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ydrogen bonding (HB) is ubiquitous in biology and of 
fundamental importance in manyfields of physics and 

chemistry, from the apparently simple case of water to the 
undoubtedly complex cases of DNA structure and protein  

folding.1−3 In condensed matter, analysis of HB is complex, but 

it becomes more tractable in isolated molecules. Computational 

modeling of molecules always requires some approximations, 
and nuclear motion is commonly described by molecular 

dynamics with the assumptions of the Born−Oppenheimer 

(BO) approximation and classical behavior. This is at the cost 
of neglecting the quantum mechanical nature of HB, 

particularly nuclear quantum effects, which we show may be 
of crucial importance. The molecular systems chosen here (see 
Figure 1) allow us to examine this aspect and to give a fuller 

description of quantum effects in intramolecular HB. We report 
here a study of the hydrogen-bonded systems acetylacetone 
(ACAC), benzoylacetone (BAC), and dibenzoylmethane 
(DBM), Figure 1. 

The symmetricβ-diketones belong to the class of systems in 

which the HB can be locally described as X1−H···X2 (X1 and X2 

are atoms of the same element), and the proton can be 
transferred, resulting in two equivalent tautomers. Historically, 

the main experimental techniques used to investigate the 
structure of ACAC and its derivatives have been nuclear 

magnetic  resonance (NMR),4−8 infrared,9−15 and   microwave 
spectroscopy,16 as well as structural techniques including 
electron, X-ray, and neutron diffraction.17−22 The general 
consensus5,20,21 is that the bridging hydrogen in ACAC exists in 
a double-minimum potential, with the ground state below the 
maximum andC s symmetry. Another view, based on microwave 
spectroscopy and one calculation, is that the symmetry is in fact 
C2v.16,23 Theoretical calculations of the ground state of ACAC 

at different  levels of accuracy13−15,23−27 assessed  the shape of 
the  PES  (potential  energy  surface)  with  respect  to  the 
movement of the enol hydrogen. The most accurate 
calculations, by the coupled cluster including singles and 
doubles and perturbative triples [CCSD(T)] method26 

confirmed that the PES can be described as a double well, 
with the minima corresponding to aC s structure, the H atom 
forming a bond with either O atom, and a rather low energy 
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ABSTRACT: We have performed core level photoemission spectroscopy of gaseous 
acetylacetone, its fully deuterated form, and two derivatives, benzoylacetone and 
dibenzoylmethane. These molecules show intramolecular hydrogen bonds, with a proton 

located in a double-well potential, whose barrier height is different for the three 

compounds. This has allowed us to examine the effect of the double-well potential on 
photoemission spectra. Two distinct O 1s core hole peaks are observed, previously 
assigned to two chemical states of oxygen. We provide an alternative assignment of the 
double-peak structure of O 1s spectra by taking full account of the extended nature of the 
wave function associated with the nuclear motion of the proton, the shape of the ground 
andfinal state potentials in which the proton is located, and the nonzero temperature of 
the samples. The peaks are explained in terms of an unusual Franck−Condon factor 
distribution. 
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Figure 1.Schematic structures of (A) ACAC inC s configuration, (B) 
ACAC inC 2v configuration,“geometry 0”in the text, (C) BAC, and 
(D) DBM. Colors indicate atoms: red, oxygen; beige, carbon; white, 
hydrogen. 

 
 

 

barrier.26 These authors predicted a value of 15 kJ/mol for the 
highest-level calculations. In a study using the same theoretical 
model and including IR spectroscopy study, calculations 
indicated a barrier of 13.4 kJ/mol, while the position of the 
OH-stretching fundamental implied a barrier of ca. 10 kJ/ 
mol.15 For DBM, 13C NMR studies6 indicate that the oxygen 
atoms are equivalent in solution, i.e., the bridging hydrogen is 
symmetrically located while the oxygen atoms are slightly 
inequivalent in the solid state. Thomas et al.22 examined DBM 

