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Abstract

Introduction

c-hole bonding,? i.e. the attractive interaction between a polarised main group atom and a Lewis base
(LB), is gaining considerable importance within the family of non-covalent interactions. It arises from
an anisotropic charge distribution around the polarised atom, which creates a region of positive
electrostatic potential (c-hole) interacting with electron-rich moieties. The most notable example is the
halogen bond (XB),2* which is increasingly establishing as a versatile tool in crystal engineering,
catalysis and photoluminescence.® More recently, the “c-hole interactions” family has been expanding
throughout the periodic table to chalcogen (ChB),>® pnictogen (PB)® and tetrel bond (TB).1° Along with
the latter, n-hole interactions demonstrated to be worth of attention.'?

The latest addition to this group is the metal bond, which entails systems where a c-hole is localised on
a transition metal having a completely filled d shell. For example, in the case of group 11 metals, the
“coinage metal-bond” has been proposed for the mainly electrostatic interaction between a polarized
metal (as CuCl or AgCl) and a LB,*3* even if some authors push for a more concise and general
nomenclature,® recognizing the common nature of all these weak interactions. Joy and Jemmis
underlined that a LB — M polarization is possible only for metals having a completely filled d shell,
whereas for others, as rhodium and cobalt for instance, a M — LB polarization prevails.®

An interesting case is that of group 12 metals, for which the capability of forming the so-called “spodium

bond” (SpB) has been proposed.l’” In a very recent contribution, Frontera et al. analysed a series of
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[(thiourea)2MXz] complexes (M = Zn, Cd, Hg; X = ClI, Br, 1) and revealed that 5-holes located along the
bisector of the S—-M-S bond can establish weak, non-coordinative interactions with moderate LBs such
as CO, CH3CN or CH,0.!® Such model adducts generally show the concomitant presence of a series of
weak interactions, including hydrogen (HB) and chalcogen bonds, as evidenced by the quantum theory
of atoms in molecules (QTAIM). Since they all contribute to the overall fragment interaction energy, it
is important to disentangle these contributions to provide a precise assessment of the importance of SpB.
A recent theoretical and detailed work used the Energy Decomposition Analysis (EDA)**?° and other
tools on HgCl,LB adducts, highlighting that the latter are held together by a coexistence of the
electrostatic (Eeist) and orbital (Eor) terms.?! The ratio Eom/(sum of all the attractive forces) spans from
20 to 30%. Still, it would be interesting to better understand what is the role of the SpB in the Eon, term,
that is a net charge transfer from the filled orbitals of the LB to the empty ¢*(M-X) orbital.

In order to do this, we decided to characterize the same adducts of the Frontera’s work (Scheme 1) by
Natural Orbital for Chemical Valence (NOCV)??%-Charge Displacement (CD)?*?® analysis, which

recently proved to be perfectly able in the characterization of adducts held by multiple interactions.?’-3
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Scheme 1. Numbering of the complexes studied and optimized structure of 1CH2S.

Further, the inspection of crystal structures deposited at the Cambridge Crystallographic Data Centre
(CCDC) reveals the existence of a number of structures of group 12 compounds showing intermolecular
M-~LB distances shorter than the sum of the corresponding van der Waals radii in the solid-state.'® But
in all the cases many interactions are potentially active. One could think that all of them belongs to the
SpB category, but this is not obvious, especially from the orbital point of view. Also in these cases the
separation and quantification of the different interactions are necessary for the in-depth comprehension
and characterization of the adducts. Therefore, we selected some experimentally characterized structures,
we isolated the adducts hypothetically involved in a SpB and we applied both the EDA and the NOCV-
CD analyses.



Our results shows that: i) from the methodological point of view, the NOCV-CD analysis is often able
to perfectly separate and quantify the different interactions between two fragments, both in terms of
energy and amount of electron density involved: and ii) the spatial proximity between a polarised group

12 metal and a LB does not automatically imply the presence of an “orbital” SpB.

