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CONSPECTUS: Chemistry on the scale of molecular clusters
may be dramatically different from that in the macroscopic bulk.
Greater understanding of chemistry in this size regime could
greatly influence fields such as materials science and atmospheric
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and environmental chemistry. Recent advances in experimental [} - I
techniques and computational resources have led to accurate E ’-/$-Q\ % £ 3 E—EFL4+EF2_EFINF2
investigations of the energies and spectral properties of weakly % N ‘ / E
bonded molecular clusters. These have enabled researchers to < ? *J * Exclusion Principle
learn how the physicochemical properties evolve from individual [
molecules to bulk materials and to understand the growth = é &
patterns of clusters. Vil

Experimental techniques such as infrared, microwave, and [GAMESS/Gaussian/NWChem |

photoelectron spectroscopy are the most popular and powerful

tools for probing molecular clusters. In general, these experimental techniques do not directly reveal the atomistic details of the
clusters but provide data from which the structural details need to be unearthed. Furthermore, the resolution of the spectral
properties of energetically close cluster conformers can be prohibitively difficult. Thus, these investigations of molecular
aggregates require a combination of experiments and theory. On the theoretical front, researchers have been actively engaged in
quantum chemical ab initio calculations as well as simulation-based studies for the last few decades. To obtain reliable results,
there is a need to use correlated methods such as Meller—Plesset second order method, coupled cluster theory, or dispersion
corrected density functional theory. However, due to nonlinear scaling of these methods, optimizing the geometry of large
clusters still remains a formidable quantum chemistry challenge.

Fragment-based methods, such as divide-and-conquer, molecular tailoring approach (MTA), fragment molecular orbitals, and
generalized energy-based fragmentation approach, provide alternatives for overcoming the scaling problem for spatially extended
molecular systems. Within MTA, a large system is broken down into two or more subsystems that can be readily treated
computationally. Finally, the properties of the large system are obtained by patching the corresponding properties of all the
subsystems. Due to these approximations, the resulting MTA-based energies carry some error in comparison with calculations
based on the full system. An approach for correcting these errors has been attempted by grafting the error at a lower basis set
onto a higher basis set. Furthermore, investigating the growth patterns and nucleation processes in clusters is necessary for
understanding the structural transitions and the phenomena of magic numbers in cluster chemistry. Therefore, systematic
building-up or the introduction of stochastics for generating molecular assemblies is the most crucial step for studying large
clusters.

In this Account, we discuss the working principle of MTA for probing molecular clusters at ab initio level followed by a brief
summary of an automated and electrostatics-guided algorithm for building molecular assemblies. The molecular aggregates
presented here as test cases are generated based on either an electrostatic criterion or the basin hopping method. At MP2 level
computation, the errors in MTA-based grafted energies are typically reduced to a submillihartree level, reflecting the potential of
finding accurate energies of molecular clusters much more quickly. In summary, MTA provides a platform for effectively studying
large molecular clusters at ab initio level of theory using minimal computer hardware.

1. INTRODUCTION calculations are immensely useful for exploring the molecular
Weakly bonded molecular clusters, being a connecting link geometries and energetics of clusters. However, the commonly
between isolated gas-phase molecules and condensed matter, used ab initio methods such as Hartree—Fock (HF), Moller—
represent a topic of fundamental interest in contemporary Plesset second order (MP2) theory and coupled cluster singles

science.”” Understanding the nature of interactions in the
clusters and their growth patterns, stability, and properties is an
active area of research in physics, chemistry, and biology.>*
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and doubles with perturbative triples (CCSD(T)) are known to
formally scale as O(N*), O(N°), and O(N), respectively, N
being the number of basis functions. This requires large
computational resources, namely, memory and CPU time.
Figure 1 depicts the wall-clock time for energy evaluation of
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Figure 1. Single point energy calculation time on water (W) clusters of
different sizes at HF, MP2, and CCSD(T) levels of theory.

water clusters, W,, at these levels of theory using the aug-cc-
pVDZ basis set on an Intel Core i7 (CPU @ 2.93 GHz) based
machine with 32 GB RAM using the Gaussian package.” Thus,
the nonlinear scaling remains the main bottleneck that restricts
the applicability of these methods to large systems.

