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ABSTRACT: The proton-bound dimer of hydrogen sulfate and formate is
an archetypal structure for ionic hydrogen-bonding complexes that contribute
to biogenic aerosol nucleation. Of central importance for the structure and
properties of this complex is the location of the bridging proton connecting
the two conjugate base moieties. The potential energy surface for bridging
proton translocation features two local minima, with the proton localized at
either the formate or hydrogen sulfate moiety. However, electronic structure
methods reveal a shallow potential energy surface governing proton
translocation, with a barrier on the order of the zero-point energy. This
shallow potential complicates structural assignment and necessitates a
consideration of nuclear quantum eﬀects. In this work, we probe the
structure of this complex and its isotopologues, utilizing infrared (IR) action spectroscopy of ions captured in helium nanodroplets.
The IR spectra indicate a structure in which a proton is shared between the hydrogen sulfate and formate moieties, HSO4−···
H+···−OOCH. However, because of the nuclear quantum eﬀects and vibrational anharmonicities associated with the shallow
potential for proton translocation, the extent of proton displacement from the formate moiety remains unclear, requiring further
experiments or more advanced theoretical treatments for additional insight.

■

INTRODUCTION
The ionic hydrogen bond is a prominent structural motif found
in diverse chemical systems. The mechanical and functional
signiﬁcance of this linkage arises from its unique properties,
including strong interaction energies on the order of 20−150
kJ mol−1 and the capability to participate in proton transfer
reactions.1−3 Of particular interest is the complex formed when
two anionic Brønsted conjugate bases are bridged by a single
proton, yielding a singly charged anionic moiety, here denoted
as AHA−. Such structures are found, for example, in
proteins,3−6 aerosol prenucleation clusters,7−13 and ionic
liquids.14−16 The precise location of the bridging proton in
these complexesspeciﬁcally, whether the proton is shared
(A−···H+···A−) or localized on a single residue (AH···A−)has
been the subject of extensive research in systems ranging from
deprotonated water clusters to proteins.2,3,5,17−20 These
inquiries are motivated by the consequences of proton location
for both overall structure and molecular properties such as
eﬀective pKa.2,21
Infrared (IR) action spectroscopy of isolated molecular ions
and ionic clusters has proven to be an eﬀective technique for
the experimental characterization of AHA− systems.12,22−25
This methodology combines the selectivity aﬀorded by mass
spectrometry with the detailed structural insight attainable with
© 2021 The Authors. Published by
American Chemical Society

IR spectroscopy, enabling a comprehensive analysis of the
system of interest. Cryogenic ion IR spectroscopy, in which
ions are buﬀer-gas cooled to temperatures of 10−100 K prior
to spectroscopic interrogation, has proven particularly
eﬀective.12,22 This technique has been applied to the study
of deprotonated water clusters,17,19 model carboxylate protonbound dimers,26−28 and putative aerosol nucleation clusters.12,13 The structure of AHA− systems has also been
investigated utilizing photoelectron spectroscopy9−11,29 and
room-temperature IR action spectroscopy.24,25
Because of the low mass of the proton and the small
energetic barriers (often <10 kJ mol−1) governing proton
translocation, it is essential to treat these proton-bound dimer
complexes as quantum systems and account for nuclear
quantum eﬀects (NQEs) when assessing molecular structure
and properties.21,30−33 In cases where the proton translocation
barrier is suﬃcient to yield localization at a single acidic site
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for helium nanodroplet generation, ion capture, droplet
irradiation, and ion detection.
In this work, ions were generated from aqueous solutions
utilizing nanoelectrospray ionization (nESI) from Pd/Ptcoated pulled glass capillaries fabricated in-house. To prepare
electrospray solutions, formic acid (purity >98%), sulfuric acid
(96%), and HPLC-grade water were purchased from Merck
KGaA (Darmstadt, Germany). Deuterium oxide and isotopically labeled sodium formate (Na18O2CH) were purchased
from Cambridge Isotope Laboratories (Tewksbury, MA). For
spectroscopy of unsubstituted and deuterated analytes, ions
were generated from a solution of 0.5% sulfuric acid, 5% formic
acid, 47% water, and 47% methanol (v/v). A cone gas of D2Osaturated nitrogen was utilized to achieve deuterium
substitution of exchangeable hydrogens. For spectroscopy of
the complex containing 18O-substituted formate, a solution
containing 100 mM labeled sodium formate (Na18O2CH) and
20 mM sulfuric acid in a 1:1 (v/v) methanol/water solution
was used for nESI.
Ions generated by nESI and transferred to vacuum through
the atmospheric pressure interface were selected utilizing a
quadrupole mass ﬁlter, deﬂected 90° by a DC ion bender, and
transferred to a 30-cm-long, helium-buﬀer-gas ion trap held at
room temperature (ca. 298 K). For each spectroscopic data
point, the ion trap was loaded for 2.0 s and subsequently
evacuated of buﬀer gas over 1.5 s. The stored ions were then
captured by traversing helium nanodroplets containing on
average 20 000 He atoms,43 generated by a pulsed Even−Lavie
valve.44 The nanodroplet-entrained ions escaped the shallow
axial potential of the ion trap and traveled to a ring-electrode
ion guide, where they were irradiated with IR photons
generated by the Fritz Haber Institute free-electron laser
(FHI FEL).45 The FEL macropulse duration was ca. 10 μs,
with a micropulse duration of ca. 5 ps at a repetition rate of 1
GHz. The laser line width of the FEL was approximately 0.4%
(full width at half-maximum) of the incident photon frequency.
Resonant absorption of IR photons by the entrained ions
resulted in the evaporation of helium atoms through energy
redistribution to the nanodroplet, and the sequential
absorption of multiple photons yielded bare ions, which were
conﬁned radially in the ion guide by a radio frequency
potential. Following the FEL macropulse, these bare ions were
pulsed into an oﬀ-axis time-of-ﬂight detector.42
The cycle of nanodroplet generation, irradiation, and timeof-ﬂight detection was repeated 25 times at a frequency of 10
Hz for each photon energy, and the integrated intensity of the
averaged time-of-ﬂight signal was utilized to generate an IR
action spectrum. A photon-energy step size of 2 cm−1 was used
for measurements above 1000 cm−1, and a step size of 1 cm−1
was used below 1000 cm−1. The ion trap ﬁlling cycle was
repeated for each scan step.
To achieve optimal signal intensity at the time-of-ﬂight
detector, the photon ﬂuence in the irradiation region was
altered by adjusting the focal length of an adaptive IR mirror
(A90/70, Kugler GmbH, Salem, Germany) in each scan
region. The intensity of the spectra was subjected to a ﬁrstorder power correction by dividing by the measured FEL
macropulse energy, and the relative intensity of diﬀerent scan
regions was approximated by calibrating to the intensity of
spectral lines measured in overlapping scans. Each presented
spectrum represents an interpolated average of two to three
scans.

