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Intramolecular OHO Bonding in Dibenzoylmethane: Symmetry and
Spectral Manifestations

Milena Petković∗ and Mihajlo Etinski

Although both experimentalists and theoreticians agree that dibenzoylmethane exists in the enol form, there are different opinions
concerning symmetry of the OHO fragment. Consequently, assignment of its vibrational spectra has been incomplete. In this
contribution we computed Gibbs free energies with the G4MP2method. Multi-dimensional potential energy surfaces obtained
at M06-2X/cc-pVTZ level enabled vibrational analysis and comparison with available experimental data. Our results revealed
presence of two conformers in the gas phase at room temperature, the asymmetric structure (with O-H stretching frequency
around 2400 cm−1and very low infrared intensity), and the symmetric conformer (with O· · ·H· · ·O asymmetric stretching band
located around 500 cm−1). Characterization of hydrogen bonds was performed with quantum theory of atoms in molecules
(QTAIM), which showed that O-H· · ·O group represents a typical hydrogen bond, whereas hydrogen bonds in the O· · ·H· · ·O
fragment have substantial covalent character.

Keywords: dibenzoylmethane, hydrogen bond, anharmonicity, density functional theory, quantum theory of atoms in molecules,
infrared spectrum.

1 Introduction

Dibenzoylmethane (DBM) derivatives are important as or-
ganic reagents, but are also used in pharmaceutical industry
due to their photostability1. Recent investigations suggest
the possibility to use them as chemopreventive agents2 and
in production of organic light-emitting diodes3. There is a
long-lasting controversy concerning geometry of DBM and its
vibrational properties. Dibenzoylmethane is aβ -dicarbonyl
compound liable to keto-enol tautomerization, since forma-
tion of an intramolecular hydrogen bond significantly stabi-
lizes the enol form. Evidences that DBM is present as enol
tautomer were provided by spectroscopic measurements (IR,
UV and NMR)4–10 and theoretical analysis8,11,12. Hence, in
the present contribution we will focus on the enol structure.

Seemingly conflicting assignments were made with regard
to symmetry of the OHO fragment. Some studies suggest an
asymmetric structure10,12–15 with the hydrogen atom closer
to one of the oxygen atoms, while others predict an almost
symmetric structure where hydrogen atom is delocalized be-
tween the oxygen atoms16–19. The two structures are shown
in Figure 1. Borisov et al. performed an NMR study and
found that in the temperature range from 181 to 268 K hydro-
gen bond is asymmetric10. Their results imply that lowering
the temperature modestly increases hydrogen bond strength.
Also, according to gas-phase electron diffraction and a single
molecule DFT studies performed by Tayyari et al. hydrogen
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Fig. 1 The asymmetric and the symmetric structure of
dibenzoylmethane. The structural parameters are obtained at
M06-2X/cc-pVTZ (SCS-CC2/cc-pVTZ) level.
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bond in DBM is asymmetric15. On the other hand, Gilli and
coworkers used variable temperature X-ray techniques to ana-
lyze a series ofβ -dicarbonyl compounds18 and concluded that
DBM represents a single well system. More recent experi-
ments by Thomas et al.19 indicate that increase in temperature
influences the position of the bridging hydrogen, shifting it
closer to the midpoint between the two electronegative atoms.

In this contribution we attempt to shed light on the struc-
ture and vibrational properties of gas phase DBM based on
theoretical investigations.

2 Computational details

Geometry optimization and subsequent harmonic frequency
calculations were performed with the Gaussian program pack-
age20 (density functional theory – B3LYP21,22and M06-2X23

functionals, together with cc-pVDZ24 and cc-pVTZ25 basis
sets, and with second-order Møller-Plesset theory (MP2)26,27

in conjunction with cc-pVDZ basis set) and with the Tur-
bomole package28 (at SCS-CC2/cc-pVTZ and CC2/cc-pVTZ
levels of theory29–33). Gaussian suite of programs was also
used for high accuracy energy calculations (G4MP234 ap-
proach), as well as natural bond orbital (NBO) analysis (ver-
sion 3.1)35,36 of the M06-2X/cc-pVTZ optimized structures.
Identification of bond critical points and analysis of proper-
ties of electron density were performed with the Multiwfn37

program.

All quantum chemistry calculations beyond harmonic ap-
proximation were performed with M06-2X functional. The
focus of our research are fragments with hydrogen bonds,
O–H stretch of the asymmetric conformer, and asymmetric
O· · ·H· · ·O stretch of the symmetric species. In order to iden-
tify vibrational degrees of freedom that influence the dynam-
ics of the two modes of interest, we computed correspond-
ing anharmonic force constants. Further, it was necessary
to establish the impact each of thus selected modes has on
the frequencies of O–H/O· · ·H· · ·O stretch by computing two-
dimensional potential energy surfaces, with one coordinate be-
ing O–H/O· · ·H· · ·O stretch. Those 2D models enabled deter-
mination of the frequency of the O–H stretching mode. Most
strongly coupled modes of the symmetric species are used for
construction of two 3D models. The IR spectra computed with
those 3D Hamiltonians were used to establish the position of
the peak in the IR spectrum that corresponds to the O· · ·H· · ·O
asymmetric stretching motion. Multi-dimensional wavefunc-
tions were propagated and analyzed with the MCTDH pro-
gram package38.

