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ABSTRACT



A search has been conducted, by means of ab initio molecular orbital theory, for potential tetrel-bonded
complexes between the fluorinated methanes methyl fluoride, difluoromethane and fluoroform, and the related
hydrides ammonia, water, hydrogen fluoride, phosphine, hydrogen sulphide and hydrogen chloride. Eleven
such complexes have been identified, six containing CH3F and five CHoF5. The complexes are typically less
strongly bound than their hydrogen-bonded counterparts, and the interaction energies vary in a consistent
way with the periodic trend of the electron donors. The intermolecular separations and changes of the relevant
intramolecular bond lengths, the wavenumber shifts of the critical vibrational modes, and the extents of
charge transfer for the atoms most closely involved in the interactions correlate, by and large, with the
strengths of interaction.
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1. Introduction The carbon bond interaction [1-4] is one of a family of non-covalent interactions [5]
in which a nucleophile donates electronic charge into a CX o* orbital at the carbon “end” of the
CX bond. This interaction has subsequently been described as a tetrel bond, in order to recognize
that such attractions can also occur with other atoms of the tetrel group, group 14, namely Si, Ge,
Sn and Pb [6-10]. Non-covalent interactions have generated a great deal of interest in recent years,
and the halogen bond [11-14], chalcogen bond [15,16], pnicogen bond [17-19] and triel bond [20-22],
associated with electron acceptor atoms of elements of groups 17, 16, 15 and 13, have been the subject
of numerous important studies. Including the hydrogen [23], lithium [24] and beryllium bonds [25], this
range of non-covalent interactions now covers representative elements of the main groups of the entire
periodic table, with the exception of group 18. We have reported our studies of the complexes formed
between the fluorinated methanes methyl fluoride, difluoromethane [26] and fluoroform [27], and the
hydrides XH, (X =N, O, F, P, S, Cl, n = 1 to 3), in an effort to identify the presence of blue-shifting
hydrogen bonds [5,28], which might be responsible for the stabilities of the complexes. This range of
substituted methane derivatives suggests that alternative structures may exist for the adducts, in which
stability is attributed to the existence of tetrel-bonded interactions. We have therefore undertaken a
comprehensive study of the properties of the potential tetrel-bonded complexes formed between the
same three substituted methanes and the six hydrides, representing a 3 X 6 matrix of binary adducts,
of which it was hoped that at least some might be found to possess isomeric structures which could be
described as being tetrel-bonded. Numerous papers have been devoted to experimental spectroscopic
studies of complexes of difluoromethane [29] and fluoroform [30-35] and the electron donors of interest
here, particularly in the gas phase and in cryogenic matrices. These experimental reports have been
augmented by a large number of theoretical studies focussed on complexes of CH3F [26,36-47], CHoF5
[26,29,36-42,47] and CHF3 [27,32-40,42,45,47-55] with NHj3, H,O, HF, PH3, HoS and HCl. Apart from
the six hydrides of interest in this work, there are reports in the literature of the properties of the
complexes of CH3F, CHoFs and CHF3 with a variety of other electron donors, both experimentally
[33,56-70] and theoretically [33,39,40,43,46,53-55,59,62-66,68,70], ranging in size from Ny, CO, COq
and HCN [46,56,62,68] to tropolone [60]. Since the recognition of the tetrel bond, Mani and Arunan
have re-examined the complexes of CH3F with NHj3, HoO, HF, PH3, HoS and HCI [1,2,4] in studies
aimed at identifying the existence of tetrel-bonded adducts among this set, paralleling the approach
we have adopted in the present work.

2. Computational Methodology The calculations were performed using Gaussian-16 [71], at the second
order level of Mgller-Plesset perturbation theory [72] and with the aug-ce-pVTZ basis sets of Dunning
[73,74]. Interaction energies were computed from the energies of the optimized structures of the com-
plexes and of the interacting monomers, and were corrected for basis set superposition error (BSSE)
[75] by the counterpoise procedure of Boys and Bernardi [76], and for vibrational zero-point energy
differences. The interaction energies were decomposed into their various components (electrostatics,
exchange, induction and dispersion) using symmetry-adapted perturbation (SAPT) theory [77], by
making use of the Psi4 code of Turney and co-workers [78]. The specific interactions among the various
monomer molecular orbitals which were responsible for the stabilities of the complexes were revealed
by using Weinhold’s natural bond orbital (NBO) theory [79] through version 3.1 of the NBO program



[80] implemented in the Gaussian-16 suite [71].
3. Results and Discussion
4. Molecular Structures

The properties of the minimum energy structures of the methyl fluoride complexes are set out in Table
1, which describes the structures and lists the point groups and minimized energies of each species. The
corresponding results for the hydrogen-bonded complexes reported earlier [26] are included for comparison.
The structures are illustrated in Figure 1, which indicates that the interactions responsible are uniformly
C...X tetrel-bonded, in which a lone pair orbital on the X atom of the nucleophile approaches the CHzF
tetrahedron perpendicularly to the HHH face and interacts with the o*(CF) orbital. These findings are
consistent with those of Mani and Arunan [1,2,4].

In the case of the CHsF5 complexes, two possibilities present themselves, one in which the electron donor
approaches the CHyF3 tetrahedron via a HHF face, interacting through a o*(CF) orbital (structure 1) and
the other in which it presents through a HFF face, interacting with a *(CH) orbital (structure 2). This
distinction has also been observed by Scheiner et al . [36,39,40,42]. The results for the structure 1 complexes
are shown in Table 2 and indicate that in all cases except that of the CHyFo . HF complex, interaction is
through a C...X tetrel bond. Table 2 also includes the corresponding results for the hydrogen-bonded series
[26]. The exception among the structure 1 adducts is that of the CHoFo . HF complex, which relaxed to a
FH...F hydrogen-bonded isomer. These structures are shown in Figure 2, which indicates that, based on
the apparent close approach of some of the atoms, in some cases there is the possibility that a secondary
interaction exists, of the XH...F, F...P or F...Cl type (X =N, O, S).

