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Crossover from hydrogen to chemical bonding

Bogdan Dereka®, Qi Yu?*, Nicholas H. C. Lewis, William B. Carpenter,

Joel M. Bowman?, Andrei Tokmakoff'+

Hydrogen bonds (H-bonds) can be interpreted as a classical electrostatic interaction or as a covalent
chemical bond if the interaction is strong enough. As a result, short strong H-bonds exist at an
intersection between qualitatively different bonding descriptions, with few experimental methods to
understand this dichotomy. The [F-H-F]™ ion represents a bare short H-bond, whose distinctive
vibrational potential in water is revealed with femtosecond two-dimensional infrared spectroscopy.

It shows the superharmonic behavior of the proton motion, which is strongly coupled to the
donor-acceptor stretching and disappears on H-bond bending. In combination with high-level
quantum-chemical calculations, we demonstrate a distinct crossover in spectroscopic properties
from conventional to short strong H-bonds, which identify where hydrogen bonding ends and

chemical bonding begins.

ualitatively, a hydrogen bond (H-bond)
is an attractive interaction between
an acceptor (A) and a hydrogen atom
covalently bonded to a donor (D), but
quantitative descriptions of H-bonds
have been debated since their inception (7, 2).
Conventional H-bonds are commonly described
through the electrostatic attraction between the
positive proton charge and the electronegative
acceptor, and their presence is revealed in the
separation and linearity of the D-H---A atoms
and a decrease in D-H vibrational frequency.
Questions about the adequacy of these classical
concepts arise when considering short strong
H-bonds (SHBs). They can have interaction
strengths similar to those of covalent bonds,
protons appearing shared between D and A,
and could involve substantial electronic redis-
tribution across the bonded atoms (3, 4). As
a result, it may be better to describe SHBs as
covalent three-center four-electron bonds, rather
than as a classical electrostatic phenomenon
(5). Where do hydrogen bonds end and covalent
bonds begin? This question has implications
in processes involving SHBs—for instance,
in biomolecular processes such as enzymatic
catalysis (3, 4, 6-8), signaling (9), and ligand
binding (10, 1I), as well as atmospheric and
interstellar chemistry (12, 13), proton transport
(9, 14, 15), and ion hydration (16-18). There is a
debate about how large the SHB energies are
and if they can survive the strong solvation
interactions in water and polar environments
(19-21). Therefore, experiments are needed to
characterize the physical and chemical proper-
ties of SHBs.
H-bonding phenomena express themselves
quantitatively in the shape of the electronic
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potential energy experienced by the proton
along the H-bond. In conventional H-bonds,
the donor-acceptor separation is large (>2.7 A),
and the potential minimum is localized near
D at its covalent D-H bond length (Fig. 1A)
(3, 4, 22). As the D---A distance shrinks and
the H-bond strength increases, the barrier
decreases until the zero-point energy of the
proton exceeds it and ultimately yields a flat-
bottom single-well potential. It corresponds
to the SHB regime in which the proton be-
comes a confined particle delocalized between
D and A. The potential energy surface is a key
descriptor linking the underlying quantum-
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Fig. 1. Hydrogen bonds. (A) Types of hydrogen
bonds depending on donor-acceptor distance.
Potentials of proton motion are shown along with
the first three quantum levels and the associated
lowest-energy transitions. (B) Principal coordinates
of any H-bond demonstrated with HF;™4q):
donor-acceptor distance (dgr), proton asymmetry
(A), and linearity (8).
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mechanical electronic structure of the D-H---A
H-bond to experimental observables.