(i.e., to yield an acid−conjugate base complex of the form
AH···A−), NQEs typically yield a slight increase in the eﬀective
A−H bond length and a corresponding increase in acidity and
hydrogen bond strength.31,34 For systems with low barriers, the
vibrational zero-point energy can exceed the barrier
height,17,33,35 and the inclusion of NQEs is therefore
indispensable for an accurate description of proton location
and thus molecular properties. This phenomenon is observed
prominently, for example, in the HO−···H+···−OH complex,
where the zero-point energy yields a fully symmetric structure
featuring an equally shared proton.17,18,20,35−38
This work is concerned with the structure and properties of
the proton-bound heterodimer of hydrogen sulfate and
formate, [HSO4− + H+ + HCOO−]−, a simple constituent of
a class of organic−inorganic acid complexes that function in
the nucleation of biogenic aerosol.9−11 As illustrated in Scheme
1, this complex is particularly intriguing because it features two
Scheme 1. Skeletal-Formula Depiction of Structures of the
Proton-Bound Heterodimer of Hydrogen Sulfate and
Formate9

hydrogen-bonding motifs between conjugate base moieties. A
previous study on this system identiﬁed two low-energy
structures: one corresponding to a sulfuric acid−formate
cluster, H2SO4(HCOO−) (3, Scheme 1), and one corresponding to a hydrogen sulfate−formic acid cluster,
HSO4−(HCOOH) (1, Scheme 1).9 These two local minima
were found to be connected by a low-lying transition state
featuring a shared proton (2, Scheme 1). The temperature
dependence of the negative-ion photoelectron spectra was
attributed to the shifts in the equilibrium population of these
two structures resulting from the diﬀerence in free energy.
Herein, we study this complex and its isotopologues by IR
action spectroscopy of ions captured in helium nanodroplets.
The helium nanodroplet environment provides an ideal matrix
for IR spectroscopy, yielding an equilibrium temperature of ca.
0.4 K while inducing minimal spectral perturbation.27,39,40 The
obtained IR spectra are consistent with the presence of a single
structure featuring a proton shared between the hydrogen
sulfate and formate moieties, HSO4−···H+···−OOCH. The
shared nature of the bridging proton is attributed to zero-point
energy eﬀects that yield a net displacement of the proton from
the minimum on the potential energy surface (structure 1).
The magnitude of the barrier governing proton translocation is
found to be highly sensitive to the level of theory employed in
electronic structure calculations, yielding a signiﬁcant challenge
for the assessment of bridging proton location.

■

METHODS
Experimental Methods. Helium nanodroplet infrared
action spectroscopy experiments were performed utilizing
custom instrumentation described in previous publications.34,41−43 The experimental apparatus comprises a modiﬁed
quadrupole time-of-ﬂight mass spectrometer with atmospheric
pressure interface (Micromass Q-TOF Ultima, Waters
Corporation, Milford, MA) coupled to custom components
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Electronic Structure Methods. Electronic structure
calculations were carried out using the Gaussian 16 software
package.46 Local minima of the [HSO4− + H+ + HCOO−]−
complex previously identiﬁed by Hou, Wang, and Valiev9 were
optimized at the B3LYP-D3BJ/aug-cc-pVTZ,47−50 MP2/augcc-pVTZ,51 and DSDPBEP86/aug-cc-pVTZ52,53 levels of
theory using standard optimization settings within Gaussian
16. Additionally, energies of structures optimized at the MP2/
aug-cc-pVTZ level of theory were computed using a complete
basis set (CBS) extrapolation scheme54 with the aug-cc-pVnZ
(n = 3, 4, 5) basis sets50,55,56 and a correction for the diﬀerence
in correlation energy between CCSD(T)57−60 and MP2 with
the aug-cc-pVTZ basis set.61 The transition state structure was
initially identiﬁed utilizing a quadratic synchronous transit
(QST) approach62,63 at the B3LYP-D3BJ/aug-cc-pVTZ level
of theory and subsequently optimized with the Berny
algorithm64 employing GEDIIS,65 as implemented in Gaussian
with the Opt = TS keyword. Transition states were optimized
at all levels of theory employed for the local minima.
A two-dimensional relaxed coordinate scan, in which the
lengths of the SO−H bonds were ﬁxed while all other atom
positions were optimized, was performed at the DSDPBEP86/
aug-cc-pVTZ level of theory using standard optimization
settings within Gaussian 16. The step size for each SO−H
bond scan was set to 0.05 Å. Following optimization, singlepoint energy calculations were carried out for each scan point
at the CCSD(T)/aug-cc-pVTZ level of theory.
IR frequencies of [HSO4− + H+ + HCOO−]− and [DSO4− +
D+ + HCOO−]− were calculated within the harmonic
approximation using analytic second derivatives at the
DSDPBEP86/aug-cc-pVTZ level of theory. For comparison
to experiment, frequencies were scaled by a factor of 0.985 and
convoluted with Gaussian functions of width 0.4% (full width
at half-maximum) of the vibrational frequency.

Figure 1. Experimental IR action spectrum of [HSO4− + H+ +
HCOO−]− and its isotopologues captured in helium nanodroplets. A
shift of the CO stretching band is observed upon 18O substitution
at the formate residue (line b8 vs line a8, panels b and a), and a band
corresponding to the O−D stretching mode of the hydrogen sulfate
moiety appears upon deuterium substitution of exchangeable
hydrogens (lines c10 and d9, panels c and d). Upon deuterium
substitution of both exchangeable hydrogens (panel d), direct
corollaries of lines b5 and b7 are not readily identiﬁed, and new
lines d5 and d6 appear.

