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Abstract The interplay between the triel bond and the
pnicogen bond in BF3;-NCXH, Y (X =P, As, Sb; Y =
H,0, NH;) complexes was studied theoretically. Both bonds
exhibited cooperative effects, with shorter binding distances,
larger interaction energies, and greater electron densities
found for the ternary complexes than for the corresponding
binary ones. The cooperative effects between the triel bond
and the pnicogen bond were probed by analyzing molecular
electrostatic potentials, charge transfer, and orbital interac-
tions. The results showed that the enhancement of the triel
bond can mainly be attributed to the electrostatic interaction,
while the strengthening of the pnicogen bond can be ascribed
chiefly to the electrostatic and orbital interactions. In addition,
the origins of both the triel bond and the pnicogen bond were
deduced via energy decomposition.

Keywords Triel bonds - Pnicogen bonds - Synergistic effects

Introduction

Over the past few decades, the structural chemistry of Lewis
acid-base complexes involving BF; has been the focus of
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many experimental and theoretical studies [1—12]. This inter-
est stems partly from the fact that the dative linkages appear to
be intermediate between van der Waals interactions and fully
formed chemical bonds. Therefore, it has been demonstrated
that these complexes can exhibit interesting structural chem-
istry and provide an unusual perspective on the evolution of
molecular physical properties between the limits of van der
Waals and chemical interactions [13]. Upon crystallization,
these structures show dramatic changes in bond lengths and
bond angles. For example, in the BF5---NCH complex, the B—
N distance and N-B—F angle are 1.638 A and 105.6°, respec-
tively, in the solid state [3], whereas the corresponding
gas-phase values are 2.473 A and 91.5°, as determined by
microwave spectroscopy of a supersonic jet [4]. These struc-
tural changes are usually attributed to crystal packing effects,
while a cooperative mechanism is responsible for the short B—
N distance in the BF5--"NCH complex [14]. There have been
lots of studies on the reactivity [15], thermodynamics [16],
spectroscopy [17], and structures [18] of a wide range of
Lewis acid—base complexes involving BF; since the concept
of such complexes was first introduced by G.N. Lewis in 1923
[19]. Recently, Murray et al. [20] and Grabowski [21, 22] have
labeled Lewis acid—base interactions involving BF3 as 7t-hole
interactions due to the presence of a 7t-hole (a region with
positive electrostatic potential) on the boron atom. Clark and
coauthors [23, 24] considered hydrogen bonding to be a
o-hole interaction and used this to explain the wide range of
directionality of hydrogen bonding. Actually, researchers have
tried to explain the formation of all intermolecular interaction
types with the o-hole concept, and it has been shown that
many intermolecular interactions can indeed be explained as
o-hole interactions [23, 24]. It is now accepted that the exis-
tence of a o-hole on an atom of a group IV-VII element is
responsible for the formation of halogen [25-27], chalcogen
[28-30], pnicogen [31-34], and tetrel [35—38] bonds.
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The pnicogen bond has recently been recognized as a new
and important type of intermolecular interaction, based on the
results of experimental [39—41] and theoretical [42—50] stud-
ies. In view of the role of the o-hole in pnicogen bonding, the
electrostatic interaction appears to be the main contributor to
the stability of pnicogen-bonded complexes [49, 51]. As a
result, the pnicogen bond becomes stronger with increasing
pnicogen atomic mass [49, 51]. On the other hand, Scheiner
thought that the stability of pnicogen-bonded complexes can
be partly ascribed to charge transfer from the bonding orbital
in a Lewis base to an antibonding orbital in the pnicogen
donor [44]. Energy decomposition results also support this
hypothesis for the origin of pnicogen bonds based on electro-
static potentials and orbital interactions. Although research
into pnicogen bonding has only just started, the types of Lewis
base that participate in it vary; they include lone pairs on F, N,
and O atoms, 7t electrons in unsaturated hydrocarbons or aro-
matic compounds [51-53], o electrons in metal hydrides [49,
54], and single electrons in radicals [55], anions [56], and
carbenes [57]. The presence of so many studies of pnicogen
bonds in the literature can be attributed to the fact that
pnicogen bonding plays important roles in crystal materials
[38, 52, 58], chemical reactions [55], and biological systems
[59]. The above applications of pnicogen bonding are depen-
dent on its directionality and strength. The introduction of
substituents is an effective means of regulating the strength
of a pnicogen bond. It has been demonstrated that pnicogen
bond strength is reinforced by the presence of an electron-
withdrawing substituent on the Lewis acid center and/or an
electron-donating one on the Lewis base center [44, 60]. An-
other method of tuning the strength of a pnicogen bond is
through cooperative effects generated by combining the
pnicogen bond with other interactions [49, 60—67]. In the
clusters (PH,F),, and (PH,Cl),, n=2-7, the pnicogen bonds
strengthen as the length of the chain increases due to cooper-
ative effects between the pnicogen bonds (caused mainly by
the electrostatic interaction) [61]. The pnicogen bond in
(PH,F), is also strengthened when an F-H---F hydrogen bond
is introduced into this cluster [62]. The F-H-F hydrogen
bond enhances the pnicogen bond in PH,F-NH,F when it
forms at the P—F end, but it weakens the pnicogen bond when
it occurs at the N—F end [63]. It has been shown that the
pnicogen atom acts as a dual Lewis acid-base [66, 68]. Inter-
estingly, however, in the complexes H;N-+-FH,X--MCN (X =
P, As; M = Cu, Ag, Au), where a pnicogen bond coexists with
a coordination interaction, the stronger coordination interac-
tion strengthens the weaker pnicogen bond while the pnicogen
bond weakens the coordination interaction [68].

