIN with 6, = 0.3 in p* = 0.151 at
T* = 0.122 and d) LIN with o, = 0.4¢ in p* = 0.155 at T* = 0.142.
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Fig. 9 Results for the decorated disks model obtained in p* = 0.249 at
T* = 0.09 for molecules with a) a = 120°, b) @ = 90°, ¢) « = 105°, d) «
= 135°.

brevity. The only observed difference was the pore size of the
obtained networks.

Another approach was devoted to mimicking porphyrin or
TPE derivatives. In this case we propose the model of
decorated disks.’"*> We have examined four different
systems, where we have changed the angle o between the
arms at each side. Fig. 9a shows the results for the molecule
with a = 120°, which forms a perfect Kagomé lattice, without
any visible imperfections. Moreover, it is also shown that very
small parts of a brickwall network are also created.

We also computed the systems consisting of decorated
disks with o = 90, 105, and 135°. Starting from the case
shown in Fig. 9b, one can see that for o = 90° we observe
formation of a perfect square lattice. Moreover, some
additional structures occur, which are similar to the
Archimedean tiling as in the case of linear molecules
(Fig. 8c). An increase of the side angle to « = 105° results
in the formation of similar structures (Fig. 9c). In this
system, we also see the square lattice, however with visible
imperfections. The pore shape with respect to the previous
case is not of an equal size in the entire structure, but
rather deformed and sloped, resembling more of a
parallelogram shape. Additionally, we observe more smaller
clusters in comparison to the previous case of o = 90°. A
further increase of the angle between arms at one side to «
= 135° results mostly in formation of chain-like structures
of different sizes. However, one can see that there is also
another porous structure, which is marked in red in
Fig. 9d.

4 Conclusions

We wanted to propose a simple model which can both reflect
and predict the behavior of real experimental systems. Such
an approach presented here proves that the molecular
architecture and directional interactions are the driving
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forces of self-assembly phenomena investigated in the course
of our study.

We have constructed several models which were supposed
to mimic the behavior of diverse, quite complex organic
molecules on solid surfaces. It has been shown that these
models, which are very similar to each other in terms of
interparticle interactions, can reproduce the behavior of
completely different molecular architectures. It follows from
this that such an approach can give very helpful insight for
both theoreticians and experimentalists. The possibilities of
its application seem to be almost unlimited, because as long
as one will maintain the geometry of the molecules, the
model should be able to work.

The approach can easily be extended to other molecular
architectures not investigated in course of this study, such as
tripod tectons or any other, which will match the
requirements of a particular experimental study of a similar
type. We have also checked that this model is compatible
with every other molecular simulation method mentioned in
the Introduction.>*™*” However, in our opinion, the advantage
of our routine is the implicit facility and speed of calculation
employed in the LAMMPS package. Extension to more
complicated cases, comprising of mixtures with diverse
solvents and surfaces and investigation of 3D systems is
currently being thoroughly investigated in our laboratory.
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In this study, we have performed extensive coarse-grained molecular dynamics simulations of the self-
assembly of tetra-substituted molecules. We have found that such molecules are able to form a variety of
structures, depending on the parameters of the employed model. In particular, it has been demonstrated
that even slight changes of the interaction zone and the shape of molecules can drastically alter the behav-
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ior of investigated systems. We have established the rules governing the formation of the Sierpinski trian-
gles, Archimedean tessellation, Kagomé, and ladder networks. The appearance of Sierpinski triangles is
rather surprising, since a majority of papers report the formation of such structures in completely different
systems. The only general rule that has been established and proved experimentally is that the so-called
“V-shape” molecules are able to order into Sierpinski triangles.
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The manuscript presents the results of molecular dynamics simulations of the self-assembly of tetrasubstituted molecules. We have demonstrated that even
slight changes of the interaction zone and the shape of molecules can drastically alter the behavior of investigated systems. This parameter can be reflected
by substitution of diverse chemically active groups. Hence, our results indicate how one can control experimental conditions of the self-assembly process
for the target design of supramolecular networks presented herein. Therefore, we believe that the findings presented in this paper can be helpful for scien-
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tists working on such systems, as they can help select a building block that is able to create a 2D network with a predefined topology.

1 Introduction

Spontaneous self-assembly processes are ubiquitous in na-
ture. Many biological systems such as phospholipids,’ RNA*
and DNA® complexes, viruses,” etc. undergo self-assembly.
Furthermore, Janus (or generally “patchy”) particles with an-
isotropic interactions also show self-assembly of great impor-
tance for materials science,>® medicine,”® and other applica-
tions. Several organic molecules have been given attention
due to their ability to undergo on-surface reactions, which of-
ten lead to the formation of products different than those
appearing in bulk systems, or they would even not be possi-
ble to take place in the bulk. The main objective of this ap-
proach is to obtain single nanolayers, which have been
proven to be used as membranes for the separation of liquid
and gas phases,’ in batteries,'® and in molecular sieves.™
Another interesting behavior of some organic molecules is
their assembly into mathematical fractals. There exist several

Department of Theoretical Chemistry, Maria Curie Sklodowska University, Lublin,
Poland. E-mail: lukasz.baran@poczta.umcs.lublin.pl

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1me00068c

This journal is © The Royal Society of Chemistry and IChemE 2021

approaches attempting to fabricate such supramolecular net-
works. While it is impressive to see that the obtained struc-
tures are, for instance, high order Sierpinski triangles, they
are often due to the expanded molecular structure of the
building blocks.">** On the other hand, one of the most pop-
ular simple precursors being able to form true mathematical
fractals, being Sierpinski triangles, are the so-called “V-
shaped” molecules. One of the most popular theoretical ap-
proaches that have shown the formation of this kind of self-
similar network was the lattice Monte Carlo method (I-MC)."*
The predictions stemming from simulations were also proved
experimentally.">*® The same authors proposed another mo-
lecular architecture that could also possibly form Sierpinski
fractals using an identical approach.'® However, it is well-
known that lattice models should be treated as a preliminary
method for the investigation of any problem of interest since
the lattice type can enforce the formation of structures that
correspond to its symmetry and are not necessarily reproduc-
ible by other off-lattice methods (or more importantly by
experiments).

Due to the multiple possible applications and the variety
of different paths of molecular assembly, it is indispensable
to find general rules that could lead to the easier design of
these kinds of systems. While the synthesis can be tedious

Mol. Syst. Des. Eng., 2021, 6, 805-816 | 805
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and costly, computer modelling can be a very convenient sub-
stitute for the exploration of problems of interest. Computer
simulations can give valuable insight for experimentalists
due to the possibility of examination of the influence of mul-
tiple factors, such as particle geometry, under different condi-
tions on the self-assembly process in a reasonable time. The
most popular methods involve quantum density functional
theory,?® classical Monte Carlo®~?® and molecular dynamics
simulations (MD).>”*® In our laboratory, we have proven that
the last method can be useful for examination of a variety of
molecular geometries, both in one-component systems>®*°
and in binary mixtures.*"

In this paper, we report various paths of self-assembly of
tetratopic building blocks. We have compared the prediction
stemming from I-MC" with molecular dynamics and ex-
tended the model to different molecular geometries. It was
shown in the literature that the precise control over selectiv-
ity of on-surface reactions is crucial for the design of desired
nanostructures.”>*® Here we demonstrate that even slight
variations of the size of the interaction zone drastically
change the behavior of the systems considered.***> We have
found the rules governing the formation of diverse networks
including Sierpinski triangles, Archimedean tessellation,
Kagomé, and ladder networks. The last case is of particular
importance since it resembles the behavior of liquid crystals
which tend to glue due to entropic effects. All of these struc-
tures have been characterized by appropriate order
parameters.

2 Results and discussion
2.1 Model

The model proposed in this paper has been designed to re-
flect the geometry of flat and rigid tetra-substituted chemical
compounds as shown in Fig. 1. In the structure of molecules,
we can distinguish two parts, the core and four arms at-
tached to it, marked as R and A-D, respectively. We will refer
to those as an entire backbone. The angle between neighbor-
ing arms has been set to 8 = 60°. The influence of the core
length, as well as the lengths of arms, has been investigated.
Moreover, the terminal segment of each arm has been deco-
rated with the so-called “sticky patch” (red segments in
Fig. 1)). which will be referred to as active sites. The size of

a) R b)
A

View Article Online

MSDE

every segment forming the entire backbone has been set to
oy, Whereas active sites were five times smaller o, = 0.20;. The
bonding distance between the neighboring backbone entities
has also been set to g,, whereas the bonding distance be-
tween terminal arms and active sites has been varied between
[ = 0.4 + 0.040;. Thus, the active sites are, to some extent, em-
bedded into terminal segments to reflect directional inter-
particle interactions. A detailed description of molecular dy-
namics simulations can be found in the ESL}

Fig. 2(a) gives a schematic representation of the interac-
tion zone arising from the above model. Parts b-d of Fig. 2
demonstrate the influence of the bonding distance / on the
angular behavior of the employed Lennard-Jones potential.
We have estimated that the maximum size of the interaction
zone changes with [ and is equal to a = 34.6° for [ = 0.36, a =
41.4° for [ = 0.400, and « = 45.2° for [ = 0.440.

Kalyuzhnyi and Cummings®® have shown that, due to geo-
metrical constraints, the ranges of the interaction zone «
allowing for the connections between two (30° < a < 35.3°),
three (35.3° < a < 45°), etc. molecules are well defined. How-
ever, these authors used a relatively short-ranged square-well
potential and the above ranges of o are expected to vary
depending on the form of interparticle potential.

In the considered case of the Lennard-Jones potential, the
ranges of o are approximately the same, though the cut-off
distance between active sites is different. We have found that
for distances [ = 0.360 and [ = 0.440, connections between
two and three active sites are possible, respectively. In the
case of [ = 0.400, the association may involve the formation
of bonds between two and three active centers. In our opin-
ion, such a kind of coarse-grained modelling can be mapped
on real experimental studies. One should substitute a chemi-
cal compound of similar geometry as shown in Fig. 1(c) with
groups such as -OH or -COOH in single-component systems
or alternatively halide groups in a mixture with two-
coordinated metal atoms which in both cases allow interac-
tions of two molecules with one another. This case would cor-
respond to the results of / = 0.36¢ presented in this paper. On
the other hand, if one would substitute the same chemical
compound with -B(OH), in single-component systems or ha-
lide groups in a mixture with three-coordinated metal atoms,
one should expect to obtain similar results to those for [ =
0.440. The intermediate scenario where two phases may

c)
A R C

-/

B

N

IO
W, W
*B p *

Fig. 1 Model of a tetra-substituted molecule (part a) with R and A-D being the lengths of the core and the arms, respectively. Silver circles corre-
spond to the segments of the entire backbone, whereas red circles mark the active sites. Part b shows a schematic representation of the molecule
from (part a). The example of a chemical compound that can correspond to our model (part c). Notation of R and A-D is the same as in part (a),
and -R are active sites resulting from the presence of attached functional groups, such as -CN, B(OH),, etc.
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Fig. 2 Schematic representation of the interaction zone (a). Parts (b-d) present the angular dependence of the Lennard-Jones potential with re-
spect to the separation distance between active sites for [ = 0.36¢ (b), [ = 0.4 (c), and [ = 0.44¢ (d).

occur, which is most likely the case in experimental studies
due to the oscillations of chemical bonds of active groups,
can be seen for [ = 0.400. In our paper, we have shown the
consequences of active zone manipulation on the formation
of a variety of self-assembled networks.

All considered systems, summarized in Table 1, can be
grouped into five models, abbreviated as M1-M5, with differ-
ent numbers of segments in the arms A-D. For each of these
models, we have also studied the influence of the core
length, X, on self-assembly processes.

2.2 The influence of bonding distance on self-assembly

2.2.1 Results for I = 0.40. Let us start with the presentation
of results for model M1. A typical snapshot for system R2_M1
is given in Fig. 3(a). In this case, we can see several patterns,
schematically drawn in the right-hand side of this panel,
showing how the molecules assemble. One can see that one
network prevails, which is an isogonal tiling, in which mole-
cules periodically form smaller and bigger triangles. The re-
sult for model R3_M1, shown in Fig. 3(b) shows that elonga-

Table 1 The systems investigated in the course of our simulations. M
marks the models of different molecular architectures, whereas X and A-
D are the numbers of segments in the core and in each of the arms, re-
spectively. In Fig. 1a, model R2_M2 (X = 2, A-D = 1) has been shown

Model abbreviation Full description

RX_M1 X=2-4,A,C=0,B,D=1
RX_M2 X=2-4A-D=1
RX_M3 X=2-4,A,C=1,B,D=2
RX_M4 X=2-4,A,C=2,B,D=1
RX_M5 X=2-4,A-D=2

This journal is © The Royal Society of Chemistry and IChemE 2021

tion of the core length X leads to the stabilization of this
structure and no other patterns can be distinguished. It is
also noteworthy that a very similar network was recently
obtained by Y. Zhang, et al in the mixture of 1,3-bis(4-
pyridyl) benzene molecules and Fe atoms."®

To better quantify this structure, we have examined the
way how the active sites assemble, and the corresponding
snapshot can be found in Fig. 3(c). It is clear that connecting
the centers of mass of two associated active sites, the 3.4.6.4
Archimedean tessellation is formed. The results for model
R4_M1 are qualitatively the same as for model R3_M1 and
can be found in Fig. S1 in the ESL} The only difference is the
bigger pore size in model R3_M1.

All of the observations concerning those networks can be
proved by the calculation of several parameters. The first
one is the average association number, <N,¢,>, which mea-
sures the average number of neighboring molecules within
the interaction zone (r = 0.40) of the active sites of a se-
lected molecule. If it takes a value of one it means that two
active sites of different molecules associate, etc. The changes
of this parameter with temperature can be found in
Fig. 3(d) and the value at the lowest temperatures is around
<Nasso> = 0.8 for all the systems. This result corroborates
with the snapshots showing that only two molecules associ-
ate. Since this is an average value and there also are non-
associated particles present, the value is lowered in compari-
son with that predicted for the perfect ordering.

Another quantity that we have computed is the cluster dis-
tribution function defined so that || OP(Ng)dN¢ = 1, where N
is the number of active sites. It has been calculated for active
sites up to the threshold distance of r. = 0.4¢ and r = 1.350,
which are the cut-off distance of the interparticle potential,
and the location of the second minimum of the radial
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Fig. 3 Fragment of the configurations for models R2_M1 in p* = 0.2, at T* = 0.35 (a) and R3_M1 in p* = 0.2, at T* = 0.4 (b). Schematically drawn
association paths are shown on the right-hand sides of these panels. Part c) shows how active sites assemble into Archimedean tessellation. Differ-
ent polygons are marked by different colors to better show the ordering. The average association number for models R2-R4_M1 (d). Cluster distri-
bution functions for models R3_M1 (black symbols) and R4_M1 (red symbols) for two different threshold distances (e).

distribution function, respectively. The results obtained for
models R3_M1 and R4_M1 are presented in Fig. 3(e). In
model R3_M1, the cluster distribution function confirms “vi-
sual” observations that only two molecules associate, while in
the case of model R4_M1, the most probable cluster size is
equal to N¢ = 6. However, there also are clusters with N = 2
and 4, which appear due to imperfections of the network. In
the case of r. = 1.350, we have computed the center of mass
for every cluster found in the system, and these particles
form a honeycomb network (see Fig. S1 in the ESIT). The re-
sults for the R4_M1 model are the same and can also be
found in the ESLY

Next, we proceed to the description of model M2. A typical
snapshot for system R2_M2 at density p* = 0.2 can be found
in Fig. 4(a). It has been found that molecules can associate
into two different networks, namely into Sierpinski triangles
up to the second-order, and into a denser phase. In the for-
mer structure, two molecules associate, just the same as in
the previously discussed model, while in the latter, two or
three active sites associate. As previously mentioned, we have
checked the influence of the core length, X and found that in
the range of X = 2-4 the same tendency occurs (¢f. Fig. S2 in
the ESIf). The configuration for model R4_M2 at density p* =
0.2 is shown in Fig. 4(b). In this case, however, the amount
of dense phase is lower than for smaller core lengths. On the
other hand, the elongation of the core does not lead to the
preferred formation of Sierpinski triangles of a higher degree.
We conclude that at density p* = 0.2, the formation of two
competing structures is the reason why the system is not able
to self-assemble into well-defined bigger clusters.

