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Symmetry and dynamics of FHF ™ anion in
vacuum, in CD,Cl, and in CCl,. Ab initio MD study
of fluctuating solvent—solute hydrogen and
halogen bondst

S. A. Pylaeva,® H. Elgabarty,® D. Sebastiani ¢ and P. M. Tolstoy (2 *°

FHF™ anion is a classic example of a central-symmetric strongly hydrogen bonded system that has been
intensively investigated both experimentally and theoretically. In this paper we focus on solvent effects
on symmetry, structure and dynamics of the anion. The FHF™ anion is studied in vacuum, dissolved in
CH,Cl, and dissolved in CCly by ab initio molecular dynamics simulations. We show that CH,Cl,
molecules form CH---F hydrogen bonds with lone pairs of fluorine atoms, while CCly; molecules form
halogen bonds. These specific non-covalent solvent—solute interactions are cooperatively coupled to
the FHF™ hydrogen bonds. The fluctuation of solvent molecules’ positions is the driving force changing
the FHF™ hydrogen bond geometry. Most of the time, the anion is solvated asymmetrically, which leads
to the asymmetric bridging particle position, though the time-averaged D, symmetry is retained.
Interestingly, this transient asymmetrization of FHF™ is more pronounced in CCly, than in CH,Cl,. We
show that the *H and °F NMR chemicals shifts react sensitively to the changes of anion’s geometry and
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Introduction

The geometric, energetic and spectroscopic properties of hydrogen
bonded complexes are susceptible to the structure and dynamics
of the surrounding medium. For example, in molecular crystals
and in hydrophobic pockets of biomolecules steric factors and
local polarity often determine the bridging proton position."?
In solutions, the thermal fluctuations of solvent dipoles in the
solvation shell and specific solvent-solute interactions may
significantly influence the structure of a hydrogen bonded
complex.’® In particular, in the case of formally symmetric
hydrogen bonds transient asymmetric solvation shell structures
(which may include counterions for charged systems) may break
the overall symmetry of the complex.* For example, Perrin et al.
have studied the solvent effects on the symmetry of an intra-
molecular (OHO)™ hydrogen bond in case of symmetric counter
cation placement’ and have coined the term “solvatomers’®
to describe conformations (sometimes true isomers) that differ
in solvation. In ref. 9 authors argue that the observation of an
equilibrium between two strongly hydrogen-bonded tautomers

“ Institute of Chemistry, Martin-Luther Universitit Halle-Wittenberg, Germany.
E-mail: daniel.sebastiani@chemie.uni-halle.de

b Center for Magnetic Resonance, St. Petersburg State University, Russia.
E-mail: peter.tolstoy@spbu.ru

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c7cp04493c

This journal is © the Owner Societies 2017

the limiting chemical shifts of free solvated FH and F~ are strongly solvent-dependent.

of a formally symmetric NHN system could be due to the
reorganization of the solvent, switching between two asymmetric
solvation patterns. It has been proposed to detect experimentally
the presence of an equilibrium by performing its isotopic
perturbation (H/D or '°0/*®0 replacement).”'*'!

Recently we have studied by a combination of ab initio
molecular dynamics simulations (ab initio MD) and experi-
mental low-temperature combined NMR/UV-Vis spectroscopy>
strongly OHO-bonded anionic complex of 4-nitrophenolate and
acetic acid dissolved in CD,CL."® In this system an effective
double-well proton potential is realized and the fast reversible
proton transfer in the OHO bond is driven by the solvent-solute
interactions. While the overall effect of solvation by a polar
medium is clearly present,'* the primary driving force of proton
transfer was shown to be the formation and breakage of weak
CH:--O—C hydrogen bonds between solvent molecules and
the “free” carbonyl group of the acetic acid. Expanding the line
of research to neutral OHN-bonded complexes, a series of
complexes formed by chloroacetic acid and substituted pyridines
has been studied by low-temperature combined NMR/IR
spectroscopy.'® Ab initio MD simulations carried out for the complex
of acetic acid with 2-methylpyridine dissolved in dichloromethane
have revealed that the proton transfer from the molecular
OH- - N to the zwitterionic O~---HN" form occurs in the pico-
second time range and it is driven by the cooperative inter-
action of the OHN hydrogen bond and CH- - -O—C bonds with
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solvent molecules. In contrast to liquid solutions, in molecular
crystals with OHN hydrogen bonds, where the surrounding
medium is essentially static (and stabilization of zwitterionic
structures is less likely'®), the proton tautomerism is often
suppressed.’”” For charged systems with intramolecular (NHN)"
hydrogen bonds the solvent and counter-anion effects have been
previously studied experimentally'®' and computationally.”®
In ref. 19 it was argued that the increase of the solvent polarity
leads to the separation of the (NHN)"-bonded complex and its
counteranion and in average results in the symmetrisation of
the (NHN)" bridge. The nuclear quantum effects on distribution
of bridging proton position could be accounted for by using
path integral molecular dynamics simulations (PIMD). Recently,
this approach has been applied to short OHO,>' OHN*? and
other hydrogen bonds, including intramolecular ones® and the
ones found inside the active sites of enzymes.>*