in the solid state, noting that neutron and X-ray diffraction 

provided different structural information because neutron 

diffraction is sensitive to the nuclear position while X-ray 

diffraction is sensitive to the electron density. Neutron 

diffraction indicated an asymmetric location of the proton 
between the two oxygen atoms, and the position was invariant 
between 100 and 280 K. The electron density, however, moved 
from an asymmetric distribution to nearly central at 280 K. In 
the gas phase at higher temperature than these measurements 
(as in the present work), we expect that the molecule is more 
symmetric. Gilli et al.2 concluded that DBM possesses a 
symmetric well with no barrier to hydrogen movement. From 
these and other studies, it appears that the free molecule is 
symmetric, with the bridging hydrogen atom located on average 
at the center. 

For BAC, X-ray and neutron scattering28,29 at low temper- 
ature indicated that the keto−enol group is rather symmetric in 
the solid state and that the hydrogen is located in a wide,flat 
potential. Again, we expect that in the gas phase at room 
temperature the system is more symmetric due to thermal 

fluctuations; Gilli et al.2 concluded that it was a low-barrier, 
asymmetric, double-well system. We note in passing that a 
double well may arise not only when the reaction coordinate is 
along the bond but also when it is the bond angle.29,30 

Most of these calculations or interpretations of experimental 
data of gas phase molecules did not address quantum nuclear 

effects (QNEs), which derive from the delocalized wave 
function of the proton. However, Tuckerman et al.,31 in a 
theoretical study pointed out that not only is the quantum 
nature of the proton relevant but also that of the heavy atoms in 
a molecule such as malonaldehyde.32 In condensed matter, and 
for intermolecular rather than intramolecular HB, Li et al.33 
found that inclusion of QNEs in calculations makes weak HBs 

weaker, but strong HBs become even stronger, while for water 
layers on metals, a strong delocalization of the protons was 
found.34 

Here we consider the effect of QNEs on both the structure of 
our samples and our measurement technique, core level 

photoemission spectroscopy. The effect of intermolecular HB 
on this spectroscopy has been studied in the related case of the 
water dimer, where the bond is much weaker.35 A fundamental 
idea underlying electron spectroscopy is that photoelectrons 

from the same element, and having different energies, originate 

from atoms in different chemical environments in the ground 
state. Some exceptions are known to this rule, for example, in 
condensed matter physics, carbon monoxide adsorbed on  Cu 

and Ag surfaces36−39 gives rise to up to three C and O 1s peaks, 
although only a single chemical state is present. These peaks are 
described as screened and unscreened, corresponding to 
electron transfer (or its absence) from the substrate to the 
molecule. We return to this point in the discussion. 

The O core level spectra of the samples are shown in Figure 
2, and the data are summarized in Table 1. The relative 

 
 

 

 

Figure 2.Experimental O 1s spectra of (top to bottom) DBM, BAC, 
DACAC, and ACAC. 

 
 

 

intensities were obtained byfitting the spectra with Gaussian 

profiles. The O 1s spectra all consist of two main peaks labeled 
A and B, a shoulder C, and a weak peak D. Peak C is assigned 
to photoemission from residual water in the vacuum (binding 
energy 539.8 eV40) and peak D to satellite states. The core 
electron binding energies in ACAC and DACAC are equal 

within experimental error, and the main difference is the deeper 
valley between the two peaks of DACAC. The corresponding 
energies of BAC and DBM are 0.3−0.5 eV lower than those of 
ACAC due to additionalfinal state screening by the phenyl 
moieties. Peaks A and B were assigned previously to enolic and 
ketonic oxygen41 and are in good agreement with a recent 
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Table 1. Experimental O 1s Binding Energies (BE/eV) and Relative Intensities (I) 
 
 

 
peak A 

BEIBEIBEIBEI 

537.5 

 
0.35 

 
537.45 

 
0.37 

 
536.9 

 
0.37 

 
537.1 

 
0.37 

peak B 538.9 0.55 539.0 0.54 538.5 0.50 538.6 0.51 

peak C 540.1 0.03 540.15 0.03 540.0 0.02 540.2 0.02 

peak D 541.9 0.07 541.9 0.06 541.6 0.11 541.7 0.10 

theoretical study,42 but our calculations suggest an alternative 
assignment. 

