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Intramolecular OHO Bonding in Dibenzoylmethane: Symmetry and
Spectral Manifestations

Milena Petkovic* and Mihajlo Etinski

Although both experimentalists and theoreticians agraedibenzoylmethane exists in the enol form, there areréiffieopinions
concerning symmetry of the OHO fragment. Consequentlygasgent of its vibrational spectra has been incomplete his t
contribution we computed Gibbs free energies with the G4Mieghod. Multi-dimensional potential energy surfaces ioleiz
at M06-2X/cc-pVTZ level enabled vibrational analysis amanparison with available experimental data. Our resulteaked
presence of two conformers in the gas phase at room temperdie asymmetric structure (with O-H stretching freqyenc
around 2400 cmtand very low infrared intensity), and the symmetric conferrfwith O --H--- O asymmetric stretching band
located around 500 cnt). Characterization of hydrogen bonds was performed withntum theory of atoms in molecules
(QTAIM), which showed that O-H-O group represents a typical hydrogen bond, whereas hydrogeds in the ©-H---O
fragment have substantial covalent character.

Keywords: dibenzoylmethane, hydrogen bond, anharmgniénsity functional theory, quantum theory of atoms inecales,
infrared spectrum.

1 Introduction

Dibenzoylmethane (DBM) derivatives are important as or-
ganic reagents, but are also used in pharmaceutical iydustr
due to their photostabilify Recent investigations suggest
the possibility to use them as chemopreventive adeatsi
in production of organic light-emitting diod&s There is a
long-lasting controversy concerning geometry of DBM asd it
vibrational properties. Dibenzoylmethane igadicarbonyl
compound liable to keto-enol tautomerization, since ferma
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)*1 and theoretical analystd'12 Hence, in
the present contribution we will focus on the enol structure 1201
Seemingly conflicting assignments were made with regard
to symmetry of the OHO fragment. Some studies suggest an
asymmetric structuf®12-15with 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 atomi& 1% 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-

bond i 118 Thei Its imolv that | . Fig. 1 The asymmetric and the symmetric structure of
gen bond 1S asymmetric. eir results imply that lowering dibenzoylmethane. The structural parameters are obtained at

the temperature modestly increases hydrogen bond St“engtDIOG-ZXIcc-pVTZ (SCS-CC2/cc-pVTZ) level.
Also, according to gas-phase electron diffraction and glsin

molecule DFT studies performed by Tayyari et al. hydrogen
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bond in DBM is asymmetrit®>. On the other hand, Giliand 3 Results and Discussion
coworkers used variable temperature X-ray techniquesae an
lyze a series oB-dicarbonyl compound$ and concluded that Due to the fact that there are experimental results that favo
DBM represents a single well system. More recent experiboth the symmetric and the asymmetric structure of diben-
ments by Thomas et &P indicate that increase in temperature zoylmethane, we have analyzed both species. In all cases,
influences the position of the bridging hydrogen, shifting i the asymmetric structure?d) corresponds to a minimum on
closer to the midpoint between the two electronegative atom the potential energy surface, whereas the symmetric sneict
. __ . (S represents a transition state for hydrogen transfer. &hes
In this cpntr|_but|on we att_empt to shed light on the struc- results seem to be sufficient to focus further analysis on the
tre an_d wpratlonal p roperties of gas phase DBM based O\ conformer only. Nevertheless, previous investigations of
theoretical investigations. certain hydrogen bonded species have shown that only stable
conformers (according to the position on the potential gper
landscape) cannot always provide full understanding df the
properties (for example vibrational spectfar proton trans-
fer reaction§®). Thus, we took a closer look at energies that
2 Computational details take into account vibrational and thermal motion. Enerdy di
ferences given with respect to tAestructure are compiled in
Table 1. Electronic energy of th& conformer is lower than
Geometry optimization and subsequent harmonic frequencihe one of thé&conformer, whereas inclusion of the zero point
calculations were performed with the Gaussian program-packenergy gives a reversed situation. Also, 8®pecies is more
age”® (density functional theory — B3LYF-?2and M06-2X®  stable according to the Gibbs free energy. It is important to
functionals, together with cc-pVDZ and cc-pVTZ® basis  keep in mind that the symmetric form possesses one imag-
sets, and with second-order Maller-Plesset theory (MP2)  inary frequency, which was not considered when zero point
in conjunction with cc-pVDZ basis set) and with the Tur- energy and the Gibbs free energy were computed. Thus, the
bomole packag® (at SCS-CC2/cc-pVTZ and CC2/cc-pVTZ results presented in Table 1 should be taken with caution —
levels of theory®~33. Gaussian suite of programs was also they are shown only in order to justify further analysis oftbo
used for high accuracy energy calculations (G4NfPap-  conformers.
proach), as well as natural bond orbital (NBO) analysis-(ver
sion 3.1$>36 of the M06-2X/cc-pVTZ optimized structures. Table 1 Differences in electronic energies (with and without ZPE)
Identification of bond critical points and analysis of prope and Gibbs free energies between the symmetric and the asymmetric

ties of electron density were performed with the Multidfn ~ Structure in kJ/mol. The results correspond to the pressure of 1 atm
and temperature of 298.15 K.

program.