Results and discussion

Model 1CH:S system. NOCV-CD and EDA calculations on model complexes 1-5 (Scheme 1) with
different Lewis bases (CH2S, CH20, CO and CHsCN) were performed at the M06-D3/TZVP/ZORA
level®® (see Computational Details). Starting with 1CH2S, we observed that the total interaction energy
(Eint) between 1 and CH.S amounts to -10.5 kcal/mol and it is composed by a steric energy (Est = Pauli
repulsive term Epaui + electrostatic term Eeist) of 2.2 kcal/mol, a dispersion energy of -0.9 kcal/mol and a
considerable orbital contribution (Eor) of -11.8 kcal/mol (Table 1). Keeping the geometry fixed and
using many different fucntionals, it appears evident that Eorn Shows to be quite stable and between
11.7 and 13.0 kcal/mol (Table 1). The largest deviation is given by the double hybrid B2PLYP
functional that leads to a slightly smaller value (-10.0 kcal/mol). Regarding the basis set, it is
important to use an adequate large one, as Eor is over-estimated when a small basis set (sVP) is
used. The differences in the dispersion term (Edisp) are due to the different corrections used (in
ORCA 4.1.0, MO06 functional comes only with the DO correction).

Table 1. Dependence of EDA results with functional/basis set for 1CH:2S.

Functional/basis set Eitn Eom Est  Edisp
MO06-D0/ZORA-TZVP -105 -11.8 22 -0.9
B3LYP-D3/ZORA-TZVP -10.0 -11.7 94 -7.6
PBEO-D3/ZORA-TZVP -10.3 -11.7 56 -43
TPSSh-D3/ZORA-TZVP -108 -123 7.2 57
TPSS-D3/ZORA-TZVP -10.8 -13.0 80 -5.8
BLYP-D3/ZORA-TZVP -10.1 -13.1 121 -9.1
BP86-D3/ZORA-TZVP -125 -134 93 -83
B2PLYP-D3/ZORA-TZVP -9.1 -10.0 50 -4.0
B3LYP-D3/ZORA-sVP -146 -158 89 -7.6
BP86-D3/ZORA-sVP -169 -178 93 -83




The decomposition of Est in Epauii and Eeist, Which is not possible with ORCA 4.1.0, can be done
with ADF, leading (using B3LYP-D3, ZORA and TZ2P basis set) to the following results: Eint=
-8.6, Eorb = -12.3, Epauii = 39.0, Eeist = -27.7 and Egqisp = -7.6 kcal/mol. Noteworthy, the value of
Eorb is similar to that obtained with ORCA, whereas Eint is smaller. The complete decomposition
shows that the electrostatic component is very relevant, as it happens with all the o-hole
interactions. The orbital term is about 25% of all the attractive forces.

A visual inspection of the geometry of 1CH2S makes evident that many interactions concur in
the stabilization of the adduct. The same conclusion can be drawn computing the deformation
map between the adduct and the sum of the isolated fragments, showing how the electronic
density changes upon the formation of the adduct (Aptwt, Figure 1). Indeed, one set of
accumulation/depletion (blue/red coloured regions) lies on the Cd-S axis, another set on the CI-
H axis, suggesting that the metal is interacting with the Lewis base, but there is also a hydrogen
bond (HB). Their decomposition would be desirable for a complete bond analysis.

Although it is not possible to decompose Eeist in chemically meaningful contributions, the same
is possible with Eorn. As the latter is very stable with the computational details (Table 1), from
now on the M06 functonal will be used, coherently with the literature.*® The decomposition of
Eorb could be done, in principle, by taking advantage of the symmetry of the system, at least in
the case that different contributions belong to different irreducible representations.®? Anyway,
often this approach requires a modification of the system experimentally studied in order to
achieve a perfect symmetry. Alternatively, the Natural Orbital for Chemical Valence (NOCV)
analysis allows the decomposition of Aptt and Eorn into chemically meaningful contributions (Apk
and Ex) without passing through the irreducible representations. The two methodologies have
been compared for halogen bonding and, when both are applicable, give similar results.?®



——
0.12 —CD, |
__0.09
O
5 0.06
g
0.03

0.00

Aploi

Figure 1. Isodensity surface plots (isodensity value 1 me a.u.”® except for Ap1, 0.7 me a.u.”®) for the
deformation maps relative to Aptot and Apk (k = 0, 1 and 2) of the [1] -[CH2S] interaction. The charge
flux is red — blue. Aside each Apx map, the corresponding Charge Displacement function is shown.
Black dots indicate the position on the axis of the atomic nuclei. A yellow vertical band indicates the

boundary between the fragments.

