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Abstract

A complex chemical system is often examined based on their fragments, so fragment-

based analysis is the key to chemical understanding. We report the natural fragment

bond orbital (NFBO) method for inter-fragment bonding interaction analysis, as an

extension to the well-known natural bond orbital method. NFBOs together with their

corresponding natural fragment hybrid orbitals (NFHOs) allow us to derive local bond-

ing and anti-bonding orbitals among fragments from the delocalized canonical molecular

orbitals. In this paper, we provide the algorithm for finding NFBOs and showcase its

application to several chemically interesting systems featuring significant inter-fragment

bonding interactions. Through these examples, the NFBO method is shown to be a

powerful tool for molecules possessing strong inter-fragment bonding interactions.

1 Introduction

Chemists commonly perceive material world as a collection of molecules, and molecules as a

collection of chemically meaningful molecular fragments. Many molecular properties, includ-

ing stability and reactivity, are closely intertwined with the bonding interactions occurring
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among the constituent molecular fragments. Consequently, understanding the bonding in-

teractions among these material or molecular fragments becomes a fundamental aspect of

chemistry.

However, current molecular orbital calculations, which provide valuable insights into

bonding interactions, often yield results that exhibit significant delocalization over the entire

molecular system, making it challenging to observe inter-fragment interactions. Conversely,

available localization techniques view molecular orbitals as combinations of localized orbitals

centered on minimal regions, dividing fragments into smaller units akin to atoms.1–4 In both

cases, a fragment representation of the wavefunctions (orbitals) consistent with the intuition

remains elusive. Consequently, the development of orbital analysis methods specifically

tailored for inter-fragment bonding interactions is imperative.

A successful attempt to clearly demonstrate two-fragment orbital interactions is the prin-

cipal interacting orbital (PIO) analysis.5–7 The PIO analysis is designed to find as few orbitals

as possible that are able to describe the inter-fragment bonding interactions concisely. How-

ever, in the cases with more than two fragments, one has to put the fragments into two

groups and treat each group as a fragment.7–10 Clearly, the PIO analysis has limitations

when applied to scenarios where the consideration of bonding interactions involving three or

more fragments becomes more meaningful.

The algorithm used by the natural bond orbital (NBO) method inspired us with a possible

realization of carrying out bonding interaction analysis among more than two fragments.11–15

As a mature technique dating back to the 1980s, NBO analysis has facilitated numerous stud-

ies on electronic structure and is still most widely used today. The application scope of NBO

covers analyzing metal-to-ligand back bonding,16,17 deciphering delocalized bonds,18 explain-

ing the famous 18-electron rule19 and demystifying stereoelectronic effect of bis-peroxides,20

etc. In addition, NBO lays the foundation for more bonding analysis tools to be built upon,

such as natural localized molecular orbitals,21 (quadratic programming) natural resonance

theory,22,23 adaptive natural density partitioning24 and resonance natural bond orbital.25
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We hereby put forward the natural fragment bond orbital (NFBO) method, another

extension to the NBO method. While NBO is designed to reveal the bonding interactions

between atoms, NFBO is designed to reveal the bonding interactions between fragments.

To be specific, in the NBO method, the inter-atomic bond orbitals are searched for, while

in the NFBO method, the inter-fragment bond orbitals are to be found instead. By the

end of NFBO analysis, a set of natural fragment hybrid orbitals (NFHOs) is also exported,

analogous to natural hybrid orbitals (NHOs) in the NBO method.11 NFHOs are fragment

orbitals that contribute to the NFBOs by linear combination.

In this paper, not only do we report the NFBO algorithm, but we also demonstrate its

application to some chemically interesting systems, including the transition state of Diels-

Alder reaction of a highly conjugated diene, the tri-zinc cluster [Zn3Cp3]
+,26 the tri-thorium

cluster [{Th(C8H8)Cl2}3]
2–,27 the planar concentric cluster B –

19
28 and the double helical semi-

conducting material [Sn7I7P7]n.29 The common feature among these chemical systems is that

they can all be naturally separated into several fragments, and the inter-fragment bonding

interactions determine their stability or reactivity. Therefore, they make good examples for

demonstrating the value of NFBO analysis. In the last example, we even extend this method

to periodic solid state systems, where orbital interaction analysis meets difficulties.30 We will

show that their NFBO analysis results satisfy general chemical intuition.

