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ABSTRACT
A theoretical study of FCCF:(H2O)n complexes, with n = 1 and 2, has been carried out bymeans of ab
initio computational methods. Three kinds of interactions are observed in the complexes: H···π and
H···F hydrogen bonds and O···FC tetrel bonds. The indirect spin–spin coupling constants have been
calculated at the CCSD/aug-cc-pVTZ-J computational level. Special attention has been paid to the
dependence of the different intramolecular coupling constants in FCCF on the distance between the
coupled nuclei and the presence or absence of water molecules. The exceptional sensitivity shown
by these coupling constants to the presence of water molecules is quite notorious and can provide
information on the bonding structure of the molecule.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is one
of the branches of spectroscopy most developed in the
last years, and it is crucial in the investigation of the struc-
ture of molecules and their conformation. Particularly,
the indirect NMR spin–spin coupling constants (SSCCs)
provide valuable insight into the bonding situation of a
molecule [1–10].

According to the classic theory of Ramsey [11],
there are four different contributions, the diamagnetic
spin–orbit (DSO) term, the paramagnetic spin–orbit
(PSO) term, the Fermi contact (FC) term and the
spin–dipole (SD) term, which add to the indirect
isotropic SSCC. Each of these terms probes the electron
density of a molecule in a different way.
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DSO and PSO terms arise from the orbital currents
induced by the nuclei magnetic fields; the FC term is
mediated by the spin polarisation of the contact den-
sity at the nuclei while the SD term results from the
spin polarisation caused by the magnetic dipole field of
the nuclear moments. Accordingly, the FC term depends
preferentially on the σ -electrons of a molecule because
only those possess a substantial density value at the con-
tact surface of the nucleus. The DSO term is large at
positions of high spin density, but otherwise, its magni-
tude is mostly smaller than that of the PSO term. The
latter as well as the SD term is sensitive to the presence of
π-electrons.

Considering the normally small magnitude of the
DSO term, one can simplify these observations by stating
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that the FC term probes the σ -electronic structure of a
molecule while the non-contact (NC) terms probe its π-
electronic structure [12]. This could be used to determine
via the SSCC and its four Ramsey terms the π-character
of a bond.

The study of the intramolecular SSCCs for hydro-
gen bonded complexes of difluoroethyne is interesting
because of their large value and their well-known sensi-
tivity to charges induced in the electronic cloud like those
caused by hydrogen bonding [13].

The indirect SSCCs in difluoroethyne (difluoroacety-
lene), FCCF, have been a challenging test for computa-
tional methods. The experimental values, described by
Bürger and Sommer [14], are 2.1Hz for 3J(19F–19F) and
−287.3Hz for 1J(19F–13C). Recently, Del Bene et al. [15]
were able to compute values similar to the experimen-
tal ones using the EOM-CCSD/Ahlrichs qzp computa-
tional level and the experimental geometry reported by
Bürger et al. [16]. The computed values were 1.4Hz
for 3J(19F–19F), −277.7Hz for 1J(19F–13C) and 40.2Hz
for 2J(19F–13C). This last value was also estimated by
Del Bene et al. from the experimental spectrum to be
28.7Hz [15]. Sauer and co-workers [17–21] applied the
specialised core-property basis sets aug-cc-pVTZ-J and
(aug)-ccJ-pVXZ (X = D, T, Q, 5) in combination with
SOPPA, SOPPA (CCSD), CCSD, CC3 and even CCSDT
levels of theory and optimised geometries to the study of
the indirect coupling constants in difluoroethyne. They
found that the vibrational effects to 3J(19F–19F) are of the
same order of magnitude as the equilibrium geometry
value of this coupling constant [19], that triples correc-
tions to the one- and three-bond couplings calculated at
the CC3 level are in the order of 4–6Hz [19,20] and that
using the aug-ccJ-pVTZ basis set there is still a remaining
basis set error compared to the basis set limit of 2–3Hz
[21]. The currently most accurately calculated values of
the coupling constants in difluoroethyne are thus 2.56Hz
for 3J(19F-19F),−256.58Hz for 1J(19F–13C), 45.14Hz for
2J(19F–13C) and 401.65Hz for 1J(13C–13C) calculated at
the CC3/aug-ccJ-pVTZ level at a CCSD(T)/cc-pCVQZ
geometry [20].