First we discuss ACAC and DACAC and consider BAC and 

DBM later. To analyze the effect of nuclear motion, we reduce 
the complicated dynamics of these polyatomic molecules to a 

simplified one-dimensional model that focuses on the motion 
of interest. Moreover, we have carried out calculations for 
ACAC and DACAC only, which are computationally more 
tractable than the other molecules. We consider only the 

motion of the proton between the twofixed oxygen atoms of 
ACAC, with the heavy atoms in a planar structure. To get a 
one-dimensional potential curve for the motion of H, we 
optimized, with DFT-B3LYP/aug-cc-pVDZ calculations, the 
geometry in which H is kept equidistant from the two oxygen 

atoms and the heavy atom backbone is kept planar. ThisC 2v 
geometry with the methyl groups in eclipsed configuration is a 

stationary point and is denoted“geometry 0”. The one- 
dimensional path of the proton along the lines joining the H 

position at 0 and the two nuclei of oxygen is then defined by 

these two lines, forming an angle of about 150°, with negative 
displacements when the proton is closer to the left oxygen 
(O1) in Figure 1. For a number of positions of H along this 
coordinate, both HF and DFT-B3LYP partial optimizations of 
the initial state were performed, keeping H and the oxygen 

atomsfixed. Moving the H atom reduces the symmetry toC s, 
and the partial geometry optimization does not alter this 
symmetry, which is maintained at each position. We believe 
that the essential quantum mechanical behavior of the O 1s 

core spectra can still be understood with this simplification for 
the nuclear motion. 

The  result  of  the  HF  calculations  in  the  BO  diabatic 
approximation, neglecting vibronic coupling, is the set of 
potential energy curves (PES, heavy line) in Figure 3; the DFT- 
B3LYP calculations lead to a PES of essentially the same shape. 
The ground state PES (green line) is symmetrical about 0, with 
two weak minima corresponding to the formation of a covalent 
bond between an oxygen atom and H. The two minima are 
separated by a barrier of 36 kJ/mol, in agreement with previous 
all-nuclei calculations at the HF level,24 validating our model. 
Solving the problem of the vibrational motion of the proton in 
this double-well potential, we obtain the ground state wave 
function shown in Figure 3, lower panel. Due to the very low 
barrier, the vibrational wave function has two barely visible 
maxima corresponding to the two minima of the PES, but it is 
largely delocalized. The semiclassical picture that the proton 
moves essentially around positions corresponding to a covalent 
bond with one oxygen atom and a hydrogen bond with the 

other oxygen atom, yielding two chemically different oxygen 

atoms, is difficult to justify when we use a quantum description 
of the H motion. Considering only the initial vibrational state, 
we may expect a spectrum with a very broad O 1s band due to 
the substantial delocalization of the proton. For core ionization, 
the electronic relaxation is fast (sudden approximation) and the 

 

 

Figure 3.Left and right axes: potential curves of ACAC in the ground 
state (PES-gs, thick green curve) and core ionized state (PES-ion, 
thick blue curve). The amplitudes of the vibrational wave functions (in 
arbitrary units, scale not shown) for the ground states (black curves), 

thefirst excited states (red curves), and the second excited state 
(yellow curve) of the proton in the ground/core ionized states are also 
shown. 

 
 

 
XPS spectrum reflects the structure of thefinal vibrational state 
(Franck−Condon (FC) principle). 

