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Negative Hyperconjugation and Red-, Blue- or
Zero-Shift in X-Z---Y Complexes.

Jyothish Joy," Eluvathingal D. Jemmis,*” and Kaipanchery Vidya®
DOI: 10.1039/b000000x [DO NOT ALTER/DELETE THIS TEXT]

A generalized explanation is provided for the existence of red- and blue-
shifting nature of the X-Z bonds (Z = H, Halogens, Chalcogens, Pnicogens,
etc.) in X-Z---Y complexes based on computational studies on a selected
set of weakly bonded complexes and analysis of existing literature data.
The additional electrons and orbitals available on Z in comparison to H
make for dramatic differences between H-Bond and rest of the Z-Bonds.
The nature of X-group and its influence on the X-Z bond length in the
parent X-Z molecule largely controls the change in the X-Z bond length on
X-Z---Y bond formation; the Y-group usually influences only the
magnitude of the effects controlled by the X. The major factors which
control the X-Z bond length change are: (a) negative hyperconjugative
donation of electron density from X-group to X-Z o* antibonding
molecular orbital (ABMO) in the parent X-Z, (b) induced negative
hyperconjugation from the lone pair of electrons on Z to the antibonding
orbitals of the X-group, and (c) charge transfer (CT) from Y-group to the
X-Z o* orbital. The exchange repulsion from Y-group that shifts partial
electron density at the X-Z o* ABMO back to X leads to blue-shifting and
the CT from the Y-group to the 6* ABMO of X-Z leads to red-shifting. The
balance between these two opposing forces decides red-, zero- or blue-
shifting. A continuum of behaviour of X-Z bond length variation is
inevitable in X-Z---Y complexes.

1. Introduction

Early stages of the studies of weak interactions in chemistry were dominated by the
H-Bond due to its obvious importance in Biology." * Detailed understanding of the
nature, variety and mechanism of X-H---Y interactions, where X is an atom or
molecular fragment and Y is an atom or molecule, has led to many novel ideas in
weak interactions. The inevitability of H-Bond in all branches of Chemistry is now
known and its detailed understanding has helped to bring new perceptions to the
research in Material Science and Crystal Engineering.® * Weak interactions akin to
H-bond must exist for any element in the periodic table in appropriate molecular
combinations. Indeed, several examples have appeared in the past for weak
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interactions involving elements other than hydrogen.’ While the formulation X-Z---
Y for these interactions and the name Z-bond where the Z is any atom, with or
without further substituents, brings the similarity to the H-Bond and the X-H---Y
interaction, major additional factors are expected to play important role in the Z-
Bonds. Halogen bonds,*? Chalcogen bonds,” 1° Pnicogen bonds,'"* ! Tetral bonds'*
'S and others have far more flexibility than the H-Bond as the H atom with its one
electron and one valence orbital is unique. Additionally the unit mass of H which is
invariably several times lighter than X lends X-H bond tractable by variations in the
X-H stretching frequency. We are particularly interested to understand the blue- and
red- shifting in X-Z bond and contrast these with the H-Bonds. On the other hand,
pure X-Z stretching modes are rare.% '"'® This forces us to depend on the X-Z bond
length rather than its stretching frequency.

Various explanations had been given by different groups of investigators for the
red- and blue-shifting nature of hydrogen bond."”** A few years ago we examined
these aspects in detail and proposed a unified explanation for the nature of X-H bond
length variation based on the change in electron density.?® We had shown that there
is nothing “improper” or “anti” about the blue-shifting H-bonds and that all are a
part of the continuum of behaviour.?” 2® Using the terminology prevalent at that time
we had classified the H-bonds as Proper, Pro-improper and Improper based on the
X-H bond length and vibrational frequency change during the complex formation.
Proper H-bonds show an increase in X-H bond length and decrease in vibrational
frequency (red-shifting) while X-H and Y are brought to form X-H---Y complex.
Pro-improper H-bonds may be red- or blue-shifting, but show an initial X-H bond
length contraction and increase in vibrational frequency (blue-shifting) at large
donor-acceptor separation and, finally leads to red-shifting or blue-shifting at
equilibrium geometry. Improper H-bonds have blue-shift in the X-H stretching
frequency from larger intermolecular distances itself as the X-H and Y are brought
together. A similar understanding is possible for Z-bonds in the X-Z---Y interaction.
Red- and blue-shifting X-Z bonds in X-Z---Y interaction, especially in Halogen
bonds (Z=Halogen) have been studied by many groups in recent years, but detailed
analysis and general explanations that can be transferred to other examples are not
available. Apart from a charge analysis, previous studies did not concentrate on the
influence of the starting X-Z distance (brought in by the X group in the monomer X-
Z) on the nature of blue- and red- shifting in X-Z---Y complex.” Studies on the weak
X-Z---Y bonds where Z= Chalcogen,” '’ Pnicogen,'" '* Carbon'*"* are evolving,
but none has yet focussed on the continuum nature of the red- and blue-shifting X-Z
bonds in the X-Z---Y. The X-group plays an important role in deciding the nature of
X-Z bond length variation during the complex formation, much more than what is
possible in the H-Bond and hence a detailed analysis of the mechanism is necessary.