In two previous articles, we analysed the intramolecu-
lar spin–spin coupling constant in HCN and HNC com-
plexes [22] and in particular of FCCF:(HF)n with n = 1
and 2 [13]. For the latter, we analysed the weight of each
of the contributions to the constants, mJ, form = 1, 2 or
3, considering two types of hydrogen bonds: one where
the fluorine atoms act as hydrogen bond (HB) acceptors
and another where the π-cloud of the C2F2 moiety is the
HB acceptor.

In this paper, we study the changes on the inter- and
intra- spin–spin coupled constants brought about by the
presence of water molecules around difluoroacetylene

[FCCF:(H2O)n; with n = 1, 2]. We have considered the
three possible types of complexes, with HOH···π inter-
actions, with HOH···FC hydrogen bonds and with O
···(FC) tetrel bonds [23,24], with special attention to their
dependence on the distance between the coupled nuclei
and the location of the bonded water molecules. We also
analyse the possible relation of the values of the spin–spin
coupled constants to both the bond paths (BP) and bond
critical points (BCP) [25].

2. Theoretical methods

The geometry of all the systems has been optimised at the
MP2 [26] computational level with the 6−311++G(d,p)
basis set and the frozen core approximation using the
Gaussian-03 program [27]. Frequency calculations have
been performed on the minimised geometries in order
to confirm that the obtained structures correspond to
energetic minima [28].

Themany-body interaction-energy formalism (MBIE)
has been used to obtain the one-, two- and three-
body contributions to the binding energy. The bind-
ing energy �E (Equation (1)) can be decomposed into
one- (Equation (2)), two- (Equation (3)), and three-body
terms (Equation (4)), as:

�E = E(ABC) −
C∑

i=A

Em(i) =
C∑

i=A

[E(i) − Em(i)]

+
B∑

i=A

C∑

j>i
�2E(ij) + �3E(ABC), (1)

ER(i) = E(i) − Em(i), (2)

�2E(ij) = E(ij) − [E(i) + E(j)], (3)

�3E(ABC) = E(ABC) − [E(A) + E(B) + E(C)]

− [�2E(AB) + �2E(AC) + �2E(BC)],
(4)

where Em(i) corresponds to the energy of the isolated
monomer at its equilibrium configuration, and E(i) to
the energy of the monomer with the geometry it has
in the complex. The difference between these two ener-
gies permits to obtain ER(i), as the monomer distortion
energy. �2E(ij) and �3E(ABC) are the two- and three-
body interaction energies computed at the corresponding
geometries in the complex.

The theory of indirect nuclear SSCCs [11] and the
different computational methods used for calculating
them have been extensively described in the literature
[29–34]. However, it is important to keep in mind that
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there are four contributions to the SSCC: the FC and the
spin–dipolar (SD) terms, which come from the interac-
tion of the nuclear magnetic moments with the spin of
the electrons; the diamagnetic spin orbital (DSO) and the
paramagnetic spin orbital (PSO) terms, which are due
to the interaction of the nuclear spins with the orbital
angular momentum of the electrons.

All coupling constants were calculated at the coupled
cluster with single and double excitations (CCSD) level
[35–42] using the core-property basis set aug-cc-pVTZ-J
basis set [43,44]. This basis set ensures the cusp behaviour
of the wave function at the nuclear sites and consequently
a very good description of the FC term [43] (and refer-
ences therein). The CCSD formalism explicitly includes
electron correlation effects, which are important for cou-
pling constants involving themore electronegative atoms.
In the present work, the calculations were performed
using the CFOURprogrampackage [45]. Relativistic cor-
rections [46] can safely be ignored for the molecules in
this study but vibrational corrections [47,48] or bulk sol-
vent effects [49,50] should in principle be considered.
High-level calculations of vibrational corrections at the
CCSD level of theory are still very rare [19,51–53] due to
their high cost compared to e.g. SOPPA [54–56] or DFT
[57,58] calculations. CCSD calculated vibrational correc-
tions are thus out of the scope for the present study, while
adding DFT-calculated vibrational corrections would
be inconsistent due to the difference in the optimised
geometries. To our knowledge, vibrational corrections to
couplings involving fluorine were so far studied only for
very few and very small molecules, i.e. HF [57], HFH−
[59], FCCF [19] and BF3 [51]. Additional bulk solvent
effects could be studied either by a continuummodel like
PCM [49,60] or the QM/MM approach [50].