2 Computational details

All the structures are optimized with the density functional B3LYP31 and the basis set 6-

31G(d),32 unless otherwise noted, with the program Gaussian 16, Revision C.01.33 For

each example, the wavefunction obtained for the optimized structure is used for NFBO

analysis. Only pure basis functions are used in the calculations, so cartesian-to-pure trans-

formation is not needed.34 The wavefunction file is then converted to mwfn format with

Multiwfn.35 The new wavefunction file is fed to our package Orbaplaw36 for NFBO analysis.
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We set the occupation threshold, a value which we will explain in Sect. 3.1, to 1.8 e per

orbital, unless otherwise noted. Finally, Multiwfn and VMD37 are used together to generate

the orbital plots, with an isovalue of 0.05 au.

3 Algorithm

The algorithm for NFBOs and NFHOs are analogous to that for NBOs and NHOs, except

that in this work fragments take the role of atoms.11 For the sake of easy reproduction by

interested researchers, we provide the detailed algorithm here. A graphical demonstration of

the procedure (Figs. 1 and 2) is also presented to make the algorithm easier to understand.

The demonstration is based on cyclic C3HFCl+, which is intentionally optimized with the

minimal basis set STO-6G38 instead of 6-31G(d)32 to maintain a small matrix for illustration

purpose.

3.1 Searching for inter-fragment bonding orbitals

In the first stage, we search the density matrix for electron pairs, ranging from localized ones

centered at individual fragments to delocalized ones spanning across multiple fragments. The

resulting orbitals that accomodate the electron pairs are called primitive NFBOs (pNFBOs).

Theses pNFBOs capture the main feature of the intra-fragment and inter-fragment bonding.

1. Grouping atoms into fragments. The fragmentation depends on the bonding interac-

tions to be investigated. For example, C3HFCl+ can be considered as a combination of

three fragments, [C1 H], [C2 F] and [C3 Cl], where the superscripts are the indices

of the carbon atoms.

2. Obtaining the NAO-based density matrix. The natural atomic orbitals (NAOs) make a

well-behaved basis set, since they reflect the shell structure of atoms in the molecular

environment and are mutually orthogonal.34 In this step, we transform the density

matrix into the NAO basis set.
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3. Identification of bonding and/or non-bonding orbitals within individual fragments. Each

block of the density matrix, whose rows and columns are related to the NAOs be-

longing to each fragment, is diagonalized (Fig. 1a left). The density associated with

eigenvectors having eigenvalues close to full occupation within a pre-specified thresh-

old (typically set to 1.8 e by default, as mentioned in the last section) is excluded from

the total density matrix, while the remaining eigenvectors are retained (Fig. 1a left).

The excluded eigenvectors correspond to bonding and/or non-bonding orbitals within

individual fragments (Fig. 1a right). In the case of the cyclic C3HFCl+ molecule, there

are eighteen excluded eigenvectors. These eigenvectors are one-fragment pNFBOs and

correspond to (1) C1 H, C2 F and C3 Cl σ bonds (three in total), (2) lone pairs of

electrons on fluoride and chloride (six in total) and (3) core electron pairs of C, F and

Cl (nine in total) (Fig. 1a bottom).

4. Identification of two-fragment bonding orbitals. The remaining density matrix no longer

contains bonding and/or non-bonding density within individual fragments (Fig. 1b,c

left). To find the two-fragment bonding orbitals, one diagonalizes the larger block

corresponding to each pair of fragments (Fig. 1b,c left). Again, the eigenvectors with

eigenvalues close to full occupation are considered as two-fragment bonding orbitals

(Fig. 1b,c right), and their density is then removed from the density matrix for the

next step below. pNFBOs 19, 20 and 21 shown at the bottom of Fig. 1b,c describe

approximately the three C C σ bonds in the cyclic C3HFCl+ molecule.

5. Identification of three-or-more-fragment bonding orbitals. Some systems have delocal-

ized bonds among three or more fragments. To find these bonds, one searches for

three-fragment bonding orbitals, four-fragment bonding orbitals, etc., successively, in

