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CONSPECTUS: Quantum chemistry and electronic structure theory have
proven to be essential tools to the experimental chemist, in terms of both a
priori predictions that pave the way for designing new experiments and
rationalizing experimental observations a posteriori. Translating the well-
established success of electronic structure theory in obtaining the
structures and energies of small chemical systems to increasingly larger
molecules is an exciting and ongoing central theme of research in quantum
chemistry. However, the prohibitive computational scaling of highly
accurate ab initio electronic structure methods poses a fundamental
challenge to this research endeavor. This scenario necessitates an indirect
fragment-based approach wherein a large molecule is divided into small
fragments and is subsequently reassembled to compute its energy

accurately. In our quest to further reduce the computational expense

associated with the fragment-based methods and overall enhance the applicability of electronic structure methods to large
molecules, we realized that the broad ideas involved in a different area, theoretical thermochemistry, are transferable to the area
of fragment-based methods.

This Account focuses on the effective merger of these two disparate frontiers in quantum chemistry and how new concepts
inspired by theoretical thermochemistry significantly reduce the total number of electronic structure calculations needed to be
performed as part of a fragment-based method without any appreciable loss of accuracy. Throughout, the generalized
connectivity based hierarchy (CBH), which we developed to solve a long-standing problem in theoretical thermochemistry,
serves as the linchpin in this merger. The accuracy of our method is based on two strong foundations: (a) the apt utilization of
systematic and sophisticated error-canceling schemes via CBH that result in an optimal cutting scheme at any given level of
fragmentation and (b) the use of a less expensive second layer of electronic structure method to recover all the missing long-
range interactions in the parent large molecule.

Overall, the work featured here dramatically decreases the computational expense and empowers the execution of very accurate
ab initio calculations (gold-standard CCSD(T)) on large molecules and thereby facilitates sophisticated electronic structure
applications to a wide range of important chemical problems.

1. INTRODUCTION

Phenomenal progress in new method developments along with
ever-advancing computer technology have made computational
quantum chemistry an indispensable tool in chemistry, physics,
biology, and material science." In particular, electronic structure
theory today rivals experiments for the accurate prediction of
geometries, energies, and properties of small molecules.” To
expand its scope further, a major thrust in contemporary
quantum chemistry is on accurately computing the energies and
properties of larger molecules by overcoming the inherent steep
scaling associated with traditional ab initio electronic structure
methods.>*

Two distinct areas within quantum chemistry, theoretical
thermochemistry” "> and fragment-based methods,">~>° have
been at the forefront of enabling applications on larger
molecules. While theoretical thermochemistry strives to
accurately compute the thermodynamic properties (e.g.,
enthalpies of formations) of increasingly larger molecules, the
objective in fragment-based methods is to calculate the energy
of a large molecule by dividing it into smaller fragments.
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Herein, we elucidate how the glue of error-cancellation binds
together these two areas and results in a key concept in
fragment-based methods inspired from theoretical thermo-
chemistry. This merger results in new avenues for performing
high-accuracy calculations on large molecules with a signifi-
cantly reduced computational expense.

2. THEORETICAL THERMOCHEMISTRY

Historically, electronic structure theory has been used for the
accurate prediction of thermochemical properties of molecules
for over 40 years. Among the prominent highly accurate ab
initio-based methods are Gaussian-n (Gn),° HEAT, Weiz-
mann-n (Wn),® coupled cluster-based extrapolation methods,”’
complete basis set methods (CBS)," multicoefficient meth-
ods,"' and the correlation-consistent composite approach
(ccCA).'> They have enabled the computation of highly
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accurate (from 1-2 kcal/mol to 1 kJ/mol) enthalpies of
formations for small molecules.

However, it is not practical to directly apply these accurate
yet computationally demanding methods on large molecules.
Thus, when left with the compulsion of using approximate
methods (such as DFT) on larger molecules, the use of
effective error-cancellation strategies becomes crucial to
maintain chemical accuracy (+£1-2 kcal/mol).

In this context, Pople and co-workers’ 1970 work on the
isodesmic bond separation (IBS) scheme is a landmark paper in
theoretical thermochemistry.>" It is among the first publications
to explicitly illustrate the role of efficient error-cancellation in
accurately computing the thermodynamic properties of organic
molecules. The essential idea in an IBS scheme is to “extract all
the heavy-atom bonds in a molecule as their simplest valence
satisfied molecules”. Once the IBS scheme is generated for a
molecule, its heat of formation is then calculated from the
following two steps: (a) perform electronic structure
computations on all the molecules in the scheme to get the
reaction energy and (b) use the reaction energy in conjunction
with the experimental enthalpies of formations on the reference
molecules and apply Hess’s law.