3 Results and Discussion

Due to the fact that there are experimental results that favor
both the symmetric and the asymmetric structure of diben-
zoylmethane, we have analyzed both species. In all cases,
the asymmetric structure (A) corresponds to a minimum on
the potential energy surface, whereas the symmetric structure
(S) represents a transition state for hydrogen transfer. These
results seem to be sufficient to focus further analysis on the
A conformer only. Nevertheless, previous investigations of
certain hydrogen bonded species have shown that only stable
conformers (according to the position on the potential energy
landscape) cannot always provide full understanding of their
properties (for example vibrational spectra39 or proton trans-
fer reactions40). Thus, we took a closer look at energies that
take into account vibrational and thermal motion. Energy dif-
ferences given with respect to theA structure are compiled in
Table 1. Electronic energy of theA conformer is lower than
the one of theSconformer, whereas inclusion of the zero point
energy gives a reversed situation. Also, theSspecies is more
stable according to the Gibbs free energy. It is important to
keep in mind that the symmetric form possesses one imag-
inary frequency, which was not considered when zero point
energy and the Gibbs free energy were computed. Thus, the
results presented in Table 1 should be taken with caution –
they are shown only in order to justify further analysis of both
conformers.

Table 1Differences in electronic energies (with and without ZPE)
and Gibbs free energies between the symmetric and the asymmetric
structure in kJ/mol. The results correspond to the pressure of 1 atm
and temperature of 298.15 K.

QC level ∆Eel ∆Eel
ZPE ∆G

B3LYP/cc-pVDZ 5.08 -4.30 -2.87
M06-2X/cc-pVDZ 5.35 -3.85 -3.60
MP2/cc-pVDZ 8.45 -1.59 -0.70
B3LYP/cc-pVTZ 7.37 -2.69 -2.84
M06-2X/cc-pVTZ 7.66 -2.25 -1.57
SCS-CC2/cc-pVTZ 8.27 -1.43 -7.57
CC2/cc-pVTZ 3.16 -5.44 -7.69

Due to the spread of results presented in Table 1, we used
a more advanced method to precisely determine the energies
of the two species. The difference in Gibbs free energies
obtained with the G4MP2 method (at 298.15 K and 1 atm)
amounts to 2.89 kJ/mol. Thus, it predicts theA species to
be more stable. The computed energy difference is compa-
rable with thermal energy at 298.15 K that is equal to 2.48
kJ/mol, and since the equilibrium constant forA↔ Stransfor-
mation equals 0.311 (as predicted with the G4MP2 method), at
room temperature both species are present. Those results dif-
fer from the values presented in Table 1, all of which predict
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the Gibbs free energy of the symmetric species to be lower.
Particularly, G4MP2 value is significantly different from SCS-
CC2/cc-pVTZ and CC2/cc-pVTZ results. The reason for this
discrepancy is twofold: 1) more precise computation of elec-
tronic energies with the G4MP2 approach, and 2) approxi-
mate inclusion of anharmonic effects, since the harmonic fre-
quencies (needed for the computation of ZPE and entropy)
are scaled within G4MP2 method. Thus, inclusion of anhar-
monicity stabilizes conformerA to a greater extent thanS. The
fact that SCS-CC2 and CC2 methods predict larger deviation
from G4MP2 results for∆G compared to B3LYP, M06-2X and
MP2 is most likely due to favorable cancelation of errors in the
latter case.

3.1 Structural Properties

Bond lengths ofA andS structures obtained at M06-2X/cc-
pVTZ and SCS-CC2/cc-pVTZ levels are presented in Figure
1. Structural parameters obtained at other optimization lev-
els are given in Supplementary Information, Tables S1 and
S2. As a general trend, the M06-2X optimized bond distances
are somewhat shorter than the corresponding SCS-CC2 val-
ues. However, the SCS-CC2 bond lengths depend on the basis
set and increase of the basis set is expected to contract the
SCS-CC2 bond lengths. TheA geometry is nonplanar with a
butterfly shape. The largest bond differences are encountered
for C2-O1, C3-O2, C1-C2 bonds, 0.014, 0.021, 0.011Å respec-
tively. TheSstructure is nonplanar as well. Interestingly, for
this structure, the M06-2X and SCS-CC2 methods give very
similar bond lengths. As for theA structure, the largest dif-
ference is encountered for C-O bonds, namely 0.007Å. Com-
paring with theA structure, theSstructure has not only hydro-
gen atom in the midway between the oxygen atoms, but also
the character of the C2-O1, C2-C1, C1-C3 and C3-O4 bonds
changes. The C2-O2 and C1-C3 bonds shrink while the C2-C1

and C3-O4 bonds elongate.
Electron diffraction studies performed on the gas phase are

reported in ref.12. These results are in good agreement with
our results for theA structure, but it should be emphasized
that they were obtained by fixing certain parameters to cal-
culated B3LYP/cc-pVTZ values of the optimized asymmetric
structure. X-ray and neutron diffraction studies of this sys-
tem exist but it should be kept in mind that such studies were
performed with the crystalline state that contains intermolec-
ular hydrogen bonds and stacking effects13,14,16–19. Although
there are no gross differences between all crystal structures,
there are some discrepancies between them concerning the
position of the hydrogen atom in the intramolecular hydrogen
bond. These discrepancies are caused by the way bond lengths
are corrected for thermal motion of atoms14. As stressed in
ref.19, X-ray and neutron diffraction experiments test different
properties: the former gives information on the electron den-

