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Here, we wish to expand upon how various existing “one-step” approaches may be decomposed
into their various elements. A great bit of detail is left out in the interest of brevity and the interested
reader should consult the respective cited works for full and exact details; all nomenclature follows
that established in the text. This section is by no means a comprehensive survey of existing
fragment approaches, but hopefully illustrates a general classification system. Keep in mind for
the coming discussion that the many-body truncation order is part of the fragmentation method
and would be represented by a value in parenthesis after the fragmentation method’s name, as in
XYZ(n). Because extending a method from order two to three (or any such example) presents no
real conceptual difference beyond what was explained in the paper, we chose to ignore developments
that extend previous approaches to higher orders in the many-body expansion (MBE).

1 ONIOM-like schemes

First, we elaborate upon the fourth element of a fragment approach—the number of layers—since
we did not do so in the text. The number of layers is analogous to the number of layers in
an ONIOM calculation.! In the context of fragment-based approaches, the idea of multilayered
calculations has been discussed by Mayhall and Raghavachari? and also by Tschumper.® One can
imagine performing some fragment-based calculation on the entire system and thus obtaining some
energy, Fj,,, that approximates the energy of the system. Then one can consider running a “higher
level” fragment approach on just part of the overall system (where it is desired to obtain a more
accurate description of the electronic structure), and thereby obtaining another energy, Ep;qn. We
now wish to use the information in both energies, so that all parts of the system not modeled by the
higher-level approach are accounted for by Ej,, and all parts included in the higher-level method
are not double counted. Clearly,

E=~ Elow - El*ow + Ehigh (Sl)

where B = represents the energy of the subsystem that was considered using the higher-level
fragmentation approach, but evaluated using the lower-level approach. Equation (S1) is simply
the energy expression for a two-layer ONIOM calculation, and the generalization to an arbitrary
number of layers should be obvious.

Note also that there exists a trivial way of fragmenting a system such that there is one and
only one fragment, namely, the entire system, and then the energy corresponding to this fragment
is the energy of the whole system at some level of theory. Thus the "number of layers” element
also comes into play when one wishes to improve the results of a low-level method, such as Hartree-
Fock theory, by using a fragmentation approach at an otherwise inaccessibly high level of theory,
say CCSD(T). In this way, many-body induction effects can be handled, say, by a supersystem
Hartree-Fock calculation and combined with a low-order MBE of the correlation energy.* Various
approaches along these lines have been considered recently by Tschumper and co-workers, %7 and
by Dahlke and Truhlar.®® Beran and co-workers!®!! do this in an even more affordable way by
employing a polarizable force field for the low level of theory, combined with two-body MP2 theory
for the high level of theory.

From another point of view, ONIOM-like approaches in which one “layer” is the entire super-
system represent a way to avoid truncation of the MBE, by summing the MBE to all orders at the
“low” level of theory.'® However, that is not the entire story, as the actual molecules-in-molecules
(MIM) equations? are more general than that. The low-level system need not be the entire system,
but merely an approximation to it, e.g., a truncated MBE. When a truncated MBE is used for
the low level and some subsystem is used for the high-level part, the resulting equations will still
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be ONIOM-like but are not a way to incorporate higher MBE terms at a lower level of theory.
Instead, in the spirit of ONIOM, they will be modeling a particular part of the system at a higher
level of theory. Thus, the generalized MBE (GMBE) derived in the paper complements the MIM
hierarchy, insofar as one may utilize a truncated GMBE for each energy that appears in the MIM
equations.

2 Elemental classification of fragment-based methods

Perhaps the most well-established fragment-based quantum chemistry method is the fragment
molecular orbital (FMO) approach.'2 Tt relies on user-defined (UD) fragments along with a
capping method!? that we will call “FMO99 capping”. In the FMO99 capping approach, one com-
putes localized molecular orbitals (MOs) on related molecules and uses these MOs in the fragment
calculations. Embedding is done self-consistently and uses the actual fragment electron densities
to compute inter-fragment Coulomb interactions. We will call this “FMO99 embedding method”,
although it is really just density embedding. Many modifications to the FMO method over the
years are simply new embedding methods. For example, the 2002 incarnation!® introduces two
approximations into the FMO99 embedding method, with cutoffs that are managed by a pair of
distance parameters. The actual approximations involve separating the inter-fragment interactions
into three regions, the first of which (at short range) is treated with density embedding, the second
(at intermediate distance) uses density embedding also but exploits a Mulliken approximation for
the two-electron integrals, and a third region (for distant fragments) uses self-consistent Mulliken
embedding charges. The will refer to this three-region scheme as the “FMO02 embedding method” .
In 2005, FMO was extended to an arbitrary number of layers. 6

In 2003, Zhang and Zhang'” introduced the molecular fractionation with conjugate caps (MFCC)
approach. The original formulation was applicable only applied to proteins, since the MFCC frag-
mentation approach defines each fragment as one amino acid. A new capping method was defined
in Ref. 17, in which each fragment is capped using the amino acids that appear on either side in
the protein sequence. We refer to this as the “MFCCO03 capping method”.