One of the most famous examples of an extremely strong
and short symmetric hydrogen bond is FHF anion. The recent
estimates give the gas phase complexation energy around
44 keal mol *.?® In the gas phase the bridging proton is located
at the geometric centre between two fluorines (D.;, point group
of symmetry for the anion), as confirmed by IR spectroscopy”®
The experimental value of FHF vibrational frequencies are
v, = 583 cm ™' (symmetric stretch) v, = 1286 cm ' (bending)
and v3 = 1331 ecm ™" (asymmetric stretch).>” Deuteration of the
complex results in so-called anomalous Ubbelohde effect:**°
the F---F distance slightly shortens in FDF ™, as compared to
FHF~.”° This could be rationalized in terms of a smaller special
spread of the deuteron’s vibrational wave function, which
allows two fluorines to come closer to each other.*" Apart of
the Ubbelohde effect, the equilibrium structure of FDF ™~ anion
is similar to that of FHF . The symmetry of the FHF~ (FDF )
anion remains unbroken in noble gas matrices®>> and in KHF,
(KDF,) crystals.>® In a recent paper Grabowski*> has analyzed
the available crystal structures including FHF fragment and
found out that while in some cases the gas-phase symmetry
Dy, is preserved, in many other cases it is deformed due to
interactions with the surrounding medium, mainly by the
formation of external hydrogen bonds. In a polar aprotic medium,
such as a mixture of liquefied gases CDF,/CDF,Cl the FHF
hydrogen bond in the FHF NBu,  complex retains its average
symmetry, as evidenced by the positive value of the primary H/D
isotope effect®® (6D — JoH > 0.32 ppm; 6H = 16.6 ppm™).
However, the situation depends on the strength of the inter-
molecular interactions: in the presence of a strongly interacting
counter-cation, such as 2,4,6-trimethylpyridinium,*® the transient
symmetry of FHF  is broken, though in the NMR time scale
two fluorine atoms stay chemically equivalent due to the rapid
rotation of the anion.

The FHF  anion is a popular system for theoretical investi-
gations. The small number of atoms allows for high-precision
calculations of the multidimensional potential energy surface
(PES).*”® It has been demonstrated that in the gas phase the
potential for the proton stretching motion is highly anharmonic
and has a “flat-bed” single-well shape, which leads to the
delocalization of the bridging particle near the H-bond center.
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Depending on the level of theory used, the calculations of the
vibrational frequencies using the multidimensional PES show
some spread around the experimental values. In some cases
computed frequencies match rather well - difference less than
10 ecm ™! - with the experiment.**~**> Upon increase of the F- - -F
distance a barrier for the proton motion appears and grows,
eventually rising above the zero-point energy level and creating
a dual maximum shape of the proton wave function.** It could
be argued that in a condensed medium such double well
potential is realized along the proton transfer coordinate that
includes the solvent molecule motions.**

The NMR parameters of FHF  anion have been computed by
several authors.>>*>* The results show the low-field bridging
proton chemical shift and high values of the Yy and Vg
coupling constants for the isolated anion, which reproduce
rather well the available experimental data. Additionally, in
ref. 46 various vibrational contributions to the resulting value
of the positive primary H/D isotope have been discussed and in
ref. 47 the solvent-induced temperature dependencies of NMR
parameters of FHF  anion were analyzed. Recently published
results of the gas phase path integral molecular dynamics study
(MP2/6-31++G**)*® of FHF~ and FDF~ have reproduced the main
features of the anion: D, symmetry, anomalous Ubbelohde
effect on the F- - -F distance upon deuteration and the narrower
distribution of D positions, as compared to H. It has also been
reported that despite the linear configuration of three atoms in
the optimized geometry of the anion the most probably structure
in the gas phase is bent (more on that in Discussion).

