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ABSTRACT: The high Lewis basicity and small ionic radius of
ﬂuoride promote the formation of strong ionic hydrogen bonds in
the complexation of ﬂuoride with protic molecules. Herein, we
report that carbonic acid, a thermodynamically disfavored species
that is challenging to investigate experimentally, forms a complex
with ﬂuoride in the gas phase. Intriguingly, this complex is highly
stable and is observed in abundance upon nanoelectrospray
ionization of an aqueous sodium ﬂuoride solution in the presence
of gas-phase carbon dioxide. We characterize the structure and
properties of the carbonic acid−ﬂuoride complex, F−(H2CO3),
and its deuterated isotopologue, F−(D2CO3), by helium nanodroplet infrared action spectroscopy in the photon energy range
of 390−2800 cm−1. The complex adopts a C2v symmetry structure with the carbonic acid in a planar trans−trans conformation
and both OH groups forming ionic hydrogen bonds with the ﬂuoride. Substantial vibrational anharmonic eﬀects are observed in
the infrared spectra, most notably a strong blue shift of the symmetric hydrogen stretching fundamental relative to predictions
from the harmonic approximation or vibrational second-order perturbation theory. Ab initio thermostated ring-polymer
molecular dynamics simulations indicate that this blue shift originates from strong coupling between the hydrogen stretching
and bending vibrations, resulting in an eﬀective weakening of the OH···F− ionic hydrogen bonds.

■

(SN2) reactions.14−17 Strong hydrogen bonding is likewise
important in this context in which the complexation of ﬂuoride
with only a single water molecule signiﬁcantly decreases the
reaction rates.14,17,18 In addition, the noncovalent capture of
ﬂuoride by hydrogen bond donor catalysts has been utilized to
tune the enantioselectivity in nucleophilic substitution
reactions.19
The nucleophilic properties of ﬂuoride are also observed in
its exothermic reaction with carbon dioxide to yield
ﬂuoroformate, FCO2−.20,21 Recently, we described the
generation of gas-phase ﬂuoroformate by nanoelectrospray
ionization of aqueous sodium ﬂuoride in the presence of gasphase carbon dioxide.22 Herein, we report that the interaction
of water, carbon dioxide, and ﬂuoride in the electrospray
process also results in the eﬃcient production of a carbonic
acid−ﬂuoride complex.
The generation of a stable complex between carbonic acid
and ﬂuoride is highly intriguing. Carbonic acid is central to
many chemical processes, yet it is thermodynamically unstable,
undergoing decomposition to yield carbon dioxide and
water.23,24 Although the barrier to dissociation is large for an
isolated carbonic acid molecule, the dissociation reaction is
catalyzed by complexation with many abundant molecular