All quantum chemistry calculations beyond harmonic ap-QcC level AE®! AESHe AG
proximation were performed with M06-2X functional. The B3LYP/cc-pVDZ 5.08 -4.30 -2.87
focus of our research are fragments with hydrogen bonddyl06-2X/cc-pVDZ 5.35 -3.85 -3.60
O-H stretch of the asymmetric conformer, and asymmetridP2/cc-pVDZ 8.45 -1.59 -0.70
O---H---O stretch of the symmetric species. In order to iden-B3LYP/cc-pvVTZ 7.37 -2.69 -2.84
tify vibrational degrees of freedom that influence the dynam M06-2X/cc-pVTZ 7.66 -2.25 -1.57
ics of the two modes of interest, we computed correspond>CS-CC2/cC-pVTZ 8.2 -1.43 2757

. . . CC2/cc-pVTZ 3.16 -5.44 -7.69
ing anharmonic force constants. Further, it was necessart

to establish the impact each of thus selected modes has on

the frequencies of O—H/®-H- - - O stretch by computing two- Due to the spread of results presented in Table 1, we used
dimensional potential energy surfaces, with one coordihat a more advanced method to precisely determine the energies
ing O—H/O - -H--- O stretch. Those 2D models enabled deter-of the two species. The difference in Gibbs free energies
mination of the frequency of the O—H stretching mode. Mostobtained with the G4AMP2 method (at 298.15 K and 1 atm)
strongly coupled modes of the symmetric species are used famounts to 2.89 kJ/mol. Thus, it predicts tAespecies to
construction of two 3D models. The IR spectra computed withbe more stable. The computed energy difference is compa-
those 3D Hamiltonians were used to establish the position ofable with thermal energy at 298.15 K that is equal to 2.48
the peak in the IR spectrum that corresponds to theld--O  kJ/mol, and since the equilibrium constant for+ Stransfor-
asymmetric stretching motion. Multi-dimensional wavefun mation equals 0.311 (as predicted with the G4AMP2 method), at
tions were propagated and analyzed with the MCTDH pro+oom temperature both species are present. Those redults di
gram packag®. 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 lowessity, and the later on nuclear position. They combined the tw
Particularly, G4AMP2 value is significantly different fror€S-  approaches and reached to a conclusion that at low tempera-
CC2/cc-pVTZ and CC2/cc-pVTZ results. The reason for thistures the OHO moiety is slightly asymmetric, while increase
discrepancy is twofold: 1) more precise computation of-elec of temperature leads to an almost symmetric structure. Com-
tronic energies with the GAMP2 approach, and 2) approxiparing our calculated and experimental values, we find that o
mate inclusion of anharmonic effects, since the harmoeic fr results for theS conformer are in reasonable agreement with
quencies (needed for the computation of ZPE and entropythe neutron diffraction data provided in réf, which predict

are scaled within G4AMP2 method. Thus, inclusion of anharslightly asymmetric structure. On the other hand, the dista
monicity stabilizes conformekto a greater extent théh The  difference from the hydrogen atom to oxygen atoms inAhe
fact that SCS-CC2 and CC2 methods predict larger deviatiomonformer in the harmonic approximation given in Table 2 is
from GAMP2 results foAG compared to B3LYP, M06-2X and  significantly higher than 0.2 that is predicted by X-ray ex-
MP2 is most likely due to favorable cancelation of errordimt periments?,

latter case.
Table 2 Asymmetric structure: distance difference between the
hydrogen atom and the oxygen atoms\iand harmoniaoy

3.1 Structural Properties frequency andd,, frequency in cm.

Bond lengths ofA and S structures obtained at M06-2X/cc- oC level Ar 3
P OH VoH VoHo
pVTZ and SCS-CC2/cc-pVTZ levels are presented in F'gureBSLYP/cc-pVDZ

. R 0.481 2665 949
1. Structural parameters obtained at other optimization le \05_2x/cc-pvDz 0.477 2728 1078
els are given in Supplementary Information, Tables S1 anqyp2/cc-pvDz 0.552 2046 1092
S2. As a general trend, the M06-2X optimized bond distanceg3LyYP/cc-pvTZ 0.541 2846 1040
are somewhat shorter than the corresponding SCS-CC2 vali06-2X/cc-pVTZ 0.549 2938 1113
ues. However, the SCS-CC2 bond lengths depend on the bas$€S-CC2/cc-pVTZ 0.555 2895 1075
set and increase of the basis set is expected to contract ti§&2/cc-pvVTZ 0.439 2479 818