Cooperative effects are an important driving force for the
formation of new chemical species, and play a critical role in
accomplishing the functions associated with intermolecular in-
teractions. In the work reported in the present paper, we studied
the cooperative effects between the pnicogen bond and the triel
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bond in BF3NCXH2H20 and BF3NCXH2NH3 (X = P,
As, Sb) complexes, as shown in Fig. 1. The changes in the
strengths of both of these bonds were estimated by analyzing
binding distances, interaction energies, and electron densities.
To unravel the mechanism for the cooperativity effects in these
systems, natural bond orbital (NBO), molecular electrostatic po-
tential, and energy decomposition investigations were per-
formed for these complexes.

Theoretical methods

All calculations were performed using the Gaussian 09 pro-
gram [69]. The structures of the complexes and the respective
monomers were optimized using the second-order Maller—
Plesset perturbation theory (MP2) with the aug-cc-pVTZ basis
set for all atoms except antimony (Sb). The aug-cc-pVTZ-PP
basis set, which uses small-core relativistic pseudopotentials
to describe the inner core orbitals, was used for Sb to account
for relativistic effects. Frequency calculations were carried out
at the same level to confirm that the optimized structures were
local minima on their potential surfaces. Interaction energies
were computed with supermolecular methods in which the
geometries of BF; were frozen in the complexes and those
of other monomers were optimized. These quantities were
corrected for basis set superposition error (BSSE) by the coun-
terpoise procedure suggested by Boys and Bernardi [70].

Molecular electrostatic potentials (MEPs) on the 0.001-au
electron density contour were calculated at the MP2/
aug-cc-pVTZ level with the Wave Function Analysis—Surface
Analysis Suite (WFA-SAS) program [71]. Topological analy-
sis of all complexes was carried out using Bader’s theory of
Q_{
% R !
‘y‘{
Fig. 1 Schema defining geometric parameters of the BF5"NCXH,-H,O
and BF;-*NCXH,"NH; (X = P, As, Sb) ternary systems
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atoms in molecules (AIM) with the help of the AIM2000
software [72]. Natural bond orbital (NBO) analysis [73] was
performed at the HF/aug-cc-pVTZ level via procedures in-
cluded in Gaussian 09 in order to analyze orbital interactions
and charge transfer. An energy decomposition analysis of the
interaction energy was performed using the GAMESS pro-
gram [74] with the localized molecular orbital-energy decom-
position analysis (LMOEDA) method [75] at the MP2/
aug-cc-pVTZ level.

