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ABSTRACT: Understanding the physical underpinnings and

geometry of molecular clusters is of great importance in many

fields, ranging from studying the beginning of the universe to the IlI. :;T/ )
formation of atmospheric particles. To this end, several approaches i
have been suggested, yet identifying the most stable cluster =

geometry (ie., global potential energy minimum) remains a

challenge, especially for highly symmetric clusters. Here, we ot ~ ! ,{k
suggest a new funneled Monte Carlo-based simulated annealing el ;j; o )

(SA) approach, which includes two key steps: generation of T? N e . % b

symmetrical clusters and classification of the clusters according to -v\o.\'@mm\w@
their geometry using machine learning (MCSA-ML). We Symmetries W
demonstrate the merits of the MCSA-ML method in comparison

to other approaches on several Lennard-Jones (LJ) clusters and

four molecular clusters—Serg(Cl™),, H*(H,0),, Ag"(CO,)s, and Bet,Cl™. For the latter of these clusters, the correct structure is
unknown, and hence, we compare the experimental and simulated fragmentation patterns, and the fragmentation of the proposed
global minimum matches experiments closely. Additionally, based on the fragmentation of the predicted betaine cluster, we were
able to identify hitherto unknown neutral fragmentation channels. In comparison to results obtained with other methods, we
demonstrated a superior ability of MCSA-ML to predict clusters with high symmetry and similar abilities to predict clusters with
asymmetrical structures.

B INTRODUCTION random structure searching (AIRSS)."® The algorithm generates
random “sensible” structures and then relaxes them into the
closest minimum point using periodic DFT, possibly using
symmetries to help to narrow down the search space. To the best
of our knowledge, AIRSS has been employed mainly for
molecular and ionic crystals and atomic clusters. ' *~** We note
that the concept of employing symmetry could be helpful*’ for
complex molecular clusters in the gas phase and we will return to
this idea below. Other examples of algorithms for gas-phase
clusters are the ABCluster’* and NWPEsSe”> which use the
artificial bee colony method for searching stable clusters (i.e.,
global and local minima on the PES), OGOLEM,*¢
AUTOMATON,”” and GAFit*® which use evolutionary
algorithms to search for stable clusters and GMIN’ that uses
the basin—l;f)pping algorithm™ (among others) and employs

symmetry.”

Molecular clusters in the gas phase are a fascinating medium for
investigating basic scientific ideas. For example, in action
spectroscopy, molecular clusters are used as a means for
applying perturbations to chromophores. An important example
is the Zwitterion tag action spectroscopy (ZITA) technique
which uses complexation with betaine, a molecule which has an
extremely large dipole moment," as a means of studying the shift
in the photoabsorption spectrum resulting from an external
electric field.”* Another example is amino acid clusters, which
have been extensively studied for analytical purposes, as well as
in the context of origin of life theories." ® The arguably most
studied amino acid clusters are those of Serine, which have a
prominent magic number at size N = 8,” whose geometry has
only recently been determined.”® Theoretical studies of
molecular clusters begin with identifying their geometry. In
many cases, this is a difficult task due to the large number of
configurations, i.e. local minima on the cluster’s potential
energy surface (PES). Moreover, in the gas phase, in contrast to
the solid state, the clusters are not limited by any known
symmetry groups or sizes. Many different algorithms have been
used to tackle the problem of clusters in the gas phase.””"” A
well-known algorithm for periodic systems is the ab initio
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Most gas-phase cluster algorithms usually contain two main
steps: the first involves identifying local minima on the PES
using low-cost energy calculations. There are a variety of
methods for minima search on the PES, including genetic
algorithms (GA),*”"* Monte Carlo simulations (MC),”” and
molecular dynamics simulations (MD).*” The second step is
usually a geometry optimization of the low-lying isomers found
on the PES using higher level scoring methods, such as quantum
chemistry calculations. In these two steps, the algorithms
attempt to identify the global minimum at a minimal
computational cost. However, the local minima and their
relative energy ranking may differ using low-cost and high-cost
methods. Hence, it is often necessary to include many minima in
high-level calculations in search of the global minimum.
Moreover, symmetrical structures have a low probability of
being generated randomly due to their low entropy, and such
structures can easily be missed using the standard algorithms.

