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‡Van ’t Hoff Institute for Molecular Sciences (HIMS), University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The
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ABSTRACT: The enol form of dibenzoylmethane has been the
subject of many experimental and theoretical studies, yet the symmetry
and the spectral response of the OHO intramolecular hydrogen bond
remains mysterious due to conflicting assignments. In order to
qualitatively understand the complex proton dynamics, it is necessary
to probe the neighborhood of stationary points on the potential energy
landscape. Here, we employ density functional theory-based molecular
dynamics (DFT-MD) simulations to sample the coupling between the
intermolecular proton transfer and all other molecular modes. To
account for the quantum nature of the proton motion, we employ the
path integral formalism within the DFT-MD simulations. Our results
reveal that the hydrogen-bonded proton is delocalized between two
oxygen atoms with sightly higher probability to be observed in the
asymmetric than the symmetric position. The simulated infrared
spectrum is found to be in a reasonably good agreement with the experimental spectrum. The computed νOH band is
remarkably broad and centered around 2640 cm−1. The origin of the discrepancy between the simulated and experimental
intensities of the νOH band is discussed.

■ INTRODUCTION

Hydrogen bonds control the structure and function of a vast
range of protic molecules and their assemblies. A hydrogen
bond is an attractive interaction between an electronegative
acceptor atom A and a positively charged hydrogen atom that
is covalently attached to an electronegative donor atom D.
Hydrogen bond energies range from 1 until 40 kcal/mol,
which is more than that of van der Waals interactions and less
than covalent or ionic bonds.1 The donor and acceptor atoms
might belong to the same or to two different molecules, thus
forming an intra-molecular or an inter-molecular hydrogen
bond, respectively. The adiabatic potential for the proton
transfer between the donor and acceptor atoms varies from a
double-well potential, associated with the asymmetric D−H···A
and D···H−A structures at relatively large donor−acceptor
distances, to a single-well for a symmetric D···H···A hydrogen
bond at short D−A distances.2,3 In the former case, the proton
is localized on the donor or the acceptor atom, while in the
latter case it is delocalized between these atoms.
In most cases, the symmetry of the hydrogen bond can be

determined accurately with neutron diffraction spectroscopy.
However, if the two minima on the potential energy surface are
very close and the barrier for proton transfer is low, resolving
the structure is difficult due to fast proton exchange between
the minima. In such cases, complementary techniques, such as
NMR spectroscopy and computational studies are needed to
provide insight into the hydrogen bonding properties.

The enolic forms of β-diketone compounds exhibit strong
O−H···O intramolecular hydrogen bonds at rather short
donor−acceptor O···O distances.4 The longest O···O distance
is found in malonaldehyde (2.55 Å5), which is the simplest
member of the β-diketone family. By adding substituents to
malonaldehyde, this distance can decrease to 2.54 (acetylace-
tone6,7), 2.50 (benzoylacetone8), or even 2.45−2.46 Å
(dibenzoylmethane9−13). Malonaldehyde has an asymmetric
hydrogen bond.5,14−26 The potential energy barrier for the
proton transfer has been computed to be 4.09 kcal/mol at
CCSD(T)/aug-cc-pV5Z level.19 In the case of acetylacetone,
most studies have argued that the bridging hydrogen bond is
asymmetric,6,7,27−35 although several studies reached the
opposite conclusion.36−38 Even less consensus exists with
regard to the symmetry of the H-bond in dibenzoylmethane
(DBM), a molecule which is employed as a UVA filter in
cosmetic sunscreens.39−41 Early X-ray diffraction studies9,10

found similar, although not identical, geometric parameters for
the asymmetric hydrogen bond of DBM. Gilli et al. combined a
statistical analysis of X-ray data with quantum chemical
calculations and proposed that the potential energy surface
for the proton transfer between the oxygen atoms is a weakly
asymmetric single-well profile.4 Electronic density images from
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a more recent X-ray measurement performed by Thomas et
al.13 show a migration of the bonding density from an
asymmetric position at low temperatures to an almost centered
position at room temperature. However, gas phase electron
diffraction experiments reported a strongly asymmetric
structure.42 In addition, room-temperature neutron diffraction
experiments suggested an asymmetric structure invariant with
temperature.13,43 Borisov et al.44 performed an NMR study and
found that, in the temperature range from 181 to 268 K, a
tautomeric equilibrium exists between the two asymmetric
enolic structures (see Figure 1). Furthermore, Masuda et al.45