INTRODUCTION
The strong hydrogen bonds formed by halides are crucial in
directing fundamental processes ranging from solvation to
chemical reactivity. In aqueous halide solutions, the strength of
the halide−water hydrogen bond strongly inﬂuences the local
solvation structure and may also aﬀect the solvent dynamics
beyond the ﬁrst solvation shell.1−4 In choline halide-based
deep eutectic solvents, strong halide hydrogen bonding
interactions are the key structural motif leading to freezing
-point suppression.5−9 The ﬂuoride anion, as a result of its
small ionic radius and high Lewis basicity, forms particularly
strong hydrogen bonds, leading to local solvation structures in
protic solvents distinct from those of larger halides. For
example, preferential hydrogen bonding to ﬂuoride is observed
in microsolvated water and methanol clusters,1,10−12 and
pronounced local ordering of water molecules is observed in
bulk solution.3 One intriguing and well-studied system is
F−(H2O)2, where, in contrast to larger halides, the favorable
formation of hydrogen bonds with F − disrupts the
intermolecular aqueous hydrogen bonding network.1 In
addition, the strength of the ﬂuoride−water hydrogen bonding
interaction results in pronounced coupling between the
vibrational modes associated with ionic hydrogen bond
stretching, water rocking, and ﬂuoride translation.13
Fluoride can also act as a potent nucleophile and has been
used as a model reactant for studying nucleophilic substitution
© 2019 American Chemical Society
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Following ion transfer to vacuum, the ion of interest was isolated
by utilizing a quadrupole mass ﬁlter and directed by means of a
quadrupole ion bender to a hexapole ion trap, where a pulse of He
buﬀer gas 2.0 s in length was utilized to collisionally cool and trap
ions. To minimize background water pressure and reduce the reaction
of the trapped species, the trap housing was cooled to ca. 95 K using a
ﬂow of liquid nitrogen. Additional details of the variable-temperature
ion trap are given in the Supporting Information.
After ion trapping, a pump-down period of 1.5 s was implemented
to reduce the pressure in the hexapole trap chamber. The ions were
then captured in helium nanodroplets generated by a pulsed EvenLavie valve50 operating at a temperature of 23 K with a backing
pressure of ca. 70 bar. Nanodroplets produced under these conditions
were previously measured to contain on average 20 000 He atoms
following ion pickup.51 The nanodroplets with an entrained ion
possessed suﬃcient kinetic energy to escape the potential well of the
hexapole trap and travel to a time-of-ﬂight (TOF) extraction region,
where they were irradiated with infrared photons. The infrared beam
was produced by the Fritz-Haber-Institut free-electron laser (FHI
FEL), which generates a laser macropulse ca. 10 μs in length
consisting of micropulses with a duration of ca. 5 ps and energy of ca.
10 μJ at a repetition rate of 1 GHz.52 Resonant photon absorption
followed by evaporative cooling resulted in a reduction in the helium
nanodroplet size, and the sequential absorption of multiple photons
within a laser macropulse yielded bare ions that were monitored by
TOF mass spectrometry (MS). The integrated intensity of the ion of
interest was utilized as an action signal to generate the infrared
spectrum.
The ion signal detected by TOF MS was averaged over 25 laser
pulses at a frequency of 10 Hz before the photon energy was changed
and the hexapole trap was reﬁlled with ions. A linear correction for
laser power was applied to the intensity of each scan, and the
presented spectra represent an average of two scans. As the output
wavelength of the FHI FEL is variable over a limited range for a given
electron energy,52 the spectra were collected in separate experiments
in three photon-energy ranges: 390−1050, 800−1900, and 1400−
2800 cm−1. The relative intensity of each partial spectrum was scaled
on the basis of the intensity of spectral lines found in the overlapping
measurement regions.
Ab Initio Calculations. Geometry optimization of candidate
molecular structures was performed at the MP2/aug-cc-pVTZ level of
theory53−56 utilizing Gaussian 16.57 Selected structures were also
optimized at the CCSD(T)/aug-cc-pVTZ level of theory58−60 with
the CFOUR software package.61,62 Zero-point energy corrections and
relative free energies were determined within the harmonic
approximation. Anharmonic corrections to the infrared spectra were
calculated by utilizing the generalized second-order vibrational
perturbation theory (GVPT2) method63−65 at the MP2/aug-ccpVTZ level of theory. A transition state search was performed using a
quadratic synchronous transit (QST) approach,66,67 and the
identiﬁcation of the correct transition state was conﬁrmed by intrinsic
reaction coordinate (IRC) calculations.68,69
For the ab initio TRPMD and ab initio molecular dynamics
(AIMD) simulations, structures were ﬁrst optimized by utilizing the
B3LYP exchange-correlation density functional70,71 and the pairwise
van der Waals (vdW) correction72 within the FHI-aims code73
employing “tight” settings for basis set and numerical parameters.
Harmonic infrared spectra were calculated using the method of ﬁnite
diﬀerences. To approximate anharmonic nuclear quantum dynamics,
ab initio TRPMD simulations74 coupled to generalized Langevin
equation thermostats were carried out as described previously.75 Two
simulations with 64 beads were run for F−(H2CO3), and 2 simulations
with 48 beads were run for the deuterated isotopologue, each for 25
ps and at a temperature of 100 K after 5 ps of thermalization.
Anharmonic infrared spectra were generated from the Fourier
transform of the dipole autocorrelation function.