In this work, we propose a method for finding the global
minimum of molecular clusters in the gas phase, which attempts
to overcome the above-mentioned problems (i.e., the need for a
large number of expensive quantum chemistry calculations and
the difficulty in identifying high symmetry clusters). The
method is based on a combination of MC simulated annealing
(MCSA) simulations, machine learning (ML), force field (FF)
calculations, and density functional theory (DFT) or ab initio
calculations. We demonstrate the merits of the MCSA-ML
method and compare the results to the ABCluster results on
several Lennard-Jones (LJ) clusters and four molecular
clusters—Sery(Cl7),, H*(H,0),, Ag*(CO,),, and Bet,Cl".
For the latter of these clusters, the correct structure is unknown
and hence we compare the experimental and simulated
fragmentation patterns.

B METHODOLOGY

The goal of the current approach is to identify the global
minimum of molecular clusters consisting of N chemical species
(i.e,, molecules and ions). The method is based on generating
random clusters with and without symmetry in conjunction with
MCSA to find local minima. During this stage, scoring is
performed using FF calculations. The final stage is to optimize
the geometries using quantum chemistry calculations (e.g.,
DFT). To minimize the number of quantum chemistry
calculations needed, we use machine learning to group the
different structures identified with MCSA and classify them into
groups with similar geometries. This is achieved by machine
learning employing a carefully crafted set of descriptors and
classification by the K-means algorithm. The workflow is
illustrated in Figure 1.

Random Cluster Generation. The structures of the
individual molecules (herein, betaine, serine, H,O, or CO,)
are geometry optimized. Subsequently, each chemical species is
randomly and rigidly translated and rotated in space within a
predefined volume.

Symmetrical Cluster Generation. Clusters with high
symmetry have low entropy, so the probability of randomly
identifying such molecular clusters is low. Here, we define a set
of symmetry operators to generate random molecular clusters
with predefined symmetries. In generating clusters with
symmetry operations, the chemical species which are generated
randomly will be referred to as the “basis species”.

We define the symmetries according to the algorithm
described in Figure 2.
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Figure 1. Workflow of the methodology used in the present work.
“Chemical species” or “species” indicate molecules and ions.

For instance, for Sery(Cl™),, which is a heterogeneous cluster
(i.e, N =2, n; = 8 for Ser and n, = 2 for CI™). We define S =
min(n;) =2 (i=1,2).Since n; % 2 =0and n, % 2 = 0, we define a
reduced group for each type of chemical specie, i, with m; = %
§=4 (Ser) and m, = 321 (CI7). For each reduced
group, we define a set of rotation operators. For Ser, we can
define the following four sets of operations: {C,}, {C,}, {C,},
and {C,, C,}. For the CI” ions, we can define only a {C,}

operation. Assuming we randomly choose C, for Ser and C; for

CI”, we have the following basis species b, = 71=1 (Ser) and
b, %:1 (CI”). We then randomly place one Ser molecule
and perform three C, operations to generate a subcluster of four
Ser molecules with symmetry C,. Similarly, we randomly place
the Cl™ ion (and perform C; symmetry), yielding a Ser,Cl~
cluster. Finally, we perform a C, symmetry operation to
complete the cluster. The algorithm is entirely general and has
been implemented to account for any rotational symmetry. For
homogeneous clusters, for each iteration, we randomly reduced
r € [0, 1, 2] to enable more symmetry options.

