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ABSTRACT

The Computational Study about Noncovalent Bonding Systems Involving Halogen,
Chalcogen and Pnicogen Bonds
by
Jia Lu, Master of Science

Utah State University, 2023

Major Professor: Dr. Steve Scheiner
Department: Chemistry and Biochemistry

After hydrogen bonds (B-H---B) are well studied and understood by scientists and
researchers, halogen bonds (R-X...B) have drawn attention due to the similarities in
bonding format and geometries. However, it is not straightforward to understand how the
overall negative halogen atoms interact with the electronegative chemical group, which is
usually a Lewis base until scientists proved the existence of the c-hole, which is the
positive region surrounding the halogen atom X directly opposite the R group. This thesis
included 6 projects which first analyzed and compared halogen bonds, chalcogen bonds,
pnicogen bonds with hydrogen bonds in steric repulsion, monomer deformation and
rearrangement, displacement of Molecular Electrostatic Potential maxima by lone pairs,
and the complete absence due to opposite position of c-bonds. Then the research was
extended to the halogen transfer in symmetric (between two same molecules) and
asymmetric systems (between two different molecules). In either case, the potential
contains a single symmetric well for short halogen bond length and transferred to a

double well when the distance was increased. Furthermore, the partial transfer of halogen



v
as bridging atom between two molecules are calculated. The degree of halogen transfer to

form an ion pair is small even when a strong acid is combined with a strong base.

Then the research focused on the analysis on the relationship between energetics
and IR spectra, NMR shielding compared among halogen, chalcogen and pnicogen
bonds. Atomic charges and electron density shifts are also calculated to accomplish the
through study of this project. The last but not lease project is to extend Badger-Bauer
rules from hydrogen bonds to halogen, chalcogen and pnicogen bonds. Badger-Bauer
rules states the spectroscopic change were linearly related to the bond strength of
hydrogen bonds. The theory extension will improve the understanding of bond strength
of a specific bond in the complicated systems by detecting the spectroscopic change.

(177 pages)



PUBLIC ABSTRACT

The Computational Study about Noncovalent Bonding Systems Involving Halogen,
Chalcogen and Pnicogen Bonds
Jia Lu

First terms used in this thesis are introduced and defined as follows. In the
periodic table, the elements in the 17" column are named halogen including fluorine (F),
chlorine (CI), bromine (Br) and iodine (1). The elements in the 16" column are named
chalcogen including oxygen (O), sulfur (S), selenium (Se) and tellurium (Te). The
elements in the 15" column are named pnicogen including nitrogen (N), phosphorus (P),
arsenic (As) and antimony (Sb).

After hydrogen bonds (B-H...B) are well studied and understood by scientists and
researchers, halogen bonds (R-X...B) have drawn attention due to the similarities in
bonding format and geometries. However, it is not straightforward to understand how the
overall negative halogen atoms interact with the electronegative chemical group, which is
usually a Lewis base until scientists proved the existence of the positive region
surrounding the halogen atom X directly opposite the R group by Molecular Electrostatic
Potential analysis. This thesis studied the detailed structural, geometric and spectroscopic
features quantitatively by computational chemistry. The research studied the halogen
transfer in symmetric (between two same molecules) and asymmetric systems (between
two different molecules). In either case, the potential contains a single symmetric well for
short halogen bond length and transferred to a double well when the distance was

increased. Furthermore, the partial transfer calculations of halogen as bridging atom
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between two molecules suggests the degree of halogen transfer to form an ion pair is

small even when a strong acid is combined with a strong base.

Moreover, the thesis extended the application of Badger-Bauer rules from
hydrogen bonds to halogen, chalcogen and pnicogen bonds. Badger-Bauer rules states the
spectroscopic change were linearly related to the bond strength of hydrogen bonds. The
theory extension will improve the understanding of bond strength of a specific bond in

the complicated systems by detecting the spectroscopic change.
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CHAPTER 1 INTRODUCTION

11 Bonds definition

Chemistry is a scientific subject based on the experiments and empirical
experience. However, as the theories and new concepts and tools are developed
significantly, considering the time consuming and uncertainty of the experiments,
computational chemistry turns up to a competitive and effective tool to study the
chemistry theory and provides useful and reliable proofs, exploration and inspirations to
experiments. Quantum chemistry provides various accurate and efficient tools that
applies the concept of molecular orbitals (MOs). MOs are applied for calculations and
quantitative values on different properties of chemical systems by delocalizing over the
whole molecule.

First terms used in this thesis are introduced and defined as follows. In the
periodic table, the elements in the 17" column are named halogen including fluorine (F),
chlorine (CI), bromine (Br) and iodine (1). The elements in the 16" column are named
chalcogen including oxygen (O), sulfur (S), selenium (Se) and tellurium (Te). The
elements in the 15" column are named pnicogen including nitrogen (N), phosphorus (P),
arsenic (As) and antimony (Sb). The bonds formed by these elements are named as
halogen (XB), chalcogen (YB) and pnicogen bonds (ZB) with a bond type R-A--'B,
where A=X, Y, Z, Ris Lewis acid and B is Lewis base. A hypervalent molecule is an
example of exception from the octet rule, a molecule surrounding by multiple groups,
which obviously bears more than eight electrons in the valence shells.

Gilbert Lewis proposed the molecule model that shared electron-pair to form
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chemical covalent bonds in 19162, before the quantum chemistry was developed. Lewis

built a classic model to predict structures which are still considered the most successful
and generally adopted theory of chemical bonding now based on the experimental
chemical data only available at that time. The Lewis model described atoms shared the

electron pairs to form chemical bonds and lone pairs.

1.2 Computational Methods

Quantum calculations were performed at the Mdler—Plesset perturbation theory
to second order (MP2)? level or with the M06-2X variant® of DFT using the Gaussian-09*
program suit. The basis set, aug-cc- pVVDZ was executed to all the atoms except the
fourth row atoms in the periodic table, I, Te and Sb, which were calculated by the aug-cc-
pVDZ-PP pseudopotential® ® which take account of relativistic effects. The effectiveness
and accuracy of this level of theory has been proved by a great deal of previous studies’-1®
of relevant systems. All the geometries studied were fully optimized with or without
constrained conditions and checked by frequencies to confirm they were true minima.

The binding energy, Eb, is calculated by the energy difference between the sum of
the energies of fully-optimized monomers and the complex, which was corrected for
basis set superposition error via the counterpoise procedure!”*° to eliminate superposition
error. The interaction energy Eintis defined as the energy difference between the complex
and all the optimized monomers which are within the context of the geometries in the
optimized complex. In this way, this value refers to the interaction between the
monomers which was deformed into the structures that was adopted ultimately in the
complex. Therefore, the binding and interaction energy is different considering the

deformed energy of each monomer changing from the fully-optimized structure to that



adopted in the optimized complex.
Analysis on molecular electrostatic potentials around each molecule were
evaluated by the Multiwfn program?° to figure out the maxima and minima on the

isodensity electrostatic surface referring to o =0.001 au. Natural bonding orbital (NBO)

analysis introduced by Weinhold?* 22 proves to be one of the most useful and popular
techniques analyzing the chemical interactions and charge distribution. NBO refers to the
localized orbitals that depicts the bonding pattern of electron pairs in molecules which are
defined in Lewis model. The AIMALL program?® is applied to analyze the topology of

the electron density?* 2 of the molecules along the generated bond paths between atoms.

1.3 Badger-Bauer rules

It was discovered?®-28 that the hydrogen bond (HB) formation of a AH-*'D bond
caused a red shift of the v(AH) vibrational frequency relative to the monomer. Badger-
Bauer rules? states the infrared spectroscopy (IR) changes have a linear correlation with
the bond strength of the hydrogen bonds. It would be meaningful to extend these rules to
halogen, chalcogen and pnicogen bonds, as well as consider whether NMR chemical shift
will have a linear relationship to the bond strength. Does the frequency of the R-A
stretching mode (where A=X, Y, and Z) shift to red and is this shift linearly related to the
bond strength considering the similarities between HB and XB, YB, ZB?

This thesis answered the previous questions and focus on the quantitative analysis
of the halogen, chalcogen and pnicogen interactions under certain conditions with the
comparison to hydrogen bonds considering the similarities between those interactions.

These kinds of bonds become more and more essential in various chemical and biological



systems. Hence, it is important to understand such interactions from a fundamental and
theoretical point of view. This thesis is able to offer interpretation and intuitive pictures
of structures, electronic and spectroscopic properties of various chemical systems and
inspirations to the related future study. Such interaction analysis contributes to
understanding how and why such interactions are formed and how the interaction is

different under certain conditions.



CHAPTER 2 HALOGEN, CHALCOGEN, AND PNICOGEN BONDING

INVOLVING HYPERVALENT ATOMS?

2.1 Introduction

Researchers have concentrated on the hydrogen bond (HB) 28 30-33 gver the past
several decades to provide useful and through insights into the bonding nature. Although
it was considered as one of the special bonds in chemistry, lots of recent work has proved
that there exists a great amount of similar noncovalent bonding interactions®*¢. The
substitute of the bridging proton in HB by other electronegative atoms on the right side of
the periodic table produces similar interactions. This kind of interactions are named after
the family of the bridging atom, for instance, halogen, chalcogen, pnicogen or tetrel bond,
which has many mutual features. From principles, the HB forms by a Coulombic
interaction between the partially positive donor H and the partially negative region of the
acceptor H atom. This is true for the cousins of HB, but with a wrinkle. Different from
the H with a positive charge, the electronegative atoms are featured by a general negative
charge. However, after analyzing the detailed distribution of the potential surrounding the
halogen atom X3° 4% in a halogen bond R-X, there is a positive charge region on halogen
atom X across from the R group. This positive region is characterized as a c-hole*! 42,
and attracts the negative charge on a surrounding nucleophile. Like the HB case, the
halogen bond(XB) is not only held together by pure electrostatic attraction, but is also

supplemented by attractions of electronic redistributions with various rubrics, for

@ Coauthored by Steve Scheiner and Jia Lu. Reproduced from Chem. Eur. J. 2018, 24, 8167-8177 with
permission. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.



instance, orbital mixing, charge transfer, polarization, etc. It’s worth of studying the
details of all these added dispersive attractions.

The reasoning that exists in hydrogen bond and halogen bond can be generalized
to other noncovalent bond with slight differences. While there is single c-hole connected
to the halogen atoms, other atoms such as chalcogen, pnicogen are characteristically
associated with more than one c-hole. So they are quite inclined to form hypervalent

bond which involves a lot of covalent bonds.

2.2 Computational methods

Theoretical methods and modern computational skills provide a powerful tool for
chemistry research, which can analyze the bond strength quantitatively and offer
reference values for experiments.

Quantum calculations were performed at the Mdler—Plesset perturbation theory
to second order (MP2)? level using the Gaussian-09* program suit. The basis set, aug-cc-
pVDZ was executed to all the atoms except the fourth row atoms in the periodic table, I,
Te and Sb, which were calculated by the aug-cc-pVDZ-PP pseudopotential®  which take
account of relativistic effects. The effectiveness and accuracy of this level of theory has
been proved by a great deal of previous studies’-® of relevant systems.

All the geometries studied were fully optimized with or without constrained
conditions and checked by frequencies to confirm they were true minima. The binding
energy, Eb, is calculated by the energy difference between the sum of the energies of
fully-optimized monomers and the complex, which was corrected for basis set
superposition error via the counterpoise procedure!’*, The interaction energy Eintis

defined as the energy difference between the complex and all the optimized monomers
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which are within the context of the geometries in the optimized complex. In this way, this

value refers to the interaction between the monomers which was deformed into the
structures that was adopted ultimately in the complex. Therefore, the binding and
interaction energy is different considering the deformed energy of each monomer
changing from the fully-optimized structure to that adopted in the optimized complex.
Analysis on molecular electrostatic potentials around each molecule were evaluated by
the Multiwfn program? to figure out the maxima and minima on the isodensity

electrostatic surface referring to e =0.001 au. Charge transfer was analyzed via the

Natural Bond Orbital (NBO) technique®®. Bond paths between atoms were elucidated by
the AIM formalism using the AIMALL program? to analyze the topology of the electron
density?* 2° of the molecules. The total decomposition interaction energy was completed
by the symmetry-adapted perturbation theory (SAPT) method** %°, with the calculation of

the MOLPRO program?,

2.3 Results and discussion
2.3.1 Perfluorinated Lewis Acids

The optimized geometries of the complexes of the various perfluorinated
molecules with NHs are displayed in Table 2-1 which clearly shows the different sorts of
structures. The XFs monomers with their lone pair on the central atom adopt a square
pyramidal shape which persists in the complex. So there is a competition of sorts in
terms of the preferred site for an approaching nucleophile. On one hand the lone pair that
sits opposite the apical F atom would tend to repel the nucleophile. But a position

opposite the apical X-F bond would have a tendency for a positive region of the



Molecular Electrostatic Potential (MEP) as the electronegative F atom sucks electron
density out of this area, in a so-called o-hole. In the case of IFs, the lone pair
predominates, and the o-hole appears 135<from the F-I axis, a distortion of 45<from
where it would be located in the absence of the I lone pair. It is for this reason that the
NHs is also removed from a position directly opposite the apical F, with a 8(FI--N) angle
of 145< This same deviation of the MEP maximum from linearity appears also in CIFs
and BrFs, and in almost the same amount, with respective angles of 147 and 142°
respectively. It is therefore interesting to see in Figure 2-1 that the effect of this
displacement of the c-hole has no effect on CIFs-*NHs where the N is precisely opposite
the apical F. (More on this system below.) There is more of an influence for the Br
analogue but the 168 °(F-Br'*N) angle is still much closer to linearity than would be
indicated by the o-hole. Perhaps the growing influence of the 6-hole position with larger
X atom reflects the larger magnitude of Vsmax, which is collected in the last column of
Table 2-1.

As the central halogen atom grows in size one sees that the intermolecular
R(X-N) distance elongates quite significantly from 2.07 to 2.91 A. As may be seen in
Table 2-1, the shortness of the R(CI--N) distance is reflected in a much stronger binding
energy than for the other two halogen atoms. The density at the X:-N bond critical point
is likewise much larger for ClI, as are the NBO measures of halogen bond strength. E(2)
in Table 2-1 refers to the transfer from the N lone pair to the 6*(X-F) antibonding orbital
of the apical F atom. There is also some transfer into the other 6*(X-F) orbitals of the
other F atoms, denoted E(2)* in Table 2-1. In the case of CIFs, the former is quite large,

and the latter only amounts to a total of 0.99 kcal/mol for the two secondary interactions.
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But the situation is quite different for X=Br and I, where the total secondary transfers are

cumulatively larger than that involving the apical F. Nonetheless, by all measures the
CI-*N halogen bond is quite a bit stronger than that for the two heavier halogens. This
trend is opposite to that which would have been predicted based upon the intensity of the
o-hole, listed as Vs,max , evaluated at p=0.001 au, in the penultimate column of Table
2-1. This quantity increases in the order Cl < Br < I, which fulfills expectations based
upon electronegativity and polarizability. But its behavior contrary to halogen bond
strength demonstrates that this aspect of the MEP is a poor indicator.

Part of the explanation of this deviation arises because the C1'*N bond has some of
the hallmarks of a covalent bond, at least in part. Its bond length of 2.067 A is only
slightly longer than the F-Cl bonds which all exceed 1.8 A. The large density at its bond
critical point of 0.11 au approaches that of true covalent bonds, only 0.03 au smaller than
the same quantities for the CI-F bonds. The formation of this bond also induces a good
deal of distortion of the CIFs monomer. There is a very large 30 kcal/mol difference
between the binding and interaction energies in this complex which is due to the
monomer deformation energy which stretches the CI-F bonds by more than 0.1 A upon
forming the complex with NHs. The incipient CI-N bond also causes the four F atoms in
the pyramid base to move outward, away from the apical F, by 9< This sort of motion
toward the CI-N bond would be consistent with a picture wherein the bulky CI lone pair
is pulled and constricted as it engages in a covalent bond with N, thereby reducing its
repulsions with the four CI-F bonds. None of the above are true of the complexes of NH3
with BrFs and IFs, which retain their noncovalent halogen bond character.