sity, and the later on nuclear position. They combined the two
approaches and reached to a conclusion that at low tempera-
tures the OHO moiety is slightly asymmetric, while increase
of temperature leads to an almost symmetric structure. Com-
paring our calculated and experimental values, we find that our
results for theS conformer are in reasonable agreement with
the neutron diffraction data provided in ref.17, which predict
slightly asymmetric structure. On the other hand, the distance
difference from the hydrogen atom to oxygen atoms in theA
conformer in the harmonic approximation given in Table 2 is
significantly higher than 0.2̊A that is predicted by X-ray ex-
periments14.

Table 2Asymmetric structure: distance difference between the
hydrogen atom and the oxygen atoms inÅ and harmonicνOH
frequency andνa

OHO frequency in cm−1.

QC level ∆rOH νOH νa
OHO

B3LYP/cc-pVDZ 0.481 2665 949
M06-2X/cc-pVDZ 0.477 2728 1078
MP2/cc-pVDZ 0.552 2946 1092
B3LYP/cc-pVTZ 0.541 2846 1040
M06-2X/cc-pVTZ 0.549 2938 1113
SCS-CC2/cc-pVTZ 0.555 2895 1075
CC2/cc-pVTZ 0.439 2479 818

The results presented in Tables 1 and 2 show that computed
energy differences and structural parameters are very sensi-
tive on the level of theory. One would prefer always to use
sophisticated approaches in order to obtain more reliable and
more precise results. However, as will be shown later, analysis
of hydrogen bonded systems requires treatment of mode cou-
plings and computation of high-dimensional potential energy
surfaces. For this reason, we have decided to turn to density
functional theory which provides with reliable results at rea-
sonable cost. Among many functionals, we decided to use
B3LYP and M06-2X for analysis within harmonic approxi-
mation, both of which are known to give reliable description
of non-covalent interactions23,41–45. M06-2X functional was
chosen for a more detailed study of DBM due to the fact that
recent investigations showed that it is slightly superior over
B3LYP for describing hydrogen bonded systems46,47.

3.2 Characterization of Hydrogen Bonds by QTAIM and
NBO Analysis

One of the hydrogen bond properties is its formation energy,
EHB. Generally, strong hydrogen bonds have energies higher
than 60 kJ/mol (cf. reference48 and references threin). A
theoretical method suitable for estimation of hydrogen bond
energy is Bader’s quantum theory of atoms in molecules49.
Although it does not directly provide relation between elec-
tron density and bond energy, several empirical relations were
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proposed50–52. In this work, we will use linear relation be-
tween electron density and formation energy given by Niko-
laienko et al.52 for intramolecular OH· · ·O hydrogen bonds:
EHB = −3.09+239× ρ(rc) (kcal/mol), whereρ(rc) is elec-
tron density in atomic units at the bond critical point (BCP).
Determination of BCP locations was performed with the Mul-
tiwfn program37 for M06-2X/cc-pVTZ optimized structures.
(3,-1) BCPs ofA andS are shown on Figure S1 in the Sup-
plementary Information.ρ(rc) was found to be 0.0707 and
0.1784 forA andSstructures, respectively, giving the hydro-
gen bond formation energies 57.78 and 165.48 kJ/mol. Al-
though these numbers are of qualitative value, they show that
in both structures the hydrogen bond is strong and that inS its
strength can compare even with a covalent bond53.

Beside electron density itself, other topological properties
of electron density enable better understanding of hydrogen
bonded systems54. Table 3 comprises certain properties of the
two species in BCP. The total energy densityH(rc), which is
the sum of kinetic energy densityG(rc) and potential energy
densityV(rc)

H(rc) = G(rc)+V(rc) (1)

is negative for both conformers at BCP, i.e. the absolute value
of V(rc) is larger thanG(rc). Further, the relation between
G(rc), V(rc) and∇2ρ(rc) is given by49

(

h̄2

4m

)

∇2ρ(rc) =V(rc)+2G(rc). (2)

Since the Laplacian is positive for theA system (2G(rc) >
|V(rc)|), ρ(r) has a minimum value in BCP and electron den-
sity increases upon approaching H and O atoms, the interac-
tion is both closed-shell and shared-shell with dominant elec-
trostatic interactions, i.e. the H· · ·O bond represents a typical
hydrogen bond54,55. On the other hand, the negative value
of ∇2ρ(rc) for the S species (2G(rc) < |V(rc)|) means that
ρ(r) has a maximum value in BCP. This represents another
proof of substantial covalent character of O· · ·H· · ·O hydro-
gen bonds49,54,55.