SCS-CC2 bond lengths. Thegeometry is nonplanar with a
butterfly shape. The largest bond differences are encathter ~ The results presented in Tables 1 and 2 show that computed
for C-0Oy, C3-O2, C;-C2 bonds, 0.014, 0.021, 0.0ATrespec-  energy differences and structural parameters are very-sens
tively. The Sstructure is nonplanar as well. Interestingly, for tive on the level of theory. One would prefer always to use
this structure, the M06-2X and SCS-CC2 methods give verysophisticated approaches in order to obtain more reliaide a
similar bond lengths. As for thA structure, the Iaorgest dif- more precise results. However, as will be shown later, aigly
ference is encountered for C-O bonds, namely 0RA0Com-  of hydrogen bonded systems requires treatment of mode cou-
paring with theA structure, thesstructure has not only hydro- plings and computation of high-dimensional potential gger
gen atom in the midway between the oxygen atoms, but alsgurfaces. For this reason, we have decided to turn to density
the character of the £0;, C>-Cy, C1-C3 and G-O4 bonds  functional theory which provides with reliable results aar
changes. The £0, and G-Csz bonds shrink while the £C;  sonable cost. Among many functionals, we decided to use
and G-0O4 bonds elongate. B3LYP and MO06-2X for analysis within harmonic approxi-
Electron diffraction studies performed on the gas phase armation, both of which are known to give reliable description
reported in refl2. These results are in good agreement withof non-covalent interactioé41-4% M06-2X functional was
our results for theA structure, but it should be emphasized chosen for a more detailed study of DBM due to the fact that
that they were obtained by fixing certain parameters to calrecent investigations showed that it is slightly superieero
culated B3LYP/cc-pVTZ values of the optimized asymmetric B3LYP for describing hydrogen bonded systéf¥’.
structure. X-ray and neutron diffraction studies of this-sy
tem exist but. it should be kgpt in mind that sugh sFudies Were 5 ~haracterization of Hydrogen Bonds by QTAIM and
performed with the crystalline state that contains intdewo NBO Analysis
ular hydrogen bonds and stacking efféét¥16-19 Although
there are no gross differences between all crystal strestur One of the hydrogen bond properties is its formation energy,
there are some discrepancies between them concerning tiigg. Generally, strong hydrogen bonds have energies higher
position of the hydrogen atom in the intramolecular hydroge than 60 kJ/mol (cf. referené® and references threin). A
bond. These discrepancies are caused by the way bond lengttigeoretical method suitable for estimation of hydrogendbon
are corrected for thermal motion of atoffis As stressed in  energy is Bader's quantum theory of atoms in molectiles
ref.19, X-ray and neutron diffraction experiments test different Although it does not directly provide relation between elec
properties: the former gives information on the electron-de tron density and bond energy, several empirical relatiogiew
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proposed®>2 In this work, we will use linear relation be- Let us know discuss the results from Natural bond orbital
tween electron density and formation energy given by Niko-(NBO) analysis. The strongest delocalization Anresults
laienko et al®? for intramolecular OH--O hydrogen bonds: from 1" of 0,=C3 to o* of C;=C, and G=C;; interactions
Eng = —3.094 239x p(rc) (kcal/mol), wherep(r¢) is elec-  (cf. Figure 1): the corresponding energies for(0,C3) —
tron density in atomic units at the bond critical point (BCP) o* (C1C,) and i (0,C3) — 0* (CsC11) amount to 167.63
Determination of BCP locations was performed with the Mul-and 162.69 kcal/mol, respectively. The strongest interac-
tiwfn program?’ for M06-2X/cc-pVTZ optimized structures. tion that involves the hydrogen atom of interest is(2) —
(3,-1) BCPs ofA and S are shown on Figure S1 in the Sup- ¢*(O1H) (the lone pair of the oxygen atom,Q@o the anti-
plementary Information.p(r¢) was found to be 0.0707 and bond ofg* of O1H) which is computed to be 40.07 kcal/mol.
0.1784 forA andS structures, respectively, giving the hydro- In the S structure, the strongest charge transfer occurs from
gen bond formation energies 57.78 and 165.48 kJ/mol. Alone pairs of oxygen atoms to the antibond of the hydrogen
though these numbers are of qualitative value, they shotv thaatom, and each energy transfer is equal to 248.04 kcal/mol.
in both structures the hydrogen bond is strong and th8itsn  Further, natural atomic charges for the atoms B and Q
strength can compare even with a covalent b8nd in the A structure are -0.671, 0.519 and -0.650, respectively.
Beside electron density itself, other topological projesrt The corresponding charges in tBestructure are -0.660 for
of electron density enable better understanding of hydrogethe oxygen atoms and 0.501 for the bridging hydrogen. Com-
bonded systen?é. Table 3 comprises certain properties of the puted high positive hydrogen natural charges confirm strong
two species in BCP. The total energy densitir¢), which is  hydrogen bonds for both structures.
the sum of kinetic energy densiG(r¢) and potential energy
densityV (re) H(re) = G(re) +V(re) 1) 3.3 O-Hand O--H---O stretching motion
is negative for both conformers at BCP, i.e. the absoluteeval Although the first step in each quantum chemical analysis is