Two key aspects learned from the IBS scheme are that (a) it
is unique, that is, while several different isodesmic reaction
schemes can be written for a molecule, only one IBS scheme
can be generated, and (b) it has a simple structure-based
definition and hence it does not involve a manual attempt to
balance the atom-types, bond types, or hybridizations. These
facets, along with the error-cancellation it provides, have
afforded the IBS to be a useful scheme even today and is
utilized in several modern theoretical thermochemical methods
such as in the ATOMIC protocol®® and in group additivity-
based schemes.**

As molecules get larger in size, more advanced error-
canceling schemes become necessary. Thus, starting with the
homodesmotic scheme of George et al,> a considerable
amount of effort has been devoted to develop clever reaction
schemes that improve upon the IBS scheme. They achieve
significant error-cancellation and result in accurate heats of
formation for several classes of organic molecules. Yet, despite
their success, some of them are specific only to certain organic
functional groups, and more importantly, the widely used
homodesmotic scheme was found to have definition-based
inconsistencies. These points were explicitly brought to light in
an important paper in 2009 by Wheeler, Houk, Schleyer, and
Allen wherein they recognized the necessity for greater
uniformity and generality in such reaction schemes.*
Consequently, they developed a general hybridization-based
hierarchy of homodesmotic reactions®* for closed shell
hydrocarbons. In their hierarchy, they used predefined reactants
and products and achieved an increased balance in the
hybridization and the covalent bonding environment of the
carbon atoms for closed-shell hydrocarbons.*®

However, in extending their hierarchy beyond hydrocarbons
to all classes of organic molecules, they rightly acknowledged
the enormous structural variety present in organic chemistry
and stated that “The primary challenge for such extensions is
the growth in the number of formal bond types and fragments
involved in the definitions of the reaction classes”. Thus, the
development of a general hierarchy applicable to all classes of
organic molecules remained an open problem.

In 2011, we developed the fully automated generalized
connectivity-based hierarchy (CBH) to address this problem.*®
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CBH, as its name implies, is a thermochemical hierarchy based
on the connectivity of the atoms in a molecule. It overcomes
the problem of complex definitions used in the construction of
the reaction schemes, as well as the arduous requirement of
balancing hybridization- and bond-types by hand, which had
previously detracted the development of a reliable and
automated thermochemical hierarchy for all organic molecules.
Furthermore, it is very easy to construct the hierarchy, either by
hand for smaller molecules or via an automated computer
program, thereby making CBH very user-friendly to accurately
predict the enthalpies of formations of organic molecules.
Finally, CBH, which naturally stems from the chemical
structure of a molecule, helped us to identify the reason for
the definition-based inconsistency noted by Wheeler et al.*>* in
the homodesmotic schemes. Similar ideas in a different context
have also been developed by Deev and Collins*** and by Lee
and Bettens®® (vide infra).

As previously illustrated in detail in ref 36, it is useful to
envision the different levels of CBH as the rungs of a ladder,
such that ascending the rungs of the hierarchy increasingly
preserves the chemical environment (ie., a better matching of
the bond-types and hybridization-types is automatically
achieved) of a molecule (Figure 1). We call these different
rungs CBH-0, CBH-1, CBH-2, CBH-3, etc.

Better matching of the bond-types
and hybridization-types, on
ascending up the rungs of the
connectivity-based hierarchy
(CBH)

Figure 1. Envisioning the reaction schemes obtained using CBH as the
rungs of a ladder.

The rungs alternate between being atom-centric (CBH-0,
CBH-2, etc.) and bond-centric (CBH-1, CBH-3, etc.). The
atom-centric CBH-0 rung for any molecule is constructed by
extracting all the heavy atoms, terminating the open valences
with hydrogen atoms (Figure 2a). Similarly, the bond-centric
CBH-1 is generated by extracting all the heavy-atom bonds and
terminating them with hydrogen atoms (Figure 2b). It turns
out that CBH-1 is exactly the same as Pople’s IBS scheme.®" At
the next atom-centric rung, CBH-2, we preserve the immediate
chemical environment of each heavy atom, that is, it is
constructed by extracting all the heavy atoms, maintaining their
atom connectivities with neighboring heavy atoms, and then
hydrogen terminating them (Figure 2c). Since this rung
preserves the immediate chemical environment of an atom, it
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Figure 2. Generic pictorial representation of alternating atom-centric
and bond-centric rungs in CBH: (a) CBH-0, (b) CBH-1, (c) CBH-2,
and (d) CBH-3. Adapted with permission from ref 37. Copyright 2012
American Chemical Society.