RESULTS AND DISCUSSION
Figure 1 shows the IR action spectra of the [HSO4− + H+ +
HCOO−]− complex and its isotopologues obtained by action
spectroscopy of ions captured in helium nanodroplets.39,43,66
Similar to previous results for analogous systems,27,34,39 the
spectral lines are well resolved, with the spectral line width
generally limited by the laser line width (ca. 0.4% of the
irradiating photon frequency). As noted in previous studies,27,67 the employed action spectroscopy technique exhibits a
nonlinear dependence of line intensity on transition strength at
a given FEL macropulse energy, and thus, the relative intensity
of strong or weak lines may be exaggerated or diminished,
respectively. Shown in Figure 1b is the IR action spectrum of
the unsubstituted complex, [HSO4− + H+ + HCOO−]−,
acquired between 432 and 2200 cm−1. The most intense lines
are found at 769 cm−1 (b2, Figure 1b), 1048 cm−1 (b4), 1422
cm−1 (b7), and 1744 cm−1 (b8). Possible assignments for lines
b2 and b4 include stretching modes of the hydrogen sulfate
moiety and displacement modes of the bridging proton, the
latter of which are often highly anharmonic and strongly
coupled to large-amplitudes modes in AHA − complexes.13,17,19,27,28 Line b7 is expected to arise from a bridging
proton displacement mode, as modes of the conjugate base
moieties are not expected in this spectral region. Line b8 is
readily assigned to a deformation mode of the formate
carboxylate moiety and is of particular interest, as previous
studies on AHA− homodimers have utilized the location of this
band as an indirect reporter of bridging proton location.26−28

For the complex studied herein, line b8 (1744 cm−1) is found
near the literature value for the CO stretching mode of free
formic acid (ca. 1770 cm−1),68,69 indicating that the bridging
proton is proximal to the formate moiety, as in structures 1 and
2.
To better ascertain the vibrational motions associated with
each spectral line, IR action spectra of isotopologues of
[HSO4− + H+ + HCOO−]− were also acquired, as shown in
parts a, c, and d of Figure 1. Substitution of two 18O atoms on
the formate group yields a red-shift of ca. 30 cm−1 of line a8
with respect to line b8 (Figure 1, parts a and b, respectively),
supporting the assignment of this band to a CO stretching
mode of the HCOO−···H+ group. The position of the
remaining spectral lines is largely unchanged (Table S1).
Deuterium substitution of either one or two of the
exchangeable hydrogens in the system was also carried out,
and the corresponding IR spectra are shown in parts c and d of
Figure 1, respectively. The spectral lines c10 and d9 located at
ca. 2155 and 2152 cm−1, respectively, are assigned to the O−D
stretching mode of the hydrogen sulfate moiety, further
indicating a complex resembling structures 1 and 2 rather than
the equally shared protons of structure 3. Comparing the
spectrum of the doubly deuterated complex to that of the
unsubstituted complex (Figure 1, parts d and b, respectively),
lines directly corresponding to b5 and b7 are not readily
identiﬁed. In addition, new lines d5 and d6 appear, and line b1
is replaced by the much weaker line d1, which may arise from
trace presence of the nominally isobaric 34S complex or may

■
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correspond to a diﬀerent mode altogether. The modes
associated with these bands may involve substantial motion
of the bridging proton or deuteron or may result from
diﬀerences in coupling between these motions and conjugatebase deformation modes. In contrast, lines d2, d3, d4, d7, and d8
are not substantially shifted from the corresponding lines in the
spectrum of the unsubstituted complex (Table S1), indicating
the relevant normal modes are largely decoupled from bridging
proton or deuteron motion. This result contrasts starkly with
the large shifts in low-frequency lines (<1200 cm−1) observed
upon deuterium substitution in other AHA− complexes such as
H3O2− and the formate proton-bound homodimer.18,27,37 It is
anticipated that additional intense spectral lines associated with
displacement of the bridging proton may be found at photon
energies less than 430 cm−1.
Finally, the spectrum of the singly deuterated species shown
in Figure 3c resembles a combination of the spectra of two
distinct isotopomers, one with the deuterium atom localized
on the hydrogen sulfate moiety (i.e., DSO4−···H+···−OOCH)
and one with the deuteron replacing the bridging proton (i.e.,
HSO4−···D+···−OOCH). Deuterium substitution at the hydrogen sulfate moiety is favored energetically, as the decrease in
zero-point energy is larger upon substitution of the localized
rather than the bridging proton, with an estimated energy
diﬀerence on the order of 3 kJ mol−1. However, with the ions
initially held in the ion trap at 298 K, the isotopomer
population is likely ﬁrst equilibrated at this temperature.
Depending on the cooling rates and the barrier for
interconversion, some ions might be kinetically trapped in
the energetically disfavored HSO4−···D+···−OOCH form upon
cooling to 0.4 K in the helium nanodroplet.70−73 The presence
of lines attributed to (−O3SO−D) stretching motion near 2150
cm−1 in both spectra (c10 and d9 in Figure 1, parts c and d,
respectively) indicates that at least some ions are in the
DSO4−···H+···−OOCH form. Further, line positions in the
[DSO4− + H+ + HCOO−]−/[HSO4− + D+ + HCOO−]−
spectrum in Figure 1c are largely unchanged from those of
the unsubstituted and doubly deuterated species, respectively,
and the spectrum in Figure 1c appears as a combination of
those in Figure 1, parts b and d, with likely most singly
deuterated ions in the DSO4−···H+···−OOCH form.
The experimental IR spectra are consistent with a structure
of the proton-bound heterodimer of hydrogen sulfate and
formate that resembles 1 or 2, shown schematically in Scheme
1. Note that the population of a structure resembling 2 is only
feasible if the zero-point energy for bridging proton motion
exceeds the barrier height, resulting in signiﬁcant delocalization
of the bridging proton. To further assess the form observed
experimentally, these structures were also investigated using
electronic structure methods. Shown in Figure 2 are the
computed structures and corresponding relative energies for
the identiﬁed local minima and transition states of this system.
As discussed in the introduction, structure 3 features a sulfuric
acid molecule complexed with a formate anion,
H2SO4(HCOO−), and belongs to the Cs point group. Structure
1, in contrast, comprises a hydrogen sulfate anion complexed
with a formic acid molecule, HSO4−(HCOOH), and belongs
to the C1 point group. These two minima are connected by a
transition state (structure 2) in which the proton is shared
between the hydrogen sulfate and formate moieties. Because
either proton in structure 3 can be transferred from the sulfuric
acid moiety to the formate residue, there exist two equivalent

Article

Figure 2. Structures and relative energies of the proton-bound dimer
of hydrogen sulfate and formate, [HSO4− + H+ + HCOO−]−. Local
minima are found in which the proton is localized on either the
hydrogen sulfate moiety (3) or the formate moiety (1). These minima
are separated by a transition state featuring a shared proton (2).
Structures 1′ and 2′ are structurally and energetically equivalent to
structures 1 and 2 but are signiﬁcant in the analysis of the potential
energy surface. The magnitude of the proton translocation barrier and
relative energies are strongly dependent on the level of theory
employed.