The present study focuses on the detailed explanation about the continuum nature
of red- and blue-shifting X-Z bonds in any X-Z---Y complex, using model
complexes FCI, CF;Cl and NO,Cl as X-Z and NH; as Y. A generalized concept of
X-Z bond length change in any weakly interacting complex based on the relative
competition between negative hyperconjugation in the donor molecule and charge
transfer (CT) from the incoming acceptor molecule evolves from this study. The
additional electrons and orbitals available on Z in comparison to H make for
dramatic differences between H-Bond and rest of the Z-Bonds.
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2. Computational Details

The three model systems under detailed investigation are calculated at ab-initio
second order Moller-Plesset theory (MP2). All the geometries are optimized at
MP2(full)/aug-cc-pVTZ level of theory without any constrains and are verified to be
ground state by frequency calculations using Gaussian09 quantum chemistry
package.” This level of theory and basis set are reported to give relatively good
results for weak interactions.’™ *' Double Hybrid functional with Grimmes third
order dispersion correction,’? ** B2PLYP-D3 was also used to check the reliability
of calculations and the results are found to be in good agreement with the MP2
10 results. Errors due to basis set superposition (BSSE) are corrected using the standard
Counter Poise (CP) correction method of Boys and Bernardi.** Electron Density
analysis were performed using ADF2013.01 DFT package® and AIM2000 suite of
programs.*® Deformation density plots, which give information about the extent of
electron density reorganization during the complex formation, are obtained using
15 ETS-NOCV*" ** method implemented in ADF2013.01. Wavefunction files required
for AIM analysis were generated from MP2 calculations. Population analysis, partial
atomic charges and charge transfer analysis on MP2 optimized geometries are done
by standalone NBO6 program®’ at M06-2x/aug-cc-pVTZ level of theory using

Gaussian09 as the ESS host package. Most of the complexes analysed to establish
20 the continuum nature are well known and are available in the literature. We have re-
computed these geometries at MP2(full)/6-311+g(d,p) level of theory to substantiate
the proposed hypothesis (Supporting Materials).

While going from H-bond to the Z-bond, we realize that the variation in the
stretching frequency is no longer the most suitable parameter to represent bond
strength for the following reason. In the X-H bond, it is almost always possible to
get a pure X-H stretching frequency. However, heavier Z-atoms have several of the
vibrational modes mixing with the X-Z stretching mode, so that an accurate estimate
of blue- and red-shifting is not easily possible.® '*'® Therefore we rely largely on
bond length variation as an indicator of bond strength and red-, zero- or blue-shift in
30 the X-Z stretch.

o

2

G

3. Results and Discussions

We have performed detailed theoretical analysis on three selected halogen bonded

systems, F-Cl---NH; (red-shifted), F;C-Cl---NH;3; (moderately blue-shifted) and

O,N-ClI---NHj; (strongly blue-shifted). These structures are optimized by keeping the
35 Z---Y distance at several selected values by scanning the potential energy surface.
The well-established idea of charge transfer (CT) from the acceptor group (Y) to the
X-Z o* anti-bonding molecular orbital (ABMO) of the donor as the reason for bond
length elongation (red-shift), prompt us to speculate the situation where X-Z o*
ABMO is already occupied at the monomer level. What will happen if electron rich
Y-group approach such an X-Z molecule? Our analysis depends on the variation of
several parameters as a function of the Z---Y distance, through a series of scan
calculations. The following parameters are especially analysed as a function of Z---
Y distance: a) total energy; b) X-Z bond length; c) variation of the occupancy of the
X-Z o* ABMO; d) charge transfer from Y to X-Z; e) negative hyperconjugation
s from X to Z and from Z to X; f) atomic population density; g) electron density at

bond critical points for X-Z and Z---Y bonds; and h) deformation density at

4

S

[journal], [year], [vol], 00-00 | 3

This journal is © The Royal Society of Chemistry [year]



wn

S

@

20

25

CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS
Faraday Discussions

equilibrium geometry.

3.1 Geometrical parameters and properties of the studied molecules

Table 1 Geometric parameters of the studied complexes at the equilibrium geometry. B.E = Binding
Energy. ZPE = Zero Point Energy. BSSE = Basis Set Superposition Error. Calculations are done at
MP2(full)/aug-cc-pVTZ level of theory.