reported an NMR study at room-temperature of DBM in CCl4,
in which they proposed a nearly symmetric hydrogen bond
with the potential energy profile for the proton transfer being
either a single-well or a double-well with a barrier below the
zero-point energy. In polar solvents such as DMSO and
MeOH, the proton tends to localize at one oxygen atom due to
solute−solvent interactions.46 More recently, Kong et al.
addressed the DBM’s hydrogen bond properties in solid
state by NMR and classical ab initio molecular dynamics47 and
found that the potential energy barrier for the proton transfer
is below the ground state vibrational level. Feyer et al.
measured the core level photoemission spectrum of gaseous
DBM and provided evidence that the point group symmetry of
the ground state is C2v.

38

The hydrogen bond dynamics can be also probed by
infrared spectroscopy. Because of the strong intramolecular
hydrogen bond in DBM, it is expected that the stretching
mode of the hydroxyl group, νOH, is significantly red-shifted
and broadened due to the complex proton dynamics, which
includes proton transfer and energy redistribution to other
modes. The infrared spectrum is characterized by a strong
band around 1600 cm−1 and an extremely broad and weak
band from 2200 to 3500 cm−1.48−52 The latter band has a
maximum around 2700 cm−1 in carbon tetrachloride solution.
In a 1949 article, Rasmussen et al. attributed this band to the
νOH mode.48 This assignment was later confirmed by Bratoz ̌ et
al.49 In addition, the in-plane, δOH, and out-of-plane, γOH, O−
H bending modes were related by these authors to peaks at
1470 and 960 cm−1, respectively, whereas the C−O stretching
bands were assigned to 1605 and 1302 cm−1 in carbon
tetrachloride solution. Recently, a new assignment of the O−H
stretching mode was tentatively proposed by Hansen et al.52

They argued that since the O···O distance in DBM is 0.08 Å
shorter than in acetylacetone, its O−H stretching peak should
be located at much smaller wavenumbers than that in the case
of acetylacetone (≈ 2800 cm−1).34,50 On the basis of quantum
chemical calculations, Hansen et al. proposed that the O−H
stretching frequency is close to 1550 cm−1 and responsible for
the strong band seen at that wavenumber.52 This conclusion is
in line with a significant enhancement of the intensity, νOH, due
to the electric anharmonicity for hydrogen bonds whose
donor−acceptor distances are in the range of 2.4−2.5 Å, as
predicted by Athokpama et al.53

Petkovic ́ and Etinski examined the structure of an isolated
DBM molecule and its νOH frequency using quantum chemical
methods and dimensionally reduced models of the potential
energy surface.54 The potential energy barrier for the proton
transfer was computed to be in the range from 0.8 to 2.0 kcal/
mol depending on the employed electronic structure method
and basis set. On the basis of these values, these authors
proposed that both asymmetric and symmetric structures of
DBM are present in the gas phase. Furthermore, they
estimated the O−H (for asymmetric structure) and O···H···
O (for symmetric structure) stretching frequencies to be
≈2400 and 500 cm−1, respectively.
In this contribution, we employ classical and path integral ab

initio Born−Oppenheimer molecular dynamics to address the
structure of DBM’s hydrogen bond and its infrared spectrum
in the gas phase. This method allows us to go beyond selected
degrees of freedom and to consider all molecular degrees of
freedom and their couplings. Sampled trajectories capture
information about the mechanical and electrical anharmonicity
as well as thermal fluctuations, and thus provide an accurate
measure of the hydrogen bond symmetry and the line shape of
the infrared spectrum at room temperature. Although the
quantum effects are important for strong hydrogen bonds,3 we
will show that even classical mechanics can reasonably well
simulate the properties of the intramolecular hydrogen bond of
DBM.
The paper is organized as follows. In the next section, we

summarize the computational methods that were employed in
our calculations. In the subsequent section, we discuss the
minimum energy structure and present a one-dimensional
model for the proton transfer. Furthermore, the consequences
of quantum effects and thermal fluctuations on the geometry of
DBM are presented and discussed. In the following subsection,
a simulated infrared spectrum is assigned and discussed.
Finally, we draw conclusions from our study.