In this work we present the results of ab initio MD investiga-
tion of FHF ™~ anion in three environments: in vacuum and in two
explicit solvents, CH,Cl, and CCl,. Our main interest is to gain
an atomistic understanding of how specific solvent-solute inter-
actions (symmetric or not) break the transient symmetry of the
anion. Here by symmetry we mean the position of the bridging
proton between two fluorine atoms (D1, for the central position,
C..y for the asymmetric linear position and Cs for asymmetric
non-linear one). We aim to analyse the ensemble of solvatomers
and corresponding distribution of spectroscopic parameters
(NMR and IR) in condensed medium.** The main source of
the solvent-solute interactions is expected to be the interaction
of the fluorine lone pairs with the CH protons (for CH,Cl,) and
with the sigma-holes on the halogen atoms (for CH,Cl, and
CCl,). The counterion effects are not considered in this paper.
Small cations such as K or Na" would strongly interact with the
anion, perturb the solvation shell and mask the specific solvent-
solute non-covalent interactions. Large bulky counterions used
in experiments (pyridinium,*® tetrabutylammonium,®* and even
larger systems®®) are less active, but the perturbation of the
solvation shell would also break the potential symmetry of the
solvation shell.

Computational details

Ab initio MD simulations of the complexes were performed using
the CP2K>! simulation package. We chose GPW’* method, the
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BLYP-D2>*"*° DFT functional, together with a DZVP-MOLOPT-
GTH’*"” basis sets for all atoms. The simulations were per-
formed in an NVT ensemble at 300 K using a global CSVR
thermostat®® with 500 fs time constant. All hydrogen atoms were
simulated as deuterium atoms, which allowed us to increase the
time step to 1 fs, but throughout the paper we will refer to them as
to protons. The selected time step is at least 10 times shorter than
the period of the expected highest-frequency nuclear vibrational
motion in the system (CD stretching), which satisfies the usual
criterion proposed for the Born-Oppenheimer MD.>® The employed
SCF convergence was 10~ ° a.u. and plane wave cutoff was set to
450 Ry. The molecular dynamics was done in a cubic periodic box
with a side length of 15 A. We have run three trajectories: for a
FHF~ in vacuum, in dichloromethane (CH,Cl,) and in tetrachloro-
methane (CCl,). For the trajectories in condensed phase the
solvent cells were previously equilibrated (energy minimization
followed by 6 ps AIMD run). Then the complexes were inserted
into the solvent box by calculating the molecular volume of the
overlapping van der Waals radii of its atoms and removing the
equivalent volume of solvent molecules calculated in the same way.
This resulted in a box containing 33 CH,Cl, molecules and
FHF ™~ at a density 1.4 g cm > and 22 CCl, molecules at a density
1.68 g cm . The systems were equilibrated for 5 ps, and then
the simulation continued for another 11 ps (vacuum) or 25 ps
(CH,Cl, and CCl,) which were used for data sampling. We used
VMD® and TRAVIS®"®* for trajectory analysis.

Chemical shifts were calculated in CP2K with the all-electron
GAPW®*** method and PBE0® functional, employing locally
dense basis sets: peSseg-2°°"*® basis set on hydrogen and fluorine
atoms and 6-31G* basis set for carbon and chlorine atoms.
A number of random snapshots were extracted from every
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trajectory (30 for FHF  in vacuum, 100 for FHF  in CH,Cl,
and CCl,). For the solvated systems all solvent molecules were
included in calculations. Isotropic magnetic shielding con-
stants for 'H and '°F were referenced to tetramethylsilane
and CFCl; in vacuum, respectively.

Results

While the detailed description of the results of ab initio MD
simulations concerning the solvation shell structure will be given
in Discussion, here we present general information about the
structure of the FHF™ anion itself, according to the calculated
trajectories. In all cases - in vacuum or dissolved in an aprotic
solvent — FHF  anion exhibits strong and short hydrogen bond,
that does not break during the simulation. Geometric parameters
of the FHF ™~ anion fluctuate around equilibrium values and the
characteristics of these fluctuations depend on the medium. For
convenience, we introduce here linear combinations of inter-
atomic distances for the description of FHF hydrogen bond as
¢1 = 1/2(rp — rup) and g, = rgy + ryp. For a linear hydrogen bond
these parameters have a clear physical meaning: g, represents the
shift of the proton from the centre of the hydrogen bond and
q, represents its overall length. The change of the ¢, sign
corresponds to proton crossing the centre of the H-bond (the
center of the F---F distance). Note that the sign of g, value is
defined by the numbering of fluorine atoms, which in our case
was chosen arbitrary and kept consistently during the analysis.