transition states and minima on the potential energy surface, as
denoted in Figure 2 by structures 2, 2′ and 1, 1′, respectively.
Examining the relative energies of the low-energy structures,
a notable discrepancy is observed between the results from
B3LYP-D3BJ, a hybrid density functional combined with an
empirical correction for dispersion interactions,47−49 and the
results from MP2 and DSDPBEP86, both of which incorporate
a second-order correction to account for correlation
energy.51−53 Whereas the B3LYP-D3BJ method predicts
structure 3 to be lowest in energy, the MP2 and DSDPBEP86
methods ﬁnd that structure 1 is lowest in energy. All three
approaches signiﬁcantly underestimate the stability of structure
1 compared to MP2 calculations employing a complete basis
set (CBS) extrapolation54 and a correlation energy correction
for the diﬀerence between CCSD(T) and MP2.61 As a result,
the transition-state energy of 2 is also underestimated by all
methods in comparison to the MP2/CBS benchmark. Because
the magnitude of this barrier is on the order of the anticipated
zero-point energy for proton translocation, the underestimation by more aﬀordable electronic structure methods such as
hybrid DFT represents a signiﬁcant challenge to the assessment of proton delocalization, as such low-cost methods are
9282
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is nearly constant at ca. 2.4 Å, and any increase in SO−H bond
length is accompanied by a decrease in COO−H bond length.
The PES shown in Figure 3 reveals several noteworthy
properties of the [HSO4− + H+ + HCOO−]− system. Within
the potential wells corresponding to structures 1 or 1′, there is
little energetic penalty for displacement of the bridging proton
from its minimum-energy position at the formate residue. As
noted in the previous discussion, this displacement is largely
uncorrelated with motion of the proton on hydrogen sulfate
until after the transition-state crossing into the on-diagonal
potential well representing structure 3. As a result of this
shallow potential, NQEs related to the zero-point energy can
be expected to signiﬁcantly increase the displacement of the
proton from the energy minimum, eﬀectively elongating the
COO−H bond. The extent of this elongation or proton
delocalization is strongly dependent on the relative energy of
the transition state 2 or 2′, which, as discussed previously, is
diﬃcult to predict accurately with aﬀordable electronic
structure methods. At the highest level of theory employed
in this work, MP2/CBS+Δ(CCSD(T)-MP2), the barrier
height was calculated to be 4.88 kJ mol−1 (408 cm−1), which
is expected to be on the order of the zero-point energy for
proton translocation. The structural impact of a zero-point
energy above the barrier is diﬃcult to predict, as such a result
may lead to correlation between the behavior of both bridging
protons due to the symmetry of the PES.
The expected proton delocalization resulting from NQEs
and the anharmonicity of vibrational modes involving proton
displacement represent signiﬁcant hindrances to structural
assignment from computed harmonic IR spectra. As shown in
Figure 4, the experimental IR spectrum of the unsubstituted
complex, [HSO4− + H+ + HCOO−]− (Figure 4a), does not

typically employed for more computationally intensive
approaches such as path-integral molecular dynamics.74−77
To further investigate the properties of the [HSO4− + H+ +
HCOO−]− system, a relaxed potential energy surface (PES)
was constructed by ﬁxing the SO−H bond lengths while
optimizing all other geometric parameters at the
DSDPBEP86/aug-cc-pVTZ level of theory. Single-point
energies for each optimized structure were subsequently
calculated at the CCSD(T)/aug-cc-pVTZ level of theory.
The resulting PES is shown in Figure 3. The local minimum on

Figure 3. Relaxed potential energy surface (PES) of [HSO4− + H+ +
HCOO−]− as a function of ﬁxed SO−H bond lengths. The ondiagonal minimum corresponds to the symmetric structure 3, whereas
the oﬀ-diagonal minima correspond to the structures 1 and 1′, with
the transition-state structures 2 and 2′ located along the lowestenergy path between the minima. When one proton is localized to
yield hydrogen sulfate (SO−H bond length of 0.983 Å), the energetic
penalty associated with changes in the length of the remaining SO−H
bond is relatively small (<350 cm−1).

the diagonal corresponds to the symmetric structure 3,
whereas the two oﬀ-diagonal minima correspond to the
asymmetric structures 1 and 1′. The transition states 2 or 2′
are then found on the lowest-energy path between the oﬀdiagonal and on-diagonal minima, although the grid spacing of
0.05 Å is not suﬃciently small to fully capture the low-energy
pathway. Within each oﬀ-diagonal potential well, there is a
strong energetic penalty for displacement of the proton
localized at the hydrogen sulfate moiety from its minimumenergy length of 0.983 Å. In contrast, the potential governing
displacement of the remaining SO−H bond, which corresponds to the distance between hydrogen sulfate and the
bridging proton, is comparatively shallow, with displacement
from the minimum-energy bond length of 1.411 Å to 1.25 or
1.55 Å incurring an energetic penalty of less than 300 cm−1.
Note that, in this relaxed PES, changes in the SO−H bond
length do not necessarily represent changes in the corresponding COO−H bond length. For displacement of a single SO−H
bond while holding the remaining SO−H bond at 0.983 Å, the
region beyond 1.35 Å is dominated by an increase in the
distance between the two conjugate base moieties rather than a
concomitant decrease in the COO−H bond length. In
contrast, between 1.1 and 1.3 Å, the conjugate base separation

Figure 4. Experimental IR action spectrum of [HSO4− + H+ +
HCOO−]− captured in helium nanodroplets (a) and predicted
harmonic IR spectra of structures 2 (b), 1 (c), and 3 (d) computed at
the DSDPBEP86/aug-cc-pVTZ level of theory and scaled by a factor
of 0.985. Better qualitative agreement with experiment is observed for
structures 1 and 2 than for structure 3.
9283

