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Why an integrated approach between search algo-
rithms and chemical intuition is necessary?’

Venkatesan S. Thimmakondu™, Aland Sinjarib, Diego Inostroza“™, Pothiappan
Vairaprakash®, Krishnan Thirumoorthy/, Saikat Roy®, Anakuthil Anoop*$, William
Tiznado™

Though search algorithms are appropriate tools for identifying low-energy isomers, fixing several
constraints seems to be a fundamental prerequisite to successfully running any structural search
program. This causes some potential setbacks as far as identifying all possible isomers, close to
the lowest-energy isomer, for any elemental composition. The number of explored candidates, the
choice of method, basis set, and availability of CPU time needed to analyze the various initial test
structures become necessary restrictions in resolving the issues of structural isomerism reason-
ably. While one could arrive at new structures through chemical intuition, reproducing or achieving
those exact same structures requires increasing the number of variables in any given program,
which causes further constraints in exploring the potential energy surface in a reasonable amount
of time. Thus, it is emphasized here that an integrated approach between search algorithms and
chemical intuition is necessary by taking the C,,0,Mg, system as an example. Our initial search
through the AUTOMATON program yielded 1450 different geometries. However, through chemical
intuition, we found eighteen new geometries within 40.0 kcal mol™! at the PBEO-D3/def2-TZVP
level. These results indirectly emphasize that an integrated approach between search algorithms
and chemical intuition is necessary to further our knowledge in chemical space for any given
elemental composition.

1 Introduction

Structural isomerism is one of the most fundamental concepts in
general chemistry, being addressed from the most basic chem-
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istry courses in the high school itself. Isomers are molecules that
have the same molecular formula but have a different arrange-
ment of atoms in space. Predicting all the isomers for a given
formula is a problem that becomes more complex as the size of
the system increases. This is basically because the number of pos-
sible isomers grows exponentially as ¢ (N being the number of
atoms in the system and ¢ a constant that depends on the sys-
tem’s nature). 153 The ¢ parameter can be small, as in the case of
alkanes,4 or very large when there are clusters composed of dif-
ferent types of atoms.> ¥ That is, while one could use chemical
intuition when the total number of atoms is less than or equal to
six, =>4 jt is quite hard to imagine the permutations and combi-
nations of all various possibilities if all the six atoms are differ-

ent. 18

Different approaches, such as simulated annealing, 12 ge-
netic algorithm (GA),ZO'22 gradient-embedded GA (GEGA),ZB‘24
artificial bee colony algorithm,zs“26 stochastic search, 182722
basin-hopping approach, S grid-based comprehensive iso-
meric search,® % tabu-search,*>*=? particle-swarm optimiza-
tion,* etc., were developed or are continuously being devel-
oped over the last two decades to specifically address the issue
of structural isomerism. 84} Although automation is a significant
development, due to limitations in the search algorithms them-
selves, it is practically not possible to get all the structural iso-
mers possible for a given elemental composition. Though auto-
mated methods provide unusual and low-lying energy structures
for a given elemental composition, one question arises. Is there
an algorithm that can identify with certainty all possible struc-
tural isomers? The answer is an emphatic “no”, unfortunately.
As pointed out elsewhere, 18 o algorithm to date guarantees one
hundred percent recovery of all possible geometries for a given el-
emental composition. Nevertheless, using search algorithms are
unavoidable for two key reasons: 1) manual handling of several
permutations and combinations is extremely time-consuming and
not at all a manageable task; 2) intuitively arriving at the most
stable geometry for any random elemental composition is also
not possible because intuition has the limit from existing empir-
ical knowledge. Therefore, automated searches through various
search algorithms will remain an integral part in this endeavor.

As an illustrative example of the latter, we refer to the Be¢By;
cluster*? Guo et al. using two independent methods in their
structural search, the coalescence kick (CK) method 2943| and the
Bilatu code,2/%% reported as candidates for global minima two
structures of similar energy, one composed of three stacked rings
[Be;Bi;;Be;] and the other of a helix-shaped B;; chain inter-
spersed with 6 Be atoms.*? However, two of the authors of the
present work, using confined search spaces within the AUTOMA-
TON program, managed to identify better minima with less strik-
ing structures than those initially proposed.44 Based on genetic
algorithms, an independent search has recently confirmed the lat-
ter results.®>