can appropriately be termed as the isoatomic reaction scheme.
Finally, the bond-centric CBH-3 rung preserves the immediate
chemical environment of a heavy-atom bond and is generated
by extracting all the heavy-atom bonds, maintaining their
connectivities with neighboring heavy atoms, and then
hydrogen terminating them (Figure 2d). Higher rungs such
as CBH-4 and beyond can also be defined by similar extensions,
but we found that for commonly encountered organic
molecules and biomonomers containing about 20 heavy-
atoms, CBH-2 or CBH-3 usually suffices.””*®

It can readily be seen from the discussion thus far that, at
every rung, certain regions of the molecule are overcounted in
the construction of CBH. This is due to the overlapping nature
of the extracted atoms or bonds. In order to take this into
account, we need to add back the overcounted molecules to the
reactant side of the chemical equations to balance them. For
example, at CBH-1, the simplest valence satisfied hydrides of
heavy atoms (ammonia for N, methane for C, etc.) are added.
This is easily and elegantly extended for all CBH rungs by
noticing a recursive relationship between the products at one
rung, and the reactants at the next rung (Figure 3), as

VAN

Reactants CBH-3  Products - Preserve bond connectivity
Increasingly
better match
of atom, bond, ) .

e Reactants CBH-2  Products - Preserve atom connectivity

and hybridization
types

Reactants CBH-1 roducts - Isodesmic bond seperation

Figure 3. Showing the recursive connection between various rungs of
CBH. Products from a lower rung are reactants at a higher rung.
Adapted with permission from ref 36. Copyright 2011 American
Chemical Society.

documented in our earlier work.>® The recursive relationship
naturally arises since we increasingly preserve the chemical
environment of larger parts of a molecule on going up in the
hierarchy.

The recursion phenomenon is strictly valid for monocyclic
rings without any terminal groups or branching. Only two more
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facets are needed to generalize CBH to all classes of
compounds encountered in organic and bio-organic chemistry.
(a) The first facet concerns the cancellation of terminal
moieties. A terminal moiety in an organic molecule can be
defined as having fewer than two heavy atom bonds.> At different
rungs of CBH, different molecules represent these terminal
moieties (which are products at a lower rung), and these
molecules do not appear in the next rung of the hierarchy. (b)
The second facet is related to branched molecules. As
mentioned by us previously,® at any branching point in an
organic molecule, the atom at the branching point is attached to
one (or more) additional heavy atom(s) in comparison to an
atom not at the branching point (Figure 4).

(@ (b)

Figure 4. (a) A generic representation of a branch point. Here the
branching point is the atom A. The molecule representing this branch
point as a reactant is counted twice at the bond centric rungs. (b) A
generic representation of two branch points on an atom. Reproduced
with permission from ref 36. Copyright 2011 American Chemical
Society.

Hence, an additional covalent bond needs to be taken into
account for each branching point. To do this, we first identify
molecules that represent the branch points and then adjust
their coefficients in the bond-centric rungs (by counting them
twice) when they occur as reactants. Notice that this feature is
applicable only at the bond centric-rungs, that is, at CBH-1,
CBH-3, etc,, since branching occurs only with bonds. The CBH
schemes for cyclohexanone (Figure S), demonstrate these

0]

O

Figure S. Cyclohexanone. Reproduced with permission from ref 36.
Copyright 2011 American Chemical Society.

features (recursion, terminal moiety cancellation, and counting
twice at the branch point). More examples explaining all these
facets in great detail can be found in ref 36.

CBH-O0:

C¢H,,0 + 8H, — 6CH, + H,0 (1)

CBH-1: Here we have a combination of terminal moiety
cancellation (H,O representing the terminal moiety) and
counting twice at the branch point (the carbonyl carbon is the
branch point, with methane representing the corresponding
molecule), along with recursion.