https://doi.org/10.1021/acs.jpca.1c05705
J. Phys. Chem. A 2021, 125, 9279−9287

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

exhibit good agreement with the computed harmonic IR
spectra of structures 2, 1, and 3 (parts b−d of Figure 4,
respectively) calculated at the DSDPBEP86/aug-cc-pVTZ
level of theory. Interestingly, the IR spectrum of the transition
state structure 2 (Figure 4b) exhibits qualitative agreement
with the experimental spectrum (Figure 4a), most notably in
the position of the CO stretching mode (line e10 vs line b8).
In general, the computed spectra of structures 1 and 2 exhibit
better agreement with experiment than the spectrum of
structure 3. These trends are also observed for the spectra of
the doubly deuterated complex (Figure S1) and are consistent
with the assignment of a structure resembling 1 or 2 based on
the analysis of experimental IR action spectra. However, the
likely signiﬁcant vibrational anharmonicities and strong
coupling between bridging proton translocation and conjugate
base deformation17,18,27,28 render harmonic IR spectra
unreliable for structural assignment. Addressing such issues
requires a more comprehensive mapping of the PES78,79 or
alternate methods to address NQEs, such as path integral
molecular dynamics.21,75−77,80,81
The analysis presented herein has not addressed the
contribution of anion interactions with the surrounding helium
to the observed line positions. Although such interactions are
generally expected to cause minimal perturbation,40,80−82
recent spectroscopic interrogations of helium-solvated cations
have observed shifts of up to 50 cm−1 with respect to bare
cations.83,84 The situation for anionic species remains much
more poorly known. However, theoretical investigations
suggest that the solvation shell around anions remains liquidlike,85,86 potentially decreasing spectral perturbation. Previous
results comparing spectra of messenger-tagged anions to those
of anions in helium nanodroplets did not ﬁnd evidence for
large shifts,27,39 although both methods likely produce modest
shifts with respect to bare ions. The specialized electronic
structure methods recently developed by Marx and co-workers
have been employed to investigate the behavior of cationic
species in superﬂuid helium and may also yield new insight for
anionic complexes.74,80,81,87,88 Further experimental and
theoretical investigations are needed to better understand the
behavior of anionic species in helium nanodroplets.
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Additional computed spectra of isotopologues, experimental and computational spectral line positions, and
calculated energies (PDF)
Tabulated experimental spectra and xyz coordinates and
normal modes for theoretical structures (TXT).
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CONCLUSION
The proton-bound dimer of formate and hydrogen sulfate
features a shallow potential energy surface for bridging proton
translocation, impeding unambiguous structural assignment.
Experimental characterization of [HSO4− + H+ + HCOO−]−
and its isotopologues by IR action spectroscopy of ions
trapped in helium nanodroplets provides evidence for a
structure resembling 1 or 2, in which a single bridging proton
is displaced from the hydrogen sulfate moiety. The extent to
which this proton is shared or localized at the formate residue,
however, is diﬃcult to ascertain. Further assessment of this
structure employing more advanced computational approaches
that address NQEs is necessary to conﬁrm the structure
observed experimentally. This system serves as a reminder of
the importance of accounting for NQEs when addressing the
structure of ionic hydrogen bonding complexes.

■

Article

■

REFERENCES

(1) Meot-Ner, M. The Ionic Hydrogen Bond. Chem. Rev. 2005, 105
(1), 213−284.
(2) Tripathi, R.; Forbert, H.; Marx, D. Settling the Long-Standing
Debate on the Proton Storage Site of the Prototype Light-Driven
Proton Pump Bacteriorhodopsin. J. Phys. Chem. B 2019, 123 (45),
9598−9608.
(3) Kemp, M. T.; Lewandowski, E. M.; Chen, Y. Low barrier
hydrogen bonds in protein structure and function. Biochim. Biophys.
Acta, Proteins Proteomics 2021, 1869 (1), 140557.
(4) Huang, K.-F.; Huang, J.-S.; Wu, M.-L.; Hsieh, W.-L.; Hsu, K.-C.;
Hsu, H.-L.; Ko, T.-P.; Wang, A. H. J. A Unique Carboxylic-Acid
Hydrogen-Bond Network (CAHBN) Confers Glutaminyl Cyclase
Activity on M28 Family Enzymes. J. Mol. Biol. 2021, 433 (13),
166960.
(5) Lin, J.; Pozharski, E.; Wilson, M. A. Short Carboxylic AcidCarboxylate Hydrogen Bonds Can Have Fully Localized Protons.
Biochemistry 2017, 56 (2), 391−402.

ASSOCIATED CONTENT

sı Supporting Information
*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05705.
9284