In Fig. 1-3 the data for FHF ™~ in vacuum, dissolved in CH,Cl,
and dissolved in CCl, are given, respectively. The following
characteristic are plotted: (a) the time dependence of the
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hydrogen bond asymmetry parameter ¢,; (b) the interdepen-
dence of g; and the overall hydrogen bond length parameter g,;
(c) the probability distribution of g, values and (d) the occur-
rence of different FHF angles with cone correction (red curve)
and without it (black curve).

Fig. 1a, 2a and 3a show that in all cases the bridging particle
crosses the midpoint of the hydrogen bridge (g; = 0 A) many

cal,

1T

times during the simulation. In Fig. 1b, 2b and 3b we show the
interdependence of g, and g, parameters, which is barely
noticeable in Fig. 1b and becomes progressively more apparent
in Fig. 2b and 3b. For future reference, we have added to the
Fig. 1b, 2b and 3b a curve, corresponding to the previously
established g,—g, correlation. This correlation represents FHF
geometry changes along the proton transfer reaction pathway
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Fig. 3 Ab initio MD trajectory analysis: geometry of FHF~ anion dissolved in CCly. (a) The time dependence of q; = 1/2(rey
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in vacuum. The curve was constructed according to ref. 69 and
stems from the so-called valence bond order model of hydrogen
bonded complexes:’®"?

P1+p2=1,py =exp(—(rpu — ro)/b)§ D> = exp(—(rar — ro)/b)’
1)

where p, and p, are called bond orders, r° = 0.897 A and b = 0.36 A.
The parameter ° has the meaning of the F---H distance in a
hypothetical free FH molecule, while b describes how rapidly
the FH bond order falls with the F- - -H distance (in other words,
the parameter b is chosen in such a way that the equation
Pp1+ pa =1 is better fulfilled). From eqn (1) one can derive that

g> = 21° + 2, + 2bIn(1 + exp(-2q./D)). (2)

The probability distributions of g, values are shown in
Fig. 1c, 2c and 3c (see also the distribution of F---H distances
in Fig. S1 in ESIt). Quite expectedly, considering the symmetry
of the system, these distributions are centred at g, = 0 A, which
corresponds to the central-symmetric anion. The reasons why
there are changes in the widths and general shapes of distribu-
tions will be given in Discussion. The probability distributions
of ¢, and F---F distance rgp for all three studied systems are
shown in Fig. S1 in ESL.} For three systems (FHF ™~ in vacuum,
in CH,Cl, and in CCl, medium) these distributions for each
parameter are qualitatively similar. However, there are some
changes in the shapes, which will be discussed below.

Finally, in Fig. 1d, 2d and 3d we demonstrate that the
average structure of FHF ™ anion is linear in vacuum and in
solution. This topic deserves some comments. The bent struc-
tures are progressively less and less energetically favoured when
FHF angle « deviates from linearity. Nevertheless, the statistical
weight of the bent structures increases proportionally to the
sin(«). As a result, the distributions of angles start to show
maxima at o < 180°. In other words, the most probable
structure of the FHF anion is bent, even in vacuum. For
example, the most probable angle « equals to 171.4° for FHF ™
in vacuum, 171.6° in CH,Cl, and 169.8° in CCl, (these values
are close to each other, suggesting that there is not really a
difference in the stability of the bent geometries). However, if
one performs so called cone correction, which takes into
account the statistical weight of each value of the angle «,
one obtains the distribution functions as shown in Fig. 1d, 2d
and 3d as red curves. In all cases the cone-corrected most
probable (most energetically favoured) FHF angle « is 180°.

The dependencies of "H and "°F NMR chemical shifts on ¢,
values for the studied systems are given in Fig. 4-6. The average
values of chemical shifts are added to the figures and also
collected in Table 1. The average values for fluorine atoms "°F,
and "°F,, coincide within a couple of ppm, indicating that the
set of snapshots used to calculate the average is a sufficiently
representative one.