Turning next to chalcogen atoms Y, one can envision either a hexavalent or
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tetravalent bonding situation. The YFs atoms will have no Y lone pairs while there will

be one such pair in YF4. The YFs molecule will take on an octahedral shape so be unable
to develop a o-hole directly opposite any F atom. Instead, each such hole appears on a
face of the octahedron, equally spaced between three F atoms. It is therefore to this point
which a nucleophile is attracted, as illustrated in Figure 2-1. But partly due to the
congested nature of this area, coupled with the fairly small values of Vsmax, less than 40
kcal/mol, the N is unable to approach the Y atom very closely, with R(Y-N) distances all
close to 4 A. The shortest distance is associated with Y=Te. Indeed it is only for this
large Y atom that there is any evidence of a chalcogen bond at all. Both SFs and SeFs are
bonded to NHs via a pair of NH--F H-bonds, as indicated by both AIM and NBO. While
AIM does not register a true chalcogen bond for TeFes, there is some NBO evidence.
While there is no single Te-F bond directly opposite the N, there are three such bonds,
which are partially opposite. The cumulative E(2) for transfer into these three 6*(Te-F)
antibonds sums to 0.33 kcal/mol, and NBO shows no indication of a NH:-F HB. The
transition from H-bonds to a chalcogen bond on going from Se to Te is aided by the
intensification of Vsmax which rises to 38 kcal/mol for the larger atom. But in any case,
the interaction between NHs and the hexafluorinated chalcogens, whether H-bond or
chalcogen bond, is very weak, never exceeding 1 kcal/mol. Note, however, that if three
of the F atoms of TeFs are replaced by H, the situation changes. The c-hole on the Hs
face of the TeFsH3s molecule doubles in magnitude, and the N is pulled in to
R(TeN)=3.165 A. The binding energy climbs up to 7.6 kcal/mol, and both NBO and
AIM verify the presence of a true chalcogen bond, with only minimal H-bond

contribution. It is worth stressing that the NHs approaches the Te directly, forgoing the
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possibility of an approach along a TeH bond axis which could potentially result in a

strong and linear TeH--N H-bond.

The alteration from hexavalent to tetravalent chalcogen produces a YF4 monomer
which contains a Y lone pair. The monomer thus adopts a “see-saw” geometry which
includes a pair of axial F atoms, and two of the three equatorial sites are occupied by F
atoms. There are thus openings in the equatorial plane where a nucleophile might
approach Y. At the same time the NH3 needs to avoid the Y lone pair which also lies in
the equatorial plane. The o-holes for YF4 do indeed avoid the Y lone pair, lying 13<from
a position directly opposite each of the equatorial F atoms. It is this avoidance of the lone
pair that causes the F-Y--N angles in Figure 2-1 to all be somewhat less than 180< This
deviation from F-Y "N linearity is smallest for SF4 and increases as the chalcogen atom is
enlarged. The intermolecular distance is at a maximum for Y=S, diminishes for Se, and
then increases a small amount for Te. Some of the other measures of the chalcogen bond
strength also reflect this trend with E(2) and pscp at their maxima for Se. On the other
hand, the quickly rising values of E(2)* suggest that the secondary transfers into the three
other Y-F antibonding orbitals are partly responsible for the similarly precipitous S < Se
< Te increase in binding energy from 6.6 to 16.0 kcal/mol. It might be noted that a
similar order pertains to Vsmax, evaluated at p=0.001 au. The difference between Eb and
Eint reflects the deformation energy that occurs as the two monomers approach. While
only 1.3 kcal/mol for SFa, it grows with enlarging chalcogen atom, to 5.6 and 6.2
kcal/mol for SeFs and TeF4, respectively. In other words, the deformation energy
increases as the chalcogen bond gets stronger.

One might think that the MEP on the van der Waals surface of the monomer,
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approximated by a density of 0.001 au, is a poor indicator of the incipient bonding that

occurs at much closer interatomic distance. Another choice would be the density at the
bond critical point, which occurs roughly halfway between the bonding atoms. Vs max
was thus recomputed for each monomer, on the isodensity surface corresponding to pscp
of each complex listed in Table 2-1. Lying much closer to the nuclei, these maxima
displayed in the final column of Table 2-1 are of course much more positive.
Nonetheless, they share many of the same trends as the 0.001 au maxima in the preceding
column. The largest values are associated with the pnicogen bonds, and the smallest with
the YFs chalcogen bonds. On the other hand, the maxima evaluated at the bond critical
points do not necessarily increase with the size of the central atom, as witness the halogen
and pnicogen atoms.

Decomposition of the total interaction energy into its various components can
offer additional insight into the nature of the bonding. SAPT decomposition of three
sample complexes are compiled in Table 2-2. As the strength of the complex grows in
the order halogen < chalcogen < pnicogen bond, so do their various components. ES is
the dominant attractive term, followed by induction, and then by dispersion, except for
BrFs---NHs where the two latter components are nearly equal. The concept of
decomposition is a questionable one, however, when the two subunits are close to one
another. The AsFs--NH3 dimer, with a R(As-N) distance of only 2.1 A, is a prime
example. The exaggerated electrostatic and induction components, on the order of 100
kcal/mol, serves as a caution, as does the total SAPT interaction energy of -95 kcal/mol,
twice that computed by the standard supermolecule approach.

Of all the interactions considered here, the pnicogen bonds to the pentavalent ZFs
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molecules are the strongest. The binding energy of SbFs---NH3 reaches up to nearly 40

kcal/mol. The intermolecular distances reflect this bond strength, between 1.9 and 2.2 A.
The strengths of these bonds are reflected also in the AIM values of pscp Which exceed
0.1 au in several cases, matched only by the halogen bond in CIFs--NHs. The binding
energy rises quickly along with the size of the pnicogen atom, as does the intensity of the
o-hole. On the other hand, the trends in some of the other quantities do not reflect these
trends. For example, psce is smallest for Z=Sb as is E(2). It might also be noted that the
auxiliary E(2)* quantities for the four other Z-F antibonds are quite large for these
pnicogen bonds, eclipsing the primary E(2). Another important issue for the ZFs systems
is the magnitude of the monomer rearrangement upon complexation. Without any lone
pair, the monomer adopts a pure trigonal bipyramid shape. As may be seen in Figure 2-1,
in order to accommodate the NHs, the monomer rearranges into a square pyramid shape.
In the case of SbFs, for example, this rearrangement costs 9.47 kcal/mol. This
deformation energy is even larger for the smaller pnicogens, 16.3 and 22.7 kcal/mol for
the Br and Cl analogues, respectively. Addition of these deformation energies to the
binding energies in Table 2-1 yields a pure interaction energy, between pre-deformed
monomers. These interaction energies are quite large, nearly 50 kcal/mol, and
surprisingly insensitive to the nature of the pnicogen atom or to the magnitude of its o-
hole.
2.3.2 SeFnHen
Relations between MEP maxima and equilibrium geometries:

As was shown above, the replacement of several F atoms of TeFs by H produces

some substantial changes in the complexation process with NHs. An intensification of
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the o-hole occurs, in particular in the Hs face of the octahedron. It is this positive region

which draws in the base, and thereby forms a strong chalcogen bond. It is of some
importance that the base eschews formation of a TeH:"N HB in place of this chalcogen
bond, nor does one see any NH**F HBs. This result brings to the fore the fundamental
issue of how the replacement of highly electronegative atoms by H might affect the
ability of the central atom to engage in a chalcogen bond. At what point do YH*N HBs
take precedence over such a bond? And might these substitutions induce the formation of
one or more NH''F HBs as a replacement for a chalcogen bond.

In order to thoroughly examine this question, the octahedral SeHs molecule was
taken as a starting point, and then variable numbers of H atoms were replaced by F, all
the way up to perfluorinated SeFs. For each molecule, all maxima on the MEP was
identified. Then NH3 was added and the potential energy surface of the ensuing
heterodimer was searched for all energy minima. The types of noncovalent interaction
that hold together each dimer were characterized and quantified, and the geometries of
the minima related to the location and intensities of MEP maxima.

As F atoms replace H one by one, on the SeHs molecule, there can be a number of
different conformers. The two F atoms on SeF2H4 can be placed either anti or cis to one
another, respectively disposed roughly 180 <or 90<to one another within the octahedral
geometry of the molecule. The three F atoms in SeFsHzs can all be within 90 <of one
another, denoted cis,cis, or one pair can be anti, with the third F cis to both of them, here
referred to as anti,cis. When there are more F than H atoms, it becomes more convenient
for the notation to refer to the latter, wherein the two H atoms in the cis,cis conformation

of SeF4H2 can either be anti or cis to one another.
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Due to the octahedral structure of SeFaHe-n, the position directly opposite any

particular substituent is occupied by another, precluding the possibility of strict g-holes
opposite any given Se-X/H bond. Most of the locations of Vsmax then occur on one of the
octahedral faces, denoted by the three atoms on that face. For example, the FH2 face of
SeFHs is situated between these three atoms, and there are four such faces, all equivalent
to one another. There are also four equivalent Hs faces on this same molecule. In some
cases, there is a maximum in the MEP that occurs not on a face of three substituents, but
rather between just two substituents. For example, the anti SeF2H4 molecule has four
equivalent Vsmax points in the equatorial SeHs plane, each located between a pair of H
atoms, so are designated as Hz. Finally, in some cases, there is a maximum along an
extension of a Se-F or Se-H covalent bond, i.e. on a vertex of the octahedron, denoted
respectively as F or H.

The locations of each maximum are reported in Table 2-3, including both the
value of Vsmax and its distance from the central Se where appropriate. The last two
columns are related to the equilibrium geometry of the SeFnHs-n*-*NH3 dimer that
correlates with the particular maximum, wherever such correlations can be drawn. These
dimers are illustrated in Figure 2-2. The first row of Table 2-3 shows for example, that
there is only one minimum on the surface of SeFoHs'-*NHs, wherein the base lies along
the Hs face of the acid, as depicted in Figure 2-2a. The equilibrium R(Se**N) separation
is 3.387 A, and the binding energy of this complex is 0.93 kcal/mol. Replacement of one
H atom of SeHs by F leads to two types of maxima on the MEP. There is one on each of
the four Hs faces and a single maximum along the extension of the SeHa bond where the

a subscript designates a position axial to the single F atom. The value of Vsmax for the
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former is 29.45 kcal/mol, a bit higher than the 22.83 kcal/mol for the latter. One

equilibrium structure (Figure 2-2c¢) conforms nicely to the Hs maximum, bound by 3.63
kcal/mol. The second MEP maximum also relates to an equilibrium structure, in this case
bound by a SeH-"N HB. This geometry is bound by less than the former, 2.48 vs 3.63
kcal/mol. But it is instructive to note that the most strongly bound dimer of all does not
relate to a maximum in the MEP. This structure, shown in Figure 2-2b, is bound
primarily by a NH'F HB, with smaller supplements from a pair of SeH' "N HBs (see
below for more detailed analysis). The geometry of this structure places the N atom on a
FH2 face but as Table 2-3 makes clear, there is no MEP maximum on this face.

The anti configuration of SeF2Ha contains a single type of MEP maximum
between each pair of H atoms in the equatorial plane. That maximum corresponds to the
single equilibrium dimer with NHs, although a NH""F attraction pulls the NHs out of the
HSeH plane, toward a FH2 face, as displayed in Figure 2-2d. The cis geometry of SeF2Ha
is also characterized by a single MEP maximum, which occurs in the Hs face (Figure
2-2e). Although Vsmax for this conformation is quite a bit larger than that for the cis
geometry, the binding energy of 5.45 kcal/mol is only slightly larger than 4.37 kcal/mol
for the anti configuration. Equilibrium structures were also sought for the FH2 and F2H
faces of cis SeF2H4, but none were found, consistent with the absence of MEP maxima on
those faces.

SeFsHs can appear as either anti,cis or cis,cis combinations of the three F atoms.
The former arrangement yields only a single MEP maximum on the HSeH bisector. But

rather than appear as an equilibrium SeFsHs *NHs dimer, placement of the base along this

position results in a proton transfer to an SeFsHz *NH. " ion pair. The cis,cis structure
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displays two separate types of MEP maximum. The first lies in the Hs face, and is quite

positive, with Vsmax = 64.43 kcal/mol. The binding energy of the associated dimer in
Figure 2-2f is correspondingly large: at -7.25 kcal/mol it represents the most tightly
bound dimer of all those considered here. There is a second maximum in the Fs face, but
its Vsmax IS quite negative, so it is no surprise to see no corresponding equilibrium
geometry. On the other hand, there are two equilibrium heterodimers for cis,cis SeFsHs
that are unconnected to any MEP maximum. The NHs approaches the F2H and FH: faces
in these two geometries (Figure 2-2g and Figure 2-2h) which are both bound by nearly 6
kcal/mol.

With respect to SeFsHz, the anti arrangement of the two H atoms yields a MEP
maximum only on the extension of the two SiH bonds. Placement of the NHs in this
position results in a transfer of the proximate proton directly to the NHs, yielding the ion
pair. When the two H atoms are cis to one another, a MEP maximum appears between
them. Its high Vsmax again results in a strongly bound dimer (Figure 2-2i) of 7.02
kcal/mol. The other maximum, on the Fs face, is negative so unsurprisingly does not
yield a stable dimer of the desired type, but instead rearranges to have a H atom of the
NHs face the F atoms, engaging in a pair of NH"'F HBs, as illustrated in Figure 2-2j.

There are three MEP maxima when only a single H atom is left on SeFsH. The
most intense occurs along the SeH axis, and another on each F3 face. But placement of a
NHs in either position results in a proton transfer to an ion pair. When NHs is placed
coincident with a FzH face, no minimum can be located. The eight equivalent MEP
maxima on SeFes on each Fs face are fairly positive in sign, with Vsmax=24.38 kcal/mol,

but the ensuing dimer in Figure 2-2k is bound by less than 1 kcal/mol. The weak maxima
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found along the SeF axes of both SeFsH and SeFs do not yield minima either.

Analysis of Attractive Forces:

A cursory inspection of the dimer geometries in Figure 2-2 leads to questions as
to the precise nature of the bonding in each. The roughly Cay structure of the SeFs'*NH3
complex in Figure 2-2a, for example, could lead one to surmise the presence of a Se"N
chalcogen bond, or one or more SeH'*N HBs, or some combination thereof. The same
could be said of many of the other equilibrium geometries in Figure 2-2. As the
geometries of these dimers do not immediately and unambiguously point to a single type
of attractive force in each, it becomes important to analyze the source of binding. As in
the former cases, both AIM and NBO are used for this purpose. In the case of a Se
chalcogen bond, it is typical to observe NBO charge transfer from the nonbonding lone
pair of the Lewis base to a 6*(Se-R) antibonding orbital of the Lewis acid, where R is
situated directly opposite the approaching base. Due to the octahedral structure of the
SeFnHs-n molecules considered here, the NHs cannot lie directly opposite any one Se-R
bond so this transfer will generally involve three such bonds, those that are most nearly
opposite the N.

The pertinent NBO and AIM parameters are contained in Figure 2-2. Blue lines
are drawn between atoms that are connected by an AIM bond path, along with the
interatomic distance in A (in black). The value of the density at each bond critical point
(x10* au) is displayed alongside this path, in blue. The red number refers to the NBO
value of E(2) (x100 kcal/mol) wherever there is charge transfer from the N lone pair to
the appropriate 6* antibonding orbital. The large black number represents the binding

energy of each dimer, and the green number refers to the value of Vsmax on the Lewis
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acid which the NHs is approaching, when such a maximum is present.

Taking SFe:-NHs in Figure 2-2a as an example, there are AIM bond paths from
the N to two of the H atoms on SFs, indicating a pair of SeH:-N HBs. pscr is equal to
0.0085 au for each of these bonds, and there is a small Nip—c*(Se-H) charge transfer
energy of 0.09 kcal/mol for each. (The latter two values are only displayed for one of
these two equivalent bonds to avoid needless clutter of the figure.) There is discrepancy
between the two methods with respect to a possible Se:*N chalcogen bond. Whereas
there is no AIM bond path between these two atoms, NBO indicates 0.27 kcal/mol of
charge transfer from the N lone pair to the antibonding orbitals of the three Se-H bonds
that are turned away from the N. Note that altogether these three interactions account for
a total binding energy of less than 1 kcal/mol, consistent with their weakness, as well as
the small value of Vsmax of only 12.3 kcal/mol.

Neither AIM nor NBO suggest a chalcogen bond in Figure 2-1b where the two
molecules are held together primarily by a NH:-F HB which, with pscr=0.0153 au and
E(2)=4.01 kcal/mol, is a rather strong one. This interaction is supplemented by a pair of
reasonably strong SeH-"N HBs, for a total binding energy of 4.06 kcal/mol. Neither AIM
nor NBO suggest the presence of a chalcogen bond, which is not surprising in light of
both the orientation of the NHs lone pair away from the Se, and the absence of a MEP
maximum on the FH2 face of the SeFHs molecule. The Hs face of this same molecule
contains a MEP maximum of magnitude 29 kcal/mol, so the geometry of the complex in
Figure 2-1c turns the NHs lone pair more in line with the Se atom. Nonetheless, the
Se-*N chalcogen bond remains weak, with E(2) equal to only 0.44 kcal/mol, and no AIM

bond path. Like the other geometry of this dimer, there are a pair of SeH:-N HBs that
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help stabilize it. 1t should be noted that the SFHs molecule also shows a MEP maximum

along the Se-H axis (directly opposite Se-F), which leads to a geometry with a linear
SeH "N HB and no hint of a chalcogen bond. However, this structure is not quite as
stable as the two illustrated in Figure 2-2.