In the case of 1CH:2S, the NOCV analysis is perfectly able to isolate the main components of the
interaction (Figure 1):

- Apo contains only the regions involved with the S+Cd interaction, with depletion regions around
the sulfur, accumulation between the latter and cadmium and accumulation regions on the
thioureas coordinated. The sulfur is donating electronic density to the metal and at the same time
the electrons of the cadmium-thourea bonds are repelled by the presence of the LB. This term is
the orbital equivalent of the “spodium bond” and accounts for -7.2 kcal/mol;

- Ap1 describes a large polarization of the double bond of CH>S upon the formation of the adduct:
the interaction with a Lewis acid makes the electronic density move from C (depletion) to S
(accumulation). Smaller details can be highlighted: the accumulation regions on the sulfur of the
LB has a noticeable pointed shape toward the sulfur of the coordinated thiourea, whereas on the
latter small depletion regions are present. This pattern indicates a weak S-S interaction (chalcogen
bond, ChB). Ap1 accounts for -0.9 kcal/mol,

- Ap2 contains only the regions involved with the Cl--H interaction, with the typical pattern of a

HB: depletion on chloride, accumulation between the latter and hydrogen and polarization pattern



on H-C bond. Noteworthy, the charge flux is on the opposite direction with respect to Apo. Ap2
accounts for -1.7 kcal/mol;

- Apk, with k > 2, contains only diffuse polarization regions that cannot be related to any specific
and relevant bond components (Supporting Information). The sum of all these contributions
accounts for the remaining -2.0 kcal/mol, with each contribution being smaller than 0.5 kcal/mol.
Apk can be separately integrated by the Charge Displacement analysis (CD) to have quantitative
information about the electron density involved in each single contribution (Aq, in millielectrons,
me). Each interaction has been integrated along its axis (Cd-S for Apo, the bisector of the SSS
angle for Ap1 and CI-H for Apz) to give 3 separate CD functions. CDg is found to be positive at
any position, suggesting a net Cd«S charge transfer (Figure 1). The value of Aq at the
isoboundary, CTo (CTspg) is 125 me (Table 2). CD: has a different behaviour as it is negative at
first (charge transfer from 1 to CH»S) and then it changes sign because of the double bond
polarization. At the isoboundary position, CT1 (CTchg) is equal to -11 me. The latter is the sum
of the projections of each single S—S CT on the chosen axis. Considering that the SSS angle is
86.7°, each S—S charge transfer can be estimated as -7.6 me. The large polarization of the double
bond interferes with this estimation, likely underestimating it. The CD relative to the HB is
negative, as the direction of the flux is Cl—H, but there is no change of sign, as also the

polarization is toward the same direction. CT2 (CThg) is -18 me.

Table 2. Orbital energies (in kcal/mol) and CT values (in me) relative to the different bond components
for the adducts between complexes 1-5 and CH3CN, CO, CH20, CH.S.



Adduct  Eom Esps(CTspe) En(CThe) Ecns (CTcns)
ICH:CN -62  -25(42)  -14(-17) _ -03(5)
1CO 28  -0.7(15) i 03(-2)
1CH:0 82  -45(65)  -15(-17)  -05(1)
ICHzS  -11.8 -7.2(125) -1.7(-18)  -0.9 (-11)
2CO0  -24  -06(18) -10(-16)*  -0.5(-6)
3CH:CN -38  02(1)  -15(31)  -06(8)

3CO -15  -0.3(9) - -0.7 (-3)
3CH.0  -3.0 - 1.2(27)  -0.7(11)
3CH:S  -36 - 12(-12)  -1.2(-1)

ACH20 -45 -19(31)  -1.2(-14) -
5CH:CN -48  -1.2(18) -18(-24)  -0.2(5)
5CO 21 -05(16) -01(2°  -02(-3)
5CH.0 -46 -1.9(27) -14(15)  -0.2(1)
5CH;S 6.1 -2.8(54) -17(19)  -0.4(-3)