C¢H,;,0 + 7CH, — 6C,H, + CH,O (formaldehyde)

@)
CBH-2:

Ce¢H,;,0 + 6C,H; — SC3Hg + C;HO (acetone) (3)
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CBH-3: Here, acetone is the molecule representing both the
branch point and the terminal moiety; thus, it gets counted
twice and canceled once, eventually yielding,

C¢H,,0 + SC.H, + C,H,O

— 4C,H,, (n-butane) + 2C,H O (2-butanone) (4)

Overall, given a chemical structure of a molecule, the CBH
schemes can be readily generated by a computer program based
on merely the logic of recursion, cancellation of the terminal
moieties, and counting twice at the branch point. Our earlier
work®**” has shown that CBH increasingly preserves the bond-
types and hybridizations for any organic molecule (hydro-
carbons and nonhydrocarbons alike) exactly the same way
Wheeler et al.’s hierarchy®® does for hydrocarbons. Addition-
ally, CBH offers a structural basis to recover the IBS scheme of
Pople and co-workers>' and provides the simplest and unique
set of isodesmic and homodesmotic reaction schemes that
naturally arise from a molecule’s chemical structures, even
though many different arbitrary isodesmic/homodesmotic
reaction schemes can otherwise be written. Lastly, once the
CBH schemes were constructed, using experimental heats of
formations for the reference species and Hess’s law, highly
accurate heats of formation for all classes of nonaromatic
organic and bio-organic molecules were obtained at CBH-2 and
CBH-3 rungs. Since the focus of this Account is the merger of
theoretical thermochemistry with fragment-based methods, and
not solely thermochemistry, we do not discuss the details of our
excellent thermochemical results here, which can be obtained
from refs 36—40.

3. A NEW CONCEPT IN FRAGMENT-BASED METHODS
AS A RESULT OF ITS MERGER WITH THEORETICAL
THERMOCHEMISTRY: FRAGMENTS IN THEIR
EQUILIBRIUM GEOMETRIES

The wide applicability of highly accurate ab initio electronic
structure calculations have traditionally been limited by their
prohibitive computational scaling.>* The N’ scaling of the
CCSD(T) method® is a nice case in point. While it is termed as
the gold-standard in quantum chemistry and is the method of
choice for the accurate computation of chemical bond energies,
it can become expensive (even with commonly used cc-pVnZ
type basis functions) for molecules containing 8—10 heavy
atoms and can be prohibitive for systems containing more than
12—15 heavy atoms.

The idea of fragmenting a larger molecule into smaller pieces
and then reassembling the units to compute its energy has
proven to be a very useful strategy to indirectly perform
accurate ab initio calculations on large systems.'*™*° All such
methods share the common central theme of fragmenting a
larger molecule and differ in the details of how: (a) the
partitioning of the large molecule is carried out, (b)
“subsystems” formed from this larger molecule are defined,
generally classified as “primary subsystems” (which are the
overlapping fragments obtained by chopping the larger
molecule) and “derivative subsystems” (which take care of
the overcounting due to the overlap between the primary
susbsystems), and (c) the energies of the subsystems are
assembled.”®

Interestingly, the construction of error canceling reaction
schemes as part of an automated thermochemical hierarchy,
such as CBH can be thought as being analogous to fragmenting
a larger molecule into smaller entities.”®*' The reference
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molecules in the thermochemical hierarchy are the equivalents
of the subsystems in a fragment-based method: those on the
right-hand-side of the CBH equations represent the “primary
subsystems”, while those on the left-hand-side represent the
“derivative subsystems” that are added to the parent molecule
to account for the overcounting.

When CBH is used in thermochemistry, the parent molecule
is always present in the equations, and thus a calculation on the
whole molecule is carried out at a defined level of theory. The
objective therein is to achieve accuracy by error cancellation,
and computational efficiency becomes a secondary issue. In
contrast, fragment-based methods frequently use a second layer
of theory that is computationally expedient on the whole
molecule (or larger fragments) to achieve results (by
extrapolation) that are more accurate as well as computationally
efficient.”® We realized that combining the best of both the
worlds, that of using ground state geometries from theoretical
thermochemistry and that of using a second layer from
fragment-based methods, can be a very useful new concept.*!
The advantage of this merger is that it can enormously reduce
the number of electronic structure calculations needed to
compute the energies of larger molecules without any loss of
accuracy (vide infra). Additionally when using CBH as a
fragment-based method, since the largest fragment size at any
given CBH rung is independent of the size of the large
molecule under consideration, we can achieve an enormous
reduction in the computational expense.

