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ABSTRACT: Ab initio MP2/aug-cc-pVTZ calculations have been carried out in order to
study the nature of P---Cl halogen bonding interaction between a phosphorus atom in an
aromatic ring in para-substituted phosphabenzene (PPBZ) and CIF molecule. The
interaction of PPBZ with CIF results in two different types of complexes: (i) complex
formation through the chlorine-shared halogen bond (T1-X-PPBZ-CIF) and (ji) complex
formation via halogen—r interaction (T2-X-PPBZ:-CIF). T1-X-PPBZ-CIF complexes are
found to be more stable than the T2-X-PPBZ-CIF complexes. This work also presents a
general criterion to distinguish a chlorine-shared halogen bond from a traditional halogen
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bond and sheds light on the formation of the chlorine-shared halogen bond. The binding
energy of T1-X-PPBZ-CIF complexes correlates well with the negative electrostatic potential of the P atom and PA value of the
substituted PPBZ. The properties of both T1-X-PPBZ-CIF and T2-X-PPBZ-CIF complexes are analyzed using atom-in-molecule,
natural bond orbital, and symmetry-adapted perturbation theory calculations. The variation of the CI—F bond distances and the
redshifts of the v(CIF) vibration resulting from the interaction with PPBZs are discussed.

B INTRODUCTION

Intermolecular association of molecules involving halogen
bonds is still an area of great interest among researchers
despite having been studied extensively over the last two
decades. The halogen bond has a diverse range of applications
in areas such as crystal engineering, polymerization, catalysis,
liquid crystals, biomedical fields, and so forth.'™” The vital role
of the halogen bond is also evident in many chemical and
enzymatic reactions, molecular recognition, and synthesis of
new functional materials and several useful drugs. The origin of
the halogen bond is based on the o-hole formalism as proposed
by Clark et al.® Recently, various noncovalent interactions like
chalcogen bond, pnicogen bond, and tetrel bond are also found
to be associated with o-hole.”~'> There is a lot of available
work reporting the frequently occurring traditional halogen
bond in diverse areas of chemistry. Interestingly, apart from the
traditional halogen bond, there exists another type of bond
called the “chlorine-shared” and “ion-pair” halogen bond,
which has received much attention because of its unique nature
of interaction.”>° A few studies were carried out on the
cooperative effect of the chlorine-shared halogen bond as
well.”"** Del Bene et al. studied the “chlorine-shared” halogen
bonds on numerous occasions, first, by involving CNX and CIF
molecules and later with various phosphine derivatives and
mixed halogens.''*'%~?° Initially, they used Steiner—Limbach
relationship between r, — r, and r, + r, (r; is F—Cl distance
and r, is Cl1—C distance) in complexes of FCI---CNX (X = CN,
NC, NO,, F, CF,, Cl, Br, H, CCF, CCH, CH,, SiH,, Li, and
Na) to classify these halogen bonds. Traditional halogen bonds
are characterized with a negative value of r; — r, and small
interaction energy, while chlorine-shared and ion-pair halogen
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bonds generally have a positive r; — r, value Moreover, ion-
pair halogen bonds show much bigger interaction energy than
chlorine-shared ones. They have further clarified that chlorine-
shared halogen bonds are not always associated with the
positive r; — r, value, but a greater elongation of the CIF bond
and higher binding energy can be taken as better parameters
for distinguishing chlorine-shared halogen bonds. For example,
in one of their works,'” the P---Cl bond of FCI-PCLi and FCI-
PCNa complexes were classified as the chlorine-shared halogen
bond, even though they have binding energies of 23 and 28 kJ
mol™" and a elongation of only 0.041 and 0.069 A of the CIF
bond.

The halogen bond involving electron donors such as O, N,
and S bases has been studied quite extensively both
experimentally and theoretically.zs*27 However, halogen
bonds involving P as the electron donor has not been explored
to a great extent owing to its high probability of forming the
P—X covalent bond because of the strong polarizing nature of
the phosphorus atom.”® Moreover, aromatic rings like pyridine,
diazines, triazenes, and so forth has been used quite often for
halogen-bonding studies, but aromatic rings like phosphaben-
zene (PPBZ) have not been explored so far. Therefore, a
sincere effort has been made in this study to explore and
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Table 1. Binding Energies and Free Energy Change of the Complexes between para Substituted PPBZ and CIF Molecules”

systems AE AG

X= T1-X-PPBZ-CIF T2-X-PPBZ-CIF T1-X-PPBZ-CIF T2-X-PPBZ-CIF PA IP (eV) Vi min

NH, —42.12 —-21.62 857.2 8.26 —102.22
CH, —41.09 —20.54 —20.06 3.75 827.2 —90.04
H —-39.43 —18.51 —18.74 6.18 814.5 10.03 —82.26
F —33.46 —17.81 —12.46 6.61 795.0 9.34 —69.33
CN —27.41 —15.13 -7.03 8.54 764.1 10.54 -35.15
NO, —26.79 —14.75 —6.24 8.54 761.8 10.58 —28.16

“PA, IP (eV), and V,

s,min

values of PPBZ. Data are in kJ mol™! and calculated at the MP2 = full/ aug-cc-pVTZ level.

understand the halogen-bonding interaction, taking PPBZ as
the electron donor. In fact, this is the very first theoretical
study of the halogen-bonded complexes involving a phospho-
rus atom as a part of an aromatic ring (PPBZ) as the electron
donor. Bryce and co-workers recently reported a co-crystal of
triphenylphosphine with 1,3,5-trifluoro-2,4,6-triiodobenzene
featuring phosphine as the halogen bond acceptor.” Prior to
them, Teixidor et al. reported a halogen-bonded co-crystal
featuring phosphine as a halogen bond acceptor in 1-
diphenylphosphino-2-methyl-1,2-dicarbadodecaborane(10)-
hemikis(iodine), where I, acts as the halogen-bond donor.*
The importance of P---Cl contacts in crystal structure packing
is further clear from the fact that a search of such contact in the
Cambridge Crystal Structural Database (CSD) results with
222 hits, among which some are direct halogen bond like P---
Cl contacts and few with sideways P---Cl contacts (not halogen
bond). Some examples (from the CSD search) of the crystals
with P--Cl contacts having CSD code are YILMAK,*
ABERAA,*> ADAHOE,” BAQJOU,>* BAQJUA,** BAQ-
KAH,** BAQKOV,** BAWDIO,” and so forth. Jiao et al.
recently studied the traditional, chlorine-shared, and ion pair
halogen-bonded complexes between various phosphine
derivates and mixed halogens like Br,, BrCl, and BrE.'
Alkorta et al. studied the halogen-bonded complexes between
XCP and CIF and classified them based on two different
configurations: one forming through the FCI---P halogen bond
and the other when CIF interacts with the C=P triple bond
through a perturbed 7 system.'” They further showed that the
nature of the halogen bond changes from traditional to
chlorine-shared and the interaction energies increase, as the
electron-donating ability of X increases in XCP---CIF
complexes.

