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Abstract
The influence of hybridization, substitution, and solvation on the triel bond has been investigated in the complexes of RZH2···
NH3 (Z = B and Al). The magnitude of the π-hole on the triel atom is related to the nature of the Z atom and the hybridization of
R. CH3BH2 has the largest π-hole among RBH2, while for RAlH2 the largest π-hole is found in CH≡CAlH2. The interaction
energy is partly inconsistent with the magnitude of the π-hole on the triel atom and the orbital interaction from the N lone pair of
NH3 into the empty p orbital of the triel atom. The strongest B···N triel bond is found in CH≡CBH2···NH3, while the weakest Al···
N triel bond is in CH3AlH2···NH3. The strength of the triel bond is increased in solvents, and its enhancement is prominent with
the increase of solvent polarity. Solvents also change the nature of the Al···N triel bond from an electrostatic interaction to a
partially covalent one. The F substituent in the triel donor strengthens the triel bond, depending on the substitution position and
number.
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Introduction

Different Lewis acid–base interactions are ubiquitous in vari-
ous chemical, physical, and biological processes [1, 2]. Owing
to the diversity of Lewis acid centers, these Lewis acid–base
interactions are diverse, including hydrogen, halogen, and
tetrel bonds, but most of them can be classified as σ-hole
bonds [3–5]. The σ-hole is a region of depletion of the elec-
tron in the outer lobe of the half-filled p orbital that is involved
in a covalent bond [3–5]. Another type of Lewis acid–base
interaction is a π-hole bond, where the π-hole is a region of
electron deficiency situated in a direction perpendicular to a
center of a planar portion of a molecular framework [6–8]. An
interesting issue is to compare the strength of σ-hole and π-
hole bonds in different systems [9–12]. It was concluded that
in most cases the π-hole bond is stronger than the σ-hole
bond. This has an important implication in molecular recog-
nition since the latter is partly dependent on the interaction
strength. It was demonstrated that the π-hole bonds play

important roles in crystal engineering [14] and biological sys-
tems [15, 16]. Therefore, more attention was paid to the π-
hole bonds particularly those involving the C=O group
[17–20]. Another usual π-hole bond is the triel bond, which
is an attractive and highly directional Lewis acid–base inter-
action between a π-hole on the group III atom and a Lewis
base [21]. Previously, complexes combined by this interaction
were called partially bonded complexes since their binding
distances are in the intermediate range between a van der
Waals interaction and a covalent bond [22]. It should be noted
that a triel atom also provides a σ-hole if it is bonded with four
atoms or groups [23].

There are many theoretical and experimental studies on
triel bonding [24–34] because it is involved in some important
chemical processes particularly in the release of molecular
hydrogen in hydrogen storage materials [35, 36]. Besidesmol-
ecules with lone pairs, π systems [37, 38], metal hydrides [30,
39], and radicals [13] also engage in a triel bond. Some pre-
vious studies focused on the condensed-phase effects on the
structural properties in triel-bonded complexes with experi-
mental and theoretical methods [24, 27]. This is because triel
bonding shows some abnormal larger shortening in the bind-
ing distance when it combines with another weak interaction
[40]. On the other hand, triel bonding can compete with other
types of interactions. For example, BX3 (X = F, Cl, Br, and I)
can participate in lone pair···π, halogen···π, and triel bonding
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interactions with ethene, 1,2-difluoroethene, and
perfluoroethene, but triel bonding dominates over the other
two interactions [41].