The fragmentation-based methods offer an attractive
alternative to probe large molecular systems® as may be seen
from the works of several research groups and references
therein. Christoffersen and co-workers” performed HF
calculations, almost 40 years’ ago, on biological molecules
employing one Gaussian function per electron pair. Later, a
divide-and-conquer (DC)-based algorithm was introduced by
Yang® for treating large molecules by computing the electron
density of the subsystems within the Kohn—Sham scheme. Due
to their applicability at either HF with subminimal basis sets or
density functional theory (DFT), these two approaches were
not adequate for large molecular systems. Molecular tailoring
approach (MTA), a fragmentation method, was proposed by
Gadre and co-workers during the early 1990s for estimating the
molecular electrostatic potential (MESP) of zeolites.” MTA was
later extended for the evaluation of molecular electronic energy,
its gradients, and Hessian matrix and also for geometry
optimization of large molecular systems.'®""

Some more fragment-based approaches, aiming at computa-
tional efficiency, have been devised for treating large molecular
systems. These methods include the DC method by Nakai and
co-workers,'” the fragment molecular orbital (FMO) method
by Kitaura and co-workers,"® the generalized energy-based
fragmentation (GEBF) approach by Li and co-workers'* and
many others.'>'¢ All these approaches are justified by Kohn’s
near-sightedness principle, viz, the chemical environment of an
atom is only minimally affected by the atoms lying beyond a
certain distance from that atom.'” A variety of molecular
systems including polyene chains, polypeptides, proteins,
aromatic oligoamides, water clusters, etc. have been investigated
by employing these methods. However, owing to their
approximate nature, all these approaches result in loss of
accuracy during the calculations and hence require error
minimization procedures. In the literature, these errors are
minimized by applying many-body expansion procedures.'®™>!
These include the many overlapping-body expansion due to
Raghavachari,'® electrostatically embedded many-body expan-
sion by Truhlar and co-workers,”® and the multicentered
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integrated QM:QM method due to Tschumper and co-
workers.”!

During the 1990s, two alternative approaches, IMOMO/
IMOMM and ONIOM, were developed by Morokuma and co-
workers*>~>* for treating large molecular systems, in which the
active part of the system is treated at a higher level while the
rest of the molecule is treated at a lower level of theory.”* Thus,
for obtaining the total energy of the system, three calculations,
one at the higher level for the active system, one at a lower level
for the whole system, and one at a lower level for the active
system are required.”> On the other hand, ONIOM represents
a multilayered approach, integrating with various levels of MO
and MM methods for optimizing transition states and
equilibrium geometries.”>** Another breakthrough in theoreti-
cal chemistry was achieved when Warshel and Levitt®
introduced a hybrid QM/MM approach for molecular
simulations of chemical processes and proteins. Being a
combination of QM and MM, this approach showed great
promise for describing chemical reactions and electronic
processes.26 However, this approach has some limitations.
First, it is hard to optimize the QM part relative to the external
charges since the QM nuclei collapse on the negatively charged
external charges. Some of the atoms in the MM part bear no
charge and hence are invisible to the QM part.

Therefore, it is preferable to investigate large molecular
systems only at ab initio level of theory, assisted by
fragmentation-based procedures. Due to the availability of
high-end contemporary hardware, such calculations on large
molecular clusters are indeed feasible. This Account reports the
tools for treating such clusters followed by some case studies on
weakly bonded molecular clusters.

2. MOLECULAR TAILORING APPROACH AND
CLUSTER BUILDING ALGORITHM

This section briefly discusses the outline of MTA followed by a
summary of the electrostatics-guided molecular cluster building
algorithm.

2.1. Molecular Tailoring Approach (MTA)

In MTA,”™"" a large molecular system under consideration is
partitioned into a set of overlapping fragments on which ab
initio calculations are carried out. The fragmentation may be
done automatically or manually. The desired molecular
property, P, of the parent system is obtained by patching
those of the individual fragments via the set inclusion—exclusion
principle,'>"!

P= Y P Y P4 4 (—1)f Y pEOR
(1)
Here, P denotes for the molecular property of ith fragment,
PP stands for the molecular property of binary overlap of ith
and jth fragments, and so on.