In all of the systems, we have also checked the influence
of the density on self-assembly and found that at lower densi-

808 | Mol Syst. Des. Eng., 2021, 6, 805-816

ties around p* = 0.12 there is no qualitative change within
the range of X = 2-4 (¢f Fig. S2 in the ESIf). On the other
hand, at higher densities, around p* = 0.4, the formation of
only one well-developed ladder-like structure is observed for
every M2 model. A snapshot for the R4_M2 model, recorded
at density p* = 0.4, is given in Fig. 4(c), and other examples
can be found in Fig. S2 in the ESL}

To quantify the behavior of the considered systems better,
we have computed the distribution of association number for
every M2 model at densities p* = 0.2 and p* = 0.4. The results,
shown in Fig. 4(d), display that at the lower density the most
probable is the association involving two molecules (Nasso =
1), while at the higher density three active sites associate
(Nasso = 2). It is also worth mentioning that at density p* =
0.2, the maximum of the association distribution increases
with the core length. This is consistent with the picture
emerging from the snapshots showing that in model R4_M2
the Sierpinski triangles are the dominating entities. At den-
sity p* = 0.4, we have observed a higher contribution of well-
ordered ladder-like structure of higher density, independent
of the core length. The schematic representation of the struc-
ture, shown on the right-hand side of Fig. 4(c), shows that
two and three molecules can associate to form the network,
in agreement with the behavior of the distribution function.

Then, we have examined the behavior of model M3. Re-
sults for particles R2_M3 are shown in Fig. 5(a). In this case,
the molecules assemble into one and well-defined dense net-
work. Similar to the denser phase observed in model M2, two
and three active sites can associate and the pattern of the or-
dering can be found in Fig. 5(b). Clusters of sizes equal to N¢
=2 and N¢ = 3 form lines, arranged vertically in the 2-3-3-2
sequence. We have checked the influence of the core length

This journal is © The Royal Society of Chemistry and IChemE 2021
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Fig. 4 Configurations for models R2_M2 in p* = 0.2, at T* = 0.4 (a) and R4_M2 in p* = 0.2, at T* = 0.4 (b). Snapshot for model R4_M2 in p* = 0.4,
at T* = 0.45 (c). Schematically drawn association paths are shown on the right-hand side of these panels. The distribution of the association num-
ber for models R2-R4_M2 in density p* = 0.2, at T* = 0.4 (open symbols) and p* = 0.4, at T* = 0.45 (filled symbols) (d).

on the behavior of this model and found qualitatively the
same behavior for X = 2-4 (¢f. Fig. S3 in the ESIY).

Fig. 5(c) gives the results for model R2_M4. The structure
formed by those particles is very similar to the one formed in
the previous case (and to the dense phase in model M2).
Likewise, one can distinguish two pores of different sizes,
and two, as well as three active sites, can assemble. The main
difference, however, is on how the latter “atoms” are ordered.
Namely the pairs and the triplets are now are ordered alter-
nately in lines and form a “zigzag-like” pattern (c¢f. Fig. 5(d)).

Unlike in model M3, elongation of the core length X
leads to completely different results. The snapshot for parti-
cles R3_M4 at p* = 0.2 and 7% = 0.4 is presented in
Fig. 5(e). The molecules assemble into an aligned in one di-
rection ladder network. It is rather surprising that these
“wires” remain separated and do not glue into a denser
structure. From the cluster analysis computed for the seg-
ments of the entire backbone, up to the threshold distance
taken from the first minimum of the radial distribution
function (r, = 1.050), we have found that the average length
of such a wire consists of <N¢> ~ 433 + 10 segments, with
the maximum value equal to Nc = 3357. It should be noted
that the linear system size was equal to L, = L, = 3360.
Thus, the wire length is much larger than the system size.
Besides that, the formation of small patches of a dense

This journal is © The Royal Society of Chemistry and IChemE 2021

phase, with a structure similar to system R2_M4 is also
observed.

In order to check whether the length of these wires is fi-
nite or goes to infinity, we have enlarged the system size. It
has been found that the average cluster size decreases and is
around <Ng> = 315 + 20 segments in every case, with the
maximum value of N¢ = 4000, for the linear system size, L,
L, = 4690 (Nc = 5800 for the linear system size, L, = L, =
6100), and the number of lines of different lengths increased
when the system size becomes larger. This means that the
wires reach their certain threshold length and they are not
growing further upon the increase of the system size.

Another interesting feature is that this structure vanishes
when the density becomes high enough. Instead of gluing
with another as one could suspect. We have performed simu-
lations for the system in p* = 0.5 and in this case, the dense
phase prevails at T = 0.5 (see Fig. S3 in the ESIt). However,
it is important to note that at higher temperatures, between
T* = 0.59 - 0.56, lines that are glued to the growing dense
phase occur, which is not the case for temperatures below T*
= 0.56 (cf Fig. S3 in the ESIf).

In order to quantify this quite unexpected structure, we
wanted to see that these lines do not rotate and are arranged
in one direction. The parameter that can be used here is the
two-dimensional nematic order parameter,®® defined as

Mol. Syst. Des. Eng., 2021, 6, 805-816 | 809
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Fig. 5 Fragments of the configurations for models R2_M3 at p* = 0.42 and T* = 0.45 (a) and R2_M4 at p* = 0.5 and T* = 0.5 (c). Parts b) and d)
show the locations of active sites for the snapshots shown in parts a) and c), respectively. The configuration for model R3_M4 at p* = 0.2 and T* =
0.4 (e). Part f) displays the temperature changes of the nematic order parameter for model R3_M4. Schematically drawn association paths are

shown on the right-hand side of panels a), ¢), and e).

Qup = N1 [2bal(i)by(0) = 3cy] (1)

where b,(i) is the a-th coordinate of the unit vector b, specify-
ing the orientation of the molecule i, and J, is the
Kronecker delta function. Since the eigenvalues of Q are
equal to +S, the order parameter may be positive or negative.
However, the absolute value of S tends to 1 in a perfectly or-
dered phase, and is expected to vanish in a disordered phase
when N — oo, In real systems, it is very difficult to reach the
value of |S| equal to 1, owing to possible imperfections in the
ordered structure, or rotations of differently oriented do-
mains. Fig. 5f shows how the nematic order parameter
changes with temperature. At the lowest considered tempera-
ture (T* = 0.4) the order parameter reaches the value of about
0.95, allowing us to conclude that the wires are aligned along
one direction.

Moreover, to prove that the ladder structure is indeed or-
dered into straight lines, we have computed the relative
shape anisotropy parameter,®” defined as

810 | Mol Syst. Des. Eng., 2021, 6, 805-816

It At
PP i > -1 (2)
(" +2y7)

where /, and 4, are the diagonal eigenvalues of the gyration
tensor. This quantity, like the nematic order parameter, takes
values between 0 and 1, when the system is spherically sym-
metric or the molecules lie along a straight line, respectively.

This parameter has been calculated separately for every
wire extracted from the cluster analysis, and its value was
found to vary between x = 0.85-0.95. These values are good
enough to prove that the structure consists of nearly straight
lines. It is important to note that we have also observed lower
values of x = 0.2, which corresponded to the clusters in
which the elements of the ladder network were connected to
a more dense phase.

Next, we proceed to the description of the last model M5. It
has appeared that similar to model M2, the molecules associate
into Sierpinski triangles and into a more dense phase. In gen-
eral, the behavior of model M5 is qualitatively very similar to
that found for model M2. In particular, the changes of the

This journal is © The Royal Society of Chemistry and IChemE 2021
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structure when the core length, R, and the density are varied re-
main the same. For the sake of brevity, we have omitted a de-
tailed description of the results in the main text, and the reader
is advised to look at Fig. S4 and S5 in the ESLf

2.2.2 Results for I = 0.360 and [ = 0.440. Let us start with
model M1 of the increased bonding distance [ = 0.44¢. In this
case, three molecules connect and form completely different
networks than in the systems with / = 0.4¢ (¢f. Fig. 3). The re-
sults for different core lengths R are shown in Fig. 6(a-c).
Similar to the systems with the bonding distance ! = 0.4c,
model R2_M1 does not form any well-defined ordered net-
work. There are several patterns formed by the associating
molecules. Likewise in the case of shorter /, the core elonga-
tion R leads to the formation of a single dominant network,
and a “flower-like” motif appears. At higher temperatures,
those small aggregates are randomly connected but do not
form a single well-defined network. A decrease in the temper-
ature leads to the condensation of those patterns, as depicted
in Fig. 6(b and c). Unfortunately, it is difficult to determine
the structure of this ordered network. We have tried to com-
pute the two-dimensional structure factors, which should
show the type of ordering,*® but could not obtain statistically
relevant results. Therefore, in our opinion, the increase of
the system size could lead to the formation of better-ordered
larger networks.
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=
50

*
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Next, we proceed to the description of model M2. Since in
the case of the bonding length / = 0.400, two different struc-
tures were found, we have considered the systems with lower
and higher [, to see whether the bonding length affects self-
assembly. The results for [ = 0.360 are presented in Fig. 7(a).
In this case, the molecules form only Sierpinski triangles and
no other network can be distinguished. It is also important
to note that in comparison with the systems of [ = 0.4, the
formation of Sierpinski triangles of the third degree with
some defects can be observed. Contrary to this, the longer [ =
0.440 (Fig. 7b and c) stabilizes a more dense phase and no
self-similar structures are observed, both in lower (p* = 0.2)
and higher densities (p* = 0.4). The same tendency remains
for different core elongations R (see Fig. S6 in the ESIt).

As previously, we have calculated the distributions of the
association numbers for models R2-R4_M2 with different
bond lengths, / and the results are given in Fig. 7(d). We can
see that for bond length / = 0.360 the highest value of N, is
equal to 1, confirming that only two molecules connected
one to another, and form Sierpinski triangles. On the other
hand, for the molecules with bond length [/ = 0.440, the most
probable value of the association number is equal to Nygo =
2. One can also observe a peak at N,qs, = 1, and these results
corroborate with the formation of a more dense phase. It is
also worth mentioning that the course of the distribution
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Fig. 6 Parts of the configurations for models R2_M1 (a), R3_M1 (b), and R4_M1 (c) at p* = 0.4 and T* = 0.42, and for [ = 0.440. Schematically

drawn association paths are shown on the right-hand sides of the panels.
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Fig. 7 The configurations for model R2_M2 at p* = 0.2 and T* = 0.25 for [ = 0.360 (a) and at p* = 0.2 and T* = 0.4 for [ = 0.440 (b). The snapshot
for model R2_M2 at p* = 0.4 and T* = 0.65 for [ = 0.440 (c). Schematically drawn association paths are shown on the right-hand sides of the
panels. Distributions of the association number for model R2-R4_M2 with the density equal to p* = 0.2, recorded at T* = 0.25 and using [ = 0.360

(open symbols) and recorded at T* = 0.50 with [ = 0.44¢ (filled symbols) (d).

function does not change within the range of the core length
values R2-R4.

The results for model M3 with the bond length [ = 0.360
can be found in Fig. 8. In the case of [ = 0.400, we have ob-
served only one phase, in which the connections of two and
three molecules were possible. Now, the results are signifi-
cantly different (¢f Fig. 5(a)). For model R2_M2 (Fig. 8(a)) one
can see a lot of small aggregates that are similar to Sierpinski
triangles of the first order. However, we have not observed
the formation of a single ordered network. Those small clus-
ters glue randomly and form complex structures.

Contrary to the bonding distance [ = 0.40, where the core
length R did not change qualitatively the structure, for [ =
0.360 we observe significant changes. The structure for both
R3_M3 (Fig. 8(b)) and R4_M3 (Fig. 8(c)) is the same isogonal
tiling, which has been previously observed for model M1 (cf:
Fig. 3). Likewise, we have examined the arrangement of active
sites and this kind of representation reveals similar ordering
to the case of model M1 with [ = 0.4¢. The connection of the
centers of mass of two associated active sites results in the
formation of 3.4.6.4 Archimedean tessellation in models
R3_M3 (Fig. 8(d)) and R4_M3.

These changes of the behavior with the core length are
due to the difference in saturation per molecule. For the
R2_M3 model, small clusters are formed by six molecules in

812 | Mol Syst. Des. Eng., 2021, 6, 805-816

which three tectons have every active site associated. To form
a seed, leading to an isogonal tiling, there have to be at least
twelve molecules.

The probability of formation of such a group is rather low,
and energetically less favorable in this case. On the contrary,
in model R3_M3, the core elongation leads to a slight
mismatch in the direction of association between active sites;
hence the formation of small aggregates is energetically less
favorable compared to an isogonal tiling. This effect is even
better pronounced for model R4_M3.

Let us now proceed to model M4. For the bond length /
= 0.40 we have observed the formation of only one well-
defined ordered network, for all systems with different core
lengths R = 2, 4. Surprisingly, for greater embedment the
formation of a similar isogonal tiling, as in models M1 and
M3 with the same / = 0.40, has been observed (Fig. 9(a)).
Nevertheless, it has to be emphasized that in the case of [ =
0.360, this structure has not been formed for the core
length R = 2. However, the arrangement of active sites is
quite different than for those isogonal tilings observed pre-
viously. Despite the formation of qualitatively the same net-
work if one would connect the center of mass of every two
associated active centers, the formation of a structure re-
sembling a Kagomé network can be observed (Fig. 9(b)). For
model R4_M4 (Fig. 9c), similar to R2_M4, the more dense

This journal is © The Royal Society of Chemistry and IChemE 2021
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Fig. 8 Parts a), b), and c) present the configurations for models R2-R4_M3 with [ = 0.36¢, at p* = 0.2 and T* = 0.28. Schematically drawn
association paths are shown on the right-hand sides of the panels. Part d) shows how the active sites in model R3_M3 assemble into Archimedean
tessellation. Different polygons are marked by different colors to better pronounce the ordering.

phase that has been observed for [ = 0.4¢ has not been
formed and an isogonal tiling is the only ordered network.
The active site layout is comparable to the R2_M4 model
and has been omitted for the sake of brevity.

For [ = 0.40, elongation of the core length leads to the for-
mation of finite one-dimensional wires (ladder network) and
a more dense phase. By changing the embedment distance
for model R3_M4 to [ = 0.360, two phases are no longer pres-
ent and the formation of a ladder network is preferred
(Fig. 9(d)). The two-dimensional structure factor calculated
with respect to the backbone segments, and given in the in-
set to part (d) of Fig. 9 confirms the alignment of the ladder
network along one direction.

On top of that is diffused and the distances in reciprocal
space are small which corroborates with the observation that
those wires are separated (large distance in real space). Con-
trary to [ = 0.40, the increase of density does not lead to struc-
tural changes of the system, and the wires start to glue later-
ally one to another, instead (Fig. 9(e)). This resembles the
behavior of liquid crystals which, even without the presence
of attractive interactions, tend to form densely-packed, or-
dered networks.*® The structure factor calculated for p = 0.5
is shown in the inset of Fig. 9(e). The wires are aligned along
one direction, but the reflexes are not diffused. The distances
in the reciprocal space are larger than at lower density, which
corroborates with the observation from snapshots.