The strength of a Lewis acid–base interaction is affected by
factors other than the nature of both the Lewis acid and base,
such as hybridization, solvation, and substitution. Usually,
when the hybridization of R adjoined to the Lewis acid varies
from sp3 to sp2 to sp, the stronger interaction is obtained. This
conclusion has been confirmed in the C–H···Y (Y is a Lewis
base) hydrogen bond [42–44], C–X···Y (X = halogen) halogen
bond [45], and C–SiF3···NH3 tetrel bond [10]. Solvents have
complicated effects on the strength of a Lewis acid–base in-
teraction, which is dependent on the type and strength of this
interaction as well as the polarity of solvent [46–48].
Theoretical studies showed that increasing the polarity of sol-
vent leads to strengthened halogen bonding and weakened
hydrogen bonding [46]. Then experimental evidence con-
firmed that hydrogen-bonded co-crystals are favorable in less
polar solvents, while halogen-bonded co-crystals in more po-
lar solvents [47]. This switching by solvents depends on the
relative strengths of both interactions [47]. Very recently, a
theoretical study unveiled the mechanism of solvent effect
on the strength of halogen bond [48]. Su and co-authors
thought that the influence of solvent on the strength of halogen
bond is mainly realized by modulating its polarization contri-
bution since polarization is more sensitive to the solvent ef-
fects than the other interaction terms [48]. F substitution in a
Lewis acid would enhance the strength of hydrogen bond
[49], halogen bond [50], and tetrel bond [10]. Thus, there
appears an issue: How do the hybridization, solvent, and sub-
stituent influence the strength and nature of triel bonding?

In this study, we selected RZH2···NH3 (Z = B and Al) as a
model to investigate the effect of hybridization on the strength
of triel bonding. These complexes were also explored in sol-
vents (heptanes and dimethyl sulfoxide (DMSO)) to study the
effect of solvents on the strength and nature of triel bonding.
From CH2=CHZH2···NH3, the hydrogen atoms of the
CH2=CH group were replaced by different numbers of F
atoms to probe the substitution effect on the strength of triel
bonding. These complexes were investigated in view of geo-
metrics, interaction energy, charge transfer, orbital interac-
tions, and electron density.

Computational details

The structures of the monomers and complexes were first
optimized at the MP2/aug-cc-pVDZ level. Frequency calcu-
lations at the same level confirmed that all structures are en-
ergetic minima since no imaginary frequencies were observed.
These structures were then re-optimized at the MP2/aug-cc-
pVTZ level to obtain more accurate results. The interaction
energies (ΔE) were calculated as differences between the

energy of the complex and the sum of energies of monomers
with their geometries in the complex, and they were corrected
for the basis set superposition error (BSSE) by the counter-
poise method [51]. All calculations were carried out within the
framework of the Gaussian 09 set of codes [52].

The atoms in molecules (AIM) analysis was used to find
the intermolecular bond critical points (BCPs) and to calculate
the corresponding topological parameters, including electron
density, its Laplacian, and total energy density. The AIM anal-
yses were performed with the use of the AIM2000 program
[53]. The molecular electrostatic potentials (MEPs) of the iso-
lated monomers have been analyzed with the Wave Function
Analysis-Surface Analysis Suite (WFA-SAS) program [54]
on the 0.001 a.u. electron density isosurface. The natural bond
orbital (NBO) method [55] implemented in Gaussian 09 was
applied to analyze orbital interactions and charge transfer at
the HF/aug-cc-pVTZ level. The localized molecular orbital-
energy decomposition analysis (LMO-EDA) method [56] was
used to decompose the interaction energy of the complex
using the GAMESS program [57] at the MP2/aug-cc-pVTZ
level. An analysis of natural orbital for chemical valence
(NOCV) was performed at the GGA-BPE-D3/QZ2P level
with the ADF program [58].

Results and discussion

MEPs

An analysis of MEP can provide some useful information for
interaction sites between two molecules and the correspond-
ing interaction strength. Figure 1 illustrates the MEP maps on
the 0.001 au molecular surfaces of monomers. Obviously, two
red areas with positive MEPs (π-holes) are found on the triel
atom, and their maximal values are also marked in Fig. 1. The
heavier triel atom has the bigger π-hole than the lighter ana-
logue due to its larger polarization and less electronegativity.
Thus, these π-holes act as a Lewis acid to bind with a base
such as NH3. When the hybridization of the triel atom is var-
ied, the π-hole is biggest in CH≡CAlH2 (CH3BH2) but
smallest in CH2=CHZH2. The biggest π-hole in CH≡CAlH2

can be attributed to the greatest electronegativity of the
acetenyl group, while both the biggest π-hole in CH3BH2

and the smallest one in CH2=CHZH2 cannot be explained
with electronegativity since the vinyl group has greater elec-
tronegativity than the methyl group.