Despite being the most common H-bond
metric, the D---A distance cannot be easily
related to the shape of the hydrogen bond
potential, but infrared (IR) vibrational spec-
troscopy can directly characterize it. The D-H
vibrational frequency decreases with increas-
ing H-bond strength, a textbook property of an
H-bond; however, the fundamental frequency
itself is not a descriptor of the proton potential.
The vibrations of protons in H-bonds deviate
greatly from harmonic oscillations, and their
anharmonicity and mode mixing with the
D:--A stretching and H-bond bending vibra-
tions are major factors influencing the struc-
ture, dynamics, and reactivity of H-bonds. A
more useful measurement is to observe how
the vibrational transition frequencies depend
on quantum numbers 0, 1, and 2 (Fig. 1A).
Conventional H-bonds follow traditional rules
for anharmonic vibrations, in which the vibra-
tional energy splitting decreases as one ascends
the vibrational ladder (positive anharmonicity).
The |0} to [1) transition frequency @y, is larger
than the 1) to|2) frequency my,, as characterized
by their ratio y = wa/wy < 1. By contrast, when
proton confinement dictates the potential
shape in SHBs, the spacing between states
increases up the vibrational ladder (analo-
gous to a particle-in-a-box) and y > 1 (nega-
tive anharmonicity), yielding the effect called
superharmonicity.

Experimental results

We investigated an SHB in aqueous solution
by characterizing the anharmonic potential
of its multiple coupled vibrations, and we
addressed how electronic structure becomes
an important consideration in the transition
from conventional to strong H-bonds. We used
a combination of femtosecond two-dimensional
infrared (2D IR) spectroscopy and high-level
anharmonic quantum-chemical calculations to
directly demonstrate the distinctive nature
and characteristics of elusive SHBs in water
using the bifluoride anion HF,™ as a model
system. Bifluoride is a linear symmetric ion
with the proton bridging two fluorine atoms,
which represents the ideal model of a bare
H-bond and allows one to study SHBs in
room-temperature liquid solution (23). The
extremely short F-F separation puts it into
the category of single-well H-bonds (Fig. 1 and
fig. S3) and makes it the strongest H-bond,
with an energy of 45.8 kcal/mol (24).

The infrared spectrum of aqueous KHF, is
shown in Fig. 2A with the assignment of
vibrational modes that report on the principal
geometric coordinates of any H-bond (Fig. 1B).
On the basis of gas-phase, solid-state, and
theoretical studies (23, 25, 26), one can assign
the bands at 1215 and 1521 cm ™ to the F-H-F
bending modes, 6, and the proton stretching
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Fig. 2. IR spectroscopy of short strong H-bonds. (A) Linear infrared spectrum of aqueous 3.6 M KHF»
(blue), water (gray), and their difference (green). Cartoons represent molecular motions of the
respective vibrational modes. (B) Early-time isotropic 2D IR spectrum of 3.6 M KHF,. Waiting times . are

150 fs (left panel) and 100 fs (right panel).

(shuttling) mode, v'. The H-O-H bending
vibration of water appears at 1652 cm™. The
broad shoulder centered at 1835 em™ shows
two components in the difference spectrum.
Solid-state spectrum (fig. S1B) indicates that
the combination bands of F-F stretch and
bending, 5 + v'F, and F-F stretch and proton
stretching, v + v, are expected here. The
strong anharmonicity and mode couplings have
been observed in the gas-phase HF,  ion, where
harmonic analysis at the CCSD(T) level of
theory cannot even qualitatively reproduce
the vibrational transitions, underestimat-
ing the proton shuttling mode by ~400 cm™
(table S1). Considering the extreme anhar-
monicity of these short H-bonds in both gas-
phase and condensed-phase systems, accurate
experimental and theoretical investigations
are required.

2D IR allows one to experimentally char-
acterize the anharmonic nuclear potential by
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measuring the change in absorption at a de-
tection frequency m, after exciting a vibra-
tion with frequency o, (Fig. 2B). The method
reveals sequential transitions up the vibra-
tional ladder, both through a decrease in
absorption corresponding to the negative
|0)«1) ground-state bleach (yellow-red) and
the positive |1)—|2) excited-state absorption
(ESA) (blue). The relative placement of these
features characterizes the vibrational anhar-
monicity. Cross-peaks in a 2D spectrum char-
acterize the anharmonic coupling between
vibrations and provide a stringent test for
vibrational assignments. 2D IR has been
used in this context recently to characterize
the strong H-bond potential of aqueous acids
(17, 18).