Table 3Topological properties of electron densities for theA andS
conformers obtained at BCPs of the M06-2X/cc-pVTZ optimized
structures: electron densityρ(rc), kinetic energy densityG(rc),
potential energy densityV(rc), total energy densityH(rc), and
Laplacian of electron density∇2ρ(rc). All values are given in
atomic units.

property A S
ρ(rc) 0.07071 0.17840
G(rc) 0.05492 0.09470
V(rc) -0.08303 -0.29680
H(rc) -0.02811 -0.20210
∇2ρ(rc) 0.10724 -0.42963

Let us know discuss the results from Natural bond orbital
(NBO) analysis. The strongest delocalization inA results
from π∗ of O2=C3 to σ∗ of C1=C2 and C5=C11 interactions
(cf. Figure 1): the corresponding energies forπ∗ (O2C3) →
σ∗ (C1C2) and π∗ (O2C3) → σ∗ (C5C11) amount to 167.63
and 162.69 kcal/mol, respectively. The strongest interac-
tion that involves the hydrogen atom of interest is O2(2) →
σ∗ (O1H) (the lone pair of the oxygen atom O2 to the anti-
bond ofσ∗ of O1H) which is computed to be 40.07 kcal/mol.
In the S structure, the strongest charge transfer occurs from
lone pairs of oxygen atoms to the antibond of the hydrogen
atom, and each energy transfer is equal to 248.04 kcal/mol.
Further, natural atomic charges for the atoms O1, H and O2

in the A structure are -0.671, 0.519 and -0.650, respectively.
The corresponding charges in theS structure are -0.660 for
the oxygen atoms and 0.501 for the bridging hydrogen. Com-
puted high positive hydrogen natural charges confirm strong
hydrogen bonds for both structures.

3.3 O-H and O· · ·H· · ·O stretching motion

Although the first step in each quantum chemical analysis is
geometry optimization, the optimized structures provide only
limited information. The atoms are in constant motion, and
in order to arrive at a realistic picture, it is necessary to drift
from the stationary points and probe their neighborhood on the
potential energy landscape. We will focus on the points that
can be reached upon stretching motion of the bridging hydro-
gen between oxygen atoms. For theA molecule, that is the
O-H stretching vibrationνOH, whereas in theS conformer it
is asymmetric O· · ·H· · ·O stretching vibrationνa

OHO. The har-
monic O-H stretching frequencies calculated at various levels
of theory are compiled in Table 2. The computed values range
from 2479 to 2946 cm−1. The obtained O· · ·H· · ·O stretching
frequencies span the range between 818 and 1113 cm−1in the
harmonic approximation at different levels of theory. Despite
which method and basis set are combined, the bridging hydro-
gen atom is more firmly bound to the electronegative atoms in
the asymmetric system, i.e. the values of theνOH frequencies
are significantly larger than theνa

OHO frequencies.
Harmonic approximation gives only a rough description of

DBM: formation of a hydrogen bond introduces anharmonic-
ity in the potential energy surface39,42,56–66and governs sys-
tem’s properties. In order to prove this statement, we per-
formed anharmonic frequency calculations through a pertur-
bative treatment of all cubic, and diagonal and semi-diagonal
quartic anharmonic terms as implemented in the Gaussian pro-
gram package67–69. We used predefined values for normal
mode displacements for numerical calculations of anharmonic
force fields. Since the molecules possess 81 vibrational de-
grees of freedom, the M06-2X functional was used with a
smaller basis set, cc-pVDZ. These results were supposed to
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provide a reliable qualitative picture for the influence of other
vibrations on O-H and O· · ·H· · ·O stretching. The frequen-
cies were shifted from the harmonic 2728 cm−1(A) and 1078
cm−1(S) to 1365 cm−1(50 % red shift) and 1754 cm−1(60 %
blue shift). Although these results do not properly describe the
phenomenon we are interested in (precise calculations require
a more rigorous treatment between strongly coupled modes,
beyond the three types of mentioned anharmonic terms), they
are an indication that the anharmonicity is very strongly pro-
nounced in both systems. Interestingly, inclusion of electric
anharmonicity drastically decreases the intensity of theνOH

band from harmonic 665, to anharmonic 3 km/mol. This
means that the peak in the IR spectrum that corresponds to
the O–H stretch is not visible. Nevertheless, we will estimate
it’s frequency in order to compare it with theνa

OHO frequency.
Further calculations beyond harmonic approximation were

performed with the M06-2X functional in conjunction with
the cc-pVTZ basis set. Starting from the two optimized struc-
tures, we constructed models with increasing complexity in
order to arrive at a valid picture of DBM. First, let us estab-
lish the orientation of the structures: the origin of the coordi-
nate system is placed in the midpoint between the two oxygen
atoms, while the hydrogen atom with the two oxygen atoms
defines thexy plane, Figure 2. AtomC1 points in the posi-
tive direction of thez-axis. Thus, O· · ·H· · ·O stretching mo-
tion takes place predominantly along thex-axis, whereas O-H
stretching involves changes ofx andy coordinates.

O O

HS

x

y↑

→

HA

•
••

• 

Fig. 2 Schematic representation of the orientations of theA andS
structures.