In this work, various structural isomers of C;,0,Mg, are stud-
ied to emphasize the fact that an integrated approach between
search algorithms and human chemical intuition is highly nec-
essary. Thirty-four low-lying isomers eventually obtained for
C,0,Mg, at the PBEQ-D3/def2-TZVP level using a combination
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of these two approaches are shown in Figs. [I|and[2] The present
theoretical work done here is certainly not an exhaustive study
of all isomers of C;,0,Mg,. On the contrary, what the present
work emphasizes is the fact that search algorithms and chemi-
cal intuition have to go hand in hand to identify new molecules
for any random elemental composition. Retrospectively, it is be-
lieved that chemical intuition may help to improve or create bet-
ter checkpoints for search algorithms, which would be benefi-
cial to all. To the best of the authors’ knowledge, all isomers of
C,0,Mg, remain elusive in the laboratory to date including the
putative global minimum, (1,7-dimagnesacyclododeca-3,5,9,11-
tetrayne-2,8-diylidene)dimethanone (1), which is an organomag-
nesium ketene derivative.

2 Computational details

The initial search for all C;,0,Mg, isomers is carried out using
AUTOMATON*' at the PBE0®/SDDALL*”#® level. It is impor-
tant to note that AUTOMATON is a program that uses a proba-
bilistic cellular automated method to generate the initial popula-
tion, which then evolves through genetic operations. This method
has been designed to identify the global minimum, assessing its
efficiency in different systems, 4l with recent application to design
global minima with planar hypercoordinate carbons, orad organic
dications, 23l deltahedral Zintl clusters, 24 among others.”?*® our
initial search yielded 1450 different geometries. It is noted here
that this initial search was carried out with a limited population
of 5n (where, n = total number of atoms in a given elemental
composition, for C,0,Mg, it is 16). The first one hundred sta-
tionary points that span from 0 to 63.52 kcal mol ! are reopti-
mized at the PBE0-D3°%/def2-TZVP>® level to reach a reasonable
conclusion on the energetics. It is noted here that relative energy
discussions refer to the latter level unless otherwise stated. For
brevity, all isomers that lie below 40 kcal mol ! are shown here
and all other geometries are given in the ESI.{Similar exercises
were done for all geometries that were arrived at based on chem-
ical intuition. A third search was performed, using the best 80
isomers of the first AUTOMATON search as the initial population.
This procedure forces the program to run at least nine more cy-
cles (the minimal number of cycles that the exact best minimum
must be repeated to converge the search). No low-energy iso-
mers additional to those identified in the initial search are found.
This result validate the relevance of using alternative methods (or
strategies) to test candidates that the automatic search process
has missed. Triplet geometry optimization and frequency calcula-
tions were done with the unrestricted HF (UHF) wavefunctions,
that is, at the UPBEQ-D3/def2-TZVP level. All these density func-
tional theory calculations have been carried out with the Gaussian
suite of programs. 22

3 Results and discussion

Isomers of C{,0,Mg, that lie under 25 kcal mol ™" are shown
in Fig. [1] whereas those that lie between 25 to 40 keal mol ™!
are shown in Fig. |2| Relative energies without ZPVE corrections
(AE,), with ZPVE corrections (AE,), and thermally corrected free
energies (AG) of the first thirty-six isomers of C,,0,Mg, in their
singlet and triplet ground electronic states are given in Table
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Fig. 1 Isomers of C,0,Mg, considered on the singlet PES within 25 kcal mol~!. Relative energies including ZPVE corrections (in kcal mol’l) are
calculated at the PBEO-D3/def2-TZVP level. Isomers identified by chemical intuition are marked with an asterisk whereas unmarked ones are from

AUTOMATON. All isomers are minima.

3.1 Why search algorithms are inevitable?

For small elemental compositions such as C6, for example, it
is easy to apply our chemical intuition and try various possibili-
ties as the total number of isomers itself will be less. However,
on the contrary, when we have two or more than two different
atoms, and the total number of atoms are greater than ten, it is
undoubtedly impossible to discern intuitively in advance about
what would be the most stable geometry. Therefore, search
algorithms are inevitable to find out the most stable geometry in
a reasonable amount of time. Moreover, as a byproduct, we get
some of the low-lying minima.

All these different structures that we get through search al-
gorithms initially improve our chemical intuition instantaneously
about that particular elemental composition. For example, in the
case of C;,0,Mg,, when we initially finished our search through
AUTOMATON at the PBEO/SDDALL level, isomer 21 was the most
stable geometry. This structure gave us an idea to think about sim-
ilar structures such as 7, 13, 18, 20, 22, 23, and 26 in which some
fell on the low-lying side that lie within 25 kcal mol ' whereas
others fell on the high-energy side between 25-40 kcal mol .
The only difference is that isomer 21 consists of a bicycle with
a six-membered and a twelve-membered ring, while the others