For assessing the quality of a fragmentation scheme, a
distance-based parameter, R-goodness (Rg) has been intro-
duced in MTA. What does the R, of an atom (A) in a given
fragment denote? It is the minimum distance of an atom “A”
present in the fragment from the atoms not belonging to that
fragment (see Figure 2). If an atom “A” belongs to more than
one fragment, then the maximum of the R, values of “A” in
different fragments is taken as the atomic of “A”. The
minimum of all the atomic R; values in the given molecular
system is an indicator of the quality of a particular
fragmentation scheme. Further details of this parameter can

dx.doi.org/10.1021/ar500079b | Acc. Chem. Res. 2014, 47, 2739-2747



Accounts of Chemical Research

Figure 2. (a) Trimeric fragments for N,O tetramer. R;-values (in A) of
“O” and “N” atoms in F1 and F2 are 2.9 and 3.3, respectively. (b)
Trimeric fragments for C¢Hy pentamer. Rg-values (in A) of the “H”
atom in F1, F2, and F3 are 3.8, 6.1, and 3.8, respectively.

be found elsewhere.'>*” The current version of the MTA
enables the evaluation of energy, gradients, Hessian elements,
molecular orbital energies, etc.,, as well as geometry
optimization and vibrational frequency evaluation, of large
molecular systems.”® ™! Due to the effective parallelization and
the ability to work with Gaussian, GAMESS, and NWChem at
the back-end, MTA has emerged as a powerful tool for ab initio
treatment of large molecular systems. Recently, MTA has been
employed for MP2 level geometry optimization and vibrational
frequency calculation of clusters'®** ™" of acetylene, benzene,
carbon dioxide, and water.

With increasing size of the systems, MTA is expected to be
more effective with respect to the corresponding full
calculations (FCs). Especially during MP2 level geometry
optimization, MTA shows a significant time advantage even
with limited hardware. However, due to the approximate nature
of MTA, the estimated property is always in error with respect
to that obtained by the conventional FCs. Attempts have been
made””?! to minimize the error in energy through a grafting
procedure as described in the algorithm (see Figure 3), keeping
in mind that this error is generally independent of the basis set
employed.””*" Besides this, the major contribution to the error
in energy comes from the HF level rather than from the
second-order perturbative correction, that is, E(2). The method
of correcting the MTA energies involves the grafting of the

error at lower basis (LB) set onto a desired higher basis (HB)
27,31
set.””

It may be noted that even though the grafting involves a 4-
fold calculation, the time required for the whole procedure is
still less than that for FCs. For instance, the full MP2/aug-cc-
pVDZ single point calculation of (H,O), (as a small test
example) takes a total wall-clock time of 264 min, whereas the
corresponding %rafting procedure employing 6-31+G* as LB
takes 161 min.”” More importantly, this procedure can be
extended to any correlated levels of theory within any basis sets.
At MP2 level, it has been observed that the errors in MTA-
grafted energies are reduced typically to less than ~0.5 mH.
This can be illustrated through two test examples. At MP2/aug-
cc-pVDZ (LB, 6-31+G*) level of theory, the error in the single
point grafted energies for (C,H,),o and (CO,),; clusters are
reduced to 0.36 and 0.42 mH compared with the ungrafted
values of 17 and 7 mH, respectively.”” Similar results are also
obtained when grafting is done by using 6-31+G* or aug-cc-
pVDZ as LB and aug-cc-pVIZ as HB. Thus, MTA in
conjunction with grafting procedure has a potential to
accurately mimic the FC values on minimal hardware.

2.2. Molecular Cluster Building Algorithm

Although dispersion interactions may be more dominant than
the electrostatic ones in some systems, the latter is highly
orientation dependent. Hence MESP is known to be effective
for predicting patterns of binding in molecular clusters.””** In
recent work, Yeole and Gadre®* have developed an automated
code for systematically building up molecular clusters. The
addition of a monomer to an #-mer cluster is performed based
on the minimization of the energy employing the electrostatic
potential for intermolecular complexation (EPIC) model.**
Three minimum EPIC-energy structures of acetylene pentamer
obtained by addition of monomer to the acetylene tetramer are
shown as an illustration in Figure 4 and may be subjected to
further ab initio level geometry optimization. This algorithm has
been tested out and benchmarked*”*>** on a variety molecular
clusters of C,H,, CsH,, H,O, ZnS, and CO,. However, such a
systematic method has a limitation since it cannot be used for
systems that exhibit extra stability due to a sudden change in
the structure with increasing size. Therefore, the combination
of techniques such as basin hopping or genetic algorithm, with
the quantum chemical methods is immensely useful for
introducing stochastics in clusters. Some illustrative examples
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Figure 4. MESP isosurface (kcal/mol) of (C,H,), at MP2/6-31+G*
level of theory. Three minimum (C,H,); structures with EPIC-energy
(kcal/mol).

of application of MTA to weakly bound large molecular clusters
are presented below, with starting geometries generated either
by stochastics-based or systematic methods.