How are these unexpected variations for theMEPs on these
triel atoms explained? We fall back on orbital interactions in
these molecules. In CH2=CHZH2, a conjugative effect occurs
between the π electrons on the C=C bond and the empty p
orbital of the triel atom, confirmed by an orbital interaction
from the π occupied orbital to the empty p orbital. The corre-
sponding perturbation energy is 36.48 and 13.90 kcal mol–1 in
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CH2=CHBH2 and CH2=CHAlH2, respectively. A similar or-
bital interaction is also present in CH≡CZH2 and the respec-
tive perturbation energy is 28.70 and 8.25 kcal mol–1 in
CH≡CBH2 and CH≡CAlH2. Another type of conjugative ef-
fect between the C–H σ orbital and the empty p orbital of the
triel atom is present in CH3BH2 and CH3AlH2 with the per-
turbation energy of 17.83 and 4.49 kcal mol–1. Such
conjugative effect results in an increase of electron density
on the triel atom and thus a smaller π-hole. It is found that
the conjugative effect is more prominent in RBH2 than that in
RAlH2. For a given triel center, the conjugative effect is de-
pendent on its hybridization, bigger from sp3 to sp to sp2. The
largest conjugative effect in CH2=CHZH2 is responsible for
the smallest π-hole on the Z atom. Therefore, the magnitude
of π-hole on the triel atom is a combinative result of the elec-
tronegativity of its adjoining group and the conjugative effect.
In addition, it should be noted that positive electrostatic po-
tential reflects the lower electronic density of the σ-hole as
well as contributions from other portions of the molecule [59].

The MEP on the π-hole of BH3 and AlH3 is respectively
47.1 and 87.3 kcal mol–1 [13], which is larger than that in
RZH2. This means that the alkyl group plays an electron-
donating role in RZH2 and thus decreases its positive MEPs.
If R is combinedwith a halogen atom, the positiveMEP on the
halogen atom increases from sp3 to sp2 to sp, which is differ-
ent from that on the triel atom.

Hybridization

Figure 2 shows the optimized structures of the dyads with the
binding distances. The binding distances are in the range of
1.648~1.660 Å and 2.057~2.076 Å in the B and Al

complexes, respectively, which are much shorter than the
sum of the van der Waals (vdW) radii of the corresponding
atoms (3.4 Å for B and N; 3.7 Å for Al and N) [60]. The
binding distance in the B complex is shorter from
CH2=CHBH2···NH3 to CH3BH2···NH3 to CH≡CBH2···NH3,
while the binding distance in the Al complex is shorter from
CH3BH2···NH3 to CH2=CHBH2···NH3 to CH≡CBH2···NH3.
Both of them are partly consistent with the positive MEP on
the π-hole of RZH2.

One also finds that the planar structure of the triel center is
distorted in the complex. This deformation can be estimated
with deformation energy in Table 1. The deformation energy
is defined as the energy difference between the isolated mol-
ecules and the molecules at the geometry of the complex. This
term in the B complex is three times larger than that in the Al
counterpart. Thus, the deformation has a larger contribution to
the stability of the B complex.

From Table 1, it is seen that the interaction energy of the B
complex depends on the B hybridization, being more negative
from sp2 to sp3 to sp, while the interaction energy of the Al
complex is also largest in CH≡CAlH2···NH3 but is almost
equal in CH3AlH2···NH3 and CH2=CHAlH2···NH3. The inter-
action energy in the B complex is more negative than that in
the Al analogue, inconsistent with the positive MEP on the π-
hole of RZH2. This abnormal result is primarily attributed to
the larger deformation energy in the B complex. The interac-
tion energies of BH3···NH3 and AlH3···NH3 were calculated to
be −40.09 and −32.87 kcal mol–1, respectively, which are
more negative than that in CH≡CZH2···NH3 but less negative
than that in CH3ZH2···NH3 and CH2=CHZH2···NH3.
Obviously, only the former result is consistent with the posi-
tive MEP of the π-hole of the triel atom.