3.3.1 1D Normal Mode and Cartesian Representa-
tion. Decision on which representation one should use to de-
scribe a certain system is governed by its nature and proper-
ties that are to be described. Vibrational motion is often de-
scribed by Cartesian, normal mode and internal coordinates.
Although internal coordinates seem to be the natural choice
in case certain vibration basically involves change of a bond
length, or angle between the bonds, the drawback are compli-
cations that arise upon construction of models of higher di-
mensionality. Namely, in the picture constructed by internal
coordinates, couplings between the degrees of freedom are
contained in the kinetic energy operator, and the more com-
plex the model (more degrees of freedom included), the more
troublesome this part of the Hamiltonian becomes. On the

other hand, couplings among the degrees of freedom in Carte-
sian and normal mode representation are contained in the po-
tential energy part of the Hamiltonian, as already mentioned,
and all one needs to do is to compute a potential energy sur-
face on a grid. Since DBM represents a hydrogen bonded sys-
tem and thus couplings among vibrational degrees of freedom
are expected to be pronounced, we decided to use Cartesian
and normal mode coordinates. In DBM, proton donor and
proton acceptor are connected toheavyfragments (-C-C6H5),
which indicates that motion of the light hydrogen atom might
be separated from the rest of the molecule. This justifies an
attempt to build models established on Cartesian coordinates.
The simplest model in Cartesian representation for analysis
of O· · ·H· · ·O stretching vibration of theSstructure would be
one-dimensional (motion of the hydrogen atom along thex-
axis), and for the O-H stretching vibration of theA conformer
it would be two-dimensional (motion of the hydrogen atom in
thexy plane. For start, we will analyze 1D potentials of both
systems in both representations. All four potentials were com-
puted on 45 grid points in the range -0.80Å ≤ HS

x ≤ 0.80Å,
-1.05 Å ≤ HA

x ≤ 1.00 Å, -0.95 a0
√

a.m.u. ≤ Qa
νOHO

≤ 0.95
a0
√

a.m.u. and -1.90 a0
√

a.m.u. ≤ QνOH≤ 0.60 a0
√

a.m.u.
(Qa

νOHO
andQνOH are normal coordinates). The curves are dis-

played in Figure 3. In Cartesian coordinates, the potentialen-

 0
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−0.4 −0.2  0  0.2  0.4

E
 /
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m
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QνOH
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Fig. 3 1D potential energy curves computed in A) Cartesian
coordinates and B) normal mode coordinates. The
asymmetric/symmetric curves correspond to theA/Sspecies.

ergy curve forS is a symmetric double well potential with the
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reference structure 41 cm−1above the minima. The curve for
the A species predicts only an extremely shallow local mini-
mum that corresponds to the formation of the covalent O2-H
bond. The curve is not symmetric due to the fact that the ref-
erence geometry corresponds to a structure with the covalent
O1-H bond. In the normal mode representation, there is a sin-
gle minimum forA in the energy range up to 10 000 cm−1,
whereas the curve for theSconformer is a symmetric double-
well potential with a barrier height of 201 cm−1.

Anharmonic frequencies within these 1D models were com-
puted by diagonalizing the Hamiltonian with the Lanczos-
Arnoldi integration scheme70–72, as implemented in the
MCTDH program package38,73. The computedνOH fre-
quency is 2620 cm−1and differs by almost 300 cm−1from
the harmonic value. The resultingνa

OHO frequencies are
1233 and 931 cm−1in Cartesian and normal mode represen-
tation, respectively. The discrepancy of approximately 300
cm−1between these two values indicates that this system can-
not satisfactorily be represented with a simple model basedon
Cartesian coordinates. Namely, the experimental spectra re-
flect group vibrations74, i.e. each vibration involves motion
of all atoms (the center of mass must not move upon vibra-
tional motion), and there are a few modes that involve large
displacements of the bridging hydrogen between the two oxy-
gen atoms (that is, H-motion along thex-axis) due to mode
mixing. Two such modes are displayed in Fig. 4. Those two
modes represent C−−O and C−−−−C stretching motion, but to a
great extent they also involve motion of the hydrogen atom
between the electronegative atoms, and in order to arrive at
a Cartesian model that would be able to explain the experi-

                                                             

νCO

                          
                          

         

νCC

Fig. 4 Two normal mode vibrations of the symmetric conformer
with predominantly C−−O/C−−−−C stretching motion (up/below). For
better visibility, normal mode displacements are multiplied by factor
2.

mental IR spectrum, it would be necessary to include many

degrees of freedom, which would require computation of a
potential surface of very high dimensionality, that is far too
expensive. Thus, for the analysis of vibrational properties of
DBM it is more convenient to employ and improve the above
mention 1D normal mode picture.

3.3.2 2D models.In order to identify vibrational degrees
of freedom thatνOH andνa