This journal is © The Royal Society of Chemistry and IChemE 2021

For every core length R2-R4 we have geometrically ana-
lyzed a possibility to form either isogonal tiling or a ladder
network. We have found that due to the architecture of mole-
cules R2 and R4 the formation of the former is the only pos-
sibility (¢f. right-hand side of panels (a) and (c) of Fig. 9). We
conclude that the reason is an incomplete saturation of pos-
sible interparticle interactions in the formation of one-
dimensional wires. On the other hand, for R3 both structures
reach the same saturation, and they only differ by the pack-
ing fraction of the networks. Therefore, the formation of a
denser phase should be preferred.

For the molecules R3_M4 and with [ = 0.360, we have
performed cluster analysis which has shown that the linear
clusters are nearly two times longer relative to the case of [ =
0.400. The average cluster size was estimated to consist of
<Ng> = 776 + 50 segments with the maximum value of N¢ =
6687 (linear system size, L, = L, = 3360). Similarly, the relative
shape anisotropy parameter varied between x =~ 0.92 + 0.05.
However, it has to be emphasized that in this system, no
clusters with smaller values have been observed, which in the
system with [ = 0.400 was caused by the occurrence of the sec-
ond, more dense phase. On the other hand, an increase of
the bonding distance to [ = 0.44¢ results in the formation of
a more dense phase in systems at both low (p* = 0.2) and
high (p* = 0.5) densities and the ladder networks have not
been observed at all (Fig. 9f).

Mol. Syst. Des. Eng., 2021, 6, 805-816 | 813
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Fig. 9 Fragment of the configuration for model R2_M4 recorded at p* = 0.2 and T* = 0.28 for [ = 0.360 (a). Part b) shows how the active sites of
model R2_M4 assemble into a Kagomé-like pattern. Different polygons are marked by different colors to better pronounce the ordering. Part c)
shows a part of the configuration for model R4_M4 recorded at p* = 0.2 and T* = 0.28 for [ = 0.360. Configurations for model R3_M4 recorded at
p*=0.2and T* = 0.28 for [ = 0.36¢ (d), at p* = 0.5 and T* = 0.42 for [ = 0.360 (e), and at p* = 0.5 and T* = 0.67 for [ = 0.44¢ (f). 2-D structure fac-
tors are shown in the insets to parts (d) and (e). Schematically drawn association paths are shown on the right-hand side of the panels.

Finally, we proceed to the description of the last architec-
ture of the tetratopic building blocks i.e., model M5 with
bond lengths [ = 0.360 and [ = 0.44¢. Similar to model M2,
the molecules associate into Sierpinski triangles and into a
more dense phase. The effects of the elongation of core
length R as well as the change of density have been found to
be the same as in model M2 (¢f. Fig. 7). For the sake of brev-
ity, we have omitted the details of analysis in the main text
and one should refer to Fig. S7 and S8 in the ESIt for more
details.

814 | Mol. Syst. Des. Eng., 2021, 6, 805-816

3 Conclusions

In this study, we have performed extensive coarse-grained
molecular dynamics simulations of the self-assembly of tetra-
substituted molecules. We have found that they are able to
form a variety of different structures depending on the pa-
rameters of the employed model. All of these ordered net-
works have been characterized by cluster analysis, the ne-
matic order parameter, the relative shape anisotropy
parameter, and the two-dimensional structure factors.
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We have established the following rules depending on the
interaction zone o (¢f Fig. 2) and the architecture of tetra-
topic molecules. In the case of building blocks with the same
numbers of segments in each of the arms (M2, M5), for [ =
0.40, we could distinguish two different networks. Slight
changes of the interaction zone allowed us to selectively ob-
tain either Sierpinski triangles (/ = 0.360) or a denser phase (/
= 0.440) for all core lengths R. On the other hand, the mole-
cules with unequal numbers of segments in the arms have
demonstrated another tendency. For bond lengths / = 0.360
and [ = 0.400 they assemble into isogonal tiling and into a
denser phase, respectively. In the former case, it is worth
mentioning that the representation of active sites reveals that
although those models form qualitatively the same network,
geometrical centers of associations form a 3.4.6.4 Archime-
dean tessellation (M3) or Kagomé network (M4).

However, there are two exceptions. For model R2_M3 we
have observed the formation of small clusters only, which are
similar to the STs of the first-order, whereas the behavior of
molecules R3_M4 is more complex. For the bond length [ =
0.40 we have seen the formation of the ladder network and a
denser phase. However, the former disappears at high densi-
ties. Similar to models M2, M5, we have been able to selec-
tively obtain each of those networks depending on the bond-
ing distance. Surprisingly, for / = 0.360 we have found that
the wires are much longer as compared to the greater
jointing distance. Moreover, they are gluing one to another at
higher densities, and do not form a denser phase. On the
other hand, for the system with [ = 0.44¢, the denser phase is
observed even at lower densities, and a ladder network has
not been found at all.

Another interesting feature found is that denser phases
are qualitatively the same for every model irrespective of their
architecture. The connections between molecules are the
same; however, the pore sizes are different due to the geome-
try of investigated models. This observation is better pro-
nounced by the visualization of the active site ordering.

Moreover, we have found that model M1, irrespective of
the bonding length [, assembled into unique structures com-
pared to other examined systems. For / = 0.4¢ isogonal tiling,
whereas for [ = 0.44¢ a flower-like motif has been found.

Despite the formation of a variety of different structures
it has to be emphasized that ordering of tetratopic mole-
cules into Sierpinski triangles is quite surprising since the
majority of the papers report their formation in completely
different systems. The only general rule that has been
established to date is that the so-called “V-shaped” mole-
cules are able to order into those fractals, and only if three
tectons assemble either by hydrogen bonding (B(OH), sub-
stitution) or by metal-organic coordination (for instance,
-CN groups with Fe or Ni metal atoms). Here we have
shown another possible scheme, together with a proposal
on how this kind of model chemical compound could look
like (cf Fig. 1(c)). As already mentioned, if one would substi-
tute it with active groups that would allow two molecules to
interact with one another (-OH, COOH, or -Cl with Fe(u)) it

This journal is © The Royal Society of Chemistry and IChemE 2021
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corresponds to the [ = 0.360 case, whereas interactions of
three building blocks (-B(OH),, or —-Cl with Fe(m)) can re-
flect results for [ = 0.440. On the other hand, the intermedi-
ate scenario where two phases occur which is most likely
the case in experimental studies due to the oscillations of
chemical bonds of active groups can be seen for / = 0.400.
Therefore, we believe that our finding may be inspiring for
experimentalists.

We have presented a variety of different structures and
their analysis. Moreover, we have presented a molecular dy-
namics model and shown how a slight change of its parame-
ters can drastically change the behavior of systems of inter-
est. We have demonstrated that the possibility of a particular
number of molecules that can assemble with one another
can determine the formation of completely different struc-
tures. As already mentioned, multiple chemically active
groups can display diverse behavior depending on the experi-
mental conditions. Therefore, we hope that our observations
can be very useful for the better understanding and possibil-
ity of selective control of the self-assembly in future experi-
mental studies.
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ABSTRACT: We use coarse-grained molecular dynamics simu- metal size change %

lations to investigate the phase behavior of binary mixtures of di- — ro 000
substituted polyphenyl-like compounds and metal atoms of §

different sizes. We have estimated the possible on-surface behavior m

that could be useful for the target design of particular ordered 4+ —

networks. We have found that due to the variation of system o

conditions, we can observe the formation of the parallel, square,

and triangular networks, Archimedean tessellation, and “spaghetti L . %

wires.” All of these structures have been characterized by various concentration change

order parameters.

1. INTRODUCTION atoms, whereas the first reports of such structures appeared in
alloy particles" or chalcogenides.14

In this paper, we wanted to further explore the conditions on
how di-substituted polyphenyl-like (linker) molecules behave
with mixtures of metal atoms. Unlike in the references,'""'* we
have changed not only the mixture concentration but also the
metal atom sizes. For this purpose, we have designed a coarse-
grained model and performed comprehensive molecular
dynamics simulations. We believe that the protocol used in
the course of this study can give a very helpful insight for the
experimentalists owing to the fact that computer modeling is a
very convenient substitute to the exploration of problems of
interest and can reasonably complement experimental findings.
Although there are other methods that have been widely used

Fabrication of two-dimensional materials attracts considerable
attention, owing to their possibility to exhibit different features
from their bulk counterparts. This field has begun with the
discovery of graphene and characterization of its properties,
especially in the electronic field." From this date, a variety of
different two-dimensional (2D) materials have been synthe-
sized, and two main routes have been established. The first one
is a top-down approach that benefits from the general
knowledge of the three-dimensional (3D) materials such as
covalent or metal-organic frameworks (COFs and MOFs,
respectively) and is supposed to exfoliate a layered crystal due
to applied external forces to form a single layer of the smallest

thickness as possible. The second protocol is a bottom-up such as quantum density functional theory'® or classical Monte
approach, which can be applied on the surfaces such as highly Carlo,"*™>! we have already proven that the approach used in
oriented pyrolytic graphite (HOPG) or coinage metals (Au, our laboratory can be useful for examination of similar systems
Ag, Cu) or in the air/water or liquid/liquid interfaces. The of interest both in one-component systems and binary
obtained single nanolayers have already been used as mixtures.22~%*

membranes for separation in both liquid and gas phases,”

batteries,” molecular sieves,” and insulin delivery.5 2. METHODS
The on-surface synthesis performed either in ultrahigh

vacuum or liquid conditions generally has proven to be the

successful and most conventional routine for the preparation of

well-ordered networks. To date, a variety of compounds of

different geometry have been investigated, and it has been Received: June 1, 2021 OViEGA

found that they can form small clusters® up to extended porous Accepted: September 8, 2021

structures,” as well as Kagomé patterns,”” rhombus tilings," Published: September 21, 2021

and five-vertex Archimedean tessellations.'"”'> The latter is

particularly interesting since it has been obtained in a mixture

of dicarbonitrile polyphenyl compounds with rare-earth metal

In this paper, the geometry of the linear linker molecules has
been devoted to reflecting the behavior of di-substituted

© 2021 The Author. Published b
American Chemical Societ; https://doi.org/10.1021/acsomega.1c02857
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polyphenyl compounds, as shown in Figure 1. In its structure,
each of the gray segments mimicked one phenyl group,

@ (b)

Figure 1. Model of the linker molecule (2) and metal atom (b). Gray
circles correspond to the segments of the linear linker, whereas the
red ones pertain to the active sites. For the description of parameters
used in the model, confer the text.

whereas red entities were the active interaction centers. The
size of every linker’s segment has been set to o, = 0, while the
active sites have been five times smaller, 6, = 0.20. The
segments in the former have been tangentially jointed with one
another; therefore, the bonding distance has been set to 6. The
active sites have been entirely embedded into both terminal
units of the linear linker, and the bonding distance has been
abbreviated as d = 0.360,. In our previous paper, we have
already shown that both the size and the bonding distance d
can provide structures of 3- to 6-fold symmetries.”> This
approach, however, lacks the possibility to change the
concentration of the mixtures since the second component
has been treated implicitly. Therefore, we wanted to fill this
gap, and metal atoms in our simulations have been treated
explicitly, and their size varied between o,, = 0.5 — 1.00;.

In molecular dynamics simulations, all of the objects have
been treated as flat and rigid objects, and all of the necessary
bonds have been maintained by harmonic binding potentials

wy = ky(r = 6,)° (1)
and

uy = ky(r — d)* @)
Likewise, all of the necessary angles have been preserved

uy(Oy) = ko(6y — 90,11)2 3)
and

U (O) = k(O — eo,al)z (4)

The interparticle potential employed in our simulations was
(12,6) Lennard-Jones potential, which has been appropriately
shifted to ensure the continuity of both the potential and of its
first derivative>*°

Usr =
UL](r) - UL_](rcut) + U/Lj(rcut)(r - rcut) r< Teut

0 otherwise

©)

where ULJ(r) = 46,7[(617/7')12 - (aﬁ/r)é] and U’Lj(rcut) is the
first derivative of Upy(r) at r = re.

The Lennard-Jones potential parameters, 6, = ¢ and ¢ = ¢,

have been set to be the units of length and energy, respectively.

The reduced time and temperature are equal to

7% = tye/mo” and T* = kT/ey, respectively. The number

. Ro? +N,0
density has been defined as p* = i where R and N,,
Ty

are the number of segments in the linear linker and metal
“atoms,” respectively. Moreover, we define the binary mixture

s N, . .
composition as y = Nfl, where N is the number of linker
tot

molecules and Ny, = N; + N,,. It has been varied in the range
of y = 0.25 — 0.83.

The energies of the linker—linker and the linker—active site
interactions have been set to ¢ = €,, = € and ¢,,, = 5.0¢. The
linker-site diameter and the energy of the linker-site
interactions have been set to 6, = (6, + 6;) /2 and ¢, = &,
respectively. The cutoff distance of the interactions between
the active site and the metal atom has been set to 7, = 26,4
whereas the remaining ones are r.,; = 6, where ij = aa, al, Il,
Im, and mm. This has been done to assume that the only
attraction in the system is due to the metal-organic
coordination, whereas the remaining are the soft-core
interactions. We did not use any solvent explicitly, but rather
by means of presented interparticle potential, we modeled the
system so that the interactions other than the active site-metal
atoms are screened due to the solvent presence. The harmonic
potential constants k,; = k; have been set to 1000&/6* and ky =
1000¢/(rad)?. Such high values of harmonic constants have
been set to reduce the range of fluctuations and, in
consequence, to maintain the rigidity of the assumed
geometries.

All of the molecular dynamics simulations have been
performed in the NVT ensemble, using LAMMPS simulation
package.””** The velocity Verlet integration scheme has been
used with the reduced time step of the order of t = 0.0017. The
number of linker molecules and metal atoms varied from 1600
to 8000 and 1600 to 4800, respectively. However, one has to
note that the total number of atoms varied, depending on the
concentration. This amount is sufficient for most of the self-
assembly systems, which is simultaneously large enough to
form ordered networks and small enough to form those
structures in a reasonable time frame.

The simulation scheme involved preliminary runs in the
NPT ensemble to establish the desired density. Next,
equilibration runs for 5 X 10° times steps using Berendsen
thermostat,”” with the damping constant equal to 75 = 107
have been performed. Further equilibration for 5 X 107 as well
as production runs have been performed using Nosé—Hoover
chain algorithm,‘w with the damping constant equal to 7y =
107 and the number of chains set to Ny, = 3. Every system
has been cooled down from temperatures where we did not
observe any order, up to the point where self-assembled
networks have been distinct. The temperature grid was set to
A T* = 0.01.

3. RESULTS AND DISCUSSION

Let us start from the description of the binary mixture with
metal atoms 2-fold smaller than the diameter of core’s
segments, i.e, 0, = 0.50. The results for the system with an
equal amount of linker and metal entities (y = 0.5) can be
found in Figure 2a. One can see the formation of a network
with square symmetry with distinct imperfections in its
structure. If one increases the number of linker molecules
three times (y = 0.75), the formation of a nearly perfect square
lattice can be observed, as it has been shown in Figure 2b. To
better understand the development of this network, we wanted
to investigate the arrangement of metal atoms. In part (c) of
Figure 2, we can see their layout for the mixture composition y
= 0.5. In this case, two atoms tend to glue with one another,

https://doi.org/10.1021/acsomega.1c02857
ACS Omega 2021, 6, 25193—-25200
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Figure 2. Fragment of the configurations for linker molecules (a, b) and metal atoms of size 6,, = 0.50 (¢, d) for y = 0.5 (3, b) and y = 0.75 (c, d)
mixture compositions in p* = 0.2 at T* = 0.3. Fragment of the configurations for y = 0.25 in p* = 0.2 at T* = 0.3 (e) and in p* = 0.5 at T* = 0.4
(f). The insets to part (d) and (f) display the radial distribution function calculated with respect to metal atoms.