Fig. 1 MEP maps of the monomers on the 0.001 a.u. electron density isosurface. Color ranges, in au, are: red, greater than 0.0193; yellow, between
0.0193 and 0.0108; green, between 0.0108 and −0.0030; and blue, less than −0.0030
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The formation of triel bonding leads to a big charge transfer
within 0.14–0.38e, which is partly due to the large distortion
of RZH2. The charge transfer in the B complex is bigger than
that in the Al analogue, consistent with the interaction energy;
specifically, the charge transfer in the B complex is more than
twice that in the Al complex. However, the interaction energy
in the former is one time larger than that in the latter. On the
other hand, the charge transfer becomes bigger from
CH3ZH2···NH3 to CH2=CHZH2···NH3 to CH≡CZH2···NH3.

This order is in line with the interaction energy in the Al
complex but some inconsistencies are found between them
in the B complex.

Intermolecular orbital interactions were not discerned in
NBO calculations; thus, their contribution was analyzed by
natural orbital for chemical valence (NOCV) with the ADF
program. Red and blue areas represent charge density de-
crease and increase, respectively. According to the color of
deformation densities in Fig. 3, charge shifts from the N atom

Fig. 2 The optimized structures
of the dyads and binding
distances are given in angstrom

Table 1 Interaction energy (ΔE,
kcal mol–1), deformation energy
(DE, kcal mol–1), charge transfer
(QCT, e), electron density (ρ, au),
Laplacian (∇2BCP, au), and energy
density (H, au) at the bond critical
point

dyads ΔE DE QCT ρ ∇2ρ H

CH3BH2···NH3 −39.31 −12.58 0.3463 0.0997 0.5134 −0.0570
CH2=CHBH2···NH3 −38.58 −13.06 0.3539 0.1004 0.5037 −0.0585
CH≡CBH2···NH3 −44.49 −13.07 0.3744 0.1057 0.4943 −0.0651
CH3AlH2···NH3 −31.36 −3.41 0.1429 0.0475 0.2871 0.0015

CH2=CHAlH2···NH3 −31.43 −3.51 0.1433 0.0481 0.2859 0.0011

CH≡CAlH2···NH3 −35.12 −3.73 0.1521 0.0504 0.3041 0.0007

Note: QCT is the sum of charge on all atoms of RZH2.
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into the triel atom in all interactions. From the shape of defor-
mation densities, we think that an orbital interaction between
the lone pair orbital on the N atom and the empty p orbital of
the triel atom is present. This orbital interaction contribution
increases from sp3 to sp2 to sp, and its value in the B complex
is almost triple that in the Al complex.

An AIM analysis can be used to predict the presence of an
interaction and to estimate its strength and type. A bond crit-
ical point (BCP) is present between the Z and N atoms, and its
electron density, Laplacian, and total energy density are given
in Table 1. For a given Z···N interaction, the electron density
also varies with the hybridization of R, being larger from sp3

to sp2 to sp. The value of Laplacian is positive for all

complexes, indicating the electron density is depleted at the
Z···N BCP. However, the sign of energy density varies depen-
dent on the nature of the triel atom. That is, it is positive in the
Al complex but is negative in the B complex. According to the
proposition of Koch and Popelier [61], the B···N interaction
has a partially covalent character, while the Al···N interaction
is basically electrostatic in nature.

