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Computational Details

Group 6 diatomic molecules (Cry, Moy, and W,) possess the highest bond order (sextuple bond) and
shortest metal-metal bond distances in the whole of the periodic table. The presence of 12 electrons in the
metal-metal bonding region makes it difficult to describe the electronic structure correctly.! A recent study
showed the impact of relativistic effects in breaking the periodicity of group 6 diatomics, where Cr,, Moy,
and W, possess sextuple bonding, and its higher analog Sg, possess quadruple bonding.? The
multireference nature of these systems requires many configuration state functions to represents the correct
electronic structure. However, a large number of studies showed that density functional theory calculations
based on Generalized Gradient Approximation (GGA) functionals like PBE, BP86, and BLYP are capable
of reproducing the correct bond length and bond dissociation energy of these molecules.?? We have used
GGA-PBE functional with scalar relativistic zeroth-order regular approximation (SR-ZORA) Hamiltonian for
geometry optimization and vibrational frequency calculation as implemented in ADF-2014 program
package.* Grimme’s third order dispersion scheme (DFT-D3) is included to invoke the effect of dispersion
in our calculations.> All calculations are carried out using an all-electron Slater-type tripple C- quality basis
set, further designated as SR-ZORA-PBE-D3(BJ)/ae-TZVP.

The strength of halogen bonding (M---1) and intrinsic interaction energy at the metal-metal sextuple
bond are computed using energy decomposition analysis (EDA)® and extended transition state — natural
orbitals for chemical valence (ETS-NOCV) scheme’ as implemented in the ADF-2014 package. EDA

decomposes the interaction energy into various physically meaningful quantities,
AEInt = AEPauli + AEEIectrostatics + AEorbital + AEDispersion

AEp,,; represents the pairwise exchange repulsion experienced by electrons of the same spin on either
fragment, AEgeqrostatic IS the quasi-classical electrostatic attraction between the fragments, AE i Stands
for the orbital mediated charge transfer (CT) stabilization, and AEpispersion gives the stabilization component

originated from the induced dipole interaction between the fragments.?

ETS-NOCV is capable of decomposing the AE i term obtained from the EDA analysis further in to
the corresponding pairwise orbital components, which gives information about the magnitude and direction
of electron density flow during the dimer formation from individual monomers.” We mostly depend on ETS-
NOCYV deformation density maps of the halogen bonded complexes to identify the direction and magnitude

of electron density flow.® Electron density difference (EDD) maps are also employed in this regard.®

The elusive nature of bonding in these highly correlated systems led Roos et al. to defined the
effective bond order (EBO), the difference between the number of electrons in bonding and antibonding
natural orbitals divided by two, as the true measure of bond order instead of the conventional formal bond
order (FBO)."e: 1" One may consider bond multiplicity as the lowest integer value larger than the EBO. Here,
we calculated EBO using CASCSF(12,12) method as implemented in Gaussian-09 quantum chemistry
packege'? using the optimized geometry from SR-ZORA-PBE-D3(BJ)/ae-TZVP. QTAIM topological



parameters are calculated using AIMALL package with the wave function files generated from the PBE-
B3/Def2-TZVP calculations.’™ Molecular electrostatic potential (MESP) maps are visualized using the
GaussView software, and electron density difference (EDD) maps are computed using the Multiwfn

program.'0
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Figure S1. Orbital interaction diagram for the 'X*4 ground state of Cr, molecule. Relevant molecular orbitals and its
corresponding natural orbital occupation numbers (NOON) from CASSCF(12,12) calculation are given.
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Figure S2. (a) Molecular electrostatic potential map (MESP) of CF3l molecule showing the o-hole at the iodine atom
(blue region) and (b) the nature of its lowest unoccupied molecular orbital (LUMO).



Table S1. The strength of o, 1, and & bonding components to the total orbital interaction energy of Cr,, Mo, and W,
obtained from energy decomposition analysis at the metal-metal sextuple bond. Calculations are done at the SR-ZORA-
PBE-D3(BJ)/ae-TZVP level of theory using ADF-2014 package.

Molecule bond strength (kcal/mol)
104 20y Ototal TTtotal Btotal Rest Total orbital
Interaction
(kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) (kcal/mol)
Cr, -106.87 -7.03 -113.90 -172.87 -14.19 -1.62 -302.96
Mo, -105.84 -7.37 -113.21 -180.57 -22.07 -1.15 -317.96
W, -80.79 -17.26 -98.05 -165.73 -19.22 -1.47 -284.47

Table S2. Calculated bonding parameters for M, and F3C-I---M-M---I-CF3, M = Cr, Mo, and W, complexes. All the
calculations, except the EBO from CASSCF(12,12), are calculated using ADF-2014 package at the SR-ZORA-PBE-
D3(BJ)/ae-TZVP level of theory. CASSCF(12,12) calculations are carried out on the PBE optimized geometries using
the Gausian-09 package.