Excitation of the proton shuttling v'" mode
at ~1400 to 1600 cm™' produced an intense
bleach on the diagonal (1) (Fig. 2B) and a
|1)—|2) absorption peak (2) at higher detec-
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tion frequencies (v, w3) = (1500, 1750 em™),
indicating that y = 1.17. This feature is a
hallmark of the proton shared between two
atoms in a single-well confined potential with
steep walls that result in increased energy
spacing between higher-lying vibrational levels.
This feature is unusual because the excited-
state absorption (2) is typically observed at
lower frequencies than the bleach (1) and has
been experimentally observed at higher fre-
quencies only for the proton transfer mode
ascribed to Zundel-like configurations of ex-
cess protons in water (17, 18).

Excitation of bifluoride bending modes &
at ~1150 to 1280 cm ™ (Fig. 2B), followed by
probing of v'', revealed an intense cross-peak
bleach at (1240, 1510 cm ™) (3), signifying strong
coupling between the proton shuttling and
bending motions. The ESA of this cross-peak
at (1216, 1360 cm ™) (4) displayed an enor-
mous downshift of 150 cm ™ with respect to
the bleach at 1510 cm™" (y = 0.90), an order of
magnitude larger than typical molecular cou-
plings of 10 to 15 cm™ (27). This feature il-
lustrates how strongly the bending of the SHB
reduces the proton’s confinement and confirms
that bending the ion transforms the proton
potential from a single well toward a strongly
anharmonic double well (fig. S3B). Excitation
of the broad band in the 1650 to 2000 cm™’
window revealed signs of two overlapping bands,
which appear as peaks (5) and (6) with excita-
tion frequencies of 1920 and 1780 cm . These
peaks appear to correspond to the expected
v+ v and & + vF¥ bands, although the in-
tense cross-peaks to the v at 1500 em™ indi-
cate strong anharmonicities that can mix the
mode character. Indeed, given the assignment
of the other resonances, peaks (8) and (9) may
both result from the ESA of the v cross-peak.
Peak (7) is the ESA corresponding to the v
cross-peak bleach (6).

All these observations provided direct evi-
dence of strong interactions between all H-
bond coordinates that shape the potential for
the shared proton (Fig. 1B). In linear SHBs, the
proton is confined and its potential is super-
harmonic, but H-bond bending disrupts the
confinement, making it strongly positively
anharmonic. Modulation of the F---F distance
affects the shared proton in the SHB, causing
it to experience a large-amplitude variation of
its confining potential from superharmonic to
strongly anharmonic.

Theoretical analysis

To quantitatively characterize the vibrational
potential and spectral signatures of proton
stretching in short H-bonds, we performed
high-level quantum vibrational self-consistent
field/virtual state configuration interaction
(VSCF/VCI) calculations on (HF,) (H;0)s clusters
using highly accurate many-body potential
energy surface (see materials and methods)
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(28). To reflect the asymmetric H-bonding
environment of aqueous solution, the structure
of the fully solvated (HF,) (H,0)s ion with
three water H-bonds to each fluorine atom
was optimized, and ~1100 configurations were
generated by varying F---F and F---H,O dis-
tances. For every configuration, the proton
position was optimized by holding other atoms
fixed, and VSCF/VCI calculations were per-
formed within the local monomer framework
(fig. S4). The key observations are summarized
in Fig. 3.

First, the transition frequencies of the key
infrared resonances (Fig. 3, A to D) followed a
pronounced V-shape dependence on F-F dis-
tance (dgp). The calculations showed that this
behavior arises from a shift between two
qualitatively different types of H-bonds: SHBs
for dpp < 24 A (blue, Fig. 3, A to D) and con-
ventional H-bonds at longer separations (red).
The latter showcased a textbook behavior
where decreasing F-F separation strengthens
the H-bond, leading to softening of the stretch
potential (Fig. 3, B and C) and increased
stiffness of bending modes (Fig. 3D). In this
regime, the correlation of F-F distance with
frequency was diffuse (R? = 0.49). Instead, the
F-H distance provided a definitive correlation
(Fig. 3E), corresponding to the near-linear

Fig. 3. Crossover from A

relation between O-H distance and frequency
demonstrated for a vast variety of aqueous
O-H:--X H-bonds (29).