species, most notably water, ammonia, formic and acetic acid,
and other carbonic acid molecules.25−27 This catalytic
decomposition renders the experimental characterization of
carbonic acid extremely challenging. Thermolysis of ammonium bicarbonate gave the ﬁrst experimental evidence for gasphase H2CO3.28 The ﬁrst spectroscopic investigation of gasphase carbonic acid was carried out in 2009 using microwave
spectroscopy in a supersonic jet expansion,29,30 and infrared
spectroscopy of matrix-isolated carbonic acid was ﬁrst reported
in 2013.31 Additionally, the structure of solid-phase carbonic
acid was only unequivocally identiﬁed in 2014 after decades of
debate.23,32 In aqueous solution, the short lifetime of carbonic
acid has also impeded experimental characterization,24 with the
ﬁrst incontrovertible evidence for aqueous carbonic acid
obtained by pump−probe spectroscopy in 2009.33 More
recently, the solvation structure of aqueous carbonic acid has
been characterized by X-ray absorption spectroscopy,34 and
theoretical eﬀorts have provided further insight into solvation
and reactivity.35−40
The reaction dynamics of carbonic acid are highly sensitive
to the local environment. For example, the water-catalyzed
decomposition of carbonic acid occurs via a concerted protonshuttle mechanism in microsolvated clusters but via an HCO3−
intermediate in bulk solution,36,38,40 and formation and
decomposition mechanisms may diﬀer at liquidlike and icelike
surfaces.41−43 There is also evidence that carbonic acid is
formed catalytically on metal oxide surfaces.44−47 However,
little is known to date regarding the interaction of carbonic
acid with ionic species other than protonated and deprotonated water. Thus, the complex examined herein provides a
new opportunity to study the properties of this elusive
molecule in an unexplored chemical environment.
This work explores the complex interplay of ﬂuoride
nucleophilic attack, strong hydrogen bonding, and proton
transfer reactions in the ﬂuoride−water−carbon dioxide
system that yields the carbonic acid−ﬂuoride complex. Infrared
action spectroscopy of ions trapped in helium nanodroplets is
employed to characterize this global minimum-energy
structure. The low temperature of ca. 0.4 K provided by the
helium nanodroplet environment enables the acquisition of
highly resolved infrared spectra, which are matched to
theoretical results from harmonic vibrational analysis, harmonic second-order perturbation theory, and ab initio thermostated ring-polymer molecular dynamics (TRPMD) to identify
the experimentally observed structure and examine anharmonic eﬀects in the vibrational spectrum. The chemical
properties leading to the high stability of the carbonic acid−
ﬂuoride complex are discussed.

■

METHODS

Experimental Protocol. The experimental apparatus and
methodology for helium nanodroplet ion infrared action spectroscopy
have been described in several preceding publications,48,49 and only
speciﬁc parameters are provided herein. All samples and solvents were
obtained from Sigma-Aldrich Merck (Darmstadt, Germany). Gasphase ions were generated from a nanoelectrospray ionization (nESI)
source with in-house-fabricated, Pd/Pt-coated borosilicate capillaries.
Ions produced from nESI of a 1 mM aqueous solution of sodium
ﬂuoride were exposed to a ﬂow of carbon dioxide introduced between
the outer cone and inlet of the ﬁrst vacuum stage of the mass
spectrometer. Deuterium substitution of exchangeable hydrogens was
carried out by passing the ﬂow of carbon dioxide through a bubbler
containing D2O prior to introduction at the inlet.
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■

RESULTS AND DISCUSSION
Ions generated by nESI of a 1 mM aqueous solution of sodium
ﬂuoride were exposed to a ﬂow of gas-phase carbon dioxide
introduced at the atmospheric pressure inlet of a quadrupole
time-of-ﬂight mass spectrometer. The acquired mass spectrum
shown in Figure 1 features three intense peaks at m/z 61, 63,

Figure 1. Mass spectrum obtained following nanoelectrospray
ionization of 1 mM NaF in H2O with a ﬂow of gasesous CO2
introduced at the atmospheric pressure interface into a quadrupole
time-of-ﬂight mass spectrometer. The spectrum features intense
signals originating from three ions: hydrogen carbonate (HCO3−, m/z
61), ﬂuoroformate (FCO2−, m/z 63), and an ion at m/z 81 assigned
as [H2CO3F]−.

Figure 2. Partial reaction coordinate for the [H2CO3F]− species,
showing the relative Helmholtz free energy at 298 K (ΔA298, MP2/
aug-cc-pVTZ) of ﬁve low-energy structures, the connecting transition
states, and dissociation channels. The lowest-energy structure, 1,
comprises trans−trans carbonic acid complexed with ﬂuoride, with
conformations of hydrogen ﬂuoride complexed with hydrogen
carbonate (2 and 3) ca. 8 kJ mol−1 higher in free energy. Complexes
comprising water and ﬂuoroformate (4 and 5) are less stable by ca. 25
kJ mol−1. A full reaction coordinate including all identiﬁed low-energy
structures is shown in Figure S2.