Results and discussion
Pnicogen-bonded and triel-bonded dyads

Due to the electron-deficient nature of the boron atom, this
atom is often considered a Lewis acid, i.e., it presents electron
depletion (it has a 7-hole) [76]. As a result, the boron atom in
BF; forms a triel bond with the N atom of NCXH, (X =P, As,
Sb). It is obvious from Fig. 1 that, upon the formation of the
triel bond (i.e., with complexation), the planar BF; monomer
becomes umbrella-structured; this phenomenon has also been
observed in many Lewis acid—base complexes of BF; [1-12].
It has been shown that the structures of BF; complexes have
structures that are between trigonal and tetrahedral [22]. This
deformation is expected to be more prominent in the com-
plexes with stronger triel bonds, as evidenced by a larger F—
B-N angle (Table 1). As the atomic number of the pnicogen
increases, the B--N distance shortens and the interaction en-
ergy becomes more negative, indicating that the triel bond
strengthens. Grabowski stressed the importance of electrostat-
ic interactions in triel bonds, based on the relationship be-
tween the electrostatic potential of the 7t-hole of the triel atom
and the interaction energy [22]. Thus, we attempted to explain
changes in the strength of triel bonding by linking them to

Table1 Equilibrium distances (R,/R,, A), changes in the lengths of the
C=N and C-X bonds (Ar, A), bond angles (o/f3, degrees), shifts in the
stretching frequency of the C=N bond (Av, cm '), and interaction
energies (AF, kcal/mol) in the binary systems

changes in the negative electrostatic potential on the N atom
of NCXH, (Table 2). It is clear that the electrostatic potential
on the N atom of NCXH, becomes more negative when X is
changed from P to Sb, due to the smaller electronegativity of
the Sb atom. This is in line with the strength of triel bonding.
The triel bond is stronger in BF3-“NCXH, than in BF5--"NCH,
which has a binding distance of 2.364 A and an interaction
energy of —5.2 kcal/mol at the MP2/aug-cc-pVTZ level [22].
This shows that the group XH, is an electron donor when it is
adjoined with the electron-withdrawing group CN.

The pnicogen bonds in the NCXH,-"H,O and NCXH,
NH; complexes are o-hole interactions, unlike the triel bond
in BF;--NCXH,. The strength of the pnicogen bond is depen-
dent on the nature of atom X and the Lewis base. That is, the
pnicogen bond is stronger (the binding distance is shorter and
the interaction energy is larger) when X is heavier. This is
consistent with the negative electrostatic potential on the X
atom (Table 2). As expected, the presence of the stronger
Lewis base NH; leads to a stronger pnicogen bond than the
presence of the weaker Lewis base H,O. Clearly, the pnicogen
bonds in the NCXH,*H,O and NCXH,'NH; complexes are
much weaker than the triel bond in BF5--"“NCXH,. In addition,
the pnicogen bond in NCPH,'*NH; is weaker than that in
FPH,--"NH; [44], even though —CN is a stronger electron-
withdrawing group. This means that other interactions besides
the electrostatic interaction, such as charge transfer, are also
important in the formation of pnicogen bonds [44]. A stronger
pnicogen bond corresponds to a better oriented pnicogen
bond, i.e., a bigger C—X-"N/O angle.

The formation of the triel bond causes a different change in
the C=N bond length and a different shift in its frequency to
those caused by the formation of the pnicogen bond. Specifi-
cally, the C=N bond is shortened by the formation of the triel
bond and the corresponding stretching vibration displays a
blueshift, while the C=N bond is elongated by the formation

Table 2  The most positive molecular electrostatic potential (MEP) on
the pnicogen atom (Vj,.x, kcal/mol) in each triel-bonded binary complex
and the most negative MEP on the N atom (V},,;,, kcal/mol) in each
pnicogen-bonded binary complex, as well as those parameters in the
corresponding monomers (in parentheses)