Monte Carlo Simulated Annealing. For each molecular
cluster generated randomly as described in the previous section,
we performed MCSA calculations, using the CHARMM36 and
CHARMM general FF (CGenFF).>>> MCSA is a standard,
well-established technique and is widely used to identify the
global minimum.*>**~*® The cooling process during annealing
allows the distribution of all configurations slowly, allowing the
visit of low energy minima with increasing probability. For high
symmetry clusters, at each temperature, the MC simulations
were performed without preserving symmetry. At the end of
each temperature step, the symmetry was enforced by replacing
the nonbasis species with the basis species using the predefined
symmetry operators.

Machine Learning. Prior to performing quantum chemistry
calculations on the many molecular clusters obtained from
MCSA, we statistically clustered all of the MCSA molecular

Le, m =
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Figure 2. Algorithm defining symmetry operations. “Chemical species” or “species” indicate molecules and ions.

clusters based on structural similarity using the K-means
algorithm, resulting in a small number of statistical clusters
(SC). Hence, in subsequent quantum chemistry calculations,
only a few representative structures from each SC need to be
considered.

Defining Descriptors for Molecular Cluster Character-
ization. We tested several descriptors for a range of molecular
clusters in an attempt to characterize the geometry of the
clusters. As final descriptors, we chose the four that
demonstrated the highest variance:

Relative lon Position. This descriptor is a measure of the
relative distribution of the same type of chemical species, n,
relative to the center of mass (CM) of the entire cluster, and was
therefore employed only for heterogeneous clusters. The
relevant expression for n types of chemical species is

R

=ICM

R

CM — CM,|, foralln

(1)
Such a descriptor is helpful in detecting phase segregation.
Dipole Moment. The dipole moment, which is a measure of

the charge distribution in the clusters, was calculated by

n,relative cluster

N,

‘atom

p=lil=1y q7|
i=1 (2)

where g; is the partial charge of atom i and 7. ; is the distance of

atom i from the cluster centroid. The summation is over all
atoms in all of the chemical species within the cluster. This
descriptor provides information on the charge distribution in the
cluster.

1300

Moment of Inertia. Moment of inertia is calculated by

N,

atom

_ -2
I= Z mMirem,i

i=1

3)

where m;, is the mass of atom i and 7y ; is the distance of atom i

from the cluster’s CM. This descriptor provides a measure of the
distribution of the atoms and molecules in space.
Surface Area. Surface area is calculated by

N,

atom

A= Z (Si - Bi)
i=1 4)

where A is the surface area (i.e., symmetric difference of all
surface areas), S; is a sphere around atom i with radius r + r,,, and
r is the van der Waals radius of atom i and r,, equals 1.4 A. B, is
the surface area from the intersection S; with all the spheres®”
(Figure 3). This descriptor provides a measure of the shape of
the atoms and molecules in space.

Classification by K-Means. The classification of the
clusters is performed using the K-means algorithm®®*’ with
the four descriptors described above as principal components.
K-means classifies the molecular clusters to SCs according to the
similarity among the numerical values of the descriptors. We also
compared K-means with Spectral clustering and found that these
methods gave similar results (see Figure S1 and accompanying
discussion).

Quantum Chemical Scoring. To provide a more accurate
ranking of the energy of the molecular clusters, we rescored the

https://doi.org/10.1021/acsomega.3c07600
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(a) (b

Figure 3. (a) Spheres around atoms (S). (b) Intersection between the
spheres (bold lines) (B). (c) Total surface area (bold lines) (4), i.e.,
symmetric difference.

(c)

cluster energy using DFT or ab initio methods of the three most
stable clusters from each SC obtained using the CHARMM FF.

The code scripts for the method were written in the
CHARMM™ and Python scripting languages. The cluster
code is available upon request.

B COMPUTATIONAL DETAILS
During the MCSA simulations, the system is cooled from T; to

Ty, with a cooling rate k. The temperature at each step s is

T(s) = T e

©)

At each temperature, N, MC steps are performed, and the
process is repeated for I iterations. All parameters are easily
modified by the user, and the parameters should be customized
for each system.”*

The exploration of the simulated annealing parameters for
various clusters followed the method outlined in ref 3S.
However, for the L] clusters, we adopted the optimal parameters
from ref 35 without conducting further exploration. All of the
parameters used for the clusters in this paper are shown in Table
1.