3. Results and discussions

This section has been divided into four subsections. In
the first three ones, the geometry, energy and electronic

properties of the isolated molecules, binary and ternary
complexes calculated at MP2/6-311++G(d,p) computa-
tional level are discussed, respectively. In the last one,
we discussed the inter- and intramolecular coupling con-
stants obtained at CCSD/aug-cc-pVTZ-J level.

3.1. Isolatedmonomers

Themolecular electrostatic potential (MEP) of the FCCF
and H2O molecules on the 0.001 au electron density iso-
surface are depicted in Figure 1. TheMEP of FCCF shows
three characteristic regions, two with negative values of
MEP surrounding the F atoms (−0.0055 au) and the π-
cloud (−0.0005 au) and a positive region around the C–F
bond (+0.0176 au). The water molecule shows positive
regions in the extension of the O–H bonds (+0.0708 au)
and a negative region associated with the lone pairs
(−0.0595 au). Based on these results, three different con-
figurations can be expected based on the complemen-
tarity of the MEP of these molecules. On one hand, the
positive region associated with the hydrogen atoms of
H2O could interact with negative regions of the fluorine
atoms or the π cloud of the FCCFmolecule. On the other
hand, the negative region due to the lone pairs of the oxy-
gen in H2O could bind to the positive MEP of the C–F
bond of FCCF.

3.2. Geometry and energy

3.2.1. Binary complexes
Three minima have been located in the potential energy
surface of the FCCF:H2O complex (Figure 2 and Table S1
of the Supporting Information), one shows a tetrel bond
between the electron deficient C–F bond and the lone
pairs of H2O (A) and the other two correspond to HBs
with the π-cloud of C2F2 (B) or with the F atom (C), in
agreement with the MEPs of the two isolated molecules.
The first complex (A) is the most stable one (Table 1)
with a binding energy of −6.0 kJ/mol followed by B
(−4.4 kJ/mol), with C the least stable one (−3.7 kJ/mol).

Figure 1. Molecular electrostatic potential of the FCCF and H2O on the 0.001 au electron density.
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Figure 2. Molecular graph of the three minima found for the FCCF:H2O complex. The small dots on dashed and solid lines (green in the
online version) indicate the location of the bond critical points, while the small dots not superimposed on lines (red in the online version)
indicate the location of the ring critical points.

Figure 3. Molecular graph of the three minima found for the FCCF:(H2O)2 complex. The small dots on dashed and solid lines (green in
the online version) indicate the location of the bond critical points, while the small dots not superimposed on lines (red in the online
version) indicate the location of the ring critical points.

Figure 2 shows a single intermolecular bond critical
point (BCP) and the corresponding bond path (BP) link-
ing the two groups involved in the HB interactions for
complexes (B) and (C), and two BCPs/BPs for the tetrel
bonded complex (A) that link the oxygen atom of H2O
with the C and F atom of FCCF. The characteristics of the
BCPs are typical of weak interactions (Table S2 of the sup-
porting information), with ρBCP values between 0.0077
and 0.0063 au and ∇2ρBCP between 0.033 and 0.024 au.

3.2.2. Ternary complexes
Three unique minima have been located on the FCCF:
(H2O)2 potential energy surface (Figure 3 and Table S3).
In all cases, the two H2O molecules are connected by an
HB. It is longer than the one found in the water dimer
(1.951 Å) in the case of D (1.952 Å) and slightly shorter
in the case E and F (1.947 and 1.939 Å, respectively).
In addition, a number of contacts are observed between
the water molecules and FCCF. In all the complexes, one
O···C bond path is observed. Other contacts are H···F
andH···π hydrogen bonds in complexesD and F, respec-
tively, and O···F interactions in complexes E and F. The
O··C/F bond path can be ascribed as tetrel bonds.