Reiling studied the interaction between pyridine and I,
molecule and named them as the charge transfer (CT)
complex.’® Wang et al. studied the halogen-bonded complexes
between pyridine and XY dihalogen molecules and predicted
two different types of complexes; (i) one forming through 7—
halogen interaction and the other through o-hole on halogen
atom interacting with the lone pair of nitrogen in pyridine.”” In
a nutshell, plenty of data is already available for the complex
formation between pyridine and dihalogens or interhalo-
gens,”” " but there is no literature on the complex formation
between PPBZ and dihalogen or interhalogens. Therefore, the
results obtained for the present PPBZ-CIF complexes can be
very useful in understanding the nature of halogen bonding
interaction involving a P-atom in an aromatic ring. Therefore,
our present study deals with the theoretical investigation on
the halogen-bonded interaction between various para sub-
stituted PPBZ and CIF molecule. Both electron donor (NH,
and CHj;) and acceptor (F, C=N, NO,) substituents in the
para position are chosen to modulate the basicity of the P-

atom in a wider range for studying its effect on the strength
and nature of the complexes forming through halogen bonding.
The first part of the work deals with the discussion on the
geometric and the electronic properties of the chlorine-shared
halogen-bonded complexes, whereas the second part deals with
the m—halogen-bonded complexes between PPBZ and CIF
molecule. In the last part, the variation in the CIF bond
distances and v(CI—F) stretching vibrations along with C—H
bond and v(CH) stretching vibrations is discussed.

B RESULTS AND DISCUSSION

Properties of the Interacting Molecules. In the first
step, we discuss the basic properties of the substituted PPBZ
and the CIF molecule. Table 1 lists the proton affinity (PA),
ionization potential (IP), and the minimum molecular
electrostatic potential (MEP) values (V) of the substituted
PPBZ. The calculated PA value of 814.5 k] mol™" for C;H,P is
in good agreement with the experimental value of 817.7 kJ
mol™.*" As expected, the PA values increases for the —CH;-
and —NH,-substituted PPBZ, whereas it decreases for the —F,
—CN, and —NO, substituents. The IP of PPBZis calculated to
be 10.03 eV which is in reasonable agreement to the
experimental value of 9.2 eV.*> The negative electrostatic
potential V{ ;. for the XC(H,P electron donors were
computed from the electron density at the MP2/aug-cc-
pVTZ level. The negative electrostatic potential (V,,) on the
P atom for the substituted PPBZ are listed in Table 1. The
Vimin values on the P atom ranges between —28.16 and
—102.22 kJ mol™". On substitution of EDG, the Vmin Values
for the —CHj;- and —NH,- substituted PPBZ increases by 7.78
and 19.96 kJ mol™!, respectively, indicating a noticeable
increase in negative electrostatic potential as compared to
C;HP. On the other hand, substitution by EWG leads to a
decrease in V,;, by 12.93, 47.11, and 54.10 kJ mol™! for the
—F-, —CN-, and —NO,-substituted PPBZ. This result suggests
that the V.. is more sensitive to the EWG substitution. The

Vg max 00 the Cl atom of the CIF molecule has been calculated
and predicted to be 211.2 kJ mol™".

T1-X-PPBZ-CIF Complexes. The schematic representation
of the T1-X-PPBZ-CIF (X = NH,, CH;, H, F, CN, and NO,)
complexes is shown in Figure 1. The binding energies of the
complexes along with other relevant properties are listed in
Table 1. As shown in Table S1 of Supporting Information, the
intermolecular P---Cl distances (R,) for all the complexes are
found to vary between 2.150 (PPBZ-CIF) and 2.172 A (F-
PPBZ-CIF). This P---Cl distance is almost 1.5 A less than the
sum of the van der Waals radii of P and Cl atoms (3.6 A),
indicating the formation of a strong complex. This observation
is in good agreement with a recent study on the H,XP-CIF (X
= OH, CH,, F, CCH, Cl, H, NC, CN) complexes formed
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T1-X-PPRZ.CIF

T2-X-PPRZ.CIF

Figure 1. Schematic representation of the two types of complexes
formed between PPBZ and CIF.

through the chlorine-shared halogen bond, where the P---Cl
distances were found to range between 2.054 and 2.218 A,
almost 1.4—1.5 A smaller than the sum of the van der Waals
radii of P and Cl atoms.'? For the T1-X-PPBZ-CIF complexes,
the PCIF bond angle is very close to 180°, indicating that the
complexes are perfectly linear. Alkorta et al. predicted the
formation of H,XP-CIF complexes as a three-step process in
which the first step deals with the dissociation of the CIF
molecule into CI* and F~, the second step leads to the
formation of the HXPCl"* cation, and the third step involves
the interaction of the H,XPCI" cation with F~ anion.'” To
explore the possibility of the heterolytic cleavage of the CIF
bond to CI" and F~ in the presence of PPBZ, we checked the
charge polarization of the CIF molecule at several P--Cl
distances (e.g, 4.0, 3.0, and 2.5 A) and by placing the CIF
molecule along the C2 axis in the molecular plane by using the
MP2/aug-cc-pVDZ method. We have observed that the closer
the Cl-atom is to the P-atom, the positive charge on the Cl-
atom reduces and negative charge on the F-atom slightly
increases, but it does not indicate any cleavage of the CI-F
bond. In fact, the Cl—F bond is found to be elongated by 0.2—
6.6% only while changing the P---Cl distance from 4.0 to 2.5 A.
Therefore, the three-step mechanism proposed by Alkorta'’
could not be confirmed from this analysis in this case of the
chlorine-shared halogen bond. However, natural bond orbital
(NBO) analysis (discussed later) do indicate the interaction
between X—C;H,PCI" and F~ in the PPBZ-CIF complex. A
potential energy scan was also performed by changing the P---
Cl distance but keeping the P--F distance fixed at the
optimized value of the complex (4.1272 A). The nature of this
curve (as shown in Figure 2) clearly indicates that the chlorine
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Figure 2. Potential energy profile of the PPBZ—CIF complex.