■ COMPUTATIONAL DETAILS
All calculations were performed with the CP2K program
package.55 We utilized the BLYP functional56,57 based on the
generalized gradient approximation and Grimme’s D3
correction for dispersion interaction.58 The electron density
was expanded using a mixed Gaussian and plane waves (GPW)
method59 with a DZVP basis set for the localized functions.
The finest grid level cutoff and relative cutoff were set to 350
and 50 Ry, respectively. A pseudopotential of the GTH type60

was used to represent core electrons. The simulation was
performed in a cubic box with a box size of 15 Å under
nonperiodic conditions. The wavelet method61,62 was used for
proper treatment of the isolated system. The SCF convergence
was set to 5.0 × 10−7 in atomic units. The nuclei were
propagated with a time step of 0.5 fs. The CSVR thermostat63

was employed in order to simulate a canonical ensemble at 300
K. Nuclear quantum effects were taken into account using the
path integral approach implemented in the CP2K program.
The number of replicas to describe the atomic nuclei was taken
to be 16. The classical (quantum) simulations were carried out
for 30 and 8 ps after thermal equilibration runs of 10 and 2 ps.
The infrared spectrum was calculated from classical dynamics
trajectories using the following protocol. A total of 15
configurations from the equilibriated NVT trajectory were
selected at 2 ps intervals. These configurations were further
propagated in the microcanonical ensemble for 20 ps.
Maximally localized Wannier orbitals were computed along

Figure 1. Tautomeric equilibrium between the two asymmetric enolic
structures of dibenzoylmethane (DBM).
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each of the NVE trajectories to calculate the dipole moment
and its time autocorrelation function. The average over the
whole set of the trajectories yielded the infrared and power
spectra. Both spectra were computed using the TRAVIS
software.64,65

■ RESULTS AND DISCUSSION
Optimized Geometry. First, we assess the ability of the

BLYP functional, augmented with the D3 dispersion
correction, to model the structure of the DBM molecule.
The bond lengths of the optimized geometry of DBM at the
BLYP+D3/GPW, and the M06-2X/cc-pVTZ54 levels of theory
are shown in Figure 2, together with data from neutron

diffraction experiments.43 Note that the experimental data are
obtained for a DBM crystal at room temperature. The
optimized minimum on the potential energy surface
corresponds to the asymmetric hydrogen bond, in which the
proton is closer to one of the two oxygen atoms. Both
functionals provide nonplanar equilibrium geometries,
although the optimized structure with the M06-2X functional
is more distorted. The C1−C3−C5−C11 and C1−C2−C4−
C10 dihedral angles are −6 and −9 deg at the BLYP+D3 level
and −17 and −19 deg at the M06-2X level. Generally, the
M06-2X functional gives shorter bond lengths than the BLYP
functional. Comparing the bond lengths within the benzene
rings, we see very good agreement between the two
functionals, with discrepancies of approximately 0.02 Å. Also
the C1−C3 and C2−O1 bonds have very similar bond lengths.
The main difference in the molecular structures obtained with
the BLYP+D3 and M06-2X functionals comes from the
description of an intramolecular hydrogen bond. Its length
differs by 0.1 Å. The O1−H and O2−C3 bonds are also
influenced by the hydrogen bond and their lengths differ by
approximately 0.05 Å. The O···O distance is 2.46 Å with BLYP
+D3/GPW and 2.49 Å with M06-2X/cc-pVTZ. Overall, we
conclude that the BLYP density functional, corrected with the
dispersion term, provides similar structural parameters as the
more advanced M06-2X functional. Surprisingly, the BLYP
+D3/GPW optimized geometry agrees even better with the
neutron diffraction data43 than the M06-2X/cc-pVTZ result.
On average, the BLYP+D3 bond lengths are within 0.01 Å of
the experimentally obtained geometry. The exceptions are the
O1−H and O2···H bonds, which differ by 0.1 Å. In the next
sections, we will argue that quantum effects and anharmonicity