OHO are coupled to, we computed
the corresponding cubic and quartic anharmonic force fields
according to the procedure described in75. To simplify the
discussion, we will consider only the absolute values of thean-
harmonic terms. Cubic anharmonic force constants, and diag-
onal and semi-diagonal quartic force constants whose absolute
values are larger than 25 cm−1are provided in Supplementary
Information, Tables S3-S6. The limit 25 cm−1was used due to
the fact that coupling below this value is very weak, and the
number of anharmonic force constants is large (3321 cubic,
and 3321 diagonal and semi-diagonal quartic terms). The aim
of our work was not to compute high resolution IR spectrum,
but to estimate the position of the peak of interest. For this
purpose, it is sufficient to include only the strongest couplings,
so we used the threshold of 500 cm−1for the cubic terms and
600 cm−1for the quartic terms, Table 4. In both systems, the
analyzed modes are strongly coupled to in-plane bending mo-
tion (δOH and δOHO) and out-of-plane bending motion (γOH

and γOHO). Asymmetric O· · ·H· · ·O motion is additionally
modified by the low frequencyνOO mode that adjusts the dis-
tance between the oxygen atoms, and also by C=O and C=C
stretching modes (νCO andνCC, those two modes are shown
on Fig. 4). Figures of all those normal modes are provided
in the Supplementary Information, Figure S2. According to
the results presented in Table 4, a 3D and a 6D model should
be constructed for theA andS conformer, respectively. The
3D model would compriseνOH, δOH andγOH, whereas a 6D
model would be built fromνa

OHO, δOHO, γOHO, νOO, νCO and
νCC. Construction of these high-dimensional models would
require significant computational time. Therefore, in order to
assess the influence of each mode on the mode of interest, we
first analyzed 2D models.

The 2D potential energy surfaces are depicted on Figure 5.

Table 4Absolute values of cubic anarmonic force constants larger
than 500 cm−1and quartic anarmonic force constants larger than 600
cm−1that describe coupling ofνOH andνa

OHO with other vibrational
degrees of freedom.

A S
KνOHγOHγOH 989 Kνa

OHOνa
OHOδOHO

685
KνOHνOHδOH

703 Kνa
OHOνa

OHOνOO 560
KνOHνOHγOHγOH 1071 Kνa

OHOνa
OHOνa

OHOνCO 1773
Kνa

OHOνa
OHOνa

OHOνCC 866
Kνa

OHOνa
OHOγOHOγOHO 650
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Fig. 5 2D potential energy surfaces up to 8000 cm−1, with contour spacing of 500 cm−1(grid dimensions ina0
√

a.m.u.). Surfaces presented
on Panels A) and B) are obtained for theA species, whereas surfaces shown on Panels C)–F) correspond to theSconformer. A)
V(QνOH,QδOH

). B) V(QνOH,QγOH). C)V(QνOHO,QδOHO
). D) V(QνOHO,QγOHO). E)V(QνOHO,QνOO). F)V(QνOHO,QνCO).

Let us first analyze the results for theAstructure. The potential
spanned by O-H stretch and O-H in-plane bend is presented
on Panel A. The global minimum corresponds to the origin of
the coordinate system, whereas the local minimum describes
a situation when the hydrogen atom forms a covalent bond
with the atom O2. As discussed previously, the potential is not
symmetric because the reference structure is the stable struc-
ture with covalent O1H bond. The ground state wavefunction
is located in the global minimum. On the other hand, the po-
tential energy surface of the O-H stretch and O-H out-of-plane
bendV(QνOH,QγOH), Panel B, is marked by a single minimum,
since out-of plane bend shifts the active hydrogen atom away
from both oxygen atoms.

We will now take a closer look at potentials of the sym-
metric structure. Motion along theQa

νOHO
mode brings the

hydrogen atom closer to either of the oxygen atoms, allow-
ing a covalent bond to be formed, which explains a dou-
ble minimum shape (the two minima are identical). Inter-
estingly, in all five cases, the lowest energy vibrational level
is positioned above the top of the barrier, resulting in de-
localized wavefunctions of the ground states. The poten-
tials V(Qa

νOHO
,QδOHO

) (Panel C) andV(Qa
νOHO

,QνOO) (Panel
E) possesa mirror plane, whereas potentialsV(Qa

νOHO
,QνCO)

(Panel F) andV(Qa
νOHO

,QνCC) possescenter of inversion. The
potentialV(Qa

νOHO
,QνCC) is not depicted, but is qualitatively

identical toV(Qa
νOHO

,QνCO). The most interesting coupling
is the one between O· · ·H· · ·O stretch and out-of-plane bend,
Panel D. Simultaneous change of the two coordinates by the
same amount (regardless of the sign) leads to a slow rise of the
potential, giving it a remarkable shape.

The νOH and νa
OHO frequencies within 2D approximation

were also computed with the Lanczos-Arnoldi method (cf.
Section 3.3.1). They are compiled in Table 5. Coupling be-
tweenνOH andδOH/γOH leads to a shift of -254/47 cm−1with
respect to 1D frequency, resulting in 2366/2667 cm−1. This
means that the O-H stretching frequency within a 3D model
(that includesνOH, δOH andγOH) would be located in the range
2300-2700 cm−1, a region that is completely empty in the ex-
perimental spectrum76. This is in accord with the results pre-
sented in Section 3.3 that predict extremely low intensity of

Table 5Modes that comprise 2D models (grid dimensions in
a0
√

a.m.u.), anharmonicνOH andνa
OHO frequencies (in cm−1)

computed within 2D approximation, and differences between 2D
and 1D frequencies∆νOH(O) = ν2D

OH(O)−ν1D
OH(O) (in cm−1). 45 grid

points were used along each mode.