Table 1. All of the Parameters We Used for the Different
Clusters

cluster T; T k Nteps I
LJ6 0.15 0.002 1.00 X 1072 10,000 20
J7 0.25 0.0354  1.00 X 107> 10,000 20
LJ9 0.22 0.0395  1.00 X 107> 10,000 25
LJ10 0.26 0.0869  1.00 X 107 10,000 28
Lj13 0.31 0.0867  1.00 X 107> 10,000 30
LJ19 0.315 0.1299  1.00 X 107 10,000 100
LJ20 0.38 0.1087  1.00 X 107> 10,000 100
1J23 0.4 0.1385  1.00x 107 10,000 300
LJ36 0.19 0.118 1.00 X 107 10,000 1000
LJ38 0.58 0.23 1.00 X 107 10,000 2500
Serg(CI7), 400 40 5.00 x 107! 10,000 700
H*(H,0), 100 1 5.00 X 107> 10,000 500
Agt(CO,)q 50 0.5 5.00 X 107> 10,000 500
Bet,CI™ 300 30 5.00x 107" 10,000 500

We enabled rigid translations and rotations of the chemical
species as well as torsional rotations within the molecules. No
cutoff was employed for nonbonded interactions.

For the classification using K-means, we determined the
number of SCs using the k-elbow method. »

To choose a DFT method for this study, we compared two
methods, wB97M-V/6-31+G**,*** which is considered to be
highly accurate®® and B3LYP-D3(BJ)/6-31+G**.*>*~* We

1301

note that ref 43 contains a thorough comparison between a
range of families of DFT methods and concluded that both
wB97M-V and B3LYP-D3(BJ) are good choices for noncovalent
interactions.

In the case of betaine molecules, the benchmark calculations
were performed on ten different molecular clusters (Bety with N
= 2, 3 and BetyCl~ with N = 1) which were constructed
manually to include a variety of bonding features between the
molecules. The results from B3LYP-D3(BJ)/6-31+G** are very
similar to those from wB97M-V/6-31+G** (Figure 4) and allow

Cluster

TI]T[“ I

B3LYP-D3  Bet, BetCl

AE (kcal/mol)
1< U R RN
o o o O o o

&
<3

-70

Figure 4. Energy comparison of ten clusters using wB97M-V and
B3LYP-D3(BJ) with the 6-31+G** basis set. AE is the energy difference
between the complete cluster and the individual chemical species
(complexation energy).

one to distinguish between the different types of molecular
clusters at a lower cost. Hence, both methods are expected to
allow meaningful distinctions between clusters.

For LJ clusters, we optimized the clusters using MP2/Aug-cc-
pVTZ* and performed single-point energy scoring using
DLPNO-CCSD(T)/Aug-cc-pVTZ.***

For the wB97M V/6-314+G** calculations, we used the Q-
Chem program.” All other quantum chemistry calculations
were performed using the Gaussian 16 program, ! with the
exception of DLPNO-CCSD(T) calculations which used the
ORCA program.”

To summarize, for all molecular clusters, we employed the
DFT level of theory (B3LYP-D3(BJ) and wB97M-V/6-31+G**)
as a compromise between computational cost and accuracy.
However, for the He-clusters, which are dominated by
dispersion interactions, we employed coupled cluster theory.

B RESULTS AND DISCUSSION

This work commenced with a set of test cases that have been
studied previously and, hence, the optimal cluster structure is
known. This allowed us to verify that our MCSA-ML approach
can identify the lowest energy cluster and score it correctly.
Subsequently, we applied our method to a cluster with an
unknown structure (i.e., the Bet,CI™ clusters). The results
obtained us1ng our MCSA-ML approach were compared with
ABCluster.”* For clusters with electronic energy similar to the
global minimum (GM) (ie, H+(HZO)6, Ag (Coz)s and
Bet,Cl7), thermal corrections were computed, and the
corresponding free energy are presented as Supporting
Information, Tables S5—S7.