of the potential minimum can considerably modify the
hydrogen bond length.
The proton transfer potential energy barrier determines the

vibrational response of the β-diketons’ OHO moiety.34,51 We
find that the barrier height is more sensitive to the
computational level than the molecular geometry parameters.
The barrier is 0.7 kcal/mol at the BLYP+D3/GPW level. The
M06-2X/cc-pVTZ and ab initio correlated levels of theory
MP2/cc-pVDZ and CC2/cc-pVTZ give barriers which are 1.1,
1.3, and 0.1 kcal/mol54 higher than the BLYP+D3 value,
respectively. Hence, the BLYP+D3 functional underestimates
the barrier height comparing to the M06-2X functional and
MP2 method but gives a similar value as the CC2 method. In
the absence of the CCSD(T) value in the basis set limit it is
difficult to estimate the correct barrier value. The comparison
of the simulated and the experimental infrared spectrum might
provide additional insight into the plausibility of the BLYP
+D3/GPW barrier value. Meuwly and co-workers demon-
strated the correlation between the center frequency of the O−
H stretching band and the proton transfer barrier.34,66 These
authors developed a method to modify force-field parameters
responsible for the proton transfer potential in such a way that
the overall shape of the potential energy surface remained
topologically similar but differed in the proton transfer barrier
value. By employing this potential energy morphing, they
simulated several O−H stretching bands of acetylacetone with
different barrier values.34 A direct comparison with experiment
enabled them to qualitatively determine the proton transfer
barrier of acetylacetone. Thus, this method provides an
indirect way to extract the proton transfer barrier in cases
when the size of the system does not allow the CCSD(T)
calculations.

One-Dimensional Model of the Proton Transfer. The
optimized geometry provides only limited information on the
hydrogen bond, since the atoms are in constant motion due to
quantum effects and thermal fluctuations. The potential barrier
for the proton transfer is found to be very low and it is not
certain whether the ground state vibrational level is below or
above the barrier. To address this issue, we consider here a
one-dimensional quantum mechanical model of the proton
transfer. Although this reduced model represents a simplified
picture of the proton transfer, it provides some interesting
physics insights. We focus on the asymmetric coordinate
Δ(OH), which is composed of the difference between the two
O−H distances. The potential energy along this coordinate
was calculated using restrained optimizations. The force
constant for the harmonic restraining potential was 1.0 au,
which effectively constrains the coordinate. The one-dimen-
sional Schrödinger equation was solved on this potential
employing the Fourier grid Hamiltonian method.67 The mass
of the particle was chosen to be equal to the proton mass,
assuming that the oxygen atoms are connected to the heavy
fragments (−C−C6H5), so that the motion of the hydrogen
atom can be separated from the other degrees of freedom.
The potential energy along the proton transfer coordinate

and the resulting energy levels are shown in Figure 3. The
barrier for the proton transfer is 240 cm−1. The ground state
level lies 74 cm−1 below the barrier. Its wave function has a
double maximum at Δ(OH) = ± 0.27 Å, which can be related
to the length of the O−H bond.3 Note that tunneling through
the barrier and anharmonicity shift the most probable value of
the Δ(OH) coordinate by 0.12 Å from the value in the
optimized structure. In addition, the ground state wave

Figure 2. Bond lengths within the optimized DBM geometry at the
BLYP+D3/GPW and M06-2X/cc-pVTZ54 (in brackets) levels of
theory, compared to neutron diffraction data at room temperature43