8 Halogen — CO transfer

Other [(thiourea)2MX2] model systems. Also in the other Cd model systems the adducts are
held together by more than one interactions. EDA data show that Eor, varies significantly as a
function of the Lewis base and this is reflected also in its composition in the NOCV analysis. For
example, replacing CH>S with CO in 1 lowers the total interaction energy by over 6 kcal/mol
(Eint = -4.4 kcal/mol), with an Eor, of only -2.8 kcal/mol. This clearly corresponds to the lack of
HB but, more importantly, to a much weaker SpB contribution (Table 2). Obviously, the two
things are not mutually independent, as the presence of an interaction can make the others
stronger. The other donors investigated in combination with 1 fall in between these two extremes,
in the order Espg CH2S > CH2O > CH3CN > CO, with a clear correlation between Eint, Eorb and
Espe.

Interestingly enough, when chlorides are replaced by iodides in the CO adduct (2CO), a small
[—-CO contribution emerges, similar to what happens with coordinated triple bonds (see
Supporting Information).3*** This contribution is larger, in energy, than SpB and S-S CT (Table
2).



Using a stronger Lewis bases as ammonia, the bond becomes coordinative (length 2.4 A) and the
Cd-N bond possesses more than one component, as expected from the Dewar-Chatt-Duncanson
model. In fact, applying the NOCV-CD analysis on 1NHzs Apo describes the N—Cd ¢ donation
(CTo = 157 me, Eo = -13.5 kcal/mol), Ap1 and Ap2 two different Cd—N small yet noticeable =
back-donation components (CT1 = -5 me, CT2 =-11 me, E1 = E2 = -0.6 kcal/mol, Figure 2).
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Figure 2. Isodensity surfaces (isodensity value 2 me a.u.” for Apo, 0.5 me a.u.™ for Apiand Ap2)
for the deformation maps relative to Apk (k = 1 and 2) of the 1NHs adduct. The charge flux is red
— blue. Below each Apx map, the corresponding Charge Displacement function is shown. Black
dots indicate the position on the axis of the atomic nuclei. A yellow vertical band indicates the
boundary between the fragments.

The total EDA results (performed with ADF) about the Cd-N interaction are as follows: Eint, Eorb,
Eelst, Epaui and Eugisp are -16.3, -18.2, -52.3, 59.0 and —4.9 kcal/mol, respectively. The strength of
the interaction is about double than in the case of 1CH:2S, but the ratio between Eorn and the sum



of all the attractive terms is 24%, whereas it is 26% for 1CH-2S. Just for comparison, for the Cd-
thiourea coordinative bond in the isolated 1CH:2S, this percentage is 32% (Eint = 32.6 kcal/mol).
The absence of the w back-donation component supports that “spodium bond” is not coordinative,
but the percentage of Eom, being the same for coordinative and spodium bonds, suggests that the
term “non covalent interaction” is reductive.

Passing from Cd to Zn, the values of Eix are smaller than before (Table 3) and the orbital
contribution of the SpB becomes almost negligible in the whole series, both in terms of energy
(maximum -0.3 kcal/mol, Table 2) and electrons involved (0-9 me), reasonably owing to the
lower polarizability of Zn. From the orbital point of view, the zinc adducts are essentially held
together by HB, with a small contribution from ChB (Figure 3 and Table 2). For example, for the
3CH2CS adduct, the interaction energy is -6.9 kcal/mol, of which -3.6 is the orbital term and -
2.5 kcal/mol is the steric term. The orbital term is decomposed mainly in Apo (ChB component,
-1.2 kcal/mol, -1 me), Ap1 (HB component, -1.2 kcal/mol, 12 me) and Ap2 (double bond
polarization, -0.3 kcal/mol). All of the other contributions are energetically negligible and do not
show any sign of orbital SpB.

Anyway, Est values are slightly negative, indication that the electrostatic term is comparable to
the Pauli repulsion term, confirming the importance of electrostatics: the ratio Eom/Eint is always
smaller for zinc adducts than for the corresponding cadmium counterparts: indeed, such a ratio is
0.66 for 1CHsCN and 0.50 for 3CH3CN. This indicates that for zinc adducts the global
interaction is less covalent than for cadmium adducts, and it is a first indication that the spatial
proximity is not enough to induce an orbital SpB. This does not exclude that there could be a

contribution of the polarized metal in the electrostatic term.