The results for the second possibility (structure 2) are given in Table 3, along with the hydrogen-bonded data
[26], and are illustrated in Figure 3. For this series the only complex which exhibits tetrel-bonded behaviour
is the CHoF5. HCI species, which is stabilized by a C. .. Cl interaction. This structure is very similar to that
of the structure 1 variant (see Table 2 and Figure 2). The five remaining structure 2 complexes feature either
CH...N or XH...F hydrogen bonds (X = O, F, P, S).

The complexes featuring CHF3 are found to be exclusively “reverse hydrogen-bonded” through XH...F (X
=N, F, P, S, Cl) bonds (see Table 4 and Figure 4), the exception being CHF3.H50, which optimized with
the same structure as that found in ref. 27.

Interaction Energies Table 5 lists the interaction energies, corrected for BSSE and for zero-point energy
differences, of all 24 complexes, both tetrel-bonded and hydrogen-bonded [26,27]. Among the CH3F com-
plexes the interaction energies of the tetrel-bonded species are extremely small, and vary over only a small
range. They are regularly lower than those of the hydrogen-bonded variants, in some cases substantially
so. The computed interaction energies vary almost monotonically in the order NH3; > HoO > HF > PHj
> HsS > HCI, and they track with the natures of the electron donors in a regular way, correlating with
some relevant properties of the donors such as their gas phase basicities [81] and polarizabilities [82]. A
plot of the interaction energies versus the gas phase basicities is shown in Figure 5a, while the correspond-
ing plotversus the polarizabilities is illustrated in Figure 5b. While for the hydrogen-bonded isomers the
interaction energies decrease smoothly with increasing gas phase basicity and polarizability of the partner
molecule [26], with separate trend lines for the first row and second row electron donors, in the case of the
tetrel-bonded variants, the trends are in the reverse direction, although in the tetrel-bonded series the spread
of energies is only a little over 3 kJ mol. This behaviour indicates a fundamental difference in the natures
of hydrogen and tetrel bonding. The interaction energies of the CHyFacomplexes (structure 1) are more
difficult to interpret, since the structures of the adducts with NHs, HoO, PH3, HoS and HCI feature the
possibility of a second interaction, which would enhance their binding energies. This is particularly evident
in the case of the PH3 and H3S complexes, where their negative interaction energies are transposed relative
to the positions of the donor atoms in the periodic table. The energies separate into two distinct groups,
with the NH3 and HsO-containing species forming one set and those with PH3, HoS and HCI the other, with
energies NH3 [?] HoO > PH3 [?] HpyS [?] HCL The plots of the interaction energies versus the gas phase
basicities (Figure 6a) and polarizabilities (Figure 6b) confirm the inverse dependences on these properties



for the hydrogen-bonded species [26] and the tetrel-bonded analogues, apart from the anomalous data point
for the HCI1 adduct. The structure 2 variant of the CHoF9.HCI complex is the only one of this set which
shows tetrel-bonded behaviour, and has very similar properties to those of the structure 1 counterpart. All
six of the complexes with CHF3 are described as “reverse hydrogen-bonded”; five of them involve bonds of
the XH...F type. The exception is the CHF3.H2O adduct, which is stabilized by a CH...O interaction,
with a substantially larger binding energy, similar to that found earlier [27]. The remaining five interaction
energies depend almost linearly on the gas phase basicities. A SAPT decomposition analysis [77] of the
interaction energies into their attractive (electrostatics, induction and dispersion) and repulsive (Pauli ex-
change) components, for both the tetrel-bonded and hydrogen-bonded families produced the results shown
in Tables 6 and 7 respectively. These findings indicate that for the tetrel-bonded adducts the electrostatics
contribution dominates the dispersion for the first row donors, but that the reverse is true for the second
row analogues; in either case the electrostatics and dispersion components decrease fairly regularly in par-
allel with the total interaction energies. The induction component is a minor contributor to the binding
process. For the hydrogen-bonded series, on the other hand, the electrostatics contributions, and to a lesser
extent the dispersion terms, increase steadily with increasing total interaction energy, while the induction
component makes a far more significant contribution. A further distinction between the tetrel-bonded and
hydrogen-bonded series is that in the first case the exchange contribution decreases regularly in the orders
NH3> H>0O > HF and PH3 > HyS > HCI, while for the second group the exchange term varies consistently
in the reverse direction. These distinctions between the relative importances of the various components of
the interaction energy help to explain the fundamental differences in the ways in which the hydrogen-bonded
and tetrel-bonded complexes achieve their stability. The SAPT energy decompositions for the CHoFy com-
plexes (Tables 6 and 7) confirm the lack of regularity in the behaviour of the tetrel-bonded set, except
that the induction component is relatively unimportant, while the dispersion term is fairly constant. The
hydrogen-bonded group shows fairly well-behaved trends in the values of the electrostatics and induction
terms, while the dispersion contributions are relatively independent of the nature of the electron donor. The
total interaction energies determined at the SAPT2 level (Tables 6 and 7) correlate virtually linearly with
those computed using MP2 (see Table 5).

Intermolecular Structural Parameters

The relevant intermolecular geometries of the tetrel-bonded CH3F complexes are collected in Table S1 of the
Supplementary Information. These are the C...X bond lengths, and the HC...X and HX...C bond angles.
The C. .. X separations correlate directly with the interaction energies, consistent with the dependence of the
interaction energies on the gas phase basicities and polarizabilities (Figures 5 and 6). While, for conventional
hydrogen-bonded interactions, the separation of the bonded atoms normally decreases with increasing binding
energy, the reverse is true for the tetrel-bonded complexes considered here, emphasizing the contrast between
the two types of interaction. The C...X separations are plotted against the interaction energies in Figure 7.

The computed HC...X angles (Table S1) are remarkably invariant to the nature of the bonding partner,
and approximate the complement of the tetrahedral FCH angle, confirming the near linearity of the FC...X
interaction, while the HX. .. C angles are determined largely by the values of the internal HCH angles.