To verify if observations from snapshots are correct, we have

despite their soft-core interactions. On the contrary, for y = calculated the radial distribution function with respect to metal
0.75, metal atoms are entirely separated (cf. Figure 2d). atoms, which can be found in the inset to Figure 2d. For the
25195 https://doi.org/10.1021/acsomega.1c02857

ACS Omega 2021, 6, 25193-25200
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Figure 3. Fragment of the configurations for linker molecules (a, c) and metal atoms of size 6,, = 0.86 (b, d) for mixture compositions y = 0.5 in p*
=02 at T* =04 (3 ¢) and y = 0.75 in p* = 0.2 at T* = 0.3 (b, d). The inset to part (d) displays the radial distribution function calculated with

respect to metal atoms.

smaller molar fraction y = 0.5, the most prominent peak is
around r & 0.5, which means that those entities are glued one
to another. On the other hand, for higher y = 0.75, this peak
almost vanished, and the most prominent distance is around r
& 3.5. Moreover, we have computed the number of dimers in
both cases, which is approximately 90 and 5% for mixture
compositions y = 0.5 and 0.75, respectively.

Another quantity that we used to characterize the formation
of a highly ordered, square network was the two-dimensional
bond-orientational order parameter (BOOP), calculated with
respect to metal atoms, which is defined as’'

— |3 Y eplkidy)

Nbond i i#j (6)

2D
Qk =

where i runs over all metal atoms of the system, j runs over all
neighbors of i, ¢; denotes the angle between the bond
connecting particles i and j and an arbitrary but fixed reference
axis, Np,nq denotes the number of bonds in the system, and k =
2, 3,4, 5, 6. For the square network, we have assumed that two
metal atoms are neighbors if their distance is less than 3.80,
which is the second minimum extracted from the radial

distribution function (cf. inset to Figure 2d). The bond-
orientational order parameter can take the values between 0
and 1 for the disordered and the ordered structures of a
particular symmetry, respectively.

To corroborate the observations from snapshots and radial
distribution function, we have calculated this parameter for the
aforementioned mixture compositions. In the first case, i.e., y =
0.5, the 2D BOOP is approximately Q, = 0.202 =+ 0.0S, which
indicates that there is an order to some extent, however, the
presence of imperfections in the network is noticeable, which
in consequence decreases its value. On the other hand, for the
composition y = 0.75, this parameter takes a value of Q, =
0.91S + 0.03, which corresponds to a nearly perfect structure
of 4-fold symmetry. This analysis demonstrates that the
increase in the number of linker molecules in the system
stabilizes the formation of a square network.

We have also examined the mixture composition of y = 0.25,
which means that there are 3-fold more metal atoms than
linker molecules. In this case, we have found that the formation
of “spaghetti-like” strings (cf. Figure 2e). Similarly, as in the
case of y = 0.5, metal atoms are gluing one to another and are
forming “dimers”. An increase of the density does not lead to
the increase of order in the system, and those strings do not

https://doi.org/10.1021/acsomega.1c02857
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0.75 in p* = 0.2 at T* = 0.4 (c, d). The insets to part (a) and (b) show the 2D structure factor and relation of

0.4, respectively. The inset to part (f) displays the arrangement of metal atoms in this system.

dimers in both cases, which is approximately 63 and 53% for

the densities p* = 0.2 and 0.5, respectively.

we proceed to the description of a binary mixture with

metal atoms of size equal to o,, = 0.80. The results for y

Next,

can be found in Figure 3a. One can see that we are not able to
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which confirms that metals tend to

form dimers. Moreover, we have computed the number of

0.83 in p* = 0.4 at T*

Fragment of the configurations for linker molecules (a, c) and metal atoms of size 0,, = 1.00 (b, d) for mixture compositions y

0.2 at T* = 0.5 (a, b) and y
nematic order parameter with respect to the temperature, respectively. Parts (e) and (f) display the snapshots for the systems y

0.3 and y

start to align in one direction (cf. Figure 2f). The radial

distribution function calculated with respect to metal atoms
shown in the inset to Figure 2f shows that the most prominent

T*

peak is around r = 0.5,

Figure 4.
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distinguish any network of a particular symmetry. Linker
molecules connect with metal atoms quite randomly, and
multiple pore shapes can be observed. The arrangement of
metal atoms as shown in Figure 3b shows that for this mixture
composition, they tend to glue one to another and form
dimers, as for smaller metal sizes. As previously, it leads to the
disturbance in the formation of any ordered network.

The results for the system with mixture composition y =
0.75 can be found in Figure 3c. In this case also, the formation
of multiple pore shapes can be observed; however, this pattern
resembles the 32.4.3.4 Archimedean tiling with several visible
imperfections. For better visualization, we have colored the
particular polygons belonging to this semiregular tessellation.
The arrangement of metal atoms, as shown in Figure 3d, shows
that they are separated, as it has been observed in a previous
case (cf. Figure 2). The radial distribution function inserted to
part (d) of this figure corroborates with the observations from
the snapshots. Likewise, as for smaller o,, we have evaluated
the average amount of dimers in the system, which is
approximately 73% (y = 0.5) and 4% (y = 0.75). We conclude
that the increase of the number of linker molecules leads to the
stabilization of ordered networks of a particular symmetry.

Similarly, as for the previous metal size, we have examined
the mixture composition of y = 0.2S. The formation of similar
spaghetti stripes has been found, as in the case of ¢,, = 0.5¢.
The results have been omitted for the sake of brevity.

Let us proceed to the description of a binary mixture with
metal atoms of size equal to 6,, = 1.06. The results for the
system with mixture composition y = 0.5 can be found in
Figure 4a. In this case, we can see the formation of a network
with both positional and orientational order. To prove the
former, we have calculated the two-dimensional structure
factor™® with respect to linker molecules, which can be found
in the inset to Figure 4a. Moreover, to demonstrate the
orientational order, we have calculated the nematic order
parameter”” with respect to linker molecules, defined as

N
Qa/} = N_l Z [Zba(l)hﬂ(l) - 5aﬁ] ( )
i 7

where b,(i) is the a-th coordinate of the unit vector b,
specifying the orientation of the molecule i, and &, is the
Kronecker delta function. The corresponding eigenvalues of Q
are +S. This function takes values between 0 and 1 in
disordered and perfectly ordered phases, respectively. In real
systems, it is very difficult to reach the value of S equal to 1,
owing to the possible imperfections of the ordered structure or
rotation of differently oriented domains.

One can see that for this structure, the value of this order
parameter is around S & 0.95 in the lowest temperatures. This
value proves the formation of a highly ordered network of a
single orientation. The temperature relation of this quantity
also indicates that the structure remains until T* = 0.56.

The results for the system with mixture composition y =
0.75 can be found in Figure 4c. We can see the formation of
similar 32.4.3.4 Archimedean tiling, as for smaller metal size. It
is noteworthy that this structure has more visible imperfections
compared to the previous case.

Further increase of linker molecules in relation to metal
atoms, i.e., y = 0.83, not only leads to the formation of 32.4.3.4
Archimedean tiling but also a network with triangular
symmetry can be observed. An increase in the density of the
system shows that the semiregular tessellation vanished, and

the latter structure is only present. The BOOP for this network
takes high values and is around Q4 = 0.96. This indicates that
the Archimedean tessellation in this system is not a stable
structure, and the formation of a triangular network is favored.
However, it is worth mentioning that the same situation can be
observed in experiments, where the formation of various
different patterns can be observed, and the determination of
which of them is thermodynamically stable is not so trivial.
Finally, we proceed to the examination of the system with
the mixture composition of y = 0.25. Surprisingly, we do not
observe the formation of spaghetti wires, as for previous cases,
but the parallel network remains. The only effect that the
increase of the number of metal atoms caused is that there are
two differently ordered domains in the system. In this case, due
to the observation of two differently oriented domains, the
nematic order parameter takes values around S =& 0.5S.
However, it is worth mentioning that if one would compute
this quantity separately for each of those clusters, the situation
would reflect the one observed in Figure 4a. The
corresponding snapshots have been omitted for the sake of

brevity.

4. CONCLUSIONS

In this paper, we have investigated the phase behavior of binary
mixtures of di-substituted polyphenyl-like molecules and metal
atoms. We considered the influence of metal atoms’ size and
the mixture composition of the self-assembly behavior. To
deepen our discussion, we summarize the results in a more
systematic way. In Figure 5, we present the overview of the
structures observed for the systems with different metal atom
sizes ¢,, and mixture compositions y.

1.00 - ® N ([ ) ® o o
AT2 | AT2+TN
§ 080 ° e o o o
DF AT1
sw
SN1 SN2
0.50 — o [ e o o
| | | | |
0.25 0.5 0.66 075 0.83
x

Figure S. Schematic overview of structures formed in the binary
mixtures investigated in this study. Black circles refer to simulation
results; structure boundaries are drawn arbitrarily to guide the eye.

We have found that for ,, = 0.56, depending on the mixture
composition y, the formation of two distinct networks can
occur, which are spaghetti wires (SW) (cf. Figure 2e,f) and a
nearly perfect square network (SN2) (cf. Figure 2b). The
imperfect square structure (SN1) (cf. Figure 2a) is quite
similar to SN2, but due to the concentration y, the metal atoms
form dimers, which in consequence, result in the deterioration
of the formed square lattice. We conclude that the mixture
composition below a certain amount of linker molecules
enforces gluing metal atoms with one another, which may lead
to a bigger amount of possible orientations on how linker
molecules can interact with them. This corroborates with the
observation that a nearly perfect square network SN1 is formed

https://doi.org/10.1021/acsomega.1c02857
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in higher linker concentrations due to the separation of metal
atoms.

An increase of metal size to 0,, = 0.80 leads to the formation
of similar spaghetti wires as for ¢ = 0.50; however, the ordered
network is completely different. We have observed the
development of 3%4.3.4 Archimedean tessellation (AT1) for
the mixture concentrations of y = 0.75 and above (cf. Figure
3c). Similarly, as for the previous case, the formation of the
ordered network was only possible if the mixture composition
enforced the separation of metal atoms.

For the further increase to o,, = 1.00, we observe the
occurrence of a parallel network (PN) for mixture composition
of y = 0.25 and 0.5 (cf. Figure 4a). In higher concentrations of
linker molecules, we can see two different types of ordered
structures. The first one is similar to 32.4.3.4 Archimedean
tessellation; however, we observe significant imperfections in
its structure (AT2) (cf. Figure 4c), and the second is a nearly
perfect triangular lattice (TN) (cf. Figure 4f).

The general conclusions which can be extracted from our
simulations are as follows: (i) the increase of metal atom size,
0,, changes its maximum coordination number due to the
geometric effects. (ii) the mixture composition can “change”
the maximum coordination number of the metal atom owing
to the possibility of soft-interactive “gluing” with one another.
This, in consequence, leads to the deterioration of the
observed ordered structures.

Based on our observations, we can estimate the possible on-
surface behavior of di-substituted polyphenyl-like compounds
with metal atoms in different conditions. We have shown the
possible paths on how molecules can assemble. We believe that
those findings can be very useful for experimentalists to design
future experimental conditions for a target development of
particular networks of interest.
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ABSTRACT: We use molecular dynamics simulations to investigate the behavior of  one-component system
multivalent molecules in a single-component system and in binary mixtures in various o
compositions. In this study, we have found that, depending on the molecule’s and the
linkers’ geometry, we can control the pore size and observe the formation of novel
ordered structures. We have found that, in the mixture of a pentavalent molecule and
linear linker, the Archimedean tiling has been formed, which has not been the case in

the single-component system. We have concluded that, for this case, the mobility of the
linker is the driving force. The ordered networks have been characterized by the order parameters, such as theoretically evaluated
diffraction patterns or bond-orientational order parameter. Moreover, in one case, the inspection of the voids’ arrangement has been

utilized.

B INTRODUCTION

Synthesis of organic molecules of different shapes that possess
the ability to self-assemble into ordered structures on well-
defined substrates is a newly developing field of research. The
confinement template is often necessary to initiate a chemical
reaction that would be impossible to perform in the bulk.
Hence, on-surface self-assembly can be considered as a type of
chemistry that complements present synthetic capabilities. The
geometry of molecules varies from isotropic linear,"”
tritopic,”* tetratopic,”® hexatopic,” and many other combina-
tions, including anisotropic chemical compounds within
previously mentioned.®

Apart from the shape of the building blocks, the
directionality of interparticle interactions, owing to the
presence of diverse active groups, is also crucial for the
development of predefined self-assembled networks. It has
been shown that the molecules with the same geometry, but
with different substitutions, can form completely different
ordered structures.* Many other factors, such as the solvent
affinity to the chemical compound,9 substrate nature, and
symmetry'”'" and the presence of the second component,'*"?
may influence the formation of supramolecular networks. The
reviews concerning such effects can be found in refs 14—16.

The multiplicity of factors affecting self-assembly processes
makes it necessary to establish rules that would allow the
formation of predefined molecular structures. In this aspect,
molecular modeling comes as an efficient and cheap way,
which can support and give a better insight into experimental
investigations. The most commonly used simulation technique
is the molecular dynamics method, where two main models
have been considered, that is, an all-atom representation and
coarse-grained modeling. The former methodology, due to the
use of more realistic force fields, allows for the evaluation and

© 2020 American Chemical Society

7 ACS Publications

comparison of calculated properties, such as the strength of the
interparticle interactions, with the experimental data.'”'® On
the other hand, however, it is not able to study collective
phenomena properly due to the limitation in the system size
and it is computationally more expensive. The coarse-grained
modeling comes with help to this issue. It is a well-known and
used technique, which allows for the determination of
structural properties as well as mechanical and dynamical
properties of investigated materials. In this kind of method-
ology, Monte Carlo"”™*" simulations have been widely used.

In our previous papers,”” ' we have presented using
molecular dynamics simulations that our coarse-grained model
is also able to predict supramolecular networks from various
molecular geometries and directionality of interparticle
interactions. In this paper, however, except for the inves-
tigation of single-component systems, we have also performed
comprehensive simulations for a binary mixture that is able
both to reflect very well experimental data and to predict novel
structures, not observed experimentally, for this kind of
mixture. We have also characterized the obtained structures
by the calculated diffraction patterns and by the bond
orientational order parameters. Analysis of the voids” arrange-
ment has also been performed.

The paper is organized as follows. In the next section, we
present our model, and then we proceed to the results for both
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a one-component system of tetra-, penta-, and hexatopic
building blocks. Next, we describe their mixture with linear and
V-shape molecules. We also consider the influence of the
mixture composition. Finally, we conclude our findings.

B MODEL AND SIMULATON DETAILS

As previously mentioned, the model presented in this work was
similar to the one used in our previous papers;”>~>* however,
we wanted to extend its possibilities into the investigation of
different molecular shapes involving tetra-, penta-, and
hexavalent (primary molecules) chemical compounds in
single-component systems and in binary mixtures.

All of the molecules used in the course of our simulations are
shown in Figure 1, and they were treated as flat, rigid bodies.

a) d)

A

e)

<
> %

Figure 1. Models of molecules used in the course of our simulations,
that is, (a) tetravalent, (b) pentavalent, and (c) hexavalent molecules.
Linear and V-shape molecules have been shown in parts (d) and (e),
respectively. Part (f) explains the parameters of the model used. Silver
circles correspond to the segments of the entire backbone, whereas
the red ones pertain to the active sites.

In the structure of models shown in parts a—c of Figure 1, two
main features can be distinguished, namely, the core and the
arms. In the former, the segments have been distributed on the
vertices of regular polygons, that is, on a square, pentagon, and
hexagon with a central atom inside each of them. The latter
segments have been tangentially grafted into each of the
vertexes of particular polygons. For the linear and V-shape
molecules shown in parts d and e of Figure 1, only the core can
be distinguished. One has to note that we will refer to them as
linkers since we only investigate them in mixtures with
multivalent molecules. The sizes of the segments forming core
and arms have been set the same and equal to o, for every
molecule. Owing to that, we will not distinguish them one
from another and will refer to them as components of the
backbone. The bonding distance between particular entities in
the main structure has been also assumed to be equal to 0.