Complex d(Hal---Y) A(X-Hal) «(X-Hal---Y) B.Ezpe B.EzpE-Bsse
(A) (A) (degree) (kcal/mol) (kcal/mol)
F-Cl---NH; 2.207 +0.0786 180.00 10.44 8.52
F;C-Cl---NH; 3.041 -0.0064 179.96 2.31 1.78
O,N-CI---NH; 2.730 -0.0497 179.94 3.06 2.20

The scan calculations along the Cl---N distance between the donor and the acceptor
molecules ranged from 6.0A to 2.0A with step size of 0.2A. Except for this distance
all other parameters are completely optimized for all separate values of Cl---N. The
plots of X-Cl bond length and total energy against the scan coordinate are shown in
Fig.1. Complex F-Cl---NH; (Fig. 1A) shows red-shift, complexes F;C-Cl---NHj;
(Fig.1B) and O,N-CIl---NH; (Fig.1C) show blue-shift compared to the free
monomers. The highly blue-shifted O,N-CI---NH; complex shows drastic change in
N-CI bond length as compared to the other two systems and this behaviour seems to
be highly abnormal. While the attractive interaction between monomers is justified
in terms of the long range electrostatic attraction between sigma-hole on halogen
and the electron density in Y (NH;) group,**** the details of the electron
reorganization that causes this has to be analysed.
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Fig. 1 Variation of X-Cl bond length and the total energy during the potential energy scan: (A) F-Cl-
--NH; (B) F3C-Cl---NHj3 (C) O,N-ClI---NHj;. Calculations are done at MP2(full)/aug-cc-pVTZ level

of theory.
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Electrostatic attraction between the o-hole on the donor and electron density on
the acceptor nitrogen is the primary reason for the interaction between monomers at
larger separations. Nevertheless, complex (A) becomes red shifted and complex (B)
and (C) becomes blue-shifted. Different authors give different explanations for this
unusual behaviour. We believe that the factors that controls both red and blue-
shifting in X-Z bond length exists in all complexes, except that these factors
contribute in different magnitudes in different complexes. It is clear from the
available literature that F-Cl belongs to the Proper category (pure red-shifting) of Z-
Bond donors and there is no example of a blue-shifted F-Cl---Y complex. F;C-Cl
and O,N-Cl belongs to the Pro-improper category of weak interactions, where red-
or blue-shifting results depending on the nature of incoming Y-group. We propose
that, it is the modulation of the already existing negative hyperconjugative donation
of electron density from X-group to the X-Z ¢* ABMO in the monomer by the
incoming Z-bond acceptor that makes for the pro-improper behaviour of X-Z bond.
Negative hyperconjugation* ** is defined as the donation of electron density from
the filled lone pair or p-orbital to the neighbouring o* orbital which is ant-periplanar
to the donor orbital. The immediate consequence of this effect is an elongation of
neighbouring bond which receives the electron density to its antibonding molecular
orbital.

[

S

@

20
Fig. 2 Interaction diagram showing the negative hyperconjugative donation of F-lone pair (LPr) to
the C-Cl1 6* bond orbital in F;C-CI molecule.

The negative hyperconjugative donation of electron density from F atom to the C-

Cl 6* ABMO of F;C-Cl molecule is shown in Fig. 2. Same interaction is possible for

2s the lone pair on Cl atom to the C-F o* ABMO also. We do not anticipate any

Fluorine-bonds in F3;CCl molecule because the positive electrostatic potential over

Fluorine atom is not strong enough to interact with NH; molecule. Hence we only

consider the donation of electron density from F atoms of -CF; group to the ¢* C-Cl

bond. The extra electron density at the ABMO makes C-Cl bond elongated and it

30 also decreases the electron density around CI atom because of its synergic donation

to C-F o* orbital. Bond orbitals participating in negative hyperconjugation and
hyperconjugation (CT) in F;C-Cl---NH3 complex are shown in Fig. 3.
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Fig. 3 NBO bond orbitals of F;C-Cl---NH; complex: LPy donates to the 6*c.ci (negative
hyperconjugation). The CT at short distances takes place from the LPyu3 to 6*c.ci , often termed as
hyperconjugation.” Calculations are done at MP2(full)/aug-cc-pVTZ level of theory.