the same manner described above (Fig. 1d right). pNFBO 22 shown at the bottom of

Fig. 1d describes the delocalized 3c-2e π bond in the cyclic C3HFCl+ molecule.
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Figure 1: Schemes of identification of (a) bonding and/or non-bonding orbitals within in-
dividual fragments, (b,c) two-fragment bonding orbitals and (d) three-fragment bonding
orbitals. The fragments that the rows (and columns) belong to are marked for the density
matrix and the pNFBO vectors. “N.B.” and “B.” are short for “non-bonding orbital” and
“bonding orbital”, respectively. The density corresponding to previous pNFBOs are already
eliminated from the paler grey regions in the remaining density matrices. The white boxes
in the pNFBO vectors represent elements equal to zero by construction. The real space
pNFBO plots are also shown. The colors (1) red, (2) orange, (3) yellow, (4) green, (5) blue,
(6) indigo and (7) purple are linked to (1) the [C1 H] fragment, (2) the [C2 F] fragment,
(3) the [C3 Cl] fragment, (4) the combination of the [C1 H] and [C2 F] fragments, (5) the
combination of the [C2 F] and [C3 Cl] fragments, (6) the combination of the [C1 H] and
[C3 Cl] fragments and (7) the combination of all the three fragments.
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3.2 Generation of NFHOs and NFBOs

In the second stage, we derive the desired NFHOs and NFBOs from their primitive counter-

parts.

1. (Optional) Partial localization of bonding pNFBOs onto fragments. In degenerate pNF-

BOs, various linear combinations among them are possible. Therefore, the obtained

pNFBOs may deviate from the generally accepted representations. In such cases, we

have found that applying partial Pipek-Mezey localization3 with Lowdin population of

fragments (instead of atoms) among degenerate pNFBOs alleviates this issue to some

extent.

2. Decomposing pNFBOs into pNFHOs. All bonding pNFBOs are decomposed according

to the NAOs of the fragments involved. For example, the two-fragment pNFBO 19 is

directly divided into two subvectors, one comprising the NAOs of the fragment [C1 H]

and the other of the fragment [C2 F] (Fig. 2a). These subvectors are called primitive

NFHOs (pNFHOs), embodying fragment contributions to bonding. For non-bonding

orbitals (such as pNFBOs 1-18 in Fig. 2a left), a pNFBO is also a pNFHO.

3. Orthogonalization of pNFHOs. Fragment-wise orthogonalization of pNFHOs is carried

out and results in NFHOs. As an example, pNFHOs 1, 2, 19, 23 and 25 are orthogo-

nalized together since they belong to the same fragment [C1 H] (Fig. 2a right). Here,

an occupancy-weighted symmetric orthogonalization34,39 is performed. The resulting

NFHOs make an orthonormal basis set (Fig. 2b).

4. Population of NFHOs. The density matrix is projected to the NFHO basis set (Fig. 2c

left). Its diagonal elements serve as occupation numbers.

5. Generation of NFBOs. Diagonalization of each block of the NFHO-based density ma-

trix originating from the same pNFBO gives the final NFBOs (Fig. 2c). The eigenvalues

are the occupation numbers of NFBOs, including the almost fully occupied ones with
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occupation numbers to be nearly 2.0 e and the almost unoccupied ones with occupa-

tion numbers to be nearly 0.0 e. During the diagonalization, the off-diagonal blocks

are expected to be approximately zero and thus ignored.

6. (Optional) Partial localization of degenerate NFBOs upon fragments. Again, the di-

agonalization in the last step may result in mixing of (nearly) degenerate orbitals.

Therefore, we choose to partially localize them within their respective spaces, as men-

tioned in one of the previous steps.

4 Applications

In this section, we provide five examples to demonstrate the application of the NFBO method.

4.1 Diels-Alder reaction between dodecahexaene and ethene

We will begin with a simple system that involves only interactions between two fragments,

yet enough to pose challenges to many existing analysis tools, the Diels-Alder reaction. In

a Diels-Alder reaction, electrons flow from the HOMO of one molecule to the LUMO of

the other, as well as from the HOMO of the other molecule to the LUMO of the original

molecule. For small conjugated dienes, such as butadiene, the HOMO and LUMO center

at the reaction site. For highly conjugated dienes, such as dodecahexaene, however, the

frontier orbitals of the diene’s reaction site are contaminated by other parts of the π system

extending throughout the whole molecule, blurring the inter-fragment bonding interaction

feature (Fig. 3). The principal interacting orbitals5,7 and frontier molecular orbitalets40 are

two rare examples that can successfully represent the orbital interactions in this case. Here

we present our NFBO analysis for this problem.