and 81. The ion at m/z 61 is readily identiﬁed as hydrogen
carbonate, HCO3−, which may be generated from dissolved
carbonic acid in the sample or from the exothermic reaction of
the hydroxide ion with carbon dioxide.76 Similarly, the signal at
m/z 63 is assigned to ﬂuoroformate, produced by the reaction
of ﬂuoride with carbon dioxide described previously.20,22 In
contrast, the identity of the ion at m/z 81 is not immediately
clear, although its substantial abundance in the mass spectrum
suggests the formation of a stable and energetically favorable
species. The m/z value nominally corresponds to a
ﬂuoroformate−water adduct, but the chemistry of the ﬂuoride
ion is likely complex, especially in the changing environment of
an electrospray plume.77 H/D exchange experiments conducted by introducing a ﬂow of both gas-phase CO2 and D2O
at the atmospheric pressure interface of the mass spectrometer
showed that the ion at m/z 81 possesses two exchangeable
hydrogens (Figure S1), and the composition was therefore
nominally assigned as [H2CO3F]−.
MP2 calculations53,54 with the aug-cc-pVTZ basis set55 were
utilized to investigate the relative free energies of putative
structures of the [H2CO3F]− species. A partial reaction
coordinate with notable local-energy-minimum structures is
shown in Figure 2, and a full reaction coordinate detailing all
identiﬁed structures is shown in Figure S2. The predicted
global-minimum-energy structure, 1, does not correspond to
an ion−molecule complex between water and ﬂuoroformate
but rather to a complex between carbonic acid and ﬂuoride.
This complex features carbonic acid in a planar trans−trans
conformation and belongs to the C2v point group. Complexes
comprising water and ﬂuoroformate (4 and 5) are ca. 25 kJ
mol−1 higher in free energy, and complexes comprising
hydrogen ﬂuoride and hydrogen carbonate (2 and 3) are ca.
8 kJ mol−1 higher in free energy.

The lowest-energy dissociative channel on the reaction
coordinate yields ﬂuoroformate and water, a process calculated
to be approximately isoenergetic with the highest-energy
transition state. Interestingly, this high-energy transition state,
which connects water−ﬂuoroformate structures (4 and 5) and
hydrogen ﬂuoride−hydrogen carbonate structures (2 and 3),
strongly resembles a complex between F−(H2O) and CO2 (TS,
Figure 2). Thus, the F−(H2O) complex, which is energetically
favored over desolvated F− and thus likely formed in the
electrospray process, can react with gas-phase CO2 with a
predicted barrier of less than 5 kJ mol−1 to enter the reaction
coordinate shown in Figure 2. Microsolvated ﬂuoride
complexes featuring additional water molecules may also
react via a similar transition state. Interestingly, this transition
state strongly resembles that proposed for the formation of
carbonic acid in aqueous solution, in which the nucleophilic
attack of a water molecule at carbon dioxide is accompanied by
proton transfer to yield HCO3− and H3O+.40
To probe the structure of the [H2CO3F]− species observed
experimentally, the infrared spectrum was collected by utilizing
action spectroscopy in helium nanodroplets. Figure 3 shows
the experimental infrared spectrum of the [H2CO3F]− ion (top
spectrum, black) as well as theoretical infrared spectra of
candidate structures 1−5 (lower spectra, color) calculated at
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mode (band e3, symmetry species A1). In addition, the
calculated spectrum of 1 predicts an intense symmetric
hydrogen stretching fundamental at 2477 cm−1 (band e6)
that is not observed experimentally. Poor agreement is found
between experiment and the predicted spectra of the hydrogen
carbonate−hydrogen ﬂuoride complexes (structures 2 and 3).
Similarly, the spectra of structures comprising ﬂuoroformate
and water (4 and 5) do not agree well with experiment,
predicting no intense features near 1500 cm−1 and matching
poorly at lower photon energies. It is possible that minor
features in the experimental spectrum may arise from the
population of higher-energy structural isomers, as kinetic
trapping of structures with large barriers to rearrangement can
occur during buﬀer gas cooling from room temperature to ca.
95 K in the ion trap78 and, more notably, in cooling to ca. 0.4
K within the helium nanodroplet.79,80
The strong ionic hydrogen bonds formed in ﬂuoride
complexes can result in signiﬁcant vibrational anharmonicity
and mode coupling. To obtain an additional experimental
probe of these eﬀects, the infrared spectrum of the fully
deuterated [D2CO3F]− system was also recorded, and the
spectrum of [D2CO3F]− is compared to that of [H2CO3F]− in
Figure 4. To provide a more straightforward comparison of
Figure 3. Experimental infrared spectrum of the [H2CO3F]− species
compared to theoretical spectra of candidate structures. The
experimental spectrum (black) was collected by ion infrared action
spectroscopy in helium nanodroplets. Theoretical spectra for
candidate structures 1−5 (Figure 2) were calculated at the MP2/
aug-cc-pVTZ level of theory with anharmonic corrections from the
GVPT2 method. The experimental spectrum below 2000 cm−1
matches best to the spectrum calculated for structure 1. However,
poor agreement between experiment and theory is observed for the
hydrogen stretching vibrations appearing above 2000 cm−1.