Test Cases. Lennard-Jones Clusters. As a basic toy system,
we chose LJ clusters that are dominated by dispersion
interactions. These clusters have been extensively studied, as

https://doi.org/10.1021/acsomega.3c07600
ACS Omega 2024, 9, 1298—-1309
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Figure 5. (a) Serg(Cl), most stable cluster (side-view on the top and top-view on the bottom). (b) Probability density, i.e., the likelihood of identifying
a molecular cluster with a given energy based on the current MCSA-ML-based funneled approach. We set the energy of the most stable structure to 0
kcal/mol. (c) Comparison between the experimental IR spectrum (top) and the theoretical spectrum (bottom) of the Serg(Cl7), cluster. The

computed spectrum used B3LYP-D3(BJ)/6-31+G**.
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Figure 6. Lowest lying isomer of H*(H,0); found in this work, and
suggested in ref 64.

pure homoelement L] clusters or as heteroelement clusters using
different methods.*>>*** To simulate an L] cluster, we used He
atoms. We calculated the geometry of clusters of size 6, 7, 9, 10,
13,19, 20, 23, 36, and 38. Initial scoring was performed using the
standard L] potential in CHARMM while high-level scoring was
performed using DLPNO-CCSD(T)/Aug-cc-pVTZ//MP2/Aug-
cc-pVTZ.

For all clusters, we obtained the GM known in the literature.>*
The clusters obtained using ABCluster were the known global
minimum structures as well for all cluster sizes.

Serg(Cl7),. Serine clusters are widely studied due to their
propensities to form clusters of size 8 and for their strong chiral
preference.” The structure of the Serg(Cl7), cluster was only
recently identified and shown to possess a barrel-like structure.’
This structure can be described as two layers, each composed of
four serine molecules with the chloride ion at the center. In each
ring, the molecules interact via hydrogen bonds between the OH
and the neighboring NH;* and COO~ groups of the adjacent
molecules. Additionally, there are hydrogen bond interactions
between the molecules in the upper and lower rings, specifically
between the NH;" groups and the COO™ groups of the
neighboring molecules.

1302

For this cluster, we used B3LYP-D3(BJ)/6-31+G**, followed
by rescoring of clusters within 2 kcal/mol of the global minimum
using wB97M-V/6-31+G**. The most stable structure obtained
is shown in Figure Sa. This structure was not observed when
using MCSA without symmetry, emphasizing the importance of
using symmetry. The second most stable molecular cluster was
less stable by AE = 16.6 kcal/mol according to the DFT B3LYP-
D3(BJ) calculations (Figure Sb), so we can assume that the
geometry described above (Figure Sa) is the dominant one.

Note that the algorithm’s exploration of space is not uniform,
as it randomly switches between the formation of symmetric and
asymmetric clusters, resulting in a biased probability distribu-
tion. Therefore, Figure 5b does not represent the true
Boltzmann probability density. The key insight here is that a
single structure is identified as the global minimum and that this
structure is expected to be the dominant one.

The IR spectrum calculated theoretically for the minimum
energy geometry (Figure Sa) is shown in Figure Sc and is
compared to the experimentally measured IR absorption
spectrum.’ The similarity between the spectra indicates that
the lowest energy molecular cluster is indeed the one observed
experimentally, and the geometry we found is very similar to the
one proposed by Seo et al.®

For this cluster, we were unable to identify the correct global
minimum using ABCluster. In fact, most clusters fragment into
smaller clusters.