The corresponding intermolecular geometry information for the structure 1 series of CHoFo complexes is
presented in Table S2 in the Supplementary Information. In addition to the C...X separations, for the
complexes with NHs, H,O, PHs, HoS and HCI there is evidence of a second interaction (see Figure 2). The
dependence of the C...X bond distances on the interaction energies is illustrated in Figure 7, and for the
second row donors a similar relationship is observed to that for the CH3F family of complexes, except for
the juxtaposition of the PH3 and HyS data. This anomalous situation extends also to the NHz and HoO
adducts. The hydrogen-bonded H...F distances in the complexes with NH3z, H,O and H3S decrease with
increasing interaction energies in the expected manner for this type of interaction.

As a consequence of the variety of structural motifs adopted by the CHsFs adducts, the FC...X angles
do not appear to subscribe to a regular pattern (see Table S2), other than that the angles are close to the
complements of the FCF angles of the monomers. Similarly the XH...F and CF...H angles form two groups



with values close to 120 © and 90° respectively, the exception being the PH3 complex, where the CP... H
angle lying in the symmetry plane is close to 180 °.

Changes of Intramolecular Structural Parameters

The perturbations of the intramolecular CF and CH bond lengths of the tetrel-bonded CH3F complexes
are presented in Table S3. The CF changes increase regularly with increasing interaction energy, as shown
in Figure 8, in contrast with the expectation for conventional hydrogen-bonded interactions, once again
emphasizing the fundamental differences in the natures of the two types of interaction. The changes of the
CH bond lengths are minimal. In the case of the CHsF5 set of complexes (Table S4), the CF1 bonds are
remote from the sites of interaction and are relatively little affected, but the CF4 bonds, which are involved
in the secondary interaction in five of the complexes, follow the same pattern as the non-bonded CF bonds of
the CH3F set, and in fact, apart from the CHyF5.NH3zoutlier, the same virtually linear trend line in Figure
8 fits both families of adducts.

Vibrational Spectroscopic Changes of the CH3F and CHsF5 Molecules Vibrational wavenumber shifts are
often the experimentally-determined quantities most sensitive to the strength of intermolecular bonding.
The computed wavenumber shifts of the CH3F vibrations of the tetrel-bonded complexes of CH3F are listed
in Table S5. The modes most affected by the interactions are the CF stretching and the symmetric CHg
bending modes (both of a; symmetry in the isolated monomer). Both modes undergo consistent red shifts,
which increase regularly in the orders HF < HoO < NH3z and HC1 < H,S [?] PH3. The dependences of these
red shifts on the interaction energies are shown in Figure 9, revealing the expected monotonic relationship,
at least for the first row donors. For the second row donors the HyS data appear rather elevated, compared
with those for the PH3 and HCI complexes. The remaining mode wavenumber shifts of the CH3F complexes
are more modest. For the CHyF5 complexes the results are presented in Table S6. The vibrations of interest
here are the symmetric (a;) and antisymmetric (bg) CHsy stretching and the CHy bending (a;) modes. In
contrast with the CH3F complex data, while the CHs bending mode shifts consistently to the red, the two
CH; stretching vibrations undergo regular blue shifts. The shifts vary with the interaction energies in the
now-familiar way, including the transposition of the PH3 and H,S points, as illustrated in Figure 10, the data
points for the NH3 and HoO complexes also apparently representing anomalies. The variations of the infrared
intensities of the vibrations of complexed molecules can sometimes provide useful corroborative spectroscopic
information to that presented by the wavenumber shifts, particularly for strongly-bound complexes. The
complex/monomer intensity ratios of the vibrations of the CH3F and CHyF5 tetrel-bonded complexes are
reported in Tables S7 and S8. Consistent with the weak nature of the tetrel-bonded interactions in the
present case, the intensity ratios, with very few exceptions, lie in a band of a factor of two, and consequently
provide little additional insight into the nature of the tetrel-bonding phenomenon.

Molecular Orbital Interactions

The identities of the specific molecular orbitals of the interacting monomers whose interactions are responsible
for the formation of the complexes are revealed by a natural bond orbital (NBO) analysis [79]. Application of
the NBO feature of the Gaussian-16 program [71] yielded the results presented in Tables 8 (CH3F complexes)
and 9 (CHyFy complexes). The corresponding results for the hydrogen-bonded analogues from ref. 26 are
shown alongside those for the tetrel-bonded species which constitute the major thrust of this work. In the
case of the CH3F family, the interactions are consistently of the n - ¢ nature, with only a single donation;
there is no evidence of any back donation in any of the complexes. Where there is more than one lone pair
orbital associated with the donor atoms O and F, it is the one with a higher s:p ratio which is favoured
for interaction, e.g. 1p2(O) has a ratio of 1.11 while that for 1p1(F3) is 3.67; the less likely donor orbitals
tend to be almost pure p orbitals. For the complexes with HoS and HCI, by contrast, 1p2(S) and 1p3(Cl) are
essentially pure p orbitals, whose axes are almost collinear with the extensions of the CF bonds (see Figure
1). The second order perturbation energies track fairly regularly with the total interaction energies (Table
5), the exception once again being the CH3F.HyS adduct.

Among the hydrogen-bonded series of complexes the major sources of donation are from the fluorine lone



pairs of CH3F to the o*(XH) orbitals of the partner molecules. In each case two fluorine lone pairs are
involved and it is invariably the lone pair with almost total p character (Ip3) which is favoured over Ip1,
which has a s:p ratio varying from 2.53 to 2.63 (NH3, H,O, PH; and HsS) to 1.95 (HF) and 2.14 (HC).
The orientation of the favoured p orbital axes is close to perpendicular to the direction of the CF bond. The
second order perturbation energies for the hydrogen-bonded set are substantially greater than for similar
interactions in the tetrel-bonded series — in the case of the HF and HCI complexes by a very large amount.
There is evidence in the examples of the NH3, HF, PH3 and HsS complexes of back donation from N, P
and S lone pairs and the o(F3HT) orbital of HF to the o*(CH) and o*(CF) orbitals of CH3F, but these are
extremely weak interactions.