https://doi.org/10.1021/acs.jpca.1c05705
J. Phys. Chem. A 2021, 125, 9279−9287

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(6) Kneller, D. W.; Phillips, G.; Weiss, K. L.; Pant, S.; Zhang, Q.;
O’Neill, H. M.; Coates, L.; Kovalevsky, A. Unusual zwitterionic
catalytic site of SARS-CoV-2 main protease revealed by neutron
crystallography. J. Biol. Chem. 2020, 295 (50), 17365−17373.
(7) Yang, Y.; Waller, S. E.; Kreinbihl, J. J.; Johnson, C. J. Direct Link
between Structure and Hydration in Ammonium and Aminium
Bisulfate Clusters Implicated in Atmospheric New Particle Formation.
J. Phys. Chem. Lett. 2018, 9 (18), 5647−5652.
(8) Kreinbihl, J. J.; Frederiks, N. C.; Waller, S. E.; Yang, Y.; Johnson,
C. J. Establishing the structural motifs present in small ammonium
and aminium bisulfate clusters of relevance to atmospheric new
particle formation. J. Chem. Phys. 2020, 153 (3), 034307.
(9) Hou, G.-L.; Wang, X.-B.; Valiev, M. Formation of (HCOO−)(H2SO4) Anion Clusters: Violation of Gas-Phase Acidity Predictions.
J. Am. Chem. Soc. 2017, 139 (33), 11321−11324.
(10) Hou, G.-L.; Valiev, M.; Wang, X.-B. Sulfuric acid and aromatic
carboxylate clusters H2SO4·ArCOO−: Structures, properties, and their
relevance to the initial aerosol nucleation. Int. J. Mass Spectrom. 2019,
439, 27−33.
(11) Hou, G.-L.; Wang, X.-B. Molecular Specificity and Proton
Transfer Mechanisms in Aerosol Prenucleation Clusters Relevant to
New Particle Formation. Acc. Chem. Res. 2020, 53 (12), 2816−2827.
(12) Heine, N.; Asmis, K. R. Cryogenic Ion Trap Vibrational
Spectroscopy of Hydrogen-Bonded Clusters Relevant to Atmospheric
Chemistry. Int. Rev. Phys. Chem. 2015, 34 (1), 1−34.
(13) Heine, N.; Yacovitch, T. I.; Schubert, F.; Brieger, C.; Neumark,
D. M.; Asmis, K. R. Infrared Photodissociation Spectroscopy of
Microhydrated Nitrate-Nitric Acid Clusters NO3−(HNO3)m(H2O)n.
J. Phys. Chem. A 2014, 118 (35), 7613−7622.
(14) Ribeiro, M. C. C. Strong anion-anion hydrogen bond in the
ionic liquid 1-ethyl-3-methylimidazolium hydrogen sulfate. J. Mol. Liq.
2020, 310, 113178.
(15) Ribeiro, M. C. C. High Viscosity of Imidazolium Ionic Liquids
with the Hydrogen Sulfate Anion: A Raman Spectroscopy Study. J.
Phys. Chem. B 2012, 116 (24), 7281−7290.
(16) Rodriguez, H.; Gurau, G.; Holbrey, J. D.; Rogers, R. D.
Reaction of Elemental Chalcogens with Imidazolium Acetates to Yield
Imidazole-2-Chalcogenones: Direct Evidence for Ionic Liquids as
Proto-Carbenes. Chem. Commun. 2011, 47 (11), 3222−3224.
(17) Diken, E. G.; Headrick, J. M.; Roscioli, J. R.; Bopp, J. C.;
Johnson, M. A.; McCoy, A. B. Fundamental Excitations of the Shared
Proton in the H3O2− and H5O2+ Complexes. J. Phys. Chem. A 2005,
109 (8), 1487−1490.
(18) McCoy, A. B.; Huang, X.; Carter, S.; Bowman, J. M. Quantum
studies of the vibrations in H3O2− and D3O2−. J. Chem. Phys. 2005,
123 (6), 064317.
(19) Gorlova, O.; DePalma, J. W.; Wolke, C. T.; Brathwaite, A.;
Odbadrakh, T. T.; Jordan, K. D.; McCoy, A. B.; Johnson, M. A.
Characterization of the primary hydration shell of the hydroxide ion
with H2 tagging vibrational spectroscopy of the OH− · (H2O)n=2,3 and
OD− · (D2O)n=2,3 clusters. J. Chem. Phys. 2016, 145 (13), 134304.
(20) Peláez, D.; Meyer, H.-D. On the infrared absorption spectrum
of the hydrated hydroxide (H3O2−) cluster anion. Chem. Phys. 2017,
482, 100−105.
(21) Markland, T. E.; Ceriotti, M. Nuclear quantum effects enter the
mainstream. Nat. Rev. Chem. 2018, 2, 0109.
(22) Wolk, A. B.; Leavitt, C. M.; Garand, E.; Johnson, M. A.
Cryogenic Ion Chemistry and Spectroscopy. Acc. Chem. Res. 2014, 47
(1), 202−210.
(23) Bush, M. F.; Saykally, R. J.; Williams, E. R. Evidence for Water
Rings in the Hexahydrated Sulfate Dianion from IR Spectroscopy. J.
Am. Chem. Soc. 2007, 129 (8), 2220−2221.
(24) Thaunay, F.; Calvo, F.; Nicol, E.; Ohanessian, G.; Clavaguéra,
C. Infrared Spectra of Deprotonated Dicarboxylic Acids: IRMPD
Spectroscopy and Empirical Valence-Bond Modeling. ChemPhysChem
2019, 20 (6), 803−814.
(25) Oomens, J.; Steill, J. D.; Redlich, B. Gas-Phase IR Spectroscopy
of Deprotonated Amino Acids. J. Am. Chem. Soc. 2009, 131 (12),
4310−4319.

Article

(26) Kamrath, M. Z.; Relph, R. A.; Guasco, T. L.; Leavitt, C. M.;
Johnson, M. A. Vibrational Predissociation Spectroscopy of the H2Tagged Mono-and Dicarboxylate Anions of Dodecanedioic Acid. Int.
J. Mass Spectrom. 2011, 300 (2−3), 91−98.
(27) Thomas, D. A.; Marianski, M.; Mucha, E.; Meijer, G.; Johnson,
M. A.; von Helden, G. Ground-State Structure of the Proton-Bound
Formate Dimer by Cold-Ion Infrared Action Spectroscopy. Angew.
Chem., Int. Ed. 2018, 57 (33), 10615−10619.
(28) Wolke, C. T.; DeBlase, A. F.; Leavitt, C. M.; McCoy, A. B.;
Johnson, M. A. Diffuse Vibrational Signature of a Single Proton
Embedded in the Oxalate Scaffold, HO2CCO2−. J. Phys. Chem. A
2015, 119 (52), 13018−13024.
(29) Woo, H.-K.; Wang, X.-B.; Wang, L.-S.; Lau, K.-C. Probing the
Low-Barrier Hydrogen Bond in Hydrogen Maleate in the Gas Phase:
A Photoelectron Spectroscopy and ab Initio Study. J. Phys. Chem. A
2005, 109 (47), 10633−10637.
(30) Zhou, S.; Wang, L. Symmetry and 1H NMR chemical shifts of
short hydrogen bonds: impact of electronic and nuclear quantum
effects. Phys. Chem. Chem. Phys. 2020, 22 (9), 4884−4895.
(31) Li, X.-Z.; Walker, B.; Michaelides, A. Quantum Nature of the
Hydrogen Bond. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (16), 6369−
6373.
(32) Rossi, M.; Fang, W.; Michaelides, A. Stability of Complex
Biomolecular Structures: van der Waals, Hydrogen Bond Cooperativity, and Nuclear Quantum Effects. J. Phys. Chem. Lett. 2015, 6 (21),
4233−4238.
(33) Fagiani, M. R.; Knorke, H.; Esser, T. K.; Heine, N.; Wolke, C.
T.; Gewinner, S.; Schöllkopf, W.; Gaigeot, M.-P.; Spezia, R.; Johnson,
M. A.; Asmis, K. R. Gas phase vibrational spectroscopy of the
protonated water pentamer: the role of isomers and nuclear quantum
effects. Phys. Chem. Chem. Phys. 2016, 18 (38), 26743−26754.
(34) Thomas, D. A.; Mucha, E.; Lettow, M.; Meijer, G.; Rossi, M.;
von Helden, G. Characterization of a trans-trans Carbonic AcidFluoride Complex by Infrared Action Spectroscopy in Helium
Nanodroplets. J. Am. Chem. Soc. 2019, 141 (14), 5815−5823.
(35) Tuckerman, M. E.; Marx, D.; Klein, M. L.; Parrinello, M. On
the Quantum Nature of the Shared Proton in Hydrogen Bonds.
Science 1997, 275 (5301), 817−820.
(36) Diken, E. G.; Headrick, J. M.; Roscioli, J. R.; Bopp, J. C.;
Johnson, M. A.; McCoy, A. B.; Huang, X.; Carter, S.; Bowman, J. M.
Argon Predissociation Spectroscopy of the OH−·H2O and Cl−·H2O
Complexes in the 1000−1900 cm−1 Region: Intramolecular Bending
Transitions and the Search for the Shared-Proton Fundamental in the
Hydroxide Monohydrate. J. Phys. Chem. A 2005, 109 (4), 571−575.
(37) McCoy, A. B.; Diken, E. G.; Johnson, M. A. Generating Spectra
from Ground-State Wave Functions: Unraveling Anharmonic Effects
in the OH−·H2O Vibrational Predissociation Spectrum. J. Phys. Chem.
A 2009, 113 (26), 7346−7352.
(38) Peláez, D.; Sadri, K.; Meyer, H.-D. Full-dimensional MCTDH/
MGPF study of the ground and lowest lying vibrational states of the
bihydroxide H3O2− complex. Spectrochim. Acta, Part A 2014, 119,
42−51.
(39) Thomas, D. A.; Mucha, E.; Gewinner, S.; Schöllkopf, W.;
Meijer, G.; von Helden, G. Vibrational Spectroscopy of Fluoroformate, FCO2−, Trapped in Helium Nanodroplets. J. Phys. Chem. Lett.
2018, 9 (9), 2305−2310.
(40) Toennies, J. P.; Vilesov, A. F. Superfluid Helium Droplets: A
Uniquely Cold Nanomatrix for Molecules and Molecular Complexes.
Angew. Chem., Int. Ed. 2004, 43 (20), 2622−2648.
(41) González Flórez, A. I.; Mucha, E.; Ahn, D.-S.; Gewinner, S.;
Schöllkopf, W.; Pagel, K.; von Helden, G. Charge-Induced Unzipping
of Isolated Proteins to a Defined Secondary Structure. Angew. Chem.,
Int. Ed. 2016, 55 (10), 3295−3299.
(42) Mucha, E. Vibrational Spectroscopy of Glycans in Helium
Nanodroplets. Ph.D. Thesis, Radboud University Nijmegen: Nijmegen, The Netherlands, 2020.
(43) González Flórez, A. I. Biomolecular Ions in Superﬂuid Helium
Nanodroplets. Ph.D. Thesis, Freie Universität Berlin: Berlin, 2015.
9285