of V(r¢) is larger thanG(rc). Further, the relation between 9€0metry optimization, the optimized structures providg/o
G(re), V(re) and2p(re) is given byt? limited information. The atoms are in constant motion, and

in order to arrive at a realistic picture, it is necessaryriét d
R2 5 from the stationary points and probe their neighborhoodhen t
(4m> 0%p(re) =V (re) +2G(rc). (2)  potential energy landscape. We will focus on the points that
can be reached upon stretching motion of the bridging hydro-
Since the Laplacian is positive for tesystem (2G(r¢) > gen between oxygen atoms. For themolecule, that is the
[V (rc)]), p(r) has a minimum value in BCP and electron den- O-H stretching vibrationvon, whereas in thé& conformer it
sity increases upon approaching H and O atoms, the interads asymmetric © -H--- O stretching vibratiowg,,. The har-
tion is both closed-shell and shared-shell with dominaetel monic O-H stretching frequencies calculated at variousltev
trostatic interactions, i.e. the-HO bond represents a typical of theory are compiled in Table 2. The computed values range
hydrogen bon&*®% On the other hand, the negative value from 2479 to 2946 cm!. The obtained O -H--- O stretching
of 02p(rc) for the S species (25(r¢) < |V(rc)|) means that  frequencies span the range between 818 and 1113iorthe
p(r) has a maximum value in BCP. This represents anotheharmonic approximation at different levels of theory. Deesp
proof of substantial covalent character of-@H---O hydro-  which method and basis set are combined, the bridging hydro-
gen bond4°54.55 gen atom is more firmly bound to the electronegative atoms in
the asymmetric system, i.e. the values of thg frequencies
are significantly larger than the,, frequencies.

Table 3 Topological properties of electron densities for thandS . . . . .
Harmonic approximation gives only a rough description of

conformers obtained at BCPs of the M06-2X/cc-pVTZ optimized

structures: electron densipyrc), kinetic energy densit@(re), !DB_M: formatlon. of a hydrogen bond introduces anharmonic-
potential energy density(rc), total energy densityi (r¢), and ity in the potential energy surfad®*>°°-%®and governs sys-
Laplacian of electron densify2p(rc). All values are given in tem’s properties. In order to prove this statement, we per-
atomic units. formed anharmonic frequency calculations through a pertur
bative treatment of all cubic, and diagonal and semi-diagjon

property A S quartic anharmonic terms as implemented in the Gaussian pro
o(re) 0.07071 0.17840 gram packag® %% We used predefined values for normal
G(re) 0.05492 0.09470 mode displacements for numerical calculations of anhaitnon
V(re) -0.08303 -0.29680 force fields. Since the molecules possess 81 vibrational de-
H(rc) -0.02811 -0.20210 grees of freedom, the M06-2X functional was used with a