H*(H,0)s. Protonated water clusters in the gas phase have
been extensively studied®®™** due to their importance in many
fields of science including atmospheric chemistry and physics. In
the following, we focus on the hexamer HJr(HZO)6 cluster,

which has many known isomers*®*~>%* and there is some debate
over their ranking and the identity of the global minimum.

Figure 6 shows a boat-like structure. Its “seat” is symmetrically

https://doi.org/10.1021/acsomega.3c07600
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Table 2. Main Water Clusters Obtained and Their Energy Ranking at the B3LYP-D3 and wB97M-V Levels Using the Current
Algorithm (First Two Columns)*

Isomer AE AE Ref. 58 |  Ref. 59 | Ref. 60 | Ref. 61 | Ref. 62 | Ref. 64
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“The isomers are compared to the different references where § is the symbol of the isomer, R is the energy ranking, and AE is the energy relative to
the global minimum in kcal/mol. Cases where the isomer does not appear in the reference are marked as “—”. The last row is for isomers that
appear in the references but were not obtained here. The computational methods are MP2/aug-cc-pVDZ in refs 58 and 60, CCSD(T)/aVQZ in ref
59, MSEVB potential in ref 61, B3LYP/6-31+G* in ref 62, and neural network in ref 64.

1303 https://doi.org/10.1021/acsomega.3c07600
ACS Omega 2024, 9, 1298—-1309


https://pubs.acs.org/doi/10.1021/acsomega.3c07600?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07600?fig=tbl2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

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

ACS Omega
5 v - N
y 9 - ¢ P
4 % a C-
g &\ r
$ 4 o~

Figure 7. H*(H,0), isomers obtained only by ABCluster.
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Figure 8. (a) Most stable Ag+(C02)8 cluster obtained with its
calculated IR spectrum. (b) Second cluster obtained with an energy

difference of AE = 0.79 kcal/mol relative to (a), along with its
calculated IR spectrum.
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Figure 9. Lowest main CO, cluster from ABCluster.

©

N

formed by the proton and four water molecules arranged as a
rhombus, and its sides are formed by one water molecule located
above the rhombus seat. We examined several previous studies
on this cluster,”*~>°* and only in one of these studies was this
structure identified as the global minimum,®* while in the others
it did not appear at all. However, the second lowest energy
isomer we found (with an energy of 0.02 kcal/mol above the
global minimum—see Table 2) has been suggested in some
previous studies’** to be the global minimum and in ref 59 as
the second lowest energy isomer being 0.01 kcal/mol above the
global minimum.

For this cluster, we used B3LYP-D3(BJ)/6-31+G**, followed
by rescoring of clusters within 3.5 kcal/mol of the global
minimum using wB97M-V/6-31+G**. The stable clusters
obtained are shown in Table 2. Note that the various local
minimia (LM) are very close in energy to the GM, and hence, are
expected to contribute to the observed population of
configurations. Free energy corrections provide additional
insights and are provided in Table SS.
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Most of the LM identified here appear in earlier works. There
were a few isomers that the algorithm did not find and most of
these are ranked among the least stable isomers. One can see that
our energy rankings using B3LYP-D3(BJ])/6-31+G** and
wB97M-V/6-31+G** are mostly in good agreement with the
ranking in earlier works (except for ref 61 which used the
empirical MSEVB potential, and ref 62 which used the B3LYP/
6—31+G* method). We treated the isomers I, II, and III in ref 58
as the same isomer and did the same for isomers I and II in ref
61.7

ABCluster was able to find the clusters we ranked as I, II, III,
V, and VI, but not the other ones. However, ABCluster did find
some additional structures, shown in Figure 7.

Ag*(CO,)sAg*(CO,)s. As an additional test case, we chose

the Ag*(CO, ) cluster. This cluster has a measured IR spectrum
and 'gwo known isomers, with an energy difference of 0.8 kcal/
mol.*?

For this cluster, we used B3LYP-D3(BJ)/6-31+G**, followed
by rescoring of clusters within 1.5 kcal/mol of the global
minimum using wB97M-V/6-31+G**.