In 2009, Sudrez et al.'® showed that the so-called kernel energy method (KEM), introduced
previously by Huang et al.,'” %2 was simply a normal many-body expansion in which the fragments
are rebranded as “kernels”. The KEM uses UD fragmentation and a capping method (“KEM
capping”) that places hydrogen atoms at the positions of the atoms they replace. This method
consists of only a single layer without embedding.

Gadre et al.?® introduced the cardinality-guided molecular tailoring approach (CG-MTA) in
2006. This method uses a distance-based fragmentation method that is similar to the generalized
energy-based fragmentation (GEBF) method that is discussed in the paper, except that CG-MTA
utilizes two parameters to create the “best” fragments. In other respects, the CG-MTA approach
is the same as the KEM.

Another approach is the electrostatically-embedded many-body (EE-MB) method of Dahlke and
Truhlar.?* This method uses UD fragmentation without capping, since the method has only been
applied to clusters of small molecules, for which the fragments are the molecules themselves. Only
one layer of theory is employed. Two embedding methods, called EE-MB-a and EE-MB-b, were
described. EE-MB-b embedding employs gas-phase (monomer) Mulliken charges, and is used on
our paper also. EE-MB-a embedding charges are computed using the entire cluster instead of a
single monomer.

In 2009, Beran'% introduced the hybrid many-body interaction approach (HMBI). This approach
uses UD fragmentation, no capping method—as in EE-MB, all systems considered to date consist
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of cluster of small molecules—the EE-MB-b embedding method, and two layers of theory. The
first layer is a molecular mechanics calculation using a polarizable force field to compute terms
through fourth-order in the many-body expansion, whereas the second layer is a two-body electronic
structure approach.

Table S1 summarizes the classification of the fragment-based methods that we have just de-
scribed, as well as those that are discussed in the paper. Perhaps the most appealing feature of our
elemental classification is that it is now a straightforward matter to create new approaches—just
choose a method from each column of Table S1.

Method Literature Fragment Capping Embedding No. of
Reference  Method  Method Method Layers
FMO 12 UD FMO99 FMO99 1
FMO 15 UuD FMO99 FMOO02 1
FMO 16 UD FMO99 FMO02 n
MFCC 17 MFCC  MFCCO03 N/A 1
KEM 19 UD KEM N/A 1
CG-MTA 23 CG-MTA KEM N/A 1
EE-MB 24 UD N/A EE-MB-(a or b) 1
EE-MB-CE 8 UuD N/A EE-MB-b 2
HMBI 10 UD N/A EE-MB-b 2
SFM1 25 SMF1 SMF N/A 1
SFM2 25 SME2 SMF N/A 1
SFM3 25 SMF3 SMF N/A 1
GEBF 26 GEBF SMF XPOL 1

Table S1: Classification of existing fragment-based methods.
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Fixed ChEIPG XPol ChEIPG

Cluster SFM1(1) SFM1(2) GEBF(1) GEBF(2) SFM1(1) SFMI1(2) GEBF(1) GEBF(2)

1 -864.436396  -864.389485 -864.409151  -864.409285
2 -864.458991  -864.401111 -864.419565  -864.421441
3 -864.446140  -864.382120 -864.405784  -864.399333
4 -864.440626  -864.398192 -864.407167  -864.407086
5 -864.423902  -864.372187 -864.386103  -864.385176
6 -864.450556  -864.385739 -864.400814  -864.401722
7 -864.441674  -864.383986 -864.405056  -864.398665
8 -864.444330  -864.382378 -864.402397  -864.399636
9 -864.428724  -864.369373 -864.390867  -864.385829
10 -864.434978  -864.373826 -864.391878  -864.390512

Table S17: Energies (a.u.) of ten F~(H20)10 clusters at the BBLYP/6-31+G(d,2p) level using
ChEIPG charges.

Supersystem No embedding Mulliken embedding
Cluster Energy SFM1(1) SFMI1(2) GEBF(1) GEBF(2) SFM1(1) SFM1(2) GEBF(1) GEBF(2)
1 9.45 9.46 6.91 14.38 9.96 17.33 9.27 2.46 9.56
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 17.52 19.47 20.74 4.88 17.56 12.66 17.6 15.47 17.54
4 13.43 13.97 14.34 7.83 13.50 17.97 13.39 7.59 13.51
5 27.90 21.60 28.59 26.41 28.43 30.25 27.93 25.49 28.01
6 18.56 17.39 15.93 9.71 18.64 11.09 18.47 16.35 18.60
7 11.49 8.19 11.79 13.21 12.43 15.78 11.77 12.25 11.59
8 11.74 5.65 12.23 -1.10 11.97 12.66 12.03 10.6 11.8
9 27.29 19.41 26.96 35.33 28.66 26.8 27.9 20.61 27.47
10 24.99 28.69 22.95 30.47 24.57 24.40 24.84 26.64 25.13

Table S18: Relative energies (kcal/mol) of ten F~(H20);¢ clusters at the HF /6-31+G* level.