The active sites, each of the diameter o, have been entirely
embedded into terminal arm’s (core) segment for polygon
(linear and V-shape) molecules, and the bonding distance has
been defined as I. The inclusion has been performed in order
to ensure the directionality of interparticle interactions.

To ensure bonding distances between particular entities in
the molecules, we have used harmonic binding potentials:

thyy = kyp(r — Ghb)z (1)

pubs.acs.org/JPCC
and
2
wy = ky(r = a) ()

In a similar manner, all of the necessary angles have also
been maintained by an application of angular-harmonic
potential:

u,(6y) = ko(6y, — eo,bb)z 3)
and
() = ko6, — 90,011;)2 (4)

The interparticle potential employed in our simulations was
(12,6) Lennard-Jones potential, which has been appropriately
shifted to ensure its continuity:>®

UL](r) - ULJ(rcut) + UI/_J(rcut)(r - rcut) r< Teut

0 otherwise
(%)
where ULJ(V) = 4e[(6/1)? = (64/r)®] and Uij(rcut) is the
first derivative of Upy(r) at r = ry.
The Lennard-Jones potential parameters, 6, = 0 and €, = ¢,
have been set to be the units of length and energy, respectively.

The reduced time and temperature are equal to 7%=ty &/mo”
and T* = kT/¢y, respectively. The number density has been

X*0,+Y*g,
L*L,

SE —

, where X and Y means the number

defined as p*=

of segments in the main framework and the number of active
sites, respectively. In the case of binary mixtures, we define the
mole fraction of y = N,/ N, and total number of molecules N, =
N, + N, where N, and N; means the number of primary and

linker molecules, rPespectively. In the simulations, the mass of
the segments and active sites has been set to the unity, whereas
their diameters differed. The segment’s diameters in the main
framework were equal and set to 6, = 6, while the active sites
were five times smaller 6, = 0.26. The latter, as mentioned
previously, has been done in order to ensure the directionality
of interparticle interactions and to allow only single association
due to the size of the active site and the range of interparticle
potential. The active site—terminal arm (core) segment
bonding distance was set to | = 0.360.

The energies of the backbone—backbone and the back-
bone—active site interactions have been set to €,;, = € and €, =
S.0e for a single-component system. In the case of binary
mixture, we only allowed for a mixed association, namely, ¢,, =
5.0e for active sites of molecules of different geometries,
whereas €., = € in the case of the same type. It is noteworthy to
say that this kind of screened interparticle interaction can be
reflected by the use of particular chemically active groups as
well as a particular solvent, which allow only this kind of mixed
association in the system. In spite of that, we did not add any
solvent molecules explicitly but rather refer to our coarse-
grained model as it would have an implicit solvent owing to the
defined interparticle interactions.

The backbone—site diameter and the energy of the
backbone—site interactions have been set to 6,, = (6, + 6;,)/
2 and &, = ¢ respectively. The cutoff distance of the
interactions between two active sites has been set to 7. ,, =
20,, in a single-component system. In the case of a binary
mixture, the cutoff distance has been set to 7. ., = 20,, for
active sites for molecules of different geometries, whereas for

the same type, 7oy 44 = 0, Additionally, we have set r., ; = 0,
https://dx.doi.org/10.1021/acs.jpcc.0c05137
J. Phys. Chem. C 2020, 124, 20101-20108
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Figure 2. (a, ) Fragments of the configurations, (b, d) the corresponding diffraction patterns for their central atoms, (e) the radial distribution

functions calculated with respect to central atoms, and (f) temperature relation of BOOP for (a) hexavalent molecules at T* =

0.46 in p* = 0.2 and

(c) tetravalent molecules at T* = 0.37 in p* = 0.216. k, and k, are wave vectors of the 2D structure factor.

where ij = ab, bb. This has been done in order to assume that
the only attraction in the system is due to the association
between active sites, whereas the remaining are the soft-core
interactions. The harmonic potential constants k,, = k,, have
been set to 1000¢/6* and ky = 1000¢/(radian) Such high
values of harmonic constants have been set to reduce the range
of fluctuations and, in consequence, to maintain the rigidity of
the assumed geometries.

All of the molecular dynamics simulations have been
performed in the NVT ensemble, using LAMMPS simulation
package.m’27 The velocity Verlet integration scheme has been
used with the reduced time step of the order of t = 0.0017. The

20103

number of molecules varied from N, = 1600 in the single-
component system up to N, = 900 and N, = 5400 for a binary
mixture. One has to note, however, that the total number of
“atoms” varied depending on the molecular architecture and
the mole fraction of a mixture.

The simulation scheme involved preliminary runs in the
NPT ensemble to establish the desired density. Next,
equilibration runs for § X 10° time steps using the Berendsen’®
thermostat with the damping constant equal to 75 = 107 have
been performed. The further equilibration for 5 X 107 as well
as production runs have been performed using the Nosé—
Hoover chain algorithm, with the damping constant equal to

https://dx.doi.org/10.1021/acs.jpcc.0c05137
J. Phys. Chem. C 2020, 124, 20101-20108
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Figure 3. Results obtained for pentavalent molecules at T* = 0.33 in p* = 0.2. Configuration of (a) the system and (b) the corresponding
diffraction pattern with respect to the central atom. (c, d) Configuration of the system for (c) non-associated terminal segments and (d) the
corresponding diffraction pattern. Part (e) represents different graphical representations of part (c) (see the text). Part (f) shows the magnified

fragment and its diffraction pattern in the inset.

Tyn = 107 and the number of chains set to N, = 3. Each
system has been slowly cooled down from temperatures where
we observed no order to the point, where the self-assembly
process appeared. The temperature grid was fixed as set to be
AT = 0.01.

B RESULTS AND DISCUSSION

The discussion begins with the presentation of results obtained
in single-component systems for molecules shown in Figure
la—c. The obtained structures that can be seen in Figure 2
demonstrate the influence of predefined molecular architec-
tures on the formation of self-assembled networks. One can see
that, in the case of hexavalent (part a) and tetravalent (part c)
molecules, networks formed by them are not surprising and
exhibit hexagonal and square symmetry, respectively. In the
former case, the chemical compound, which corresponds to its
symmetry is, for instance, benzenehexol. This compound
indeed forms the same type of lattice when deposited on the
Cu(111) substrate.” In the latter, however, symmetrical
tetraphenylene chemical compounds™ or porphyrins® can
be modeled employing this molecular geometry. In such a case,
they also tend to form self-assembled networks of square

symmetry.

To prove that we have highly ordered, two-dimensional
structures, we have computed the 2D bond-orientational order
parameter (BOOP) with respect to the central atom of a core,

according to the definition of Weber et al.’’ It has been
defined as
1 .
Q= —— 2 X exp(kidy)
Nbond i ! (6)

where i runs over all molecules in the system, j runs over all
nearest neighbors of i, ¢; indicates the angle between the bond
connecting particles i and j and an arbitrary but fixed reference
axis, Np,nq is the number of bonds in the system, and k =
2,3,4,5,6. The maximum distance between two connected
central atoms has been taken as equal to the position of the
first minimum of radial distribution function for each of the
molecules. The bond-orientational order parameter can take
the values between 0 and 1 for the disordered and the ordered
structures of a particular symmetry, respectively.

The radial distribution functions with respect to the central
atom are shown in Figure 2e. One can see that, for both
systems, the first maximum is around r & S and is related to the
side distances. The next maxima are connected with diagonal
distances. Next, we have computed the 2D BOOP and found

https://dx.doi.org/10.1021/acs.jpcc.0c05137
J. Phys. Chem. C 2020, 124, 20101-20108
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Figure 4. Fragments of the configurations of mixtures of different primary molecules with linear linkers for (a) hexavalent molecules (T* = 0.28, p*
=0.18, and y = 0.33), (b) tetravalent molecules (T* = 0.26, p* = 0.2, and y = 0.2), (c—e) pentavalent molecules (T* = 0.24, p* = 0.3, and y = 0.2).
Part (f) shows the fragment of configuration for a one-component system of pentavalent molecules with elongated arms at T* = 0.2 and p* = 0.2.
Insets of parts (a) and (b) show the radial distribution function calculated with respect to the central segment of primary molecule. Silver and
purple segments correspond to the X-valent molecule and linear molecules, respectively. Particular polygons belonging to this network are colored
in red (squares) and black (triangles). The reminiscence of the one-component system is marked in green.

out that they were equal to Q% = 0.96 and Q}° = 0.98 for
hexagonal and square lattices, respectively. It means that highly
ordered structures, without any visible imperfections, have
been constructed. The temperature changes of the 2D BOOP
are also shown in Figure 2f. Here, we can see that, depending
on the number of association sites, the temperature of the
phase transition is shifted. It is a well-known fact that, with the
increase of interaction energy, which in our case is related to
the valency of the primary molecule, the transition temperature
also increases. The rough estimation of the ratio of transition
temperatures between hexa- and tetravalent molecules is
approximately equal to about 1.4. We can recall that the
ratio of transition temperatures in the 2D Ising model on a
triangular and a square lattice is equal to about 1.6

To further prove the existence of highly ordered networks,
we have calculated 2D structure factors (see Figure 2b,d),
which confirm our findings. Moreover, we have marked the
vectors, by, b,, in the reciprocal space, which are related to the
characteristic distances in the system. The transformation of
those into real space vectors, a;, a,, and calculation of their
length, a, allows a direct comparison with radial distribution
function, which is in a perfect agreement in our case. However,
it is noteworthy that, even though the structure factors show
the long-range ordering, since it is a 2D system, in fact it is a
quasi-long range order.”

Next, we proceed to the description of the pentavalent
molecule. Part of the configuration shown in Figure 3a is
completely different than in the previously considered cases.
For this system, we have also computed the 2D BOOP;
however, its value was Q> & 0 for each k. The calculation of
the 2D structure factor, with respect to the central segment,
also did not give us an answer on what type of ordered
structure it is. Then, we have decided to distinguish the
terminal segment of the arms, which is not associated with any
segment of another molecule. In other words, we wanted to
analyze the voids’ ordering. The part of the configuration
obtained by this approach is shown in Figure 3c. Due to this
kind of representation, we can see that the non-associated
segments form triangles, which are ordered into a hexagonal
network. For this purpose, we have computed the correspond-
ing 2D structure factor (see Figure 3d). In this case, the
diffraction pattern is not significantly different than the one
shown for central segments. However, it can be seen that the
system is ordered in hexagonal arrays but of different
orientations. To prove this statement, we have employed the
procedure described by us,”* which involved analysis of only
fragments of configurations. The difference was that we
represented the triangles by means of bonds between each of
the “atoms”, which are not associated with anything. The
threshold radius was taken from the first minimum of the radial
distribution function and was equal to r = 2.8. The result for

20105 https://dx.doi.org/10.1021/acs.jpcc.0c05137
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the entire system can be found in Figure 3e, whereas the
magnified fragment is shown in Figure 3f. One can see that,
due to such a graphical representation, the voids are indeed
ordered in a hexagonal structure, which has been established
by the calculation of the corresponding diffraction pattern,
shown in the inset of Figure 3f.

Let us now proceed to the description of a binary mixture
involving the aforementioned primary molecules with the
linear and V-shape linkers, shown in Figure 1d,e, respectively.
All of these systems have been investigated within a range of
densities p* = (0.1,0.3) and mole fractions y = (0.143,0.5). In
the case of the mixture of hexavalent and linear molecules, we
did not observe any structural changes in comparison to the
single-component system. The primary molecules and the
linkers connect alternately and, in effect, only “elongate” the
arms of the hexavalent molecules. The system orders into a
hexagonal structure but with larger distances between the
molecules (see Figure 4a). This observation has been
confirmed by the behavior of the radial distribution function
computed with respect to the central segment of the primary
molecule (see the inset of Figure 4a). The first maximum is
located at r = 8, while it appeared at r & 5 in the single-
component system (cf. Figure 2e). Quite similar effects have
been observed for the mixtures with the mole fraction between
¥ = 05 and y = 0.143. Another difference was that the
hexagonal network had slight imperfections in its structure
such as voids or trapped molecules inside the framework. The
latter effect is more pronounced when the mole fraction of the
primary molecules is lower. In this case, similar to single-
component systems, we have computed the 2D BOOP, for
which the QZ° parameter also reached a rather high values, up
to about Qz° = 0.782. The structure presented here comply
with experimental data shown recently by Lu et al.'"> These
authors have obtained quite similar 2D networks based on the
Schiff base reaction between hexa(4-formylphenyl)benzene
(primary molecule) and p-phenylenediamine (linker).

Similar observations concern the mixture of tetravalent and
linear molecules within the same range of mole fractions (see
Figure 4b). The radial distribution function, calculated with
respect to the central segment of the primary molecule, shown
in the inset of Figure 4b, shows the first maximum to be
around r & 8, which is larger than in the single-component
system (cf. Figure 2e). Quite similar effects have been
observed for the mixtures with the mole fraction between y
= 0.5 and y = 0.143. This means that the presence of a linker
resulted in the formation of slightly bigger pores. However, one
additional feature is noteworthy. The assembled square
network is slightly “folded” in comparison to the single-
component system (cf. Figure 2c). In addition to that, the 2D
BOOP has been calculated. We have found out that, as in the
previous case of QZ°, the Q° parameter, due to the
imperfections in the system, is lower in comparison to the
one-component system and reaches the value of Q3 = 0.689.

The structure formed in a mixture of a pentavalent and
linear molecule is completely different in comparison to the
one-component system. One can see in Figure 4c that the new
structure reminds the 3%.4.3.4 Archimedean tilings,’* which
have been previously found in the mixture of linear molecules
with metal atoms.”>*® Particular polygons belonging to this
network are colored in red (squares) and black (triangles). In
addition, another interesting feature in the structure can be
seen, namely, the presence of defects, which remind pores
formed in a single-component system (green color). This

structure have been found in the mixtures with the mole
fraction between y = 0.5 and y = 0.143 and densities from p* =
0.1 to p* = 0.3; however, we present only the most
representative results below.

We wanted to check what is the reason for the formation of
Archimedean tessellation. For this purpose, we have performed
additional simulations for shorter and longer linkers and their
lengths were equal to two and four segments, respectively. The
results are presented in Figure 4d,e. One can see that there is
no qualitative difference between obtained structures, so our
conclusion is that the length of the linker does not affect the
formation of such an ordered phase. Another aspect, which we
wanted to take into account, is whether this particular network
is connected with the presence of the second component or
due to the increased intermolecular separation distance
between two molecules. To check that, we have elongated
each of the arms by two segments and performed simulations
in the one-component system for molecules of this geometry.
It has been done in order to match the intermolecular distance
between two molecules in a mixture (cf. Figure 4e) and the
one-component system. The results can be found in Figure 4f,
which shows qualitatively the same network as the one formed
for shorter arms (cf. Figure 3a). This result means that the
Archimedean tiling is formed strictly due to the presence of the
second component. Interestingly, a quite obvious conclusion
concerning the length of interparticle distance that determines
the obtained structure, which has been already reported,’” is
not always entirely correct. In this case, the linkers’ mobility
drives the self-assembly of the Archimedean tiling-like network
in the system instead.

Finally, we have investigated the mixture of the hexavalent
molecule with V-shape molecules. In this case, we have
obtained a completely different structure in comparison to the
one-component system. Within this self-assembled network,
two main features can be seen, that is, a formation of “flower-
like” and rhombus pores, colored in green and red in Figure Sa,

o0l 008,

Figure S. Fragments of the configurations of mixtures of different
primary molecules with V-shape tectons for (a) hexavalent molecules
(T* = 024, p* = 0.298, and ¥ = 0.2) and (b) tetravalent molecules
(T* = 022, p* = 02, and y = 0.2). Silver and purple segments
correspond to the X-valent molecule and V-shape molecules,
respectively.

respectively. In the case of the latter, it is noteworthy that they
also form chains. Moreover, defects in the self-assembled
network are also observed and result from merging of several
“flower-like” pores into a larger pore (black pore in Figure Sa).
This result is also consistent with the experimental data
presented elsewhere.'”