(in square brackets).
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function has substantial probability density in between the
oxygen atoms. The first excited state lies 47 cm−1 above the
barrier. It has a node in the center, and the maxima of its wave
function are more displaced toward the oxygen atoms. The
energies of the third, fourth and fifth states are 373, 674, and
1016 cm−1 above the barrier. The energy difference between
the consecutive energy levels at higher energies is in the range
from 300 to 350 cm−1.
According to this model, the hydrogen bond is asymmetric

with considerable probability for the proton to be found
midway between the oxygen atoms. The second and third
energy levels are accessible at room temperature and thus the
hydrogen bond length will exhibit a small temperature
dependence due to the different nodal structure of their
wave functions. The energy difference between the ground
state and the first excited state is 121 cm−1. Therefore, the
proton transfer between the oxygen atoms takes 275 fs, which
might be very fast for certain experimental techniques aimed at
resolving the proton position.
Thermal Effects on the Molecular Geometry. Although

the one-dimensional model is a source of valuable information
about the hydrogen bond, it does not account for coupling to
other coordinates. Thus, in order to arrive at a more realistic
picture of the hydrogen bond, which includes all coordinates
and thermal effects, we performed molecular dynamics
simulations in the canonical ensemble at 300 K using classical
and path integral simulations.
Let us first discuss the results of the classical simulation. The

classical dynamics lacks zero-point energy motion as well as the
ability of tunneling through barriers. Because of thermal
fluctuations, it probes the potential energy surface around its
minimum. The potential barrier is low along the proton
transfer coordinate and thermal fluctuations might induce
vibrational-assisted thermal hopping. The instantaneous O−H
distances are displayed in Figure 4. We clearly observe the
proton hopping events approximately every 0.5 ps. Usually,
four to five large amplitude oscillations are preceding the
hopping event. These oscillations approximately correspond to
frequency 250−350 cm−1. Note that there are also small
amplitude high-frequency oscillations which correspond to the
proton oscillations around the local minima on the potential

energy surface. The O−H distances are in the range from
approximately 1.0 to 1.8 Å. Figure 5 shows the Helmholtz free

energy profile as a function of the proton transfer Δ(OH)
coordinate. It consists of the two minima at Δ(OH) ≈ ± 0.45
Å, separated by the barrier that amounts to ≈1.03 kcal/mol.
Thus, the classical dynamics simulation finds the asymmetric
hydrogen bond with the slightly elongated Δ(OH) coordinate
due to thermal fluctuations. It is also noteworthy to examine
the effect of thermal fluctuations to other coordinates. The
probability distribution and averaged values of the selected
geometry parameters are collected in Figure 6 and Table 1,
respectively. The O1···O2 equilibrium distance increases by
0.03 Å due to thermal fluctuations. Its probability distribution
takes values from 2.3 to 2.7 Å. At very small O1···O2 distances
(<2.35 Å) the potential energy barrier for the proton transfer
vanishes.68 Therefore, the O1···O2 oscillations stimulate the
proton transfer dynamics. The O1−H−O2 angle determines

Figure 3. One-dimensional potential energy for the proton transfer
coordinate Δ(OH) and its energy levels. The ground state wave
function is depicted in gray.

Figure 4. Instantaneous O−H distances in the first 10 ps of the
simulation in which the atoms are treated classically: red line, O1−H
bond; black line, O2−H bond.

Figure 5. Helmholtz free energy for the proton transfer computed by
the classical (black line) and quantum (red line) simulations. The free
energy curves are symmetrized around the Δ(OH) = 0 value. The
errors are estimated as a difference between the symmetrized and
unsymmetrized curves.
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the proton position relative to the oxygen atoms. Its optimized
equilibrium value is 155 deg. In addition, thermal motion leads
to a slight decrease of this angle to 153 deg. The same is valid
for the H−O1−C2 angle, which represents the in-plane
hydroxy group bending. On the other hand, the average value
of the angle that determines the out-of-plane hydroxy group
bending, remains unchanged by thermal fluctuations.
Having discussed the effects of thermal fluctuations on the

molecular structure, let us proceed to the nuclear quantum
effects on the geometry of DBM. As was shown in the one-
dimensional model, the ground state for the motion along the
proton transfer coordinate is 74 cm−1 below the barrier.
Coupling of this motion to other degrees of freedom might
shift this level above the barrier. Figure 5 shows the free energy
profile along the proton transfer coordinate computed with the
path integral molecular dynamics. The computed free energy
exhibits a very shallow double-well profile indicating that the
hydrogen bonded proton is delocalized between the oxygen
atoms. The most probable value of the proton transfer
coordinate corresponds to Δ(OH) = 0.15 Å, which is 0.05 Å
shorter than the value measured in a neutron diffraction
experiment.43 Thus, the thermal effects and coupling of the