consist of a bicycle with eight- and ten-membered rings. Note
that in all cases, the rings are connected through two carbons.
Nevertheless, the point is, we wouldn’t have thought about such
possibilities without carrying out our initial search through AU-
TOMATON. Importantly, our initial search at the PBEQ/SDDALL
level yielded 1450 different geometries. Then, we re-optimized
the first one hundred geometries at the PBE0-D3/def2-TZVP level
to identify the possible global minimum geometry with certain
reliability. Once re-optimization with a higher basis set plus em-
pirical dispersion corrections were done, we identified that iso-
mer 1 is the putative global minimum and not isomer 21. This
highlights the role of the level used concerning the quality of
PES scanning. However, performing an AUTOMATON search at
the PBEO-D3/def2-TZVP level from the beginning would be very
time-consuming with our computational resources. For example,
our PBEO/SDDALL search required two weeks, using 80 cores in
total, with the specification to use eight cores for each structural
optimization. Note that the search benefits from parallel compu-
tations. It would be faster if more cores were used in the process.

Journal Name, [year], [vol.], 1 |3
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Fig. 2 Isomers of C;,0,Mg, considered on the singlet PES between 25 to 40 kcal mol~!. Relative energies including ZPVE corrections (in kcal mol ™)
are calculated at the PBE0-D3/def2-TZVP level. Isomers identified by chemical intuition are marked with an asterisk whereas unmarked ones are from

AUTOMATON. All isomers are minima.

3.2 Why chemical intuition is necessary?

Through chemical intuition, we found eighteen new isomers
within 40 kcal mol ™! (see the structures indicated with asterisk
marks in Figures [T and 2) for C,,0,Mg,. The purpose of GA
is to identify the lowest-energy isomer for any given elemental
composition. While some low-lying isomers can be obtained as
a byproduct, all possible low-lying isomers are not guaranteed
as the prime purpose of GA is to find the global minimum. An-
other strategy developed by some of the authors is to build the
molecules bottom-up starting from a single atom by adding the
remaining atoms sequentially searching for local minima at each
stage and using those minima to grow the molecule up to the de-
sired composition. However, this approach is computationally
quite expensive for larger elemental compositions like C;,0,Mg,.
Of course, from our previous studies of small clusters such as
CA14Mg7/ 064 and BA14Mg7/ o/ +, we realized that it does not
guarantee all possible low-lying isomers although global mini-
mum can be found unequivocally.

In an earlier theoretical work related to Si,CsH, isomers, we
suggested a systematic approach to arrive at all possible geome-
tries, starting from reported and related structures. However,
such an approach is a very tedious exercise for elemental compo-

4| Journal Name, [year], [vol.],1

sition of this size. Because the initial search through AUTOMA-
TON itself yields 1450 different geometries. If we try implement-
ing a systematic approach here by considering each geometry as a
base structure, then we may have to work out as much as 29000
geometries even if we assume that only 20 different geometries
are possible for each base structure. Therefore, the best alterna-
tive that is practically possible in cases like this is to use chemical
intuition to reasonably extend our knowledge about the chemical
space of C,0,Mg,.

Out of curiosity, some of us in our earlier theoretical
work designed an organomagnesium crown ether molecule
called 6,14-dimagnesa-2,1O-dioxatricyclo[9.5.0.03’9]hexadeca-
1(11),3(9)-dien-4,7,12,15-tetrayne (112; see Fig. using the
elemental composition C1202Mg2. The motivation behind the
organomagnesium crown ether work is to design flat crown
ether molecules that could effectively be synthesized in the
laboratory. From the current theoretical work, it is evident that
the organomagnesium crown ether is not the global minimum
geometry for C;,0,Mg,. However, it is noted here that the
synthetic viability of molecules are largely driven by kinetic
factors instead of thermodynamic factors alone.
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Table 1 Relative energies without (AE,) and with ZPVE corrections (AE,), thermally corrected free-energies (AG) of singlet and triplet electronic states
of C,,0,Mg, isomers. Singlet-triplet energy gaps (AES~") are also given. All values are in kcal mol™".

isomer PBEQ-D3/def2-TZVP (singlet) UPBEO-D3/def2-TZVP (triplet) (U)PBEQ-D3/def2-TZVP*

AE, (0K) AE, (0K) AG (298.15K) AE, (0K) AE, (0K) AG (298.15K) AEST (0K AEy T (0K AGT T (298.15K)