The anti SeF2H4 complex with NHs in Figure 2-2d contains three HBs, all of
moderate strength, supplemented by what appears to be only a weak chalcogen bond.
The cis configuration of this same acid, however, is characterized by a fairly intense c-
hole of 48.3 kcal/mol on its Hs face which induces the NHs to turn its lone pair toward
the Se, forming a Se-*N chalcogen bond, measured by NBO E(2)=0.99 kcal/mol, as
indicated in Figure 2-2e. Note that this value of E(2) exceeds the 0.79 kcal/mol for the
SeH "N HB, but it is only the latter that is characterized by an AIM bond path.

Turning next to trisubstituted SeFsHs the anti,cis conformer has a MEP maximum
between each pair of H atoms, which is fairly intense at 48.7 kcal/mol. However, there is
no equilibrium geometry of the dimer that corresponds to this position. The cis,cis
conformer is interesting for a number of reasons. The three F atoms on cis-SeFzHs
intensify the c-hole on its Hs face to 64 kcal/mol, leading to what is probably the
strongest chalcogen bond of those examined here, with R(Se-"N)=3.11 A and E(2)=2.25
kcal/mol. Itis in this structure in Figure 2-2f that AIM for the first time confirms the
presence of a chalcogen bond, with pscr=0.0118 au. With some supplementation by
three SeH:-N HBs, the total binding energy rises to 7.25 kcal/mol. (Note, however, that
the latter HBs are manifested only in AIM, with no evidence of the NBO charge transfer
that is characteristic of such bonds.) The other two structures involve the F2H and FH2

faces of SeFsHs in Figure 2-2g and Figure 2-2h, but it is worth emphasizing that neither
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of these faces contains a MEP maximum. Both of these complexes depend almost

exclusively on HBs, with only weak indications of a chalcogen bond. And both are
bound less tightly than is the chalcogen-bonded structure in Figure 2-2f. There is a
maximum on the F3 face of this molecule, but Vsmax IS quite negative so it is not
surprising that there is no equilibrium geometry to which it corresponds.

The anti geometry of SeFsH2 contains a MEP maximum only along each SeH
bond and does not lead to a minimum on the potential energy surface. The large value of
Vs max 0n the HSeH bisector of the cis monomer better orients the NHs lone pair in Figure
2-2i, and E(2) for the chalcogen bond exceeds 1 kcal/mol. After supplementation by a
pair of moderately strong SeH--N HBs, the binding energy reaches 7.02 kcal/mol.
Considering the MEP maximum on the Fs face, its negative value leads to a
rearrangement to the bifurcated HB configuration in Figure 2-2j, bound by only 1.14
kcal/mol. As indicated in Table 2-3, the only Vsmax of any consequence for SeFsH occurs
along the Se-H bond extension, so no stable dimer of the sort that might contain a
chalcogen bond is present. The perfluorinated SeFs displays a MEP maximum on each of
its F3 faces which attracts the NHs molecule to this area. The complex does not contain a
chalcogen bond, but instead relies for its weak attraction on a pair of distorted NH--F
HBs. Note in Figure 2-2k that these bonds are so weak that there is little indication of

their presence via NBO analysis.

2.4  Conclusions
In summary, the pentavalent ZFs molecules engage in the strongest interactions
with NHs. These pnicogen bond energies range between 25 and 37 kcal/mol, despite their

burden of a substantial monomer deformation energy as ZFs converts from a trigonal
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bipyramid to a square pyramid shape. When these distortions are factored in, the

interaction energies between pre-deformed monomers are even larger, ranging up to 48
kcal/mol, and might even be characterized as partial covalent bonds. The chalcogen
bonds involving tetravalent central atoms are not as strong but not weak by any means,
covering the 6.6 - 16.0 kcal/mol range. Like the pnicogen bonds, these chalcogen bonds
also strengthen as the central atom is enlarged. Halogen bonds involving XFs show an
unusual pattern in that it is the lightest X=CI atom which displays the strongest bond,
with both Br and | roughly half that magnitude. By far the weakest of all are the
interactions between hexavalent YFs and NHs. In fact, these interactions would probably
not even be categorized as chalcogen bonds at all, but are bound primarily by weak
NH-"F H-bonds. The presence of a lone pair on the central atom affects the position and
magnitude of c-holes, and influences angular characteristics of the complexes to a
varying degree.

While the intensity and location of maxima on the MEP offer some guidance as to
geometries and strengths of noncovalent bonds, they represent a clearly imperfect
marker. On one hand, Vsmax increases as the central atom grows in size for any central
atom type, as does the binding energy. But in terms of comparison of the various bond
types, there are some misleading patterns. For example, even though the YF4 o-holes are
comparable to those for ZFs, the binding and interaction energies of the former with NHs
are very much smaller than those of the latter. The steric crowding in the octahedral YFs
molecules prevent formation of significant chalcogen bonds, even when Vsmax achieves a
respectable magnitude as in TeFs. But this problem can be countered to some extent by

replacing three of the F atoms by H, which reduces steric repulsion and doubles the value
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of Vs max.

The additional substituents connected with hypervalency do more than simply
crowd the central atom and potentially obstruct the path of a base toward it. The
molecular geometries place 6-bonds directly opposite one another, which block the
development of -holes. Lone pairs adopt positions that can either conflict directly with
a o-hole, displace it from its normally preferred direction, or weaken its intensity. Each
of the hypervalent systems displays unique properties in this regard. In the case of
halogen bonds, the base is able to approach the central halogen atom of XFs opposite the
apical F atom of the square pyramidal molecule to engage in a reasonably strong halogen
bond. This direction presents a conflict in that the X lone pair would produce a negative
MEP, while a positive potential is associated with the XF antibonding orbital. As a result
the MEP maxima are shifted away from the linear direction by 33< 37< and 45°
respectively for Cl, Br, and I. The competition between these two effects is dependent
upon the nature of the X atom. The 0 (FX--N) angle varies from 180° for Cl, to 168° for
Br, and 145<for I. In other words, the base is drawn closer toward the linear FX""N
direction than would be the case if it were fully controlled by the Vsmax position. There is
little need for the spacious square pyramid to alter its shape to accommodate the base so
the XB forms with very little deformation energy.

The Y lone pair in YF4 lies in the equatorial plane, but not directly opposite any
of the F-S bonds, so consequently only nudges the Vsmax 12-15<from lying directly
opposite these bonds. This deviation is reflected in the nonlinearity of the YF4:*NH3
dimers, which again grows stronger along with the size of the central atom. As in the

previous case, not much rearrangement is required to accommodate the base, so the
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deformation energies are modest. The ZFs molecules undergo the most severe

deformation, shifting their structure from trigonal bipyramid to square planar. Z has no
lone pairs, so the base is free to approach directly opposite the apical F atom, with
O(FZ-"N)=180°. Since the intermolecular steric interactions are small, the deformation
energy arises from the internal rearrangement. It is in the YFs cases where
intermolecular steric crowding is dominant. The fairly rigid octahedral shape prevents
the F atoms from getting out of the way of the approaching base, which keeps the
intermolecular distance long and the binding energies minimal, despite reasonably large
values of Vs max.

In connection with the interchange of F and H substituents, there are clear patterns
seen when the H atoms of SeHs are replaced one by one by the much more
electronegative F. The NHs is generally able to approach within bonding distance of the
Lewis acid, despite the latter’s crowded octahedral structure. The bonding is quite weak
for SeHs but builds quickly as the H atoms are progressively replaced by F. The peak
occurs when the NH3 approaches the Hs face of SeFsHs where the N lone pair can
transfer charge into three 6*(Se-F) antibonding orbitals in an unambiguous chalcogen
bond. The strength of this interaction is aided by a rather intense MEP maximum that
also lies on the Hs face. Due to the congested nature of these acids, there are few dimer
geometries which contain only a single type of attractive interaction. The
aforementioned SeFsHs complex, for example, also contains elements of three weaker
SeH:-N HBs. On that same line, the strongest interactions generally involve the approach
of the NHs toward the H atoms of the Lewis acid, whether that involves SeH--N HBs or a

bona fide Se-*N chalcogen bond. It is this region which generally provides the most
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positive MEP, although a number of stable dimers occur where there is no MEP

maximum at all. These cases tend to invoke one or more NH-F HBs as the N lone pair
turns away from the electronegative F atoms, leaving the NH3 protons to better approach
the latter.

Not all MEP maxima lead to equilibrium geometries, nor is such a maximum
necessary for such a structure to arise. In the SeFHs case for example, its most stable
dimer with NHs is not connected to a maximum in the MEP. The same can be said of the
cis,cis conformer of SeFsHs, where two of the three optimized dimers, with binding
energies in excess of 5 kcal/mol, do not have a corresponding Vsmax. Conversely, the
anti,cis conformation of this same SeFsHs displays a single MEP maximum, but no
associated equilibrium structure. In some cases, the optimization beginning with the
appropriate chalcogen bond led instead to SeH "N or NH**F HBs, or some combination
thereof.

There are other studies in the literature that offer a means of testing the validity of
the calculations presented here. Most of the prior work dealing with noncovalent
interactions of hypervalent atoms concerns halogen bonds. Theoretical calculations
suggested that halogen bond strengths involving trivalent X were roughly equivalent to
their monovalent analogues. Like our own study of XFs, these authors also noted
secondary NBO charge transfer to the antibonding orbitals that are peripheral to the X-"N
axis. As in our own calculations, the base deviates significantly from a position directly
opposite the apical F atom of BrF5.

In conclusion, hypervalency presents the study of noncovalent interactions with

additional complexity. Issues related to steric repulsion, monomer deformation and
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rearrangement, displacement of MEP maxima by lone pairs, or complete absence thereof

due to opposite placement of g-bonds, must all be considered. Depending on the
particular combination of these factors, the noncovalent bond may be eliminated, whereas

this bond can be strengthened in others.
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Table 2-1. Equilibrium geometries, energetics, and other properties of complexes of AFn

with NHa.

AFy? R -Ep -Eint PBCP E(Q2) E(2)** | Vsmax(p=0.001) | Vsmax(pBCP)
A kcal/mol | kcal/mol | au kcal/mol | kcal/mol kcal/mol kcal/mol

halogen

@)
CIFs 2.067 | 16.93 46.82 0.1130 | 217.92 |0.992 45.1 680.2
BrFs 2.713 | 8.56 9.42 0.0310 | 3.84 5.69/4 53.6 259.2
IFs 2.912 | 9.36 9.79 0.0243 | 2.01 5.54/2 64.2 272.5
chalcogen

0)
SF¢ 3.976 | 0.25 0.57 0.0039¢ | 0 0.28/2¢ | 17.0 41.6
SeFs 3.974 | 0.62 0.66 0.0041¢ | 0 0.33/2° | 244 59.2
TeFs 3.764 | 1.04 1.40 0.0064¢ | 0.33/3 0 38.1 118.2
TeF3H3 3.165 | 7.57 7.76 0.0126 | 3.15/3 0.36/3¢ | 70.0 176.8
chalcogen

@)
SF4 2.573 | 6.62 7.97 0.0337 | 14.69 3.71/1 50.7 273.5
SeF4 2.354 | 10.99 15.64 0.0579 | 42.75 12.63/3 | 60.9 486.5
TeFa 2.404 | 16.00 22.23 0.0574 | 31.66 24.05/3 |69.0 552.5
pnicogen

0)
PFs 1.915 | 24.98 47.64 0.1056 | 38.04 95.32/4 | 48.0 1377.1
AsFs 2.014 | 31.55 47.84 0.1027 | 33.74 98.43/4 | 60.5 934.2
SbFs 2.204 | 37.46 46.93 0.0785 | 29.83 86.59/4 | 82.5 728.1

number of lone pairs on central atom in parentheses

®Total charge transfer into peripheral antibonds, with number of such bonds after /

“average of p(N--F) and two p(H*'F)

deach of 3 p(N-F)
*Fip—6*(NH)
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Table 2-2. SAPT contributions to total interaction energy (kcal/mol) of Lewis acids with
NHs.

AF, ES EX IND? DISP® total

BrFs -22.84 25.87 -4.31 -4.91 -6.19

SeF4 -53.53 68.20 -23.07 -8.96 -17.37

AsFs -117.59 135.15 -99.82 -13.20 -95.47

includes exchange-induction term

bincludes exchange-dispersion term

Table 2-3.

Locations and values of MEP maxima surrounding SeFnH6-n, and equilibrium

intermolecular separation and binding energy of complexes of each with NH3.

face | Vsmax R(Se-V) | R(Se-N) | -Eb bonding
kcal/mol A A kcal/mol source
H3 12.33 2.164 3.387 0.93 2 SeH'N
FH2 | No max - 3.350 4.06 2 SeH'N
NH"F
H3 29.45 2.148 3.332 3.63 2 SeH'N
Ha 22.83 - 2.48 SeH'N
anti H> 28.90 2.239 3.280 4.37 2 SeH'N
NH"F
cis H3 48.29 2.106 3.246 5.45 SeH"'N
anti, cis | He 48.68 2.181 no min 3 SeH'N
cis, cis | Hs 64.43 2.036 3.110 7.25
F2H | No max 3.306 5.74 SeH "N
2 NHF
FH> | No max 3.289 5.63 2 SeH'N
NH"F
Fs3 -22.66 no min
anti H 49.35 no min
cis H> 61.36 2.139 3.174 7.02 2 SeH'N
F3 -4.10 2.245 - 1.14 bif NH-F
F3 11.37 2.168 no min
H 55.93 no min
F -6.79 no min
F3 24.38 1.719 3.976 0.62 2 NH"F
N-F
F 0.58 Nno min
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1.915 2.014
- J

N > N
PF, AsF; SbF;

J

Figure 2-1. Equilibrium geometries of indicated molecules with NH3. Distances in A,

angles in degrees.
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Figure 2-2. Equilibrium geometries of complexes of NHs with SeFnHs-n. Distance in A as
black numbers shown for interactions marked by an AIM bond critical point, with pBCP
in blue (104 au). NBO values of E(2) (102 kcal/mol) shown in red. Large black number
refers to binding energy (kcal/mol), and large green number to the value of Vs,max

(kcal/mol) at the site nearest the N position (if such a maximum exists in that region).
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CHAPTER 3 COMPARISON OF HALOGEN WITH PROTON TRANSFER.

SYMMETRIC AND ASYMMETRIC SYSTEMS"

3.1  Introduction

One of the simplest and most prevalent elementary reactions in chemistry
involves the transfer of a proton from one molecular entity to another. This process
underlies all of acid-base chemistry, and is an integral component of countless catalytic
and enzymatic reactions. Its importance has motivated an enormous body of research
into its most fundamental aspects*’°,

The influence of the pK of the two competing groups on the transfer energetics is
well understood, as is the effect of the geometry of the H-bond connecting them °0-%°,
The relationship between transfer energetics and kinetics has become clearer, as has the
contribution made by quantum mechanical tunneling of the light proton °6-%8,

Recent years have witnessed the growing recognition of an analogue to H-
bonding, wherein the central proton is replaced by any of several halogen atoms X %% €0,
Although at first sight counterintuitive that a highly electronegative halogen, with its
partial negative atomic charge, might act as a bridge to a nucleophile, this paradox is
resolved by consideration of the spatial distribution of electron density around this atom.
A polar flattening and depletion of the density along the extension of the R-X bond

produces a region of positive potential, which is commonly referred to as a o-hole, which

can in turn attract an electrophile 83, Study of the halogen bond (XB) has yielded a

b Coauthored by Jia Lu and Steve Scheiner. Reproduced from Chemical Physics Letters 2019, 731, 136593
with permission. Copyright © 2019 Elsevier B.V.
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great deal of insight %% into the source of their intrinsic strength, rivaling that of its H-

bond cousin, and how it is affected by the identity of the halogen atom, its substituents,
and its spectroscopic and geometric signature®®’2,

Just as the bridging proton of a HB can transfer between the two participating
units, one can in principle imagine the same sort of a transfer of a halogen atom within a
XB. And indeed, given the many similarities between these two noncovalent bonds, it
would be surprising if such a transfer were not possible. There is in fact ample precedent
for the idea of a transfer of a halogen ion or atom between species. In 2001, Grinblat et
al ™ had reviewed prior findings and pointed out similarities between proton and halogen
transfer. They then went on to provide comprehensive kinetic data on the transfer of a Br
atom between a pair of anions. After noting that the Br transfer is much faster than that
of a proton, they questioned the validity of invoking nucleophilicity as a guiding principle
in these processes. The transfer of the larger | atom was later documented " by crystal
and computational data, with some sensitivity observed for the nature of the donor and
acceptor groups.