Complex Ri/Ry, Arcen Arcx alf Ave—ny  AE

BF;“NCPH, 1.877 —0.009 0.005 100.2 75 -16.89
BF;NCAsH, 1.829 -0.009 0.007 1009 84 -19.14
BF;NCSbH, 1.789 -0.010 0.016 101.5 90 =21.70
NCPH,~H,0 2939  0.000 0.007 161.8 -3 -3.66
NCAsH,~-H,O0 2907  0.001 0.012 160.5 -4 -3.94
NCSbH,~H,O 2.884  0.001 0.021 1592 -3 -5.01
NCPH,~NH; 2959  0.000 0.015 163.5 -7 —4.57
NCAsH,"NH; 2908  0.001 0.024 161.8 -8 -5.13
NCSbH,NH; 2.808  0.001 0.042 159.1 -8 -7.23

Complexes Vinax! Vinin AV

BF;-NCPH, 51.68 (36.61) 14.77
BF;-“NCAsH, 54.63 (38.38) 16.25
BF;--NCSbH, 61.83 (44.38) 17.45
NCPH,-H,0O —39.45 (—34.56) —4.89
NCAsH,*H,O —40.88 (—35.53) -5.35
NCSbH,'*H,O —42.99 (=36.90) —6.09
NCPH,'*NH; —40.57 (—34.56) —6.01
NCAsH,"NH; —42.35 (-35.53) —6.82
NCSbH,'"NH; —45.69 (—36.90) -8.79

AVis the difference in MEP between the complex and the monomer
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of the pnicogen bond and the respective stretching vibration
shows a redshift. Moreover, the C=N bond in the triel bond
shows a larger change in bond length and a larger frequency
shift than that in the pnicogen bond. The C—X bond is stretched
whether it is in the triel bond or in the pnicogen bond.

The existence of the triel bond and the pnicogen bond is
demonstrated by the presence of the BN and X:-O/N bond
critical points (BCPs) in Fig. 2, respectively. Table 3 shows
that the electron densities at these BCPs change in a manner
consistent with the strength of the corresponding interaction.
This supports a conclusion drawn based on numerous studies
of hydrogen bonds—that the electron density at the intermo-
lecular BCP often correlates with the strength of the interac-
tion [77]. The electron density at the BN BCP exceeds the
range 0.002—0.04 au suggested for hydrogen bonds [78]; it
corresponds to the (stronger) triel bond. The Laplacian of
the electron density at the B--*N BCP is positive for triel-
bonded complexes, indicating that it cannot be classified as
a covalent bond [79]. This also holds true for the pnicogen
bonds. However, the energy densities at the BN and Sb-"N
BCPs are negative, which is often attributed to a partially
covalent interaction [79]. For the remaining interactions, the
energy density is positive, corresponding to a pure closed-
shell interaction [79].

NCXH,H,0
N
o -9 X,
" !
NCXH,NH,

S

Fig. 2 Molecular maps of BF3--*NCXH,, NCXH,--H,0, and
NCXH,NHj3 (X =P, As, Sb) along with bond critical points (red points)
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Table 3  Electron density (p, au), Laplacian (V2p, au), and energy
density (H, au) at the intermolecular bond critical point in the binary
systems, as well as the second-order perturbation energy (E2, kcal/mol)
and charge transferred (CT, e) in those systems

Complexes p Vp H E? CT

BF;-“NCPH, 0.060 0.082 —-0.036 - 0.163
BF;NCAsH, 0.067 0.154 —0.041 - 0.187
BF;"NCSbH, 0.072 0.147 —0.047 - 0.206
NCPH,'H,O 0.011 0.043 0.002 3.54 0.007
NCAsH,+-H,0O 0.013 0.048 0.002 493 0.009
NCSbH,-H,0 0.016 0.056 0.001 7.76 0.017
NCPH,-"NHj3 0.015 0.042 0.001 6.56 0.018
NCAsH,NHj3 0.018 0.048 0.001 9.33 0.025
NCSbH,'"NH; 0.026 0.056 —-0.002 16.25 0.048

E? corresponds to the orbital interaction LPyx) — BD*c_x, where
LPy(o) is the lone pair on the N or O atom in the Lewis base and
BD*_x denotes the C—X antibonding orbital in NCXH, (X =P, As, Sb)

