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Poater et al. (PVHBS) questioned our proposal for a new type of bond,
collective interactions, CI1, between certain species with a general
formula Mn+AX3

m‒ using an energy decomposition analysis, EDA2,3.
Here, we show that their work confirms the existence of collective
bonding. Before going further we should emphasize that unlike our
methodology, the theory of interacting quantum atoms (IQA)4, con-
ventional EDA analyses cannot assess the nature of a given interatomic
interactions, e.g., M…A, within Mn+AX3

m‒ complexes simply because
atoms or other subgroups in a fragment are not defined in EDA. EDA
can only provide a picture of the inter-fragment interactions between
the M and the atoms in AX3 fragments.

PVHBS start their argument by assuming that LiCF3 and LiC(Ph)3
both have covalent bonds between Li and the neighboring C atoms.
Comparing the relative contributions of exchange-correlation, which
we call the covalent component from now on, and the ionic interac-
tions between atoms or fragments, Table 1 and Fig. 1 in the original
paper, show that Li…C interaction in LiCF3 is dominantly ionic. The
local interaction between Li and C is composed of a repulsive elec-
trostatic component (93.8 kcal/mol) and a slightly attractive covalent
part (−21.3 kcal/mol) therefore, the local interaction of Li andC in LiCF3
is repulsive. However, the overall stabilization stems from the ionic
interaction between the Li+ cation and CF3

‒ anion inwhich the negative
charge is concentrated on the F atoms. Thus, the inter-fragment
interaction of Li+ with CF3

‒ is dominantly an ionic one. This is con-
sistent with the widely accepted (though recently questioned5,6) pro-
posal in the EDA community that the fragmentation scheme showing
the smallest |ΔEoi| provides the best description of the electronic state
of the interacting atoms7–10; see PVHBS data in their Supplementary
Table 1 (ΔEoi = −95.5 versus 19.9 for homolytic and heterolytic dis-
sociation). The interatomic interaction between Li+ and the C atom in

CF3
‒ is; however, a unique interaction between ametal and a nonmetal

that has characteristics of covalent interaction because its ionic com-
ponent is repulsive (destabilizing) but its covalent (exchange-correla-
tion) contribution is attractive (stabilizing). On the other hand, Li…C
interaction in LiC(Ph)3 has both attractive electrostatic (−49.6 kcal/
mol) and covalent (−10.7 kcal/mol) components simply because Ph is
not as electronegative as F atoms andmorenegative charge can rest on
C. While the covalent interaction between each Li…F is only −0.7 kcal/
mol (that is 0.33% of Li…C covalent component), the Li…Ph covalent
component is 5.5 kcal/mol, that is, 51.40% of Li…C interaction in the
molecule. In other words, in LiC(Ph)3 the covalent interaction is col-
lective between all parts of the molecule. PVHBS explain the weaker
Li…C interaction in LiC(Ph)3 by Pauli repulsion. IQA analysis suggests
that the source of the lower Li…C interaction energy is simply weaker
electrostatics. On the other hand, IQA justifies the fact that in LiC(Ph)3
the C(Ph)3 structure is inverted, i.e., the C‒C‒Li angle is 83.27°. If Pauli
repulsion is a real effect, we would have expect to find a pyramidal
LiC(Ph)3 that was never found on the gas-phase PES of the molecule.

IQA4, clearly shows that theorigin of CI is the quantummechanical
exchange-correlation energy that lies at the root of covalent interac-
tions. Thus, CI is a covalent-like interaction between the M and X
atoms, which are not related to a bonded Lewis structure. Of course,
and as expected, a non-negligible ionic interaction between the posi-
tively charged M and the negatively charged Xs in the MAX3 moieties
strengthens CI in many structures.

PVHBS continue that, according to their analysis, 1,3 interactions
in LiCPh3 reduce the Li‒C overlap and conclude that this interaction
should be destabilizing. PVHBS’ Supplementary Table 1 shows that in
their model systems, LiCPh3, LiCPh2

•, and LiCPh••, the Li–C overlap
changes from 0.071, which is barely bonding, to 0.167, and 0.229,
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respectively. Irrespective of the physical/chemical validity of these
unoptimized DFT-based models that fail a T-test11, Supplementary
Table S1, PVHBS’ Supplementary Table 1 shows that while the overlap
integral changes by more than 300%, the orbital interaction energy
remains essentially the same for LiCPh3 and LiCPh•• (−98.2 and
−98.5 kcal/mol), and surprisingly drops for LiCPh2

• to only −83.2 kcal/
molwhen just one phenyl is removed. This clearly shows thatwhile the
overlap between Li and the central C atom is strengthened in this
series, a stabilization factor is lost and the tradeoff between the lost
factor and the extra gainedoverlap in theprocess keeps theΔEoi values
constant. On the contrary, for classical LiCF3 the removal of the F
atoms has a negligible effect on both the overlap and, thus, the ΔEoi
values, as expected. We propose that the stabilization, which is pro-
portional to the number of phenyl groups, comes from the collective
interaction. Because theΔEoi values for LiCPh(F)3 series do not change,
if PVHBS would like to extract their own ICIXC-like index they could
divide the overlap for the LiCPh(F)3 system by that of LiCPh(F)•• to
obtain ICIXC-EDA(LiCPh3) = 0.310 and ICIXC-EDA(LiCF3) = 0.961, close to
our original values (ICIXC(LiCPh3) = 0.393 and ICIXC(LiCF3) = 0.910).
Note that we are not advocating for a general recipe to compute ICIXC
values based on EDA; in this case the identical ΔEoi values permit an
evaluation of an ICIXC-like index with EDA descriptors.