A
mode (grid) mode (grid) ν2D

OH ∆νOH

νOH (-2.00/0.50) δOH (-1.70/1.00) 2366 -254
νOH (-1.00/1.00) γOH (-1.50/1.50) 2667 47

S

mode (grid) mode (grid) νa,2D
OHO ∆νa

OHO
νa

OHO (-1.30/1.30) δOHO (-1.00/0.80) 808 -123
νa

OHO (-1.70/1.70) γOHO (-1.70/1.70) 843 -88
νa

OHO (-1.00/1.00) νOO (-1.90/2.30) 801 -130
νa

OHO (-1.00/1.00) νCO (-1.00/1.00) 842 -89
νa

OHO (-0.90/0.90) νCC (-0.90/0.90) 909 -22
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theνOH peak.
We will proceed with analysis of 2D results for theSstruc-

ture. Interaction with all five modes redshifts theνa
OHO fre-

quency. The strongest influence onνa
OHO have δOHO and

νOO, that lower the frequency by 123/130 cm−1. γOHO and
νCO have less influence onνa

OHO (88 and 89 cm−1, respec-
tively), whereas coupling toνCC changes the frequency by
only 22 cm−1. These results enable construction of more com-
plex models for DBM, that could unravel the position of the
O· · ·H· · ·O stretching frequency.

3.3.3 3D models.In order to locate the position ofνa
OHO

in DBM, it would be desirable to constructed a 5D model that
would compriseνa

OHO, δOHO, γOHO, νOO andνCO, according
to Table 5. However, computation of a 5D grid would re-
quire substantial amount of computational time, and we are
forced to search for a less demanding procedure. Thus, we
included modes that have the strongest impact on the mode
of interest and computed a 3D potentialV(νOH,δOH,νOO). A
75x45x45 grid in the range -1.30 a0

√
a.m.u. ≤ Qνa

OHO
≤ 1.30

a0
√

a.m.u., -1.90 a0
√

a.m.u. ≤ QδOHO
≤ 2.40 a0

√
a.m.u. and

-1.30 a0
√

a.m.u. ≤ QνOO≤ 1.30 a0
√

a.m.u. was used. The IR
spectrum was calculated with the MCTDH program38. Four
single-particle functions were used per each degree of free-
dom. Each single-particle function was expanded using a fast
Fourier transform primitive basis representation. Since motion
of the active hydrogen takes place along thex-axis (cf. Figure
2), we used thex component of the dipole moment along each
normal mode. The IR spectrum was computed by propagat-
ing the wavefunction for 1 ps, and performing a Fourier trans-
form of the dipole auto-correlation function, as implemented
in the MCTDH program package73. First, it was necessary to
generate the initial wavefunction. As an initial wavefunction,
we used the eigenfunction of the 3D potential energy surface,
which was generated by propagation of a guess function in
imaginary time73,77. In order to compute the IR spectrum,
propagation of the wavefunction was performed with the vari-
able mean-field method using the Adams-Bashforth-Moulton
predictor-corrector integrator of sixth-order with an error tol-
erance of 10−7. The initial step size was set to 0.01 fs. Position
of the O· · ·H· · ·O stretching frequency within this 3D model
is computed to be only 673 cm−1. The experimental76 and the
3D theoretical spectrum are depicted on Figure 6.

It is interesting to note that according to the computed an-
harmonic terms, coupling between in-plane and out-of-plane
bend is weak, and also there are no important anharmonic
force fields that simultaneously mix the three terms. For this
reason, the result obtained with a 3D potential computed on
the grid could have been anticipated from the 2D results: by
adding contributions from the two modes (cf. Table 5), one
would expect the antisymmetric O· · ·H· · ·O band to be lo-
cated around 678 cm−1(931-123-130), which differs by only 5

500 1000 1500 2000 2500 3000 3500

0.000
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0.015
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-1

Fig. 6 Experimental infrared spectrum76 of DBM and the
theoretical spectrum (vertically off-set) computed within a 3D
model that comprisesQνa

OHO
, QδOHO

andQνOO. Absorbance of both
spectra is given in arbitrary units. The experimental spectrum is
reproduced with permission from National Institute of Standards
and Technology.

cm−1from the 3D value. This means that if couplings among
other degrees of freedom are weak, this procedure could be
used for obtaining approximate anharmonic frequencies that
would have been obtained with a model of higher dimension-
ality. In order to verify the above statement, we computed
a 3D potential that describes interaction between O· · ·H· · ·O
stretch and the other two modes,V(νOH,γOH,νCO). For this
system, theνOH band is expected to appear around 931-88-
89=754 cm−1. A potential on a 75x45x45 grid in the range
-2.50 a0

√
a.m.u. ≤ Qνa

OHO
≤ 2.50 a0

√
a.m.u., -2.80 a0

√
a.m.u.

≤ QγOHO≤ 2.80 a0
√

a.m.u. and -1.40 a0
√

a.m.u. ≤ QνCO≤
1.40 a0

√
a.m.u. was used. The position of the O· · ·H· · ·O

stretching band is located at 789 cm−1, that differs by 35
cm−1from approximated 754 cm−1. This allows us to predict
the νa

OHO value within a 5D model, since couplings among
modesδOHO, γOHO, νOO andνCO are also weak (absolute val-
ues of all cubic and quartic terms are lower than 200 cm−1):
931-258-142=531 cm−1(258 and 142 cm−1are red shifts of
the mode of interest within the two 3D models with respect to
a 1D model). Therefore, the estimated value of the O· · ·H· · ·O
stretching frequency is close to 500 cm−1. Applying the same
procedure to theA conformer (there are no large anharmonic
terms that simultaneously coupleνOH with in- and out-of-
plane bend), theνOH frequency within a 3D model (νOH, δOH

and γOH) can be estimated from 1D and 2D values: 2620-
254+47=2413 cm−1.