The 6'H values for three systems (Fig. 4a, 5a and 6a) behave
in a qualitatively similar fashion: a symmetric bell-shaped
dependence on g, with the maximum corresponding to g, = 0 A,
which is typical for formally symmetric hydrogen bonds of
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various types.'®®””° Following the approach outlined in ref. 67,
we have attempted to fit these points using the equation

8'H = §(FH) + 4-(4p1p,)’, 3)
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Table 1 The values of average *H and *°F NMR chemical shifts for the
FHF™ anion in vacuum, dissolved in CH,Cl, and dissolved in CCly (see also
Fig. 4-6). The labelling of fluorine atoms (a and b) was done arbitrarily and
kept consistent during the analysis

System (6°H), ppm (0*Fa), ppm (6*Fp), ppm
FHF ™ in vacuum 12 —292 —291
FHF ™ in CH,Cl, 14 —210 —215
FHF ™~ in CCl, 12 —147 —147

where p; and p, are g;-dependent bond orders from eqn (1),
0(FH) is the proton chemical shift of a hypothetical free FH
molecule and 4 is the excess chemical shift, which determines
the maximum value 6'H reaches at g; = 0 A. The dependences
of 6°F values on g, for two fluorine atoms (Fig. 4b, ¢, 5b, ¢ and
6b, c) are essentially the same, only the sign of g, is reversed.
On the first glance, these dependencies look linear. However,
they can be fit using an equation similar to the one reported
in ref. 67:

5'F = 5(FH)py + (E ), (@)

where 6(FH) and 6(F") are fluorine chemical shifts of hypo-
thetical free FH molecule and F~ anion, respectively. The fitted
curves are depicted in Fig. 4-6 as black traces and the para-
meters are given in Table 2. The spread of the data points does
not allow one to obtain the precise values of the limiting
chemical shifts, so the values given in Table 2 serve as rough
estimates. Nevertheless, it might be concluded that the sensi-
tivity of the J(FH) to the medium is much larger than that of
O(EF™). It would be interesting to explicitly calculate these values
by performing ab initio MD simulations of isolated FH and F~

26112 | Phys. Chem. Chem. Phys., 2017, 19, 26107-26120
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Table 2 The values of the fitted parameters of egn (3) and (4) used to plot
black traces in Fig. 4-6

System 6(FH), ppm 4, ppm  6(EH), ppm  S(E”), ppm
FHF in vacuum 6 7 —310 —280
FHF in CH,Cl, 6 9 —150 —280
FHF  in CCl, 6 7 +30 —320
V;
vacuum
——CH,Cl,
—ccl,
Vi
V3

400 600 800 1000 1200 1400
v/cm™

Fig. 7 Power spectra of FHF~ in vacuum (black line), in CH,Cl, (blue line)
and in CCly (red line).

in vacuum and in the medium. However, this task was beyond
the scope of this work.

Finally, in Fig. 7 we plot the power spectra, i.e. Fourier
transformed velocity autocorrelation function of FHF™ atoms.
In each case three maxima can be observed at ca. 570 cm™?,
around 900 cm ™' and slightly above 1100 cm™'. We remind
here that in order to increase the time step of the simulations
all hydrogens were simulated with double mass (as deuterons),
which affects the vibrational frequencies. The assignment of
these maxima to normal modes of the anion can be done either by
comparison with the previously reported experimentally measured
or computed values of FDF~ vibrational frequencies,”** or by
performing the normal mode analysis implemented in TRAVIS
software package.”® The results of the two approaches coincide and
give the following assignment in the order of increasing frequen-
cies: symmetric stretch, bending and asymmetric stretch.

Discussion
FHF in vacuum

The structural and spectroscopic featured of FHF  anion are
presented in Fig. 1 and 4 and were briefly described in the
Results section. The widths of g; and ¢, distributions and the
width of FHF angle « distribution serve us as a starting point for
the discussion of the solvent effects below. Nevertheless, it is
interesting to compare our results with the results of PIMD simula-
tion of FHF and FDF  anions in vacuum (MP2/6-31++G**),
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published by Suzuki et al.*® In ref. 48 authors find that “nuclear
quantum effects stretch the FH and FF distances due to
potential anharmonicity”’. Despite the differences in the level
of theory, the average bond lengths and angles agree rather well
(for FDF~ PIMD and this study, respectively: average F---D

la Cl
d C><‘\C b
f\ B
H H‘;\ €]
r' F-H--F
o 1601 @
g 140
@ 120
el
= 100/
©Q 80
T 60
L
& 40
20
05 1.0 15 2.0 25
r(F..H) /A
}/ 120 % 60

150

180 ----H----F

300

270

View Article Online

Paper

distances are 1.163 A and 1.178 A; average F- - -F distances are
2.324 A and 2.349 A; average angles o are 169.6° and 171.4°).
Quantum effects also lead to a wider distribution of bond
lengths. This effect is more pronounced for hydrogens as
compared to deuterons. For example, the root mean square
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Fig. 8 The directionality of the intermolecular solvent—solute interactions: correlations between the intermolecular distance r’ and the bond angle f.
(@) FHF™ in CH,Cl, (CH- - -F hydrogen bond). (b) FHF~ in CCl, (CCl- - -F halogen bond).
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deviation for F---D distance in PIMD is 0.097 A and in our
Born-Oppenheimer MD simulation it equals to 0.063 A. In
general, nuclear quantum effects are without a question important
for a neat description of strong H-bond parameter distribution,*>*
however in this paper we focus on solvent-solute interactions
and comparisons of different types of specific interactions in
condensed phase.