3. TEST STUDIES ON MOLECULAR CLUSTERS

Some test examples of MTA-based calculations on large
clusters of water, carbon dioxide, hydrated sodium ion, and
solvated ion pairs are given below.

3.1. Water Clusters

For understanding the nature of water clusters and identifying
the hydrogen bond networks, several Monte Carlo (MC)- and
MD-based studies, as well as ab initio calculations, have been
performed.** ™’ Accurate energetics and rank ordering of
isomers of large water clusters at MP2 and CCSD(T) levels of
theory is now feasible only with large parallel architectures.*>*°
Considering the accuracy and feasibility, the fragmentation-
based approaches coupled with high-level correlated methods
offer a cost-effective solution for such studies. The MC-based
techniques are of paramount use for the introduction of
stochastics in generating starting geometries whereas fragmen-
tation methods are the important follow-up tools for ab initio
studies of clusters.

In an extensive study,’’ six low lying isomers each of
(H,0)50 and (H,0), clusters are investigated employing a
combination of MC and MTA. The geometries generated
through the temperature basin paving (TBP) method® are
used as starting structures for MTA-based geometry
optimization at MP2/aug-cc-pVDZ level of theory. Three

low-lying isomers for each cluster®’ are displayed in Figure 5.
The edge-sharing pentagonal prism (H,0),o- is found to be
the most stable isomer, in agreement with the previously
reported global minimum,*® whereas an internally solvated (19
+ 1) type structure, (H,0),o-I, not hitherto noticed in the
literature is reported in ref 31. Similarly, a new global minimum,
namely, (H,0),s-], different from the one reported earlier, is
found.®" Tt comprises a (H,0),; cluster with a laterally placed
cyclic tetramer, whereas the other isomers, (H,0),s-II and
(H,0),s-111, are characterized by a complete (H,0),, cage
made of cyclic tetramers, pentamers, and hexamers with a
centrally placed water monomer (see Figure S). The detailed
energetics of all these isomers is reproduced at the MTA-
optimized geometries from ref 31 by employing a better set of
fragments and is displayed in Table 1.

Table 1. MTA Energies without Grafting, E(MTA), MTA-
Grafted Energies, E(G), and Full-Calculated Energies
E(FC), in au, for Three Isomers of (H,0),, and (H,0),; at
MP2 Level Using 6-31+G* and aug-cc-pVDZ as LB and HB,
respectively

a

€

system E(MTA) vpa/mis E(G)ypa/ms E(FC)wpa/mp (mH)
(H,0)e]  —152559416  —1525.57496  —152557526 030
(H,0)pp Il —1525.55383  —1525.57262  —1525.57301  0.39
(H,0)e Il —152557030  —1525.57242  —152557279 036
(H,0), 1 —190697672  —1906.98245  —190698280  0.35
(HZO)ZS'H —1906.973 55 —1906.981 26 —1906.981 46 0.20
(H,0)p Il —190697347  —190698106  —190698130 024

“e = lE(G)MPz/HB - E(FC)MPZ/HBl-

As discussed earlier, MTA energies are expected to carry
errors in relation to their FC counterparts. These errors are
minimized employing the grafting procedure described earlier,
using aug-cc-pVDZ and 6-31+G* as HB and LB, respectively.
From Table 1, it can be noticed that the MTA-based estimated
energies are in error by 2 to 20 mH with respect to their FC
counterparts. On grafting, the error reduces to less than 0.4 mH
for all the isomers in Table 1. Thus, MTA in conjunction with
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Figure 5. MTA-optimized (H,0),, and (H,0),s clusters at MP2/aug-cc-pVDZ level of theory. Internally solvated water molecule is marked in

blue.>!
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Table 2. MTA Energies without Grafting (E(MTA)ccsp(r)), Difference in MTA and Full-Calculated Energies (Oyp,) at MP2/
aug-cc-pVDZ level, and Grafted Energies (E(G)CCSD(T)) and Full-Calculated Energies (E(FC)CCSD(T)) at CCSD(T)/aug-cc-

pVDZ for (H,0);4 and (H,0);, Clusters”

system E(MTA)ccsp(r)
(H,0),4-boat-a —1220.655 90
(H,0),5-boat-b ~1220.656 87
(H,0)¢-antiboat —1220.653 47
(H,0),,-sphere —1296.938 44
(H,0),,-552'5 —1296.938 10

“Energies in au. b Sups = E(FC)yps — E(MTA)yp,. “Reference36.