atom oscillates in a harmonic potential between the P and F
atoms, indicating the formation of a chlorine-shared bond
between the P, Cl, and the F atoms. The P—ClI distance in the
PCl; molecule (optimized at MP2 = full/aug-cc-pVTZ level) is
found to be 2.045 A. Therefore, the P---Cl distance in the
PPBZ-CIF complexes is just 5—6% higher than the normal
covalent P—Cl bond distance, indicating the presence of strong
P---Cl interaction in the complex formation between PPBZ and
CIF. On complex formation, the CI—F bond gets elongated by
12—13% as compared to the bond distance of the isolated CIF
molecule.

As shown in Table 1, the calculated binding energy values lie
between —26.79 and —42.12 kJ mol™!, indicating a wide
modulation of the halogen bond strength with the change in
the basicity of P in PPBZs. Alkorta et al. in their work on
halogen-bonded complexes reported a binding energy ranging
between —4.80 and —27.84 kJ mol™' for the FCI-PCX
complexes (X = NC, CN, F, H, CH, CCF, CH;, Li, Na)."”
The calculated binding energy of the C;HP-CIF system
(—39.43 kJ mol™") is found to be much higher than the
binding energy values for the FCl---PCX systems. It should be
noted here that the interaction between PPBZ and Cl,
molecule calculated at the MP2/aug-cc-pVTZ level results in
a traditional halogen-bonded complex with a binding strength
of —11.23 kJ mol™" and an intermolecular P---Cl distance of
2.8808 A. In a similar line, the binding strength of the C;H;N-
CIF complex has also been calculated at the MP2/aug-cc-
pVTZ level which is predicted to be —56.14 kJ mol™". The
higher binding strength of the C;H;N-CIF complex (as
compared to the C;HP-CIF complex) can be accounted
from the much higher PA of the pyridine (921.6 kJ mol™)
than PPBZ (815.5 k] mol™'). Jiao et al. predicted an
interaction energy ranging between —7.32 and —25.18 kJ
mol™ for the XH,P---BrF complexes (X = OH, CH,, Br, NO,,
CF;, CN) calculated at the CCSD(T)/aug-cc-pVTZ level."”
The binding energy for the present XC;H,P-CIF complexes is
much higher than that of the XH,P-BrF complexes.
Interestingly, the binding strength of the PPBZ-CIF complex
is much lower than the previously reported binding strength of
the PH,.CIF complex (—51.2 kJ mol™")."” This observation
will be discussed in the later part of the paper. For the present
T1-X-PPBZ-CIF complexes, the binding energy is the highest
for the NH,—C¢H,P-CIF complex (—42.12 kJ mol™"), whereas
it is the lowest for the NO,—C;H,P-CIF complex (—26.79 kJ
mol™"), thus indicating that the binding energy increases with
the insertion of the electron donating group, whereas it
decreases with the inclusion of the electron-withdrawing
group. It should be noted that the substitution of —NH, and
—CH; groups on the C;HP molecule leads to a slight increase
of the binding energy (approximately by 2—3 kJ mol ™), but on
substitution of —F, —CN and —NO, groups in the same
molecules lead to a noticeable decrease in the binding strength
of the complexes. For example, as compared to the binding
energy of the CH(P-CIF complex, the binding energy
increases by 1.66 and 2.69 kJ mol™' for the —CH; and
—NH, substituted complex, whereas it decreases by 5.97,
12.02, and 12.64 for the —F-, —CN-, and —NO,-substituted
complexes. From the data of Table 1, the following correlation
between the binding energies and the PA (kJ mol™') can be
deduced

—AE = 0.177PA — 107.5 (r* = 0.930) (1)

https://dx.doi.org/10.1021/acsomega.0c03567
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Table 2. Various Topological Parameters Obtained from AIM Analysis”

systems p(rd Vp(ro) V(ro) G(r) H(r.) G(r)/p(ro)
T1-X-PPBZ-CIF
X = NH, 0.1137 —0.0460 —0.1065 0.0527 —0.0538 0.4635
CH; 0.1241 —0.0465 —0.1121 0.0502 —0.0619 0.4045
H 0.1243 —0.0453 —0.1127 0.0507 —0.062 0.4078
F 0.1176 —0.0217 —0.1061 0.0503 —0.0558 0.4277
CN 0.1184 -0.0181 -0.1084 0.0519 —0.0565 0.4383
NO, 0.1190 —0.0188 —0.1094 0.0524 —0.057 0.4403
T2-X-PPBZ-CIF

X = CH, 0.0245 0.0638 —0.0174 0.0167 —0.0007 0.6816
H 0.0234 0.0629 —0.0168 0.0163 —0.0005 0.6966
F 0.0223 0.0588 —0.0149 0.0148 —0.0004 0.6637
CN 0.0202 0.058S —0.0142 0.0144 0.0002 0.7129
NO, 0.0200 0.0587 —0.0142 0.0145 0.0003 0.7250

“Values are in a.u.

The changes in the standard Gibbs free energies (AG) for all 9

the complexes at 298 K temperature are calculated at the \

MP2/aug-cc-pVTZ level. These calculated AG values can be I

useful in estimating the thermodynamic stability of the

complexes and in speculating whether these complexes can .

exist at room temperature. The negative AG value ranging

between —6.24 and —21.62 kJ mol ™" suggests that these T1-X- §

PPBZ-ClFcomplexes can be formed spontaneously and likely s J :

to be found by experimental techniques at room temperature. .

It should be noted that the increase in the negative AG values

parallels with the increase in the binding strength of the > > "

complexes.