There have been a series of computational studies of halogen bonding ">
wherein the halogen atom in question went beyond simply forming such a bond, but
seemed to transfer, at least partially, from one molecular entity to the other. One work "
noted this transfer is facilitated if the X is shared by atoms more electronegative than C,
and that Br seemed to transfer more quickly than does Cl. When placed between a pair of
N atoms 8, | favored a symmetric position, equally shared between the donor and
acceptor. Indeed, NMR and calculations found such a symmetric position was favored

for a number of systems involving pyridine units &, in clear contrast to the asymmetric
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proton position in analogous H-bonded complexes, which was confirmed for X=I as well

8, Indeed, this symmetric | position seems quite general as varying substituents on the
pyridine units 8 does not change the situation. A later work confirmed these findings &
but also presented evidence that F behaves in an opposite manner, favoring an
asymmetric position. The latter idea has been countered by the finding ¢ 8" of symmetric
fluoronium ions. However, the situation may change when both the donor and acceptor
groups lie on the same molecule, as shown 8 by recent NMR and computational data that
indicate a preference for an asymmetric X position. Calculations 8 have confirmed the
dominance of symmetric single-well XT potentials, at least for the idealized transfer
between NHs subunits, and considered how the distance between donor and acceptor
groups might play into the situation.

There are a number of important and fundamental questions that remain
unanswered. At what point does a symmetric single-well halogen transfer (XT) potential
transition to a double-well potential? What is the energy barrier separating the two X
positions, and how is this barrier affected by the length of the XB? Do the properties of
the X transfer depend upon the identity of the X atom, i.e. Cl vs Br vs I, and if so, how?
How is a symmetric X transfer between a pair of identical subunits modified in an
asymmetric system when these two units differ from one another? How do the various
facets of the XT process differ from the better understood proton transfer?

The current work is designed to answer these questions in a detailed and
systematic fashion by application of quantum chemical methods. Symmetric (A-X*-A)
systems are first constructed composed of identical A subunits. The R(A--A) distance is

held to a series of constant XB lengths so as to monitor when the XT potential transforms
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from single to double well, and how quickly the barrier rises as this distance is elongated.

Asymmetry is introduced into the system by way of different A subunits, in order to
determine its influence on the XT properties. All of these properties are compared to the

same quantities of the proton transfer process by replacing X by H.

3.2 Computational methods

Both symmetric and asymmetric systems were selected to examine the H or X
transfer. Symmetric systems consisted of a pair of first-row atom hydride molecules
sharing a H or X cation (HhA-X-AHn)" (A= C, N, or O, n=2, or 3, and X=H, ClI, Bror I).
When fully optimized, most of these systems led to a fully symmetric geometry wherein
the X ion lies midway between the two A atoms. The intermolecular R(A.-A) distance
was then stretched to a variety of lengths, and held fixed while the central X was allowed
to move between them, optimizing all parameters other than the chosen R, tracing out a
transfer potential. As described below, for stretches of R(A..A) beyond a certain critical
length, the transfer potential alters its shape from a central single well, to a double-well
potential, with an energy barrier E' separating these two equivalent wells. As an example
asymmetric system, with two different molecules competing for the central ion, (HsN-X-
H20) * was chosen. Whether of single or double-well shape, this potential will not be
symmetric regardless of the selected R(N--O) intermolecular distance.

Quantum calculations made use of the Gaussian-09 program  at the second-
order Mdler—Plesset (MP2) level. The aug-cc-pVDZ basis set was employed for all
atoms with the exception of | for which the aug-cc-pVVDZ-PP pseudopotential was used
S0 as to incorporate relativistic effects. The reliability of such methods applied in similar

systems is supported by previous work °*°, Geometries were optimized with certain
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restrictions applied as detailed below.

3.3 Results and discussion

The energy barriers separating the two equivalent minima in the transfer
potentials of the (HasN-X-NHzs)" systems are displayed in Figure 3-1. The intersection of
each curve with the abscissa indicates the transition from single to double well potential.
So for example, the transfer potential for (HsN-H-NHz)" contains a single symmetric well
for R(N-"N) < 2.5 A, while this transition occurs for the much longer 5.2 A for (HsN-I-
NHz)". In fact, this transition point corresponds to the size of the central ion: H < Cl < Br
<. In each case, the barrier grows quickly as the N atoms are further separated. This
growth is roughly linear with R(N-'N), with correlation coefficients (in orange in Figure
3-1) all exceeding 0.99. The slopes of the curves in Figure 3-1 are displayed in blue, and
are roughly 30 kcal/mol-A for the halogen ions; the larger slope of 46 kcal/mol-A
portrays a sharper rise for a central proton. These curves are very nearly parallel to one
another, with slopes of roughly 30 kcal/mol-A for the halogen transfer systems, but with
a somewhat faster growth for H.

Analogous data are presented in Figure 3-2 for the corresponding interoxygen
transfer in (H20-X-OH2)*. These data fit similar patterns as in Figure 3-1 in that there is
a roughly linear growth of E™ with R. There are certain differences as well. In the first
place, the transition from single to double well potential occurs at slightly shorter
intermolecular distances for the oxygen systems. The barrier rises a bit more slowly for
(H20-1-OH2)* and (H20-Br-OH)" than for the inter-nitrogen transfers, although there are
no significant differences noted for X=H or CI.

This pattern continues for the (H3C-H-CH?3)* system, as illustrated by the
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resemblance of Figure 3-3 to Figure 3-1 and Figure 3-2. The chief difference lies in the

slopes of the curves which are a bit more gradual in the C-systems, for all central ions X*.
The transition point where a double-well potential collapses into a single well occurs at a
somewhat longer intermolecular distance for the intercarbon system. This transition
occurs, for example, at roughly 2.5 A for (HsN-H-NHs)* and (H20-H-OH>)*, but at 3.0 A
for the C-analogue.

Whereas the NH3 and OH2 monomers each represent a closed-shell molecule, the
two CHs entities each comprise an open-shell radical. So it would be sensible to consider
not only the closed-shell singlet (HsC-H-CHs)" but also a triplet state. In doing so,
however, there are substantial changes in geometry. For example, the central proton
drifts well off of the C...C axis, allowing the single electron on each CHs unit to unite
into a covalent C-C bond. Ignoring this tendency, and forcing the central proton to
remain along the intermolecular C--C axis, leads to transfer barriers depicted in Figure
3-4. One again sees a rapid rise of barrier with stretched R(C--C), but with reduced
slopes relative to the corresponding singlet state situation. Finally, the proton transfer
between a pair of anionic CHs™ units would involve no unpaired electrons, so a singlet
state would be sufficient. The barrier for this transfer is exhibited in Figure 3-8 where it
rises quite linearly with R(C--C). The slope of this increase is nearly identical to that seen
in Figure 3-3 for the corresponding (H3C-X-CH?3)* cation.

One can glean some insight into the distinction between proton and halogen
transfer by comparison of Figure 3-5 and Figure 3-6, which respectively illustrate the
barriers for H" and CI* transfer. Figure 3-5 shows that for any given intermolecular

distance R, the proton transfer barriers rise steadily in the order: CHC << NHN < OHO,
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I.e. a clear separation between the three curves. This pattern is altered in the case of Cl

transfers. The OCIO curve remains to the left of NCIN, but the CCIC curve is hardly
distinguishable from NCIN. In other words, while the intercarbon proton transfer is
much lower than that between a pair of N atoms, the same cannot be said for the CI*
transfer where there is only a slight difference, and that only at longer distances.
Diagrams corresponding to Br and | transfer are presented in Figure 3-9 and Figure 3-10
look much like Figure 3-6, indicating that Figure 3-6 is representative of halogen
transfers in general.

The systems examined above are all fully symmetric with identical groups serving
as donor and acceptor. On the other hand, most systems which participate in H or
halogen bonds will lack this high level of symmetry, so it is important to determine how
the asymmetry introduced by the use of different models for the donor and acceptor will
influence the transfer potential. This sort of asymmetry was modeled here by placing
NHs and OH2 within the system, and allow them to compete for the bridging proton or
halogen within the (HsN-X-OH2)* complex. As is evident in Figure 3-7, the CI* transfer
potential is likewise highly asymmetric, and the most stable position of the CI* is
covalently attached to the NHs subunit on the left side of the potential. This preference is
true for any intermolecular R(N--O) distance. Indeed, it is only for intermolecular
distances exceeding 5.2 A that there is even a second minimum at all, corresponding to
the transferred (HsN--CIOH2)" structure. This secondary minimum is quite a bit higher in
energy than (HsNCI--OHa2)* by some 50 kcal/mol. As R increases beyond 5.3 A, the CI-
transfer barrier begins to rise. For R=5.6 A, for example, the barrier that the CI* would

have to surpass in order to transfer back to the NHs from the OH: (right to left) is some
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12 kcal/mol. The transfer potentials for the other halogen atoms Br and I in Figure 3-11

and Figure 3-12 look very much like those in Figure 3-7. The only real difference is the
R(N--O) at which the second minimum occurs in the transfer potentials. As mentioned
above, this critical distance is 5.3 A, which increases up to 5.6 A for Br, and 6.0 A for .

The data presented above refer to “rigid” transfers wherein the distance between
the non-halogen atoms, viz. O, N, or C, are held fixed as the halogen atom moves
between them. Of interest also is the situation when there is no such restriction, as would
be the case for the free ions, untethered to any macromolecular skeleton. The distance
between the two heavy atoms in the fully optimized ions are presented in Table 4-1
where it may first be noted that these distances become longer in the order H < Cl < Br <
I, i.e. consistent with radius of the central unit. In terms of the dependence upon the
identity of the atoms sharing the halogen, this distance increases rather quickly in the
cations from O to N to C, wherein the (HsC..X..CHs)* system is considered in its triplet
state. However, this distance is very much shorter if the system is forced into its singlet
state. (These distances must be considered in the light of the full geometry. Unlike the
other systems considered here, the fully optimized geometry of the singlet
(HsC.-X..CHs)" places the X well off of the central C..C axis.) The situation changes
when the central cation is sandwiched between a pair of closed-shell CHs™ anions. As
noted in the penultimate column of Table 4-1, the H-bond distance is quite long at 3.558
A, but the halogen bonded complexes are a bit shorter than for the corresponding cationic
triplet. Turning to the asymmetric system in the last column, the R(N..O) distances are
comparable to the N.-N distances in the symmetric cations.

When placed in the context of the energy barriers in the figures, it becomes clear
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that most of the systems considered here are characterized by a single-well H/X transfer

potential. That is, a second minimum appears in the potential only when the two units are
pulled sufficiently apart from their optimized close intermolecular contact. One
exception is the H-bonded (HsN--H.-NH3s)* which contains two minima separated by a
very small barrier. Systems with a larger barrier separating the two wells are the X-

bonded triplet (HsC..X..CH3)" cations.

3.4  Conclusions

The transfer of a halogen atom within an X-bonded complex shows strong
parallels with proton transfer in the analogous H-bonded systems. In either case, the
potential contains a single symmetric well for short H or X-bond length, which transitions
to a double well for longer distance. As the latter continues to grow, the barrier climbs
quickly, increasing by approximately 3 kcal/mol for each 0.1 A elongation. The point at
which this transition from single to double well potential occurs is roughly proportional
to the radius of the transferring atom: H << Cl < Br < I. Transfer between O atoms
requires surmounting a higher barrier than internitrogen transfer at a given XB length,
and the transfer between C atoms is lowest of all. In terms of an asymmetric system, the
halogen atom prefers association with N over O. A second minimum corresponding to
(HsN---XOH2)* occurs only for long R(N--O) , and this second minimum remains much

higher in energy than the preferred (HsNX...OH2)* configuration.



Table 3-1. X-bond lengths (A) in fully optimized geometries

41

0.X..0+ | N.X.N* C..X..C* C.X..C* C..X..C- N..X..0"
(triplet) (singlet) (singlet)

X=H 2.399 2.717% 3.063 1.944 3.558% 2.707
X=Cl 3.955 4.070 4.850? 2.861 4.518 4.184
X=Br 4.168 4.286 4.990? 2.996 4.657 4.309
X=1 4.510 4.631 5.238? 3.216 4.857 4.613
2 double-well potential
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Figure 3-1. Calculated energy barrier E' for proton and halogen transfer in symmetric

system (HsN-X-NHs)" (X=H, CI, Br or I) in terms of intermolecular distance R(N-N).

Slopes of fit to linear relationship are shown as blue numbers (kcal/mol-A) and the

corresponding correlation coefficients are in orange.
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Figure 3-2. Energy barrier ET for proton and halogen transfer in symmetric system (H20-
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Figure 3-3. Energy barrier E' for proton and halogen transfer in symmetric singlet system
(HsC-X-CH3)* (X=H, CI, Bror I). Slopes of fit to linear relationship are shown as blue

numbers (kcal/mol-A) and the corresponding correlation coefficients are in orange.
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Figure 3-4. Energy barrier E' for proton and halogen transfer in triplet (HsC-X-CHs)*
(X=H, ClI, Brorl). Slopes of fit to linear relationship are shown as blue numbers

(kcal/mol-A) and the corresponding correlation coefficients are in orange.
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Figure 3-5. Proton transfer barrier E* in (HnA-H-AHn)*, all singlet states.
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Figure 3-6. Cl transfer barrier E™ in [HnA-CI-AHn]*, all singlet states.
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Figure 3-8. Energy barrier E' for proton transfer in anionic (H3C-X-CHs)". Slope of fit to
linear relationship is shown as blue number (kcal/mol-A) and the corresponding

correlation coefficient is in orange.
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Figure 3-9. Br transfer barrier E in [HnA-Br-AHn]", all singlet states.
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Figure 3-10. | transfer barrier E™ in [HnA-1-AHn]*, all singlet states.
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Figure 3-11. Energy barriers for Br transfer from N to O in asymmetric system (HsN-Br-

OHy)*.
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CHAPTER 4 PARTIAL TRANSFER OF BRIDGING ATOM IN

HALOGEN-BONDED COMPLEXES®

4.1 Introduction

There are many diverse aspects of the H-bond that have generated a good deal of
study over the years®®-°, The H-bond is a directional phenomenon in that the proton
prefers a location close to the axis between the proton donor and acceptor atoms.
Angular deviations from this configuration are energetically costly, and have direct
implications on the properties of the bond. The effect of H-bond formation upon the IR
and NMR spectra of the constituent subunits has served as a crucial signpost of the
presence of H-bonds, and their strength. The dynamic formation, breakage, and
rescrambling of H-bonds is an integral component of solvation.

One of the more interesting issues concerned with H-bond formation is the
position adopted by the bridging proton. It is almost a universal observation that the A-H
covalent bond is stretched upon complexation with a base B to form the AH"-‘B H-bond
(with some exceptions that have come to be called blue-shifting H-bonds 1%°-1%4), But the
degree of this stretch is quite variable. In certain cases, the proton can adopt a position
roughly midway between the A and B subunits in what is alternately called a low-barrier
or very strong H-bond 1519, Other acid/base combinations can lead to a double-well
proton transfer potential where not only the AH'*B but also the A-*HB configuration

represents a minimum®°-53 109114 - These two configurations will generally have different

¢ Coauthored by Jia Lu and Steve Scheiner. Reproduced from Computational and Theoretical Chemistry
2021, 1204, 113398 with permission. Copyright © 2021 Elsevier B.V.



50
energies from one another, and the latter structure is the result of a proton transfer within

the confines of the H-bond. If the energy barrier separating these two minima is
sufficiently low, the situation can best be represented as a dynamic and rapid equilibrium
between the two minima, where the transition between them is assisted by quantum
mechanical tunneling 58 115116 The study of the proton transfer process has generated a
rich and complex body of knowledge with relevance to chemistry and biology that
continues to this day.

Recent years have witnessed the rediscovery of the halogen bond, which in many
ways parallels the H-bond except that the bridging H of the Lewis acid unit is replaced by
Cl, Br, or | 8117127 The continuing exploration of the properties of the halogen bond has
reiterated its similarity to the H-bond, including directionality and substituent effects, as
well as the similarity of the fundamental forces of which they are both comprised.

Given these parallels it is perhaps not surprising that certain elements of the
proton transfer of H-bonds have begun to emerge within the framework of halogen bonds
as well. Whether X refers to H or a halogen atom, interaction with a Lewis base leads to
stretching of the A-X bond, which can be quite substantial in certain instances 76 123 128-
134 consistent with the idea of at least a partial transfer.