As shown in Table 9, the tetrel-bonded complexes of CHyF5 are characterized by donation from N, O, P,
S and Cl lone pairs of the partner molecule to the o*(CF1) orbitals of CHyF5, along the extension of the
CF'1 bond direction, similar to the situation for the corresponding CH3F adducts; these interactions are very
weak. In addition, there is back donation from the F4 atom lone pairs of CHyF5 into the o*(XH) orbitals
of the partner molecules, but these secondary interactions are also relatively weak. Figure 2 suggested
that there were potential additional interactions between the H atoms of NHs, HoO and HsS, and the P
and Cl atoms of PH3 and HCI, and the F4 atom of CHyF5, and this is now confirmed by the results of
Table 9. Again, donation occurs preferentially from the Ip3 lone pair of fluorine atom F4, which is aligned
almost perpendicular to the CF4 bond. Among the hydrogen-bonded CH3F5 complexes, Table 9 shows
that donation occurs from the N, O, P and S lone pairs to the o*(CH) and ¢*(CF) orbitals of CHyF5 and
there is back donation, mainly from fluorine lone pairs to the o*(XH) orbitals, but there is also a weak
interaction between the 6(CH3) and the o*(NHT) orbitals in CH3F3.NH;s. The predominant fluorine donor
orbital is almost exclusively the Ip2, which is essentially pure p. It is noteworthy that by far the strongest
hydrogen-bonded interactions among this set are the FH. .. F and CIH. .. F bonds, with almost linear XH...F
arrangements.

A further important quantity which is relevant to the rationalization of the nature of tetrel-bonded and
hydrogen-bonded interactions is the extent of charge transfer experienced by each atom in the complex.
This information is also provided by the application of the NBO analysis. The changes in the natural atomic
charges for the tetrel-bonded and hydrogen-bonded complexes of CH3F are given in Table 10. This table
also includes the corresponding results for the hydrogen-bonded complexes taken from ref. 26. For the CHzF
family of complexes, understandably the atoms most affected are C and F, the F atom accumulating charge
at the expense of the C atom, while the hydrogen atoms are very little affected. The extents of atomic charge
transfer for the tetrel-bonded set correlate almost monotonically with the interaction energies, as shown in
Figure 11a. The corresponding plot for the hydrogen-bonded analogues is given in Figure 11b, which shows
that for the first row donor molecules monotonic correlations exist, but for the second row donors similar,
but less convincing, relationships are observed.

Table 11 records the charge shifts for the atoms of the CHyF5 complexes; again the most important atoms
are C and F4. For the tetrel-bonded series no sensible correlations are observed with either the interaction
energy or the position of the donor atom in the periodic table, while among the hydrogen-bonded species
the charge shifts become more negative in the order NH3 > H,O > HF, but no such trend is apparent for
the PH3 — HoS — HCI adducts.

Conclusions Both methyl fluoride and difluoromethane form tetrel-bonded complexes with the set of six
hydride electron donors considered here. In the case of the CH3F complexes, interaction is viaa lone pair
of electrons of the donor atom and the o*(CF) orbital of CH3F. For the CHaFacomplexes, in addition to
the X - C interaction (X = N, O, P, S, Cl) there is a secondary, hydrogen bond, association of the NH...F,
OH...F, FH...F and SH...F type, or of the F...P and F...Cl type. Ounly for CHyF5.HF is this second
interaction absent, as a result of the strong, highly directional FH...F bond, which ensures that the HF
fluorine atom is sufficiently remote from the C atom for no C...F attraction to exist. For any given pair of
interacting molecules, the CHsF5 complex is consistently more strongly bound than its CH3F counterpart,
due to the additive nature of the two modes of association. The interaction energies of the CH3F series



of complexes vary in a regular way with the identity of the donor atom, whereas for the CHyF5 group the
variety of structural motifs precludes any discernible dependence on the position of the donor atom in the
periodic table. For both families of adducts, the tetrel-bonded isomer is significantly more weakly bound
that its hydrogen-bonded counterpart [26]. The intermolecular C...X distances (X = N, O, F, P, S, Cl)
of the CH3F complexes vary in a regular, predictable way with the computed binding energies, and with
some minor exceptions the same is also true of the CHoFy adducts. In addition to the regularity of the
intermolecular geometrical features, the changes of the intramolecular CF bond lengths also subscribe to
a dependence on the interaction energies, and this dependence extends to a common relationship covering
both the CH3F and the CHsFs sets. The spectroscopic data, characterized by the wavenumber shifts
of selected vibrational modes of the electron acceptor molecules, also support the regular variation of the
complex properties with the strengths of interaction. Specifically, for the CHsF complexes, the CF stretching
and the symmetric CHzbending mode shifts, being most intimately connected with the sites of interaction,
demonstrate a sensible dependence on the binding energies, and the same observation holds broadly for the
perturbations of the symmetric and antisymmetric CHy stretching and the CHy bending vibrations of the
CH,F5 adducts. The molecular orbital interactions involved in the formation of the tetrel-bonded complexes
indicate that a single X - C electron donation is responsible for the stability of the CH3F adducts, where
X =N, 0,F, P, S and Cl. In the case of the CHyF5 set a second, usually hydrogen-bonded, but also of
the F - P and F - Cl type interaction is present, which augments the tetrel-bonded association. Resulting
from the transfer of charge from the hydride molecule to the CH3F or CHyF5 entity, the charges on the C
and F atoms redistribute themselves such that in the CH3F case the terminal F atom accumulates charge at
the expense of the C acceptor atom. This is in contrast to the situation for the hydrogen-bonded complex
isomers, where both C and F atoms experience increases in their net charges. The pattern is fairly similar
in the CHoF5 family of complexes, but the charge shifts are smaller and, because of the range of structural
motifs in these five adducts, more variable. We conclude that both methyl fluoride and difluoromethane
are capable of forming tetrel-bonded complexes with NH3, H,O, HF, PH3, HoS and HCI, but the resulting
adducts are clearly more weakly bound than their hydrogen-bonded isomers. Acknowledgements
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Table 1. Structures and energies of the tetrel-bonded and hydrogen-bonded complexes of CHsF with NHs,
11207 HF, PH3, HQS and HCL.