2
Op(re) 0.10724 -0.42963  gmaller basis set, cc-pVDZ. These results were supposed to

4|  Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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provide a reliable qualitative picture for the influence tfer  other hand, couplings among the degrees of freedom in Carte-
vibrations on O-H and O-H---O stretching. The frequen- sian and normal mode representation are contained in the po-
cies were shifted from the harmonic 2728 ¢i{A) and 1078 tential energy part of the Hamiltonian, as already mentione
cm (9 to 1365 cn (50 % red shift) and 1754 cnd(60 %  and all one needs to do is to compute a potential energy sur-
blue shift). Although these results do not properly desctite  face on a grid. Since DBM represents a hydrogen bonded sys-
phenomenon we are interested in (precise calculationsreequ tem and thus couplings among vibrational degrees of freedom
a more rigorous treatment between strongly coupled modesre expected to be pronounced, we decided to use Cartesian
beyond the three types of mentioned anharmonic terms), thegnd normal mode coordinates. In DBM, proton donor and
are an indication that the anharmonicity is very strongly-pr proton acceptor are connectedheavyfragments (-C-gHs),
nounced in both systems. Interestingly, inclusion of elect which indicates that motion of the light hydrogen atom might
anharmonicity drastically decreases the intensity ofupg  be separated from the rest of the molecule. This justifies an
band from harmonic 665, to anharmonic 3 km/mol. Thisattempt to build models established on Cartesian coomsnat
means that the peak in the IR spectrum that corresponds fbhe simplest model in Cartesian representation for arglysi
the O—H stretch is not visible. Nevertheless, we will estama of O---H--- O stretching vibration of th& structure would be
it's frequency in order to compare it with thg, frequency.  one-dimensional (motion of the hydrogen atom alongxhe
Further calculations beyond harmonic approximation wereaxis), and for the O-H stretching vibration of tAeconformer
performed with the M06-2X functional in conjunction with it would be two-dimensional (motion of the hydrogen atom in
the cc-pVTZ basis set. Starting from the two optimized struc the xy plane. For start, we will analyze 1D potentials of both
tures, we constructed models with increasing complexity insystems in both representations. All four potentials wera-c
order to arrive at a valid picture of DBM. First, let us estab- puted on 45 grid points in the range -0.80< HE < 0.80A,
lish the orientation of the structures: the origin of themtho  -1.05A < HA < 1.00A, -0.95 a/amu. < Qono=< 0.95
nate system is placed in the midpoint between the two oxygeag,/am.u. and -1.90 ay/am.u. < Qy.,,< 0.60 a,/amu.
atoms, while the hydrogen atom with the two oxygen atomgQj_ | andQy,,, are normal coordinates). The curves are dis-
defines thexy plane, Figure 2. AtonC; points in the posi- played in Figure 3. In Cartesian coordinates, the poteatial
tive direction of thez-axis. Thus, ©--H---O stretching mo-
tion takes place predominantly along thaxis, whereas O-H

stretching involves changes whndy coordinates. 80001 I
A)
y FI‘E 60001 r
(8]
HA HS E 4000
/.WL 2000
o X 62 62 0 02 04
He/ A
Fig. 2 Schematic representation of the orientations ofAfeendS
structures.
8000/
B)
3.3.1 1D Normal Mode and Cartesian Representa- _, 60001
tion. Decision on which representation one should use to de- '
scribe a certain system is governed by its nature and proper- o 4000}
ties that are to be described. Vibrational motion is often de 2000/
scribed by Cartesian, normal mode and internal coordinates
Although internal coordinates seem to be the natural choice O ——= 5 35 T

in case certain vibration basically involves change of acdbon
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 inéérn Fig. 3 1D potential energy curves computed in A) Cartesian
coordinates, couplings between the degrees of freedom aggordinates and B) normal mode coordinates. The

contained in the kinetic energy operator, and the more comasymmetric/symmetric curves correspond toAfBspecies.

plex the model (more degrees of freedom included), the more

troublesome this part of the Hamiltonian becomes. On theergy curve foiSis a symmetric double well potential with the

QVOH ! q’aOHo/5‘0(51-"‘-U-)U2
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reference structure 41 cnhabove the minima. The curve for degrees of freedom, which would require computation of a
the A species predicts only an extremely shallow local mini-potential surface of very high dimensionality, that is fao t
mum that corresponds to the formation of the covalesHO  expensive. Thus, for the analysis of vibrational propertié
bond. The curve is not symmetric due to the fact that the refDBM it is more convenient to employ and improve the above
erence geometry corresponds to a structure with the cavalemention 1D normal mode picture.

O:-H bond. In the normal mode representation, there is a sin-

gle minimum forA in the energy range up to 10 000 chy 3.3.2 2D models.In order to identify vibrational degrees
whereas the curve for ti&conformer is a symmetric double- of freedom thavon and v§,,o are coupled to, we computed
well potential with a barrier height of 201 crh. the corresponding cubic and quartic anharmonic force fields