The most stable complexes obtained (AE < 1 kcal/mol) are
shown in Figure 8, along with the calculated IR spectrum of the
clusters. The most stable cluster (Figure 8a) is a two-layered
complex, where each layer contains four CO, molecules
arranged in a vane shape. The silver atom is found between
the two layers, in the center of the vane.

The difference in energy between the two complexes is 0.79
kcal/mol (0.67 kcal/mol using wB97M-V), which is in good
agreement with earlier findings.”> The calculated IR spectra of
both complexes also fit earlier theoretical and experimental
data.®®

Note that the two minima are very close in energy, and this
small difference persists when examining the free energy (Table
S6). Hence, both structures might contribute to the observed
population.

For this cluster, ABCluster generated one structure, which is
shown in Figure 9, but not the lowest energy one. We obtained a
similar structure, which was ranked lower (i.e., higher energy)
than the global minimum by our method.

Application to Bet,Cl™. Betaine clusters are of interest due
to their possible use in extending the ZITA technique. This
technique allows one to determine whether the absorption of a
chromophore is affected by a proximate electric field (i.e.
whether the electronic transition has charge transfer character)
by comparing the photoabsorption band of the bare
chromophore to a chromophore complexated with a molecule
with a high dipole moment. The molecule of choice in most of
these studies is trimethyl glycene betaine, which is a pure
zwitterion with a dipole moment of 11.9 D." In a previous study
by our group, we have shown that one can readily form clusters
containing an ion of choice with a large number of neutral
betaine molecules attached and that these clusters have a “magic
number” with size N = 4 no matter the identity of the charge.®®
Thus, by measuring the photoabsorption band as a function of
cluster size, it may be possible to measure the shift in absorption
as a function of the applied electric field. For this method, the
identity of the lowest energy isomer is of crucial importance, as
the electric field applied to the chromophore will be different for
different isomers. For this reason, as a final test case for our
approach, we chose to study the betaine tetramer, which does
not have a known structure.
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(a) AE =2.7 kcal/mol (b) AE =2.6 kcal/mol

(d) AE =0.6 kcal/mol (e) AE =2.3 kcal/mol

Figure 10. (a,b,d,e) show selected stable clusters, with energy differences of less than 3 kcal/mol relative to (c) using B3LYP-D3(BJ)/6-31+G**. (c)
Most stable cluster, top-view (left) and side-view (right). The energy ranking did not change using wB97M-V/6-31+G**.
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Figure 11. Abundance of fragmentation species as a function of (a) acceleration voltage and (b) temperature. (a) Experimental fragmentation pattern
and (b) theoretical fragmentation pattern.

For this cluster, we used B3LYP-D3(BJ)/6-31+G**, followed Geometries. The most stable geometries are shown in
Figure 10. The symmetrical structure shown in Figure 10a,
which was also described in the previous study by our group,®® is
minimum using wB97M-V/6-31+G**. very similar to the most stable structure of the neutral tetramer,

by the rescoring of clusters within 2.7 kcal/mol of the global
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Figure 12. Neutral fragments in the fragmentation of Bet,Cl", obtained
from 100 ps MD simulations.

where the four molecules are arranged as a square plane with the
dipoles arranged in a circular fashion. The ion is located above
the center of the molecules and causes a distortion such that the
amine groups of each molecule are slightly elevated and point
toward the ion. Interestingly, in this case a symmetry-free
structures led to more stable geometries, shown as structures b—
e in Figure 10. Structure b is very similar to structure a; however,
the ion is located in the plane of the molecules and not above.
The most stable geometry identified is shown as structure ¢ in
Figure 10. In this structure, three of the dipoles are arranged as
f-sheets while the fourth dipole is perpendicular to the other
three. Moreover, the excess ion is directly interacting with only
two of the four molecules. Additional structures were identified,
like antiparallel dipolar sheet structures, but these were higher in
energy.