In proper X-Z bonds, where negative hyperconjugation from X-group is absent, ¢~
X-Hal orbital is vacant in the monomer and increases its occupancy during complex
formation through charge transfer from Y group. This increases X-Hal bond length
(red shifting). X-Hal bond will be highly elongated at the monomer level itself in
systems where negative hyperconjugation is strong due to the presence of electrons
in 6" ABMO. Any incoming Y-group can perturb these extra electrons through long
range exchange repulsion. This leads to the back flow of electron density from
partially occupied 6© ABMO of X-Hal bond to other parts of the molecule i.e.,
towards the X-group. This effect of back flow has two consequences: (i) extra
electron density flows back from anti-bonding molecular orbital leading to bond
length contraction (ii) electron density shift to the X-group makes it more negatively
charged and connected halogen atom becomes more positively charged. The
combined effect of electron density decrease at the o  orbital, and an increase in
opposite charges in X-group and Halogen atom makes X-Hal bond shorter (blue-
shifting). The possibility for charge transfer interactions in blue-shifted systems
cannot be neglected. This is the reason why some of the systems which initially
show preference towards blue-shifting become red-shifting at the equilibrium
geometry (pro-improper). Hence the preference towards resultant red- or blue-shift
in geometry is decided by the balance between negative hyperconjugation and
charge transfer. Observations made by Hobza et al. '**?' about blue-shift in hydrogen
bonding is in line with our arguments, where they observed the flow of electron
density through charge transfer to various parts of the donor molecule, apart from X-
H 6" ABMO orbital. The source of electron density involved in this process has to be
evaluated in each case. As the shift of electron density begins even when the Y
group is at 5.0A (Fig. 1B and 1C), this is not caused by the additional electron
density resulting from CT from the lone pair on Y. This is the long range effect of
the Y group on the electron density at the X-Z bond. Careful analysis of dimer
geometries obtained at each scan steps gives evidences for the existence of the
proposed mechanism.

3.2 Negative hyperconjugation and ¢” occupancy of X-Hal bond

The effect of negative hyperconjugation on X-Hal bond length can be well
demonstrated by analysing the 6© ABMO occupancy. Let us consider the examples
of O,N-Cl and O,NO-CI* as halogen bond donors. Here O,N-Cl has reasonably
high electron occupancy at the N-Cl ¢ ABMO but O-Cl in O,NO-CI has no ¢
occupancy from negative hyperconjugation. This makes O,N-Cl, blue-shifting (-
0.0497A) as electron density can be shifted away from the 6° ABMO and O,NO-CI
red shifting (+0.0454A) as the major contribution from CT to the 6° ABMO during
complex formation with NHj; (Fig. 4).

6 | [journal], [year], [vol], 00-00
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# This is not strictly hyperconjugation, which represents a delocalization involving pi-type and
5 sigma type orbitals, but frequently used in this context.

(S e <§£ & .

C

O,N-Cl---NH; O,NO-Cl---NH3

Fig. 4 Presence of negative hyperconjugative donation to N-Cl 6" orbital in O,N-Cl---NH; and its
absence in O-Cl ¢~ orbital in O,NO-Cl---NH;.

1w Plots of X-Hal ¢" orbital occupancy and total energy of the studied complexes
against the scan coordinates (Fig. 5) support these ideas. The occupancy of the ¢~ F-
Cl increases as NH; approaches (Fig. 5A). The absence of negative
hyperconjugation in F-Cl molecule leaves F-Cl 6" orbital vacant and CT from NH;
leads to bond length elongation (red shift). Complex O,N-CI---NH; (Fig. 5 C) shows

is pure blue-shifting where ¢~ occupancy decreases drastically during the approach of
NH; through long range exchange repulsion and it shows minimum occupancy at
equilibrium geometry and hence bond length contraction. Complex (B) is a mixture
of both the effects operating in complex (A) and (C), where 6" occupancy decreases
to a minimum and bond contracts at the first stage but at equilibrium geometry

2 (3.04 A) occupancy slightly increases from minimum due to the presence of CT
from NHj lone pair, Table 2. Hence complex (B) shows only a slight blue-shift
because of the balance between CT and negative hyperconjugation. The balance
between these two opposing forces and the equilibrium distance is to be contrasted
with the thick horizontal line, which shows the bond occupancy in the monomer

»s (Fig. 5). This, in turn, reflects the extend of the occupancy of X-Hal ¢” orbital. This
is a handle for designing red- and blue-shifting bonds in any weakly interacting
complexes. It is possible to tune the Y-group to force F3C-Cl to form a red-shifting
complex. Hence there is a strong correlation between " occupancy and the nature of
the X-Z Bond in deciding the bond length variations in the X-Z---Y complex. Higher

s the " occupancy in the monomer X-Z bond, greater will be the chance for blue-
shifting.
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Fig. 5 Variation of X-Cl 6" bond occupancy and total energy during the potential energy scan: (A) F-
Cl---NHj3 (B) F53C-Cl---NHj3 (C) O,N-ClI---NHj3. Calculations are done at M06-2x/aug-cc-pVTZ level
5 of theory.

Table 2 X.C] 6 occupancy of monomer, dimer and the resultant charge transfer (CT) from NH;.
Calculations are done at M06-2x/aug-cc-pVTZ level of theory.

Complex Monomer ¢°  Dimer 6" occupancy CT 6’ occupancy in the
occupancy absence of CT
FCI---NH3 0.0000 0.1809 0.1772 0.0037
F5CCl---NH3 0.0992 0.0990 0.0080 0.0910
O,NCI---NH3 0.3359 0.2903 0.0267 0.2636

Table 3 NBO second order perturbation analysis (kcal/mol) showing hyperconjugation (CT) and

10 negative hyperconjugation (NHC) at each of the scan geometries along with change in X-Hal bond
length during the formation of X-Hal---Y. Values at equilibrium geometries are shown in bold
numbers. Calculations are done at M06-2x/aug-cc-pVTZ level of theory.