In order to further explore the nature of the triel bond, we
divided the interaction energy into five parts in Table 2: elec-
trostatic energy (Eele), exchange energy (Eex), repulsion ener-
gy (Erep), polarization energy (Epol), and dispersion energy
(Edisp). Eele is defined as the Coulomb energy between the
two unperturbed partners, Eex is chiefly caused by the overlap

Fig. 3 Deformation densities of
the pair-wise orbital interactions
in the dyads at the GGA-BPE-D3/
QZ2P//MP2/aug-cc-pVTZ level.
The associated orbital interaction
energies are given in kcal mol–1.
The color code of the charge flow
is red–blue and the isovalue is
0.005 au
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of molecular orbitals, Erep mainly originates from Pauli repul-
sion, Epol is defined as the energy lowering due to the intra-
molecular relaxation of each molecule’s ALMOs in the field
of all other molecules in the system, and Edisp is derived via a
supermolecule approach using size-consistent correlation
methods, such as MP2 and CCSD(T). The exchange energy
is much larger than the electrostatic energy in the B complex,
while both terms are almost equal in the Al complex. Because
the repulsion energy depends on the exchange energy and they
cancel each other, we do not focus on both terms. Considering
the B···N interaction or the Al···N interaction, three attractive
terms (Eele, Epol, and Edisp) are more negative from electrostat-
ic to polarization to dispersion, as shown in Fig. 4. The elec-
trostatic energy is about twice that of the polarization energy
in the Al···N interaction; thus, this triel bond is electrostatically
dominated. For the B···N interaction, electrostatic and polari-
zation energies are comparable; thus, this interaction is mainly
determined by a combination of electrostatic and polarization.

In the B complexes, the relatively larger Epol means that the
shape of the orbitals has undergone a large change, which is
consistent with the deformation of the RBH2 molecule. Both
Eele and Epol are more negative from sp3 to sp2 to sp, while
Edisp has a slight change with the hybridization. Each term in
the B complex is greater than that of the Al complex and their
largest difference is found for Epol, indicating the boron atom
is more easily polarized. Politzer et al. [62] pointed out that
noncovalent interactions are Coulombic, with inclusion of po-
larization and dispersion, and thus the above energy decom-
position analysis is necessary.

Solvent effect

It is interesting to study the strength of triel bonding in sol-
vents; thus, we placed the six complexes above into two sol-
vents of heptane and DMSO. Table 3 presents the changes of
binding distance, charge transfer, and electron density in the

Fig. 4 Dependence of energy
components on the hybridization
of carbon atom adjoined to the
triel atom

Table 2 Electrostatic energy
(Eele), exchange energy (Eex),
repulsion energy (Erep),
polarization energy (Epol), and
dispersion energy (Edisp); all
energies are in kcal mol–1

dyads Eele Eex Erep Epol Edisp

CH3BH2···NH3 −82.86(51.5%) −129.93 250.23 −66.94(41.6%) −11.06(6.9%)

CH2=CHBH2···NH3 −86.60(51.4%) −137.81 266.20 −70.66(42.0%) −11.11(6.6%)

CH≡CBH2···NH3 −90.44(51.2%) −137.91 268.69 −75.94(43.0%) −10.26(5.8%)

CH3AlH2···NH3 −59.51(67.3%) −57.78 113.98 −25.67(29.0%) −3.30(3.7%)

CH2=CHAlH2···NH3 −61.37(66.8%) −61.44 120.86 −26.92(29.3%) −3.61(3.9%)

CH≡CAlH2···NH3 −64.36(67.0%) −60.26 120.19 −28.78(29.9%) −2.97(3.1%)

Note: The percentage of each term relative to the sum of Eele , Epol , and Edisp is given in parentheses.
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solvent relative to in the gas phase. The binding distance is
shortened and charge transfer and electron density are in-
creased, indicating that the triel bond is strengthened in sol-
vents. This is because the B and Al atoms are easily polarized
by solvents and thus engage in a stronger triel bond.
Moreover, these changes are prominent with the increase of
solvent polarity. Although the shortening of the binding dis-
tance is greater in the Al complex than that in the B analogue,
both charge transfer and electron density have a larger in-
crease in the latter complex. As a result, the B···N treil bond
is greatly enhanced in the solvent relative to the Al···N treil
bond. Here the binding distance does not truly reflect the
strength of the triel bond in some cases, which supports the
conclusion that close contacts between atoms are not always a
reliable indicator of the actual interactions [63].