https://doi.org/10.1021/acs.jpca.1c05705
J. Phys. Chem. A 2021, 125, 9279−9287

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(44) Even, U. The Even-Lavie Valve as a Source for High Intensity
Supersonic Beam. EPJ. Technol. Instrum. 2015, 2 (1), 17.
(45) Schöllkopf, W.; Gewinner, S.; Junkes, H.; Paarmann, A.; von
Helden, G.; Bluem, H.; Todd, A. M. M. The new IR and THz FEL
Facility at the Fritz Haber Institute in Berlin. Proc. SPIE 2015, 9512,
95121L.
(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; et al. Gaussian 16, Rev. A.03. Gaussian, Inc.:
Wallingford, CT, 2016.
(47) Becke, A. D. Density-Functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98 (7), 5648−5652.
(48) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping
function in dispersion corrected density functional theory. J. Comput.
Chem. 2011, 32 (7), 1456−1465.
(49) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104.
(50) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R. J. Electron
Affinities of the First-Row Atoms Revisited. Systematic Basis Sets and
Wave Functions. J. Chem. Phys. 1992, 96 (9), 6796−6806.
(51) Møller, C.; Plesset, M. S. Note on an Approximation Treatment
for Many-Electron Systems. Phys. Rev. 1934, 46 (7), 618−622.
(52) Kozuch, S.; Martin, J. M. L. DSD-PBEP86: in search of the best
double-hybrid DFT with spin-component scaled MP2 and dispersion
corrections. Phys. Chem. Chem. Phys. 2011, 13 (45), 20104−20107.
(53) Kozuch, S.; Martin, J. M. L. Spin-component-scaled double
hybrids: An extensive search for the best fifth-rung functionals
blending DFT and perturbation theory. J. Comput. Chem. 2013, 34
(27), 2327−2344.
(54) Halkier, A.; Helgaker, T.; Jørgensen, P.; Klopper, W.; Olsen, J.
Basis-set convergence of the energy in molecular Hartree-Fock
calculations. Chem. Phys. Lett. 1999, 302 (5), 437−446.
(55) Woon, D. E.; Dunning, T. H., Jr. Gaussian basis sets for use in
correlated molecular calculations. III. The atoms aluminum through
argon. J. Chem. Phys. 1993, 98 (2), 1358−1371.
(56) Peterson, K. A.; Woon, D. E.; Dunning, T. H. Benchmark
calculations with correlated molecular wave functions. IV. The
classical barrier height of the H+H2-H2+H reaction. J. Chem. Phys.
1994, 100 (10), 7410−7415.
(57) Purvis III, G. D.; Bartlett, R. J. A full coupled-cluster singles and
doubles model: The inclusion of disconnected triples. J. Chem. Phys.
1982, 76 (4), 1910−1918.
(58) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
A Fifth-Order Perturbation Comparison of Electron Correlation
Theories. Chem. Phys. Lett. 1989, 157 (6), 479−483.
(59) Bartlett, R. J.; Watts, J. D.; Kucharski, S. A.; Noga, J. NonIterative Fifth-Order Triple and Quadruple Excitation Energy
Corrections in Correlated Methods. Chem. Phys. Lett. 1990, 165
(6), 513−522.
(60) Stanton, J. F. Why CCSD(T) Works: a Different Perspective.
Chem. Phys. Lett. 1997, 281 (1), 130−134.
(61) Sinnokrot, M. O.; Valeev, E. F.; Sherrill, C. D. Estimates of the
Ab Initio Limit for π-π Interactions: The Benzene Dimer. J. Am.
Chem. Soc. 2002, 124 (36), 10887−10893.
(62) Peng, C.; Ayala, P. Y.; Schlegel, H. B.; Frisch, M. J. Using
Redundant Internal Coordinates to Optimize Equilibrium Geometries
and Transition States. J. Comput. Chem. 1996, 17 (1), 49−56.
(63) Peng, C.; Bernhard Schlegel, H. Combining Synchronous
Transit and Quasi-Newton Methods to Find Transition States. Isr. J.
Chem. 1993, 33 (4), 449−454.
(64) Schlegel, H. B. Optimization of equilibrium geometries and
transition structures. J. Comput. Chem. 1982, 3 (2), 214−218.
(65) Li, X.; Frisch, M. J. Energy-Represented Direct Inversion in the
Iterative Subspace within a Hybrid Geometry Optimization Method.
J. Chem. Theory Comput. 2006, 2 (3), 835−839.