Ap

2
Figure 3. Isodensity surfaces (isodensity 0.5 me a.u.”®) for the deformation maps relative to Apk (k = 0-
2) of the 3CH2CS adduct. The charge flux is red — blue.

Anyway, if the chloride trans to the LB is swapped with a fluoride, the SpB returns to be relevant
for Eorb (-1.9 kcal/mol and 31 me for 4H2CO).

Hg complexes have an intermediate behaviour between that of Cd and Zn ones, first of all in
terms of Eint, but also in terms of orbital spodium bond contribution. For example, 5CH2S shows
an Esps 0of -2.8 kcal/mol, corresponding to a charge transfer of 54 me, 71 me lower than that of
1CH2S (Table 2). This fits with the findings by Frontera et al., which showed that van der Waals-
corrected Cd LB distances are generally shorter than Hg"L B ones and electrostatic potentials are
more positive on Cd than on Hg. This is likely due to the combination of the smaller atomic radius
of Hg and the steric congestion around the metal, which do not allow an efficient approach by
the LB. This is even more evident for the other donors in the series, where the SpB is not the

dominant term and has a similar or lower energy contribution than HB contributions.

Table 3. EDA results (in kcal/mol) for the adducts between complexes 1-5 and CH3CN, CO,
CH20, CH:S.



Adduct  Eint Eom Est Edisp
1CHsCN -94 -62 -22 -0.9
1CO -44 -28 -12 -04
1CH.O0 -90 -82 -01 -0.7
1CH.S -105 -11.8 22 -0.9
INH; -219 -169 -43 -0.7
2CO -34 -24 -04 -0.6
3CHsCN -76 -38 -28 -1.1
3CO -32 -15 -12 -05
3CH.O -61 -30 -25 -0.7
3CH:S 69 -36 -25 -08
4CH.O -75 -45 -24 -0.6
5CHsCN -83 -48 -24 -11
5CO -36 -21 -09 -06
5CH. O -69 -46 -16 -0.7
5CH.S -82 -6.1 -12 -09

Also for mercury, Es is slightly negative and generally the ratio Eor/Eint is intermediate between

those of cadmium and zinc adducts.

Real systems. From our analysis on model systems, it clearly appears that the relative extent of
the SpB orbital contribution strongly depends on the system investigated: not only the nature of
the metal, but also its degree of polarization. Also, while generally larger SpB contributions lead
to shorter M---LB distances, there is no obvious correlation between donor-acceptor distance and
interaction energy in none of the compound series. This happens because when more interactions
are active at the same time, the final geometry depends on the combinations of all of them.?®

For this reason, it is of interest to extend NOCV-CD to experimentally characterised group 12
complexes showing short, but not coordinative X-M--LB arrangements. This allows to probe
whether they arise from a net SpB charge transfer and what is the role of the other intermolecular

interactions in determining such arrangements.
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Scheme 2. Experimentally characterised structures selected for NOCV-CD analysis with their

respective CCDC code; dashed lines represent putative SpB interactions.

By analysing the database of structures with reduced M-LB distances compatible with SpB,*8 we
have selected exemplificative adducts for each metal containing different ligands, charges and
donor types (Scheme 2). We deliberately chose fragments with a large span of interactions
energies, ranging from very positive (OTOFOU) to very negative (DUKTAF) values of Ein, to
check how the latter impacts on Eorn and its decomposition into contributions.

EDA results (Table 4) clearly show that all the structures have a favourable orbital contribution
to Eint (Eorb <0), even when the two fragments would repel each other when taken out of the
crystal lattice, as in OTOFOU, where two [CdCl4]? anions are close each other. As only the
orbital term is important in the NOCV-CD analysis, the intrinsic instability of the isolated adduct
is not an issue, here. And, indeed, the decomposition of Eorn for such structures by NOCV (Table
4) offers interesting details about the impact of the different intermolecular interactions.