proton transfer coordinate to other degrees of freedom
decrease even more the hydrogen bond length found in the
one-dimensional proton transfer model. In addition, the free
energy barrier separating two asymmetric configurations
amounts to 0.07 kcal/mol. As was already discussed for the
one-dimensional proton transfer model, the small free energy
barrier easily enables thermal proton hopping between two
asymmetric configurations. Note that Petkovic ́ and Etinski54

reported the free energy barrier of 0.59 kcal/mol, computed
with the composite G4MP2 method, which includes scaled
harmonic frequencies at B3LYP level and the electronic energy
at Møller−Plesset perturbation and coupled cluster level. The
ratio of the asymmetric and symmetric conformers in that case
was 2.5, whereas in our case it is 1.1.
The probability distribution and averaged values of the

selected geometry parameters computed with the quantum
simulation are presented in Figure 6 and Table 1, respectively.
The quantum effects do not significantly change their average
values relative to those of the classical simulation. The O1···O2
distance probability distribution remains almost unaltered.
This is expected since these atoms are much heavier than the
proton. The probability distribution related to two angles
(O1−H−O2 and H−O1−C2) that determine the position of
the proton relative to the oxygen atoms become broader with
inclusion of the quantum effects. Interestingly, the probability
distribution of the dihedral angle that describes out-of-plane
motion of the hydroxy group (H−O1−C2-C1) is similar to the
classical one.

Infrared Spectrum. It would certainly be desirable to use
centroid or ring polymer path integral molecular dynamics69 in
order to properly account the quantum effects70 necessary for
simulation of DBM’s infrared spectrum. Nevertheless, we will
demonstrate that even classical simulation might qualitatively

Figure 6. Probability distribution of the selected geometry parameters computed by classical (black line) and quantum (red line) simulations.

Table 1. Selected Averaged Geometry Parameters
Computed by Classical and Quantum Simulationsa

parameter classical quantum opt. eq

O1···O2 2.49 2.48 2.46
O1−H−O2 153 152 155
H−O1−C2 102 102 104
H−O1−C2−C1 0 0 0

aAlso, parameters from the optimized equilibrium structure are
provided. Bond length is in Å; angles are in degrees.
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reproduce the infrared spectrum in this case and provide
insight into the vibrational response of the OHO moiety. The
origin of this can be understood as follows. In the previous
section we showed that nuclear quantum effects mostly modify
the in-plane motion of the hydrogen bonded proton in the six-
membered ring, whereas other degrees of freedom are not
significantly altered. Hence, we could expect that the infrared
spectrum simulated by classical molecular dynamics would
exhibit certain differences in the νOH and δOH modes in
comparison to the experimental one. Furthermore, both
classical and quantum molecular dynamics predict the small
free energy barriers, although with different heights.
The simulated infrared spectra obtained by classical

molecular dynamics together with the spectrum computed
within harmonic oscillator and linear dipole approximation and
the vapor experimental spectrum71 are shown in Figure 7. Let

us first discuss the harmonic oscillator spectrum (see Figure
7a). DBM has 29 atoms and thus 81 vibrational degrees of
freedom. The high frequency region of the harmonic oscillator
infrared spectrum above 3000 cm−1 consists of the 11 C−H
stretching modes whose peak maximum is found at 3120 cm−1.
The hydrogen-bonded O−H stretching band is found to be at
2323 cm−1. Note that a change in the proton transfer barrier
height affects the shape of the potential energy surface in the
region around the minima66 and thus electronic structure
methods that provide higher barriers will also give higher
harmonic O−H stretching frequencies. Thus, CC2/cc-pVTZ
level of theory, which provides only 0.1 kcal/mol higher barrier
than the BLYP+D3/GPW method, gives the νOH harmonic
frequency at 2479 cm−1.54 On the other hand, this frequency
amounts to 2938 and 2946 cm−1 at the M06-2X/cc-pVTZ and
MP2/cc-pVDZ levels of theory,54 respectively. The O−H
stretching intensity in the harmonic approximation is an order
of magnitude larger than the C−H intensities. The δOH and
γOH frequencies equal to 1636 and 1081 cm−1, respectively.
The νCO mode at 1541 cm−1 has a lower intensity than the δOH
mode. It is obvious that the harmonic oscillator spectrum fails