Hal---Y FC]---NH3 F3C-Cl---NH3 OzN-Cl---NH3

A .
®) CT* NHC® AF-ClI| CT® NHC! NHC® AC-Cl| CT' NHC® NHC" AN-CI
22 [53.69 0.00 +0.079][31.13 11.70 9.66 -+0.021]53.93 4225 14.11 -0.025

24 27.71 0.00 +0.049]|16.20 12.29 10.46 +0.006(29.12 41.89 16.71 -0.041
2.6 1443 0.00 +0.030| 8.78 12.71 11.03 -0.002( 15.83 44.73 17.98 -0.049
2.8 7.89 0.00 +0.019| 4.88 1298 11.28 -0.005( 8.97 47.31 18.46 -0.049
3.0 439 000 +0.013] 2.79 13.29 11.23 -0.006| 520 49.52 18.48 -0.047
32 242 000 +0.009| 1.56 13.44 10.81 -0.006] 2.99 51.44 1831 -0.042
34 1.30 0.00 +0.007| 0.86 13.63 10.15 -0.005( 1.68 52.96 18.04 -0.038
3.6 0.67 0.00 +0.005| 0.45 13.72 10.03 -0.005( 092 54.24 17.74 -0.033
3.8 034 0.00 +0.004| 0.23 13.77 9.00 -0.005( 0.49 5524 17.46 -0.029
4.0 0.17 0.00 +0.003| 0.12 13.88 837 -0.004| 025 56.12 17.21 -0.026

@ [L.Pais —0'r-cl. 2 No NHC. € [L.Pais —6"c.ail, Fig.3. ¢ [L.Pr —6"c.ail, Fig.3.  [L.Pei =0 crl.” [L.Parss
_’G*N»C]]- ¢ [L.Po _’G*N»C]]» " [L.Pc _’W*N-O]»
15
NBO second order perturbation analysis (Table 3) gives information about CT

8 | [journal], [year], [vol], 00-00
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from Y group and strength of negative hyperconjugation from X-group to the X-Hal
6" ABMO. For pure red shifting cases, there is no negative hyperconjugation and
hence X-Z bond length elongates always. In the case of complex (B) and (C) both
negative hyperconjugation and CT are active. Negative hyperconjugation dominates
s at larger monomer separations and decreases as Y-group approaches and CT shows
the opposite trend. The CT starts only below 3.5 A of Hal---Y separation and hence
we can conclude that any bond length change that occurs beyond 3.5 A is purely due
to the effect of long range exchange repulsion of Y-group on 6° ABMO electron
density. The decrease in negative hyperconjugation during the complex formation
10 supports our idea of back flow of electron density to the ¢* ABMOs of the
substituents of X group, i.e., towards C-F o* of -CF; group and N-O c* of -NO,
group.
3.3 Population and Charge Analysis

Population density analysis at each of the scanned geometries gave information on
15 influence of the long range exchange repulsion from Y-group to the electron density
at the X-Hal 6 ABMO. Results of Population analysis are shown in Fig. 6.
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during the scan: (A) FCI---NHj3 (B) F3CCl---NH; (C) O,NCI---NHj3. Calculations are done at M06-
2x/aug-cc-pVTZ level of theory.