The SHBs demonstrated the opposite effect,
showing a sharp anticorrelation of F-F distance
with v frequency (R® = 0.89): The stronger
the H-bond, the higher the proton frequency.
The vF' + V7 frequency (Fig. 3C) followed a
similar trend with the turning point at lower
dpr, because this mode includes F-F stretching
that effectively decreases confinement com-
pared to the v mode under identical separa-
tion. These dependences upon F-F expansion
are a direct consequence of the emerging
barrier that approaches and exceeds the zero-
point energy of the proton and localizes it in a
single F-H well (Fig. 1A).

Second, the highly anharmonic character of
the SHB mixes the stretching and bending
motions of the H-bond, and these interactions
have the maximum effect near the crossover
between SHBs and conventional H-bonds (fig.
S11). In this region, the Vi potential has both
steep walls and a flat bottom with the maxi-
mum value of y reaching 1.6 (Fig. 3A), which
renders it a classic example of a particle-in-a-
box (y = 1.67); the combination bands of vi*
with & or v are quasi-degenerate and highly
mixed, and solvation asymmetry governs the

E
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mixing. Taking the trends in the vibrational
frequencies for the transitions available to
experiments, we selected all configurations
that mapped onto the v!! 2D IR data (Fig. 3, F
to H) and observed a close correspondence
to VSCF/VCI calculations over a narrow dis-
tribution of dpp = 2.29 to 2.31 A in aqueous
solution. This comparison indicates that peak
(6) arose from the excitation of § + vF¥. ESA
(7) is a unique transition to the state with
all three modes excited and signifies a triple-
mode coupling between all H-bond coordinates.

Third, the asymmetry of the solvent envi-
ronment determines the structural asymmetry
(A) of the HF, proton position in SHBs (fig.
S6) and thereby has a predictable effect on v'!
frequency (Fig. 3B and fig. S9). Asymmetric
ions absorb at higher frequencies for any given
dgy, and a strong linear v”—dFF anticorrelation
(R* = 0.9710 0.99) existed for any given A. Asa
result, it is the combination of changes in F-F
distance and solvent asymmetry that deter-
mine v!! in the SHB regime. Although the
experimentally observed frequencies for v'!
can encompass a range of instantaneous sol-
vent configurations, the water dynamics dic-
tate that variations in these potentials may not
be readily distinguished in these spectra. Nuclear
magnetic resonance (NMR) experiments have
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long pointed to HF, ions as the exceptional
example of a symmetric centered H-bond (A =
0) in solution (30, 3I); however, these meas-
urements average over the picosecond fluctu-
ations in aqueous solvation environments. In
principle, ultrafast 2D IR can observe a dis-
tribution of solvent environments as diagonal
band elongation, but the lineshape of the v/
diagonal bleach (1) is round and homoge-
neous at the earliest waiting time (Fig. 2B),
indicating that any differences in vibrational
frequency due to distance and asymmetry of
configurations are essentially indistinguishable
by the lineshape on the time scale of the
proton’s vibrational motion.

The fluctuations in solvent-induced asym-
metry do shape the single-well HF, proton
potential, but this perturbation was below its
zero-point energy (fig. S10). This observation
is similar to the recent interpretation of a
homogeneous lineshape for the proton stretch
ESA of aqueous acids (77), which was attributed
to the fast electric field fluctuations shaping
the potential below the zero-point energy. We
found that the [1}—|2) ESA transition was
dominated by the confinement, whereas the
|0}« 1) bleach signal was sensitive to both the
confinement and asymmetry (fig. S9). As a re-
sult, the (F-H-F)™ can be considered as a model
for the Zundel limiting form of the aqueous
excess proton (H,O---H"---OH,) devoid of
flanking water OH-stretches.