The binding energy, see Table 1, of the three min-
ima is in a range of only 2 kJ/mol (between −33.4 and
−35.6 kJmol−1) being D the most stable one and E

Table 1. Total and binding energy FCCF:(H2O)n (n = 0–2) in
kJ/mol.

Complex
Electronic energy

(Hartree)
Electronic energy

(kJ mol−1)
Binding energy
(kJ mol−1)

C2F2 −275.208076 −722,558.8
H2O −76.2749205 −200,259.8
A −351.485291 −922,824.6 −6.0
B −351.484691 −922,823.1 −4.4
C −351.484396 −922,822.3 −3.7
D −427.771459 −1,123,114.0 −35.6
E −427.770629 −1,123,111.8 −33.4
F −427.770620 −1,123,111.8 −33.4

and F the least ones. The MBIE results (Table S4) indi-
cate that the most stabilising two-body term corresponds
to the water dimer interaction with energies around
−25 kJmol−1. The two-body terms due to the interac-
tion of the water molecules with FCCF range between
−3.8 and −5.7 kJmol−1. The three-body term, which is
associated with the cooperativity, shows negative values
for D and F (−1.2 and −0.6 kJmol−1) and positive for E
(0.5 kJmol−1).

The H···O interaction between the two water
molecules shows in all the complexes ρBCP values around
0.023 au while in the rest of the interactions ρBCP range
between 0.005 and 0.008 au. In all cases, the Laplacian
and total energy density show positive values as an indi-
cation that they correspond to weak closed shell interac-
tions (Table S2).



MOLECULAR PHYSICS 5

Table 2. The 1J(C–C) (Hz) coupling in C2F2 + n H2O (n = 0,1,2)
for the studied complexes.

Complex 1J(C–C) dC–C

C2F2 410.36 1.1973
A 411.50 1.1976
B 405.29 1.1987
C 413.76 1.1970
D 412.80 1.1974
E 409.20 1.1981
F 406.49 1.1988

Table 3. The 1J(F–C) (Hz) coupling in C2F2 for the studied
complexes.

Complex 1J(F1–C1) d(F1–C1) 1J(F2–C2) d(F2–C2)

C2F2 −279.46 1.2867 −279.46 1.2867
A −277.39 1.2839 −272.07 1.2902
B −287.01 1.2853 −287.01 1.2853
C −282.52 1.2853 −261.18 1.2890
D −284.48 1.2805 −255.80 1.2959
E −281.01 1.2845 −278.56 1.2880
F −288.99 1.2821 −277.64 1.2891

Table 4. The 2J(F–C) couplings in C2F2 for the studied complexes.

Complex d(F2–C1) 2J(F2–C1) d(C–C) 2J(F1–C2) d(F1–C2)

C2F2 2.4840 42.10 1.1973 42.10 2.4840
A 2.4810 42.19 1.1976 42.30 2.4876
B 2.4839 39.89 1.1987 39.89 2.4839
C 2.4822 45.05 1.1969 43.05 2.4859
D 2.4772 42.03 1.1974 44.10 2.4919
E 2.4826 41.32 1.1981 40.88 2.4860
F 2.4806 40.25 1.1988 40.25 2.4877

Table 5. The 3J(F–F) coupling in C2F2 for the studied complexes.

Complex DSO PSO SD FC Total d(F–F)

C2F2 −1.8 −39.45 29.81 7.40 −4.04 3.7707
A −1.74 −39.84 28.94 6.85 −5.79 3.7717
B −1.76 −39.54 30.75 7.74 −2.81 3.7693
C −1.75 −39.13 29.07 6.85 −4.96 3.7713
D −1.68 −40.78 27.91 6.47 −8.09 3.7738
F −1.7 −39.81 29.61 7.14 −4.75 3.7706
G −1.7 −39.79 30.22 7.40 −3.88 3.7700

3.3. Indirect nuclear SSCCs

The presentation of the analysis of the SSCCs has been
divided into two sections, intramolecular and inter-
molecular couplings. The values of the total coupling
constants and the relevant geometrical parameters for the
first section are summarised in Tables 2–5 and Figures
4–10, corresponding to the one-, two- and three-bond
coupling cases. The results for the intermolecular cou-
plings are depicted in Table 6 and Figure 11. The separate
values of the four contributions to the coupling constants
are specified in Tables E2 to E6 in the supplementary
material. For clarity, we keep the same numbering as in
main text. Thus, for instance, Table E4 in the Supplemen-
tary Material expands the information of Table 4 in the
body of the article.