Previous calculations by this group * have elucidated the governing principles of
halogen transfer in the context of a cationic system where the X is shifting between a
pair of neutral molecules, and found strong similarities with proton transfer. These
symmetric transfer potentials are of single-well character when the halogen bond is short,
but evolve to double wells for longer intermolecular separation.

The earlier work, however, left unsolved the situation when the entire system is
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neutral. The transfer of a X* within the AX**B system would generate a A™-X"B ion pair.

Many years of study of the H-bond have led to some basic understanding of what it might
take for a proton to transfer within the context of a neutral system. It would be of
fundamental interest to determine how such criteria might be modified in the parallel case
of the halogen bond. Does the larger size of the halogen as compared to a proton, and its
greater diffusion of positive charge, permit an easier transfer? Can such a transition to an
ion pair occur within the gas phase, or is a solvent or crystal environment required?
Elucidation of the rules for halogen transfer would have far-reaching implications for
such fields as pharmaceuticals, many of which participate in halogen bonds in certain
environments.

The current work attempts to address this issue in a systematic fashion to answer
the following questions. Are there any acid/base pairs where the halogen would
spontaneously transfer across to the base? And for what sort of pair might the ion pair
represent even a metastable equilibrium? How does formation of the complex alter the
position of the bridging halogen? How are the halogen transfer properties related to other
aspects of the complex, e.g. the binding energy or the native halogen acidity and basicity
of the partner monomers? In order to address these questions, a full range of acids and
bases are considered. The acids place the halogen on a C, N or O atom for purposes of
comparison, and two different bases are considered with substantially different strength.
The CI, Br, and | halogen atoms are all considered as bridging halogen atom, and the

results are compared with those obtained with the parallel H-bonds.

4.2  Computational methods

A diverse set of Lewis acid molecules was chosen so as to present a wide
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spectrum in the data set. The halogen/hydrogen atom was bonded to C in FsCX where X

refers to either H, Cl, Br, or I. The three F substituents provide maximal acidity to this C-
acid. At the opposite end of the continuum, FX places the bridging atom on F. N is used
as the X donor atom in F2NX, and O-acids are represented by FOX and F2NOX. As
bases, NMes is a strong neutral nucleophile due in part to the three electron-releasing
methyl group substituents. Electron-withdrawing Cl makes NCls a much weaker base.
Ab initio calculations were run in the framework of the Gaussian 09 set of
programs 6. All geometries were fully optimized and minima verified as containing all
real frequencies. The aug-cc-pVDZ basis set applied here includes polarization and
diffuse functions, and its reliability has been documented in numerous prior studies % 137-
139 Relativistic effects related to | were included by use of the aug-cc-pVDZ-PP
pseudopotential ° for this fourth-row atom. Electron correlation was incorporated through
the MP2 protocol. The binding energy, En, was computed as the difference in energy
between the dimer and the sum of the energies of monomers in their fully optimized

structure, and is reported here as a positive quantity.

4.3 Results and discussion

The intrinsic force with which the various units hold onto the X* (where X refers
to either H or a halogen) may be encapsulated by the energy required to separate the latter
from the unit which will be left behind. In the case of the neutral Lewis acids, this
quantity refers to the deprotonation energy, or its analogue for any of the other halonium
ions:

RX - R + X* 1)

while the amine (Am) cations revert to a neutral molecule upon losing X™.
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AMX* > Am+ X" (2)

These deprotonation energies and their analogous halogen quantities (all denoted
here generically as dehalogenation energies) are listed in Table 4-1 where several trends
are in evidence. Regarding the proton, removal from the C atom is most difficult,
requiring 383 kcal/mol, followed by F, N and then O. Replacing the F substituent of
FOH by the NF2 group of F2NOH eases the proton loss by some 76 kcal/mol, making
F2NOH the most acidic of molecules considered here.

Replacement of the bridging H by a halogen atom leaves most of these trends
intact with one exception. The dehalogenation of FX is considerably easier than either
F2NX or FOX, in contrast to the relatively high deprotonation energy of FH. Removal of
X* becomes progressively less endothermic as the halogen atom grows in size: Cl > Br >
I. The lowest dehalogenation energy of 188 kcal/mol is associated with F2NOI. The
deprotonation energies are larger than the analogous quantities for removal of the
halogens, with the single exception of FsCX. This trend may be due in part to the high
energy required to remove all electrons from H, leaving only a bare proton in the gas
phase. There is a second factor dealing with the intrinsic bond enthalpies. For example,
the average bond enthalpy of a O-H bond is twice that of a O-Cl bond, and likewise for
N-H vs N-ClI.

The last two rows of Table 4-1 refer to the two amine bases. Due to the electron-
withdrawing capacity of Cl, it is much easier for CIsN to accommodate the excess
electron density that accrues upon removal of X* as compared to MesN, so the values are
much smaller in Table 4-1 for the former. The nature of the X atom plays an important

part in the calculated dehalogenation energies of the bases. Just as in the case of the
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acids, the Cl — Br — I replacements cause a progressive reduction in these quantities for
the two amines as well.

The competition between the acid and the base for the central X* is based in large
part on the relative forces with which each hold on to this cation. It is clear from Table
4-1 that the deprotonation and dehalogenation energies of the Lewis acids are all larger
than the energy required to separate X* from the base. This distinction is even true for
the strongest acid F2ZNOX when paired with the base MesN with the stronger hold on X*.

In order to understand the transfer properties of the bridging ion, each of the five
Lewis acids in Table 4-1 was paired with each of the two bases to form an acid-X*-base
complex. Several examples of such complexes are displayed in Figure 3-1 for
illustrative purposes. The binding energy of each such dimer, relative to the neutral pair
RX + NR's, is reported in Table 4-2. These quantities are uniformly much larger for
NMes as compared to its less basic NCls analogue. The binding energy rises along with
halogen atomic size Cl < Br < |, conforming to the diminishing dehalogenation energy of
Table 4-1. This trend is also consonant with the well documented ability of larger
halogen atoms to engage in stronger halogen bonds. The largest complexation energy
occurs for FX, followed by FOX, F2NX, and then by FsCX. With the exception of the
proton-bound systems, this same ordering of acids causes a progressive diminution in the
dehalogenation energies, again buttressing the idea that stronger acids engage in more
tightly held complexes with a base. Overall, the binding strength is enhanced by both
stronger acid and stronger base.

Within each of the complexes, the proton/halogen transfer potential contains a

single minimum, wherein X adopts a position between the acid and the N atom of the
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amine base. This equilibrium position is characterized in Table 4-3 in terms of its stretch

away from its bond length within the monomer. In other words, the H atom within FsC-
H--NMes has moved 0.003 A further from the C than in the isolated FsCH monomer.
With respect to the base, the central H is located 1.162 A further from the N than in
MesNH*. That is, the bridging H has stretched only a small amount away from the acid
and remains quite a distance from the base. The third row of Table 4-3 presents the ratio
of these two stretches, in this case 0.003/1.162 = 0.0026. This Ara/Arp ratio can be taken
as a simple measure of the degree of X transfer. A 1:1 ratio of 1.0 would thus refer to
what may be considered a half-transfer wherein the bridging X has stretched equal
amounts from the acid as from the base.

There are some interesting trends in Table 4-3. Regarding first the stretches of X*
away from the acid caused by the NMes base, it is Cl that usually elongates the most,
followed by Br and then I (with the exception of F2NBr where r(N-Br) lengthens the
most). The proton moves away from the acid unit by the smallest amount, when
compared to the halogens. There is an opposite trend for Ar, which shrinks as the
halogen atom grows larger. When these two trends are combined, the degree of transfer
Ara/Arp diminishes along the Cl > Br > | >>H order, again with the exception of CFzX.
The switching of the NMes nucleophile to its less basic NCls congener strongly reduces
Ara while enlarging Arb. The combined effect is a lowering of the degree of transfer, not
surprising in light of the lesser basicity of NCls. With regard to comparisons amongst the
various acids, there is essentially no transfer at all for the FsCX acids, with the Ara /Arp
ratio never exceeding 0.003. On the other end of the spectrum, the FX acid is subject to

the highest partial transfer, with Ara/Ar, reaching up to as high as 0.54. Just below FX on
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this scale is FOX, followed by F2NX.

Some of these patterns can be reconciled with the data in Table 4-1. The
reluctance of FsCX to shift its X is consistent with its large deprotonation/dehalogenation
energies in Table 4-1. Likewise, the ability of FX to shift its X toward the base is
consistent with its small dehalogenation energies. The difficulty in generating much
proton transfer in the complexes compares favorably with the higher deprotonation
energies. The particularly small dehalogenation energies of FaNOX cannot be realized in
the X transfer as this molecule decomposes upon addition of NMes. And of course the
smaller transfers toward the NCls base are consonant with the much smaller energy
required to remove X* from NCIzX*. On the other hand, reading across a row of Table
4-1 shows reductions in dehalogenation energy for larger X, leading to an expectation of
easier X transfer. But the Ara/Arb trends in Table 4-3 run counter to this expectation, as it
is Cl which is generally transferred to the highest degree.

Table 4-2 had shown that the binding energies are largest for X=1 and smallest for
X=Cl or H, depending upon specific acid. FX forms the strongest complexes and F3CX
the weakest; NMes is bound more strongly than is NCls. There is a rule of thumb
proposed several times over the years, that an intermolecular H-bond will strengthen as
the proton affinities of the two subunits competing for the bridging proton come closer
together. In fact, a near equilibration of these two quantities has been proposed to lead to
a single-well transfer potential, with the proton nearly midway between these two
subunits, in what has sometimes been called 1%-1% a very strong hydrogen bond (VSHB).
It was considered intriguing to test out this idea in the more general context of halogen

X* transfers. Figure 4-2 displays the binding energies of the various dimers in terms of
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the difference in H*/X* affinity between the acid and base groups. While there does

appear to be some indication of the interaction strengthening toward the left of the figure
as the two affinities approach one another, there is a great deal of spread in the data.

Another idea tested here is whether the degree of H*/X* transfer is related to the
affinity difference. These two measures are plotted against one another in Figure 4-3.
Clearly, the large affinity differences on the right side of Figure 4-3 are reflected in only
miniscule shifts of the bridging ion position. The transfer measure does increase toward
the left as the affinity difference becomes smaller, at least in a general sense. However,
this increase is highly scattered with certain systems showing precious little transfer even
for small affinity differences. One can conclude then that the trend toward affinity
equilibration exerts only a modest, and inconsistent, strengthening of the bond or shift of
the central ion.

The clearest correlation arises between the binding energy and degree of transfer.
As seen in Figure 4-4, strengthening of the intermolecular bond leads to a progressive
increase in the transfer, albeit with a fair amount of scatter. The linear relationship
between these two quantities is characterized by a modest correlation coefficient R? of
0.79. This correlation may be interpreted to suggest that as the force with which the acid
pulls in on the base increases, there is a certain reactive force that pulls the central ion
toward the base. On the other hand, this overall correlation may be misleading. For most
of the acids on an individual level, viz. FX, F2NX, and FOX, the degree of transfer
diminishes in the order CI>Br>I when complexed with NMes, while the binding energies
increase in this same order.

Another quantity, and one with particular connection with possible experimental



58
measurements, is the stretching frequency of the A-X bond. In the context of H-bonds,

the red shift induced in this band has been of immense value in assessing H-bond
strength. The shifts in this frequency are reported in Table 4-4 where several trends are
in evidence. Most of these quantities are negative, consistent with a red shift. The
principal exceptions involve the C-X bonds of the FsCX acids where a small blue shift
occurs. Such a blue shift has been seen on numerous occasions 19919 in connection with
CH H-bonds, particularly with sp® hybridization of the C 4% which is the case here. The
shifts in Table 4 are much larger for the H-bonds, which is due in part to the much
smaller mass of the H nucleus. Indeed, the magnitude of these red shifts declines along
with increasing X mass: H >> CI > Br > . With respect to the individual Lewis acids, the
red shifts diminish in the order FX > FOX > F2NX. This is the same order as that
observed in Table 4-3 for degree of proton transfer, as well as the complexation energies
in Table 4-2. Note finally that the frequency shifts are much larger for the stronger NMes
base than for NCls.

The results described above highlight the difficulty of transferring a proton or
halogen ion within the respective noncovalent bonds. Recent calculations have shown
that this process can be aided by cooperativity in the form of other noncovalent
interactions. Formation of an external tetrel bond, for example, can push a proton along
an internal H-bond ** between N and O, or between two O atoms 42, where the transfer

would otherwise not occur.

44  Conclusions
Enlarging the halogen atom from CI to Br to | progressively lowers the

dehalogenation energy of the A-X acid, and also reduces that of the BX* base. Whether
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X = H or halogen, it is difficult to stretch the A-X bond by very much toward a base in

the context of an incipient transfer, as such a transfer would lead to an energetically
disfavored ion pair. Cl undergoes the highest degree of transfer within most of these
complexes, followed by Br and then I; the proton is more resistant to transfer. Higher
degrees of partial transfer are generally favored by lowering the affinity of the anionic
acid unit toward the bridging ion, and raising the affinity of the base, although this is not
always the case. This transfer is also enhanced by a stronger interaction energy between
the acid and the base within the complex in the general case, but this rule is violated for a
constant acid unit. The A-1 molecule engages in the strongest halogen bonds with a base,
followed by Br and then CI, with H roughly comparable to CI. The shifts in the
frequency of the A-X bond stretch also conform closely to the patterns of proton transfer

and bond strength.



Table 4-1. Energy (kcal/mol) required to remove X* from indicated subunit (see
Reactions 1 and 2)
H* cr Br* I
F:CX | 383.02 | 391.01 | 347.94 | 297.49
FX 370.13 | 320.09 | 293.71 | 263.36
FoNX | 367.61 | 355.99 | 319.00 | 275.28
FOX 365.61 | 334.30 | 302.72 | 265.74
FoNOX | 289.53 | 257.13 | 222.93 | 188.23

MesNX" | 233.64 | 214.67 | 181.20 | 141.75
CIsNX* | 175.68 | 151.21 | 120.09 | 85.80

Table 4-2. Binding Energies of Complexes (kcal/mol)

NMes NC|3

H* cr Br* I H* cr Br* I

FsCX 7.05 5.35 9.08 13.28 3.79 3.18 4.58 5.53

FX 16.41 | 25.42 | 29.98 31.22 6.02 7.20 9.93 11.05

FoNX [ 1257 | 9.79 1591 | 20.11 5.34 4.16 5.82 6.85

FOX | 1530 | 16.81 | 22.88 26.11 6.00 5.37 7.59 8.90

F.NOX a a a 39.20 10.23 6.30 13.53 15.24

8F2NOX molecule breaks apart during optimization in complex

60
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Table 4-3. Differences (A) between the distance of the X* from the acid A and base B in

the complex as compared to the isolated AX and BH™ monomers

NMes H | cr Br I* NCl H* Ccr Brt I
FsCX | ArfX-CFs) [0.003|-0.001 | 0.007 | 0.020 | Ar(X-CFs) |-0.001|-0.001 | 0.000 | 0.000
Aty 1.162 | 1.057 | 0.800 | 0.552 Aty 1382 | 1.166 | 0.992 | 0.832
At /Ar, | 0.003 | -0.001 | 0.009 | 0.036 Ata /Aty -0.001 | -0.001 | 0.000 | 0.000
FX Ar.(X-F) [ 0.059 | 0.153 | 0.113 | 0.083 | Ar(X-F) | 0.014 | 0.028 | 0.031 | 0.026
Aty 0543 | 0.281 | 0.246 | 0.222 Ary 0.785 | 0.635 | 0.490 | 0.416

Ara/Ary 0.109 | 0.544 | 0.460 | 0.372 Ara/Aryp 0.018 | 0.044 | 0.063 | 0.063

FoNX | Ara (X-NFp) | 0.024 | 0.046 | 0.056 | 0.034 | Ara(X-NF) | 0.003 | 0.001 | 0.001 [ -0.003

Ary 0.782 | 0.652 | 0.465 | 0.362 Ary 1.003 | 0.993 | 0.817 | 0.664

Ara /Ary 0.031 | 0.070 | 0.120 | 0.093 Ara /Ary 0.003 | 0.001 | 0.002 [ -0.004

FOX Ary (X-OF) | 0.044 | 0.126 | 0.093 | 0.069 Ar, (X-OF) 0.009 | 0.013 | 0.016 | 0.015

At 0.636 | 0.408 | 0.337 | 0.279 Aty 0.867 | 0.837 | 0.653 | 0.524
Ar/Ar, | 0.069 | 0.309 | 0.278 | 0.247 Ata/Ar 0011 | 0.015 | 0.024 | 0.029

F.NOX | Ar(X-ONFo) | a a a 0.236 | Ar.(X-ONF,) | 0.027 | 0.024 | 0.076 | 0.074
At a a a 0.133 Aty 0.766 | 0.725 | 0.546 | 0.429

Ar/Ary a a a 1.781 At/Ar 0.035 | 0.033 | 0.138 | 0.173

4F,NOX molecule breaks apart during optimization in complex

Table 4-4. Shifts of v(A-X) stretching frequency (cm-1) upon formation of complex

NMes NCls
H* CI* Br* I* H* CI* Br* I*
F3CX -56.1 9.5 14.7 23.5 10.7 1.6 3.8 6.8
FX -1296.7 | -249.1 | -162.7 | -105.0 | -354.1 -79.3 -57.5 -41.0
F2NX -392.7 | -61.1( -49.0| -219| -56.5 -4.0 -2.6 2.8
FOX -882.7 | -165.6 | -95.1| -59.3| -203.4 -29.0| -20.8| -13.7
F2NOX | a a a -392.9 | -521.0 | -355.7 | -274.6 | -279.8

&F2NOX molecule breaks apart during optimization in complex




Figure 4-1. Geometries of several sample complexes, defining ra and rb distances. All
geometries were fully optimized with no geometric or symmetry restrictions at the
MP2/aug-cc-pVDZ level.
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Figure 4-2. Comparison of the binding energy of various complexes with the difference

in H*/X" affinity AXA between the acid and base fragments.
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Figure 4-3. Comparison of the degree of transfer of the central ion with the difference in
H*/X* affinity AXA between the acid and base fragments.
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CHAPTER 5 EFFECTS OF HALGEN, CHACOLGEN, PNICOGEN AND TETREL

BONDS ON IR AND NMR SPECTRA!