6MP2b E(G)CCSD(T) E(FC)CCSD(T)C
—0.003 35 —1220.659 25 —1220.659 22
—0.002 11 —1220.658 98 —1220.658 99
—0.00S 47 —1220.658 94 —1220.658 93
—0.01511 —1296.953 55 —1296.953 62
—0.013 47 —1296.951 57 —1296.951 53

grafting procedure is seen to be a powerful tool for studying
large clusters employing correlated theory.

Following the success of the methodology at MP2 level, it is
further extended to CCSD(T) level of theory. Unlike the above
procedure, the extrapolation is done within one basis set but
with two levels of theory, namely, MP2 and CCSD(T). Since
the electronic correlation energy is found to be almost constant
beyond the post-HF methods, MP2 (formally scales as O(N°))
is expected to be a suitable starting Eoint for approximating the
highly accurate CCSD(T) energies® as stated in eq 2.

E(G)CCSD(T)/DZ = E(MTA)CCSD(T)/DZ + E(fun)Mpz/Dz

— E(MTA)ypz/pz- (2)
For this purpose, the MP2/aug-cc-pVIZ level optimized
geometries from the Supporting Information file of ref 36 are
reoptimized at MP2/aug-cc-pVDZ level of theory, followed by
an MTA-based single point energy calculation at CCSD(T)/
aug-cc-pVDZ level of theory. The energetics of three isomers of
(H,0) ¢ and two isomers of (H,0),; clusters (see Figure 6) at
CCSD(T)/aug-cc-pVDZ level of theory are reported in Table 2
along with the corresponding FC values. It is remarkable that
the grafted MTA energies at CCSD(T)/aug-cc-pVDZ level
match the corresponding FC values reported by Xantheas
almost up to the fourth decimal.* Since the choice of the basis
set is no bar, it would be further possible to attain the “gold
standard” of contemporary quantum chemistry, that is,
CCSD(T)/CBS. Thus, the results of the present study pave a
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way for taking up investigations on water clusters containing
100 monomers at the ab initio level of theory in the near future.

3.2. Carbon Dioxide Clusters

Carbon dioxide (CO,) clusters rank second only to water
clusters in terms of their interest and significance.”**' They
have been a subject of intense experimental and theoretical
investigations, owing to the role of CO, in fundamental
processes such as respiration and photosynthesis. In recent
years, advances in high-resolution spectroscopic techniques, as
well as powerful computers, in conjunction with dispersion-
corrected density functionals have accelerated the investigations
on these clusters. Some recent works employ an MD-based
method for geometry optimization of (CO,), for 4 < n < 40 by
Takeuchi,* high resolution spectroscopic studies of (CO,), for
6 < n < 13 by Oliaee et al,***' and MTA-based geometry
optimization of the latter clusters at MP2/aug-cc-pVDZ level of
theory.*

It is indeed difficult to capture the large number of local
minima on the PES, which necessitates a method for
systematically growing these clusters. As discussed earlier,
electrostatics is known to capture the directionality of the
approach of an ensuing monomer, which is to be added to a
cluster. (CO,), clusters in the range of n = 6—13 have been
generated by adding CO, monomers or dimers to the existent
lower-sized clusters through an automated cluster building
algorithm,** followed by the estimation of MP2/CBS binding
energy and vibrational frequency calculation at MP2/aug-cc-
pVDZ level of theory within MTA.*® The low-lying isomers of
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clusters for n = 6—10 resemble the geometries derived from the
MP2 level geometry optimization of the structures reported by
Takeuchi.®® An earlier study®® reported the newly generated
structures for higher-sized clusters (11, 12, and 13) to be lower
in energy than those reported earlier.*> However, upon energy
correction through grafting procedure, the most-stable
structures (see Figure 7) are in good qualitative agreement
with those reported by Takeuchi.*”

P EHEE

(COYy

(COy)s (COyy, (COyy3
Figure 7. MTA-based lowest-energy isomers of (CO,), clusters, n = 6

and 11-13, at MP2/aug-cc-pVDZ level of theory.