We performed HF calculations43 for the electronic ground 
state of the O 1s ion with a localized core hole44,45 on one of 
the oxygen atoms, O2. The same geometries as those of the 
PES of the neutral ground state were used to calculate the ionic 
state: the result is the PES (heavy blue line) in Figure 3, 
denoted PES-ion. The PES-ion is strongly asymmetric; for 
negative values of the proton coordinate, its form is similar to 
that of the PES-gs, but for positive values of the H coordinate, a 
strongly repulsive potential for the proton is added to the PES- 
gs. This is because at positive values of the position, the proton 
is nearer the ionized O2 atom, and the hole generates a 

repulsive potential for the proton. Thefiner details of the two 

PES computed for ACAC may depend on the simplified, one- 
dimensional model adopted and on the quality of the 
calculations, but their shape is essentially that in Figure 3. 

To test the effect of barrier height on our results, we slightly 
modified our PES-gs computed by HF calculations by using the 
value of 15 kJ/mol obtained by the more accurate CCSD(T) 

calculations;26 the difference (not shown) between the wave 
function obtained with the corrected PES and the HF PES 
(black line in Figure 3) is negligible. The particular shape of the 
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PES-ion leads to vibrational wave functions that tend to be 
localized at negative values of the relative coordinate of H but 
that also tend to shift toward positive values as the vibrational 
energy increases. This gives rise to a distribution of FC factors 
that, in the BO approximation, describe how the initial wave 

function of the proton is projected on thefinal state wave 
functions and is rather special, as shown in Figure 4. The 

 
 

 

 

Figure 4.Theoretical O 1s core level spectra of ACAC (red curves) 

and DACAC (black curves) in the ground (lower panel) andfirst 

vibrational (upper panel) states.E v is the vibrational energy of the 
electronic ground state. The discrete spectra (histograms) have been 
convoluted with Gaussian functions of fwhm = 1 eV to generate the 
curves. 

 
 

 

spectral profile (histogram) and its convolution (line) may be 

sensitive to thefiner details of the PES-ion but shows 
qualitatively that the particular shape of the PES-ion can lead 
to an XPS spectrum very similar to that measured. The same 
calculations for the deuterated molecule DACAC (black 
histograms and lines, Figure 4, lower panel) reproduce the 

main difference observed with respect to the spectrum of 
ACAC, that is, the reduced intensity in the valley between the 
two bands. Because of the low-energy barrier, two vibrational 
levels (ν= 0, 884 cm −1 andν= 1, 1126 cm −1) with an energy 
difference   of   about  2.87  kJ/mol  are  populated   at   the 
experimental temperature (300 K), with a population ratio of 
1:0.32. However, the normal and“hot”bands reported in 
Figure 4 show similar behavior, and the population of theν= 1 
level does not affect our analysis. This theoretical interpretation 
is not quantitative but explains the main characteristics of the 
XPS spectra in terms of an effect of the special initial andfinal 
state PES. 

Additional support for our conclusion of the high symmetry 
of ACAC is provided by the C 1s spectrum; see the Supporting 
Information. Briefly, calculations forC s geometry predict an 
additional splitting in the spectra, which is not observed 
experimentally, and the data are more consistent withC 2v 
symmetry. 

Turning now to BAC and DBM, we noted above the general 
consensus that the energy barrier in the PES-gs is very low or 
zero, so that the two O atoms have the same bonding 
environments in the ground states. However, their experimental 

O 1s spectra are quite similar to that of ACAC, with only a rigid 
shift (due to additional screening), thus supporting the view 
that for double-well systems there is an alternative explanation 
for the double peaks in the XPS spectra. For these two 
molecules, we can reasonably expect that by adopting the same 
approximations introduced for ACAC the one-dimensional gs 
and O 1s ion state PESs for the H motion have essentially the 
same structure presented in Figure 3, and consequently, the 
corresponding FC distributions will be similar to that of ACAC 
in Figure 4. We conclude that when the energy barrier is just a 
few kJ/mol, the point-like description of the proton is no 
longer valid and the structural concept of the molecule should 
be revised to take account of the strongly delocalized nuclear 
wave function. From the structure of the heavy atom skeleton 
and the form of the gs vibrational wave function (Figure 3) for 

the H, we suggest thatC 2v instead ofC s should be the preferred 
symmetry label for ground electronic state ACAC, especially if 
it is vibrationally excited. 