Figure 4. The 1J(C–C) (Hz) indirect coupling constant vs. the
C≡ C [Å] bond distance in two different series: FCCF:(HF)n
complexes and FCCF:(H2O)n complexes (this work).

Figure 5. The 1J(C–C) (Hz) indirect coupling constant vs. the
C≡ C [Å] bond distance for isolated C2F2 in two different cases:

FCCF with geometry of the FCCF:(FH)n complexes and FCCF
with geometry of the FCCF:(H2O)n complexes (this work).

3.3.1. Intramolecular 1J(C–C) couplings
The total values of the 1J(C–C) couplings and the inter-
atomic C–C distances for all of the studied compounds
are summarised in Table 2 (the four contributions are
given in Table 2 of the supplementary material). The
1J(C–C) values range from 405 to 413Hz and are com-
pletely dominated by the FC term. The contribution of
the other three terms (DSO, PSO and SD) is almost con-
stant and thus a perfect linear correlation is obtained
between the total 1J(C–C) values and the corresponding
FC terms (R2 = 0.999).

Figure 4 illustrates the 1J(C–C) coupling constants as a
function of the length of the C≡Cbond.We observe that
larger values of 1J(C–C) are associated with the shorter
C–C distances while smaller values are present in the
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Figure 6. The 1J(F–C) (Hz) indirect coupling constant vs. the F–C
(Å) bond distance in two different series: FCCF:(FH)n complexes
and FCCF:(H2O)n complexes (this work), together with their best
trend-lines.

Figure 7. The 1J(F–C) (Hz) indirect coupling constant vs. the F–C
(Å) bond distance for isolated C2F2 in two different cases: Open
circles (squares) correspond to isolated C2F2 molecules with the
geometries they present FCCF:(H2O)n [FCCF:(FH)n] complexes,
together with their best trend lines.

complexes with the longer C–C distances. The range of
values of the 1J(C–C) coupling constants in the isolated
C2F2 molecule with the geometries of the complexes,
Figure 5, is smaller than those in the complexes as indica-
tion of the influence of theHB formation on this coupling
constant (all the contributions are given in Table 2 of the
supplementary material).

Our previous analysis [13] of the interactions between
C2F2 and one or two hydrogen fluoride molecules
showed that a 0.1% change in dC≡C brings about a 3%dif-
ference in 1J(C–C). In this work, see Figure 4, the effect
is found to be of the same order, but slightly weaker.
Figure 5 shows that it is the nature of the environment
and not the change in the F2C2 geometry, that affects the

Figure 8. The dependence of the 2J(F–C) coupling constant on
the C≡ C distance for C2F2 in complexes with H2O or HF. The
results for FCCF:(H2O)n (this work) are shown in solid circles and
the solid diamonds show the result for FCCF:(FH)n complexes.

Figure 9. 3J(F2–F1) indirect coupling constant vs. the F–F bond
distance in the studied complexes, the global dependence is illus-
trated by the straight line.

Figure 10. The SD+ FC contribution 3J(F2–F1) vs. the F–F bond
distance, the global dependence is illustrated by the dashed
straight line.
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Table 6. nhJ intermolecular indirect coupling constant between
C2F2 and H2O, with absolute values large than 1.0 Hz, with
n = 1,2,t (tetrel).

Complex 1hJ(Fi−Hj) d(Fi-Hj) xJ(Fi-Oj)a d(Fi-Oj)

A −8.38 (t) 2.98
C −4.44 2.34
D −2.41 2.40 −6.25 (t) 3.06

1.18 (2 h) 3.18
E −1.63 (t) 3.24

1.06 (2 h) 3.19
F −5.40 (t) 3.10
aThe nature of the x interaction is indicated in parenthesis.

Figure 11. The intermolecular 1nJ between the fluorine nucleus
in C2F2 and one of the nuclei of H2O. Solid squared depicted tJ(Fi-
Oj) vs. d(Fi-Oj), triangles 1hJ(Fi-Hj) vs. d(Fi-Hj) and circles 2hJ(Fi-Oj)
vs. d(Fi-Oj).

value of the coupling. In effect, the SSCC results for the
isolated FCCF molecule but calculated using the geome-
try it displays in the complexes, show that the dependence
with dC≡C is much weaker.