The presence of long-range dispersion interactions and the
C-+-O electrostatic interactions lead to the T- or slanted T-type
orientations in the clusters, the number of the former ones
increasing with cluster size. The structures in the range n = 6—
13 turn out to be asymmetric tops (A > B > C) except for N =
6 and 13, which are symmetric tops (see Figure 7). Although
the geometry optimization was unconstrained, the geometries
of the lowest energy isomers of (CO,)s and (CO,),; did
conver§§41to symmetric tops, in agreement with the experi-
ments.” " The symmetrical nature of these isomers may be
responsible for the extra stability of the clusters. Figure 8
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Figure 8. Incremental binding energy (cm™) of (CO,), clusters for n
= 3—14, obtained using (a) M-O-M potential (black squares),* (b)
SAPT-s (red circles),”® and (c) ab initio calculations at MP2/aug-cc-
pVDZ level (blue triangles).

depicts the incremental binding energy, that is, the energy
released when (CO,), is formed by addition of a CO,
monomer to (CO,),_; clusters. These data exhibit local
maxima for N = 6 and 13 at MP2/aug-cc-pVDZ level of
theory, in fair agreement with the estimated values employing
M-O-M empirical intermolecular potentials** and SAPT-s
calculations.”® This energy is again found to decrease for
(CO,) 4 at all these levels of calculation. The minimal nature of
the isomers is confirmed by the absence of imaginary
frequencies obtained from the MTA-based vibrational calcu-

2744

lations at MP2/aug-cc-pVDZ level of theory. The scaling factor
is chosen to be 0.985 because the experimental C—O
asymmetric stretch for the CO, molecule is observed at
2350.8 cm ™" against the theoretically calculated value of 2386.6
cm™'. These C—O asymmetric stretch frequencies generally
reveal a blue shift with increasing cluster size, in agreement with
the experimental results.***' The experimentally observed blue
shift on going from (CO,)s to (CO,)y; is approximately 14.2
cm™' compared with 17.7 cm™" (see Table 3) obtained from
MTA-based MP2 level calculations.*® Besides this, the spectral
pattern of the isomers of all clusters is found to resemble the
respective experimental one.

Table 3. Comparison of MTA-Based Scaled Vibrational
Frequency for Asymmetric C—O Stretch of (CO,), Clusters,
n = 6—13, at MP2/aug-cc-pVDZ Level of Theory with the
Experimental Values

calculated frequency (cm™) experimental frequency” (cm™)

cluster size

6 2351.1 2353.5
7 23583.5 2356.2
8 2357.6

9 2360.1 2358.7
10 2360.3 2361.1
11 2363.9 2361.8
12 2366.3 2364.3
13 2368.8 2367.7

“References 40 and 41.

The (CO,)5 cluster, being a magic one,” is expected to
retain its core upon increasing the size further by addition of a
few monomers. In order to test out the cluster building
algorithm,** a demonstrative calculation on (CO,),, is carried
out at MP2 level. Out of several possible geometries scanned at
MP2/aug-cc-pvDZ level of theory, the most stable (CO,),,
isomer is indeed found to have the (CO,),; core intact with a
monomer situated at the periphery (see Figure 9). At MP2
level, the rotational constant values (in cm™'), A = 0.0031, B =
0.0026, and C = 0.0026, of this isomer resemble those, A =

1400 4
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(COY14
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LI
2352 2356 2360 2364 2368 2372 2376
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Figure 9. MTA-optimized geometry and vibrational spectrum for the
low-lying (CO,),, isomer at MP2/aug-cc-pVDZ level of theory.
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0.0031, B = 0.0026, and C = 0.0025, of the isomer obtained
from the §eometry optimization of the structure provided by
Takeuchi” The geometry and the MTA-based vibrational
spectrum for this isomer is displayed in Figure 9. Thus, the
combined use of the cluster builder algorithm and MTA
enables the putative minima search as well as calculation of
vibrational spectra clusters. The results for larger CO, clusters
would be beneficial for benchmarking the future experimental

investigations on these clusters.
3.3. Sodium Cation in Water Clusters

Small microsolvated clusters of ions have attracted considerable
interest because of their importance in physicochemical and
biological domains.*** Despite the advancements in exper-
imental techniques, the structure of solvated ions is not yet
well-understood due to the variation of the number of water
molecules (varying from 4 to 8) in the first solvation shell of a
common ion such as sodium.** For understanding relative
stability of Na* ion in different coordinated states and for a
comparison of the results with experimental data, several
theoretical calculations have been reported. We present a test
example below using the recent B3LYP-level geometry
optimization results of Sastry and co-workers.”” In order to
assess the feasibility and to benchmark the grafting procedure
for charged systems, MTA-based geometry optimization of
three low-lying isomers of Na*(H,0) g cluster is performed at
MP2/aug-cc-pVDZ level of theory (see Figure 10). For
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Na*(H,0),5-5-10-3 Na*(H,0),4-6-12 Na*(H,0),5-4-8-6