We should stress that the variation of the magnitude of the EDA
Pauli repulsion component, asdiscussedbefore, is not a reliable tool to
assess the nature of a bond because ΔEPauli can be tuned at will if one
uses a different EDA scheme, e.g., a step-wiseEDA12,13. Nevertheless, it is
interesting to note that, according to PVHBS’ Supplementary Table 1,
in the heterolytic fragmentationof LiCPh3 to a carbanion andLi+, which
should be taken as the most realistic bonding model based on its
smaller |ΔEoi| within the EDA paradigm7–10, the ΔEPauli repulsion
between the phenyl rings and Li+ does not exist because it barely
decreases from 18.9 kcal/mol in LiCPh3 to 17.1 kcal/mol for LiCPh2

• and
again increases to 19.9 kcal/mol in LiCPh••. It is curious to note that
ΔEPauli for pyramidal LiCF3, a species that according to PVHBS should
not have steric strain between its F substituents and the Li atom,
decreases in the heterolytic dissociation channel according to their
computations (ΔEPauli = 34.9, 28.0, and 25.1 kcal/mol for LiCF3, LiCF2

•,
and LiCF••, respectively)!

Inspection of the EDA data listed in PVHBS’ Supplementary
Tables 1 and 2 for i-LiCF3 and LiCF3, two closely related species with
and without collective interaction, is illuminating and avoids any
unoptimized radical model system. PVHBS write that collective
interaction weakens bonds because of Pauli repulsion even in
inverted i-LiCF3, as compared to the pyramidal formof themolecule,
LiCF3. However, they fail to mention that (1) i-LiCF3 is the global
minimumon the potential energy surface of themolecule, (2) the Li‒
C bond dissociation energy according to their computations is
−66.0 kcal/mol for the homolytic and −152.4 kcal/mol for the het-
erolytic dissociation of Li in i-LiCF3 versus −63.6 and −150.0 kcal/mol
for the homolytic and heterolytic dissociation of the pyramidal
LiCF3. This is so despite a much larger Pauli component in i-LiCF3
(128.7 kcal/mol homolytic, 21.0 kcal/mol heterolytic) versus pyr-
amidal LiCF3 (46.6 kcal/mol homolytic, 34.9 kcal/mol heterolytic),
even if we neglect the fact that the Pauli term for heterolytic dis-
sociation of i-LiCF3 is notably smaller than the corresponding value
for the pyramidal isomer.

Another interesting point that is overlooked by PVHBS is that
despite a much smaller overlap in i-LiCF3 (0.219) as compared to LiCF3
(0.317), the orbital interaction energy of i-LiCF3 is significantly higher
(−155.4 kcal/mol) than in the pyramidal isomer (−95.5 kcal/mol)
according to data in their Supplementary Tables 1 and 2. If we accept
PVHBS’ proposal that the out-of-phase overlap is stronger in i-LiCF3,
then either the orbital interaction term is not appropriately showing
the orbital interaction energies, or the analysis is missing an essential
part which is the collective interaction.

Finally, as PVHBS conclude, and as we mentioned earlier, collec-
tive bonding arises when the stabilizing interaction between two
immediate neighboring atoms is negligible and, either because of the
distance or unfavorable charges like in LiCF3 or NaBH3

‒14, there is a
repulsive (destabilizing) ionic interaction between the M and A atoms
in the MAX3 molecules, but the M and X interaction is attractive (sta-
bilizing). In that sense, collective bonds have not been identified
before and perhaps could not be identified without using an appro-
priate partitioning method (Fig. 1). While in some species with collec-
tive bonds electrostatic component plays a more notable role in
bonding than the covalent part, it is not always the case and nomatter
which factor is dominant, ICIXC is a sensitive probe to identify non-
classical interactions.

Data availability
The results of the T-test, performed on intermediates, are shown in
the Supplementary Information.

References
1. Sowlati-Hashjin, S. et al. Collective interactions among organome-

tallics are exotic bonds hidden on lab shelves. Nat. Commun. 13,
2069 (2022).

2. Ziegler, T. & Rauk, A. A theoretical studyof the ethylene-metal bond
in complexes between copper(1+), silver(1+), gold(1+), platinum(0)
or platinum(2+) and ethylene, based on the Hartree-Fock-Slater
transition-state method. Inorg. Chem. 18, 1558–1565 (1979).

