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S1. Details about theory, transfer and libraries oExtremely Localized Molecular Orbitals

S1.1 Basic theory of Extremely Localized Molecula©rbitals

ELMOs (Extremely Localized Molecular Orbitals) amelecular orbitals strictly localized on small
molecular fragments, such as atoms, bonds andidmatigroups. They can be obtained by defining

a priori a localization scheme that partitions the molesulader exam into subunits that may

overlap?Due to this partition, a local basis-g&t= {|x;, ) }sz"l is automatically defined for each
fragmenti. These basis-sets comprise only basis functionte on the atoms that belong to the
subunits and they are used to expand the ELMO$efdifferent fragments. For example, the
genericy-th ELMO for thei-th fragment can be expressed as follows:
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According to Stolft the system under examination may be describedughra single Slater
determinant built up with the extremely localizealetular orbitals defined by equation (S1),

leading to the so-called ELMO wave function:
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where A is the usual antisymmetrizen; is the number of occupied ELMOs for theh
fragmentp;, is a spinorbital with spatial pag;, and spin parx and ¢;, is a spinorbital with
spatial partg;, and spin pari3. Furthermoredet[S] is the determinant of the overlap-matrix

between the occupied ELMOs, which appears becdube &LMOs non-orthogonality.

ELMOs are obtained by minimizing the energy asdediawith |Wg; ) With respect to the
expansion coeﬁicient@iv,i,,} in (S1). This is equivalent to solving a set ofdified Hartree-Fock

equations (namely, the Stoll equations) for eaaprfrent in a self-consistent way:
Eloy) = &y loy)  (S3)
with F; as the modified Fock operator corresponding td-thesubunit:
F=1-p+p)FA~p +p) (54
In the previous equatio¥ is the traditional Fock operatof, is the global density operator

depending on all the occupied ELMOs of the molecated p; is the density operator for theh
subunit depending only on the occupied ELMOs offtagment.
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Figure S1.Example of Extremely Localized Molecular Orbitalsmputed for the methylamine molecule
using a localization scheme corresponding to theit estructure of the system: (A) Lewis structure of
methylamine, also explicitly indicating the ELMOepicted in Figures S1B-S1E, (B) ELMO describing one
of the C-H bonds of the methyl group, (C) ELMO asated with the C-N bond, (D) ELMO corresponding
to one of the N-H bonds of the amino group andEEMO describing the lone-pair of the nitrogen atom.
For the sake of simplicity, ELMOs associated witle itore electrons of carbon and nitrogen atoms are
omitted because they simply correspond to sphedisaiibutions around the nuclei. All the orbitalgre
computed using the cc-pVDZ basis-set considerifiglaa.u. (C-H, C-N and N-H ELMOs) or a 0.2 a.u.
(lone-pair ELMO) isosurface

As an example, in Figure S1 we depicted the ELM@@d bne can compute for methylamine by
adopting a localization scheme strictly correspogdo the Lewis structure of the molecule (Figure
S1A). Namely, one can obtain i) ELMOs describing t&-H bonds of the methyl group (Figure
S1B); ii) an ELMO associated with the central C-dht (Figure S1C); iii) ELMOs describing the
N-H bonds (Figure S1D); iv) an ELMO describing thee-pair of the nitrogen atom (Figure S1E).



S1.2 Transferability and rotation of ELMOs.

Because of their extreme localization, ELMOs arkitals easily transferable from molecule to
molecule3* and particularly from a model system (which isallsuthe small molecule on which
the orbital is originally determined) to the targsfstem under examination. To accomplish this
task, it is necessary to follow the method propdsehilipp and FriesnérThis method allows the
definition of a proper rotation matriR that transforms the ELMO coefficients (see equma(®l))
obtained in the geometry of the model moleculeht® ELMO coefficients in the geometry of the
target system. This rotation matrix is obtainedibfiningi) a reference frameJc, d) in the model
system andi) a reference frame’( ¢, d’) in the target molecule (see Figure S2).

Both the reference frames originate from the chofcevo atomic triads (one for the model system
and one for the target molecule) that guaranteeaitigueness of the rotation. Indicating the triads
for the model and target molecules as, (R, Az) and (A, A2, Az3), respectively, the vectors that
define the two reference frames aag@’), which is the position vector of A(A2") relative to A
(A1) (see Figure S2), while (c’) andd (d’) are given by the following vector products:

c=axb (c=a xb)

(S5)

d=cxa (d=c xa)

whereb (b’) is the position vector of AAz’) with respect to A (A1) (see Figure S2).

Figure S2. Schematic representation of the reference framedsoa the atomic triads that are required to
define matrixP associated with the rotation of the ELMOs from gls@metry of the model molecule (left) to

the geometry of the target system (right).