As established in many recent works, the electrostatic >
potential V(r) can be used as an important property for T1-X-PPBZCF T2-X-PPBZOF

measuring the strength of o-hole and also in explaining and
predicting the nature and strength of various noncovalent
interactions. In similar line, it may be interesting to find
whether the minimum value of V(r) (V) on the P-atom of
PPBZ can also be used to measure the strength of the
interaction. The Vj,;, values of the substituted PPBZs are
listed in Table 1. It should be noted that —NH,-substituted
PPBZ having the maximum V;, value (—102.22 kJ mol™") is
characterized by the highest binding energy, whereas the
—NO,-substituted PPBZ possessing the least V,;, value
(—28.16 kJ mol™") is characterized by a lowest binding energy.
In several studies on halogen-bonding interactions, a linear
correlation between the binding energy of the halogen bonded
complex and the magnitude of the negative electrostatic
potential (V,,,,) has been established. The same correlation

holds good for our present study as well. The interaction

energies (k] mol™') are linearly related to the V., of the
substituted PPBZ by the relations
—AE = —0224V, ;. + 19.83 (r* = 0.969) )

In order to understand the nature of the P---Cl bond, we
have further carried out the atom-in-molecule (AIM) analysis
for all the XC;HP-CIF complexes. Several topological
parameters such as bond critical points (BCP) and analysis
of various properties at BCP, like electron density p(r.), its
Laplacian [V?p(r.)] and total local energy H(r.), which are
capable of providing important information about the nature of
bonding, are listed in Table 2. As shown in Figure 3, AIM
analysis shows the existence of a BCP between the Cl and P
atoms in the C;H;P-CIF complex. The bond path length
between P and Cl atoms found from the AIM analysis is

24098

Figure 3. Existence of BCP’s in T1-X-PPBZ-CIF and T2-X-PPBZ
complexes.

exactly the same as obtained from the MP2 optimized
geometry, indicating that the bond path is not bent and
leads directly between the two atoms. The existence of the
BCP between the Cl and P atoms along with a linear bond
path has been observed for the other complexes as well.

The p(r.) values at the BCP of the P---Cl bond for the T1-X-
PPBZ-CIF complexes are found to range between 0.1137 and
0.1243 a.u. These values are quite high compared to the values
observed for the traditional halogen bond and are in good
agreement with the p(r.) values (ranging between 0.0270 and
0.1224 a.u.) of the recently studied halogen-bonded complexes
between PH,X with BrCl and BrF."> The p(r.) value for a pure
covalent P—CI bond in PCl; is found to be 0.1317 au,
indicating that the P---Cl bond in T1-X-PPBZ-CIF complexes
is highly covalent in nature. In various recent works on
noncovalent interactions, H(r.) and the ratio G(r.)/p(r.) were
used as indicators in predicting whether an interaction is
predominantly covalent or electrostatic.*”** For the same
complexes between PH,X with BrCl and BrF, the H(r.) values
were found to be all negative ranging between —0.0188 and
—0.1452 a.u., indicating the presence of partial covalent
character."® Similarly, for the T1-X-PPBZ-CIF complexes, the
H(r.) values are found to be negative, ranging between
—0.0538 and —0.062 a.u. Moreover, the values of ratio G(r.)/
p(r.) are less than 1 for all the complexes. These results suggest
that the P---Cl bonded complexes have a significant covalent
character. It should be noted the p(r.) values at the BCP of

https://dx.doi.org/10.1021/acsomega.0c03567
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Table 3. Charges, q(e) of Cl and F in CIF and P in X-PPBZ-CIF Complexes, Intermolecular CT (in e), % s Character of Cl in
CIF Molecule, and Second-Order Hyperconjugation Energy (in kJ mol*)*"

CIF
systems q(Cl) q(F) q(P) CT % s (Cl) LP(F) — o*(PCl)
T1-X-PPBZ-CIF
X = NH, 0.0880 —0.5957 0.9665 (0.5792) 0.5077 638.81
CH;, 0.0902 —0.5974 1.0291 (0.6342) 0.5072 630.11
H 0.0930 —0.5950 1.0445 (0.6526) 0.5020 636.18
F 0.1028 —-0.5767 0.9929 (0.6350) 0.4739 698.73
CN 0.1154 —0.5677 1.0513 (0.7041) 0.4523 714.79
NO, 0.1169 —0.5678 1.0622 (0.7163) 0.4509 711.99
CIF
systems q(Cl) q(F) q(P) CT % s (Cl) 6(C1P) — o*(CIF)
T2-X-PPBZ-CIF
X = CH, 0.3104 —0.3912 0.6778 0.0808 4.71 83.30
H 0.3168 —0.3861 0.6951 0.0693 4.80 73.30
F 0.3111 —0.3839 0.6593 0.0728 4.93 72.76
CN 0.3253 —-0.3711 0.7336 0.0458 5.27 53.97
NO, 0.3272 —0.3695 0.7482 0.0423 5.32

“Values in parenthesis indicate the charges (e) on P in isolated PPBZs. “In isolated CIF, q(Cl) = 0.353 e and g(F) = —0.353 .

CI—F bond are found to range between 0.1272 and 0.1358 a.u.,
whereas the V?p(r,) values are found to range between 0.1525
and 0.2130 a.u. Unlike the P—Cl bond and other covalent
bonds, V?p(r.) values the for the CI-F bond are all
significantly positive, indicating the validity of X—CH,PCI"
and F~ type of interaction in the T1-PPBZ-CIF complexes.

We like to note here that the symmetry-adapted
perturbation theory (SAPT) calculations could not be
performed for these T1-X-PPBZ-CIF complexes.

From NBO analysis, first, we have calculated the amount of
CT in the present para-substituted X—C;H,P-CIF complexes.
Table 3 lists the values of the CT along with the net atomic
charges on the Cl, F, and P atoms obtained from the natural
population analysis (NPA) and second-order hyperconjugation
energies. The CT values are quite high and range between
0.4509 and 0.5077 e. The binding energy of the T1-X-PPBZ.
CIF complexes (k] mol™') is linearly correlated to the
intermolecular CT (e).