Note, that the distribution of spectroscopic parameters is rather
broad even without the influence of fluctuating solvent molecules
in the solvation shell. For example, the "H NMR chemical shifts
cover the range from 9 ppm to 13 ppm (Fig. 4a), while '°F chemical
shift are spread over ca. 20 ppm region (Fig. 4b and c).

FHF  dissolved in CH,CI,

For FHF  in CH,CI, the solvent-solute interactions lead to the
spread of the data points in g;-¢, plot (Fig. 2b): the cloud of
points starts to “smear” along the solid “equilibrium” curve. The
corresponding distribution of ¢, values broadens (o = 0.07 A), as
compared to FHF in vacuum, while the average F- - -F distance
shortened. It means that the correlation between the proton
position and the overall length of the bridge continues to be
fulfilled, but there are factors which compress the anion as a
whole and also lead to a larger asymmetrization of the anion. The
nature of the asymmetrization could be elucidated, considering
that along the trajectory, close to each fluorine atom there are
one, two, three or even more CH groups of solvent molecules,
some of which are forming weak CH- - -F hydrogen bonds. One of
such molecules is shown at the top of Fig. 8a (see also the
definitions of the distance r/(F---H) and the angle p(F-H-C)).
These CH- - -F bonds are essentially linear and ca. 2.0 A in length,
as evidenced by the correlation plot of 7 and 8. The F-F-H angles
y are distributed around 100° (see Fig. 8a, bottom). This is what
one would expect assuming that the interaction occurs with one
of the lone pairs of F nucleus. In this case one would expect up to
three solvent molecules per fluorine. However, it might be that
the maximum number of interacting solvent molecules is dic-
tated primarily by the steric factors.”* In order to check this, in
Fig. 9a we plot the distribution of F-F-H-H dihedral angles ¢
(four atoms defining the angle are marked blue in the figure) for
the cases when there are two and more CH---F bonds at the
fluorine (' < 2.5 A and 150° < B < 180° criteria were used). In
the majority of cases there are two solvent molecules bound to
fluorine and these molecules preferentially occupy the positions
at ¢ = 90-120°, which is expected if the bonding occurs primarily
via the sp*-hybridized lone pairs of fluorine. In case of pure
steric repulsion of CH,Cl, molecules the most abundant angle
¢ would be 180°.

The NMR parameters change significantly: firstly, the average
0'H value grows by 2 ppm: secondly, the scattering of the "°F,,
points dramatically increases and the limiting value, corresponding
to the “free” FH molecule, changes from -310 to —150 ppm.
(As the other limiting value for “free” F~ changes much less, the
average 6'°F changes by ca. 80 ppm.) It is difficult to compare
directly the absolute values of computed average chemical shifts
with the experimental ones, which are collected in Table S1 (ESIt),
primarily because in the experiments the conditions are never the
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same as in our calculations (presence on the counterion, usage
of different solvents, in some cases at different temperature).
Nevertheless, one can say that admitting a systematic computa-
tional error of about 1 ppm, the average 6'H value of 14 ppm
is very close to the experimental value of 16.6 ppm, reported
for Bu,N'FHF  dissolved in CDF;/CDF,Cl mixture at low
temperature.*® This holds even more when comparing with
the usual range of proton NMR chemical shifts, e.g. 5 ppm for
liquid water and about 1 ppm for isolated water.