Anharmonic frequencies within these 1D models were com-according to the procedure described®in To simplify the
puted by diagonalizing the Hamiltonian with the Lanczos-discussion, we will consider only the absolute values otife
Arnoldi integration schem@72 as implemented in the harmonic terms. Cubic anharmonic force constants, and diag
MCTDH program packag®’3 The computedvoy fre-  onal and semi-diagonal quartic force constants whose atesol
quency is 2620 cmtand differs by almost 300 crifrom  values are larger than 25 crare provided in Supplementary
the harmonic value. The resultingd,,, frequencies are Information, Tables S3-S6. The limit 25 criwas used due to
1233 and 931 cmtin Cartesian and normal mode represen-the fact that coupling below this value is very weak, and the
tation, respectively. The discrepancy of approximatel@ 30 number of anharmonic force constants is large (3321 cubic,
cmlbetween these two values indicates that this system carand 3321 diagonal and semi-diagonal quartic terms). The aim
not satisfactorily be represented with a simple model based of our work was not to compute high resolution IR spectrum,
Cartesian coordinates. Namely, the experimental speetra rbut to estimate the position of the peak of interest. For this
flect group vibration&®, i.e. each vibration involves motion purpose, itis sufficient to include only the strongest congs,
of all atoms (the center of mass must not move upon vibraso we used the threshold of 500 chor the cubic terms and
tional motion), and there are a few modes that involve large00 cnt *for the quartic terms, Table 4. In both systems, the
displacements of the bridging hydrogen between the two oxyanalyzed modes are strongly coupled to in-plane bending mo-
gen atoms (that is, H-motion along tlxeaxis) due to mode tion (don and doHo) and out-of-plane bending motiorydn
mixing. Two such modes are displayed in Fig. 4. Those twoand yono). Asymmetric Q--H---O motion is additionally
modes represent-G0 and C=C stretching motion, but to a modified by the low frequencyoo mode that adjusts the dis-
great extent they also involve motion of the hydrogen atormtance between the oxygen atoms, and also by C=0 and C=C
between the electronegative atoms, and in order to arrive atretching modesvco andvcc, those two modes are shown
a Cartesian model that would be able to explain the experion 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 th& and S conformer, respectively. The
3D model would compris®on, don and yoq, Whereas a 6D
model would be built fromvd,,o, doHo, YoHo, Voo, Vco and
vce. Construction of these high-dimensional models would
require significant computational time. Therefore, in oride
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.

vco

Table 4 Absolute values of cubic anarmonic force constants larger
than 500 cmland quartic anarmonic force constants larger than 600
cmlthat describe coupling afon andvd, o with other vibrational
degrees of freedom.

Vce
Fig. 4 Two normal mode vibrations of the symmetric conformer A S
with predominantly G&O/C=C stretching motion (up/below). For VoH Yor Yo 989 Kya0V8Hooro 685
better visibility, normal mode displacements are multiplied by factor Kvonvondon 703 V8HoV8HoVoo 560
2. Kvonvoryonyor 1071 Kva,ovauovaiovco 1773
V8HoV8HoVEHoVee 866
mental IR spectrum, it would be necessary to include many Kvg,ovaio¥orooro 650
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-1 -05 0 05 1 -1 -05 0 05 1 -1 -05 0 05 1
QVaOHO QVaOHO QVaOHO

Fig. 52D potential energy surfaces up to 8000 cywith contour spacing of 500 cni(grid dimensions iragy/am.u.). Surfaces presented
on Panels A) and B) are obtained for thepecies, whereas surfaces shown on Panels C)—F) correspoedimatiformer. A)

V(QVOH7Q60H)' B)V(QVOH7QVOH)' C)V(QV0H07Q50HO)- D)V(QVOHO7QVOHO)' E)V(QVoHonVoo)' F)V(QVOHO7QVCO)'

Let us first analyze the results for tAestructure. The potential ~ The von and v§, frequencies within 2D approximation
spanned by O-H stretch and O-H in-plane bend is presentedere also computed with the Lanczos-Arnoldi method (cf.
on Panel A. The global minimum corresponds to the origin ofSection 3.3.1). They are compiled in Table 5. Coupling be-
the coordinate system, whereas the local minimum describesveenvon and don/Yon leads to a shift of -254/47 cniwith

a situation when the hydrogen atom forms a covalent bondespect to 1D frequency, resulting in 2366/2667 émThis
with the atom Q. As discussed previously, the potential is not means that the O-H stretching frequency within a 3D model
symmetric because the reference structure is the stable str (thatincludes/on, don andyon) would be located in the range
ture with covalent @H bond. The ground state wavefunction 2300-2700 cm?, a region that is completely empty in the ex-
is located in the global minimum. On the other hand, the poperimental spectruff. This is in accord with the results pre-
tential energy surface of the O-H stretch and O-H out-oftpla sented in Section 3.3 that predict extremely low intensfty o
bendV (Qyg,; Qyoyn ) Panel B, is marked by a single minimum,

since out-of plane bend shifts the active hydrogen atom away

from both oxygen atoms. Table 5Modes that comprise 2D models (grid dimensions in
agy/am.u.), anharmonizon andvd,q frequencies (in cml)

We will now take a closer look a; potentials of the Sym- omouted within 2D approximation, and differences between 2D
metric structure. Motion a_Iong th@J_,,, mode brings the gpqg 1D frequencieBvoyy o) = "c2>E|<0) 7\;(1)3@ (in cm™1). 45 grid
hydrogen atom closer to either of the oxygen atoms, aIIow-IooimS were used along each mode.

ing a covalent bond to be formed, which explains a dou-

ble minimum shape (the two minima are identical). Inter- A

estingly, in all five cases, the lowest energy vibrationaéle mode (grid) mode (grid) vén Avoy
is positioned above the top of the barrier, resulting in de-ygy (-2.00/0.50) doH (-1.70/1.00) 2366 -254
localized wavefunctions of the ground states. The potenvgy (-1.00/1.00) Yon (-1.50/1.50) 2667 47
tials V(Qf,,,o» Qaono) (Panel C) and/ (Q5,,,; Quoo) (Panel