The O 1s spectrum of ACAC can apparently be explained by 
the conventional chemical shift model. However, our 
theoretical calculations suggest that an unusual FC distribution 

derived from the strongly asymmetric structure of thefinal state 
potential, coupled with the delocalization of the proton in the 
ground state, gives an equally good description for ACAC and a 
better one for BAC and DBM spectra. As mentioned above, 
this process is in some ways analogous to the case of CO 

molecules adsorbed on copper and silver substrates.36−39 In 
those systems, the molecule has a single chemical state, but the 
carbon and oxygen core levels show three separate peaks, with 
two peaks having comparable intensity. The difference between 
thefinal states is that electrons are localized in different orbitals. 
Similarly, in the three compounds considered here, the 
unusually large delocalization of the proton in the ground 
state gives rise to an unexpected FC distribution, and it may 

localize in different positions in thefinal state. The 
approximately equal intensities of the measured peaks indicate 
qualitatively that the probability in the initial state offinding the 

hydrogen atom“near”or“far from”the hole is about equal. In 
other words, the initial state wave function, which determines 
the probable position of the atom, is spread over a broad 
volume, as confirmed by the present calculations. The good 
agreement between theory and experiment and the similarity of 
the  ACAC,  DBM,  and  BAC  spectra  imply  that  the  local 
molecular symmetry of the oxygen−hydrogen−oxygen atoms 
for this spectroscopic technique is effectivelyC 2v for thefirst 
two compounds andC 2v -like for (asymmetric) BAC. Data for 
deuterated DACAC (the deeper minimum in Figure 4) support 
our conclusions. Finally, these results suggest a re-evaluation of 
photoemission results from condensed matter when the same 

quantum effects of HB are present.33,34 

EXPERIMENTAL AND COMPUTATIONAL 
METHODS 

The experiments were performed at the Gas Phase Photo- 
emission beamline at the synchrotron light source Elettra, 
Trieste, Italy, using the apparatus, photon energies, resolution, 
and calibration procedure described previously.46 ACAC 
(purity > 99%), DBM (purity > 98%), and BAC (purity > 
99%) were purchased from Sigma-Aldrich, ACAC-d8 (98% D) 
was purchased from Cambridge Isotope Laboratories, and all 

compounds were used without further purification. ACAC and 

DACAC were introduced into the system via a heatable effusive 
needle source. Before introducing DACAC, the gas inlet system 

 

524 
 

DOI: 10.1021/acs.jpclett.7b03175 

J. Phys. Chem. Lett.2018, 9, 521−526 



 

 

The Journal of Physical Chemistry Letters Letter 

■ 

■ 

■ 

 

 

was conditioned with heavy water to avoid proton−deuterium 

exchange on surfaces, and the isotopic purity was monitored 
with a quadrupole mass spectrometer in the chamber. BAC and 
DBM were evaporated from a crucible. An ambient temper- 
ature of 297 K produced a background pressure of BAC of 1.5 

×10 −5 mbar, which was sufficient for measurements. DBM was 
heated to 355 K. 

The calculations of the initial (gs) andfinal (core hole) PESs 
were performed at the HF and DFT levels (B3LYP 
functional43) with the aug-cc-pVDZ basis set. The DALTON 
program,45 where a maximum overlap criterion47 is imple- 
mented to avoid variational collapse of the core hole state, was 
employed. The one-dimensional Schrödinger equation (see 

below) for the motion of H in the initial andfinal PESs was 

solved numerically by the Numerov method.48 TheΔ HF 
method employed for the calculation of core binding energies 

includes the important electron relaxation effect, beyond the 

Koopman theorem, and neglects the relatively small differential 
electron correlation energy. This approach has proved to be 
quite accurate for the prediction of core level chemical shifts 
(see, for instance, ref 46). 
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