51 Introduction

Recent years have witnessed a growing recognition of a range of newly
rediscovered noncovalent bonds. Like their closely related H-bond cousin, this class of
bonds®: 143-166 are similarly derived from a primary electrostatic attraction, supplemented
by substantial amounts of charge transfer, polarization, and dispersion ingredients. In
addition to their occurrence in small model dimers, these sorts of interactions are a major
factor in the structure and function of much larger supramolecular systems¢7-176,

Rather than utilizing a H atom as a bridge between a pair of molecules, these
related interactions incorporate a more electronegative atom, drawn from the right side of
the periodic table. The primary difference from the H-bond is that this bridging atom
does not have a partial positive charge which can draw in the negative region of an
approaching nucleophile. Although the bridging atom may have an overall negative
charge, its electrostatic potential is more complex, and quite anisotropic. Taking the R-X
bond of halogen atom X as an example, the potential around X is characterized by a
negative equator around the R-X bond, accompanied by a positive polar region lying
along the extension of the R-X bond. This positive region, commonly referred to as a -
hole, attracts the nucleophile in the same manner as the H atom within a H-bond.

Depending upon the family of elements from which this bridging atom is drawn,

d Coauthored by Jia Lu and Steve Scheiner. Reproduced from Molecules 2019, 24, 2822 with permission.
Copyright is retained by the authors.
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the resulting noncovalent bond is typically dubbed a halogen, chalcogen, pnicogen, or

tetrel bond. These interactions share a number of features. In the first place, they are
typically of a strength comparable to a H-bond, sometimes stronger by a substantial
amount. Each such bond is systematically strengthened by electron-withdrawing
substituents which intensify the o-hole. These bonds are usually strengthened as one
moves down each column of the periodic table, e.g. Cl < Br <. First-row atoms, i.e. F,
O, N, and C, engage in only weak bonds of this type if at all, but can be coaxed into
measurable interactions by appropriate substituents or adding a charge!’’-182,

In the case of the H-bond, its spectroscopic consequences have been examined
over a span of decades, and are well understood®” 84188 Sych spectra are one of the
most often used tools in the toolbox of chemists and biochemists in deciphering the
interactions that are present in a complex system. Indeed, the shifts in certain IR
spectroscopic bands or NMR peaks are frequently interpreted as a quantitative measure of
the strength of each such bond. Work has also unraveled the source of these shifts, in
terms of the most fundamental physical characteristics of the molecules involved. The
surprise finding that certain H-bonds can shift an IR stretching frequency to the blue,
rather than to the red which is the normal situation, has been analyzed and provided new
insights into the source of this discrepancy %0 187-191,

Alas, while a good deal of information has accumulated in recent years
concerning certain aspects of the related halogen etc. bonds, there is less available

d!77.192-201 hag been informative to be

concerning their spectra. The data that has appeare
sure, but does not consider these systems in a systematic manner. As such, there is not

now available a thorough account of the manner in which each sort of interaction
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modulates the spectra, nor a solid understanding of the contributing factors. Such
information would be crucial in detecting their presence in a given chemical or biological
system. It would also be especially useful if correlations could be established, as is
already the case with H-bonds, between certain spectroscopic parameters and the strength
or geometry of a given bond.

The present work represents an attempt to fill this gap. A number of small model
systems are generated in which a halogen, chalcogen, pnicogen, or tetrel bond is present.
Quantum calculations evaluate the strength of each interaction, as well as its geometric
properties. The effects of each bond upon the IR and NMR spectra of the system are
determined and compared with the binding strength, identity of the bond, and nature of
the specific halogen etc atom. In this way, a systematic set of rules is generated that will
assist in identification of these sorts of bonds in a complicated system, and to provide

some measure of its strength.

5.2 Computational methods

In order to examine this question systematically, three different Lewis acids were
considered for each sort of bond. The central atom is drawn from the second, third, and
fourth row of the periodic table where these bonds are the strongest. An F atom was
placed as a substituent on each such atom, as its electron-withdrawing power will
facilitate the development of the noncovalent bond of interest. Thus, FCI, FBr, and FI
were taken as prototype halogen bonding molecules. In a related manner, chalcogen
bonds were considered via FSH, FSeH, and FTeH. The corresponding pnicogen and
tetrel-bonding units are respectively (FPH2, FAsHz, FSbH2) and (FSiHs, FGeHs, FSnH3).

NHs was taken as the common electron donor/nucleophile due first to its strength as a
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base. As a second benefit, its small size facilitates analysis and avoids complicating

secondary interactions.

Calculations were carried out with the M06-2X variant 2°2 of DFT within the
framework of the Gaussian 09 % suite of programs. The aug-cc-pVDZ basis set 203 204
was used for all atoms except fourth row I, Te, Sb and Sn for which relativistic effects
sere incorporated via the aug-cc-pVDZ-PP pseudopotential > 2%, The reliability of such
methods applied in similar systems is supported by numerous previous works 206-212,
Geometries were optimized and harmonic frequency analysis assured the presence of a
minimum.

Interaction energies, Eint, were taken as a measure of strength of each interaction.
This quantity refers to the difference in energy between the fully optimized complex and
the energy sum of the two monomers, both in the geometry that pertains to the complex.
This quantity was corrected for basis set superposition 22 by the counterpoise
prescription 214 originally proposed by Boys and Bernardi. NMR chemical shielding was
assessed via the GIAO procedure 2216 incorporated within Gaussian. The Natural Bond
Orbital (NBO) method 217 was utilized to extract natural atomic charges using the NBO-

3.1 program, included within the Gaussian-09 program.

5.3  Results and discussion

The optimized geometries of several sample complexes are pictured in Figure 5-1.
The others are quite similar, and are contained in Figure 5-3. The NH3 approaches the
central A atom of each molecule opposite to the A-F bond (where A denotes the halogen,
chalcogen, etc atom) although in the case of the chalcogen and pnicogen bonds, the

O(FA-"N) angle is not quite 180° due to considerations of orientation of 5-hole and
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secondary interactions 218221 |t is the A-F bond of the Lewis acid molecule which ought

to be most susceptible to modifications due to the interaction with the base, and where
focus is placed below.
Energetics and IR Spectra

The first column of Table 5-1 displays the interaction energy of each complex. It
may be noted first that these noncovalent bonds are all rather strong. To place this result
in context, the water dimer as a H-bonding parallel has an interaction energy on the order
of 5 kcal/mol 222223, The quantities in Table 5-1 are all larger than this amount, going up
to as high as four times larger.

As is typically the case, each sort of interaction strengthens as the bridging atom,
whether halogen, chalcogen, or otherwise, grows larger (with one minor exception for Ge
vs Si). In terms of class of bond, the halogen bonds are the strongest followed by
chalcogen, tetrel, and pnicogen. A common measure of the charge transfer taking place
in each noncovalent bond derives from the NBO second-order perturbation energy E(2).
In each case, the donor is the N lone pair and the acceptor is the 6*(A-F) antibonding
orbital. These quantities in the second column of Table 5-1 generally follow the
interaction energy trends, albeit imperfectly. For example, it is the second-row tetrel
atom Si which shows a larger value of E(2) than either third or fourth-row analogue. And
third-row Br is associated with the largest E(2) of the three halogen atoms.

The transfer of electron density into the antibonding o*(A-F) bond ought to
weaken and lengthen this bond, which can be seen by the stretches Ar documented in the
penultimate column of Table 5-1. As in the prior parameters, Ar follows the general

pattern halogen > chalcogen > tetrel ~ pnicogen. This A-F bond weakening is also
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manifested in a red shift of the stretching frequency Av. Like the energetics, the halogen

> chalcogen > tetrel > pnicogen order holds here as well. But there is also a very
significant difference as well. Unlike the energetics, these red shifts are largest for the
lightest of each class of A atom. Taking the halogens as an example, this shift of 175 cm"
! for Cl drops down to 107 for Br and then to 49 for I. But perhaps most importantly,
these shifts are all large enough that they ought to be plainly evident in IR spectra of
these systems, falling in the range of 42-175 cm™.

As is typical of H-bonds, the red shift is accompanied by an intensification of the
stretching band. The magnification of this intensity is displayed in the last column of
Table 5-1 as the ratio of intensities in the complex and the monomer. This intensification
ratio varies from as small as 1.2 up to 7.7 for FC1"NHs. This quantity decreases
smoothly as each A atom becomes larger, and also follows the general pattern halogen >
chalcogen > tetrel > pnicogen, very much in line with the red shifts Av.

NMR Shielding

The NMR chemical shielding of each of the salient atoms is reported in Table 5-2
as a change from the shielding within the uncomplexed monomer. While the shielding
change in the central A atom is positive, its magnitude is highly variable. The halogen
systems are a case in point. The shielding change on the | atom is 72 ppm, rises to 478
ppm for Cl and then ramps way up to 1675 ppm for Br. Indeed, there does appear to be a
pattern that it is the third-row atom in each class that undergoes the largest change, and
the fourth-row atom the smallest. The order observed here is fairly consistent with those
in Table 5-1, with halogen the largest, followed by chalcogen. However, the pnicogen

bonds clearly display larger NMR shifts than the tetrel atoms.
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Unlike the increased shielding of the A atoms, the F substituents undergo a

dramatic decrease, in the range between 55 and 422 ppm. But the order is the same:
halogen > chalcogen > pnicogen > tetrel. The dependence upon the particular row of the
periodic table is erratic however. Ao clearly rises in magnitude as the halogen atom
grows in size, but is less sensitive for the three other sorts of bonds.

Since the H atoms on the Lewis acid are not directly involved in the noncovalent
bond, one would not anticipate their shielding to change much upon complexation.
Nevertheless, while certainly smaller, these changes ought to be detectable. The H
shielding increases in all cases: it is largest for the chalcogen bonds in the 4-5 ppm range,
drops to about 1 ppm for pnicogen, and then below 0.5 ppm for the tetrel bonds.

As the electron donor atom, it is not surprising that the chemical shielding of the
N atom of NHs suffers a drop upon complexation. This decrease falls in the 7-27 ppm
range so again, ought to be easily detectable. Unlike the other parameters discussed
above, it is the tetrel bond that displays the largest perturbation for the N shielding
change. The halogen bonds are somewhat less sensitive, followed by the two others.
There is no clear pattern in terms of periodic table row. For example, while it is the
lightest halogen atom that changes the N shielding the most, it is the heaviest of the
pnicogen atoms that has this distinction.

Atomic Charges

One would expect that the shielding of each atom ought to have some relation
with the total charge surrounding that atom. The changes in the atomic charge of each
atom that accompany the complexation are thus displayed in Table 5-3. The negative

values for the A atoms indicate an increased surrounding electron density, which is
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consistent with the greater shielding indicated in Table 5-2. On the other hand, the

magnitudes of the charge changes bear little resemblance to the shieldings. For example,
the P, As, and Sb atoms all increase their negative charge by the same 0.035 e, yet there
IS a great variability in the shielding change, from 5 ppm for Sb to as high as 166 ppm for
As. As an even greater disparity, the F atoms also accrue additional density during the
complexation, comparable to that observed on A, but suffer a very substantial drop in
their shielding, opposite to the increase on A.

The charges on the H atoms are small, 0.005 e or less, but vary in sign. While
positive for the chalcogen and pnicogen bonds, they reverse sign for the tetrel bonds,
even though the shielding change is positive for all systems. With respect to electron
donor N, it suffers a loss of density, with its atomic charge growing more positive. But
this change is not universal, and is even negative for a few cases. There is some parallel
to Ao in that the most positive charge changes occur in the halogen bonds which also
display the largest change in N shielding. Smaller in both quantities are the chalcogen
bonds. However, the very small N charge changes in the tetrel bonds are in dissonance
with their large shielding changes.

Electron Density Shifts

A more thorough examination of the electron density shifts can perhaps offer
some deeper insights into the changes in both atomic charges and NMR chemical
shielding perturbations. Figure 5-2 displays the shifts in density caused by the
complexation of NHs with FBr as a sample. The purple regions represent gains of
density and losses are shown in green. Two different levels are shown to provide a more

complete picture. The Ap=0.001 au contour is displayed in Figure 5-2a while the larger
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value of 0.005 au in Figure 5-2b focuses attention on regions of more concentrated

charge gain and depletion.

Considering the central Br atom first, one can see in Figure 5-2a a purple region
of density gain to its left and a green area of loss to its right. The former is larger than the
latter which accounts for the more negative charge on the Br atom in Table 5-3.
Consideration of only the 0.005 au contour in Figure 5-2b would offer a contrasting
picture as the green area is much more extensive than the purple. The increased density
around the Br atom is in part responsible for the higher NMR shielding indicated in Table
5-2. In the case of the N atom of NHs, the green lobes of density loss appear to dominate
at either contour value, which is consistent with the more positive charge of N in Table
5-3 and its reduced shielding in Table 5-2.

The F atom offers an interesting picture. One can see a green region of density
loss close to the nucleus in Figure 5-2a, which is surrounded on both sides by two more
extensive purple lobes of gain. These areas persist in the more concentrated density loss
regions shown in Figure 5-2b. As indicated in Table 5-3, it is the purple areas of gain
that are more influential, as the overall charge on the F atom becomes more negative. On
the other hand, the shielding of this atom is reduced substantially. One way of viewing
this apparent paradox is consideration of the placement of these lobes. The green region
of density loss occurs directly around the F nucleus, where they may have more direct
influence on the shielding than the more distant purple regions of gain.

The density shifts of the FBr---NHs complex are not unique, but rather
characteristic of all of the systems examined here. Comparable density shift diagrams are

provided in Figure 5-4 where the similarities are evident.
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5.4 Conclusion

Prior studies have provided confidence that NMR and IR data computed by DFT
and ab inito approaches offer some reliability’® 197. 224227 = Ag g specific example, an

early study 228

calculated nuclear shielding changes involved in the P-**N pnicogen bond
in the FH2P--*NH3 complex at the MP2/aug’-cc-pVTZ level. The P and N atoms changed
their shielding by +77 and -10 ppm, respectively, very similar to the quantities described
here.

There have been several studies which have attempted to relate spectroscopic data
with noncovalent bond energies. Mokrai et al observed 2?° through-space coupling
constants within a pnicogen bond in solid-state NMR spectra. The NMR chemical shift
of the C that is covalently attached to the halogen bonding I in a C-I bond increases
markedly as the XB is enhanced by an anionic electron donor 2%, Within the framework
of C-tetrel bonds, Southern and Bryce 1 observed a strong correlation between the C
chemical shifts and the length of the C-tetrel bond, although this correlation deteriorated
when compared to the actual strength of the bond. One should be cautious, however, in
drawing parallels between observations in the broad context of noncovalent bonds in
general and a limited set of tetrel bonds involving only the C atom, which tends to form
very weak tetrel bonds. As another point of agreement, the N electron donor of an
aromatic ring suffers a drop in its chemical shielding by a variable amount within a
CX'N halogen bond %!, up to as much as 19 ppm,. As in the case of our NH3 electron
donor, halogen bonding causes deshielding of the F atom when it acts as electron donor

in a halogen bond 2*2, Also consonant with our own findings, a red shift of the F-X

stretching frequency has been observed 2% in its halogen bonds to aromatic N electron
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donors, in the range of about 140 cm™.