The diene and the dienophile are taken to be two fragments. As a result of NFBO analysis,

inter-fragment bonding interactions involving two pairs of electrons are found. NFBOs 1 and

2 form a pair of bonding and anti-bonding orbitals, while NFBOs 3 and 4 form the other
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Figure 2: (a) A scheme of decomposing pNFBOs into pNFHOs; (b) A scheme of obtaining
the NFHOs by fragment-wise orthogonalization; (c) A scheme of obtaining the NFBOs by
diagonalization of the NFHO-based density matrix. The fragments that the NAOs belong to
are marked for pNFBO and pNFHO vectors. The white boxes represent elements that are
equal to zero by construction. The paler dark regions are theoretically approximately zero
by construction. The paler colored regions indicate very low occupation numbers of (nearly)
unoccupied NFBOs. The real space pNFHO, NFHO and NFBO plots are also shown. The
colors here have the same meanings as in Fig. 1.
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Figure 3: The frontier canonical molecular orbitals of the Diels-Alder transition state with
Cs symmetry for the reaction of dodecahexaene with ethylene.

(Fig. 4). NFBOs 1 and 3 are bonding orbitals while NFBOs 2 and 4 are anti-bonding

ones. They are found to be composed of the NFHOs by linear combinations, with the

combination weights shown by percentages (Fig. 4). NFHOs 1 and 3 are located on the

diene fragment while NFHOs 2 and 4 are on the dienophile fragment. In this way, local

orbital interactions and fragment contributions to them are highlighted by NFBO analysis,

against the delocalized feature of canonical molecular orbitals (Fig. 3). Besides, respective

domination of the symmetric bonding orbitals by NFHOs of the dienophile and the anti-

symmetric bonding orbitals by NFHOs of the diene indicates the electron flow directions in

both irreducible representation spaces.

Note that the NFBOs and the NFHOs resemble the principal interacting molecular or-

bitals and the principal interacting orbitals in the same example given in the literature,5,7

suggesting the same physical meaning shared by both methods.
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Figure 4: The NFBOs and NFHOs of the Diels-Alder transition state with Cs symmetry.
The percentage on each dashed line connecting one NFBO and one NFHO is the weight, or
the square of the linear combination coefficient, of this NFHO contributing to this NFBO.
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4.2 The delocalized σ bonds in [Zn3Cp3]
+ and [{Th(C8H8)Cl2}3]

2–

The core value of the NFBO method lies on the ability to identify and quantify bonding

interactions among three or more fragments. The second and third example molecules are

[Zn3Cp3]
+ and [{Th(C8H8)Cl2}3]

2–. They both feature a delocalized σ bond among the three

metal atoms, which form an equilateral triangle.

The structure of [Zn3Cp*
3]

+ was reported in Ref. 26. It was obtained by coordinating

[Cp* Zn Zn Cp*], a linear cluster having a Zn Zn σ bond, with the electrophilic species

[Cp* Zn]+. The coordination converts the σ bond to a µ3 dangling electron pair, or a

delocalized σ bond, and thus leads to formation of [Zn3Cp*
3]

+.26,41

Figure 5: The NFBOs and NFHOs of the delocalized σ bond in (a) [Zn3Cp3]
+ with C3h

symmetry and (b) [{Th(C8H8)Cl2}3]
2– with D3h symmetry.

In this example, we examine its homologue, [Zn3Cp3]
+, for simplicity, with NFBO anal-

ysis. The three [Zn Cp] units are considered as the three fragments. The analysis indicates

that only a three-fragment bonding interaction is found (Fig. 5a). That means that the

aforementioned delocalized σ bond is the only factor that holds the three fragments to-

gether, as expected. This delocalized σ bond is the result of interaction among the three
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NFHOs centered at the three Zn atoms (Fig. 5a): An in-phase combination of these NFHOs

gives the only bonding NFBO 1 with the irreducible representation a′, while NFBOs 2 and

3 are anti-bonding orbitals with the irreducible representation e′ (Fig. 5a).

In 2021, Boronski et al. reported [{Th(C8H8)Cl2}3]
2–, a crystalline tri-thorium cluster

with so-called σ-aromatic metal–metal bonding (Fig. 6a).27 Since then, there has been a hot

debate on whether the aromaticity is real.42,43 Here we analyze the metal-metal bonding

interaction with our NFBO method.

Figure 6: The geometries of (a) [{Th(C8H8)Cl2}3]
2– with D3h symmetry and (b) B –

19 with
C2v symmetry and their fragmentation schemes for NFBO analysis.

For this cluster, there seems no clear cut between fragments, due to the bridging Cl

atoms connecting the three Th atoms. However, we still need to put the three Th atoms in

three fragments since we are going to investigate their bonding interaction. Therefore, we

choose to assign the three [Th C8H8] units to three separate fragments and the six Cl atoms

pair-wisely to three fragments (Fig. 6a). Besides, we set the occupation threshold to 1.9 e per

orbital in this example. In the DFT computation, we use the relativistic pseudo-potential

basis set MWB6044 for Th.