the MP2/aug-cc-pVTZ level of theory53−56 with GVPT2
anharmonic corrections.63−65 The spectral lines observed
experimentally exhibit laser-bandwidth-limited full width at
half-maximum (fwhm) values of ca. 0.5% of the incident
photon energy, and the theoretical vibrational transition
frequencies and intensities were convoluted with 0.5% fwhm
Gaussian distributions to facilitate comparison to experiment.
The low-frequency region of the experimental spectrum of
[H2CO3F]− is dominated by prominent bands at 414 and 703
cm−1 (bands a1 and a2, respectively), with weaker bands
appearing between 800 and 1200 cm−1. A more complex
pattern of bands is observed at higher photon energies, with
three closely spaced features at 1454, 1484, and 1524 cm−1
(bands a3−a5) as well as a single intense band at 1802 cm−1
(band a7). No intense features are observed between 2000 and
2800 cm−1.
The experimental spectrum is best replicated by the
calculated spectrum of structure 1 (Figure 3, blue), which
predicts an F− displacement fundamental at 392 cm−1 (band
e1), a HO−C−OH bending fundamental at 689 cm−1 (band
e2), and a CO stretch/O−H bend fundamental at 1795
cm−1 (band e5). However, signiﬁcant discrepancies between
experiment and theory exist. Notably, the theoretical spectrum
of 1 shows two rather than three lines between 1450 and 1550
cm−1. Theory attributes these two lines to the fundamental of
an in-plane OH bending mode (band e4, symmetry species B2)
and a strongly shifted combination band of a low-frequency F−
translation mode and the asymmetric hydrogen stretching

Figure 4. Experimental infrared spectrum of [H2CO3F]− (a) and its
deuterated isotopologue [D2CO3F]− (c), compared to the theoretical
spectra derived from TRPMD simulations at 100 K for F−(H2CO3)
and F−(D2CO3) (b and d, respectively) with the B3LYP hybrid
functional including vdW corrections. Calculated harmonic infrared
spectra at the same level of theory are depicted with sticks in plots b
and d. A Gaussian ﬁlter of σ = 2.5 cm−1 was applied to the
experimental data for a more straightforward comparison of
experimental and theoretical relative line intensities.

relative spectral line intensities, a Gaussian ﬁlter of σ = 2.5
cm−1 was applied to the experimental spectra. Although the
low-energy bands of [D2CO3F]− (c1 and c2, Figure 4c) exhibit
only slight red shifts from the corresponding bands of
[H2CO3F]− (a1 and a2, Figure 4a), the spectra of the two
isotopologues are profoundly diﬀerent above 1200 cm−1.
Rather than the three bands near 1500 cm−1 and a slightly
weaker band at 1802 cm−1 measured for [H2CO3F]−, a single
band at 1352 cm−1 (band c3) and an intense band centered at
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1748 cm−1 (band c4) are observed for [D2CO3F]−. Additionally, a slightly broadened feature with maximum intensity at
2331 cm−1 (band c5) is found at higher photon energies.
Similar to [H2CO 3F]−, the experimental spectrum of
[D2CO3F]− agrees best with the theoretical spectrum of
structure 1 (Figure S3), but the intense symmetric OD
stretching fundamental predicted at 1947 cm−1 (band j5, Figure
S3) is not observed experimentally.
For both [H2CO3F]− and [D2CO3F]−, experimentally
observed spectral lines can largely be replicated by theoretical
spectra for structure 1 calculated with second-order
perturbation corrections to the fundamental transitions of
vibrational normal modes (i.e., GVPT2 corrections). However,
the strong disagreement between experiment and theory in
both the position and intensity of the symmetric hydrogen
stretching fundamental suggests that an accurate description of
acidic proton motion requires ab initio methods that extend
beyond second-order perturbation corrections to the harmonic
approximation. Therefore, thermostated ring-polymer molecular dynamics (TRPMD) simulations were utilized to
investigate the properties of F−(H2CO3) and F−(D2CO3)
(i.e., structure 1) and to predict infrared spectra. The
simulations utilized the B3LYP hybrid functional with vdW
corrections and were carried out at a temperature of 100 K
because it is challenging to conduct simulations at lower
temperatures with this methodology. Harmonic spectra
predicted by B3LYP calculations agree well with those
obtained from CCSD(T) calculations (Tables S5 and S6),
validating the use of this functional in the TRPMD
simulations. Even though we do not expect this approximate
methodology to quantitatively describe all features of the
spectra due to the neglect of quantum coherence, we do expect
it to yield a better approximation to anharmonic couplings
than GVPT2.
Figure 4b,d shows the anharmonic infrared spectra obtained
from the Fourier transform of the dipole autocorrelation
function for F−(H2CO3) and F−(D2CO3), respectively. The
corresponding harmonic infrared spectra are shown with a
stick representation. Good agreement is observed between
experimental and TRPMD anharmonic spectra, although some
features such as the CO stretch/O−H bend fundamental
appear slightly blue-shifted (band a7 vs band b5 and band c4 vs
band d4). It is not clear whether the triplet near 1480 cm−1 in
the experimental spectrum of [H2CO3F]− (bands a3−a5) is
fully replicated by TRPMD because band b4 appears as a broad
feature that encompasses at least two peaks but cannot be
further deconvoluted. The experimental splitting may arise
from a Fermi-type interaction that is not accurately captured at
the current level of theory. Despite these diﬀerences, the broad
agreement between experimental and TRPMD spectra enables
a conﬁdent assignment of structure 1 as the principle species
observed experimentally.
The largest diﬀerence between TRMPD and GVPT2 spectra
is found in the predicted position and intensity of bands in the
OH or OD stretching region. Whereas the GVPT2 method
predicts a red shift relative to the harmonic approximation for
the intense hydrogen or deuterium symmetric stretching
fundamental, a strong blue shift is found by the TRPMD
method (bands b6 and d5). All peaks are broadened with
respect to experiment in the TRPMD spectra as a result of
both the shortcomings of the theoretical method74,75 and the
higher simulation temperature. However, the symmetric
hydrogen stretching bands for both F − (H 2 CO 3 ) and