Note that the various LM have similar electronic energy to the
GM and hence might contribute to observed distributions. In
fact, structure ¢ constitutes the GM on the free energy surface
(Table S7).

ABCluster obtained both symmetric (i.e., the Cl™ ion in the
center of the structure) and asymmetric (i.e., the Cl™ ion in the
periphery of the structure) geometries (e.g., see Figure 10).

Fragmentation of Bet,Cl™. In our previous study, we
measured the MS/MS (tandem mass spectrometry) spectrum of
the chlorinated betaine tetramer, shown in Figure 112.°° In this
earlier study, we found competition between monomer emission
and cluster fission, which was not seen in the MS/MS of
protonated betaine clusters (which fragment solely by monomer
evaporation). This was deduced from the fact that the threshold
collision voltages for the appearance of all cluster fragments are
the same. Nevertheless, in MS/MS measurements only the
charged fragments are observed and, therefore, it was not
possible to conclusively determine whether the dimer fragment
is a result of cluster fission or of a sequential evaporation of two
monomers.

Here, we performed calculations of the most likely
fragmentation channels using the most stable betaine cluster
identified (Figure 10c). The simulations were performed using
MD simulations, with 300,000 steps with a time step of 0.5 fs
each, using the CHARMM FF and the CHARMM simulation
package. The energy was inserted by heating. The results are
shown in Figure 11b, where each data point is the average of 500
repeated MD simulations. As in the experiment, we find a similar
threshold for the appearance of all three possible fragments.
Overall, there is good agreement between the computed and the
experimental fragmentation patterns. Importantly, the simu-

1306

lations allow us to examine the ion-induced neutral fragments.
We find that indeed cluster fission, i.e., Bet,Cl~ — Bet,Cl™ +
Bet,, is a prominent fragmentation channel, and observe a
significant presence of a neutral Bet, dimer in the fragmentation
of Bet,Cl™ (Figure 12).

B CONCLUSIONS

Herein, we presented a computational method for the prediction
of structures of molecular clusters. The MCSA-ML method
relies on MC annealing simulations in conjunction with a force
field and quantum chemistry scoring and is augmented by
machine learning classification using a set of carefully crafted
descriptors. To identify low-entropy, high-symmetry clusters,
the method includes symmetry operations during cluster
generation. We tested the method for several Lennard-Jones
clusters as toy systems and for the known molecular clusters
Sery(Cl7),, H*(H,0),, and Ag*(CO, ). Finally, we applied the
method to a cluster with an unknown structure, Bet,CI”. We
estimate the correctness of the predicted global minimum
structure of Bet,Cl™ by computing the fragmentation patterns of
the clusters using MD simulations. The simulated fragmentation
pattern matches the experimental one well, lending support to
the proposed structure. Additionally, the MD simulations of the
fragmentation of the global minimum cluster reinforce the
existence of a cluster fission channel Bet,CI™ — Bet,Cl™ + Bet,.
In comparison to results from other published works and using
available software (e.g., ABCluster), we demonstrated a superior
ability to predict clusters with high symmetry, and similar
abilities to predict clusters with asymmetrical structures. In
summary, we have presented MCSA-ML, which is a new method
for structure prediction of molecular clusters. The main
advantage of this method compared to earlier approaches® >
is the combined use of symmetry-based structure generation,
ML-based clustering of structures using unique descriptors, and
funneled energy scoring. The optimization progress can be easily
monitored due to the use of ML-clustering of structures, as the
number and variance of clustered structures can be easily
followed. This combined strategy makes it an efficient approach
for modeling molecular clusters in the gas phase.
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The source code of the algorithm and all input files are available
free of charge at https://github.com/rothmic/MCSA-ML-
Global-Optimization.git.
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Supporting Information includes a comparison of the k-
means and spectral clustering algorithms (Figure S1),
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(Tables S1—S4) and free energy corrections for
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