The predicted value forνa
OHO frequency is not surprising

if compared to similar systems. One of the most investi-
gated systems with a symmetric O· · ·H· · ·O motif is hydrogen
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maleate ion, that has in the last few decades been thoroughly
investigated both experimentally and theoretically78–82. This
ion is known to have symmetric form both in the gas and in the
solid phase, as well as in a solution. The experimental bands
of the IR spectrum of potassium hydrogen maleate ion in solu-
tion78 were assigned by gas phase calculations79: two modes
were found to have predominant OHO asymmetric stretching
character, at 540 and at 700 cm−1. This is a floppy system, so
mode mixing is very pronounced. Recent theoretical analysis
of potassium hydrogen maleate in the solid state80 revealed
the peaks that involveνa

OHO to appear at 397 and 449 cm−1.
Thus, theoretical calculations predict theνa

OHO frequency of
potassium hydrogen maleate in the gas and solid state, and
also in solution to be located in the range 400-700 cm−1.

4 Structural parameters of the two conformers
revisited

Although the symmetry of the hydrogen maleate ion is the
same in gas and solid state and also in solution, that is not
the case with its fluorineted counterpart – it has recently been
shown83 that difluoromaleate monoanion is symmetric in the
solid state, and asymmetric in solution, i.e. local environ-
ment governs the symmetry of this system. On the other hand,
our results predict that DBM is at room temperature present
both in the symmetric and in the asymmetric form. Since it
was shown that analysis of both conformers presents a mul-
tidimensional problem, we can predict what theS structure
looks like within anharmonic picture. In both 3D models, the
equilibrium value ofQνa

OHO,eq
coordinate (subscripteq is used

to label the values that correspond to the ground state vibra-
tional wavefunctions obtained with the procedure described in
Section 3.3.3) is equal to zero, while the other four modes
are mutually only weakly coupled (cf. Tables S4 and S6
in the Supplemetary Information). If we displace the opti-
mized structure along the other four coordinates accordingto
their equilibrium 3D values (0.183, 0.284, 0.227 and 0.192
a0
√

a.m.u. for QδOHO,eq
, QνOO,eq, QγOHO,eq andQνCO,eq, respec-

tively), we arrive at the structure with O–O distance of 2.361
Å, while the O1–H and O2–H distances amount to 1.215̊A
and 1.202Å, i.e. a structure that we referred to as asymmet-
ric structureactually represents a weakly asymmetric system.
The slight asymmetry is predominantly due to coupling to the
asymmetric CO stretching mode displayed in Figure 4. Anal-
ogously, we can arrive at the equilibrium structure of theA
species within a 3D model starting from equilibrium 2D val-
ues (equilibrium values forQνOH,eq within 2D models is -0.057
and -0.032 a0

√
a.m.u., which gives displacements of -0.089, -

0.048 and -0.001 a0
√

a.m.u. for QνOH,eq, QδOH,eq
andQγOH,eq,

respectively), O2–H distances are 1.060̊A and 1.517Å, re-
spectively. Therefore, taking into account multidimensional-

ity of hydrogen bond potential energy surface, we find that
the O1-H and O2-H bonds elongate by 0.051 and 0.041Å (A
structure), 0.014 and 0.001̊A (Sstructure) in comparison with
minimum energy structures.

5 Conclusions

Part of the potential energy hyper-surface of gas phase diben-
zoylmethane (enol form) with hydrogen atom between the
oxygen atoms is characterized with two identical minima
(asymmetric structures) and a transition state that connects
them. According to simple geometry optimization, one would
assume that this molecule is characterized with an asymmetric
O-H· · ·O fragment. However, inclusion of zero point energy
predicts the symmetric structure to be more stable according to
B3LYP, M06-2X, MP2, SCS-CC2 and CC2 results (this is also
the case with the Gibbs free energy), whereas G4MP2 pre-
dicts the asymmetric structure to be more stable. Both species
are present in the gas phase at room temperature. Analysis
of electron density and its topological properties at the bond
critical points revealed substantial covalent character of HB in
symmetric form of DBM, whereas the asymmetric molecule
represents a typical hydrogen bonded system. Moreover, our
models in reduced dimensionality show that structural param-
eters of the OHO fragment change upon inclusion of mode
couplings. The O-H stretching frequency of the asymmetric
conformer amounts to approximately 2400 cm−1with negligi-
ble IR intensity (as obtained by calculations that include elec-
trical anharmonicity), which is reflected in the absence of the
corresponding band in the experimental IR spectrum. The po-
sition of the O· · ·H· · ·O asymmetric stretching frequency is
estimated to be close to 500 cm−1.
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K=0.311

Calculations reveal that both symmetric and asymmetric structures of diben-

zoylmethane are present in the gas phase at room temperature.
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