to describe the two most important characteristics of the
experimental spectrum: the very weak intensity of the δOH
mode and the strong intensity of the broad band at around
1600 cm−1 (cf. Figure 7a and 7b).
The infrared spectrum simulated by molecular dynamics can

be assigned by considering the DBM’s and partially deuterated
DBM’s power spectra of selected degrees of freedom (see
Figure 8). The latter species was created by substituting the

hydrogen atom in the OHO moiety with the deuterium atom
and its power spectra were computed by averaging over two 20
ps long microcanonical trajectories. The power spectra peak at
frequencies at which examined coordinates oscillate. In
addition, they contain information about intramolecular
couplings and other vibrational properties. Note that classical
ab initio molecular dynamics simulations might provide too
wide spectral densities of high-frequency modes in comparison
to quantum simulations since classical simulations visit a
potential energy surface within the high-temperature limit.72

Also, normal mode softening due to the employed density
functional and basis set,73 shifts vibrational frequencies by
several tens of wavenumbers. The O1−H distance power
spectrum is given in Figure 8a. It reveals that the hydrogen
bond dynamics are active on all frequencies up to 3500 cm−1

and that there are extensive couplings to other modes. This
power spectrum exhibits a broad band in the spectral range
from 2000 to 3500 cm−1 with the maximum at approximately
2640 cm−1. The band corresponds to the O−H stretching
proton transfer mode. Upon deuteration, its maximum
decreases to 1816 cm−1. The strong peak at approximately
1580 cm−1 can be attributed to the coupling of the O−H
stretching with the in-plane bending motion (see Figure 8b).
Deuterating the transferring hydrogen red-shifts this peak to
1085 cm−1. On the other hand, the out-of-plane bending is less
coupled to the O−H stretching motion than the in-plane
bending. This motion mainly occurs at 1016 and 780 cm−1 in
DBM and partially deuterated DBM, respectively (see Figure
8c). The in- and out-of-plane bending degrees of freedom were
also previously found to be the modes coupled most strongly

Figure 7. Simulated and experimental infrared spectra: (a) harmonic
oscillator spectrum (stick spectrum) and its Lorentzian broadened
spectrum with half-width 20 cm−1 (solid line), (b) vapor experimental
spectrum,71 and (c) spectra simulated by classical molecular dynamics
and averaged over five (red line) and 15 (black line) trajectories.

Figure 8. Power spectra of DBM’s (black lines) and partially
deuterated DBM’s (gray lines) selected degrees of freedom: (a) O1−
H, (b) H−O1−C2, (c) H−O1−C2−C1, (d) O1−C2, and (e) O1···
O2. The atomic labels correspond to the numbering in Figure 2.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b01930
J. Phys. Chem. A 2018, 122, 5945−5954

5950

http://dx.doi.org/10.1021/acs.jpca.8b01930


to the O−H stretching mode.54 The C−O stretching motion is
very weakly coupled to the O−H stretching. Its power
spectrum is presented in Figure 8d. The spectrum contains
several peaks of which the bands at 1492 and 1517 cm−1 have
the highest intensities. It is also interesting to examine the
O1···O2 distance power spectrum, which is given in Figure 8e.
This low-frequency motion has its maximum in the power
spectrum at 316 cm−1. It is also considerably coupled to the
O−H stretching motion.
With regard to these findings, we proceed to the assignment

of the infrared spectrum computed from the molecular
dynamics simulation. Our intention in this work is not to
obtain a high resolution spectrum, but to qualitatively estimate
the positions and intensities of the infrared transitions. We
observe a reasonably good agreement between the simulated
and experimental spectra. Let us first take a closer look at the
intriguing broad band centered around 2700 cm−1 in the
experimental spectrum. Figure 9 displays the simulated and