In summary the noncovalent bonds that fall into the categories of halogen,
chalcogen, pnicogen, and tetrel bonds have a number of spectroscopic features in
common. As the base takes a position opposite the F-A bond of the FHnA molecule, the
covalent A-F bond is weakened and stretched by some 0.025-0.060 A. The stretching
frequency of this bond is shifted to the red by at least 40 cm™, up to as much as 175 cm™.
The amount of this red shift is largest for the A atoms of the second row of the periodic
table: CI, S, P, and Si. Halogen bonds cause the largest shift, followed by chalcogen,
tetrel, and then pnicogen.

Each of the atoms involved in these bonds undergo a characteristic change in its
NMR signal. The shielding of the A atom is increased while that of the F and electron
donor N atom are lowered. The changes observed for the A and F atoms follow the order
halogen > chalcogen > pnicogen > tetrel, but in the case of the N atom, the order changes
to tetrel > halogen > chalcogen ~ pnicogen. Unlike the IR frequency shifts, it is the third
row A atoms that undergo the largest change in NMR shielding and fourth-row the
smallest. The latter small quantity stands in contrast to the greatest interaction energies
of the noncovalent bonds involving these heavy atoms. In terms of magnitude, Ac for A
is highly variable, ranging from negligible for FSnHs all the way up to 1675 ppm for FBr.
F shielding changes are not quite as variable, covering the range from 55 to 422 ppm.
Although smaller in magnitude, the changes in the N shielding are still easily detectable,

between 7 and 27 ppm.
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Table 5-1. Interaction energy, NBO charge transfer energy, bond length change, and bond

stretch frequency change upon forming complex with NH3.

| -Eint, kcal/mol | E(2), kcal/mol | Ar(AF), A | Av(AF), cm™ | I ratio
halogen
FCI 12.01 39.3 0.060 -174.9 |  7.690
FBr 16.28 51.3 0.061 -107.1 | 4.967
Fl 19.17 43.6 0.055 -48.6 | 2.874
chalcogen
FSH 9.12 21.0 0.034 -85.8 | 2.983
FSeH 12.25 30.9 0.042 -70.3 | 2.598
FTeH 16.14 20.92 0.042 -44.8 1.937
pnicogen
FPH: 7.39 13.9 0.022 -58.1| 1.916
FAsH: 8.98 16.3 0.029 -47.3 | 1.780
FSbH: 11.75 17.2 0.034 -42.1| 1535
tetrel
FSiHs 9.01 18.1 0.027 -74.7 | 3.433
FGeHs 8.50 12.7 0.025 -55.2 | 1.609
FSnH3 12.18 13.3 0.030 -54.9 | 1.244

5(Te-N)—oc*(Te-F) - NBO treats complex as single unit

Table 5-2. Changes in chemical shielding (ppm) that accompany complexation with

NH3.
| A ] F | H? N
halogen

FCI 478.2 -272.7 - -20.2

FBr 1674.9 -391.2 - -17.6

Fl 72.3 -421.7 - -6.9
chalcogen

FSH 264.0 -184.1 3.8 -11.5

FSeH? 847.5 -234.0 4.9 -12.5

FTeH 34.8 -233.4 5.0 -8.3
pnicogen

FPH2 68.2 -92.0 1.2 -10.6

FAsH: 165.9 -88.6 1.1 -8.7

FSbH2 5.0 -88.3 1.0 -12.4

tetrel

FSiHs 46.3 -70.0 0.4 -26.6

FGeHs 70.7 -54.8 0.3 -16.3

FSnHs -0.3 -59.7 0.3 -21.3
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Table 5-3. Changes in natural atomic charge (e) that accompany complexation with NHs.

| A F | H N
halogen
FCI -0.076 -0.087 - 0.067
FBr -0.084 -0.099 - 0.066
Fl -0.067 -0.086 - 0.031
chalcogen
FSH -0.044 -0.050 0.005 0.019
FSeH? -0.058 -0.061 0.004 0.026
FTeH -0.053 -0.056 0.001 0.007
pnicogen
FPH: -0.035 -0.029 0.003 0.003
FAsH:2 -0.035 -0.034 0.002 0.001
FSbH: -0.036 -0.035 -0.001 -0.007
tetrel
FSiHs -0.040 -0.028 -0.005 0.005
FGeHs -0.016 -0.027 -0.005 -0.004
FSnHs -0.012 -0.029 -0.010 -0.011
daverage of all H atoms on central atom
H
2.339
@ —e ¢
Hu
180.0
W
2.700

Figure 5-1. Optimized geometries of sample noncovalently bonded complexes. Distance



in A and angles in degs.

Figure 5-2. Electron density shifts caused by complexation between FBr and NH3.
Purple areas indicate gains and losses are shown in green. Contours shown represent a)
0.001 au and b) 0.005 au.
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Figure 5-3. Optimized geometry of complexes with NH3. The geometries that include

@/

164.4

FSH and FSeH are not pure minima as they include one negative frequency.
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Figure 5-4. Electron density shifts caused by complexation between Lewis acid and NH3.
Purple areas indicate gains and losses are shown in green. Contours shown represent
0.001 au.



80

CHAPTER 6 RELATIONSHIPS BETWEEN BOND STRENGTH AND
SPECTROSCOPIC QUANTITIES IN H-BONDS AND RELATED

HALOGEN, CHACOLGEN AND PNICOGEN BONDS*®

6.1 Introduction

During the long history of study of the H-bond (HB) it was observed %97 184,234
235 that the formation of a AH "D bond of this type causes a red shift of the v(AH)
vibrational frequency relative to the monomer. A secondary effect is the intensification
of this band. In respect to their contention 3¢ that these spectroscopic changes were
related to the strength of the HB, this correlation has been commonly referred to as the
Badger-Bauer rules. There has been a great deal of testing of these ideas over the years
231243 For example, Joesten and Drago 2** observed a linear relationship when phenol
was paired with 33 different bases in CCla solution. Shortly thereafter, Ghersetti and
Lusa extended these ideas to include 2*° both AH and AG 298), echoed by the
correlation with AH observed by Drago and Epley 2%. A correlation coefficient of 0.92
was evaluated 2*” for combinations of both n-propanol and 2,2,3,3-tetrafluoropropanol
with various bases. There have been numerous evaluations of possible correlations over
the years 2482%1 including computational 222 as well as experimental 2%’ data, with
mixed results. Correlations can be less than perfect 2°6-263 gs for example when p-
fluorophenol was paired with a total of 35 bases 2%4. There is also the finding that the

relationships between red shift and enthalpy can be different for different base atoms, e.g.

¢ Coauthered by Jia Lu and Steve Scheiner. Reproduced from The Journal of Physical Chemistry A 2020,
124 (38), 7716-7725 with permission. Copyright © 2020, American Chemical Society
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S vs O 2%, 1t should also be mentioned that recent years have presented an opposite

scenario wherein certain sorts of HBs shift the band to higher rather than lower
frequencies 188 190, 266-268 - \\/hile there are a range of different H-bonds for which such
blue-shifting occur, the most common are CH:-*O HBs 100-102.26%-271 © Apngther common
feature of HBs is the downfield shift of the bridging proton’s NMR signal, which is also
thought to correlate with the strength of the interaction 272274,

In recent years it has been recognized that the HB has a number of close cousins
133,146, 149, 179, 275-287 in which the bridging proton is replaced by any of a variety of
electronegative atoms. Depending upon the periodic table column from which these
bridging atoms are derived, these bonds have been christened as halogen (XB), chalcogen
(YB), and pnicogen (ZB) bonds. Their ability to attract a nucleophile rests on each
atom’s highly asymmetric charge distribution, which contains a depleted electron density
and corresponding positive region of electrostatic potential that lies directly opposite any
covalent bond in which these atoms participate. Despite the electronegativity of these
atoms, the corresponding noncovalent bond with a nucleophile is comparable in strength,
and frequently even stronger than the related HB. Concerted study of these noncovalent
bonds has led to understanding of a number of trends and underlying phenomena that
govern them. The diminishing electronegativity and rising polarizability that comes with
moving down the relevant periodic table column also leads to an enhanced strength. For
example, first-row atoms F, O, and N seldom participate in such bonds. Electron-
withdrawing substituents strengthen the bond by pulling density away from the bridging
atom, making it overall more positive.

But the many similarities with the HB lead to the obvious question: do these
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related noncovalent bonds also obey the Badger-Bauer rules? Does the frequency of the

R-A stretching mode (where A=X, Y, or Z) also shift to the red, and is this shift a linear
function of bond strength? It is also intriguing to consider the possible intensification of
this band. A second question concerns the NMR chemical shift; is there a relationship
with the strength of these noncovalent bonds analogous to that observed for HBs? The
answers to these questions will have profound implications as these newly recognized
noncovalent bonds undergo examination by spectroscopic means, just as has been the
case over the years for HBs.

The present communication represents an effort to answer these questions. A
large database of XB, YB, and ZB systems are considered with a highly diverse set of
Lewis acids and bases. Their spectroscopic parameters are evaluated by high-level
computations, and possible correlations with interaction energies are probed. An
advantage of a theoretical approach such as this is the ability to target a wide range of
different systems, and without the complications that might occur as a result of solvation
effects or of alternate sites of interactions that might arise with larger systems. The
geometries clearly delineate the particular noncovalent bond involved in each

spectroscopic shift.

6.2  Computational methods

The systems considered paired all combinations of a Lewis acid and base drawn
from the list in Table 6-1. Listing of Lewis acids and bases considered in dimers. Each
Lewis acid contained a F atom bonded to a generic A atom so as to draw electron density
toward the highly electron-withdrawing F and generate a o-hole on A. H-bonded systems

with FH as proton donor were taken as a point of reference. Halogen bonds (XBs) were



83
generated with A=ClI, Br, or | in the FCI, FBr and FI molecules. S, Se, and Te

participated in a chalcogen bond (YB), and pnicogen bonds (ZBs) involved P, As, and
Sb. A wide assortment of bases was considered so as to make the analysis as generally
applicable as possible. The N atom was embedded in several substituted amines, NCH
and its NC anion, as well as integral to a ring in imidazole. Numerous bonding schemes
for the O atom were also considered, ranging from substituted HOH, the amide group in
N-methylamide, phenol, and the formate anion. SH2 and SMe2 were used to examine S,
and the chloride anion incorporated Cl. Since the n-Systems of several sorts of aromatic
rings can also donate electrons to these sorts of bonds, benzene, phenol, and both the 5-
and 6-membered rings of indole were examined. Altogether, the entire data set
comprised 190 different dimers. A few sample dimers are illustrated in Figure 6-1; all
coordinates are contained in the Supplementary Information section.

The Gaussian-09 *° program was employed for all calculations which were carried
out with the M06-2X DFT functional using the aug-cc-pVDZ basis set. This level of

theory has demonstrated its accuracy and effectiveness in numerous previous studies 2"

211, 288-291 5, 205

of related systems. The aug-cc-pVDZ-PP pseudopotential basis sets were
applied to 4"-row atoms I, Te, and Sb so as to capture relativistic effects. However, due
to the importance of inner-shell electrons for NMR calculations 2°2, these same atoms

were considered within the context of the all-electron Sapporo-DKH3-DZP-2012-diffuse

basis set 293294

when computing NMR data.
All geometries were fully optimized with no geometrical restrictions. The

interaction energy, Eint, was defined as the difference between the energy of the complex

and the sum of the energies of monomers in the geometries they adopt within the
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complex. Basis set superposition error was eliminated via the counterpoise 2!* protocol.
Zero-point vibrational energies were not added so as to focus on the pure interactions
themselves. But these corrections are included in the values reported below for AG,
which was evaluated using standard physical chemistry formulas. NMR chemical
shielding was evaluated by the GIAO prescription 21>, Due to the importance of inner-
shell electrons for NMR calculations 2°2, the shielding of 4" row atoms I, Te, and Sb was

evaluated in the context of the all-electron Sapporo-DKH3-DZP-2012-diffuse basis set

294

6.3  Results and discussion
Vibrational Spectra

It is widely recognized that the formation of a RH--‘B H-bond results in the
stretching of the RH bond, along with a red shift and intensification of the v(RH)
stretching band. (Of course, there are a number of systems which have been studied in
recent years where the frequency can shift to the blue 2°-2% put these still remain the
exception to the rule.) Figure 6-2a illustrates the fairly tight correlation between the HB
energy and the red shift of the v(RH) frequency for the set of systems considered here in
which FH serves as the proton donor. This energy spans a wide range from 5 to 33
kcal/mol, so the set of systems considered cover a similarly broad range from moderate to
strong HBs. There is a similarly broad set of red shifts, in the range between 120 and
1800 cm™. Despite this wide range, the energy and red shift are linearly related with a
correlation coefficient R? of 0.93, as indicated by the first entry in Table 6-2. The best-fit
relation is illustrated by the broken line in Figure 6-2a. The slope of this line, presented

in Table 3, is 0.017 which translates to an increase in the interaction energy by this
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amount for each additional cm™ of red shift. In other words, one can anticipate an

increased H-bond energy of 1.7 kcal/mol for each 100 cm shift increment.

The corresponding correlations for the other noncovalent interactions are
presented in Figure 6-2b, Figure 6-2c, and Figure 6-2d for the halogen, chalcogen, and
pnicogen bonds, respectively, which also undergo red shifts of various magnitude. In
each case, the 2" row atom is represented by the green points and line, while red
indicates 3™ row, and 4™ row is presented in purple. As in the HB cases, there is again a
linear relationship between energetics and frequency shift. Comparison of the various
values in the first column of Table 6-2 indicates that the correlations are comparable in
quality to those of the HB systems. Due to the much larger mass of these atoms as
compared to H, the relevant v(FA) vibrational frequencies are much smaller, as are their
shifts upon complexation. These smaller shifts correspond to greater sensitivity of the
interaction energy, as witness the larger slopes in the first column of Table 6-3, as
compared to that for H. This slope rises sharply along with the size of the interacting
atoms, e.g. S < Se < Te, which translates to larger increases in interaction energy upon a
given shift in frequency. To place these quantities in perspective, a slope of 0.20, typical
of those evaluated here, corresponds to an increase of interaction energy by 2.0 kcal/mol
for each additional 10 cm™ of red shift. Of course, this is not an exact relationship, just
as the correlation coefficient is not unity. So one might presume a 10 cm™ shift might be
associated with a rise in bond strength of perhaps 1.8 - 2.2 kcal/mol.

Another feature of the v(RH) stretching band in H-bonded systems is its
intensification caused by complexation. This quantity is assessed here as /1o, the ratio

between the intensity in the complex and that in the isolated monomer. Fig 3a indicates a
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fair linear relationship between this intensity enhancement and the HB energy. The

corresponding correlation coefficient for this relation is 0.89, as indicated in Table 6-2.
However, this linearity deteriorates for the other sorts of noncovalent bonds. The
pertinent correlation coefficients are all somewhat lower, between 0.35 and 0.72. It
might be noted that the correlation deteriorates as the bridging atom, whether halogen,
chalcogen, or pnicogen, grows larger. The scattering is evident in Figure 6-3b-d. So
whereas the frequency shit in the v(FA) band can be used as an accurate measure of the
interaction energy, its intensification is more loosely correlated.

As another factor, whereas the HB intensification is quite substantial, representing
a magnification of as much as 3000, the enlargement for the other systems is much
smaller, reaching only up to a factor of about 16. This distinction makes for much
steeper slopes of the I/lo ratios in the second column of Table 6-3. As was the case for
the frequency shifts, the sensitivity of the interaction energy to intensity magnification
grows along with bridging atom size. There is also growth in the order XB < YB <ZB in
this slope, indicating progressively greater sensitivity of the energy to the particular type
of bond.

There is of course some arbitrariness in the particular choice of basis set. The
aug-cc-pVDZ (PP) basis set applied to the above spectroscopic and energetic quantities is
of polarized double-C quality. It is worthwhile to compare these results with a different
set. The 6-311++G(2d,2p) basis is of polarized triple-C quality and was originally
derived under a different set of criteria. This set was used to reoptimize geometries of a
select set of complexes, after which energetics and IR data were recomputed. So as to

consider a diverse set of systems for this test, two bases were considered, NMes and
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OC(Me)NHMe, encompassing both O and N bases. The Lewis acids in this sample

included halogen bonding (FCI and FBr), chalcogen bonding FHS and FHSe, and
pnicogen-bonding FH2P and FH2As. The data differed very little from the original values
described above. Energetics remained within 2% of the earlier data, changes in
vibrational frequency Av(FA) were stable to some 10%, and even the intensity ratio I/Io
displayed little variation, also within the 10% range for the most part.
NMR Spectra

Another spectroscopic parameter that is commonly taken as a measure of HB
strength is the downfield NMR chemical shift of the bridging proton. This shift is
computed here as the difference in chemical shielding of this proton between the complex
and the optimized monomer. This negative quantity, indicating a drop in shielding, is
depicted in Figure 6-4a along with the HB interaction energy. There would appear to be
only a fair linear relationship, as measured by the correlation coefficient of 0.66 reported
in the first row of Table 6-2. Figure 6-4b, 4c, and 4d display the corresponding linear
relationships for the XB, YB, and ZB complexes, respectively. With the exceptions of
Cl, Te, and Sb, these correlations are improved versus HB, as witness the data in Table
6-2. A glance at Figure 6-4 indicates that the poor correlations for these three atoms can
be attributed to the anions for which the chemical shift is less than proportional to the
binding energetics, so removal of anionic bases from consideration would markedly
improve the correlations for these atoms as well. Note that all bridging atoms with the
exception of H, undergo a rise in shielding upon complexation.