3. Ziegler, T. & Rauk, A. Carbon monoxide, carbon monosulfide,
molecular nitrogen, phosphorus trifluoride, and methyl isocyanide
as.sigma. donors and.pi. acceptors. A theoretical study by the
Hartree-Fock-Slater transition-state method. Inorg. Chem. 18,
1755–1759 (1979).

4. Blanco,M. A., Martín Pendás, A. & Francisco, E. Interacting quantum
atoms: a correlated energy decomposition scheme based on the
quantum theory of atoms inmolecules. J. Chem. Theory Comput. 1,
1096–1109 (2005).

5. Rodstein, I. et al. Formation of exceptional monomeric
YPhos–PdCl2 complexes with high activities in coupling reactions.
Chem. Sci. 13, 13552–13562 (2022).

6. Gimferrer, M. et al. Reply to the ‘comment on “the oxidation state in
low-valent beryllium and magnesium compounds”’ by S. Pan and
G. Frenking, Chem. Sci., 2022, 13, DOI: 10.1039/D2SC04231B.
Chem. Sci. 14, 384–392 (2023).

Fig. 1 | Collective bonds deserve recognition. While one can classify nearly all
halogen, chalcogen, and pnictogen, even hydrogen bonds among either dipole…
dipole or ion…dipole interactions, the community nowacknowledges the different
names because that helps to recognize them better once, we see them in a struc-
ture. A nonclassical collective bond (interaction) deserves recognition because the
mechanism of collective bond formation is essentially different from classical
covalent, dative, or polar-covalent bonds.

Matters arising https://doi.org/10.1038/s41467-023-39504-3

Nature Communications |         (2023) 14:3873 2



7. Zhang, Q. et al. Formation and characterization of the boron
dicarbonyl complex [B(CO)2]−. Angew. Chem. Int. Ed. 54,
11078–11083 (2015).

8. Georgiou, D. C., Zhao, L., Wilson, D. J. D., Frenking, G. & Dutton, J. L.
NHC-stabilised acetylene—how far can the analogy be pushed?
Chem. A Eur. J. 23, 2926–2934 (2017).

9. Hermann, M. & Frenking, G. Carbones as ligands in novel main-
group compounds E[C(NHC)2]2 (E=Be, B+, C2+, N3+, Mg, Al+, Si2+,
P3+): a theoretical study. Chem. A Eur. J. 23, 3347–3356 (2017).

10. Foroutan‐Nejad, C., Straka, M., Fernández, I. & Frenking, G. Bucky-
ball difluoride F2−@C60+—a single-molecule crystal. Angew.
Chem. Int. Ed. 57, 13931–13934 (2018).

11. Lee, T. J. & Taylor, P. R. A diagnostic for determining the quality of
single-reference electron correlation methods. Int. J. Quantum
Chem. 36, 199–207 (1989).

12. Andrada, D. M. & Foroutan-Nejad, C. Energy components in energy
decomposition analysis (EDA) are path functions; why does it mat-
ter? Phys. Chem. Chem. Phys. 22, 22459–22464 (2020).

13. Poater, J., Andrada, D. M., Solà, M. & Foroutan-Nejad, C. Path-
dependency of energy decomposition analysis & the elusive nature
of bonding. Phys. Chem. Chem. Phys. 24, 2344–2348 (2022).

14. Foroutan‐Nejad, C. The Na⋅⋅⋅B bond in NaBH3−: a different type of
bond. Angew. Chem. Int. Ed. 59, 20900–20903 (2020).

Acknowledgements
Computational resources for the first-principles computations were
provided by the project “e-Infrastruktura CZ” (e-INFRA CZ LM2018140)
supported by the Ministry of Education, Youth and Sports of the Czech
Republic and Poland’s high-performance computing infrastructure
PLGrid (HPC Centers: ACK Cyfronet AGH) within computational grant
no. PLG/2022/016057. AMP thanks the Spanish MICINN, grant PID2021-
122763NB-I00. CFN thanks toNational ScienceCentre, Poland 2020/39/
B/ST4/02022 for funding this research. MK acknowledges the financial
support by the Natural Sciences and Engineering Research Council of
Canada (NSERC) and the Canada Research Chairs Program. For the
purpose of Open Access, the authors have applied a CC-BY public
copyright license to any Author Accepted Manuscript (AAM) version
arising from this submission.

Author contributions
V.Š. performed the computations. S.S.H., S.A.S., and M.K. analyzed the
data. A.M.P. and C.F.N. contributed in writing the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39504-3.

Correspondence and requests for materials should be addressed to
Angel Martín-Pendás or Cina Foroutan-Nejad.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Matters arising https://doi.org/10.1038/s41467-023-39504-3

Nature Communications |         (2023) 14:3873 3

https://doi.org/10.1038/s41467-023-39504-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Reply to: On the existence of collective interactions reinforcing the metal-ligand bond in organometallic compounds
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