FHF ™~ dissolved in CCl,

The CCl, solvent is often viewed as an inert one, influencing the
dissolved complexes to a minimal degree. However, this is not
the case for FHF~ in CCl,. Here the tendencies described in the
previous subsection (FHF™ in CH,Cl,) continue to develop:
the g,—-q, dependence is more clearly stretched along the

in CH,CI,

Fig. 10 Typical snapshots of the trajectory, showing the approximate
structure of the first solvation shell around FHF~ anion. (a) CH,Cl, solvent;
(b) CCly solvent.
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equilibrium line (Fig. 3b), gradually approaching the situation
when intermolecular interactions with the solvent would break
the symmetry of the complex and lead to formation of an
effective double-well potential curve for proton motion. The
distribution of g, values is also broader (Fig. 3c). This is the
evidence for the stronger intermolecular interaction between
the solvent and the solute, which in this case is the halogen
bonding between the lone pairs of fluorines and the c-holes of
chlorines. From Fig. 8b it is apparent that distributions of the
F---Cl interatomic distances 7’ and of the halogen bond angles
B(F-C1-C) are quite narrow. The 7’ distances are shorter than
3 A, which is smaller than the sum of van der Waals radii of the
atoms involved’® and the 8 angle is close to linearity (>160°).
The F-F-Cl angles y (Fig. 8b, bottom) are clustered around
90-110°, quite close to the directions of the lone pairs of
fluorines. Note however, that there are occasions when CH
approaches FHF ~ at 90° to its axis, possibly indicating the steric
repulsion between the solvent molecules. Interestingly, for
CH,CI, no halogen bonding to the lone pairs of fluorines has
been observed in the trajectory (which is linked to the smaller
c-hole in CH,Cl, and its substantial proton-donating ability).
The mutual orientation of CCl, molecules around the fluorine
atom is analysed in Fig. 9b, where the distribution of F-F-CI-Cl
angles is shown. Similar to the results obtained for CH,Cl,, for
CCl, the most abundant configurations have two solvent mole-
cules at fluorine atom (' < 3.1 A; 150° < f# < 180°) and these
molecules occupy the relative positions at ¢ = 110-130°, fitting
to the directions of fluorine lone pairs.

For CCl, the limiting values of '°F chemical shifts have also
changed significantly: 6(FH) has increased from —150 ppm (for
CH,Cl,) to +50 ppm (for CCl,), while §(F~) has changed much
less (from —280 ppm for CH,Cl, to —320 ppm for CCl,). The
difference between the limiting fluorine chemical shifts is
370 ppm and subsequently, the data points in Fig. 6b and c
are noticeably scattered. The exceptionally high sensitivity
of ""F NMR chemical shifts of FHF  anion to the hydrogen
bond geometry is not surprizing, as the shieldings are usually
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extremely sensitive even to sub-picometer fluctuations in bond
lengths. However, the overall solvent sensitivity, i.e. the span of
the 6'°F values in CH,Cl, and CCly, is surprizing and note-
worthy in itself, as the experimentally measured *°F chemical
shifts values reported previously in the literature for different
environments lie relatively close to each other, covering a
narrow range from —141 to —155 ppm (see Table S1 in ESI¥).
At the moment it is hard to attribute this sensitivity of com-
puted '°F chemical shifts to any physical or dynamical para-
meter of the system, though it seems that the 6(FH) values are
mostly solvent-dependent.

The calculated power spectra (Fig. 7) are not intended to
simulate the experimental IR spectra and considered here in a
more qualitative way. In the power spectra the difference between
the two solvents can be seen (Fig. 7; see also Table S2 in ESI}).
Band positions of bending (1,) and asymmetric stretching (v3)
vibrations in liquids are shifted noticeably in comparison to
vacuum, while relative differences between CH,Cl, and CCl, are
somewhat less pronounced. The bending vibration shifts towards
lower frequencies upon dissolution, while the frequency of the
asymmetric stretching increases. The interpretation of these
changes can be done considering that the average F- - -F distance
shortens in the condensed medium, but increases again with
increasing solvent-solute interaction (2.32 A in CH,Cl,, 2.33 A in
CCl, and 2.35 A in vacuum). The shortening of the F- - -F distance
“flattens” the potential energy surface along the bending
coordinate,’® which decreases the vibrational frequency. In
contrast, the asymmetric stretching potential becomes less
flat*® and the corresponding vibrational frequency increases.

Solvation shell structure. Hydrogen/halogen bond cooperativity

In Fig. 10 we show as an example rather typical snapshots of the
solvent structure around the FHF™ anion. One can see that in
the cases of CH,Cl, and CCl, the solvation shell contains a
small number of solvent molecules many of which form non-
covalent interactions with the fluorine atoms. There is always at
least one solvent molecule close to each of the fluorine atoms,
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Fig. 11 The interdependence between the bridging proton position r(F- - -H distance) and the intermolecular distance r’ to the closest neighbour solvent