The population of fluorine and chlorine atoms in F-CI---NH; complex is almost
invariant at longer distances and increases as the donor-acceptor distance decreases
s (Fig. 6A). Both the donor and acceptor groups start reorganizing its electron
population below 3.0 A. This systematic change in population can be accounted by
CT, which is largely a short range interaction. In contrast both Fig. 6(B) and Fig.
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6(C) show that population of atoms in the halogen donor molecule changes even at
longer distance where NH; population remain almost unchanged. This shows that
even before NHj starts CT interaction with the donor molecule, the long range
interactions begin. This reorganizes the electron density distribution of the halogen
donor molecule. Analysis evidently shows that the halogen atom in the donor
molecule loses electron density and the remaining portion of the molecule gains it. It
can be observed from the Table 3 that, the incoming Y-group can reduce the
magnitude of negative hyperconjugation that existed in the parent X-Z system and in
addition force a negative hyperconjugative flow of electron density from the p-type
lone pair on the chlorine atom to the ABMOs’ of the X-group. Electron density
from chlorine atom is shifted to the anti-bonding N-O orbital in O,N-CI---NH;
complex and towards anti-bonding C-F bond orbital in F3C-CI---NH; complex. This
type of intra-molecular stabilization is absent in the X-H bond (no extra orbitals and
electrons on H). Therefore magnitude of blue-shift in H-bonded complexes will be
much smaller than those in halogen and similar Z-bonds. Justification for the small
blue-shift observed in CH;Cl---NH3*® complex can also be explained using the
above arguments, where negative hyperconjugation to C-Cl ¢* ABMO in CH;Cl is
absent. The incoming NHj increases the extent of negative hyperconjugation from
chlorine to C-H 6¢* ABMO and hence increases the intra molecular interaction which
leads to C-Cl bond length contraction. Thus in general, back flow of electron density
leads to the generation of positive charge on the halogen atom which was slightly
negatively charged in the monomer. The initial decrease in population density at
chlorine atom in blue-shifted systems is a manifestation of the extend of the negative
hyperconjugation that existed in the parent X-Z. This analysis shows the existence
of long range exchange repulsive interaction which gets activated in Pro-improper
Z-bonded systems. Immediate consequence of this is the redistribution of charge
density in the X-Z molecule. In the case of F-Cl---NHj; (Red shifted) complex both F
and Cl gain electron density during the approach of NH;. In F;C-Cl---NH; and O,N-
Cl---NH; (blue-shift), Cl atom loses electron density and -CF; and -NO, groups gain
electron density. It also shows that NH; does not lose any charge before it reaches a
minimum distance (=3.0 A). Charge analysis also supports our arguments of long
range exchange repulsion from Y and its consequence of intra molecular electron
density reorganization in Z-bond donor molecule, without accepting any electron
density from Y.

There exists a strong correlation between the nature of X-group, mode of o-hole
generation over Z-atom and negative hyperconjugation from X-group. Politzer et
al*”* proposed that the presence of a positive electrostatic potential region (¢ hole)
at the Z-atom is the reason for electrostatic attraction between monomers. The
electronegativity of fluorine compared to chlorine in FCl makes the o-hole in F-Cl
molecule concentrated on the chlorine end. The ¢ hole in CH;Cl is expected on the
carbon end. However in CF;Cl, the highly electron withdrawing fluorine substituents
make carbon more electron demanding from chlorine, effectively increases the
electronegativity of carbon as suggested by Mulliken and Jaffe.’*>? Increased
positive charge and hence increased electronegativity of carbon pulls electrons from
chlorine atom and creates o-hole at chlorine atom of C-Cl bond in CF;Cl. This is
reflected in the orbital coefficients of the 6* MO of C-Cl bond (Fig 3). Larger lobe
size at carbon atom of 6* C-Cl bond helps to increase the negative hyperconjugation
in the CF;Cl, stretching the C-Cl bond than expected in its absence. Incoming NHj,
decreases the negative hyperconjugation and hence more possibility for blue shifting

10 | [journal], [year], [vol], 00—-00
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of C-CI bond. Same effects can be observed in the case of O,N-CI molecule also.
Thus larger electronegativity difference between the Z-atom and the connected atom
of X-group, the larger will be the magnitude of negative hyperconjugation and
consequently blue-shifting. The H-bonded complexes show lower magnitude in blue
shifting due to the same reason.

3.4 Analysis of variation in electron density at Bond Critical Points during the
complex formation

We have analysed the evolution of donor-acceptor system from monomers by
carefully studying the position and properties of electron density at the bond critical
points (BCP) during each scan steps. Analysing the position and topological
properties”™ of BCPs’ on either side of chlorine atom gives some defining
parameters for characterizing red and blue-shifting bonds. The two bond critical
points (red triangle and green dot) which are directly connected to the halogen atom
are shown in Fig. 7

Fig. 7 Bond Critical Points (BCP) under investigation: (A) FCl---NH; (B) F3CCl---NH; (C) O,NCl--
-NHs.

Red triangle represents the BCP at the X-Hal bond and the Green dot represents
the BCP connecting the donor-acceptor system. Koch and Poplier™ proposed eight
criteria for characterizing H-bonds which are based on electron density at the BCP
connecting donor and acceptor (green dot). Many studies showed that halogen bonds
also follow some of those criteria. Systems studied here also agree with the density
at BCP criteria (0.002a.u to 0.04a.u) but the Laplacian of density at BCP is slightly
less than the predicted range for Hydrogen bonds (-0.15a.u to -0.02a.u). Analysis of
electron density at both BCP for the three systems under our study is given in Fig. 8
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Fig. 8 Variation of electron density at BCPs on either side of Cl atom during scan: (A) FCI---NHj3
(B) F5C-Cl---NHj; (C) O,N-Cl---NH;. Calculations are done at MP2 optimized geometries.

s Fig. 8A shows the characteristic electron density change in a normal red shifted
system. Electron densities at both the BCPs are not changing at longer distances but
starts changing when it reaches to the distance where CT begins. Decrease in
electron density at F-Cl bond during the approach of NH; shows the nature of bond
length elongation and extra electron occupancy at F-Cl " orbital. Fig. 8B and 8C