Nature of the strong H-bond

The crossover of H-bond character raises
questions about when simple electrostatic
descriptions of H-bonds (commonly accepted
to dominate in formally ionic H-bonds, like
HF, ) (16, 21, 32) fail and explicit treatment of
their electronic structure becomes important.
Figure 4A shows that as dgp shrank, the mag-
nitude of the charges decreased continuously
on the proton and acceptor fluorine, while in-
creasing on the donor fluorine for the con-
ventional H-bonds (navy) but decreasing in
the SHB regime (green). For the shortest dy,
the fluorine charges approached the same value.
Both electrostatic H---F attraction and F---F
repulsion counterintuitively decreased upon
F-F reduction in the SHBs (fig. S12), but the
net electrostatic bonding was weakly dependent
on dgp, with a clear preference of symmetric
configurations (Fig. 4B). This result is in con-
trast with claims that symmetric SHBs bear a
high-energy penalty and are anticatalytic com-
pared to asymmetric bonds (20), or that a
sudden jump in bonding energy occurs when
crossing from conventional to SHBs (16).
Electrostatics accounted for only ~52 to 62%
of the SHB bonding energy, and covalent,
charge-transfer, and Pauli repulsion played
an increasing role at short D---A distances (fig.
S13). A proper quantitative decomposition of
these effects will require future work with
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Fig. 4. Crossover from the conventional H-bonding to H-mediated chemical bonding. (A) Charge
redistribution on constituent atoms upon donor-acceptor distance variation. (B) Electrostatic bonding
component weakly increases with F-F distance with a preference for symmetric configurations. The proton
asymmetry is encoded in the marker size and color. Conventional H-bonds are red, SHBs are blue.

advanced methods, like symmetry-adapted
perturbation theory, although one can qual-
itatively understand the observed behavior with
a simple molecular orbital picture. When dgy
decreased below 2.4 A, F-F covalent bonding
started to become a notable contributor to the
SHB interactions (3.3). The hydrogen mediated
this bonding, as the decreasing F-F distance
enabled the overlap between the H 3s orbital
and F 2p, orbitals, yielding a stabilization of
the resulting o, molecular orbital (figs. S14:
and S15). This chemical bonding, consistent
with other three-center four-electron bonds
(1, 5), is better characterized as a hydrogen-
mediated donor-acceptor bond being quali-
tatively different from a conventional H-bond.

QOur work sheds light on the distinctive and
counterintuitive properties of SHBs: delocaliza-
tion of the proton in the flat-bottom confined
potential that yields H-bond superharmonic-
ity; a blueshift of the proton stretch frequency
upon H-bond strengthening; and major elec-
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tron density redistributions that lead to the
emergence of hydrogen-mediated donor-acceptor
bonding. The structural simplicity of F-H-F
system representing the bare H-bond atoms
and its distinctive character as the “strongest
H-bond” that one can readily describe as a
chemical bond makes allowed one to identify
spectroscopic trends and details of the SHB
vibrational potential that will be applicable to
all SHBs. Yet, F-H-F does not suffer from the
complexities that hamper the interpretation of
experimental data for larger molecular systems.
These results suggest that the SHB lies at the
tipping point where hydrogen bonding ends
and chemical bonding begins.
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The nature of short hydrogen bonds

Hydrogen bonding (H-bonding) unquestionably plays an important role in chemical and biological systems and is
responsible for some of their unusual properties. Strong, short H-bonds constitute a separate class that, owing to
their elusive characterization, has remained a point of contention over the past several decades. Using femtosecond
two-dimensional infrared spectroscopy in conjunction with quantum chemical calculations, Dereka et al. demonstrate
a powerful way to investigate the nature of short H-bonding (see the Perspective by Bonn and Hunger). Their
quantitative characterization of multiple coupled motions in the model system of bifluoride anion [F-H-F]- in aqueous
solution reveals several distinctive features of a crossover from conventional to short, strong H-bonding.
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