Starting with zinc systems, two different adducts can be isolated from the ASEZIJ lattice (-a and -b in
Table 4), the former of which has an Einx much smaller than the latter. In both cases, the bromine atom,
although it is spatially close to the zinc and laying more or less on the prolongation of the Br-Zn bond

(Br-Zn-Br angles = 163.9 and 143.9°, respectively), does not show any SpB orbital contribution. The



only orbital interaction is a halogen bond (XB) between the o hole on the Br, moiety and the lone pairs
of the bromine atoms coordinated to the zinc. As before, it cannot be excluded that the presence of the
metal could be important in the electrostatic term in determining the adduct geometry.

Table 4. EDA results (in kcal/mol) and CT values (in me) relative to the different bond
components for experimental solid-state dimers from CCDC.

Adduct Eint Eow  Est Edgisp Esps (CTspe) Ewne (CThs) Ecne (CTche) Exe (CTxs) ref
M =Zn
ASEZ|J-a -8.8 -6.1 -23 -04 - - - -4.5 (-77) 35
ASEZIJ-b  -152 -148 0.0 05 - - - -12.9 (-136) 35
YAGGET -174 -32 -135 -0.7 -1.8(25) - - - 36
GOVLAE -216 -66 -128 -22 -11(a) -2.4 (-45) - - 37
VARCEY 1.1 -38 6.9 20 - -1.3 (24) - - 38
M=Cd
PEKSUT -1.6 -6.5 6.9 -20 -2.7 (56)b - -1.1 (1) - 39
CTURCD -29 -6.1 53 -21 -2.3(46)b - - - 40
OTOFOU 2065 -141 2212 -07 -3.1(c) - - - 41
HUWYON -256 -104 -130 -2.2 - -2.5 (c) - - 42
-1.6 ()
M = Hg
DUKTAF  -1334 -19.7 -1125 -11 - -3.2 (-52) - -5.7 (-64) 43
KUSMAM -1175 -235 -91.7 -24 -5.4(-79) - -3.7 (-45) - 44
-2.4 (4)
BEJGOM  -76.3 -142 -60.7 -15 -5.2(58) -1.3 (-33) - - 45
DEZGEV  -17.7 -62 95 20 -2.8(33) - - - 46

a: mixed wth HB, see ESI; b: mixed with ChB, see ESI; c: integration unfeasible due to the
symmetry of the adduct.

On the contrary, in the dimer extracted from YAGGET, the oxygen of water prefers to establish an orbital
SpB with zinc rather than a selective HB with the ammonia protons (Figure 4a). In this way, it can
electrostatically interact with all the amino protons. The integration of the corresponding function, Apo,
leads to a CTo of 25 me (-1.8 kcal/mol), which is the sum of the water polarization under the electrostatic
effect of the amino protons and the orbital SpB, the presence of which is confirmed by the presence of a

second maximum in the integrated function (Figure 4a).
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Figure 4. Isodensity surface plots for the deformation maps relative to a) Apo of the YAGGET adduct
(isodensity value 0.5 me a.u.”®) and, aside, the corresponding Charge Displacement function; b) Apo of
the VARCEY adduct (isodensity value 0.3 me a.u.”); ¢) Apo of the PEKSUT adduct (isodensity value
0.6 me a.u.”®); d) Apo of the OTOFOU adduct (isodensity value 0.5 me a.u.); €) Ap: of the DUKTAF
adduct (isodensity value 1.0 me a.u.®); f) Ap. of the DUKTAF adduct (isodensity value 0.8 me a.u.).

The charge flux is red — blue.

In the case of GOVLAE, the adduct is mainly held together by HBs between the amino protons and the
sulfur atoms, but tiny polarization regions on the metal in Apz1 does not allow to completely exclude the
presence of a small SpB.

In VARCEY (Figure 4b), no SpB can be found in the NOCV terms. In fact, it is true that an accumulation
region is present between the chlorine and the zinc, but there is no depletion/accumulation pattern on the
metal. On the other hand, such a pattern is on the coordinated thioureas, suggesting that this term refers
only to the ChB between the lone pairs of chloride and the o-holes of the sulfur atoms and, despite the
spatial proximity of chlorine and zinc, no actual SpB is present.