Complex | Re (M-M) v De EBO FBO DI d(I--M) | BE/CF,l
(A) (cm™) | (kcal/mol) | CASSCF(12,12) | (NM/GJ) (€) (A) | (kcal/mol)

cr, 1595 | 810.104 | -3592 483 6.11/6.01 | 6.13

Cry(CFsl), | 1.581 852.393 | -39.50 413 5.39/532 | 529 2.754 | -15.62
Mo 1.927 | 545.321 -93.37 5.15 6.14/6.01 | 6.11

Moy(CFsl), | 1.910 | 563.454 | -98.55 453 539/532 | 532 2905 | -14.18
W, 2.021 392622 | -114.32 5.18 6.08/6.01 | 6.09

W(CF3l), | 2.035 | 367.138 | -109.72 513 543/539 | 542 2883 | -11.66

R. = equilibrium metal-metal distance, v = metal-metal vibrational frequency, De = metal-metal bond dissociation energy, EBO and
FBO = effective and formal bond orders, NM/GJ = Nalewajski-Mrozek and Gopinathan-Jug bond order analysis, DI = delocalization
index calculated from QTAIM analysis, d(I---M) = noncovalent halogen bonding distance, BE = binding energy of the halogen bond.



Table S3. Change in equilibrium bond length (AR¢), vibrational frequency (Av), metal-metal bond energy (AEiy),
effective and formal bond orders (EBO and FBO), and delocalization index (ADI) upon the formation of CF3l---M-
M---ICF3 complexes, M=Cr, Mo, and W. All parameters are calculated using the formula [AX = Xjroduct — Xreactants]-

Calculations are carried out at scalar relativistic ZORA-PBE-D3(BJ)/ae-TZ2P level of theory.

AR, (M-M) [ Av (M-M) Av (C-l) AE(M-M)® | A EBOP A FBO® A DI

Complex (mA) (cm™) (cm™) (kcal/mol) (NM/GJ) (e)
Cry(CF3l). -14.66 +42.29 -112.52 +3.58 -0.66 -0.72/-0.69 -0.84
Moy (CF3l), -17.00 +18.13 -107.77 +5.18 -0.62 -0.75/-0.69 -0.79
W;(CF3l), +13.91 -25.48 -94.96 -4.60 -0.05 -0.65/-0.62 -0.67

(a) Positive values of AE;, represents metal-metal bond strengthening upon halogen bond formation; (b)EBO obtained from
CASSCF(12,12)/Def2-TZVP calculations; (c) FBO obtained from Nalewajski-Mrozek(NM) and Gophinatan-Jug (GJ) bond order
analysis; (d)Delocalization Index from QTAIM calculation; (e) BE per CF;l values are calculated at ZORA-PBE-D3(BJ)/ae-QZ4P level
of theory to minimize the basis set superposition error using the TZ2P optimized geometries.

Table S4. Natural orbital occupancy number in the valance natural orbitals of M, and CF3l--*M-M---ICF3, M = Cr, Mo
and W, from CASSCF(12,12) calculations.

Molecule Cr Cra(CFal), Mo, Mos(CFsl), W, Wa(CFl),
Ty 0.297 0.285 0.194 0178 0178 0.185
20, 0.164 0.134 0.110 0.095 0.131 0.138
10, 0.104 0.815 0.088 0.763 0.081 0.069
5. 0.607 0.593 0.462 0.438 0.442 0.480
20, 1.905 1.864 1.916 1.903 1.924 1.868

5, 3.396 3.409 3.538 3.564 3.548 3510
10, 1.824 1.185 1.886 1.238 1.874 1.934
™ 3.702 3715 3.806 3.821 3.822 3.814
EDO 4.83 417 5.15 453 5.18 513
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Figure S3. Natural orbitals and natural orbital occupation numbers from CASSCF(12,12) calculation for Cr, molecule
and F3CI---Cr-Cr---ICF3 complex.
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Figure S4. Two major components of the deformation density (Ap) for the complex F3C-I---Cr—Cr---I-CF3 obtained
from scalar relativistic ZORA-PBE-D3(BJ)/ae-TZ2P calculations, where electron flow direction is from red—blue. The
associated orbital interaction energy (AE) and size of the electron flow (v) are given. The total electron density difference
(EDD) map is also given for comparison, where electron flow direction is from red—green.