For ELMOs strictly localized only on one atom (i.ELMOs corresponding to core or lone-pair
electrons) the atomic triads simply correspondhi® @atom on which the ELMO is localized and
usually by two other bonded atoms. For ELMOs asdedi with two-centre bonds, the triads
correspond to the atoms that form the bond pluatam describing the local dissymmetry of the
bond under examinatidhFor ELMOs localized on three-centre (e.g., ELMG®dito describe
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situations in which it is important to take intacaant the delocalization of the electronic struetur
such as in peptide bonds or aromatic rings), tlaldrof atoms are automatically selectEdr
ELMOs localized on more than three atoms, the defmof triads (and, consequently, of reference
frames) that simultaneously take into account thentation of all the atoms in the subunit is
impossible and this is the reason why all the ELM@ailable in the current databanks are localized

at the largest on three atoms (see the next sudasgect

Rotation matrixP that transforms reference fram& ¢, d) to reference framea( c’, d’) is the
crucial matrix that enables the definition and ¢artion of all the rotation matrices for all kinds
basis functions and associated ELMO coefficiemtdactt, if we exclude ths-type atomic orbitals,
which are invariant because of their spherical sgtnym it is easy to sholthat thep-type basis
functions (and the related coefficients) can bectyaotated by matrixP, while basis functions
(and corresponding coefficients) with angular motaen greater than 1 can be transformed

employing matrices defined as a functiorPof

S1.3 Libraries of Extremely Localized Molecular Orhtals

As a consequence of the ELMOs transferability, alites of Extremely Localized Molecular
Orbitals have been recently constructefihe ELMO librariesallow the description of all the

possible fragments of water molecule and of thentwaatural amino acids in all their possible
protonation states and forms (namely, N-terminatei@inal and non-terminal forms). All the
ELMOsin the databanks were calculated on proper mod#és)s taking into account the chemical
environment of the considered fragments. The ELM@ties are currently available for five basis-
sets (i.e., 6-31G, 6-311G, 6-31G(d,p), 6-311G(dyp) cc-pVDZ) and comprise molecular orbitals
strictly localized on one-atom subunits (correspogdo core or lone pair electrons), two-atom
fragments (corresponding to bonding electrons), ds® molecular orbitals strictly localized on
three-atom subunits, which allow to describe thin@#ized nature of the electronic structure in

some particular situations (e.g., in carboxylicug®, peptide bonds or aromatic rings).

The in-house progranELMOdb’ handles the transfer of ELMOs from the databankshe
examined target structures: it analyses PDB fifegotypeptides or proteins and, for each of their
residues, executes the transfer procedure for ahang at a time. Th&LMOdb software also
enables to readd hoc ELMOs corresponding to subunits of molecules #ratnot included in the
current version of the libraries. These ELMOs mustcomputed on proper model molecules and

afterwards stored in specific folders from whick BELMOdb program can read them.

The ELMO libraries and the associatedMOdb program are available upon motivated request to
one of the corresponding authors (A.G.) of the gmepaper.
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S2. Supplementary figures and tables
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Figure S3. S\2 reaction energy profile at B3LYP levétop panel)and deviations from it when
B3LYP/ELMO calculations are performed with QM reggoof different size (bottom panel); all the curves

refer to the cc-pVDZ basis-set.
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Figure S4.5\2 reaction energy profile at MP2 level (top parely deviations from it when MP2/ELMO
calculations are performed with QM regions of dif& size (bottom panel); all the curves referh® ¢c-

pVDZ basis-set.
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Figure S5.Dissociation energy profile of the terminal C-OHnldan sorbitol at B3LYP level (top panelhd
deviations from it when B3LYP/ELMO calculations aperformed with QM regions of different size

(bottom panel); all the curves refer to the cc-pViaEsis-set.
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Figure S6.Interaction energy profile for the formic acid -ca@oic acid dimer at B3LYP levé@op panel)
and deviations from it when B3LYP/ELMO calculatioase performed with QM regions of different size

(bottom panel); all the curves refer to the cc-pMVizasis-set.
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Figure S7.Interaction energy profile for the formic acid -cé@oic acid dimer at MP2 level (top panahd
deviations from it when MP2/ELMO calculations arrfpormed with QM regions of different size (bottom

panel); all the curves refer to the cc-pVDZ basis-s

S1C



Table S1.Number of (frozen and active) occupied moleculdnitals (V,..), number of virtual molecular
orbitals (V,;;-) and timings associated with the CCSD/ELMO and DC&lculations (cc-pVDZ basis-set)

performed on the minimum energy structure of sotl

Calculations Noce N,,, CPUtime(s) %
Frozen Active

QM(2)/ELMO 37 12 69 1258.5 2.7

QM(3)/ELMO 31 18 101 3122.9 6.7

QM(4)/ELMO 25 24 133 8165.2 17.4

QM(5)/ELMO 19 30 165 18464.4 394

Full QM (6) 12 37 201 46901.0 100.0

@ The recorded timings were obtained by performingalpel calculations on 16 Intel Xeon Gold 6130 2.1

GHz processors.

Table S2.Number of (frozen and active) occupied moleculdnitals (V,..), number of virtual molecular
orbitals (V,;x) and timings associated with the CCSD(T)/ELMO &@SD(T) calculations (cc-pvVDZ

basis-set) performed on the minimum energy streadfithe formic acid — decanoic acid dirfier.

Calculations Noce N,., CPUtime(s) %
Frozen Active
QM(3)/ELMO 40 20 103 8521.9 1.8
QM(4)/ELMO 37 23 124 13541.0 2.8
QM(5)/ELMO 34 26 145 22536.8 4.6
QM(6)/ELMO 31 29 166 42836.4 8.8
QM(7)/ELMO 28 32 187 77277.4 15.9
QM(8)/ELMO 25 35 208 153539.2 31.6
QM(9)/ELMO 22 38 229 226973.7 46.8
Full QM (11) 15 45 275 485305.4 100.0

@ The recorded timings were obtained by performingalpel calculations on 16 Intel Xeon Gold 6130 2.1

GHz processors.
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