F−(D2CO3) are more signiﬁcantly broadened, likely as a result
of strong coupling to overtones and combination bands of lowenergy modes.13
To assess the role of nuclear quantum eﬀects (NQEs) in the
OH and OD stretching regions of the F−(H2CO3) and
F−(D2CO3) systems, IR spectra were also calculated by ab
initio molecular dynamics simulations with classical nuclei. As
shown in Figure S4, the spectra obtained by this method
yielded small diﬀerences from those obtained by TRPMD,
most notably a further blue shift of the symmetric OH
stretching band. This result demonstrates that the observed
blue shift with respect to the harmonic prediction for both
TRPMD and AIMD is largely the result of the strong
anharmonicity of the vibrational potential energy surface.
The role of NQEs is to slightly strengthen the H···F− bond and
weaken the OH bond, which is on average 0.01 Å longer in
simulations employing TRPMD than in those utilizing AIMD.
This behavior is consistent with previous studies on the role of
NQEs in strong hydrogen bonds.81
The predicted band positions of the hydrogen stretching
modes for F−(H2CO3) are outside of the experimentally
accessible photon-energy range, but a comparison between
experiment and theory is possible for F−(D2CO3). Experimentally, a slightly broadened feature is observed at 2331
cm−1 (band c5, Figure 4c), whereas an extremely broad band
near 2175 cm−1 is predicted by TRPMD simulations at 100 K
(band d5, Figure 4d). This discrepancy in band position may
result in part from the diﬀerence between the simulated
temperature of 100 K and the experimental temperature of ca.
0.4 K. A comparison of IR spectra of F−(D2CO3) obtained
from AIMD simulations (classical nuclei) at 50 and 100 K
shows a blue shift of band d5 with decreasing temperature
(Figure S5), supporting this explanation.
To yield further insight into the nature of acidic proton or
deuteron motion, the vibrational density of states (VDOS)
obtained from TRPMD simulations was projected onto the
harmonic normal modes. Figure 5 shows the total calculated
VDOS for F−(H2CO3) (Figure 5a) and F−(D2CO3) (Figure
5e) as well as the projection of the VDOS onto the harmonic
normal modes associated with OH or OD bending (Figure
5b−c,f−g) and symmetric OH or OD stretching (Figure 5d,h).
These results indicate that select in-plane and out-of-plane
bending modes strongly couple to the symmetric OH or OD
stretch. This intricate coupling can cause the observed blue
shift with respect to the harmonic prediction by eﬀectively
making the OH stretching potential steeper than predicted in
the harmonic approximation because the stretch is always
accompanied by diﬀerent bending motions that are also
coupled to the H···F− relative motion. A conclusive
identiﬁcation of the relevant atomic motion would require
the application of a higher level of theory, for example,
vibrational conﬁguration interaction.13,82,83
The observed vibrational anharmonicity of the OH
stretching modes in F−(H2CO3) results directly from the
formation of two strong ionic hydrogen bonds. This structural
motif is also responsible for the remarkable stability of the
trans−trans carbonic acid−ﬂuoride complex. Such double
ionic hydrogen bonding has been reported previously in
multiple systems with water as the hydrogen bond donor84−86
but has not been observed for a carbonic acid complex. Indeed,
in the absence of an anionic hydrogen bond acceptor, the
trans−trans conformation is unfavorable relative to the cis−cis
conformer in the gas phase (ΔH0 = 42.3 kJ mol−1)32 and in
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that would result from proton transfer disfavors this process for
F−(H2CO3). Notably, the complexation of carbonic acid with a
more basic anion counteracts the double ionic hydrogen bond
stabilization, as is seen in the case of OH−, where the higher
proton aﬃnity of the hydroxyl anion (1633 kJ mol−1)89 results
in proton transfer to yield low-energy HCO 3− (H 2O)
structures.90 In contrast, complexation with an anion of
lower proton aﬃnity weakens the double ionic hydrogen
bond, oﬀering less stabilization with respect to dissociation.
Preliminary calculations on the [H2CO3Cl]− system (Cl−
proton aﬃnity = 1395 kJ mol−1)89 indicate that the
Cl−(H2CO3) motif represents the global energy minimum
but lies only 6.8 kJ mol−1 lower in free energy than dissociation
to Cl−(H2O) + CO2 (Figure S8). We were also unable to
observe the [H2CO3Cl]− ion experimentally. Thus, one can
expect the stabilization of trans−trans carbonic acid by
complexation with anions exhibiting a proton aﬃnity in the
range of ca. 1450 to 1600 kJ mol−1.