experimental spectra in the range from 1800 to 3400 cm−1. On
the basis of the O1−H power spectrum, we assign this band to
the νOH motion. The maximum of the simulated band differs
from the experimental maximum by approximately 60 cm−1.
The maximum of the O−D stretching band in the
experimental spectrum of the partially deuterated DBM is
found at 1960 cm−1 in carbon tetrachloride.49 By comparing
this value to the maximum of the O−D power spectrum, we
find a somewhat larger deviation of 140 cm−1. These relatively
good agreements provide indirect evidence that the proton
transfer barrier has a reasonable value. On the other hand, the
simulated intensity is approximately four times larger than the
experimental one. This might be due to an uneven energy
distribution among individual vibrations during the relatively
short time scale of the simulations.74 In order to examine this
possibility, we computed the averaged infrared spectra over five
trajectories (see Figure 7c). We do not find significant
discrepancy between these spectra in the O−H stretching
region, indicating that even five trajectories provide well-
stabilized spectral intensities of the O−H stretching band.
Thus, the performed molecular dynamics simulations correctly
distribute energy into the O−H stretching vibration. A more
plausible explanation for the difference between the O−H

stretching intensities of the simulated and the experimental
spectra could be the limited ability of the BLYP+D3 functional
to properly describe the dipole moment surface along the
proton degrees of freedom. Furthermore, the classical
simulation infrequently samples symmetric O···H···O config-
urations, which are present in the quantum simulation. These
configurations are characterized by a substantial covalent
character of the hydrogen bond,54 which is responsible for a
very weak dipole moment change when the proton oscillates. It
is also interesting to compare simulated O−H stretching bands
of DBM and acetylacetone computed by Meuwly and co-
workers.34 These authors propagated trajectories on the
potential energy surface fitted to ab initio calculations at the
MP2/6-311++G(d,p) level. Their simulated O−H stretching
band intensity exhibits better agreement with the experimental
than ours for DBM. This might indicate that a higher level of
theory is necessary to obtain better νOH intensities. We assign
the δOH mode computed at 1580 cm−1 to the experimental
peak at 1682 cm−1 rather than to the peak at 1470 cm−1 as
Bratoz ̌ et al.49 suggested. Similarly, as for the νOH band, it has
an approximately 2.5 times higher intensity than the
experimental band. The position of the δOD mode in the
partially deuterated DBM accidentally coincides with the
experimental value 1085 cm−1 observed in carbon tetra-
chloride.49 Intensities of other transitions in the simulated
infrared spectrum have good agreement with the experimental
ones. The most intense peak in the experimental spectrum
comes from the C−O stretching motion. The simulated γOH
peak at 1016 cm−1 nicely matches the experimental peak at
1022 cm−1.

■ CONCLUSIONS
The enolic form of dibenzoylmethane exhibits a strong
intermolecular hydrogen bond whose structure and infrared
spectrum have been the subject of numerous experimental and
theoretical studies.4,9,10,13,32,42−52,54 Nevertheless, there is no
decisive conclusion about the symmetry of its hydrogen bond
as well as the position of the νOH stretching band. In this
contribution, we have addressed these issues by using classical
and path integral molecular dynamics based on the density
functional theory. Our findings indicate that the hydrogen
bond is slightly asymmetric with a very small Helmholtz free
energy barrier for the proton transfer at room temperature.
The proton exchange between the two asymmetric structures
proceeds with a time constant, which is approximately equal to
300 fs. The simulated infrared spectrum by classical molecular
dynamics is in a resonably good agreement with the vapor
experimental spectrum.71 The simulated νOH and δOH bands
are located at 2640 and 1580 cm−1, respectively. The
discrepancy between intensities of the simulated and
experimental νOH and δOH transitions is attributed to the
employed density functional and quantum effects. We believe
that these finding could be of significance for understanding
the symmetry and spectral response of short hydrogen bonds
in other β-diketone compounds.
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(74) Hornícěk, J.; Kapraĺova,́ P.; Bour,̌ P. Simulations of Vibrational
Spectra from Classical Trajectories: Calibration with ab Initio Force
Fields. J. Chem. Phys. 2007, 127, 084502.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b01930
J. Phys. Chem. A 2018, 122, 5945−5954

5954

http://dx.doi.org/10.1021/acs.jpca.8b01930