molecule. (@) FHF~ in CH,Cl,. (b) FHF™ in CCly.
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as could be seen from Fig. 11, where the joint distribution of
the proton position (F- - -H distance within the FHF ~ anion) and
the distance to the closest solvent molecule (F---HC or F- - -CIC
distances for hydrogen and halogen bond, respectively) are
shown. Note, however, that the position of the closest solvent
molecule does not determine the bridging proton position in
FHF ™ anion (in both cases the F- - -H distances cover the similar
range from 1.05 to 1.25 A). This is because there could be two,
three or even more solvent molecules interacting simulta-
neously with the lone pairs of each fluorine atom. In Fig. 12
the number of molecules interacting with F, and F}, is denoted
N; and N,, respectively. In order to determine the number of
interacting solvent molecules we have chosen the same criteria,
as mentioned above: for hydrogen bonds the F---HC distance

in CCl,
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Fig. 13 The correlation between N; and N, values (defined in Fig. 12) for
FHF~ in CH,CL, (top) and in CCly (bottom).
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should be shorter than 2.5 A, for halogen bond the F---CIC
bond should be shorter than 3.1 A, while in both cases the
angle f3 (see Fig. 8) should lie within the range 150° < f < 180°.
At many occasions N; and N, values do not match, making
the solvation shell asymmetric and causing the asymmetric
bridging proton position within the FHF anion. In other
words, it is the balance between the local solvations of one
and of the other fluorine atoms that determines the proton
position in the FHF ~ bridge. The diagram showing the number
of solvent molecules on either side of FHF  anion is presented in
Fig. 13. Clearly, the non-equal numbers of solvent-solute inter-
actions is a quite common occurrence during the simulation. In
order to demonstrate that the asymmetry in the solvation shell is
linked to the asymmetric proton position, we have introduced
the number D = N; — N,. Positive D values mean that F, is better
solvated, while negative D values mean that F, is better solvated.
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Fig. 14 The correlation between D = N; — N, and g; values for FHF™ in
CH,Cl; (top) and in CCly (bottom).
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Fig. 15 The distribution of solvent—solute interaction lifetimes, i.e. the
residence times of solvent molecules fulfilling the criteria for non-covalent
interaction. Blue trace: FHF~ in CH,Cl, (' < 2.5 A; 150° < < 180°). Red
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r'" and f see Fig. 8, top.

In Fig. 14 we plot the correlation between D and g, values. If
there would be no interdependence, the g, < 0 Aand g, > 0 A
parts of plot would look the same. However, in our case the data
is stretched along the diagonal. This correlation is pronounced
weaker in case of CH,Cl,, which does not break significantly
the symmetry of the FHF anion, and the correlation is
pronounced stronger in case of CCl,. As mentioned before,
for us the stronger interaction of FHF~ with CCl, was an
unexpected result. In Fig. 15 we plot the distribution of the
solvent-solute bond’s lifetimes, confirming that this lifetime
for CCl, molecules is twice longer than for CH,Cl, molecules.

Conclusions

For FHF ~ in vacuum, dissolved in CH,Cl, or CCl, the average D .1,
symmetry is retained, but there are differences in transient
symmetry, which depends on the specific intermolecular inter-
action with the solvent. In case of CH,Cl, is appeared to be CH: - -F
hydrogen bonding (no halogen bonds were formed during the
simulation), while in case of CCl, it is halogen bonding. Both
types of intermolecular interactions are preferentially aligned
with the lone pairs of fluorine atoms of FHF . The cause of the
proton displacement in FHF~ seems to be asymmetric solvation,
primarily the different number of solvent molecules, non-
covalently bonded to fluorine atoms. The stronger the inter-
action with the solvent, the broader is the g, distribution.

It could be speculated that even stronger specific inter-
action with the solvent would eventually break the symmetry
of FHF  completely and led to the situation better described
by a two-state proton tautomerism:”® elongated F- - -F distance
and bimodal distribution of asymmetric proton positions. This
transition from a ‘“single-well” to a “double-well” situation
could be done in a smooth continuous way (the process
previously considered hypothetically for the increased bond
length for both symmetric hydrogen® and symmetric halogen
bonds””).
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NMR chemical shift appear to be sensitive markers for the
spectral diagnostic of the hydrogen bond geometry, responding
sensitively to the bridging proton position and to the medium
itself. There is a huge solvent effect on average §'°F, mainly
because the limiting chemical shift of FH is strongly solvent-
dependent (the chemical shift of F~ anion is much less sensitive).
The power spectrum (the autocorrelation function of the atom’s
velocities), constructed on the basis of computed trajectory, shows
the high sensitivity to the average F- - -F distance.
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