—AE = 254.07CT — 8749 (r* = 0.995) 3)

The net atomic charge on the P atom in isolated PPBZ
molecules was found to be positive and varies within a range of
0.5792—0.7163 e. Apparently, the positive charge on the P-
atom of PPBZ does not commensurate well with the negative
MEDP value on the P-atom. In this context, we like to highlight
that the MEP value corresponds to the electron density
distribution of the whole molecule, whereas atomic charge is
estimated in a localized center following semi-empirical
prescriptions. The net atomic charge obtained from the
Mulliken analysis and electrostatic potential-driven method
(ChelPG) is found to be negative for the P-atom of isolated
PPBZ and becomes positive on complex formation. However,
the most important point to note is the trend of change in
atomic charge while going from the isolated monomer to the
complex remaining the same for all the methods. Similar
observation was also made for the CT values, where the
variation of CT with the change in substituent in PPBZ does
not depend much on the method of calculating atomic charge.
Therefore, NPA charges are given in Table 3 for consistency
with our NBO analysis and the atomic charges obtained from

the Mulliken and ESP analysis are given as Supporting
Information in Table S2. Complex formation leads to a further
decrease in the electron density on P ranging between 0.3873 e
(NH,—C4H,P-CIF) and 0.3459 e (NO,—CsH,P-CIF) in all
the complexes. A significant variation of the charges is
predicted for the Cl and F atom of the CIF molecule in the
T1-X-PPBZ-CIF complexes. In the isolated CIF molecule, the
valence 3s, 3p,, 3p,, and 3p, orbital occupancies of the Cl atom
are 1.9263, 1.9982, 1.9982, and 0.6918 e, respectively (shown
in Table S3 of Supporting Information). These values indicate
that the 3p, orbital has the electron depleted area (o-hole)
which eventually interacts with a lone pair of P (of PPBZ) to
form the halogen bond. It should be noted that on complex
formation, the 3p, orbital occupation increases sharply ranging
between 1.917 e (NO,-PPBZ-CIF) and 1.936 e (NH,-PPBZ:
CIF), indicating a noticeable electron transfer from the lone
pair of P to the 3p, orbital of Cl. NBO analysis indicates the
formation of a covalent bond from the overlap of a sp” orbital
of P atom and the p, orbital of the Cl atom with o(P—Cl)
occupation of above 1.93 e, whereas no o(CI-F) orbital is
found from this analysis. It indicates that in T1-X-PPBZ-CIF
complexes, there is an ion-pair interaction between X—C;H,P-
Cl" and F~, which supports the mechanism proposed by
Alkorta et al.'” The NBO analysis reveals the existence of a
strong LP(F) — ¢*(P—Cl) hyperconjugation interaction in
the T1-PPBZ-CIF complexes (as shown in Table 3) instead of
LP(P) to o*(Cl-F) hyperconjugation, which is generally
observed in the traditional P---Cl halogen bond. It clearly
shows the contrasting behavior of chlorine-shared and
traditional halogen bonds.

As indicated in Table 3, the positive charge on the CI atom
decreases, whereas the negative charge on the F atom increases
upon complex formation. It should be noted that this decrease
in the positive charge of Cl and increase in the negative charge
on the F atom in the CIF molecule parallels with the increase
in the binding strength of the complexes. NBO calculation
further reveals the formation of the ¢(P—Cl) orbital in PPBZ-
CIF complexes, indicating the higher strength and significant
covalent nature of the P---Cl bond in TI1-X-PPBZ.-CIF
complexes. The 6(P—Cl) bonding population ranges between

https://dx.doi.org/10.1021/acsomega.0c03567
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1.9539 and 1.9578 e, whereas 6**(P—Cl) antibond population
varies between 0.3390 and 0.3600 e for T1-PPBZ-CIF
complexes. A bond order of 0.8 has been predicted for the
P---Cl bond in all the complexes. Let us now try to explain the
variation of P--Cl distances in terms of ¢*(P—Cl) antibond
occupation and LP(F) — ¢*(P—Cl) hyperconjugation energy.
As indicated in Table 4, for the stronger complexes, the 6% (P—

Table 4. Variation in Bond Distance, Ar(CI-F) in mA,
Stretching Frequency Av(CI-F) and ¥(P—Cl) in cm™/,
Antibonding Occupation, 6*(P—Cl) and ¢*(CI-F) in e

system Ar(CI-F) Av(CI-F) o*(P—Cl) v(P—Cl)
T1-X-PPBZ-CIF
X = NH, +216.6 -327 0.3390 459
CH; +217.4 —326 0.3364 455
H +215.3 —-325 0.3383 499
F +200.3 —-314 0.3547 450
CN +193.5 —-309 0.3600 416
NO, +194.4 —311 0.3595 386
system Ar(CI-F) Av(CI-F) o*(CI-F) v(P—Cl)
T2-X-PPBZ-CIE
X = CH; +37.1 —-117 0.0960
H +32.3 —10S 0.0841
E +31.6 -105 0.0873
CN +22.0 —76 0.0621
NO, +20.7 =72 0.0585

“In isolated CIF: r(Cl—F): 1.6346 A and v(CI-F): 806 cm™.

Cl) population is low, whereas it is slightly higher for the
weaker complexes. The hyperconjugation energies LP(F) —
o*(P—Cl) range between 630.1 and 714.8 kJ mol~". Contrary
to our normal expectation, complex with the highest E? values
are characterized with the lowest P---Cl binding strength and
vice versa. This is quite opposite to the trends obtained in many
of the recent studies on traditional halogen-bonded complexes
(both closed shell and open shell), where higher hyper-
conjugation energy is associated with higher stability of the
complexes.””*> One possibility is that the energy difference of
the lone pair of fluorine and the antibonding orbital of CI-F
bond increases with the lengthening of the CI—F bond, making
it difficult for the CT. Therefore, the complex with the highest
binding energy is associated with highest lengthening of the
CI—F bond, and consequently, lower hyperconjugation energy
has been observed. Further, this result is well complimented by
the higher P--Cl intermolecular distances in the weaker
complexes. In fact, the P---Cl distance is the result of a
competition between two interactions: (i) the covalent

interaction between orbitals of P and Cl trying to reduce the
P--Cl distance and (ii) the LP(F) — o¢*(P—Cl) hyper-
conjugation interaction effecting a lengthening of the P---Cl
distance. As a result, there is very little variation in P---Cl
distance (only 0.02 A) in spite of a large variation of binding
energy (~15 kJ mol™") for the T1-X-PPBZ-CIF complexes.