While qualitatively similar at a broad level, the CBH
formalism for fragment-based methods has some significant
advantages over the traditional fragmentation schemes. In
particular, at any rung of CBH hierarchy, the reference
molecules represent the optimal cutting scheme to achieve
maximum error cancellation at that level of fragmentation. The
higher CBH rungs then represent fragmentation schemes that
yield smoothly increasing fragment size while progressively
augmenting the efficiency of error cancellation. Related ideas
have been previously proposed by Deev and Collins in their
systematic fragmentation method,”® as well as by Lee and
Bettens®®® in their isodesmic fragmentation method, though
there are noteworthy differences (vide infra). In addition, the
CBH schemes cut across multiple bonds between heavy atoms
in a manner exactly analogous to cutting single bonds. This is
normally not employed in traditional fragmentation schemes
due to the difficulties involved in defining “link atoms” in such
situations.

There is another major difference between the CBH
formalism and the traditional fragmentation schemes. The
geometries of the subsystems in fragment-based methods
(including the systematic fragmentation method and the
isodesmic fragmentation method®®?”) are obtained in the
same geometry as found in the large parent molecule being
fragmented.">™° Consequently, the energies of the fragments
need to be computed repeatedly every time the energy of a new
parent molecule is desired. However, the reference molecules in
a thermochemical hierarchy (CBH) are computed in their
optimized equilibrium geometries.*® This is because the
experimental enthalpies of formations of these reference species
(used to get the enthalpy of formation of the parent molecule)
are valid only at their equilibrium geometries. Overall, since
many large molecules share the same smaller optimized
reference species, repetitive electronic structure computations
are avoided in a thermochemical hierarchy such as CBH.
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Figure 6. Structures of the organic compounds used in the diverse 30 molecule test set, used in ref 41. Reproduced with permission from ref 41.

Copyright 2013 American Chemical Society.

Using these concepts, we recently obtained accurate
CCSD(T) energies for large molecules at a significantly
reduced computational cost using the CBH method, and in
conjunction with MP2 energies.*' To illustrate the use of CBH
as a fragment-based method, we hereafter loosely use the
phrase “fragments” to allude to the “reference molecules” in the
CBH scheme (i.e., both primary and derivative subsystems).

From the CBH schemes defined in section 2 (and in refs 36
and 37), the reaction energy for any generic molecule at any
CBH rung n can be written as

F
reaction energy(CBH-n) = z K.E. — Ey
i (8

The same notations, used in ref 41 are used here, that is, E,, is
the energy of the parent molecule M at a given level of theory,
E; is the energy of the ith fragment at the same level of theory,
and K; is the signed stoichiometric coeflicient of the ith
fragment., that is, K; is a positive integer if i is a product
fragment and is a negative integer if i is a reactant fragment.
The summation is carried out over all the fragments F
generated from M.

For any given basis set and at CBH-2 and higher-rungs, we
had earlier demonstrated in ref 37 that the CCSD(T) reaction
energies were very similar to MP2 reaction energies for a wide
range of organic molecules. The mean absolute deviation
between the MP2 and CCSD(T) reaction energies (using 6-
31+G(d,p) or aug-cc-pVDZ basis sets) for the 30 molecule test
set (vide infra) is only ~0.3 kcal/mol at CBH-2 and ~0.2 kcal/
mol at CBH-3, that is,

CCSD(T)
CBH-n

MP2

reaction energy A reaction energy -

(6)

Hence,
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F
ESOP(M) o pMP2 Y KAE,
i 7

where

AEi — EiCCSD(T) _ EiMpz O
Thus, as mentioned by us previously,41 the use of CBH as a
fragment-based method results in the finding that “the MP2
method is a suitable starting point for approximating to the highly
accurate CCSD(T) energies, and the CCSD(T) energy of a larger
molecule M can be accurately obtained (vide infra) without having
to perform the expensive CCSD(T) calculation on M. The
bottleneck CCSD(T) calculation now involves the largest fragment
generated in the selected CBH scheme—which is independent of the
size of M”. Furthermore, since equilibrium geometries for the
fragments are used, once the energy for a fragment has been
computed, it can be reused any number of times from a look-up
table, whenever the same fragment occurs in another large
molecule.

It is straightforward to use CBH to get extrapolated
CCSD(T) energies for large organic molecules. At any given
CBH-n rung (n > 1) and with any basis set, the protocol is as
follows (adapted in part from our work in ref 41): (i) Generate
the CBH reaction scheme for M and obtain the fragments. (ii)
Obtain the equilibrium geometries of M and the fragments at a
reasonable level of theory. DFT methods are adequate and
computationally inexpensive for this purpose, and we
specifically use the B3LYP/6-31G(2dfp) level of theory for
optimizing the geometries. Even though we use the fragments
in their equilibrium geometries, we find that there is no loss of
accuracy (vide infra). (iii) Perform CCSD(T) calculations on
the fragments to get AE; (defined in eq 8). Note that the
necessary MP2 energies are available for free during the
CCSD(T) calculation. (iv) Perform an MP2 calculation on the
full molecule, M, to obtain E}; > Only a single MP2 calculation
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needs to be performed, making the procedure highly
convenient. (v) Finally, use eq 7 to get the extrapolated
CCSD(T) energy.