Figure 10. Three isomers of Na*(H,0),s clusters at MP2/aug-cc-
pVDZ level of theory. Sodium atoms are marked in green.

maintaining the charge and spin multiplicity throughout, the
fragmentation on these clusters is done by including the cation
in every fragment. MTA-based grafted energies of these isomers
(Figure 10a—c) are —1534.78339, —1534.76590, and
—1534.753 29 au as against their FC values of —1534.783 29,
—1534.765 74, and —1534.753 49 au, respectively. This shows
that the grafted energies fall within 0.2 mH of their FC
counterparts, reflecting the excellent performance of grafting
procedure for accurate energetics, with the stability of isomers
in agreement with that at B3LYP level.*” Thus, looking at the
success of the grafting procedure for estimating the energetics
of charged species inside water cages, it is evident that high-
level calculations are feasible for addressing solvation problems,
even with a minimal hardware.

3.4. Sodium Chloride lon Pair in Acetonitrile

The stability and structural properties of contact ion pairs
(CIPs) and solvent-separated ion pairs (SSIPs) in nonaqueous
medium, for example, acetonitrile (CH;CN), is also a topic of
current interest.** For a further demonstration of the capability
of MTA to handle large-sized clusters, a test calculation of
sodium and chloride SSIP encapsulated in (CH;CN)y, clusters
is attempted at M06-2X/6-31+G*//M06-2X/3-21G level of
theory. The resulting geometry of the SSIP isomer (may not be
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a minimum) is displayed in Figure 11. The initial structure was
generated by the group of Professor Tembe at LLT. Bombay,
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Figure 11. Na'Cl"(CH;3CN)go SSIP (Na--Cl = 7.6 A) optimized at
M06-2X/3-21G level of theory. Sodium and chlorine atoms are
marked in green and magenta, respectively.

using the GROMACS 4.5.4 software package® and the united
atom optimized potential for liquid simulations (OPLS) force
field.>° Ab initio geometry optimization of Na"Cl™(CH;CN)y,
is difficult even at a low level of theory. A computationally
feasible fragmentation scheme of a total of eight main
fragments with an average size of 160 atoms is employed for
the single point energy (E = —12566.075 53 au) calculation at
M06-2X/6-31+G* (total number of basis functions for the
whole system is 5716) level of theory. The test example is
included only to bring out the feasibility of use of MTA for
carrying out such a computationally expensive calculation. No
attempt has been made to explore energy minima on the PES.

4. CONCLUSIONS

High-level correlated methods are necessary for reliable
theoretical investigations of weakly bonded molecular clusters.
Due to the nonlinear scaling and the requirement large memory
and disk space coupled with the presence of several local energy
minima, such calculations are not always feasible using the
standard packages. On the other hand, such calculations are
rendered feasible though the QM/MM techniques. However,
these still face some difficulties in accuracy, owing to the
parametrization involved therein. The fragmentation-based
approaches offer an attractive solution for investigating large
molecular clusters even with limited computational power
offered by off-the-shelf hardware. As demonstrated in the
current study, molecular tailoring approach (MTA) enables
such calculations on rather modest hardware. In continuation
with the parallel software developed in our group,'®*"** MTA
turns out to be a powerful tool for geometry optimization and
calculation of vibrational spectra of a variety of molecular
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clusters. This Account has illustrated some such studies on
water, carbon dioxide clusters, and hydrated ions. The errors
resulting due to the approximate nature of MTA can be
reduced through the grafting procedure or many-body
corrections. Furthermore, for understanding the structural
transitions and the unusual stability of clusters, either
systematic building or the introduction of stochastics is
necessary in cluster chemistry. Thus, the combination of
these methods with MTA can open up a possibility of
investigating large-sized clusters even at the present gold
standard of quantum chemistry, that is, CCSD(T)/CBS, in the
years to come.
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