It was demonstrated that the two important orbital interac-
tions LPy — LP*g and LPy — BD*p_p are present in the triel
bond of the BF;--"NCH complex [22]. However, these orbital
interactions are not found in BF5---NCXH, because the corre-
sponding triel bond is classified as a covalent bond in the
NBO approach. For the pnicogen bond, there is the orbital
interaction LPyo) — BD*¢ x, where LPy(o) is the lone pair
on the N or O atom in the Lewis base and BD*_x denotes the
C—X antibonding orbital in NCXH, (X = P, As, Sb). This
orbital interaction correlates with the interaction energy of
the pnicogen bond, indicating that the orbital interaction is
also important for the formation of the pnicogen bond. This
orbital interaction is also responsible for the elongation of the
C—X bond in the pnicogen bond. It is clear that charge transfer
occurs from the Lewis base to the Lewis acid upon complex-
ation. The formation of the triel bond is associated with con-
siderable charge transfer, 0.16~0.21¢, consistent with the na-
ture of a covalent interaction. Clearly, the charge transfer in
BF;:---NCXHj, is much larger than that (0.034¢) in BF5--NCH
[20]. Less charge is transferred upon the formation of the
pnicogen bond, but the charge transfer is again correlated with
the interaction strength.

To elucidate the origins of the triel bond and the pnicogen
bond, the energies of both interactions were decomposed into
five components: electrostatic energy (E°), exchange energy
(E), repulsion energy (E™P), polarization energy (EP®'), and
dispersion energy (E*P). Table 4 shows that the triel bond has
a larger exchange energy, which corresponds to a bigger over-
lap between the molecular orbitals of both molecules, al-
though it also has a larger repulsion energy due to the shorter
distance between molecules. For the triel bond, the electrostat-
ic energy is comparable with the polarization energy. The
relatively large polarization energy suggests that the shapes
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Table 4 Values for the electrostatic energy (E°'), exchange energy
(E®™), repulsion energy (E'P), polarization energy (EP®), dispersion
energy (E%*P), and interaction energy (E™) in the binary systems. All
values are in kcal/mol

Complex Ecle EX E*P Epo! pdise gt
BF;-"NCPH, —39.57 —54.88 110.52 -3043 -2.64 -17.01
BF;NCAsH, —4437 —61.59 12494 -3589 -241 -19.32
BF;NCSbH, —49.21 -67.94 138.66 —41.38 -2.09 -21.96

NCPH;-H,0 -574 —-647 1105 -137 -120 -3.72
NCAsH,+H,O —-7.02 —-836 1447 -181 -131 —4.03
NCSbH,-H,O -10.18 —-12.72 2234 321 -138 —5.15
NCPH;"NH;3 —-9.05 -12.73 21.83 277 -199 —473
NCAsH,+NH; —-12.00 -16.87 29.53 380 -224 538
NCSbH, “NH; —19.76 —28.90 51.63 —8.03 -2.67 —7.72

of the orbitals change significantly, which is a typical charac-
teristic of the formation of a covalent bond. For the pnicogen
bond, the electrostatic interaction is dominant since the elec-
trostatic energy is more negative than the polarization and
dispersion energies. Very recently, Politzer and coauthors
pointed out that the Hellmann—Feynman theorem can provide
a straightforward interpretation of hydrogen-bond and other
o-hole interactions in terms of Coulombic interactions, which
encompasses polarization and therefore dispersion [80].

Interplay between the pnicogen bond and the triel bond

The geometric and energetic results computed for the ternary
complexes are summarized in Tables 5 and 6, respectively. For
the triel and pnicogen bonds, the binding distance is shorter
and the interaction energy more negative for the ternary com-
plexes than for the respective binary systems. This indicates
that both the triel bond and the pnicogen bond are stronger in
the ternary systems than in the binary systems. This conclu-
sion is further supported by the increases in electron density at
the B--N and X--*O/N BCPs in the ternary complexes as com-
pared to the binary complexes (Table S1 in the “Electronic
supplementary material,” ESM). The shortening of the BN
distance varies from 0.057 A in BF;--NCSbH,--H,0 to
0.116 A in BF5-~NCPH,-NHs; the shortening of the BN