Fixed ChEIPG XPol ChEIPG
Cluster SFM1(1) SFM1(2) GEBF(1) GEBF(2) SFM1(1) SFMI1(2) GEBF(1) GEBF(2)
1 17.03 9.37 3.47 9.54 17.70 7.68 5.06 8.76
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 13.26 17.33 15.82 17.54 11.31 17.12 14.48 18.91
4 18.25 13.23 7.03 13.52 18.71 8.05 13.12 14.49
5 30.51 28.28 25.82 28.00 28.21 26.58 27.21 29.72
6 11.23 18.63 18.62 18.57 10.90 17.52 18.55 19.76
7 15.76 11.85 12.76 11.56 13.34 11.09 10.16 13.87
8 12.74 12.06 9.80 11.82 10.92 11.92 10.91 13.00
9 26.92 28.14 21.66 27.42 24.66 27.19 21.10 27.63
10 24.48 24.78 25.34 25.14 22.09 24.41 23.23 26.15

Table S19: Relative energies (kcal/mol) of ten F~(H20)1¢ clusters at the HF /6-31+G* level using
ChEIPG charges.
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Supersystem No embedding Mulliken embedding

Cluster Energy SFM1(1) SFMI1(2) GEBF(1) GEBF(2) SFM1(1) SFMI1(2) GEBF(1) GEBF(2))
1 8.83 7.81 6.38 14.16 10.29 14.15 8.78 3.88 8.83
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 11.81 14.53 16.27 0.39 12.03 8.95 12.71 9.93 11.75
4 7.51 7.62 9.67 3.36 7.72 10.43 7.73 2.40 7.81
5 21.00 16.01 22.62 19.90 22.52 24.08 21.85 19.11 21.02
6 10.68 11.11 7.64 3.40 11.56 5.73 10.59 9.52 10.85
7 11.12 6.92 12.67 12.39 13.17 13.38 11.69 11.39 11.56
8 12.09 5.20 8.81 0.33 12.75 10.85 12.64 10.69 12.19
9 21.70 14.06 19.66 30.81 24.24 21.18 21.19 17.38 21.73
10 17.91 20.40 15.93 23.77 17.97 17.26 16.95 20.04 17.89

Table S20: Relative energies (kcal/mol) of ten F~(H20)1¢ clusters at the B3LYP/6-314+G(d,2p)
level.

Fixed ChEIPG XPol ChEIPG
Cluster SFM1(1) SFM1(2) GEBF(1) GEBF(2) SFM1(1) SFM1(2) GEBF(1) GEBF(2)
1 14.18 7.30 6.53 7.63
2 0.00 0.00 0.00 0.00
3 8.06 11.92 8.65 13.87
4 11.52 1.83 7.78 9.01
5 22.02 18.15 21.0 22.76
6 5.29 9.65 11.77 12.37
7 10.87 10.75 9.10 14.29
8 9.20 11.76 10.77 13.68
9 18.99 19.92 18.01 22.35
10 15.07 17.12 17.37 19.41

Table S21: Relative energies (kcal/mol) of ten F~(H20)10 clusters at the B3LYP/6-314+G(d,2p)
level using ChEIPG charges.
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No embedding Mulliken embedding

Cluster SFM1(1) SFM1(2) GEBF(1) GEBF(2) SFM1(1) SFMI1(2) GEBF(1) GEBF(2)
1 8.91 5.08 4.11 2.58 -2.02 0.29 0.05 -0.02
2 8.49 4.95 3.80 2.39 -2.00 0.54 0.28 0.18
3 8.05 4.53 3.31 2.31 -2.15 0.43 0.18 0.13
4 8.34 5.29 4.37 3.64 -2.16 0.48 0.26 0.11
5 7.70 4.48 3.40 2.52 -1.95 0.50 0.33 0.23
1 7.25 3.84 3.20 1.95 -3.01 -0.58 -0.60 -0.44
2 6.98 3.75 2.92 1.82 -2.86 -0.34 -0.38 -0.24
3 6.67 3.47 2.55 1.73 -2.89 -0.35 -0.39 -0.28
4 7.01 417 3.45 2.89 -2.83 -0.34 -0.43 -0.42
5 6.48 3.45 2.66 1.97 -2.56 -0.19 -0.21 -0.19

Table S23: Top: Signed Errors (kcal/mol/monomer) of (HyO)s7 at the HF/6-31G* level of the-
ory. Bottom: Signed Errors (kcal/mol/monomer) of (H20)s57 at the BSLYP/6-314+G(d,2p) level of
theory.
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