These results suggest that the LP(F) — o*(P—Cl)
hyperconjugation cannot be taken as the only parameter in
determining the stability of the these complexes rather
parameters like V, ;./V; nw IP, and intermolecular CT are
more important in predicting the stability of these complexes.
It should be noted that in all isolated substituted PPBZs, the
lone pair of P is involved in LP(P) — ¢*(C1C2) and LP(P)
— 0¢%(C4CS) hyperconjugation. However, on complex
formation, these orbital interactions are observed only for
—NH,-and —CHj-substituted complexes. For the NH,-Phos-
CIF complex, the LP(P) — o¢*(C1C2) and LP(P) —
6*(C4CS) value amounts to 234 kJ mol™" each, whereas, for
the CH;-Phos-CIF complex, it amounts to 196 and 474 kJ
mol ™", This increase in the hyperconjugation energy in —NH,-
and —CHj-substituted complexes can be the reason for the
higher stability of these complexes than other substituted
complexes.

There is a sharp difference in the orbital interaction in
pyridine-CIF and PPBZ-CIF complexes. For example, in
pyridine-CIF complexes, there is no LP(F) — o*(N—Cl)
hyperconjugation interaction even though the binding energy
is quite high, but there is strong LP(N) — o¢*(CI-F)
interaction. On the other hand, PPBZ-CIF complexes are
characterized with strong LP(F) — ¢*(P—Cl) interaction and
no LP(P) — ¢*(Cl—F) interaction. Various previous studies
on chlorine-shared halogen bonded complexes also satisfy
these criteria. Perhaps this difference of interaction can be used
as an indication of the formation of a chlorine-shared bond.

Comparison between N-Base Complexes and P-Base
Complexes. In order to have a better knowledge on the
strange nature of the P---Cl bonded complexes, a comparative
analysis has been carried out at the MP2/aug-cc-pVTZ level,
taking pyridine, NH;, PPBZ, and PH; as electron donors and
CIF as the electron acceptor. As indicated in Table S, the
binding energies of the complexes containing NH;, pyridine,
PH,;, and PPBZ are found to be —35.70, —56.14, —33.84, and
—39.43 kJ mol™, respectively. Let us note that the binding
strength of the complexes containing N---Cl and P---Cl bond
increases with the increase in the PA value of the electron
donor N/P atom, but there is no general correlation for them
together. Similar observation can be made from the IP value as
well. The most important difference between the complexes

Table 5. Various Properties of NH;, PH;, Pyridine, PPBZ, and Their Complexes with CIF Molecule”

parameters NH,;—CIF

PA (KJ mol ™) 853.6

IP (eV) 10.02

P---Cl/N---Cl 2.2068

r(CIF) (A) 17133

AE (KJ mol™) -35.70

AG (k] mol™) —10.38

CT (e) 0.2065

q(N)/q(P) (e) —0.9437 (—1.0539)
LP(N) — ¢*(CIF)/LP(F) — ¢*(PCl) (k] mol™*) 25047

pyridine—CIF PH,—CIF PPBZ—CIF
930.0 785.0 817.7
9.34 9.87 92
20469 2.1637 2.150
1.7536 1.8484 1.8499
—56.14 —33.84 —39.43
—30.18 —13.28 —18.74
0.2542 0.5319 0.5020
—0.3899 (—0.4287) 0.4810 (0.0286) 1.0445 (0.6526)
392.79 674.86 636.18

“Values in parenthesis indicate the charge for the isolated molecule. T2-X-PPBZ-CIF complexes.
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containing the N--Cl and the P---Cl bond is the mode of
hyperconjugation. In halogen-bonded complex with N-bases,
the system is stabilized by LP(N) — o¢*(CIF) interaction,
whereas for complexes with the P-base, there is a bond
formation with the overlap of a sp* orbital of P atom and the p,
orbital of Cl. The P-base complexes are further stabilized by a
strong LP(F) — ¢*(PCl) hyperconjugation. The CT is found
to be much higher for the P-base complex in comparison to the
corresponding N-base complex.

T2-X-PPBZ.CIF Complexes. The schematic representation
of the geometries of the T2-X-PPBZ-CIF complexes between
PPBZ and CIF is shown in Figure 1. These complexes are
formed by the interaction of the CIF molecule with the z-
electron cloud of the C1=P double bond. The CIF molecule
in these complexes lies almost perpendicular to the aromatic
ring and the acidic Cl atom is oriented toward the z-bond
between C1 and P of the PPBZ molecule. The structure of the
NH,—-CsH,P-CIF 7-complex could not be obtained as during
optimization it always goes to the geometry of the T1-complex
with the chlorine-shared halogen bond. As cited in Table S1 of
Supporting Information, the C1--Cl distance (R,,) in these
complexes ranges between 2.731 and 2.810 A, whereas P--Cl
distances (R,;,) vary between 2.990 and 3.136 A. As shown in
Figure 3, one BCP between the Cl atom and the C1 atoms in
ortho position is predicted for the T2-X-PPBZ-CIF complexes.
In T2 complexes, as compared to the monomer units, both
C1-P and CIF bonds get elongated on complex formation.
The C1—P bond elongation varies between 6 and 8.2 mA. The
MP2-calculated binding energy of these complexes varies
between —14.75 and —20.54 kJ mol™". In comparison to the
chlorine-shared halogen bond, here, the variation in binding
energy is quite less and lies within 6 kJ mol™". As expected, the
binding strength is the highest for the CH;—C H,P-CIF
complex, whereas it is the lowest for the NO,—CH,P-CIF
complex. Unlike T1-X-PPBZ-ClFcomplexes, T2-X-PPBZ-CIF
complexes are all characterized by positive AG values, which is
the direct reflection of the lower binding strength of the T2-X-
PPBZ-CIF complexes.

AIM analysis shows a small variation in the p(r.) values
ranging between 0.020 and 0.0245 a.u. for the T2-X-PPBZ-CIF
complexes. These p(r.) values are all within the range
proposed by Popelier,46 which confirms the formation of
these complexes through z—halogen interaction rather than
through weak van der Waals interactions. The binding strength
of the T2-X-PPBZ-CIF complexes are found to correlate
linearly with the p(r.) values at BCP

—AE = 1220p(r) — 9609  (r* = 0.987) (4)

The H(r.) value for the complexes containing —CH,, —H,
and —F are found to be negative, whereas it becomes positive
for the —CN- and —NO,-substituted complexes. The negative
H(r.) values are quite low which reflects that these complexes
are predominantly electrostatic in nature. These values are in
agreement with the lower binding strength of the T2-X-PPBZ-
CIF complexes.