■

CONCLUSIONS
In this work, we have investigated the intriguing reactions of
ﬂuoride, carbon dioxide, and water during the nanoelectrospray ionization process. The minimum-energy species on the
investigated reaction surface is identiﬁed as a complex between
carbonic acid and ﬂuoride. The application of helium
nanodroplet infrared spectroscopy to the study of this complex
provides a detailed experimental characterization of its
structure and properties. Although the spectroscopy is
performed at a temperature of 0.4 K to obtain suﬃcient
spectral resolution, both ab initio calculations and the high
abundance of this ion in the mass spectrum suggest that
F−(H2CO3) is the predominant species at room temperature.
The exceptional stability of the carbonic acid−ﬂuoride
complex is rooted in the formation of two strong hydrogen
bonds between ﬂuoride and the hydroxyl groups of the
carbonic acid. This double ionic hydrogen bonding motif
yields strong anharmonic eﬀects in the infrared spectrum that
require high-level quantum chemical methods for accurate
prediction.

Figure 5. Vibrational density of states (DOS) derived from TRPMD
calculations and their projection onto selected harmonic normal
modes for F−(H2CO3) (a−d) and F−(D2CO3) (e−h). The total
density of states is plotted in panels a and e, and the projections are
shown in panels b−d and f−h along with the displacement vectors for
the corresponding harmonic normal modes. Strong coupling is
observed between the symmetric hydrogen stretching (d, h) and
hydrogen bending (b−c, f−g) modes. The intensity in the range of
1900−3200 cm−1 is magniﬁed as speciﬁed for all spectra, and the
intensity in panels f−h is additionally magniﬁed by a factor of 5
relative to panel e.

■

aqueous solution (ΔA315 = 26 kJ mol−1).38 The stabilization
provided by the formation of the dual ionic hydrogen bonds is,
however, suﬃcient to render the trans−trans conformer stable,
with a calculated energy of 293 or 113 kJ mol−1 required to
dissociate the complex to trans−trans carbonic acid and a free
ﬂuorine anion or hydrogen carbonate and hydrogen ﬂuoride,
respectively (0 K, MP2/aug-cc-pVTZ).
An assessment of the relationship between the anion proton
aﬃnity and ionic hydrogen bonding provides insight into the
generality of the observed trans−trans carbonic acid binding
motif. For single ionic hydrogen bonds, there is a wellestablished correlation between anion proton aﬃnity and
hydrogen bond strength, which is observed experimentally as a
nearly linear correlation between the red shift of the hydrogen
stretching modes and the anion proton aﬃnity.2,87 In the case
of trans−trans carbonic acid, it is ﬁrst interesting to observe
that the double ionic hydrogen bond disfavors proton transfer
from carbonic acid to the ﬂuorine anion. The formation of
HCO3− and HF is anticipated on the basis of experimental
proton aﬃnity measurements (1490 and 1555 kJ mol−1 for
HCO3− and F−, respectively)88,89 and is in fact predicted for
conformers featuring a single ionic hydrogen bond (structures
2, 3, and 6). However, the weakening of the hydrogen bonds
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Wieland Schöllkopf of the FHI FEL for laser operation. D.A.T.
gratefully acknowledges the support of the Alexander von
Humboldt Foundation.