Electron donor

Tetrel-bonded complexes (this work)

Tetrel-bonded complexes (this work)

Tetrel-bonded complexes (t

NH;
H,0
HF

PH,
S
HCI

Structure
staggered
H>O in plane
linear
eclipsed
staggered
staggered

Point group
C3V

Cs

Cay

C3V

Cs

Cs

Energy/H »

-196.0054976
-215.8737344
-239.8846826
-482.2050298
-538.4526257
-599.8584768

a1 H = 2625.346583 kJ mol!.

Table 2. Structures and energies of the tetrel-bonded and hydrogen-bonded complexes of CHyF5 with NHs,
H,0O, HF, PHj3, HoS and HCI (structure 1).

Electron donor

Tetrel-bonded complexes (this work)

Tetrel-bonded complexes (this work)

Tetrel-bonded complexes (t

NH,
H,0
HF

PH,;
H,S
HCl

Structure
eclipsed
H>O in plane
b
staggered
H,S almost in plane
staggered

Point group
Cs
Cs
C1
Cs
Cy
Cs

Energy/H @

-295.1546672
-315.0238975
-339.0364084
-581.3531635
-637.6010776
-699.0061343

a1 H = 2625.346583 kJ mol!.

b Structure relaxed to FH...F hydrogen-bonded isomer.

Table 3. Structures and energies of the tetrel-bonded and hydrogen-bonded complexes of CHoFo with NHg,
H,0, HF, PH3, HoS and HCI (structure 2).

Electron donor

Tetrel-bonded complexes (this work)

Tetrel-bonded complexes (this work)

Tetrel-bonded complexes (t

NH;
H,0
HF

PH,
H,S
HCI

Structure

CH...N bonded
OH. ..F bonded
FH...F bonded
PH...F bonded
SH. ..F bonded

C...Cl bonded, staggered

Point group

Energy/H @

-295.1550717
-315.0237341
-339.0364084
-581.3522423
-632.6019331
-699.0059246

a1 H = 2625.346583 kJ mol!.

Table 4. Structures and energies of the hydrogen-bonded and “reverse hydrogen-bonded” complexes of CHF3
with 1\IH37 HQO, HF7 PHg, HQS and HCI.

Electron donor

“Reverse hydrogen-bonded” complexes (this work)

“Reverse hydrogen-bonded” complexes (this work)

NH,
H,0

Structure
doubly NH...F bonded
CH. .. O bonded

10

Point group
Cy
Cs



Electron donor

“Reverse hydrogen-bonded” complexes (this work)

“Reverse hydrogen-bonded” complexes (this work)

HF
PH,;
H,S
HCl

FH...F bonded
doubly PH...F bonded
doubly SH...F bonded
CIH...F bonded

21 H = 2625.346583 kJ mol!.
Table 5. Interaction energies of the complexes of CH3F, CHyF5 and CHF3 with NH3, HoO, HF, PH3, HsS

and HCI. Interaction energies of tetrel-bonded complexes are shown in bold type.

Electron CHgF CH3F CH2F2 CH2F2 CH2F2 CHFg CHF3

donor complexes complexes complexes complexes complexes complexes complexes
Tetrel- Hydrogen- Tetrel- Tetrel- Hydrogen- “Reverse Hydrogen-
bonded bonded bonded bonded bonded hydrogen- bonded
(this (ref. 26) structure structure (ref. 26) bonded” (vef. 27)
work) 1 (this 2 (this (this

work) work) work)

NH; -5.35 -7.23 -8.83 -8.71 b -9.52 -0.80 f -13.65

H,O -4.99 -10.13 -9.53 -8.90 © -9.91 -11.18 & -11.25

HF -3.44 -16.66 -9.82 2 -9.83 2 -10.60 -4.10 -6.40

PH; -3.29 -4.10 -3.98 -1.90 4 -4.67 -1.35 4 -5.37

H,S -2.83 -6.28 -4.87 -5.52 ¢ -6.76 -1.70 © -6.88

HCI -2.24 -11.19 -2.47 -1.78 -7.25 -3.45 0 -6.08

& Structure relaxed to FH
¢ Structure relaxed to OH
¢ Structure relaxed to SH.

g Structure relaxed to CH

...F-bonded isomer.P Structure relaxed to CH

.. F-bonded isomer.f Structure relaxed to NH.

...N-bonded isomer.
...F-bonded isomer.d Structure relaxed to PH...F-bonded isomer.
.. F-bonded isomer.

... O-bonded isomer.? Structure relaxed to C1H...F-bonded isomer.

Table 6. SAPT energy decomposition analysis of the tetrel-bonded complexes of CH3F and CHyFy with
NH;3, H>O, HF, PH3, H,S and HCI.

CH3F complexes

Partner molecule

NH;

H>O

HF

PH;