E) possesa mirror plane, whereas potentidd$Q5_, ., Quc,)

(Panel F) and/ (QF,,,,, Quec) Possesenter of inversion. The S

potentialV (Q3,,,,,Quec) is not depicted, but is qualitatively mode (grid) mode (grid) v A3,
identical toV(QﬁOHO,QVCO). The most interesting coupling v§,q (-1.30/1.30) doHo (-1.00/0.80) 808 -123
is the one between-© H--- O stretch and out-of-plane bend, V3o (-1.70/1.70) YoHo (-1.70/1.70) 843 -88
Panel D. Simultaneous change of the two coordinates by th#dno (-1.00/1.00)  voo (-1.90/2.30) 801 -130
same amount (regardless of the sign) leads to a slow rise of t/oHo (-1.00/1.00)  vco (-1.00/1.00) 842 -89
potential, giving it a remarkable shape. Voo (0.90/0.90)  vec (-0.90/0.90) 909 -22

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |7
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0.025 1 1 1 1 1

thevon peak.

We will proceed with analysis of 2D results for tBestruc-
ture. Interaction with all five modes redshifts thg,,q fre- 0.020 -
quency. The strongest influence o8, have doro and
Voo, that lower the frequency by 123/130 th yono and
vco have less influence ong,, (88 and 89 cm?, respec-
tively), whereas coupling twcc changes the frequency by
only 22 cntL. These results enable construction of more com-
plex models for DBM, that could unravel the position of the
O---H--- O stretching frequency. 0.005- L

3.3.3 3D models.In order to locate the position 0f,,o 0,000 A\
in DBM, it would be desirable to constructed a 5D model that 7500 1000 1500 2000 2500 3000 3500
would comprisevd,,o, doHo, YoHo, Voo andvco, according Frequency / cr’
to Table 5. However, computation of a 5D grid would re-
quire substantial amount of computational time, and we aréig. 6 Experimental infrared spectruthof DBM and the
forced to search for a less demanding procedure. Thus, wgeoretical spectrum (vertically off-set) computed within a 3D
included modes that have the strongest impact on the mod80de! that compriseQug,,, Qs andQuq,. Absorbance of both
of interest and computed a 3D potenti&lvon, don, Voo). A spectra is glve_n in arbl_tra_ry units. The_ experlm_ental spectrum is
75x45x45 grid in the range -1.3@ @am.u. < Qua < 1.30 reproduced with permission from National Institute of Standards

- OHO —

and Technology.
&vam.u, -1.90 @/am.u. < Qs < 2.40 &/am.u. and
-1.30 @v/am.u. < Qyy,< 1.30 @y/am.u. was used. The IR
spectrum was calculated with the MCTDH progréim Four

single-particle functions were used per each degree of freM ‘from the 3D value. This means that if couplings among
dom. Each single-particle function was expanded usingta fa®ther degrees of freedom are weak, this procedure could be
Fourier transform primitive basis representation. Sinogion ~ USed for obtaining approximate anharmonic frequencies tha
of the active hydrogen takes place alongxkexis (cf. Figure would have been obtained with a model of higher dimension-

2), we used th& component of the dipole moment along each /ity In order to verify the above statement, we computed
normal mode. The IR spectrum was computed by propagaf® 3D potential that describes interaction between B O

ing the wavefunction for 1 ps, and performing a Fourier trans Strétch and the other two mode&(vow, you, vco). For this
form of the dipole auto-correlation function, as impleneght SYStem, theiOH band is expected to appear around 931-88-
in the MCTDH program packad@. First, it was necessary to 89=794 ¢m~. A potential on a 75x45x45 grid in the range
generate the initial wavefunction. As an initial wavefiaot ~ ~2-20 @vamu. < Q< 2.50 yam.u, -2.80 @/am.u.

we used the eigenfunction of the 3D potential energy surfaceS Qyoro< 2.80 @y/am.u. and -1.40 gy/am.u. < Q<
which was generated by propagation of a guess function i#-40 &y/am.u. was used. The position of the-OH---O
imaginary tim&37”. In order to compute the IR spectrum, stretching band is located at 789 ch that differs by 35
propagation of the wavefunction was performed with the-vari Cm~*from approximated 754 cnt. This allows us to predict
able mean-field method using the Adams-Bashforth-Moultorfhe V3,0 value within a 5D model, since couplings among
predictor-corrector integrator of sixth-order with ancertol- ~ ModesdoHo, YoHo, Voo andvco are also weak (absolute val-
erance of 107. The initial step size was set to 0.01 fs. Position Ues of all cubic and quartic terms are lower than 200 §m

of the O --H--- O stretching frequency within this 3D model 931-258-142=531 cm(258 and 142 cm'are red shifts of

is computed to be only 673 crh. The experimentdf and the ~ the mode of interest within the two 3D models with respect to
3D theoretical spectrum are depicted on Figure 6. alD m_odel). Therefo_re, the estimated value Of theB---O