In the case of tetravalent molecules, we observe that the
main tendency is to form a gel structure, of chain-like

https://dx.doi.org/10.1021/acs.jpcc.0c05137
J. Phys. Chem. C 2020, 124, 20101-20108
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networks, consisted of rhombus pores, marked in black in
Figure Sb. However, one interesting feature is that these chains
tend to “glue” one to another by non-interaction sides. One
has to note that this structure is very rarely observed and could
be more pronounced in higher densities. The increase of mole
fraction does not lead to any appreciable changes in results.
The results for pentavalent molecules have been omitted owing
to the fact that we did not obtain any structure but only gel-
like disordered networks.

B CONCLUSIONS

In this work, we have shown how the single-component system
of molecules with four, five, and six active interaction sites,
constructed on the regular polygons, can self-assemble.
Furthermore, mixtures of various compositions have been
considered. Moreover, we have characterized chosen structures
by diverse quantities, such as the bond-orientational order
parameters, the structure factors, and the image analysis.

The self-assembled structures composed in single-compo-
nent systems are consistent with the symmetry of molecules,
except for pentavalent ones. Closer inspection of pores has
shown that they are ordered into a hexagonal network. In the
first trial, order parameters failed to describe that because of
the presence of clusters of different sizes and orientations.

Another, and probably the most interesting feature found by
us, is that, depending on the molecular geometry of both the
linker and the primary molecule, we can (i) control the pore
size or (ii) observe novel structures. In the latter case, we
conclude that the linker’s mobility is the driving force for the
formation of ordered networks (cf. Figure 4c—f).

We have pointed out that the extension of the previously
proposed models,”> >* which both are consistent with
experimental data and can predict novel supramolecular
networks. We have proven that our approach can be applied
to different geometries and model mixtures, which may explain
experimental results. We hope that this paper can be helpful for
further design of chemical compounds and will give a better
insight into on-surface self-assembly phenomena.
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We introduce a molecular dynamics (MD) coarse-grained model for the description of tripod building blocks. This model has been

used by us already for linear, V-shape, and tetratopic molecules. We wanted to further extend its possibilities to trifunctional mole-

cules to prove its versatility. For the chosen systems we have also compared the MD results with Monte Carlo results on a trian-

gular lattice. We have shown that the constraints present in the latter method can enforce the formation of completely different

structures, not reproducible with off-lattice simulations. In addition to that, we have characterized the obtained structures regarding

various parameters such as theoretical diffraction pattern and average association number.

Introduction

On-surface synthesis is a newly developing field in chemistry
that aims at making use of solid surfaces as a confinement tem-
plate to initiate chemical reactions. It can be thought of as an
extension of heterogenous catalysis where the initial precursors,
the intermediate state, and the final supramolecular network all
remain in an adsorbed state. Complex self-assembled structures
are essential for many problems in the chemical industry such
as gas storage, chemical sensing, and drug delivery [1-3]. Thus,
this field has very recently gained particular interest in both ex-
perimental and theoretical studies, which was followed by a

vast amount of papers devoted to investigating these phenome-

na. Thanks to this research, several factors have been estab-
lished that can help to control the self-assembly process, such as
precursor design [4,5], substrate nature and symmetry [6,7],
type of solvent and its concentration, and thermodynamic
conditions. The knowledge of the influence of these variables is
crucial to reduce time, cost, and effort regarding the prepara-
tion of networks with predefined structural properties.

There are various molecules that possess the ability to self-

assemble on solid surfaces. One of the most interesting types
are building blocks of linear [8-12], V-shape [13,14], tripod
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[15,16], tetrapod [17-21], and hexapod [22] architecture. Also, a
lot of effort has been put into the investigation of the mixtures
[23-25] and the guest-induced self-assembly [26] of aforemen-
tioned particles. An important aspect of the on-surface synthe-
sis is that a lot of these chemical reactions are impossible to be
performed in bulk. This is mainly because the substrate reduces
the number of rotational and translational degrees of freedom of
the admolecules. As a consequence, intermolecular contacts

occur that stabilize the interactions between the particles.

To investigate such phenomena in more detail, a proper meth-
odology for the development of complex structures is of partic-
ular interest. However, the properties of these structures are
hard to predict due to the high number of possible parameters
that influence their formation. Thus, it is necessary to use com-
puter modeling, which allows for a versatile examination of
various thermodynamic conditions in acceptable time frames.
Additionally, it is also a convenient tool to vary multiple factors
such as the shape of the molecules, and the type of solvent and
substrate. The insight gained from the simulations can lead to
valuable conclusions, which can be further explored and proved

by experimental studies.

To date, there are two main approaches that can complement
the results obtained in experiments. The first one involves the
use of all-atom simulations by molecular dynamics (MD) [27-
30]. Even though these models are able to compare explicitly
the quantities measured in experiments, the possibilities in the
prediction of structural properties are limited due to the com-
plex form of the employed interparticle potentials used in the
empirical force field, such as Amber99sb [31,32] or MMFF9%4
[33]. It follows that it is only possible to investigate tens of mol-
ecules in total in a reasonable time. The second approach
involves the use of simple coarse-grained models, which have
been shown to reflect already existing experimental data and to
predict new structures, which have not been observed yet.
Simulations for this kind of models have been performed using
lattice [34,35] and off-lattice [36-38] Monte Carlo simulations,
or MD simulations [37,39]. Regarding the latter, we have very
recently shown that this methodology is suitable for the repre-
sentation of tetratopic molecules with different directions of
interparticle interactions [37,39], as well as for linear, V-shape,
and tetraphenylethylene derivatives [40].

In this work, we want to show that the possibilities of our MD
coarse-grained model are not limited to these geometries but
can also be used for tripod molecules. In addition to that, we
have also compared the results with Monte Carlo results on a
triangular lattice (1-MC). We have shown that not for every
system the results obtained from both methods agree. Obvi-

ously, the latter method is not always an adequate tool for the
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investigation of molecules of this type, due to the constraints
present on the lattice, which might enforce the formation of
structures congruent with the lattice symmetry. Moreover, we
have characterized the obtained structures regarding various
structural parameters such as structure factor and distribution of

association number.

The outline of this paper is as follows. In the next section, we
describe our model and simulation details used in the course of
our study. Then, we present the results of our simulations,
which show various structures, depending on the molecular
architecture, and their characterization. Finally, we briefly
summarise our findings.

Model and Simulation Details

In this paper, we have used the same approach as in [37,39,40],
which is a coarse-grained MD model, now extended to describe
the behavior of tripod building blocks. One of the examples of
chemical compounds with this molecular geometry is benzene-
1,3,5-tricarboxylic acid, more commonly known as trimesic
acid. In our investigations, every molecule was treated as a flat
and rigid object. The molecules were modeled with one center
segment to which three arms are attached. The beads are of
equal size oy, so we will not distinguish them, but rather refer to
them as the components of the entire backbone. The length of
each of the arms has been changed in the course of the simula-
tions to investigate also asymmetrical molecules. The three
lengths of the arms are denominated A, B, and C as shown in
Figure 1a. From the chemical point of view, the length of the
arms and the chemical nature of the “active” groups can be con-
trolled by the use of different substituents, for instance, a differ-
ent number of connected phenyl groups [18,19]. To simplify the
notation, we will refer to every model as MABC, where M
means the name of the model and A, B, and C are the length of
each arm. As shown in Figure 1a, we have marked the angle 0
between arms B and C. This angle has been set for the models
NT and WT to 6 =120°and to 6 = 60°for the models NL and
WL. One has to note that for the latter models we can not repro-
duce the counterparts in the Monte Carlo simulations on a trian-
gular lattice. The active sites, each of size o,, which are
supposed to reflect directional interactions are grafted onto the
terminal segment of each arm and the bonding distance be-
tween them is abbreviated as /.

To ensure the distances between particular beads and active

sites in the MD simulations we have used the harmonic binding
potentials

= ki (7 —Spp) (1
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NL WL

Figure 1: a—d) Schematic representation of the models used in this
work. Silver and red circles correspond to the components of the back-
bone and “phantom” active sites, respectively. In a) we can see that
the arms are marked as A, B, and C. e) Parameters of the molecular
dynamics model.

and
gty = Koy (r =) 2

The same approach has been used to maintain small fluctua-
tions of the angles:

ttpy (Ot ) = ko (O — B0, ) 3)

ttat, (O ) = g (O — O, )- )

The interparticle potential used was the Lennard-Jones 12,6
potential, which was shifted in such way that potential and

forces are continuous at the cut-off distance [41]:

Ugp :{ULJ (r)_ULJ (rcut)+UII_,J (rcut)(r_rcut) 7 <Teut 5)

0 otherwise

where Uy j(r) = 4e[(0x/r)12 = (0/r)01, and U'pj(reyy) is the
first derivative of Uy j(r) at r = rqy. The backbone Lennard-
Jones parameters 0 = oy, and € = €, have been set to be the
units of length and energy, respectively. Reduced temperature

and timestep have been defined as T* = kT/e and
=g/ mo?, respectively. The number density is equal to

Beilstein J. Nanotechnol. 2020, 11, 884—-890.

(A+B+C+1)-0p +3-02
Ly-L, ’

The mass of backbone constituents as well as of the active sites
were set to unity, their diameters were set to o, = 1.0 and
o, = 0.2. The distance between active site and the terminal seg-
ment of the arm segment was set to / = 0.5, which ensures that
three tripod molecules can associate simultaneously. The ener-
gies of the backbone—backbone and backbone-site interactions
were set to g, = €55 = 1.0, while €,, = 4.0¢. Briefly, these pa-
rameters were chosen so that no other interactions were taken
into account, except the highly directional interparticle interac-
tions, which can mimic, for instance, the association of
carboxylic acid groups.

The diameters of pairs were calculated from the mixing rule oy;
= (op + 07)/2, where k, [ = a ,b. The cut-off distance for active
sites were Set 0 Iy ag = 2.50,4, While the remaining were set to
Teutij = Ojj» Where i, j = ab, bb. The latter means that the only
attraction in the system is due to the interactions between active
sites. The harmonic potential constants are equal to kpp, = kyp =
1000&/0? and kg = 1000¢/rad?.

All MD simulations have been performed in the NVT ensemble
with the LAMMPS simulation package [42,43]. The standard
velocity-Verlet integration scheme has been used with a
reduced timestep of ¥ = 0.002t. To maintain a constant temper-
ature, the system has been preliminarily equilibrated with a
Berendsen thermostat for 5-10° simulations steps and after that,
we have switched to the Nosé—Hoover chains scheme for
further equilibration for at least 5-107 simulation steps. The pa-
rameters of the latter thermostat were as follows: number of
chains Ncp,in = 3 and dampening constant Tyg =10t. The
system was slowly cooled down from disordered systems to the
point where self-assembled structures appeared using a temper-
ature grid of AT* =0.01.

In the Monte Carlo simulations, we have assumed that one seg-
ment can occupy only one vertex of a triangular lattice and the
interaction energy between terminal arm segments is taken into
account only if the neighboring arms are collinear (— <), re-
sulting in € = —1 energy contribution. One has to take into
account that in this method we do not need smaller active sites
as in the case of MD. To explicitly compare temperatures from
both methods, we have multiplied the temperatures of lattice
systems by €,,, and abbreviated it as 7%;_;c. The total amount
of molecules was set to 2500 for both methods. However, it is
important to highlight that the total number of atoms were dif-
ferent depending on the tripod geometry.
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Results and Discussion

We start our discussion with the presentation of the results for
the models M111, in which every arm consists of only one
bead. Parts of the configurations are shown in Figure 2. One can
see in Figure 2a and Figure 2c that, depending on the direction
of interparticle interactions, we observe qualitatively different
structures. For model NT111 (Figure 2a) the formation of hex-
agonal pores is observed. It is interesting that aside from well-
defined porous networks, we observe small defects, which are
artifacts of the cooling process. These can also be observed very

often in experiments.

a) b)
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Figure 2: Part of the configurations for a) NT111 at 7* = 0.58, b)
NL111 at 7* = 0.54, and c) WT111 at T* = 0.58, all with p* = 0.2. d)
Corresponding Monte Carlo simulation on a triangular lattice for
WT111 at T*_yc =1.2.

For model WT111 (Figure 2c) the formation of a different
structure occurs. Also, there is only one aggregate built of
almost all molecules in the system. It is surprising that for this
case the structure reminds of a honeycomb structure, which is
the product of the homotactic polycondensation of 1,3-benzene
diboronic acid on a HOPG surface [44]. In addition to these MD
results, we have performed 1-MC simulations. The results for
model NT111 agree with the MD results. However, the situa-
tion is different for WT111. The configuration obtained with
the 1-MC method is clearly different from its MD counterpart. It
shows a flower-like structure, instead of a closely packed
honeycomb network (Figure 2d). This particular result high-
lights the problem that the lattice type can enforce the forma-
tion of structures that are congruent with its symmetry and not
necessarily reproducible by other off-lattice methods. Another
aspect that has to be taken into account in such analysis is that
even if the methods agree with each other or even with experi-
mental data, the I-MC method idealizes obtained structures due
to the limited amount of possible arrangements. This has been

already observed by us in the case of tetratopic molecules,
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which assembled into Kagomé and brickwall networks [39]. In
Figure 1b one can see the results for molecule NL111, which
forms a square-like pattern. It shows that even the directions of
interparticle interactions are the same as for NT111. The change
of the angle 0 is a key factor that changes the behavior of mole-
cules of this type.

To characterize the structures presented in Figure 1 we have
computed the average association number, N, and the struc-
ture factors with respect to the central segment. N, takes
values from 0 to 6, where 0 means that no molecules have inter-
acted and 6 means that all molecules are associated. The struc-
ture factor shows the symmetry of the obtained functions. This
parameter corresponds to the neutron scattering patterns in the
experimental results. The results of our analysis can be found in
Figure 3. One can see in Figure 3a that the ordering starts at rel-
atively high temperatures (cf. Figure 2), around 7% = 0.62-0.64.
Nevertheless, by cooling down the systems we can obtain larger
clusters, which is a well-known fact.

In Figure 3b—d diffraction patterns for the systems NT111,
NL111, and WT111 are shown. It is very interesting that even
though the networks of NT111 and WT111 are completely dif-
ferent, the structure factor shows hexagonal symmetry for both.
In the case of molecule NL111 we see a diffused diffraction
pattern, which means that there are a lot of differently oriented
clusters in the system. We have very recently shown that this
issue can lead to the wrong interpretation of results [39]. One of
the possible solutions to that is to take a fragment of the config-
uration and to the compute diffraction pattern (or any other ori-
entation-dependent function) from that. Unfortunately, in this
particular case, the number of molecules, hence also the num-
ber of central segments, was too low to obtain satisfactory

statistics.

Let us now proceed to asymmetrical tripod building blocks.
Figure 4 shows parts of the configurations of NL221
(Figure 4a), WL221 (Figure 4b), NL321 (Figure 4c), and
WL321 (Figure 4). One can see that for these molecules with
6 = 60°all formed networks have square symmetry, similar to
that observed in Figure 2b. The only difference between them is
due to the direction of the interparticle interactions between the
models NL and WL, which causes a rotation of the square
lattice for the latter. It is also interesting that there are three
distinguishable pore sizes in every system, marked in color in
Figure 4. Structures of this type can be of particular interest for
the selective deposition of guest molecules of different size.
Another possible application can be found in analytical chem-
istry and, particularly, in chromatography, where such porous
networks can be used as molecular sieves. The fact that there is

no distinct difference between the direction of interparticle
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Figure 3: a) Average association number N¢5o as a function of the temperature. b—d) Structure factors calculated for the central segment for the
systems NT111 at 7 = 0.58, NL111 at 7 = 0.54, and WT111 at T* = 0.58, respectively, all with p* = 0.2.

interactions or the architecture within the molecules with
0 = 60°leads us to the conclusion that the key factor for the
arrangement of this type of molecules is not the architecture

itself but the aforementioned angle between the arms B and C.