HsS

HC1

CHyF5 complexes
Partner molecule

NH;
H,0

Interaction energy/kJ mol!
Exchange

10.08

7.53

4.41

8.38

8.21

5.92

CH,F5 complexes
Interaction energy/kJ mol!
Exchange

16.68

17.73

Interaction energy/kJ mol™!
Electrostatics

-10.99

-8.57

-5.14

-5.82

-5.85

-3.63

CHyF5 complexes
Interaction energy/kJ mol™!
Electrostatics

-19.26

-20.37

11

Interaction energy/kJ mol!
Induction

-2.07

-1.52

-0.72

-1.23

-1.16

-0.73

CH,F5 complexes
Interaction energy/kJ mol!
Induction

-2.82

-3.45

Interaction
Dispersion
-5.93

-5.32

-3.84

-6.16

-6.24

-5.48
CHyF5 com
Interaction
Dispersion
-8.43

-8.99



HF

PH; 12.82 -9.58 -1.79 -8.61
H>S 13.06 -11.26 -1.90 -8.19
HCI1 8.13 -5.47 -1.08 -6.76
Table 7. SAPT energy decomposition analysis of the hydrogen-bonded complexes of CH3F and CHyF5 with
NHjs, H,O, HF, PHs, HsS and HCI.
CH3F complexes
Partner molecule  Interaction energy/kJ mol! Interaction energy/kJ mol Interaction energy/kJ mol' Interaction
Exchange Electrostatics Induction Dispersion
NHj; 17.73 -17.64 -3.58 -8.57
H>O 23.37 -23.40 -6.16 -9.45
HF 38.82 -36.41 -15.89 -9.51
PH; 13.34 -9.42 -2.13 -8.94
H,S 17.71 -14.41 -3.47 -9.22
HCI 31.22 -25.56 -9.38 -11.54
CHyF5 complexes CHsF5 complexes CHyF5 complexes CHyF5 complexes CHyF5 com
Partner molecule  Interaction energy/kJ mol™! Interaction energy/kJ mol! Interaction energy/kJ mol! Interaction
Exchange Electrostatics Induction Dispersion
NH;3 19.07 -20.01 -3.42 -10.29
H>O 17.64 -20.32 -3.43 -8.97
HF 28.33 -25.37 -10.71 -8.11
PH; 13.25 -9.40 -1.88 -9.37
H,S 17.24 -14.37 -2.43 -10.81
HCI 20.93 -16.68 -5.28 -9.72
Table 8. Major intermolecular interactions and second order perturbation energies of the tetrel-bonded and
hydrogen-bonded complexes of CH3F with NH3, HoO, HF, PH3, HyoS and HCIL. See Figure 1 and ref. 26 for
numbering of atoms. Labels of interacting lone pair orbitals relate to the orientations of their axes and their
s:p coefficient ratios..
Tetrel- Tetrel- Hydrogen- Hydrogen- Hydrogen- Hydrogen-
Electron bonded (this bonded (this bonded (ref. bonded (ref. bonded (ref. bonded (ref.
donor work) work) 26) 26) 26) 26)
Partner Partner Partner Partner CH3F - CH3F -
molecule - molecule - molecule - molecule - partner partner
CH3F CHsF CH3F CH3F molecule molecule
Interaction Perturbation Interaction Perturbation Interaction Perturbation
energy /kJ energy /kJ energy /kJ
mol! mol! mol!
NH;3 Ip(N) - o*(CF) 4.85 Ip(N) - 2.30 Ip3(F) - 4.52 0.33
o*(CH3) o*(NH7)
Ip1(F) -
o*(NHT)
H>O 1p2(0) - 3.51 Ip3(F) - 12.72 1.05
o*(CF) o*(OHT)
Ip1(F) -
o*(OHT)
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Tetrel-

Tetrel-

Hydrogen-

Hydrogen-

Hydrogen-

Hydrogen-

Electron bonded (this bonded (this bonded (ref. bonded (ref. bonded (ref. bonded (ref.
donor work) work) 26) 26) 26) 26)
HF Ip1(F3) - 1.97 o(F3HT) - 1.09 Ip3(F4) - 44.22 4.27
o*(CF1) o*(CF4) o*(F3H7)
Ip1(F4) -
o*(F3H7)
PH; Ip(P) - 6*(CF)  3.31 Ip(P) - 1.09 Ip3(F) - 3.47 1.34
o*(CH3) o*(PHS)
Ip1(F) -
o*(PHS)
H,S 1p2(S) - 3.85 1p2(S) - 1.13 Ip3(F) - 7.32 1.55
o*(CF) o*(CHS6) o*(SHT)
Ip1(F) -
o*(SHT)
HCI 1p3(Cl) - 3.10 1p3(F) - 26.82 5.10
o*(CF) o*(CIHT)
Ip1(F) -
o*(CIHT)

Table 9. Major intermolecular interactions and second order perturbation energies of the tetrel-bonded and
hydrogen-bonded complexes of CHoFy with NH3, HoO, HF, PH3, HyS and HCI (structure 1). See Figure
2 and ref. 26 for numbering of atoms. Labels of interacting lone pair orbitals relate to the orientations of
their axes and their s:p coefficient ratios..

Tetrel- Tetrel- Tetrel- Tetrel-
bonded bonded bonded bonded Hydrogen- Hydrogen- Hydrogen- Hydrog
Electron (this (this (this (this bonded bonded bonded bonded
donor work) work) work) work) (ref. 26) (vef. 26) (ref. 26) (vef. 26
Partner Partner CHyFs - CH,F; - Partner Partner CHyFs - CH,F
molecule molecule partner partner molecule molecule partner partner
- CHyFy - CHyF, molecule molecule - CHyF, - CHyF, molecule molecul
Interaction  Perturbation Interaction  Perturbation Interaction  Perturbation Interaction  Perturh
energy /kJ energy /kJ energy /kJ energy
mol! mol ! mol! mol!
NH3 Ip(N) - 2.34 Ip3(F4) 0.92 Ip(N) - 2.76 o (CH3) 1.00
o*(CF1) - c*(CH3) -
o*(NHT) o*(NH7)

H>O Ip1(0) - 1.55 1p3(F4) 2.30 Ip1(O) - 1.55 Ip3(F3) 2.26

o*(CF1) - o*(CF4) -
o*(OHT) o*(OHT)

HF @ Ip2(F4) - 18.66 7.45 Ip2(F4) - 18.70 7
o*(F3H7) 2.97 o*(F3H7) 2.97
1p3(F4) - Ip3(F4) -
o*(F3H7) o*(F3H7)