To test the accuracy of CBH to get extrapolated CCSD(T)
energies, we included all the varied 27 nonaromatic molecules
from our earlier test set for obtaining accurate enthalpies of
formation®**”* and added glucose (ring and open forms) and
alanine dipeptide.*” The 30 molecule test we assembled (Figure
6) was further divided into test set A and test set B. Test set A
has the 20 common organic molecules, and test set B contains
the more challenging systems with ring strain, multiple
heteroatoms, or biomolecules with internal hydrogen bonds.

The minimum number of heavy atoms in the test set is 6, and
the maximum number is 13. We restricted the test set to
containing only about 15 heavy atoms, since direct CCSD(T)
computations (which are necessary to assess the errors in the
extrapolated CCSD(T) energies) on even larger molecules may
be prohibitive. For managing the computational cost and to
ensure further applicability to even larger molecules, we tested
the method using double-{ quality 6-31+G(d,p) and aug-cc-
pVDZ basis sets. To prove that the method works accurately
with larger basis sets, we also used larger triple-{ basis sets for a
subset of the molecules in the test set (see SI of ref 41).

A glance at Table 1 reveals that the mean absolute error
(error is defined as the energy obtained with the full calculation

Table 1. Mean Absolute Errors (kcal/mol) between the Full
CCSD(T) Energies and CCSD(T) Energies Obtained by
Extrapolation in Ref 41 for Test Sets A and B*

CBH-2, 6- CBH-3, 6- CBH-2, aug- CBH-3, aug-
test set 31+4G(dp)  31+G(dp) cc-pVDZ cc-pvVDZ
A(20 molecules) 0.19 0.15 0.17 0.14
B(10 molecules) 0.66 0.51 0.55 0.30

Adapted with permission from ref 41. Copyright 2013 American
Chemical Society. “Test set A corresponds to the first 20 molecules
(piperazine to decyl methyl ketone) in Table 2, and test set B
corresponds to the next 10 molecules (camphor to 3-
azabicyclo[3.2.2]nonane).

— energy obtained using an extrapolated approach) for all 30
molecules is as small as 0.19 kcal/mol at CBH-3 with the aug-
cc-pVDZ basis set. Even at CBH-2, which involves smaller
fragments, the error is only 0.27 kcal/mol with the aug-cc-
pVDZ basis set. Table 1 also tells us that irrespective of the
basis set, be it Pople-style or Dunning style, we readily get sub-
kilocalorie per mole accuracy at a significantly diminished
computational cost. As expected, the errors with the simpler
molecules in test set A (Table 1) are excellent, with mean
absolute errors throughout being less than 0.20 kcal/mol. With
the more interesting molecules in test set B, it is remarkable
that the mean absolute errors still fall significantly within
chemical accuracy. The individual performances of the
molecules are shown in Table 2.

The first 20 molecules listed in Table 2 correspond to test set
A, and the next 10 molecules belong to test set B. The largest
error from test set A is only 0.56 kcal/mol (for cyclohexanone
with CBH-2 using 6-31+G(d,p)). For the molecules in test set
B, strained camphor produces the largest errors (1.60 kcal/
mol). The performance obtained with both the ring and the
open forms of glucose is particularly satisfactory. With as many
as six oxygens and ample scope for intramolecular hydrogen
bonds, glucose presented the possibility of error-accumulation
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instead of error-cancellation. Yet, sub-kilocalorie per mole
accuracy is achieved with the ring form and the open form
(Table 2), thus showcasing the success of our method. More
detailed insights on the individual performance of some of the
other molecules in the test set, extrapolated CCSD energies,
and the poor performance with the CBH-1 rung (thus testifying
the need for appropriate error cancellation from CBH-2 and
higher rungs) are given in ref 41. It should also be emphasized
here that the current formulation of CBH as a fragment-based
method is applicable only for energetic minima on the potential
energy surface since the fragment energies are constant and do
not vary as the geometry of the parent molecule changes.