In both solvents, the binding distance shortens and electron
density increases from sp3 to sp2 to sp for either the B complex
or the Al complex, indicating that the strength of triel bond is
stronger following the same order, which is different from that
in the gas phase. Obviously, solvation has an important effect
on the strength of the triel bond. With enhancement of the triel
bond, its type is also varied. The energy density is from one
positive value in the gas phase to a negative value in the
solvent, becoming a partially covalent interaction.

Influence of F substitution

In this section, CH2=CHZH2···NH3 (Z = B, Al) was chosen to
study the influence of F substituents on the strength of triel
bonding, where different sites of H atoms in CH2=CHZH2 are
replaced by F substituents. Figure 5 shows the optimized
structures of F derivatives of CH2=CHZH2···NH3 (Z = B,
Al). For simplicity, the F derivatives of CH2=CHZH2···NH3

are denoted as nF-Z, where Z denotes a triel atom (B or Al)
and n is the number of F substituents (1–3). If one F substitu-
tion happens at the C position adjoined with the –ZH2 group,

NH3 is inclined to approach the triel atom along the side of this
F substitution since it is favorable for the attractive interaction
between the F atom and the NH group. Otherwise, NH3 at-
tacks the triel atom from the opposite side in 1F-Z-b and 2F-Z-
a, which is due to the presence of attractive interactions be-
tween the F atom at the terminal C atom and NH group. There
is one exception in 1F-Z-a, where its conformation is like that
in CH2=CHZH2···NH3. Clearly, the C–C–Z–H dihedral angle
has a prominent change in most complexes excluding 1F-Z-a
relative to the unsubstituted complex. It is noted that we tried
to make the conformations of F derivatives of CH2=CHZH2···
NH3 (Z = B, Al) uniform, but they change again into the ones
shown in Fig. 5.

Owing to the electron-withdrawing property, the F substi-
tution results in an increase of the positive MEP on the π-hole
of the triel atom (Table 4). Generally, the triel atom has a larger
MEP with an increase in F number. Moreover, the F substitu-
tion at the CH position causes a larger increase in the positive
MEP than that at the CH2 position. In addition, the F substi-
tution has the same effect on the π-hole of both B and Al
atoms.

Relative to CH2=CHZH2···NH3, the Z···N distance is short-
ened owing to the F substitution. However, no good linear
relationship is found between the Z···N distance and the pos-
itive MEP on the triel atom. For example, 1F-Al-b has the
shorter Al···N distance but the smaller positive MEP on the
Al atom than 1F-Al-a. Such inconsistency may be due to the
cooperativity between the triel bond and the F···H secondary
interaction as well as the conformation difference. Similarly,
the interaction energy is increased owing to the F substitution,
and the increase of interaction energy shows some inconsis-
tencies with the positive MEP on the triel atom. In addition,
the stronger triel bond is partly attributed to the increase of
charge transfer. Thus, we think that the triel bond should be
understood with a combination of electrostatic and orbital
interactions.

Table 3 Changes in the binding
distance (ΔR, Å), charge transfer
(ΔQCT, e), and electron density
(Δρ, au) of complexes in the
solvent relative to the gas phase as
well as the electron density (ρ, au)
and energy density (H, au) in the
solvent

R ΔR ΔQCT ρ Δρ Η

Heptane CH3BH2···NH3 1.647 −0.012 0.0166 0.1045 0.0048 −0.0726
CH2=CHBH2···NH3 1.647 −0.012 0.0174 0.1054 0.0049 −0.0741
CH≡CBH2···NH3 1.636 −0.012 0.0178 0.1107 0.0051 −0.0818
CH3AlH2···NH3 2.056 −0.020 0.0112 0.0506 0.0031 −0.0011
CH2=CHAlH2···NH3 2.053 −0.020 0.0121 0.0511 0.0031 −0.0015
CH≡CAlH2···NH3 2.038 −0.019 0.0121 0.0535 0.0031 −0.0023