It is interesting to note that according to the computed anStrétching frequency is close to 500 chApplying the same _
harmonic terms, coupling between in-plane and out-ofglan procedure to_ thé\ conformer (there are_no_large anharmonic
bend is weak, and also there are no important anharmonit€'Ms that simultaneously couplgy with in- and out-of-
force fields that simultaneously mix the three terms. Feg thi Plane bend), theoy frequency within a 3D modebon, don
reason, the result obtained with a 3D potential computed o&"d Yor) can be estimated from 1D and 2D values: 2620-
the grid could have been anticipated from the 2D results: b)254+47:2413 cm'.
adding contributions from the two modes (cf. Table 5), one The predicted value fov§,, frequency is not surprising
would expect the antisymmetric-OH---O band to be lo- if compared to similar systems. One of the most investi-
cated around 678 cm(931-123-130), which differs by only 5 gated systems with a symmetric-OH- - - O motif is hydrogen

0.015 -

0.010+ -

Absorbance

8| Journal Name, 2010, [vol]1-11 This journal is © The Royal Society of Chemistry [year]
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maleate ion, that has in the last few decades been thoroughity of hydrogen bond potential energy surface, we find that
investigated both experimentally and theoreticdf$2 This  the O,-H and G-H bonds elongate by 0.051 and 0.041A

ion is known to have symmetric form both in the gas and in thestructure), 0.014 and 0.0G4(Sstructure) in comparison with
solid phase, as well as in a solution. The experimental bandsiinimum energy structures.

of the IR spectrum of potassium hydrogen maleate ion in solu-
tion”8 were assigned by gas phase calculati8nsvo modes 5
were found to have predominant OHO asymmetric stretching

characte?r,.at 540 and at 700 ¢ This is a floppy SYStem, SO part of the potential energy hyper-surface of gas phasedibe
mode mixing is very pronounced.. Recent theoretlcal artiaLIyS|Zoylmethane (enol form) with hydrogen atom between the
of potassium hydrogen maleate in the solid statevealed oxygen atoms is characterized with two identical minima

i a
the peaks that involveg,q to appear at 397 and 449 ch (asymmetric structures) and a transition state that cdanec

Thus, 'Fheoretlcal calculations predlct 810 frequ_ency of them. According to simple geometry optimization, one would
potassium hydrogen maleate in the gas and solid state, a

) . ; sume that this molecule is characterized with an asyriametr
also in solution to be located in the range 400-700tm O-H..-O fragment. However, inclusion of zero point energy
predicts the symmetric structure to be more stable acoptdin
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 speci
Although the symmetry of the hydrogen maleate ion is ther® present in the gas phase at room temperature. Analysis
same in gas and solid state and also in solution, that is nocff electron density and its topological properties at thacho

o . ) critical points revealed substantial covalent charadtéet®in
the case with its fluorineted counterpart — it has recentgnbe X )
3 . o . symmetric form of DBM, whereas the asymmetric molecule
showrf? that difluoromaleate monoanion is symmetric in the

solid state, and asymmetric in solution, i.e. local environ represents a typical hydrogen bonded system. Moreover, our

ment governs the symmetry of this system. On the other hanénOdels in reduced dimensionality show that structuralpara

) . ?ters of the OHO fragment change upon inclusion of mode
our results predict that DBM is at room temperature presenCou linas. The O-H stretching frequency of the asymmetric
both in the symmetric and in the asymmetric form. Since it pings. g ireg Y Y

: onformer amounts to approximately 2400 ciwith negligi-
was shown that analysis of both conformers presents a muf- . : ) X .
. . . le IR intensity (as obtained by calculations that include-e
tidimensional problem, we can predict what t8estructure . L L .
. - L trical anharmonicity), which is reflected in the absencehef t
looks like within anharmonic picture. In both 3D models, the

equilibrium value OfQV(a)HOeq coordinate (subscrigqis used corresponding band in the experimental IR spectrum. The po-

. sition of the Q--H---O asymmetric stretching frequency is
to label the values that correspond to the ground State'v'braestimated to be close to 500 cf

tional wavefunctions obtained with the procedure desdribe

Section 3.3.3) is equal to zero, while the other four modes

are mutually only weakly coupled (cf. Tables S4 and Se6Acknowledgement
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Calculations reveal that both symmetric and asymmetric structures of diben-
zoylmethane are present in the gas phase at room temperature.