At first sight, the excellent performance of our method can be
thought as being serendipitous, since we use the fragments in
their equilibrium geometries. An argument can naively be
presented that since the fragments are not maintained in the
same chemical environment as found in the parent molecule
larger errors should be expected and that any good perform-
ance is purely coincidental. However, a careful observation of
our approach reveals that the success of our method is based on
two strong foundations: (a) the use of a less expensive second
layer (MP2) of electronic structure method to recover all the
interactions in the parent large molecule*” and (b) the apt
utilization of a systematic error-canceling scheme via CBH
(CBH-2 and higher rungs), which ensures that the residual
errors in the AE; term in eq 8 are small and an optimal
fragmentation scheme is determined. The slightly larger errors
(still within 2 kecal/mol) observed with camphor may be partly
due to MP2 not being able to take into account the differences
in strain energy between the fragments and the parent
molecule. This interesting aspect is an object of future
investigation.

In some previous ag)plications of fragment-based methods to
cyclic molecules,*®™*’” some difficulties have been noted at
higher levels (i.e., rungs) due to the intrinsic imbalance created
as a result of fragmenting a cyclic molecule into acyclic
fragments. This has been ascribed to two reasons by Collins
and Bettens:***” (1) from link atoms in a fragment coming too
close to each other as the fragment size increases and (2) from
some group—group interactions being overcounted in the
fragments compared with the parent molecule. However, our
method is not seriously affected by such factors due to two principal
reasons. (1) Spurious interactions between capping hydrogens
coming closer does not occur since we use equilibrium
geometries for the fragments (inspired by theoretical
thermochemistry), and (2) the overcounting of any group—
group interactions in the fragments is also effectively canceled
since the fragments are treated with CCSD(T) and MP2, and it
is only the difference between them that counts. Thus, a careful
inspection of Table 2 does not show any meaningful
deterioration for cyclic molecules on going from CBH-2 to
CBH-3.

Having established its accuracy, it is worthwhile to explicitly
quantify the huge benefits gained in the computational expense
by using our method. The N scaling of the full molecule at the
CCSD(T) level is completely avoided. Instead, it is replaced by
an MP2 calculation (formal scaling as N°) of the full molecule.
While CCSD(T) calculations are required for each fragment,
the number of fragments for any organic or bio-organic
molecule grows linearly with the size of the system. Thus, the
CCSD(T) part of the calculation on the fragments grows
linearly with the size of the molecule. Consider the example of
decyl methyl ketone (C;,H,,0). We obtain a speedup of more
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Table 2. Listing of the Errors (kcal/mol) between the Full CCSD(T) Energies and CCSD(T) Energies Obtained by

Extrapolation in Ref 41

molecular formula chemical name

C,H,oN, piperezine 0.36
C;H,,0 3—pentanone —0.07
CsH,,0, isopropyl acetate —0.05
CH),S ethyl propyl sulfide 0.03
C¢H;3NO, 6—aminohexanoic acid —0.15
C¢H,,0 cyclohexanol 0.37
C¢H,;,O cyclohexanone 0.28
C¢Hy,S cyclohexanethiol 0.56
C¢H,,Cl cyclohexyl chloride 0.49
C¢H,3Br n—hexyl bromide —0.02
C,H,,0 cyclohexanal 0.38
C,H,¢S 1—heptanethiol —0.08
CgH, N octanenitrile —0.04
CgHoN dibutylamine —0.11
CgH,,0, propyl pent—4—enoate —0.26
CgH,s0 t—butyl isopropyl ketone 0.08
CioHyg 2—decyne 0.07
CoHoN caprinitrile —0.11
C;H,;N 1—cyanodecane —0.14
C,,H,,0 decyl methyl ketone —0.31
C,oH;O camphor 1.60
C¢H;,0¢ glucose (ring) —-0.63
C¢H,,N,0, alanine dipeptide —0.21
C¢H;,04 glucose (open) -0.25
C;H,NO,S cysteine 0.28
CsH;NO,S methionine 0.00
C,H,;,0 7-norbornanol 0.98
C,H,,0 2-norbornanone 1.16
C,H,,0 7-norbornanone 0.87
CgH N 3-azabicyclo[3.2.2]nonane 0.64
mean absolute error 0.35

CBH-2, 631+G(d,p)

CBH-3, 6-31+G(d,p) CBH-2, aug-cc-pVDZ CBH-3, aug-cc-pVDZ

0.18 0.40 0.12
—0.01 —0.10 0.00
—0.01 0.00 —0.01
—0.05 0.08 —0.07
—0.04 —0.24 —0.10