With NFBO analysis, we find no two-fragment bonds between any pair of the three
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[Th C8H8] units. Instead, we find a three-fragment bond at the center of the cage (Fig. 5b),

with one bonding orbital (NFBO 1) and two anti-bonding orbitals (NFBOs 2 and 3). They

are the linear combinations of the NFHOs that resemble the dz2 orbitals of the three Th atoms

in shape. Therefore, we conclude that NFBO analysis suggests a three-center delocalized σ

bond at the center of [{Th(C8H8)Cl2}3]
2–, which involves the dz2 orbitals of the Th atoms.

(Here, the z axis is defined as the radial vector from the center of the metal triangle to each

Th atom.)

Additionally, light is shed upon the nature of type-III mixed valence in these two exam-

ples.45 Without locating the delocalized σ bonds among the metal centers, each Zn atom has

an oxidation state of +2
3
, while each Th atom has an oxidation state of +11

3
. Removing the

tri-metallic delocalized electrons from the total negative charge renders the metal centers

to be Zn(0) and Th(III). In this way, the NFBO method has aided our understanding of

the type-III mixed valences of the metal atoms in these systems. We have also resolved the

mixed valence problem in a tri-titanium polyhydride complex introduced in Ref. 46 (See

“Code availability”).

4.3 B –
19: A 2-D three-layer cluster

In 2010, Huang et al. reported an all-boron cluster B –
19.28 In 2021, Li et al. revised the

previous view on the electronic structure of B –
19, and proposed a scheme of inner 2π/6σ

and outer 10π/14σ aromaticity, with the adaptive natural density partitioning (AdNDP)

method24 combined with canonical molecular orbital analysis, to explain the stability of this

cluster.47 In this section, we use NFBO to analyze its bonding. We will see that NFBO

analysis produces a bonding picture somewhat similar to Li’s work.

B –
19 has a 2-D concentric three-layer geometry, with one atom at the center, five atoms in

the middle layer and thirteen atoms in the outer layer (Fig. 6b). Since each layer naturally

forms a fragment, NFBO analysis is suitable for this cluster. Based on this fragmentation

scheme (Fig. 6b), Fig. 7 lists all the important occupied NFBOs of B –
19. Excluding all the
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core orbitals and the thirteen B B single bonds in the outer layer, there are three σ and

one π NFBOs between the center and the middle layer (Figs. 7a,b), seven σ and four π

NFBOs between the middle layer and the outer layer (Figs. 7c,e) and one in-fragment π

NFBO of the outer layer (Fig. 7d). Due to space limitations, only four selected bonding

interactions are shown in detail with both NFBOs and NFHOs in Fig. 8. For all the non-

trivial NFBOs and NFHOs of B –
19, see Fig. S1 through Fig. S7. In total, we find two π

Figure 7: Non-anti-bonding NFBOs of B –
19 with C2v symmetry: (a) The bonding σ NFBOs

of center-middle interaction; (b) The bonding π NFBOs of center-middle interaction; (c) The
bonding σ NFBOs of middle-outer interaction; (d) The non-bonding π NFBO of the outer
layer; (e) The bonding π NFBOs of middle-outer interaction. The 1s core orbitals and the
thirteen B B single bond orbitals of the outer layer are trivial and not shown.

and six σ electrons between the center and the middle layer, as well as ten π and fourteen

σ electrons between the middle layer and the outer layer. In this way, we obtain the same

scheme of inner 2π/6σ and outer 10π/14σ aromaticity of B –
19 as put forward in Ref. 47.

Clearly, the electron configurations of 2π, 6σ, 10π and 14σ, each satisfying Huckel’s 4n + 2

rule, provide an explanation for the remarkable stability observed in the cluster. Finally,

note that no artificial parameters except the fragmentation and the threshold are invoked,
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Figure 8: Detailed bonding interactions for selected NFBOs shown in Fig. 7. The colors of
the texts and dashed boxes suggest the fragments (shown in Fig. 6b) from which the NFHOs
originate.
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making NFBO analysis a convenient tool less subject to human interference.

4.4 [Sn7I7P7]n: a double helical structure

In the final example, we will illustrate how the fragment-based view extends to periodic

systems.