Figure 4: Parts of the configurations of a) NL221, b) WL221 c) NL321,
and d) WL321, all with p* = 0.2 at T* = 0.56.

To characterize these networks we have again computed the av-
erage association number, which can be found in Figure Sa.
Again, the ordering transition occurs at relatively high tempera-
tures, that is 7* = 0.60-0.62.

The next investigated molecules are NT311 and NL311. Parts
of the configurations are shown in Figure 6. NL311 also forms
a square lattice. This result proves our previous conclusion on
what is a key factor for the development of these networks. For
NT311 we see a coexistence of two ordered networks, one with
parallel structures and one with structures resembling a ship’s-
wheel. These results agree with those from the I-MC method.
Again, we have characterized these structures and computed the
average association number, which can be found in Figure 5b.

Conclusion

We have shown MD simulation results of the self-assembly of
different models of tripod building blocks. We have character-
ized the self-assembled structures regarding different structural
parameters such as theoretical diffraction patterns and average
association number. We have found that for molecules with
6 = 60° the key factor is the angle itself rather than the direc-

tion of interparticle interactions or molecular architecture.
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Figure 5: a, b) Average association number, Nyg50, as a function of the temperature for the molecules given in the legends.

Figure 6: Parts of the configurations for a) NT311 and b) NL311, all
with p* = 0.2 at T* = 0.58.

Unfortunately, in the case of tectons with 6 = 120°, we can not
find a general rule for the prediction of predefined networks.
One can see from our simulations that the formed networks
highly depend on both the interparticle interactions and the mo-
lecular architecture. The sensitivity of the aforementioned vari-
ables shows us that simplified approaches are of particular
importance because they allow us to examine systems under
different conditions more effectively than experiments would
do. This is mainly associated to reduced cost and time efforts of
the coarse-grained model. Moreover, we have shown that the
lattice symmetry in Monte Carlo simulations can enforce the
formation of structures, which are not reproducible with off-

lattice simulations.
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Self-assembled structures formed by chemical compounds with allowed internal rotations can form var-
ious ordered phases depending on the conformation. Using classical molecular dynamics and quantum
calculations for tetraphenyl derivatives with different substitutions in X and Y positions (either hydroxyl
or carboxyl group), we have investigated the formation of ordered structures depending on the substitu-
tion and molecular conformation. Our paper shows that certain functional groups have a big impact on the
self-assembly process. We have found that those molecules can form different phases among which the
most interesting seems to be Archimedean tiling. The obtained ordered networks have been characterized
by radial distribution functions, cluster analysis, and two-dimensional structure factors.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Fabrication of self-assembled supramolecular networks with
predefined parameters have aroused great interest due to its pos-
sible application in developing new materials. Spatial confinement
has been widely used to generate 1D and 2D ordered structures.
The dimensionality of a structure highly depends on the geometry
and the arrangement of binding groups of precursors possessing
the ability to self-assemble at the solid-fluid interface [1-8]. It
has also been reported that the solvent affinities to the active
groups of particular chemical compounds can influence the forma-
tion of diverse ordered phases [9]. On the other hand, for one sol-
vent, the formation of either porous or highly packed network can
be observed depending on the concentration of the compound
[10,11]. Therefore, it is possible to position functional entities over
specific areas and, in consequence, to tune desired properties of the
obtained nanostructure. Possible applications of such materials
involve optics and electronics [12], gas storage, or more generally,
in nanotechnology [13].

Spontaneous self-assembly process is often driven by highly
directional van der Waals forces [14], metal-ligand coordination
[15,16], halogen [17] or hydrogen [18,19] bonding interactions.

* Corresponding author.
E-mail address: lukasz.baran@poczta.umcs.lublin.pl (L. Baran).

https://doi.org/10.1016/j.molliq.2021.117074
0167-7322/© 2021 Elsevier B.V. All rights reserved.

Among them, weak and reversible non-covalent bonding seems
to be the most effective for the design of self-assembled networks.
Due to their weak bond strength, once aggregated, the sum of these
small interactions energy results in materials with self-healing
properties [20].

Another aspect which has to be taken into account is the nature
of a particular substrate. The on-surface synthesis has been mainly
performed on coinage metal substrates (Ag, Au, Cu) or highly-
oriented pyrolytic graphite (HOPG). The type of substrate can affect
the reactivity of precursors, the reaction pathway, and its selectiv-
ity [21,22]. In general, the on-surface phase behavior depends on
the relative strengths and ranges of adatom-adatom and adatom-
substrate attractions. Besides that, crystallographic orientation is
also an important factor governing the reactivity of on-surface
reactions. It has been shown that depending on the surface index,
the self-assembly process can be either exhibited or inhibited. For
instance, in the case of dibromo-bianthryl, the reaction on Cu(111)
leads to the formation of 1D nanoribbons whereas on Cu(110)
intermolecular coupling is completely prevented [23].

Within this plethora of possible factors influencing the self-
assembly process it is reasonable to employ strategies allowing
for the direct explanation of the system’s behavior. The most pow-
erful approach is to combine experimental results with the in silico
investigations. The latter involve all-atom [24,25] and coarse
grained molecular dynamics [26-28] or Monte Carlo simulations
[29-32].
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In this work, we investigated the influence of substitution pat-
tern of two substituents, namely hydroxyl -OH and carboxyl -
COOH groups on the self-assembly process. Moreover, we have
taken into account two possible conformations which those mole-
cules can possess. The first compound, abbreviated later as M1 has
been already investigated experimentally in our group [33].

The main intention of MD computer simulations was to obtain a
preliminary insight into their possible on-surface behavior. This
aspect is being studied in our laboratory for compounds M1 and
these systematic studies could show us which derivatives could
be of potential interest to be studied experimentally as well. To
further justify our decision, the synthesis of these kinds of com-
pounds takes significantly more time and can be much more
expensive compared to those theoretical investigations. In our
future work, when we will aim to obtain UHV-STM images on dif-
ferent substrates such as HOPG and Au(111). Then, we will perform
more detailed theoretical investigations aimed at the parametriza-
tion of our forcefields since we will be able to compare with the
experimental results explicitly. Moreover, we will be able to
extract the influence of the model’s parameters on the phase
behavior of the system. To date, we have found out that depending
on the position of active centers, the formation of different ordered
networks can be observed. It has to be emphasized that at this
stage our intention was to quantify the obtained results only qual-
itatively and to show the influence of the chemical structure of
chemical compounds of interest.

The remainder of this work is as follows. In Section 2, we
describe the model and simulation details. In Section 3 we present
the results obtained for different molecular models. Ultimately in
Section 4, we conclude on our results.

2. Model and simulation details

The model proposed by us has been designed to reflect the on-
surface behavior of tetra-substituted aromatic chemical com-
pounds. The schematic representation is shown in Fig. 1 a and will
be referred to as “zigzag”. In our approach, we have distinguished -
CH groups (gray circles) which form benzene rings. Each of the aro-
matic rings is substituted by either -OH or -COOH group in which
each of the atoms has been distinguished. The position of those
functional groups is marked as X and Y. One has to note that, unlike
the X substitution, which is always on the same carbon atom, the
latter has been changed and those atoms are marked as C,_..
Another feature of our model is the addition of “phantom” atom
in the middle of the aromatic ring (yellow star). This trick has been
done in order to maintain the rigidness and flatness of benzene
rings. We also considered another conformation of these molecules
(Fig. 1 b), which will be referred to as “V-shape”.

a)
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In this case, we did not consider a wall explicitly and we have
performed all of the studies in a two-dimensional system, instead.
We are familiar with the aspect that the surface can change the
behavior of the system of interest. It has to be emphasized, how-
ever, that the most important factor is the ratio between the sur-
face unit cell and the size/shape of the compound of interest. If
the molecule is "big enough” the compound does not "feel” the sur-
face’s geometry and therefore the compound-surface interactions
are averaged which in consequence can be modelled as a "flat wall”
(e.g. (9, 3) Lennard-Jones potential) or as a simple 2D simulations
(as in our paper). As already mentioned in the previous section,
we plan to perform such experimental studies in our laboratory
to estimate the possible influence of this parameter on the self-
assembly process.

We are aware that there are plenty of parametrized molecular
dynamics force fields, such as OPLS [34] or MMFF [35], which
potentially would be also useful for the description of the behavior
of chemical compounds of interest. Our intention, however, was to
extend the investigations performed already in our laboratory,
where one “atom” was thought of as an entire benzene ring and
substitution has never been considered explicitly [26-28]. By the
latter we mean that the directional interparticle interactions have
been modelled by the form of potential or “active phantom site”.
Another argument was that we wanted our model to be as simple
as possible, yet able to investigate the topology of supramolecular
networks (dihedrals, partial charges, etc., which are present in
more realistic force fields have not been included). It has to be
emphasized that at this stage we are not able to compare any prop-
erties measured experimentally, such as the strength of interparti-
cle interactions but, on the other hand, we are able to study
collective phenomena such as phase transitions.

To ensure bonding distances between particular entities in the
molecules, we have used harmonic binding potentials
U = ku(r —rou)”

(1)

In a similar manner, all of necessary angles have also been
maintained by an application of angular-harmonic potential

Wa(Ou) = ko (Ot — o)’ (2)

The interparticle potential employed in our simulations was
(12,6) Lennard-Jones potential, which have been appriopriately
shifted to ensure its continuity [36]

U { UL](r) - ULj(rcut) + U’L](rcut)(r - rcut) r < Teyt
SF = .
0 otherwise

3)

where Uy (r) = 4ey[(01/T)'> = (614/1)%], Ury (ray) is the first deriva-
tive of Uy(r) at r = ey, and k,I = CH,C, 0, H.

b) P, O

Fig. 1. Schematic representation of model chemical compounds: “zigzag” (a) and “V-shape” (b), used in the course of our study. X and Y refer to the position -OH or -COOH
active groups substitution. In the latter, it has to be emphasized that the position changed on carbon atoms, which are marked as C, .. -CH groups are marked on silver, yellow
star is a “phantom” molecule in the middle of the aromatic ring (cf. text), and springs are related to the bonds (harmonic potentials).

2
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The Lennard-Jones potential parameters, o =0 and
ecy-cn = €, have been set to be the units of length and energy,
respectively. The reduced time and temperature are equal to
T =t\/¢/ma2, T" = kT /&cy. The number density has been defined
as p* =Nyt *0u/(Ly *L,), where Ny = Ny + Nc + No + Ny. The
sizes of all entities was set to ¢. The only attractive force in the sys-
tem was due to the interactions between O-H atoms and the ener-
gies was &oy = 5¢ and cut off distance was 1o, = 20. In the
remaining cases, the ¢ and the cut off distance was set to be unity.
Since we were not interested in the dynamic processes in the sys-
tem, we have set the mass also to unity. The harmonic potential

constants ki = 1000¢/0? and k, = 10003/(rad)2.

All of the molecular dynamics simulations have been performed
in the NVT ensemble, using LAMMPS simulation package [37,38].
The velocity Verlet integration scheme has been used with the
reduced time step of the order of t = 0.0017. The number of mole-
cules varied from N = 900 to N = 2500. However, the total number
of “atoms” varied depending on the used model and system size.
This amount is sufficient for most of the self-assembly systems
which is large enough to form ordered networks, but small enough
to form those structures in a reasonable time frame.

The simulation scheme involved preliminary runs in the NPT
ensemble to establish the desired density. Next, equilibration runs

for 5 x 10° time steps using the Berendsen [39] thermostat with
damping constant equal to 7z = 107 have been performed. The fur-

ther equilibration for 5 x 107, as well as production runs have been
performed using Nosé-Hoover chains algorithm [40], with the
damping constant equal to tyy = 10T and the number of chains
set to Neugin = 3. Each system has been slowly cooled down from
temperatures where we observed no order to the point where
the self-assembly process appeared. The temperature grid was
fixed and set to be AT = 0.01.

In addition to molecular dynamics simulations, we have per-
formed density functional theory (DFT) and second-order Mgller-
Plesset perturbation theory (MP2) calculations with different basis
sets, calculated in the Gaussian16 program [41]. The calculations
were repeated for every 10° rotation step around the central bond
of each of the molecules in the gaseous state without intermolec-
ular interactions. Details of the calculations are presented in [33].
The main purpose of this additional calculations was to estimate
the energy difference of two planar conformations (“V-shape”
and “zigzag”).

3. Results

We begin with the presentation of models considered in the
course of our paper, which can be found in Table 1. For each of
these models, we have performed full geometry optimization for
every state following the procedure described in the previous sec-
tion. The results obtained from quantum calculations are presented
in Table 2. The energy difference is calculated based on energies of
each of two contrary conformations (“V-shape” and “zigzag”) in
the ground state. One can see that the value of AE is always posi-
tive. This means that for every considered model the “zigzag” con-
formation is more favorable. Due to high energy difference,
comparable with the medium value range of hydrogen bonds
[42] for models M1 and M4, we did not consider the “V-shape”
conformations.

Let us start with the description of results obtained for mole-
cules in “zigzag” conformation. In the models presented in Fig. 2
a-c we show the structures formed in the systems built of mole-
cules M1-M3, respectively. On the right side of each of these pan-
els, we have shown the schematic representation of observed
networks. For the system M1 we have also displayed different pos-

Journal of Molecular Liquids 346 (2022) 117074

sible association path, which is not present in our simulations. For
each schematic representation we have distinguished the mole-
cules on blue and silver. We believe that this kind of visualization
should improve understanding of how the molecules connect.

Molecules M1 form only one ordered network (Fig. 2a), whereas
molecules M2 and M3 form three that can be distinguished. For the
system M1 structure is dense and only two hydroxyl groups of the
same type of different molecules associate. The latter can be pro-
ven from the analysis of radial distribution functions shown in
Fig. 3 a-c. This function has been calculated with respect to the X
and Y oxygen atoms (cf. Fig. 1). One can see from those functions
that there are only connections of X — X and Y — Y in the first coor-
dination shell, with the maximum in r ~ 1.6 £ 0.05 for both types.
The distance for the “mixed” correlation of X — Y oxygen atoms is
around r ~ 4.2 4+ 0.05. To further characterize that only two hydro-
xyl groups associate which is consistent with our observation from
the snapshots, we have performed the cluster analysis. This param-
eter has been calculated for the oxygen atoms up to the threshold
distance equal to r = 2.5. This distance has been taken from the
aforementioned radial distribution functions and is the most dis-
tant separation length of the first coordination shell for any pair
correlation function. The average cluster size was approximately
ACS = 2. Moreover, to prove that the structure is well defined
and possesses a pseudo-long-range order [43], we have calculated
two-dimensional structure factor which can be found in the
Fig. 3 d.

As we have already mentioned, models M2 (Fig. 3 and M3
(Fig. 2c) form three ordered networks which can be distinguished.
Contrary to the model M1, in the molecules M2 the most pro-
nounced correlations are due to the “mixed” connections of
X —Y oxygen atoms with the maximum in r~ 1.9 +0.05. This
indeed corroborates with the observations from the snapshots.
The remaining X — X and Y — Y associations are approximately
fivefold less likely than the mixing ones and their peaks are dif-
fused. Those connections can be explained by the occurrence of
the less dense network, marked in the orange circle in Fig. 2b.
The cluster analysis counted up to the threshold distance r = 2.5
shows us that CS = 2, CS = 3 and CS = 4 exist with equal probabil-
ity and the average cluster size is approximately ACS = 3.01. Those
results can lead us to the conclusion that the amount of two dense
phases (black and green circles in Fig. 2b) and porous structure (or-
ange circle in Fig. 2b) is approximately the same. It has to be
emphasized that the CS = 3 as well as some part of CS = 2 are con-
nected with defects and network boundaries present in the system
of interest.