The comparison with PEKSUT and CTURCD, which are very similar to VARCEY but with cadmium
instead of zinc (and bromine instead of chlorine for CTURCD), reveals how SpB is sensitive to the details
of the structure. In fact, in PEKSUT and CTURCD, accumulation regions are clearly visible on the metal
(Apo, Figure 4c and Supporting Information) and on the thiourea ligands, indication that SpB and ChB
in this case are not perfectly separated. Noteworthy, also Api refers the ChB (see Supporting
Information).

HUWYON is held together only by HBs, with no involvement of the metal (see Supporting Information),
whereas about OTOFOU we already mentioned that it has a relevant orbital contribution, even if it is a



stable adduct only if placed in its crystal lattice. In this case, the analysis of Epaui and Eeist is not very
informative, while the analysis of Eom is still greatly useful. Both Apg and Ap: contains orbital SpB
contributions associated with large polarization effects (Figure 4d), which are unavoidable when two
anions are close each other. Unfortunately, the integration of the Ap functions is not informative, as the
adduct is so symmetrical that any flux from one fragment to the other is counterbalanced by a similar
one with opposite sign, making the sum null.

Finally, for mercury adducts, the fragment isolated from the DUKTAF lattice contains three moieties
and has been separated into two fragments, [HgBr]* and [(H.O)(BrPyH)]*. The fragmentation could
have been [(HgBr2)(H20)]* and [BrPyH]" with no substantial differences. Despite the spatial proximity
of the bromine to the mercury, the only intermolecular interactions here are a XB between the coordinated
bromine (LB) and the bromine on the pyridinium (LA) and a HB between another coordinated bromine
and the water (Figure 4e and f). The very large value of Eint obviously depends on the electrostatic
cation/anion attraction, but this contribution is mainly in Est and does not affect much Eorb.

KUSMAM is interesting, too, because the adduct contains two different mercury atoms, one belonging
to the anion and the second to the cation, and both of them are bound to chlorine ligands. The NOCV-
CD analysis reveals not only that a chlorine on the anion establishes a SpB with the mercury on the cation
(79 me, see Table 4), but also, less obvious, viceversa: the chlorine on the cation donates a very small
amount of charge (5 me) to the mercury on the anion (see Supporting Information).

In BEJGOM the nitrate anion establishes either a SpB with the mercury (58 me), but also a HB with a
hydrogen of the complex (-33 me), whereas in DEZGEV the nitrogen of the acetonitrile shows a N —
Hg charge transfer of 33 me (see Supporting Information).

It is interesting to note that for each metal, both examples with and without an orbital SpB can be found
and quantified, making difficult to give a general rule for the occurrence of SpB. Of course, a polarized
metal is needed, but this is not uncommon: in many cases the metal is bound to electronegative atoms
and therefore a o-hole can likely be present. For lighter and less polarizable metals, as zinc, the
polarization, and hence SpB, is more difficult to achieve, but if electrostatics keep the LB in the right
position, as in YAGGET, the SpB can be induced. Secondly, the LB should be not too strong to
coordinate and not too weak to not interact. Anyway, a pure SpB is difficult to obtain, as the ancillary
ligands around the metal very likely establish other weak interactions with the LB, in some cases
favouring the occurrence of SpB, as the HB in the model systems.

From the methodological point of view, the separation of the contributions is often perfect, with some
exceptions. In addition, it should be highlighted that the NOCV-CD analysis is quite fast (three single



point calculations, generally taking from 0.5 to 10 h depending on the size of the system), robust with

respect to the choice of the computational details and greatly informative.

Conclusions

In summary, we have shown here that the NOCV-CD analysis allows the disentanglement of the complex
network of weak interactions that drives the non-coordinative attraction between group 12 complexes
and Lewis bases.

By assessing the orbital contribution to the interaction energy, we could characterize each component
separately and observe that a net LB—M charge transfer, compatible with the establishment of the so-
called Spodium Bond (SpB), can occur. The extent of such contribution is strongly affected by the metal,
ligands and bases involved and generally, when the same ligand set is investigated, it seems to be more
important for Cd complexes than for Hg and Zn.