10 shows the characteristics of electron density change in blue-shifting bonds, where
approach of Y-group removes extra electron density from ¢~ X-Z bond orbital and
hence electron density at the BCP increases. In the case of F;C-Cl---NHj; system,
change in density at the C-Cl BCP is not so large and which can be correlated to the
already explained population analysis and the ¢” occupation. The drastic decrease in

15 N-Cl bond length during the formation of O,N-Cl---NH; complex leads to the
removal of extra electron density at the N-Cl 6* ABMO. Hence the density curve
sharply rises till the equilibrium geometry and then starts decreasing due to the
larger CT form NHj; lone pair. It can be seen that irrespective of the X-Z bond length
change (as red- or blue-), density at the donor-acceptor interaction region is keep on

2 increasing. This observation prompts us to propose that the weakly interacting
complexes are formed not only because of the electrostatic attraction between the
donor and acceptor but also due to the reorganization of electrons which binds the
donor and acceptor molecule. Similar arguments were proposed by Grabowski about
the covalent nature of H-bonded complexes based on QTAIM analysis.”> Very

2s recently Arunan et al. verified the covalency and ionicity of weakly interacting X-Z-
--Y complexes at the Z---Y region for Hydrogen, Halogen and Lithium bonds.'

Analysis of computational deformation density 2D contour maps also supports our
argument of electron density reorganization as the reason for X-Z bond length
variation during the complex formation. Deformation density gives information

30 about the extent of electron density reorganization during the formation of the dimer
from two separate monomers. Fig. 9 shows the deformation density contour maps at
0.0003 a.u isosurface. Red contours represent the electron density depleted region
and the blue contours represent the electron density concentrated region.
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Fig. 9 2D Contour maps of the Deformation density at 0.0003 a.u isosurface using equilibrium
geometry: (A) FCL...NH; (B) F5C-Cl...NHj; (C) O;N-Cl...NH;. Calculations are done at M06-
5 2x/TP2Z level of theory.

Fig. 9A shows the characteristic donation of lone pair on Y-group to the X-Z c*
ABMO, where both Z-atom and X-group/atom receives electron density through
charge transfer. Fig. 9B and 9C shows the electron density reorganized state of blue-
shifting complexes, where electron density flows away from Z-atom and
concentrated over X-group due to the long range exchange repulsion from Y-group
on to the extra electron density at the 6* ABMO. Electron density concentration in
between the monomers represents the glue of electrons which holds X-Z and Y
molecules. Though we have not discussed this explicitly, the variation in the
position of the BCPs also follows from these arguments.

15 Now it is clear that, the negative hyperconjugation in X-Z molecule and extra
electron occupancy at the X-Z o* orbital is the primary reason for the occurrence of
pro-improper bonds in weakly interacting complexes and its absence leads to red
shifting bonds. A few exceptions are known for this observation, e.g. CH,---NH;,**
where blue-shift in C-H bond length is observed even in the absence negative
hyperconjugation. Such situations can be treated as the special cases of the
generalized electron density reorganization mechanism. The negligible
electronegativity difference between Hydrogen and Carbon atoms, where part of the
electron density localized over the Hydrogen can easily be shifted towards the C-H
bonding region by incoming Y-group, provides an exception. The applicability of
»s the proposed concept and the inevitability of continuum nature of red- and blue-
shifting bonds can be proved by analysing some well-studied weak interactions such
as Hydrogen, Halogen, Chalcogen and Pnicogen Bonds.

S

2

S

4. On the continuum nature of weak interactions

Halogen bonded complexes discussed above are used as prototypical systems for
30 understanding the interactions that govern the nature of weak X-Z---Y complexes. If
the X-Z molecule does not have negative hyperconjugation from Z to X, the X-Z o*
is likely to be more concentrated on the Z. This helps the flow of electrons from Y to
X-Z o*. Hence we conclude that the absence of negative hyperconjugation from X-
group to X-Z o* orbital in X-Z molecule leads to proper Z-bonds (red shift). On the
other hand, presence of negative hyperconjugation from X-group to X-Z c*-orbital
leads to red- or blue-shifting depending on the magnitude of hyperconjugation in X-
Z. Thus the electron donating capacity of Y decides blue or red shift in the X-Z bond
in X-Z---Y. These are called pro-improper Z-bonds. Computations on selected sets
of complexes and literature data support these arguments (Table S1). Literature
s survey of four series of weakly interacting complexes- Hydrogen-bond, Halogen-

bond, Chalcogen-bond, Pnicogen-bond, supports the above arguments. This, along

3

&
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with the arguments developed in this article, allows the prediction of a continuum in
weak interactions (Z-bonds) from red-, zero- and blue-shifting. This can be achieved
by properly tuning the X- and Y-groups of the X-Z---Y complex. Fig. 10 shows the
relative ordering of weakly interacting complexes based on the magnitude of X-Z
bond length change and interaction energy. Halogen bonded complexes are found to
be largely blue-shifted with lesser interaction energy, which is followed by
Chalcogens, Hydrogens and Pnicogens.