Ip1(F4) - Ip1(F4) -
o*(F3H7) o*(F3HT7)
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Tetrel- Tetrel- Tetrel- Tetrel-
bonded bonded bonded bonded Hydrogen- Hydrogen- Hydrogen- Hydrog
Electron (this (this (this (this bonded bonded bonded bonded
donor work) work) work) work) (ref. 26) (ref. 26) (ref. 26) (ref. 26
PH; Ip(P) - 1.38 1p3(F4) - 2.59 0.84 Ip(P) - 1.42 Ip2(F4) - 2.47
o*(CF1) o*(PHT) c*(CH3) o*(PH9)
Ip1(F4) -
o*(PHT)
HyS 1p2(S) - 0.48 1p3(F4) - 1.63 1p2(S) - 1.38 1p2(F5) - 1.09 1.(
o*(CF1) o*(SHT) o*(CH3) o*(SHS)
Ip2(F6) -
o*(SHT)
HCI 1p3(C1) - 1.51 1p3(F4) - 1.05 1p2(F4) - 12.01 2
o*(CF1) o*(CIHT) o*(CIHT) 1.00
Ip1(F4) -
o*(CIHT)
Ip3(F4) -
o*(CIHT)
& Tetrel-bonded structure relaxed to FH...F hydrogen-bonded isomer.
Table 10. Changes in the natural atomic charges, and total charge differences of the tetrel-bonded and
hydrogen-bonded complexes of CH3F with NHs, HoO, HF, PH3, HyS and HCl. See text for numbering
of atoms. Mismatches between the total charge shifts between donor and acceptor molecules are due to
rounding errors.
Tetrel- Tetrel- Tetrel- Tetrel-
bonded bonded bonded bonded Hydrogen- Hydrogen- Hydrogen- Hydrog
Electron (this (this (this (this bonded bonded bonded bonded
donor work) work) work) work) (vef. 26) (vef. 26) (ref. 26) (vef. 26
CH3F CH3F Partner Partner CH3F CH3F Partner Partner
molecule molecule molecule molecul
Atom Change/me  Atom Change/me  Atom Change/me  Atom Change
NHj; FC -12.3 6.8 N -0.1 0.7 F C H3 -12.9 -9.8 N H7 -12.5 1¢
H4,H5H6 1.2 N7,H8,H9 H5,H6 27.2 -1.5 HS,H9 2.9
Total -1.9 Total 2.0 Total 1.5 Total -1.6
H>O F C H4 -10.9 5.2 O H7 H8 -6.9434.2 F CHS -16.6 -7.2 O H7 HS8 -26.1 21
H5,H6 -0.8 24 H5,H6 22.73.2 -0.5
Total -1.7 Total 1.6 Total 5.3 Total -5.4
HF F1C -72181.0 F3HT7 -3.154 F4 C H2 -17.9 -5.2 F3 H7 -34.8 1§
H4,H5,H6 H5,H6 16.3 11.6
Total -2.4 Total 2.3 Total 16.4 Total -16.5
PH; FC -6.12109 P -13.0 4.8 F C H3 -6.3-24 P H8 -6.7 -7.
H4,H5,H6 H7,H8,H9 H5,H6 11.4 0.0 H7,H9
Total -1.3 Total 1.4 Total 2.7 Total -2.8
H>S F C H4 -5.81.80.4 S H7,H8 -4.3 3.1 FCH4H5 -98-392.1 S HT7HS -27.3 28
H5,H6 0.9 H6 2.712.1 -1.5
Total -1.8 Total 1.9 Total 3.2 Total -3.2
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Tetrel- Tetrel- Tetrel- Tetrel-

bonded bonded bonded bonded Hydrogen- Hydrogen- Hydrogen- Hydrog
Electron (this (this (this (this bonded bonded bonded bonded
donor work) work) work) work) (ref. 26) (ref. 26) (ref. 26) (ref. 26
HCI1 F C H4 -3.70.5-0.1 CIlH7 -1.9 34 F C H2 -12.7-34 Cl H7 -42.7 3(

H5,H6 0.9 H5,H6 12.0 8.1

Total -1.5 Total 1.5 Total 12.1 Total -12.2
21 me = 1.602176 x 1022 C.
Table 11. Changes in the natural atomic charges, and total charge differences of the tetrel-bonded and
hydrogen-bonded complexes of CHoFo with NHs, HoO, HF, PH3, HoS and HCI (structure 1). See text for
numbering of atoms. Mismatches between the total charge shifts between donor and acceptor molecules are
due to rounding errors.

Tetrel- Tetrel- Tetrel- Tetrel-

bonded bonded bonded bonded Hydrogen- Hydrogen- Hydrogen- Hydrog
Electron (this (this (this (this bonded bonded bonded bonded
donor work) work) work) work) (vef. 27) (vef. 27) (ref. 27) (vef. 27

CHyF> CH,F5 Partner Partner CH,F CH,F9 Partner Partner

molecule molecule molecule molecul

Atom Change/me  Atom Change/me  Atom Change/me  Atom Change
NHj; F1 CF4 -5.9 1.8 N H7 -10.9 9.6 F5,F6 C -8.5-11.2 N H7 -11.5 0.

H5,H6 -12.0 8.0 H8,H9 0.7 H3 H4 31.0 -34 H8,H9 6.0

Total -0.1 Total 0.1 Total -0.6 Total 0.6
H>0 F1 CF4 -1.9-2.6 O H7 H8 -21.0 14.9 F3 C F4 -17.0 -2.7 O H7 HS8 -20.9 14

H5,H6 -17.0 11.2 5.2 H5,H6 -1.8 11.2 5.2

Total 0.9 Total -0.9 Total 0.9 Total -0.9
HF b F1 CF4 -0.0 -0.0 F3 H7 -0.0 0.1 F4 C F6 -23.5 -5.5 F3 H7 -25.4 1F

H5 H6 -0.1 0.0 0.0 H2 H5 12.0 17.4

10.0

Total -0.1 Total 0.1 Total 10.4 Total -10.4
PH; F1 CF4 -1.0-2.0 P H7 -18.9 1.4 F4 C F6 -3.7-6.3 P H7 H8 -15.3 9.