The application of this method to “real-life” structures revealed that there is no direct correlation between
short M~LB distances and LB—M charge transfer, as other intermolecular forces such as hydrogen,
chalcogen or halogen bond can intervene in determining the structural features of that particular
molecular network. Therefore, while it can be used as a screening parameter while looking for potential
SpB interactions, a MLB distance shorter than the sum of the van der Waals radii does not guarantee
that a net SpB will be present, so each structure needs to be evaluated individually. NOCV-CD, at this
point, can be used to quickly visualize whether the bond has an orbital contribution or not.
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Computational Details

All the geometries were optimized with ORCA 4.1.0,4*8 using the M06 functional. Dispersion forces
were taken into account by using the D3 correction with zero damping (Becke-Johnson damping is not
available for M06).*® Relativistic effects were treated with the scalar zeroth-order regular approximation
(ZORA\). The basis set was ZORA-TZVP for all the atoms except for iodine, cadmium and tellurium, for



which OLD-ZORA-TZVP was used, and mercury, for which SARC-ZORA-TZVP was used. Coulomb-
fitting auxiliary basis sets SARC/J have been used. The grid was set to 5, the scf requirements were set
to “very tight” and the number of radial points was set to 6. No negative frequencies were found.

Geometries taken form literature (ref. ! and CCDC) have not been re-optimized.

Energy decomposition analysis (EDA).1°
The EDA has been performed with a large variety of functional/basis sets combinations, either using
ORCA or ADF (development version r47686). The EDA allows the decomposition of the bond energy
into physically meaningful contributions. The interaction energy (Ein) is the difference of energy between
the adduct and the unrelaxed fragments. It can be divided into contributions associated with the orbital,
steric and dispersion interactions, as shown in eqgn (1)

Eint = Est + Eorb + Edisp 1)
Est is usually called the steric interaction energy and it is the sum of Eest, the classical electrostatic
interaction between the unperturbed charge distributions of the fragments (pa and pg) at their final
positions in the adduct, and the Pauli repulsion (Epaui) that is the energy change associated with going
from pa + pg to the antisymmetrized and renormalized wave function. The decomposition of Es: is not
possible with ORCA 4.1.0. Est comprises the destabilizing interactions between the occupied orbitals and
is responsible for any steric repulsion. Eor is the contribution arising from allowing the wave function to
relax to the fully converged one, accounting for electron pair bonding, charge transfer and polarization,
while Egisp IS the contribution of the dispersion forces. ADF2014 has been used to decompose AEpaui and
AEelst.

Charge Displacement function analysis.

The Charge Displacement function analysis is based on Eq. (2). Ap(X,y,z) is the difference between the
electron density of a complex and that of its non-interacting fragments placed in the same position as
they occupy in the complex. In the present case, the fragmentation depends on the interaction under
examination and are generally indicated in each case. The function Aq(z’) defines, at each point along a
chosen axis, the amount of electron charge that, upon formation of the bond between the fragments,
moves across a plane perpendicular to the axis through the point z’. A positive (negative) value
corresponds to electrons flowing in the direction of decreasing (increasing) z. Charge accumulates where

the slope of Aq is positive and decreases where it is negative.

Aq(z) = [*Tdx [T7dy [ dz Ap(x,y,72) @)



where Ap(Xx,y,z) is the difference between the electron densities of a complex and the sum of that of its
non-interacting fragments, frozen at the same geometry they assume in the complex.

We make use of the natural orbital for chemical valence theory (NOCV):2°0 Ap’ is built from the
occupied orbitals of A and B, suitably orthogonalized to each other and renormalized (promolecule),

using the “valence operator” (Eq. 3),%:3

7 =% (1) w1 - o)) 3
where % is the set of the occupied Kohn—Sham orbitals of fragments A and B, mutually
orthonormalized, and i®) is the set of occupied orbitals of the adduct. The NOCVs can be grouped in
pairs of complementary orbitals (¢«, ¢-«) corresponding to eigenvalues with same absolute value but
opposite sign (Eq. 4).

Voir = £vi@sr (vie > 0) 4)
where k numbers the NOCV pairs (k = 0 for the largest value of |v|). In this framework, Ap’ can be
defined as in Eq. 5.

Ap" = T vic(l9x]® — |9k |?) = Xic 40’ ®)
For each value of k, an energy contribution associated with the k-th NOCV pair is given. Now the

different Ap’k can be separately integrated using Eq. 2.2
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