> Redshift
\ %,
&,
A
&
3\
%
%,
>

Zero shift

——) Interaction Energy (kcal/mol)

Blue shift ¢——1

Fig. 10 A qualitative relationship between interaction energy and X-Z bond length change during the
formation of different sets of weakly interacting complexes.

There exists a direct correlation between the interaction energy and equilibrium
monomer separation. Studies showed that the major factors which decides the
equilibrium geometry and hence interaction energy are the electrostatic attraction
and the Pauli repulsion between the monomers along with polarization and
dispersion components.'” *® The electron density around the Z-atom of X-Z
molecule decides the balance between these opposing forces. In the case of F-Cl
molecule, higher electron withdrawing nature of F makes Cl atom electron deficient
at the o-hole direction. Consequent higher electrostatic attraction and lower Pauli
repulsion lead to higher interaction energy and smaller monomer separation. This is
not the case for CF3;Cl molecule. Here CF;— group electronegativity is only
sufficient to make a weak c-hole over Cl-atom. Thus larger electron density around
the Cl atom creates higher Pauli repulsion and lower electrostatic attraction. This
leads to lower interaction energy and larger monomer separations. Hence in general,
blue-shifting halogen bonded complexes show lower interaction energy and higher
monomer separations due to the higher electronegativity of the Z-atom compared to
the connected atom of the X-group. Similar arguments can also be extended to
Chalcogen, Pnicogen and Hydrogen bonded complexes (Table S2). Thus, based on
the above premise we suggest that the equilibrium monomer separation and hence
total interaction energy changes with variations in the effective charge density
around the Z-atom.

Halogen bonded complexes show higher magnitude of X-Z bond length
compression (blue-shifting). This can be inferred from the magnitude of negative
hyperconjugation observed in these complexes. As explained above, higher
electronegativity of Z-atom leads to larger MO coefficients at the X-atom which is
directly connected to the Z-atom at the c*ABMO. This helps to increase the
magnitude of electron density donation from its substituents through negative
hyperconjugation. This increases the 6¥* ABMO occupancy of X-Z bond and hence
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the bond will be highly elongated in the monomer itself. The extra electron density
at the o* orbital can easily be perturbed by the incoming Y-group which results in
the shift of electron density from the anti-bonding MOs to where it came from
(reversal of negative hyperconjugations). This leads to the X-Z bond compression
and hence blue-shift. Thus, it can be concluded that, larger the electronegativity
difference between the X- and Z- atoms, higher will be the extent of blue-shifting.
This is the reason for lower magnitudes of blue-shifting in Hydrogen and Pnicogen
bonded complexes compared to that of Halogen and Chalcogen bonded complexes,
as implied in Fig. 10.

In general, red shifting bonds of varying interaction energy and bond length can
be observed as shown in the upper portion of Fig. 10, for all Z atoms, but magnitude
of blue-shifting and interaction energy are shown schematically for special
characteristic features for each class of interactions. This essentially proves that, the
proper selection of X- and Y- group for a particular class of Z- will eventually lead
to X-Z---Y complexes with zero-shift in X-Z bond length and with non-zero
interaction energy. This confirms the inevitability of a continuum of X-Z bond
length change from red-, zero- and blue-shifting.

5. Conclusions

Extend of negative hyperconjugation and consequent lengthening of the X-Z bond in
the parent Z-Bond donor differentiate the nature of proper and pro-improper in X-Z-
--Y complexes. The continuum nature of weak interactions from red-, zero- and
blue-shifting has been analysed and correlated to the nature of X- and Y- groups
along with the electron density around the Z-atom. Our understanding about the
nature of X-Z---Y interactions and red- and blue-shifting X-Z bonds can be
summarized as follows:

D A new description for proper and pro-improper bonds has been given;
monomers with no negative hyperconjugation mostly falls in the category of proper
(red-shifting) and those with negative hyperconjugation falls in the category of pro-
improper (red- or blue-shifting).

2) A direct correlation exists between total interaction energy and the
monomer separation at the equilibrium geometry, which is decided by the electron
density around the Z-atom.

3) The magnitude of blue-shifting depends on the electronegativity difference
between the Z-atom and the X-group atom connected to Z. Larger the
electronegativity difference, larger will be the negative hyperconjugation and hence
larger blue-shifting.

“4) The continuum nature of weak interactions from red-, zero- and blue-
shifting can be applied to any X-Z---Y complex. It is decided by the composite of
the magnitudes of c-hole and negative hyperconjugation from X-group, and the
exchange repulsion and charge transfer from the Y-group, the variation of the
individual magnitudes estimated as mentioned above.
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