distance is thus clearly related to the strength of the pnicogen
bond. For a given Lewis base in the pnicogen bond, the BN
distance shortens less as the pnicogen bond interaction
strength increases. However, for the same pnicogen atom,
the B-*N shortens more when the stronger Lewis base
(NH,) is used. The shortening of the X---O/N distance ranges
from 0.120 to 0.187 A, which is larger than the shortening of
the B-N distance. This result contrasts with that seen for
BF;--*NCH---NCH [81]; in this case, the B-*N distance
shortens much more than the H--N distance does. Obviously,
the dependence of the shortening of the X:+-O distance on the
strength of the triel bond is the reverse of the dependence of
the shortening of the X:+-N distance on the strength of the triel
bond. That is, enhancing the strength of the triel bond leads to
greater shortening of the X-+-O distance but less shortening of
the X--'N distance. When both the triel bond and the pnicogen
bond are strengthened, the F-B--*N angle increases a little
while the C—X-*O/N angle changes only slightly.

The increase in the bond interaction energy as a percentage
of the total interaction energy is more prominent for the
pnicogen bonds than for the triel bonds. The strengthening
of both the triel bond and the pnicogen bond in each ternary
complex indicates that these interactions show a synergistic
effect. The presence of this synergistic effect is further con-
firmed by the negative cooperative energy (Ecqop). The coop-
erative energy makes the largest contribution to the stability of
each ternary complex (17.1-25.6 % of the total interaction
energy). This contribution is larger than that of the
cooperativity between the hydrogen bond and the pnicogen
bond [50, 60]. Ec,op as a percentage of the total interaction
energy correlates with the strength of the triel bond and that of
the pnicogen bond. In particular, it increases when the Lewis
base is changed from H,O to NH; but decreases when it is
changed from P to Sb. As a result, the largest contribution is
obtained for the cooperative energy in BF3-“NCPH, ~-NH3.

The C=N bond is contracted in each ternary complex
(Table S2 in the ESM), and this contraction is larger than that
in the corresponding binary system, while the C—X bond is
elongated and its elongation is greater than that in the corre-
sponding binary system due to the interplay between the triel
bond and the pnicogen bond. The C=N stretching vibration
thus exhibits a blueshift for each ternary complex. The blue-
shifts for the ternary complexes of H,O are larger than those

Table 5 Equilibrium distances

(R, A) and bond angles (o/f3, Complex Ry Ry a e
degrees) in the ternary systems, as
Wel] as the changes 11’1 these BF3NCPH2H20 1785 (_0092) 2819 (_0120) 1018 (16) 1614 (_04)
parameters (in parentheses) BF;"NCAsH,H,0 1.762 (—0.067) 2.787 (—0.120) 102.2 (1.3) 160.5 (0.0)
relative to those of the BF,~NCSbH,H,0 1732 (-0.057) 2,742 (~0.142) 102.7 (1.2) 1593 (0.1)
corresponding binary systems
BF;NCPH,'NHj;3 1.761 (-0.116) 2.772 (—0.187) 102.1 (1.9) 164.0 (0.5)
BF;~NCAsH, "NH; 1.739 (=0.090) 2.724 (-0.184) 102.7 (1.8) 162.1 (0.3)
BF;-NCSbH,NHj; 1.708 (-0.081) 2.636 (—0.172) 103.3 (1.8) 158.7 (-0.4)

@ Springer



10 Page 6 of 7

J Mol Model (2016) 22: 10

Table 6 Total interaction energy

(AE ) of each ternary system, Complexes JAV e AErg AAEg AEzp AAE;g Ecoop

the interaction energies (AE) of

pnicogen bond (ZB) in each BF5"NCAsH,*H,O —28.46 —24.40 —5.26 =5.67 -1.73 —5.13 (18.0)
ternary system as well as the BF;~NCSbH,H,0 ~ -32.54  —2749  —579 725 224 ~557(17.1)
changes in these energies (AAE)