3.3.2. Intramolecular 1J(F–C) couplings
The results for the 1J(F–C) couplings are summarised in
Table 3 (the four contributions are given in Table 3 of the
supplementary material). Here, the coupling constants
are large and negative in contradiction of theDirac vector
model that predicts positive values for 1J, and in agree-
ment with previous analyses that have reported similar
discrepancies [13,61,62].

The FC term is the dominant contribution, as in the
1J(C–C) case (see Table 3 of the supplementary mate-
rial). The DSO and SD contributions are similar for all
the complexes. However, this is not the case of the PSO
term that varies between −1.3 and −15.5Hz. The over-
all result is that the 1J(C-F) covers a 30Hz range (between
−289 and−256Hz) while the FC term varies over 21Hz.
(between −247 and −268Hz). In addition, the linear
correlation coefficient, between the total 1J(F–C) values
and the corresponding FC terms (R2 = 0.83), is smaller

than in the 1J(C–C) case. The dependence of the 1J(F–C)
coupling with the F–C bonding distance is displayed
in Figure 6, where the solid circles correspond to the
C2F2:nH2O complexes. The absolute value of the cou-
pling constant is observed to decrease as the interatomic
distance becomes larger. This behaviour, however, cannot
be attributed to a mere dependence on the C2F2 geome-
try. The results for the 1J(F–C) couplings in isolated C2F2
molecules, where the molecular geometry is fixed to the
one present in the complexes, indicate in fact that in this
case the coupling slightly increases in absolute value with
the C–F distance. This is illustrated by the open circles in
Figure 7.

The differences between the two 1J(F–C) couplings in
the same complex is largest for complexes C andD. This
corresponds to the two cases that form an HB with the F
atom, the larger 1J being associated with the CF moiety
involved in the HB interaction, a pattern that had already
been observed in C2F2: (HF)n complexes (depicted by
solid diamonds in Figure 6). The case of C is particularly
conspicuous with larger differences between the 1J(F–C)
coupling and the value predicted by trending line. This
could be due to C being the only complex with a direct
F···H HB in the direction of the F lone pair, which also
yields the shortest intermolecular bond in all the studied
complexes.

The global dependence of the 1J(F–C) coupling on the
FC bond distance is illustrated in Figure 6, showing in
solid and dashed style the best trend-lines, respectively,
for FCCF:(H2O)n and FCCF:(FH)n. Figure 7 is similar,
but corresponding to the isolated C2F2 molecule using
the geometries displayed in the complexes.

3.3.3. Intramolecular 2J(F–C) couplings
The 2J(F–C) couplings are given in Table 4, together
with relevant interatomic distances in C2F2. The values
are positive, again in disagreement with the Dirac vec-
tor model. In fact, the three main contributions, PSO, SD
and FC, are all positive, with the last one dominating the
variations between compounds. No clear dependency of
2J on the corresponding distance d(C–F) is observed. In
fact, basically the same values are obtained for the two
couplings in complexes A, E and F, in spite of their dif-
ferent C–F bond lengths. A similar pattern is observed for
complexD, where the difference inC–F distance between
the two moieties is largest, for only a modest change in
the 2J(F–C) coupling constant. This lack of a system-
atic relation between 2J and d(C–F) is also illustrated by
comparing the results for complexes C andD. The larger
of the two 2J(F–C) values corresponds to the shorter
CCF distances for complex C, while to the longer CCF
distances for the case of complex D. Furthermore for
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complex F, the two 2J(F–C) results are identical even
though the two CCF distances differ significantly. It is
interesting to point out, however, that a systematic rela-
tion appears between 2J and d(C≡C), as illustrated in
Figure 8.