DMSO CH3BH2···NH3 1.629 −0.030 0.0439 0.1126 0.0129 −0.0626
CH2=CHBH2···NH3 1.628 −0.032 0.0460 0.1137 0.0132 −0.0640
CH≡CBH2···NH3 1.618 −0.030 0.0463 0.1190 0.0134 −0.0712
CH3AlH2···NH3 2.022 −0.053 0.0320 0.0561 0.0086 −0.0015
CH2=CHAlH2···NH3 2.019 −0.053 0.0328 0.0568 0.0087 −0.0011
CH≡CAlH2···NH3 2.005 −0.051 0.0329 0.0593 0.0089 −0.0003
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Conclusions

We performed theoretical calculations for the complexes of
CH3ZH2···NH3, CH2CHZH2···NH3, and CHCZH2···NH3

(Z = B and Al) in view of the geometrics, energies, charge
transfer, orbital interactions, and AIM analyses. The main
conclusions are summed up as follows:

(1) The positiveMEPon theπ-hole of the triel atom inRZH2 is
related to the carbon hybridization of alkyl group R. It is
larger in the order of sp2 < sp < sp3 for the B atom but sp2 <
sp3 < sp for the Al atom. This is a combinative result of the
electronegativity of R and the conjugative effect.

(2) The triel bond is stronger in the sequence of sp2 < sp3 < sp
in the B complex but sp2 ≈ sp3 < sp in the Al complex.
Obviously, some inconsistencies between the interaction
energy and the positiveMEP on theπ-hole of the triel atom
are found for both B and Al complexes. These inconsis-
tencies are partly attributed to strong orbital interaction and
large polarization energy.

(3) Solvation not only reinforces the triel bond but affects its
nature as well. The interaction strength of both B and Al
complexes follows the same order: sp3 < sp2 < sp. The triel
bond in the Al complex varies from an electrostatic inter-
action in the gas phase to a partially covalent interaction in
solvent.

(4) The F substitution in the triel donor also strengths the triel
bond and its enhancing effect is related to the number,
position, and conformation of F substitution. The F substi-
tution causes a prominent change in the configuration of the
complex.

Fig. 5 The optimized structures of F derivatives of CH2=CHZH2···NH3

(Z = B, Al).

Table 4 Interaction energy (ΔE, kcal mol–1), binding distance (R, Å),
charge transfer (QCT, e) in the F-substituted complexes and their differ-
ence (Δ) relative to the unsubstituted complexes as well as the most
positive MEP on the π-hole of the Z atom (Vmax, kcal mol–1) in the F-
substituted molecules

Dyads ΔE ΔΔE R ΔR QCT ΔQCT Vmax

1F-B-a −38.69 −0.11 1.659 −0.001 0.3549 0.0010 27.07

1F-B-b −51.15 −12.57 1.636 −0.024 0.3758 0.0219 27.32

1F-B-c −48.64 −10.06 1.642 −0.018 0.3732 0.0193 34.11

2F-B-a −45.73 −7.15 1.644 −0.016 0.3684 0.0145 28.83

2F-B-b −45.07 −6.49 1.645 −0.015 0.3724 0.0185 34.73

2F-B-c −48.19 −9.61 1.644 −0.016 0.3740 0.0201 35.17

3F-B −46.95 −8.37 1.646 −0.014 0.3727 0.0188 35.68

1F-Al-a −32.50 −1.07 2.069 −0.004 0.1454 0.0021 75.94

1F-Al-b −37.33 −5.90 2.049 −0.024 0.1514 0.0081 75.69

1F-Al-c −38.24 −6.81 2.053 −0.020 0.1522 0.0089 81.28

2F-Al-a −36.40 −4.97 2.054 −0.019 0.1512 0.0079 78.20

2F-Al-b −38.32 −6.89 2.053 −0.020 0.1531 0.0098 83.73

2F-Al-c −38.45 −7.02 2.054 −0.019 0.1518 0.0085 83.79

3F-Al −38.76 −7.33 2.053 −0.020 0.1528 0.0095 85.42
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