Ap,: AE =-48.65 kcal/mol; v=10.97
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Figure S5. Two major components of the deformation density (Ap) for the complex F3C-I---Mo—Mo---I-CF; obtained
from scalar relativistic ZORA-PBE-D3(BJ)/ae-TZ2P calculations, where electron flow direction is from red—blue. The
associated orbital interaction energy (AE) and size of the electron flow (v) are given. The total electron density difference
(EDD) map is also given for comparison, where electron flow direction is from red—green.
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Figure S6. Two major components of the deformation density (Ap) for the complex F3C-I---W—W:---I-CF3; obtained from
scalar relativistic ZORA-PBE-D3(BJ)/ae-TZ2P calculations, where electron flow direction is from red—blue. The
associated orbital interaction energy (AE) and size of the electron flow (v) are given. The total electron density difference
(EDD) map is also given for comparison, where electron flow direction is from red—green.
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Figure S7. Variation in the orbital overlap (S;) as a function of Cr-Cr internuclear distance for 104-, 117,-, and 18-
bonding molecular orbitals. Vertical dashed line represents the S; value at the equilibrium bond length. The S; values
are obtained using Slater-type orbitals.
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Figure S8: Radial density distribution 7" R(7)” of nd, and (n+1)s orbitals for (a) chromium (n=3), (b) molybdenum (n=4)
and (c) tungsten (n=5) from scalar relativistic DFT calculations using ZORA-PBE-D3(BJ)/ae-TZ2P level of theory. r =
radial distance from the nucleus in angstrom unit.
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Figure S9. Optimized structure of the F3C-I---Cr—Cr---I-CF3; complex in explicit argon matrix. Calculations are done
using periodic boundary conditions at the PBE-D3 level using VASP package.
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Figure S10. Electron localization function (ELF) of the complexes F3CI---M-M:--ICF3, M = Cr, Mo, and W. The ELF
represents the probability of locating electron pairs in the given molecule.
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Cartesian coordinates of the optimized geometries

Crg
Cr 0.000000000
Cr 0.000000000

0.000000000
0.000000000

F;C-l---:Cr—Cr---I-CF; Linear

Cr 0.000000000  0.000000000  0.790346000
Cr 0.000000000  0.000000000 -0.790346000
C 0.000000000  0.000000000 -5.934424000
C 0.000000000  0.000000000  5.934424000

I 0.000000000 0.000000000 -3.544826000

I 0.000000000  0.000000000  3.544826000

F 0.000000000 -1.263633000 -6.385854000
F 1.094338000 0.631816000 -6.385854000
F -1.094338000 0.631816000 -6.385854000
F 0.000000000 1.263633000 6.385854000
F 1.094338000 -0.631816000 6.385854000
F -1.094338000 -0.631816000 6.385854000
Mo,

Mo 0.000000000  0.000000000  0.963408000
Mo 0.000000000 0.000000000 -0.963408000
F;C-l---Mo—Mo---I-CF; Linear

Mo 0.000004000 0.000507000  0.954883000
Mo 0.000004000 -0.000507000 -0.954884000
C -0.000005000 -0.000959000 6.228428000
C -0.000005000 0.000960000 -6.228427000
I 0.000000000 0.001056000  3.859885000

I 0.000000000 -0.001056000 -3.859884000
F -0.000006000 1.262176000 6.684190000
F 1.094187000 -0.633015000 6.682778000
F -1.094200000 -0.633015000 6.682773000
F -0.000006000 -1.262175000 -6.684190000
F 1.094187000 0.633015000 -6.682777000
F -1.094199000 0.633016000 -6.682772000
W,

W 0.000000000  0.000000000 1.010308000
W 0.000000000  0.000000000 -1.010308000
F;C-l---W—W:---I-CF; Linear

C 0.000000000 -0.046231000 6.245646000

0.000008000

0.046361000

0.797676000
-0.797676000

-6.245642000



I

I

F
F
F
F
F
F
w
w

0.000006000
-0.000006000
-0.000001000
1.094056000
-1.094059000
0.000010000
1.094068000
-1.094047000
-0.000002000
-0.000001000

0.050786000
-0.050799000
1.196399000
-0.696502000
-0.696501000
-1.196236000
0.696658000
0.696660000
0.027980000
-0.028029000

3.900191000
-3.900192000
6.752141000
6.670558000
6.670553000
-6.752217000
-6.670502000
-6.670515000
1.016880000
-1.016882000