The first atomic-scale double helical semiconductor, [Sn7I7P7]n, was reported in 2016.29

In [Sn7I7P7]n, two chains, [Sn7I7]n and [P7]n, are winded together analogous to the two chains

in DNA. Electron localization function (ELF) analysis48 shows dative bonds donated from

the inner phosphorus atoms to the outer tin atoms, accounting for the inter-chain binding

force.29,49 However, ELF analysis does not give sufficient information on the components of

these bonds, which is crucial for understanding the origin of the double helical structure.

We have found that our NFBO analysis can fill the gap and explain why the double helical

structure is stable for [Sn7I7P7]n.

The DFT computation is done with the density functional BLYP,50,51 the basis set def2-

SVP52 and the density fitting basis set W0653 to one unit cell of [Sn7I7P7]n. Ten k points

are used for optimization, while the Γ point alone is used for NFBO analysis. The optimized

bond angles with regard to a tin atom and its neighboring atoms are ̸ I Sn I = 158.3◦,

̸ P Sn I = 78.2◦, 85.9◦ and ̸ P Sn P = 85.7◦.

To find the interaction between a Sn atom with its surroundings, we set one of the Sn

atoms as one fragment, the rest of the [Sn7I7] chain as the second fragment and the P atoms

as the last two fragments (Fig. 9a). The [P7] chain is divided into two fragments in a way

that the two P atoms having dative interactions with the first Sn atom come from different

fragments (Fig. 9a).

Figures 9b-e list all the bonding schemes involving the valence electrons of the first Sn

atom: NFBO or NFHO 10 is the non-bonding valence s orbital of Sn; NFBOs 202 and 203

feature the 3c-2e bonds between the Sn and its neighboring I atoms, involving the p orbitals

of the three atoms indicated by NFHOs 202 and 203; NFBOs 204 through 207 illustrate the
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Figure 9: (a) The fragmentation and (b-e) bonding schemes of [Sn7I7P7]n. (b) The non-
bonding s orbital of Sn; (c) The delocalized [I Sn I] σ bond consisting of one p orbital of
Sn and I; (d,e) The localized [P Sn] bonds consisting of the other two p orbitals of Sn and
the sp3 orbitals of P. The colors of the texts and dashed boxes in (b-e) suggest the fragments
in (a) from which the NFHOs originate.
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localized dative bonds to the Sn atom from its neighboring P atoms, concerning the other

two valence p orbitals of the Sn atom and the sp3 orbitals of the P atom.

It is noteworthy that the Sn atom is barely hybridized: its valence s orbital is inactive

and its three valence p orbitals bond with the ligands individually. The bonding situation

is similar to those in PF3 and SbF3 where each P F or Sb F bond involves one of the

p orbitals of the center atom alone without any significant s character. The inert valence

Sn s orbital accommodates the inert pair of valence s electrons, rendering the metal center

formally Sn(II). The utilization of the three Sn valence p orbitals for bonding with I and

P results in the observations of the bond angles, ̸ P Sn P and ̸ P Sn I, which are all

nearly 90◦. The double helical structure of [Sn7I7P7]n facilitates the optimal Sn I and Sn P

bonding interactions.

This example demonstrates the application of NFBO to examining bonding interactions

in periodic solid state systems. Although an atom-centered gaussian basis set is utilized

here, plane-wave-based wavefunctions can also benefit from the NFBO method via plane-

wave-to-atomic-orbital projection.30

5 Summary

In this paper, we present the natural fragment bond orbital (NFBO) method for inter-

fragment bonding interaction analysis, as an extension to the well-known natural bond orbital

method. This newly developed NFBO method was applied to analyze bonding interactions in

various systems, including the transition state of a Diels-Alder reaction, tri-nuclear clusters

of zinc and thorium, the B –
19 cluster and the double helical [Sn7I7P7]n structure. These

analyses demonstrate the effectiveness and power of the NFBO method for investigating

bonding interactions in complex molecular systems.
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Code availability

The program we have developed for NFBO analysis, Orbaplaw, can be freely obtained from

its homepage https://github.com/FreemanTheMaverick/Orbaplaw, where the user guidance

and several extra examples can also be found. These examples include a tri-titanium polyhy-

dride complex,46 a uranium-cyclobutadiene-uranium sandwich structure54 and the transition

state of an organo-palladium catalyzed aryldifluoromethylation reaction.55

Supplementary material

The supplementary material is available at https://doi.org/10.26434/chemrxiv-2024-rt585.

It contains all the non-trivial NFBOs and NFHOs of B –
19.
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