Table 6 reports the various important energetic components
for the halogen-bonded complexes calculated at SAPT2+/aug-
cc-pVTZ level. It should be noted that the halogen-z
complexes between pyridine and XY dihalogen molecules
were purely dominated by induction energy.’” Our calculation
shows that for the C;H(P-CIF complex, 37% of the total
attraction energy is because of classical electrostatic energy and
29% because of induction energy, whereas dispersion energy

Table 6. Results of SAPT Analysis Using the aug-cc-pVTZ
Basis Set”

systems AE g AEqq AEg AEgg, AET
T2-X-PPBZ-CIF

X=CH; -5191 116.67 —40.39 —41.52 —-17.15
(38.8) (30.2) (31.0)

H —47.16 107.08  —36.42 —39.20 —15.70
(36.9) (28.5) (30.7)

F —44.16 10424  —35.60 —38.58 —14.10
(37.3) (30.1) (32.6)

CN —35.28 87.93 —28.17 —36.56 —12.09
(35.3) (282) (36.6)

NO, —34.15 8524 —27.14 -36.16 —12.20
(35.1) (27.9) (37.1)

“Data are in kJ] mol™. Values in the parenthesis indicate %
contribution of electrostatic, induction, and dispersion term in total
attractive interaction.

contributes up to 31% of the total attraction energy. This result
suggests that unlike pyridine—XY complexes,”” the PPBZ—CIF
complex is dominated by electrostatic attraction. On
substitution of EDG, only the electrostatic contribution
increases to a noticeable change. On the other hand, for
—CN- and NO,-substituted complexes, the dispersion energy
contribution overpowers the electrostatic energy. The variation
of the induction energy with the change in the substituent in
PPBZ is found to be very small. It may be mentioned here that
the small difference between the binding energy reported in
Table 1 and the SAPT interaction energy is because of the
deformation energy as in SAPT monomer energy is computed
for the distorted structure within the complex and also for the
inclusion of higher-order electron correlation in SAPT.

The CT values for the present complexes are found to range
between 0.0426 and 0.0807 e. The strongest complex (CH;—
CsH,P-CIF) is characterized by the highest CT, whereas the
CT decreases in the weaker complexes. The binding energies
(kJ mol™") of the halogen—7z bonded complexes are linearly
correlated to the intermolecular CT (e).

(r* = 0.967) (s)

Moreover, this CT (me) is found to be correlated to the
negative electrostatic potential (kJ] mol™") of the PPBZ and can
be expressed as

CT = —0.607V,

s, min

—AE = 139.9CT + 8.639

+25.20 (r* = 0.991) (6)

For T2-X-PPBZ-CIF complexes, the positive charge on Cl
decreases and the negative charge on F increases in
comparison to the charges in the isolated CIF molecule. The
strongest 77-complex is characterized by the highest decrease in
the positive charge on the CI atom and the maximum increase
in the negative charge of the F atom. It is also interesting to
compare the % s character of the Cl in isolated CIF with that of
the complexes. Moreover, the applicability of the Bent’s rule*’
can be tested here for the T2-X-PPBZ-CIF complexes from a
correlation between the % s character of the Cl atom and the
negative charge on the F atom. Table 3 indicates that the
negative charge on the F atom increases with the increase in
strength of the T2-X-PPBZ-CIF complexes. This increase leads
to a decrease in the s-character of the Cl atom which takes a
value ranging between 4.71 and 5.32%. A linear correlation
between % s character of Cl and q(F) has been obtained below

% s (Cl) = 28.67q(F) + 1591 (r* = 0.992) )

https://dx.doi.org/10.1021/acsomega.0c03567
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This equation illustrates the validity of the Bent’s rule for the
T2-X-PPBZ-CIF complexes. A similar correlation was
previously obtained for the FDME-CIF complexes*® with
slightly low slope (26.76) and intercept (14.33). There is a
slight increase in the positive charge of the P atom on complex
formation. The negative charge on CI increases to some
extent, whereas the negative charge on C2 decreases slightly
upon complex formation. Wang et al. studied the 7—halogen
complexes between pyridine and XY (where XY = F, Cl, Br)
molecules in which they have predicted that the CT mainly
takes place from the C1C2 bond of the pyridine to the XY
antibonding orbital.”> However, for the present T2-X-PPBZ-
CIF complexes, the stability of the halogen—7 complexes is
mainly because of the o(C1P) — o¢*(CIF) second-order
hyperconjugation energy except for the NO,-substituted
complex, where 6(C1C2) — ¢*(CIF) was found to be the
dominating factor. The 6(C1P) — ¢*(CIF) hyperconjugation
energy for the —CHj;-, —H-, —F-, and —CN-substituted
complexes are found to be 83.3, 73.3, 72.8, and 54 kJ mol~ L,
The increase in the hyperconjugation energy parallels with the
increase in the binding strength of the complexes. For the
—NO, substituted complex, a low value of 6.48 k] mol™" has
been predicted for the 6(C1C2) — ¢*(CIF) hyperconjugation
energy.

Variation in r(CI-F) Bond Distance and v(CI-F)
Stretching Vibration. In this section, we will discuss the
elongation of the CIF molecule and the redshift of the v(Cl—
F) stretching vibrational frequencies of both T1-X-PPBZ-CIF
and T2-X-PPBZ-CIF complexes. For the T1-X-PPBZ-CIF
complexes, the CI—F bond distance [r(CI-F)] increases
substantially ranging between 193.5 and 216.6 mA which
results in the redshift of the v(CI-F) stretching vibration
ranging between 309 and 327 cm™". The elongation as well as
the redshift is the largest for the —CH;- and —NH,-substituted
complex, whereas it decreases in the weaker complexes. For the
linear complexes, the decrease in the v(Cl—F) stretching
vibrations is linearly correlated with the elongation of the
7(CIF) bond distance (in mA) by this equation

Av(CIF) = —0.71Ar(CIF) — 170.8 (r* = 0.992)

(8)

A smaller elongation ranging between 20.7 and 37.1 mA and
a redshift between 72 and 117 cm™ are predicted for the T2-
X-PPBZ-CIF complexes. A linear correlation between the
variation in v(Cl-F) stretching vibrations and elongation of
the r(CIF) bond can be obtained for the T2-X-PPBZ-CIF
complexes as well.