1 0.00 0.00 0.00 24.97 22.89 20.73 47.04 45.63 44.93
2 2.04 1.64 1.51 15.80 12.88 10.38 37.87 35.62 34.58
3 4.95 4.71 4.03 21.27 19.26 16.94 43.34 42.00 41.14
4 9.42 8.71 7.87 20.49 17.34 14.73 42.56 40.08 38.93
5 12.29 11.98 12.04 26.91 24.36 21.94 48.98 47.10 46.14
6 15.08 14.43 14.74 29.08 25.90 24.10 51.15 48.64 48.30
7 18.20 18.92 21.01 22.26 21.30 21.86 44.33 44.04 46.06
8 19.04 19.00 18.84 28.98 26.88 24.56 51.05 49.62 48.76
9 19.05 19.19 18.58 27.53 25.55 22.87 49.60 48.29 47.07
10 18.66 19.85 22.29 22.13 21.62 21.14 44.20 44.36 45.34
11 20.37 19.89 20.58 31.16 28.42 26.87 53.23 51.15 51.07
12 20.72 20.08 18.63 32.72 30.29 28.50 54.79 53.03 52.69
13 19.32 20.51 23.04 28.76 28.11 27.51 50.83 50.85 51.71
14 21.17 20.52 19.85 37.07 34.15 31.42 59.14 56.89 55.61
15 21.02 20.56 20.31 32.02 29.36 26.87 54.09 52.10 51.07
16 23.49 22.79 22.43 55.13 52.17 49.84 77.20 74.91 74.04
17 23.17 22.86 21.72 28.56 26.46 24.15 50.63 49.19 48.34
18 21.82 22.94 25.46 36.29 34.35 35.02 58.36 57.09 59.22
19 24.33 23.81 23.66 37.11 34.06 31.90 59.18 56.80 56.10
20 23.59 24.65 27.26 36.19 34.67 35.35 58.26 57.41 59.55
21 24.83 25.81 27.67 21.68 20.74 20.03 43.75 43.48 44.23
22 25.56 26.47 28.80 32.47 31.11 30.90 54.54 53.85 55.10
23 25.49 26.60 29.58 23.89 23.24 24.18 45.96 45.98 48.38
24 26.07 26.83 29.13 0.00 0.00 0.00 22.07 22.74 24.20
25 29.80 29.46 29.41 39.51 37.06 34.90 61.58 59.80 59.10
26 27.17 28.00 30.76 33.19 31.98 32.41 55.26 54.72 56.61
27 28.66 28.11 28.28 34.79 32.15 30.25 56.86 54.89 54.45
28 30.00 29.41 29.33 42.30 39.10 36.77 64.37 61.84 60.97
29 29.98 29.57 29.31 37.82 35.43 33.08 59.89 58.17 57.27
30 29.77 30.44 32.63 15.36 14.59 14.22 37.43 37.32 38.42
31 34.01 33.31 33.44 57.59 54.34 51.48 79.66 77.08 75.68
32 32.72 33.61 36.13 31.47 30.89 30.55 53.54 53.63 54.75
33 35.61 34.64 34.23 25.15 22.44 19.66 47.22 45.18 43.86
34 36.08 35.83 34.42 46.59 44.41 41.05 68.66 67.15 65.24
35 36.92 36.82 34.33 38.78 36.57 31.47 60.85 59.31 55.67
36 38.77 39.82 42.35 28.66 27.87 28.17 50.73 50.61 52.36

“ Positive value indicates that singlet electronic state is more stable.

&G

MgCc-6-crown-2
112%;73.71

Fig. 3 Organomagnesium crown ether structure that we initially considered on the singlet PES of C;,0,Mg,. Relative energies including ZPVE
corrections (in kcal mol") are calculated at the PBEO-D3/def2-TZVP level.
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4 Conclusions

Various structural isomers of C;,0,Mg, are identified using
an automated search (AUTOMATON program) and chemical in-
tuition. After analyzing 1450 different geometries (obtained
through the search algorithm), we could still arrive at sixteen
new geometries through chemical intuition within 40 kcal mol !
at the PBEO-D3/def2-TZVP level. Perhaps, this is not a drawback
of the search algorithm as one restricts some variables, i.e., a re-
duced number of candidate structures. Other practical factors
such as CPU time available, method, and basis-set used to an-
alyze the PES indirectly restrict our search further. Besides, the
chemical intuition is enriched with the knowledge provided by the
automatic search, i.e., the sixteen new structures are obtained by
permuting atoms in structures identified by AUTOMATON. It is
virtually impossible to glimpse the global minimum geometry in-
tuitively without using search strategies as genetic algorithms. It
is also virtually impossible to identify all local minima by search
algorithms when the variables used in the search, for practical
reasons, are tightly constrained. Therefore, an integrated ap-
proach such as finding various isomers through search algorithms
and then using chemical intuition is the best alternative to in-
crease the chemical knowledge of such large elemental composi-
tions. On the contrary, bottom-up cluster building algorithms and
chemical intuition alone are not practically viable to identify the
lowest-energy isomers.
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