In the case of model M3 the first two ordered networks marked
in the green and black on the right panel of Fig. 2c are qualitatively
the same at the first glance. However, a deeper inspection of the
oxygen arrangement of hydroxyl groups shows us that they
slightly differ one from another. In the former, the molecules are
packed in a slightly more dense network relative to the latter. Only
due to the alternating coloring of M3 molecules one can distin-
guish the connections. The third network (orange circle of
Fig. 2c) is similar to the corresponding one formed by molecules
M2. From the radial distribution functions for this model we can
see that the most dominant connections are X — X with the max-
ima around r ~ 1.1+ 0.05 and “mixed” X —Y correlations with
two sharp peaks around r ~ 1.9 + 0.05 and r ~ 2.15 + 0.05, respec-
tively. The Y — Y connections are over ten times less likely than the
most prominent X — X correlations. This suggests that the porous
network is rarely observed, which corresponds to the snapshots.
The cluster analysis performed in the same manner as previously
shows that the most probable cluster size is CS=4. CS=2 and
CS = 3 are less likely but of equal probability. The average cluster
size is approximately ACS = 3.31. Those results suggest us that



PVIII

t. Baran, K. Dyk, Daniel Michael Kamifiski et al.

Table 1

Journal of Molecular Liquids 346 (2022) 117074

Structural formula along with name of the chemical compounds investigated in our work with corresponding abbreviations.

Model abbreviation

M1

ro— )~ )
&)

M2
HO
@70“
)<
OH

)

5,5"-Bis(4-hydroxyp!

yl)-2.2"-di 1,1"-biphenyl

5,5'-Bis(4-hydroxyphenyl)-3,3"dihydroxy-1,1’-biphenyl

M4 M5

b S o Ty
SO

5,5’-Bis(4-carboxyphenyl)-1,1’-biphenyl-3,3'dicarboxylic acid

5,5"-Bis(4 yphenyl)-2,2" 1,1°-biphenyl | 5,5-Bis(4-carboxyphenyl)-3,3"-dihydroxy-1,1 -biphenyl | 3,3"-Bis(d-carboxyphenyl)-4,4™-dihydroxy-1,1
M7 M2 “V-shape™
HO, OH

Table 2
Energy difference between “V-shape” and “zigzag” conformations for each of the models, AE = Ey — Ez, obtained from quantum calculations.
Model M1 M2 M3 M4 M5 M6 M7
AE [kcal/mol] 8.218 0.084 0.094 8.199 0.022 0.046 0.602
a) b)

Fig. 2. Part a, b, c presents fragments of configurations obtained for models M1, M2
and M3 in p* =0.2 at T* = 1.0, respectively. Right hand side shows schematic
representation of obtained ordered networks. Alternating coloring is performed for
visualization purposes only.

T

il N )

Fig. 3. Part a, b, c presents radial distribution functions calculated with respect to
oxygen atoms for models M1, M2 and M3 in p="0.2 at T* = 1.0, respectively. Part d
is a two-dimensional structure factor for model M1 calculated in the same
conditions.

the most probable networks are dense structures (marked by black
and orange circles in Fig. 2¢), however boundaries of the aggregates
as well as rarely observed porous network play also a key role.
We can clearly see that the change in substitution of central
(Y) -OH groups can lead to the formation of completely different
structures. Therefore, we wanted to further check the influence
of change in substitution of Y position while the X position is
now a carboxyl group -COOH. The results for models M4-M6 can
be found in Fig. 4 a-c, respectively. As previously, on the right-
hand side of each panel we have shown the schematic representa-
tion of each ordered network. Due to the formation of only one
structure for every M4-M6 molecule, we have also shown other
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Fig. 4. Part a, b, c presents fragments of configurations obtained for models M4, M5
and M6 in p* =0.2 at T" = 1.3, respectively. Right-hand side shows schematic
representation of obtained ordered networks. Alternating coloring is performed for
visualization purposes only.

possible paths on how molecules could connect which are not for-
bidden yet they have not been observed in our simulations. We can
clearly see the different behavior caused by the substitution of -
COOH group in the X position for every considered case. The mole-
cules M4-M6 form only one ordered network which previously
was only the case in the M1 model. From the snapshots, we can
see that there is no huge difference caused by the change of substi-
tution’s position Y.

As previously, we have performed the same analysis for every
model M4-MB6 to better quantify the observed supramolecular net-
works. From radial distribution functions presented in Fig. 5 a-c we
can see that for every considered model there are only correlations
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Fig. 5. Part a, b, ¢ presents radial distribution functions calculated with respect to
oxygen atoms for models M4, M5 and M6 in p* = 0.2 at T* = 1.3, respectively. Part
d is a two-dimensional structure factor for model M4 calculated in the same
conditions.
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for X — X and “mixed” X — Y oxygens of -OH and -COOH groups in
the first coordination shell. The Y — Y connections in similar sepa-
ration distance are negligible and are present due to imperfections
in the lattice structure. However, the Y — Y correlations are in more
distant interparticle separations around r ~ 4.5 — 5.5 and are due
to the “indirect” association, which is consistent with the snap-
shots and is well-pronounced on magnified networks on the
right-hand side of every panel in Fig. 4. One has to note that the
probability of those connections is four to six times lower than
the aforementioned ones. In the models M4 and M6 the most prob-
able separation distance is around r ~ 1.95 £ 0.05 for both X — X
and X — Y correlations. For the model M5, while the distance of
X — X association is the same as for M4 and M6, the distribution
function of X — Y connections is different. We can observe in the
Fig. 5 ¢ that the first maxima is around r ~ 1.2 & 0.05 and the sec-
ond coordination shell is around r ~ 2.2. This is indeed consistent
with the obtained structure (cf. Fig. 4 b) where one can see that
oxygens from both carboxyl and hydroxyl groups are nearly
“glued” one to another.

In addition to pair correlation functions, we have performed
cluster analysis in the same manner as for models M1-M3. For
models M4-M6 the most probable cluster size is CS =6 and the
average cluster size is in the range of ACS = 4.9 — 5.2 + 0.2. The lat-
ter value means that there are some imperfections in the structure,
as well as its boundaries decreases the average value.

While it is not clearly visible from the snapshots that those
structures differ, the differences are better pronounced due to
the analysis we have performed. One can see that all of the
distances as well as type of correlations and cluster sizes changed
in the comparison with previous models, that is M1-M3. This
shows that the substitution by a certain functional group has a sig-
nificant impact on the self-assembly process. Therefore, we wanted
to further check the influence of the four -COOH carboxyl groups

a) i

b)

Fig. 6. Part a and b presents fragments of configurations obtained for model M7 in
p =02 at T"=13 and p* =04 at T" = 1.6 respectively. The right-hand side
shows a schematic representation of obtained ordered networks. Alternating
coloring is performed for visualization purposes only.
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and substituted them in the X and Y positions, as it can be seen in
Fig. 1 and we abbreviated this model as M7. The results for this
chemical compound can be found in Fig. 6. Part a is shown in the
density p* =0.2 and one can see that three different networks
can be distinguished. Schematically drawn, magnified structures
can be found below and on the right-hand side of panel a. Part b
on the other hand shows the higher density, p* = 0.4, where all
of the networks vanished except the dense phase, shown in orange
circle.

In Fig. 7 one can see the radial distribution functions calculated
with respect to the oxygen atoms of the carboxyl group. In the den-
sity p* = 0.2, we can observe mainly X — X and Y — Y correlations
around r ~ 2+ 0.05 in the first coordination shell, which corre-
sponds to the phase marked in the black circle of Fig. 6 a. Mixed
X —Y association is nearly five times less probable and is due to
the defects and rarely observed two remaining structures (orange
and green circles of Fig. 6 a). This corroborates with the observa-
tion from the snapshots. In the density, p* =0.4 correlations
extracted from the radial distribution functions confirm that only
a dense phase has been formed. There are only associations of
Y — Y and X — Y oxygen atoms around r ~ 2 + 0.05. If any of those
two remaining phases would occur, the X — X correlations should
also be observed. In part d of Fig. 7, due to the well-defined ordered
structure of the dense phase, the two-dimensional structure factor
has been shown.

Let us now proceed to another conformation, which we will
refer to as “V-shape”. As mentioned before, due to the energy com-
putation extracted from quantum calculations, we will not con-
sider every model that was in the “zigzag” conformation. The
results for model M2 can be found in Fig. 8 a. One can see multiple
of different pore types, where we can not distinguish any particular
ordered network. On the right-hand side of this figure, we have
schematically drawn one of the possible configurations. We did
not show any distribution analysis owing to the difficulty in their
interpretation.

In part b of Fig. 8, we can see the configuration obtained for the
“V-shape” conformation of model M3. There are two different net-
works that can be distinguished, that is a dominant dense phase
marked in the orange circle and a rarely observed isogonal tiling
marked as a black square in this figure. Moreover, in the latter,
we have examined the arrangement of the oxygen atoms, which
form 3.4.6.4 Archimedean tesselation. This representation has been
done as follows, we have separated the two nearest associated oxy-
gen atoms and computed their center of mass. Afterward, those
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Fig. 7. Part a, b, ¢ presents radial distribution functions calculated with respect to
oxygen atoms for model M7 in p* =02 at T"=1.3 and p*=04 at T' =1.6,
respectively. Part d is a two-dimensional structure factor for model M7 calculated
inp*=04atT =1.6.
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Fig. 8. Part a shows the configuration for system of M2 “V-shape” conformation in
p*=0.3, at T" =0.8. On the right-hand side of this panel we show one of the
possible paths on how molecules connect. Part b in the clockwise order shows the
configuration for system of M3 “V-shape” conformation in p* = 0.25, at T" = 0.8,
two types of schematically drawn structures in the system, oxygen atoms
representation with different polygons colored, the magnified fragment of isogonal
structure. Part ¢ shows a configuration for elongated M3 “V-shape” conformation
(cf. text) in p* =0.15 at T* =0.8. On the right-hand side of panel c there is a
schematic representation of an isogonal network. Alternating coloring is performed
for visualization purposes only.

center mass has been connected which results in the formation
of the aforementioned structure. It has to be emphasized that
depending on the system size built of M3 “V-shape” molecules
we observe that its increase does not result in the vanishing of
the latter structure. We have performed the cluster analysis for this
system according to the previous procedure and we have obtained
a distribution of CS = 2,3,4. While the CS=4 is related to the
dense phase, the other values are both connected with isogonal til-
ing and defects, boundaries, etc.

Owing to the formation of quite an unusual, isogonal structure
we performed additional simulations for elongated molecules. This
means that we have substituted the Y position with carboxyphenyl
groups. The results can be found in Fig. 8 c. One can see that the
formation of an isogonal network is preferred. On the right-hand
side, we can see a schematic representation of this structure. It
has to be emphasized that oxygen representation for these mole-
cules shows the same results and Archimedean tesselation has
been formed. We can conclude that the formation of this structure
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is connected with the elongation of the molecule in Y substitution
position. In this case, since we obtained an isogonal network, the
cluster analysis has shown that the probability of CS = 2 is around
0.85 + 0.05 with the average cluster size ACS = 2.12 4+ 0.02, which
confirms that this phase is dominant in this system. The latter
value corroborates with the observation from snapshots, where
one can see that there are some imperfections in the lattice.

The next models considered by us are M5-M7 in “V-shape” con-
formations results for which can be found in Fig. 9 a-c, respectively.
In panel a of this Figure we can find that majority of the system
forms one well-defined ordered dense structure which is marked
by a green circle on the right-hand side of this part. Moreover,
we can distinguish another possible path on how molecules asso-
ciate with one another, marked by a red circle. From the cluster
analysis we find that the most probable cluster size is CS =5 and
CS = 6 with the average cluster size ACS = 4.6 which corroborates
with snapshots. For the perfect dense structure, the cluster size
should be equal to CS = 6. However, the simulations as shown in
Fig. 9 a show a lot of imperfections and boundary effects are also
well pronounced which causes a decrease of the cluster size prob-
ability and its average value.

Results for M6 “V-shape” molecule, as shown in Fig. 9 b display
a similar triangular pattern that has been found in the previous
case. However, contrary to the M5 “V-shape” conformation, this
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Fig. 9. Parts a, b, ¢ show the configuration for system of M5-M7 “V-shape”
conformations, respectively in p* =0.2, at T* = 1.0 (M6,M7) and in p* =0.3, at
T* = 1.0 (M5). On the right hand side of panels a-c we show two of possible paths
on how molecules connect.
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structure occupies the entire system. This can be proven by cluster
analysis which shows that there is an equivalent probability of
cluster size equal to CS =2 and CS = 4. One can find it surprising
that the average cluster size is around ACS = 3.96. While we pre-
sent two possible paths on how molecules can associate on the
right-hand side of panel b, the most probable value is CS = 5. This
can be explained by the lateral association of differently rotated,
consecutive triangles. While there is indeed an approach for the
molecules to form a more regular network, it is hard to obtain
due to the huge amount of possible connections. The triangles
are associated in a quite random pattern which corresponds to
the snapshots.

Ultimately, we present the results for M7 molecule in “V-shape”
conformation. The results can be found in Fig. 9 c. There is no obvi-
ous structure that can be distinguished and a variety of different
pores are formed which means that the system is degenerated.
There are several energetically equivalent paths, two of which
we have schematically presented on the right-hand side of this
panel. From the cluster analysis, we see that the most probable size
is CS =4 with an average around ACS = 3.65 which proves our
observation.

4. Conclusions

In this paper, we have presented both quantum calculations and
classical molecular dynamics simulations for real chemical com-
pounds of tetra-substituted aromatic alcohols and carboxylic acids.
We have found out from quantum calculations that for certain
models only one of the conformation is favorable due to the high
energy difference between “V-shape” and “zigzag” conformations.

For models with “zigzag” conformations substituted with
hydroxyl groups both in X and Y positions (M1-M3) only in the case
of the first chemical compound we observe one ordered phase. For
the remaining ones, there are existing three well-defined net-
works. Contrary to the previous cases, the substitution of car-
boxylic groups in X positions leads to the formation of one
supramolecular network for every model which differed one from
another. However, if one substitutes both X and Y positions with -
COOH groups, as in the M2 model, the formation of three ordered
networks in lower density is observed again whereas in the higher
density one structure remains.

We postulate that not only position but the type of functional
group can change the behavior of the system. Furthermore, the
occurrence of carboxylic substitution increases the the tempera-
ture of the formation of ordered phases.

Concerning the “V-shape” conformation, we did not examine
two models where the energy difference was of an order of hydro-
gen bond energy. For the remaining cases we have found that only
few models, i.e. M3, M5 are able to form ordered networks. The
rest of compounds in this conformation are highly degenerated
and they can not form single (or more) ordered networks due to
the many possible paths on how molecules are able to connect.

The main aim of our manuscript was to consider various possi-
ble paths on how the molecules M1-M7 can self-assemble in differ-
ent conformations. We have shown that most of the cases exhibit
polydomain structures. We are aware of the limitations presented
herein and we suggest several protocols, which could allow us to
solve this issue, that will be studied in the future in our laboratory.
Those methods involve: (i) change of the system size which has
been taken into account only for one particular case (M3-
V_shape), (ii) consequent heating/cooling down of the considered
system, (iii) parallel tempering method, and (iv) the usage of col-
lective moves. The latter strategy, however, requires the usage of
Monte Carlo simulations.
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The majority of the structures formed by the M1-M7 molecules
form voids of different shapes and sizes. Due to this aspect, we
believe that those structures might find an application for selective
adsorption or chromatography of molecules of different sizes (such
as coronene or other polycyclic aromatic hydrocarbons). This
aspect also will be studied in our laboratory in the future.
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