(r* = 0.996)
©)

As indicated in Table 4, for T2-X-PPBZ-CIF complexes,
there is an increase in the occupation of the antibonding
0*(CIF) orbital of the electron acceptor CIF molecule. The
6*(CIF) occupation for these complexes varies from 0.0585
and 0.0960 e. For the present P---Cl-bonded complexes, the
elongations are linearly related to ¢*(CIF) occupation (r in
mA, ¢* occupation in e)

Av(CIF) = —0.356Ar(CIF) — 5.125

Ar(CIF) = 428.46%(CIF) — 4.51 (r* = 0.987) (10)
As the electron occupation of the bonding o(CIF) orbital
remains constant, it can be concluded from this equation that

the increase in the antibonding o*(CIF) occupation is

24102

responsible for the elongation of the r(CIF) bond distances
upon complex formation.

A linear correlation between interaction energies and the
frequency shifts of the v(AH) stretching vibrations (originally
known as the Badger—Bauer relation)” has been established
for several hydrogen-bonded and halogen-bonded complexes.
For the present systems, we have also obtained a similar
correlation which can be written as

—AE = —0.816Av(CIF) — 225.2

(r* = 0.958) (T1-X-PPBZ. CIF complexes) (11)
—AE = —0.119Av(CIF) + 5.979
(r* = 0.962) (T2-X-PPBZ. CIF complexes) (12)

As shown in Table 4, the intermolecular v(P—Cl) stretching
vibrations are predicted at higher wavenumbers for the
complexes involving the electron-donating substituent at
PPBZ. The v(P—Cl) vibrations are predicted at 459, 455,
and 499 cm™' for —NH,-, —CH;-, and —H-substituted
complexes and 450, 416, and 386 cm™! for the —F-, —CN-,
and —NO,-substituted complexes, respectively. As expected,
these values are lower than the experimental gas-phase v(P—
Cl) value of 504 cm™" for the P—Cl covalent bond in PCL;, but
their magnitude certainly indicates the formation of a relatively
strong covalent P—Cl bond in T1-complexes.

It has been discussed in several recent works that the
interaction between FDME and the dihalogen molecule (CIF,
Cl,, etc) results in variation of the CH bond lengths.**
Moreover, interaction of pyridine with the CI° atom results in a
shortening of the ortho CH bond by 0.8 and 1.6 mA, and
consequently, a blue shift in ¥(CH) stretching vibration
ranging between 19 and 27 cm™ has been predicted.”
Therefore, it seemed interesting to investigate the changes of
CH bond lengths in the present complexes as well. For T1-X-
PPBZ-CIF complexes, the contraction of the C1H, bonds
ranges between 1.4 and 1.9 mA. The contraction of the other
CH bonds is much smaller between 0.2 and 0.9 mA but is
systematically predicted in all the complexes. A very negligible
amount of changes has been observed for the v(CH)
stretching vibration in T1-X-PPBZ-CIF complexes. A similar
trend and almost no change in CH bond length and vibrational
frequencies are predicted for the T2-X-PPBZ-CIF complexes as
well.

B CONCLUSIONS

This present work features the theoretical investigation of the
interaction between para-substituted PPBZ (XC;H,P, X = H,
—NH,, —CH;, —F, —CN, —NO,) and CIF molecule. The
calculations were carried out using the ab initio MP2(full) /aug-
cc-pVTZ method. The main conclusions of this work are as
follows:

1. T1-X-PPBZ-CIF complexes formed through the chlor-
ine-shared halogen bond, whereas T2-X-PPBZ-CIF
complexes are formed via halogen—7 interaction.

. The binding strength of the T1-X-PPBZ-CIF complexes
ranging between —42.12 and —26.79 kJ mol ™' are much
higher than the binding strength of the T2-X-PPBZ-CIF
complexes varying between —20.54 and —14.75 kJ
mol ™. Moreover, the negative AG values of the T1-X-
PPBZ-CIF complexes suggest that these complexes can
exist in experimental conditions as well.

https://dx.doi.org/10.1021/acsomega.0c03567
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3. SAPT analysis indicates that the T2-X-PPBZ-CIF
complexes are predominantly stabilized by both electro-
static and dispersion energy.

4. AIM and NBO analyses suggest that T1-X-PPBZ-CIF
complexes have a covalent character and are stabilized
by a Cl-shared halogen bond. The p(r.) value at the
BCP of the P--Cl bond and the &(P—Cl) orbital
occupation for the T1-X-PPBZ-CIF complexes are found
to be close to the value of a normal P—Cl bond in PCl,.

S. Complex formation results in the elongation of the CIF
bond both in T1-X-PPBZ-CIF and T2-X-PPBZ-CIF
complexes, and consequently, a redshift for the v(CIF)
stretching vibration has been observed.

Computational Methodology. The geometries of the
para-substituted PPBZ (XC;H,P, X = NH,, CH;, H, F, CN,
NO,) and its complexes with the CIF molecule were optimized
using the ab initio MP2 method in conjunction with the aug-
cc-pVTZbasis set. Harmonic frequency calculations were
carried at the same level in order to characterize the stationary
points. The binding energy (AE) of the complexes were
calculated following the super molecular approach, where the
energies of the fully optimized isolated PPBZ and CIF
molecules were subtracted from the total energy of the
complexes. The binding energy of the complexes includes zero
point energy and the basis set superposition error correction
computed by the counterpoise method.”’ The IP of the
substituted PPBZ and electron affinity of the CIF molecule
were calculated at the MP2 = full/aug-cc-pVTZ level. NBO*?
analysis was performed at the wB97XD/aug-cc-pVTZ level on
the MP2 optimized geometries, to obtain ideas about the
charges on the individual atoms, orbital occupancies, hyper-
conjugation energies, hybridization, and so forth. AIM™
analysis was carried out at the MP2/aug-cc-pVIZ level to
have a better understanding about the nature of interaction.
The electrostatic potential of the isolated substituted PPBZ
was calculated at the MP2/aug-cc-pVIZ level using wave
function analysis surface analysis suite.’* The electrostatic
potential was computed on 0.001 a.u. isodensity surface. The
energy decomposition analysis was carried out employing
SAPT using the Psi4 program.”> All electronic structure
calculations were carried out using the GO9 suite of program.*®
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