■

REFERENCES

(1) Ayotte, P.; Nielsen, S. B.; Weddle, G. H.; Johnson, M. A.;
Xantheas, S. S. Spectroscopic Observation of Ion-Induced Water
Dimer Dissociation in the X−·(H2O)2 (X = F, Cl, Br, I) Clusters. J.
Phys. Chem. A 1999, 103, 10665−10669.
(2) Robertson, W. H.; Johnson, M. A. Molecular Aspects of Halide
Ion Hydration: The Cluster Approach. Annu. Rev. Phys. Chem. 2003,
54, 173−213.
(3) Migliorati, V.; Sessa, F.; Aquilanti, G.; D’Angelo, P. Unraveling
Halide Hydration: A High Dilution Approach. J. Chem. Phys. 2014,
141, 044509.
(4) Schienbein, P.; Schwaab, G.; Forbert, H.; Havenith, M.; Marx, D.
Correlations in the Solute−Solvent Dynamics Reach Beyond the First
Hydration Shell of Ions. J. Phys. Chem. Lett. 2017, 8, 2373−2380.
(5) Abbott, A. P.; Capper, G.; Davies, D. L.; Rasheed, R. K.;
Tambyrajah, V. Novel Solvent Properties of Choline Chloride/Urea
Mixtures. Chem. Commun. 2003, 70−71.
(6) Abbott, A. P.; Boothby, D.; Capper, G.; Davies, D. L.; Rasheed,
R. K. Deep Eutectic Solvents Formed between Choline Chloride and
Carboxylic Acids: Versatile Alternatives to Ionic Liquids. J. Am. Chem.
Soc. 2004, 126, 9142−9147.
(7) Hammond, O. S.; Bowron, D. T.; Edler, K. J. Liquid Structure of
the Choline Chloride-Urea Deep Eutectic Solvent (Reline) from
Neutron Diffraction and Atomistic Modelling. Green Chem. 2016, 18,
2736−2744.
(8) Doherty, B.; Acevedo, O. OPLS Force Field for Choline
Chloride-Based Deep Eutectic Solvents. J. Phys. Chem. B 2018, 122,
9982−9993.
(9) Fetisov, E. O.; Harwood, D. B.; Kuo, I. F. W.; Warrag, S. E. E.;
Kroon, M. C.; Peters, C. J.; Siepmann, J. I. First-Principles Molecular
Dynamics Study of a Deep Eutectic Solvent: Choline Chloride/Urea
and Its Mixture with Water. J. Phys. Chem. B 2018, 122, 1245−1254.
(10) Corbett, C. A.; Martínez, T. J.; Lisy, J. M. Solvation of the
Fluoride Anion by Methanol. J. Phys. Chem. A 2002, 106, 10015−
10021.
(11) Robertson, W. H.; Diken, E. G.; Price, E. A.; Shin, J.-W.;
Johnson, M. A. Spectroscopic Determination of the OH− Solvation
Shell in the OH−·(H2O)n Clusters. Science 2003, 299, 1367−1372.
(12) Shi, R.; Wang, P.; Tang, L.; Huang, X.; Chen, Y.; Su, Y.; Zhao,
J. Structures and Spectroscopic Properties of F−(H2O)n with n = 1−
10 Clusters from a Global Search Based On Density Functional
Theory. J. Phys. Chem. A 2018, 122, 3413−3422.
(13) Kamarchik, E.; Bowman, J. M. Coupling of Low- and HighFrequency Vibrational Modes: Broadening in the Infrared Spectrum
of F−(H2O)2. J. Phys. Chem. Lett. 2013, 4, 2964−2969.
(14) O’Hair, R. A. J.; Davico, G. E.; Hacaloglu, J.; Dang, T. T.;
DePuy, C. H.; Bierbaum, V. M. Measurements of Solvent and
Secondary Kinetic Isotope Effects for the Gas-Phase SN2 Reactions of
Fluoride with Methyl Halides. J. Am. Chem. Soc. 1994, 116, 3609−
3610.
(15) DePuy, C. H. Understanding Organic Gas-Phase Anion
Molecule Reactions. J. Org. Chem. 2002, 67, 2393−2401.
5821

DOI: 10.1021/jacs.8b13542
J. Am. Chem. Soc. 2019, 141, 5815−5823

Article

Journal of the American Chemical Society
Initio Metadynamics Studies of Aqueous Clusters. J. Phys. Chem. B
2014, 118, 5983−5993.
(37) Liu, X.; Lu, X.; Wang, R.; Zhou, H. In Silico Calculation of
Acidity Constants of Carbonic Acid Conformers. J. Phys. Chem. A
2010, 114, 12914−12917.
(38) Galib, M.; Hanna, G. Mechanistic Insights into the Dissociation
and Decomposition of Carbonic Acid in Water via the Hydroxide
Route: An Ab Initio Metadynamics Study. J. Phys. Chem. B 2011, 115,
15024−15035.
(39) Daschakraborty, S.; Kiefer, P. M.; Miller, Y.; Motro, Y.; Pines,
D.; Pines, E.; Hynes, J. T. Reaction Mechanism for Direct Proton
Transfer from Carbonic Acid to a Strong Base in Aqueous Solution I:
Acid and Base Coordinate and Charge Dynamics. J. Phys. Chem. B
2016, 120, 2271−2280.
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