0.30 0.29 0.14

0.38 0.12 0.22

0.33 0.46 0.17

0.42 0.36 0.24
—0.05 —0.04 —0.08

0.45 0.19 0.26
—0.10 —0.06 —0.15
—0.01 —0.06 —0.07

0.18 —0.03 —0.16
—0.11 —0.4 —-0.23

0.04 —0.06 0.09

0.01 0.00 —0.07
—0.06 —0.12 —0.13
—0.08 —0.15 —0.16
—0.25 —0.29 —0.25

1.31 121 0.81
—0.04 —0.74 —0.04

0.06 —0.31 0.09

0.14 —0.5 0.06

0.30 0.12 0.28

0.10 —0.09 0.06

0.85 0.74 0.47

111 0.83 0.76

0.79 0.46 0.41

0.39 0.52 0.07

0.27 0.30 0.19

Reproduced with permission from ref 41. Copyright 2013American Chemical Society.

than a factor of 10 (~15) using the aug-cc-pVDZ basis set. The
speedup will be substantially greater using larger basis sets or
for larger molecules. Ultimately, CCSD(T) calculations using
our approach are possible for any system where MP2
calculations are feasible.

The convenience of using equilibrium geometries is very
clearly demonstrated by both acetone and 2-butanone,
common fragments shared by many larger molecules in the
test set such as cyclohexanone, 2-norbornanone, 7-nororna-
none, camphor, etc. The energies of these fragments are
calculated only once, thereby avoiding tedious bookkeeping and
repetitive calculations. In fact, as we endeavor to calculate the
energies of new and even larger molecules, the energies of most
fragments would have been already calculated and can be
retrieved from a database of precomputed CCSD(T) energies.

4. CONCLUSIONS AND FUTURE OUTLOOK

In this Account, we have described our work on the successful
coming together of theoretical thermochemistry and fragment-
based methods in quantum chemistry. This merger, which
introduces a new computationally cost-effective concept in the
field of fragment-based methods, was enabled by the
generalized connectivity-based hierarchy (CBH).

The analogy between error-canceling reaction schemes and
fragmenting a larger molecule into smaller pieces permitted the
use of CBH as a fragment-based method. In this process, the
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counterintuitive concept of using the fragments in their
equilibrium geometries, an inspiration from theoretical
thermochemistry, was introduced to fragment-based methods.
The concept proved to be highly useful in massively bringing
down the total number of electronic structure calculations that
need to be performed as part of a conventional fragment-based
method. Moreover, since the largest fragment obtained from
CBH at any given rung is independent of the size of the large
molecule (whose energy is desired), a prominent gain in the
computational savings is achieved without any loss of accuracy.

As a proof of principle, we obtained highly accurate
extrapolated CCSD(T) energies of 30 disparate nonaromatic
organic and biomolecules, using CBH in conjunction with MP2
energies. The current implementation is applicable for
computing accurate energies of large organic and bio-organic
molecules at their equilibrium geometries. Since the definition
of the different hierarchies is based on the connectivity of the
atoms in the molecule, it is not applicable for weak nonbonded
interactions such as in water clusters or benzene clusters. In
addition, the mismatch between CCSD(T) and MP2 for
aromatic systems, as demonstrated in our previous work,””
makes the current implementation not accurate for aromatic
molecules. Various DFT methods are being explored as a low
level of theory used in conjunction with CCSD(T) to get
accurate ab initio energies of aromatic systems, for molecules
away from their equilibrium geometries, and for applications on
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even larger molecules. Overall, our method can be very useful
to assess the thermodynamic feasibility of organic trans-
formations with the CCSD(T) method at a considerably
mitigated computational cost. Some potential application areas
are the study of cracking products involved in combustion
chemistry (including radical systems), reactions involved in
biomolecules such as peptide systems, and a myriad of reactions
involving chemical transformations in organic chemistry
(structural rearrangements, redox reactions, condensation
reactions, addition reactions, carbohydrate chemistry, etc.).

On the whole, our encouraging results bode well for the
accurate computation of CCSD(T) energies for substantially
larger molecules. Perhaps for very large molecules containing
hundreds of atoms, it may be useful to come up with a method
that partially uses fragments in their equilibrium geometries and
partly incorporates the geometries found in the parent
molecule, to accurately and cost-effectively perform otherwise
prohibitive high-level ab initio calculations. Ultimately it is
anticipated that novel chemical applications and a new outlook
in the development of fragment-based methods will emerge
from using CBH as a fragment-based method.
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