3.3.4. Intramolecular 3J(F–F) couplings
The 3J(F–F) couplings are gathered in Table 5 and plot-
ted as a function of the F–F distance in Figure 9. The
total values are small and negative (between −2.8 and
−8.1Hz). The results present a clear lineal dependence
(R2 = 0.97), increasing in absolute value with d(F–F),
although the trend is opposite to the ones observed for 1J
and 2J. This is the consequence of the compensation of a
basically constant negative SO component (PSO+DSO)
and the positive values due to the sum of the SD and
FC contributions. The mentioned sum (SD+ FC terms)
shows also a good linear correlation with the d(F–F)
distance (R2 = 0.95, Figure 10).

3.3.5. Intermolecular couplings between FCCF and
H2O
The calculated intermolecular coupling constants
between FCCF and the H2O molecules that show values
larger than 1.0Hz in absolute value correspond to F–H
and F–O cases. They have been gathered in Table 6 and
plotted in Figure 11.

When a direct interaction is observed between a flu-
orine atom and hydrogen, negative values of 1hJ(H–F)
are obtained, depicted with triangles in Figure 11. The
coupling is stronger for the closest pair, as expected.

There are four non-negligible F–O couplings corre-
sponding to tetrel bonds. For complexes A and F, these
are clearly indicated in Figures 2 and 3. For complex D,
each F nucleus is coupled to its closest O nucleus, the
tetrel bond corresponding to the H2O molecule with its
H atoms pointing away from FCCF. For complex E, both
F–O couplings are to the same F nucleus, the tetrel bond
corresponding to the more distant O atom. The tetrel
bond couplings are all negative, ranging between −8.4
and −1.6 and exhibiting a clear linear dependence with
distance as depicted with squares in Figure 11.

The two remaining F–O couplings correspond to 2h
bonds. They are small and positive, shown by circles in
Figure 11.

4. Concluding remarks

In this work, we have systematically studied the changes
in the inter- and intramolecular spin–spin coupled con-
stants brought about by the presence of water molecules
arounddifluoroacetylene [complexes FCCF:(H2O)n; with
n = 1, 2]. We have considered the three possible types

of bonds, HOH···π interactions, HOH···FC hydrogen
bonds and O ···(FC) tetrel bonds. We have also analysed
the possible relation of the SSCCs to both the BP andBCP
of the different compounds. We observe the following
patterns.

The MEP of C2F2 shows three distinct regions. Two
negative ones, the fluorine ends and the π cloud, where
the hydrogen atoms ofH2O could bind (complexesC and
B, respectively), and a positive one, the C–F bonds, where
the lone pairs of the oxygen atom of H2O could interact
via a tetrel bond (complex A).

The single bond critical point (BCP) in complexes B
and C, and the two BCPs in complex A display charac-
teristics typical of weak interactions.

Three unique minima have been located for FCCF:
(H2O)2. In all cases, the two H2O molecules are mutu-
ally connected by an HB. All three complexes present an
O···C tetrel bond path, complemented by either an H···F
HB, an O···F bond, or a pair H···π HB plus O···F tetrel
bond.

All FCCF intramolecular couplings correlate linearly
with the distance between the involved nuclei, except
for 2J(F–C) which instead depends linearly on the C≡C
bond length as has previously been seen for correspond-
ing complexes with HF.

All FCCF intramolecular couplings decrease in abso-
lute value with distance, with the exception of 3J(F–F).

The 1J(C–C) couplings range between 405 and 413Hz
and are completely dominated by the FC term. The
1J(F–C) couplings are also large but negative in contra-
diction to the Dirac vector model, and in agreement with
previous analyses that have reported similar discrepan-
cies [6,61]. Their values range from −289 to −256Hz,
for bond lengths d(F–C) that vary by 0.15 Å between
complexes.

The 2J(F–C) couplings are all positive, as are their
three main contributions, PSO, SD and FC.

The 3J(F–F) couplings are negative and exhibit the odd
behaviour of a clearly linear increase in absolute value
with the F–F distance.

Regarding intermolecular couplings, measurable
results are predicted for hJ(H–F) and hJ(F–O).

The only non-negligible intermolecular hJ(H–F) cou-
pling occur between hydrogen bonded pairs, and range
from –4.4 to –2.4Hz.

The intermolecular hJ(F–O) couplings correspond to
tetrel and 2h bonds. The former are negative, ranging
between −8.4 and −1.6 and showing a linear decrease in
absolute value with distance. The latter are positive and
small, around 1Hz.
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