relative to those of the binary BF;NCPH,NH; 2925 2445 -7.56 678 -221 ~7.49 (25.6)
systems, and the cooperative BF;-"NCAsH,*"NH; -31.95 —26.75 —7.61 =7.72 -2.59 =7.37 (23.1)
energy (Ecoop) of each ternary BF;-NCSbH,~-NH; -37.88 -30.84 -9.14 -10.80 -3.57 ~8.65 (22.8)

system. All values are in kcal/mol

Data in parentheses are E, as percentages of the total interaction energy. Ec,op, Was calculated via Egoop =
AE\ i — AETR(D) — AEzp(D) — AEy,, in which AErg(D) and AEzg(D) are the interaction energies of the
optimized dimers BF5-*NCXH, and NCXH,--H,O/NHj, respectively, while AEy, is the interaction energy
between BF; and H,O/NH3, with their geometries frozen in the ternary complexes

for the corresponding BF;3--"NCXH, complexes but smaller
than those for the ternary complexes of NH;.

When NCXH, forms a pnicogen bond with H>O or NHj3, the
negative MEP on the N atom of NCXH, is larger than that on
the N atom of the NCXH, monomer (Table 2). This shows that
the N atom of NCXH, in the NCXH,-H,O and NCXH,~"NHj3
complexes is a stronger Lewis base when there is a triel bond,
so the electrostatic interaction enhances the triel bond in each
ternary complex. When NCXH, forms a triel bond with BF;,
the positive MEP on the X atom of NCXHj, is larger than that
on the X atom of the NCXH, monomer (Table 2). Furthermore,
the increase in the positive MEP on the X atom of NCXH,
shows a consistent change as the pnicogen bond is strength-
ened. This indicates that the enhancement of the pnicogen bond
can mainly be attributed to the electrostatic interaction.

Table 7 presents the charge transferred in the triel bond and
the pnicogen bond as well as the second-order perturbation
energy of the pnicogen bond in each ternary complex. It is clear
that more charge is transferred in both interactions in the ternary
complexes as compared to the corresponding binary com-
plexes. However, this increase in the charge transferred shows
a consistent change with increasing interaction energy of the
pnicogen bond, but not with increasing interaction energy of
the triel bond. The LPyny — BD*c_x orbital interaction is

Table 7 Charge transferred (CT, e) in the triel bond (TB) and the
pnicogen bond (ZB) of each ternary system as well as the difference in
charge transferred (A) with respect to the corresponding binary systems;
the second-order perturbation energy (E2, kcal/mol) in each ternary
system is also shown

Complex CTig ACTrg CTys ACT, E AE?
BF;NCPH,~H,0 0212 0.049 0.012 0.005 538 1.84
BF;NCAsH,~H,0 0224 0037 0.015 0.006 735 242
BF;NCSbH,*H,0 0242 0.036  0.026 0.009 1228 4.2
BF;"NCPH,~NH; 0224 0.061  0.035 0017 1167 5.1
BF;"NCAsH,~NH; 0238 0.051  0.047 0022 1686 7.53
BF;"NCSbH,NH; 0259 0.052  0.078 0.030 2661 1036

@ Springer

stronger in the ternary complexes, and the increase in the asso-
ciated perturbation energy shows a consistent change with in-
creasing pnicogen bond interaction energy. This means that this
orbital interaction also enhances the pnicogen bond.

Conclusions

Ab initio calculations have been performed for the ternary com-
plexes BF;-"NCXH, Y (X =P, As, Sb; Y = H,0, NH;) and
their respective binary complexes. The triel bond in BF3-
NCXH, is partially covalent and becomes stronger when X is
changed from P to Sb. The pnicogen bond in NCXH, Y is
governed by the electrostatic interaction and becomes stronger
as the X atom becomes heavier and the Lewis base Y becomes
stronger. When the triel bond and pnicogen bond coexist in the
same ternary complex, both interactions are strengthened by
considerable cooperative energy. The pnicogen bond is en-
hanced more than the triel bond. The strengthening of both
the triel bond and the pnicogen bond can be explained by the
more negative electrostatic potential on the N atom in
NCXH, Y and the more positive electrostatic potential on
the X atom in BF5-"NCXH,, respectively.
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