One feature which all types of noncovalent bonds share regards the row from

which the bridging atom is drawn. The green curves are the steepest in Figure 6-4, red
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less so, and purple the least of all. That is, the interaction energy is most sensitive to

chemical shift of 2" row atoms Cl, S, and P, and least sensitive for their 4" row
analogues, I, Te, and Sh. This diminishing sensitivity is also plainly evident in the slope
data in the third column of Table 6-3, which also documents greater sensitivity in the
order XB < YB < ZB. The negative slope listed for A=H in the first row refers to the fact
that the bridging H atom suffers a loss of chemical shielding upon complexation, opposite
to the shielding increases incurred by the other bridging atoms. Its much larger absolute
value indicates a higher interaction energy is associated with even minute changes in the
proton’s shielding.

In addition to the shielding change that engulfs the bridging atom, one can also
consider a similar effect upon the atom which is directly bonded to the central one. In
these cases, it is a F atom that is covalently attached to each bridging atom. The
shielding around this atom is diminished by the formation of each of the various
noncovalent bonds. The relationship between this shielding drop and the interaction
energy is illustrated in Figure 6-5, which displays a bit more scatter than some of the
other plots. The correlation coefficients for this relation are contained in the last column
of Table 6-2, and suggest moderate correlation. R? is highest, exceeding 0.8 for A=1 and
P, and considerably lower for the other complexes. But importantly, all of the
correlations for the various noncovalent bonds are superior to that for the HB systems for
which R? is only 0.52.

The slopes of the linear relationships reported in the last column of Table 6-3 are
all negative, indicative of the reduced shielding of the F nucleus resulting from

noncovalent bond formation. As in the case of the bridging atom, the slope is
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numerically much larger for FH than for the F atoms bound to the other bridging atoms.

This larger slope conveys the idea that small changes in chemical shielding are associated
with larger increases in the H-bond energy. It is the 3" row atoms Br, Se, and As that
have the largest slopes. As in the cases above, the slopes for the pnicogen bonds are
larger than for the chalcogen bonds, which are in turn larger than for halogen bonds; i.e.
the slopes decrease in the order HB > ZB > YB > XB.

The change in shielding of the Lewis acid atoms can be attributed to two different
factors. The first is the presence of the base whose electron density exerts a direct effect
upon the shielding. The second is less direct in that the base causes a geometrical
distortion of the acid, including a stretch of the F-A bond. One can separately evaluate
the first of these two factors independent of the second, by measuring the change in the
shielding with the acid molecule in the same (dimer) geometry in both monomer and
dimer.

The correlations of these modified chemical shieldings with the interaction energy
are displayed in Figure 6-6 and Figure 6-7 for the A and F atoms, respectively. In
general, these patterns are similar to those of the full NMR shifts in Figure 6-4 and Figure
6-5 but with some interesting differences. In the first place, the fixed-geometry
shieldings of the bridging A atoms are larger, suggesting that the adjustment of the
molecular geometry within the dimer attenuates the pure electronic effects of the base to
some degree. This reduction can be sizable, amounting to several hundred cm™ in many
cases, averaging some 30% of the total shift. With respect to correlations with the
interaction energy, considering first the A atoms, as noted in Table 6-5, the correlation of

the H shift deteriorates without the geometry changes whereas those concerning the other
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noncovalent bonds improve. Thus consideration of only the direct influence of the base

correlates much better with interaction energy for the XB, YB, and ZB systems than do
the H-bonds. It makes sense that the elimination of the complicating effects of internal
geometry changes from the pure effects of the proximity of the base's electron density
improves the correlation with the interaction energy. With regard to the slopes of these
curves listed in Table 6-6, there are moderate modifications induced by ignoring internal
deformation, suggesting the latter distortions reduce the chemical shift by between 20%
and 50%. There is little effect of geometry change upon the F atom correlations with one
notable exception. The H-bond systems have very little correlation between F shift and
bond strength unless the F-H bond stretch is included as a second factor.

It would be logical to presume that the poor quality of some of these fits to NMR
data arise from the diversity of the bases that were considered. For example, an
approaching N atom might be expected to alter the electron density around a H, X or
other bridging atom in a fundamentally different way than would O. In fact, the
correlation seems worst for the HB systems, which is consistent with the diversity of H-
bonds noted earlier, for example by a delocalization index analysis 2*°. Separate
evaluations of NMR data for the N and O base atoms did show some improvement in the
correlations, but only by a little and not consistently. It is concluded then that there
remains an intrinsic scatter to the NMR chemical shifts that prevents as tight a correlation
with the bond strength as is observed in the red shift of the FA stretching frequency.

Another notion might be to consider the effect of the noncovalent bond upon the
chemical shift of the base atom. In other words, for any given base, say NHs, the change

in chemical shielding of the N atom was correlated with the interaction energy for the
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various Lewis acids, including the entire set of XB, YB, and ZB types. However, the

correlations were found to be quite poor. This finding is perhaps unsurprising given the
variety of the approaching Lewis acid atoms, each of which can be expected to perturb
the electron cloud surrounding the base atom in a different way.

It might be added finally that the data computed here by a DFT approach are
consistent with IR and NMR spectroscopic changes that were derived earlier 29292300 py
MP2 treatment of electron correlation. A very recent work 3% has verified that
calculations are capable of nicely reproducing experimental spectroscopic shifts of Se
when involved in chalcogen bonds.

As it is generally more common for experimental measurements to provide free
energies than electronic interaction energies, it is of practical interest to consider the
relation between the various spectroscopic parameters and AG. The correlation
coefficients displayed in Table 6-4 are generally quite similar to those in Table 6-2 for
Eint, suggesting that the spectroscopic quantities can be used to estimate either energetic
measure with equal success. The plots of AG versus the various spectroscopic data,

analogous to those in Figure 6-2 to Figure 6-5, are contained in Figure 6-8 to Figure 6-11.

6.4  Conclusions

Many of the same relationships that relate the strength of H-bonding to
spectroscopic parameters apply as well to the related noncovalent bonds. The linear
correlation between the interaction energy and the red shift of the F-A stretching
frequency is a tight one, so this shift has excellent potential as a gauge of bond strength.
This strong correlation is important as several prior experimental studies have suggested

these correlations can deteriorate if monomers are of different structure or if the nature of
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the electron donor is varied, or even the hybridization of the particular atom involved, or

if different solvents are used, or even if different experimental techniques test the
relationship. The intensification of this band occurs in all systems, but is less strongly
correlated to bond strength in the XB, YB, or ZB systems than it is for HBs. The very
widely used linear relation between NMR chemical shifts and H-bond strength is even
better for most of the other noncovalent bonds, displaying a tighter correlation with the
energetics. The internal geometry changes induced by complexation play a significant
role in the chemical shifts.

What is perhaps most notable about the correlations discussed above is the
diversity of systems to which they apply. For any given Lewis acid molecule, the bases
with which it was paired covered a wide range, encompassing N, O, Cl, and S electron-
donor atoms as well as m-systems of aromatic rings, also including anions as well as
neutral molecules. There is also extensive coverage of interaction energies, that varied
from as little as 4 kcal/mol up to a maximum of 52 kcal/mol. This diversity speaks to the
idea that these correlations between energetic and spectroscopic aspects of these
noncovalent bonds are a common feature that can be exploited in experimental studies of
a wide range of systems.

It is certainly possible that the environment in which a given bonding interaction
finds itself, whether immersion in any of various solvents, or placement within a
macromolecule, would influence the properties discussed here. The data provided above
describe these interactions in a pure sense, prior to these environmental effects taking
hold. Future studies will consider the tenacity of these relationships within the context of

differing environments.



Table 6-1. Listing of Lewis acids and bases considered in dimers

acid base

FH NH;

FCI NCl;

FBr NMe;

Fl NC

FHS NCH

FHSe | imidazole-N

FHTe | OH;

FH2P MeOH

FH2As | OMe;

FH2Sb | OC(Me)NHMe
phenol-O
HCOO
Cr
SH;
SMe,

aromatic rings

benzene
phenol
indole(5)
indole(6)




Table 6-2. Correlation coefficient R2 for linear fit of interaction energy to indicated

parameter.
Av(FA) I/lo Aca (opt) | Acr (opt)
H 0.93 0.89 0.66 0.52
Cl 0.91 0.72 0.36 0.68
Br 0.94 0.46 0.67 0.69
| 0.90 0.41 0.69 0.84
S 0.95 0.67 0.75 0.77
Se 0.96 0.43 0.71 0.74
Te 0.98 0.35 0.42 0.58
P 0.98 0.69 0.85 0.82
As 0.99 0.64 0.79 0.79
Sb 0.98 0.53 0.48 0.71

Table 6-3. Slope of AE vs indicated quantities in the best-fit linear relationship.

Av(FA) I/lo Aoa(opt) Aocr(opt)
kcal'mol*/cm™ kcal'mol™/ppm kcal'mol*/ppm
H 0.017 0.0098 | -1.669 -0.422
Cl 0.102 2.26 0.030 -0.075
Br 0.175 4.07 0.020 -0.087
I 0.261 9.87 0.008 -0.076
S 0.097 5.59 0.062 -0.093
Se 0.160 9.52 0.032 -0.117
Te 0.229 16.24 | 0.009 -0.102
P 0.105 9.54 0.146 -0.148
As 0.161 19.62 | 0.093 -0.206
Sh 0.244 36.46 | 0.021 -0.197
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Table 6-4. Correlation coefficient R2 for linear fit of AG(298 K) to indicated parameter.

Av(FA) I/lo Aca Aok
H 0.85 0.83 0.58 0.54
Cl 0.90 0.70 0.35 0.67
Br 0.93 0.44 0.65 0.67
I 0.90 0.41 0.67 0.81
S 0.93 0.64 0.72 0.73
Se 0.95 0.43 0.70 0.72
Te 0.98 0.32 0.40 0.57
P 0.97 0.69 0.88 0.82
As 0.98 0.64 0.81 0.78
Sh 0.98 0.52 0.52 0.71

Table 6-5. Correlation coefficient R? for linear fit of interaction energy to changes in

NMR chemical shielding caused by complexation with monomer in geometry of complex

Aoa AcF
H 0.55 0.05
Cl 0.87 0.60
Br 0.91 0.72
| 0.85 0.83
S 0.91 0.78
Se 0.86 0.75
Te 0.67 0.59
P 0.90 0.81
As 0.87 0.75
Sb 0.67 0.71
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Table 6-6. Slope of AE vs NMR chemical shielding caused by complexation with

monomer in geometry of complex

Aca Acr

kcal'mol™*/ppm kcal'mol™*/ppm
H -1.831 +0.162
Cl 0.018 -0.086
Br 0.010 -0.085
I 0.006 -0.078
S 0.030 -0.090
Se 0.018 -0.117
Te 0.007 -0.097
P 0.114 -0.149
As 0.073 -0.216
Sh 0.017 -0.187

Figure 6-1. Optimized geometries of sample dimers.
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Figure 6-3. Correlation between interaction energy and intensification of the v(F-A)

stretching frequency for a) HB, b) XB, c) YB, and d) ZB complexes.
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CHAPTER 7 SUMMARY

With the development of computational tools of quantum chemistry,
computational chemistry has been an essential and powerful tool to calculate the
quantitative geometric, structural and bonding features of chemistry systems to inspire,
predict and improve the understanding of the part which can’t be readily achieved by
experiments.

Due to the well-understanding on hydrogen bonds and similarities between
hydrogen bonds and halogen bonds, this thesis studied the detailed features quantitatively
of halogen, chalcogen and pnicogen bonds systematically in various projects. In Chapter
1, the bond definition, related terms and computational methods used in this thesis were
clarified. Chapter 2 introduced the first project in my program. The additional
substituents arising from hypervalency present a number of complicating issues for the
formation of noncovalent bonds. The XFs molecule (X=ClI, Br, I) was allowed to form a
halogen bond with NHs as base. Hypervalent chalcogen bonding is examined by way of
YFsand YFs (Y=S, Se, Te), and ZFs (Z=P, As, Sb) is used to model pnicogen bonding.
Pnicogen bonds are particularly strong, with interaction energies approaching 50
kcal/mol, and also involve wholesale rearrangement from trigonal bipyramidal in the
monomer to square pyramidal in the complex, subject to a large deformation energy. YFa
chalcogen bonding is also strong, and like pnicogen bonding, is enhanced by a heavier
central atom. XFs halogen bond energies are roughly 9 kcal/mol, and display a unique
sensitivity to the identity of the X atom. The crowded octahedral structure of YFe

permits only very weak interactions. As the F atoms of SeFs are replaced progressively
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by H, a chalcogen bond appears in combination with SeH "N and NHF H-bonds. The

strongest such chalcogen bond appears in SeFsHs:-NHs, with a binding energy of 7
kcal/mol, wherein the base is located in the Hs face of the Lewis acid. Results are
discussed in the context of the way in which the positions and intensities of 5-holes are
influenced by the locations of substituents and lone electron pairs.

Chapter 3 introduced the transfer of the halogen atom X within (A..X..A)*
systems was calculated for A = NHs, OH2, and CHs, and where X=CI, Br, and I. These
potentials are similar to those computed for equivalent proton transfers. Each contains a
single symmetric well for short R(A.-A) distances. As R is stretched a second minimum
appears, separated from the first by a transfer barrier E" which climbs quickly as R is
elongated. The central X prefers association with the N in asymmetric systems
(HaNX..OH2)", but a second (H3N--XOH2)" minimum, albeit less stable than the first, can
appear if R(N-.O) is stretched. Chapter 4 followed the Chapter 3’s topic to further studied
whether a complete ion pair can form in the halogen, chalcogen and pnicogen transfer.
Ab initio calculations assess the displacement of the bridging atom within halogen-
bonded complexes and comparison is made with proton transfers within H-bonds. Lewis
acid units considered include C-X, N-X, and O-X bonds within the context of FsCX, FX,
F2NX, FOX, and F2NOX where X = Cl, Br, and |, and H in the corresponding H-bonded
complexes. NMes and NCls. were both taken as bases due to their widely differing
nucleophilicity. The degree of transfer is small even when a strong acid is combined with
a strong base. This reluctance to transfer is due in part to the fact that such a transfer
would lead to a high-energy ion pair. ClI shifts its position the most within most of these

complexes, followed by Br and then I; the proton is more resistant to transfer. The results
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showed though a complete ion pair can’t be achieved, there was partial transfer of the
bridging atom in some systems.

Chapter 5 studied the Complexes that were formed pairing FX, FHY, FH2Z, and
FHsT (X=CI,Br,l; Y=S,Se,Te; Z=P,As,Sb; T=Si,Ge,Sn) with NH3 so as to form a A--:N
noncovalent bond, where A refers to the central atom. Geometries, energetics, atomic
charges, and spectroscopic characteristics of these complexes were evaluated via DFT
calculations. In all cases, the A-F bond, which lies opposite the base and is responsible
for the o-hole on the A atom, elongates and its stretching frequency undergoes a shift to
the red. This shift varies from 42 to 175 cm, and is largest for the halogen bonds,
followed by chalcogen, tetrel, and then pnicogen. The shift also decreases as the central
A atom is enlarged. The NMR chemical shielding of the A atom is increased while that
of the F and electron donor N atom are lowered. Unlike the IR frequency shifts, it is the
third row A atoms that undergo the largest change in NMR shielding. The shielding
change of A is highly variable, ranging from negligible for FSnHs all the way up to 1675
ppm for FBr, while those of the F atom lie in the 55-422 ppm range. Although smaller in
magnitude, the changes in the N shielding are still easily detectable, between 7 and 27
ppm. Chapter 6 extended the Badger-Bauer rules that shows the linear correlation
between red shift and bond strength to halogen, chalcogen and pnicogen bonds. Also

there were similar linear relationship between NMR chemical shift and bond strength.
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