Article

(66) Bierau, F.; Kupser, P.; Meijer, G.; von Helden, G. Catching
Proteins in Liquid Helium Droplets. Phys. Rev. Lett. 2010, 105 (13),
133402.
(67) González Flórez, A. I.; Ahn, D.-S.; Gewinner, S.; Schöllkopf,
W.; von Helden, G. IR Spectroscopy of Protonated Leu-enkephalin
and its 18-crown-6 Complex Embedded in Helium Droplets. Phys.
Chem. Chem. Phys. 2015, 17, 21902−21911.
(68) Reva, I. D.; Plokhotnichenko, A. M.; Radchenko, E. D.; Sheina,
G. G.; Blagoi, Y. P. The IR Spectrum of Formic Acid in an Argon
Matrix. Spectrochim. Acta, Part A 1994, 50 (6), 1107−1111.
(69) Kuze, H.; Amano, T.; Shimizu, T. High-resolution laser
spectroscopy of the ν3 vibration-rotation band of HCOOH. J. Chem.
Phys. 1982, 77 (2), 714−722.
(70) Scheidemann, A.; Schilling, B.; Toennies, J. P. Anomalies in the
reactions of He+ with SF6 embedded in large helium-4 clusters. J. Phys.
Chem. 1993, 97 (10), 2128−2138.
(71) Skvortsov, D. S.; Vilesov, A. F. Using He Droplets for
Measurements of Interconversion Enthalpy of Conformers in 2Chloroethanol. J. Chem. Phys. 2009, 130 (15), 151101.
(72) Leavitt, C. M.; Moore, K. B.; Raston, P. L.; Agarwal, J.; Moody,
G. H.; Shirley, C. C.; Schaefer, H. F.; Douberly, G. E. Liquid Hot
NAGMA Cooled to 0.4 K: Benchmark Thermochemistry of a GasPhase Peptide. J. Phys. Chem. A 2014, 118 (41), 9692−9700.
(73) Thomas, D. A.; Chang, R.; Mucha, E.; Lettow, M.; Greis, K.;
Gewinner, S.; Schöllkopf, W.; Meijer, G.; von Helden, G. Probing the
conformational landscape and thermochemistry of DNA dinucleotide
anions via helium nanodroplet infrared action spectroscopy. Phys.
Chem. Chem. Phys. 2020, 22 (33), 18400−18413.
(74) Walewski, Å.; Forbert, H.; Marx, D. Reactive path integral
quantum simulations of molecules solvated in superfluid helium.
Comput. Phys. Commun. 2014, 185 (3), 884−899.
(75) Marx, D.; Parrinello, M. Ab initio path integral molecular
dynamics: Basic ideas. J. Chem. Phys. 1996, 104 (11), 4077−4082.
(76) Rossi, M.; Kapil, V.; Ceriotti, M. Fine Tuning Classical and
Quantum Molecular Dynamics using a Generalized Langevin
Equation. J. Chem. Phys. 2018, 148 (10), 102301.
(77) Rossi, M.; Ceriotti, M.; Manolopoulos, D. E. How to Remove
the Spurious Resonances from Ring Polymer Molecular Dynamics. J.
Chem. Phys. 2014, 140 (23), 234116.
(78) Qu, C.; Bowman, J. M. IR Spectra of (HCOOH)2 and
(DCOOH)2: Experiment, VSCF/VCI, and Ab Initio Molecular
Dynamics Calculations Using Full-Dimensional Potential and Dipole
Moment Surfaces. J. Phys. Chem. Lett. 2018, 9 (10), 2604−2610.
(79) Duong, C. H.; Gorlova, O.; Yang, N.; Kelleher, P. J.; Johnson,
M. A.; McCoy, A. B.; Yu, Q.; Bowman, J. M. Disentangling the
Complex Vibrational Spectrum of the Protonated Water Trimer,
H+(H2O)3, with Two-Color IR-IR Photodissociation of the Bare Ion
and Anharmonic VSCF/VCI Theory. J. Phys. Chem. Lett. 2017, 8
(16), 3782−3789.
(80) Brieuc, F.; Schran, C.; Uhl, F.; Forbert, H.; Marx, D. Converged
quantum simulations of reactive solutes in superfluid helium: The
Bochum perspective. J. Chem. Phys. 2020, 152 (21), 210901.
(81) Schran, C.; Uhl, F.; Behler, J.; Marx, D. High-dimensional
neural network potentials for solvation: The case of protonated water
clusters in helium. J. Chem. Phys. 2018, 148 (10), 102310.
(82) Choi, M. Y.; Douberly, G. E.; Falconer, T. M.; Lewis, W. K.;
Lindsay, C. M.; Merritt, J. M.; Stiles, P. L.; Miller, R. E. Infrared
spectroscopy of helium nanodroplets: novel methods for physics and
chemistry. Int. Rev. Phys. Chem. 2006, 25 (1−2), 15−75.
(83) Erukala, S.; Verma, D.; Vilesov, A. Rotation of CH3+ Cations in
Helium Droplets. J. Phys. Chem. Lett. 2021, 12 (21), 5105−5109.
(84) Davies, J. A.; Besley, N. A.; Yang, S.; Ellis, A. M. Infrared
spectroscopy of a small ion solvated by helium: OH stretching region
of HeN-HOCO+. J. Chem. Phys. 2019, 151 (19), 194307.
(85) González-Lezana, T.; Echt, O.; Gatchell, M.; Bartolomei, M.;
Campos-Martínez, J.; Scheier, P. Solvation of ions in helium. Int. Rev.
Phys. Chem. 2020, 39 (4), 465−516.
(86) Coccia, E.; Marinetti, F.; Bodo, E.; Gianturco, F. A. Anionic
microsolvation in helium droplets: OH-(He)N structures from
9286

https://doi.org/10.1021/acs.jpca.1c05705
J. Phys. Chem. A 2021, 125, 9279−9287

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Article

classical and quantum calculations. J. Chem. Phys. 2008, 128 (13),
134511.
(87) Schran, C.; Marx, D. Quantum nature of the hydrogen bond
from ambient conditions down to ultra-low temperatures. Phys. Chem.
Chem. Phys. 2019, 21 (45), 24967−24975.
(88) Schran, C.; Brieuc, F.; Marx, D. Converged Colored Noise Path
Integral Molecular Dynamics Study of the Zundel Cation Down to
Ultralow Temperatures at Coupled Cluster Accuracy. J. Chem. Theory
Comput. 2018, 14 (10), 5068−5078.

9287

https://doi.org/10.1021/acs.jpca.1c05705
J. Phys. Chem. A 2021, 125, 9279−9287