H5,H6 -4.6 4.9 H8,H9 7.7 H3 H5 -1.2 134 H9 5.3-1.5

0.1

Total 2.2 Total -2.1 Total 2.3 Total -2.2
H,S F1 C F4 -0.2-14 S H7 H8 -16.6 14.1 F5F6 C -4.9 -7.6 S H7,H8 -20.1 9.

H5 H6 -8.55.25.2 2.1 H3 H4 15.2 2.4

Total 0.3 Total -0.4 Total 0.2 Total -0.3
HCI1 F1 CF4 -2.3-1.7 Cl H7 1.1-0.1 F4 C F6 -13.8 -5.7 Cl H7 -26.5 1¢

H5,H6 -2.72.9 H2 H5 7.013.16.1

Total -0.9 Total 1.0 Total 6.7 Total -6.6

21 me = 1.602176 x 1022 C.

b Tetrel-bonded structure relaxed to FH...F hydrogen-bonded isomer.

Figure Captions

15



Figure 1. Optimized structures of the tetrel-bonded complexes of CH3F with NHs, HoO, HF, PH3, HoS and
HCL.

Figure 2. Optimized structures of the tetrel-bonded complexes of CHyF, with NH3, H,O, HF, PH3, HoS
and HCI (structure 1).

Figure 3. Optimized structures of the tetrel-bonded complexes of CHyF5 with NH3, H,O, HF, PH3, HoS
and HCI (structure 2).

Figure 4. Optimized structures of the “reverse hydrogen-bonded” complexes of CHF3 with NH3, HoO, HF,
PH3, HQS and HCL.

Figure 5. Plots of the interaction energies of the CHsF complexes with NHz, HoO, HF, PHs, HoS and HCI
versus (a) the gas phase basicities and (b) the polarizabilities of the partner molecules.

Figure 6. Plots of the interaction energies of the CHyFy (structure 1) complexes with NH3, HoO, HF, PHj3,
H,S and HCI versus (a) the gas phase basicities and (b) the polarizabilities of the partner molecules.

Figure 7. Plots of the intermolecular C...X bond lengths of the tetrel-bonded complexes of CH3F and
CH,F5 with NHs, HyO, HF, PH3, HoS and HCI versus their interaction energies.

Figure 8. Plots of the changes of the intramolecular CF bond lengths of the tetrel-bonded complexes of
CH3F and CHsFs with NH3, HoO, HF, PH3, HyS and HCI versus their interaction energies.

Figure 9. Plots of the mode wavenumber shifts of the CH3F molecules of the tetrel-bonded complexes of
CH3F with NH3, HoO, HF, PHj, HsS and HCI versus their interaction energies: (a) CF stretching, (b)
symmetric CHs bending.

Figure 10. Plots of the mode wavenumber shifts of the CHsF9 molecules of the tetrel-bonded complexes of
CHyFy (structure 1) with NHs, HoO, PH3, HaS and HCl versus their interaction energies: (a) symmetric
CHs, stretching, (b) antisymmetric CHy stretching, (¢) CHy bending.

Figure 11. Plots of the atomic charge shifts of the F and C atoms of the complexes of CH3F with NHs, H5O,
HF, PHj;, HoS and HCI: (a) tetrel-bonded, (b) hydrogen-bonded

16



CH3F .NH3CH3F.H,O CH3F.HF
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— b e o

CHsF.PH3CH3F.HyS CH3F.HCl

Figure 1. Optimized structures of the tetrel-bonded complexes of CH3F with NH3, HoO, HF, PH3, H>S and
HCI. .
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CHyF2 . NH3CH,F2.HoO CHoFo . HF
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CHyF,.PH3CH,F5.HoS CHoFo . HCI

Figure 2. Optimized structures of the tetrel-bonded complexes of CHyF9 with NHs, HoO, HF, PHs, HyS
and HCI (structure 1).
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CHyF2 . NH3CH,F5.HoO CHoFo . HF
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CHsF,.PH3CH,F5.HoS CHoFo . HCI

Figure 3. Optimized structures of the tetrel-bonded complexes of CHyF, with NH3, H,O, HF, PH3, HoS
and HCI (structure 2).
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CHF3.NH3CHF3.H,O CHF3.HF
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CHF3.PH3CHF3.HoS CHF3.HCl

Figure 4. Optimized structures of the “reverse hydrogen-bonded” complexes of CHF3 with NH3, HyO, HF,
PHj, HoS and HCL.
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Figure 5. Plots of the interaction energies of the CH3F complexes with NH3, HoO, HF, PH3, HoS and HCI
versus (a) the gas phase basicities and (b) the polarizabilities of the partner molecules.
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Figure 6. Plots of the interaction energies of the CHaF5 (structure 1) complexes with NHs, HoO, HF, PHs,
H,S and HCI versus (a) the gas phase basicities and (b) the polarizabilities of the partner molecules.
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Figure 7. Plots of the intermolecular C...X bond lengths of the tetrel-bonded complexes of CHsF and
CH,F5 with NH3, HyO, HF, PH3, HoS and HCI versus their interaction energies.
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Figure 8. Plots of the changes of the intramolecular CF bond lengths of the tetrel-bonded complexes of
CH3F and CH,F, with NH3, HoO, HF, PH3, HyS and HCI versus their interaction energies.
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Figure 9. Plots of the mode wavenumber shifts of the CH3F molecules of the tetrel-bonded complexes of
CH;3F with NHj;, HoO, HF, PHj, HoS and HCI versus their interaction energies: (a) CF stretching, (b)
symmetric CHs bending.
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Figure 10. Plots of the mode wavenumber shifts of the CHyF5 molecules of the tetrel-bonded complexes of
CHoF5 (structure 1) with NHs, HoO, PHs, HoS and HCI versus their interaction energies: (a) symmetric
CH;, stretching, (b) antisymmetric CHy stretching, (¢) CHy bending.
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Figure 11. Plots of the atomic charge shifts of the F and C atoms of the complexes of CH3F with NH3, H5O,
HF, PHj;, HyS and HCI: (a) tetrel-bonded, (b) hydrogen-bonded
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