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ABSTRACT: We report a combined solid-state (1H, 2H, 13C,
17O) NMR and plane-wave density functional theory (DFT)
computational study of the O···H···O low-barrier hydrogen
bonds (LBHBs) in two 1,3-diketone compounds: dibenzoyl-
methane (1) and curcumin (2). In the solid state, both 1 and 2
exist in the cis-keto−enol tautomeric form, each exhibiting an
intramolecular LBHB with a short O···O distance (2.435 Å in
1 and 2.455 Å in 2). Whereas numerous experimental
(structural and spectroscopic) and computational studies
have been reported for the enol isomers of 1,3-diketones, a
unified picture about the proton location within an LBHB is
still lacking. This work reports for the first time the solid-state 17O NMR data for the O···H···O LBHBs in 1,3-diketones. The
central conclusion of this work is that detailed information about the probability density distribution of the proton (nuclear zero-
point motion) across an LBHB can be obtained from a combination of solid-state NMR and plane-wave DFT computations
(both NMR parameter calculations and ab initio molecular dynamics simulations). We propose that the precise proton
probability distribution across an LBHB should provide a common basis on which different and sometimes seemingly
contradicting experimental results obtained from complementary techniques, such as X-ray diffraction, neutron diffraction, and
solid-state NMR, can be reconciled.

1. INTRODUCTION

Compounds containing the β-dicarbonyl fragment illustrate
two important aspects of the hydrogen atom in chemistry,
proton transfer and hydrogen bonding.1,2 For example,
consider 2,4-pentanedione, better known by the common
name acetylacetone (acac), which is often used to illustrate
keto−enol tautomerism and intramolecular hydrogen bonding
in undergraduate chemistry classes.3−5 In the enol isomer, one
of the hydrogen atoms on the methylene carbon of the β-
dicarbonyl fragment is transferred to one of the oxygen atoms
where it is involved in hydrogen bonding (see Scheme 1). In
the case of acac, and in fact most of the β-diketones, the enol
tautomer seems to be favored over the keto isomer.6−8

Stabilization of the enol isomer is often attributed to
intramolecular O···H···O hydrogen bonding. In addition, it
has become popular to invoke resonance-assisted hydrogen
bonding because of the formation of a six-membered
“aromatic” ring involving the hydrogen-bonded proton.1,9,10

In the solid state, X-ray diffraction data for acac yielded an

intramolecular O····O separation of 2.541(2) Å at 210 K and
2.547(1) Å at 110 K with the central hydrogen atom equally
distributed over two positions near the oxygens.11 That is, the
diffraction data led to a picture where the hydrogen bond of
acac has two distinct potential minima (i.e., a symmetric
double-well potential). For many years now, it has been
accepted that as the O···O separation in an intramolecular
hydrogen bond decreases, the barrier separating the two
potential minima also decreases until the potential barrier may
be described by a single-well potential.12−14 In systems where
the oxygen donor and acceptor separation rOO is approximately
between 2.4 and 2.6 Å, the zero-point energy is generally
comparable to the potential barrier. Such hydrogen bonds have
been classified as low-barrier hydrogen bonds (LBHBs);
however, if rOO > 2.6 Å, the hydrogen bond is generally
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classified as weak and if rOO < 2.4 Å, the ground state (i.e., zero-
point energy) will lie considerably above the barrier and the
hydrogen bond is designated as very strong.14

Whereas without reviewing the extensive literature on
hydrogen bonding in acac, we note that different pictures
have emerged regarding the position of the hydrogen-bonded
proton of acac depending on the technique used to characterize
the hydrogen bond, probably a result of the time scale of the
technique used to probe hydrogen bonding. For example,
microwave data clearly showed that the enolic tautomer of acac
has a C2v symmetry.15 On the other hand, ultrafast electron
diffraction data yielded an asymmetric ground-state structure.16

Quantum chemical calculations for acac at the CCSD(T)/aug-
cc-pVDZ level predict a double-well potential with a barrier of
1276.7 cm−1 or 15.27 kJ mol−1.17 For a linear OHO hydrogen
bond where rOO is ≈2.55 Å, the two potential minima of the
double-well potential energy curve are separated by ≈0.6 Å; this
separation is further reduced to ≈0.45 Å with a shorter rOO of
≈2.45 Å.14 Michaelides and co-workers have pointed out that in
hydrogen-bonded systems the quantum nature of the proton
(i.e., the H-atom) must be considered, as must zero-point
motion, quantum delocalization, and quantum tunneling.18

More recently, McKenzie and co-workers have discussed the
effect of quantum nuclear motion on hydrogen bonding,
specifically in O−H···O systems relevant to the current study.14

Clearly, our traditional view of hydrogen bonding and
preoccupation that asks where the proton resides in a hydrogen

bond needs to consider the nuclear quantum effect. That is, one
should ask about the probability distribution of the proton (i.e.,
the nuclear wavefunction), zero-point motion, quantum
tunneling, and so forth.
The purpose of the present study is to combine experimental

solid-state NMR (1H, 2H, 13C, and 17O) with plane-wave DFT
computations to study two 1,3-diketone systems, both of which
are in the enol form and exhibit LBHBs as previously
characterized by diffraction techniques. One major limitation
in many previous studies of LBHBs is that whereas
experimental spectroscopic (NMR and IR) and structural (X-
ray and neutron diffraction) data are often obtained for
molecules in the condensed phases, the accompanying high-
level computational studies are performed for isolated
molecules in the gas phase. In this study, we avoid this pitfall
by dealing exclusively with solid-state properties both
experimentally and computationally. One of our goals is to
suggest a new way of addressing the question of where the
probability of finding the proton is greatest in an LBHB. The
two solids that we have investigated are 1,3-diphenyl-1,3-
propanedione (dibenzoylmethane, 1) and 1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione (curcumin, 2), a
highly conjugated molecule consisting of two substituted
phenols that are connected by an adjacent β-diketone fragment
(see Scheme 2).
Dibenzoylmethane was chosen because it has been

previously studied by both neutron and X-ray diffraction19 as

Scheme 1. Illustration of Different Tautomers in acac, a Typical 1,3-Diketone

Scheme 2. Top (Left) and Side (Right) Views of the Molecular Structuresa of (a) Dibenzoylmethane (1) and (b) Curcumin (2)
Extracted from Their Crystal Structures19,35

aThe atomic numbering system used in this study is also shown. Note that for both 1 and 2, one-half (the right-hand side) of the molecule is co-
planar with the cis-keto−enol core (H1−O1−C1−C2−C3−O2), whereas the other half is twisted out of the plane due to crystal packing.
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well as by solid-state 1H and 13C NMR.20−22 An early neutron
diffraction study of dibenzoylmethane23 suggests that the O1···
O2 separation is 2.463 (4) Å and that the enolic H atom is
asymmetrically placed between the two O atoms, with the
difference in O−H bond lengths being 0.199 (17) Å. In a more
recent combined X-ray/neutron diffraction study of dibenzoyl-
methane, Wilson and co-workers highlighted the complemen-
tary nature of the two diffraction techniques,19 one being
sensitive to the electronic density and the other to the nuclear
density. In particular, their neutron data suggest that the enolic
proton in dibenzoylmethane is asymmetrically located between
the two O atoms and its position is insensitive to temperature,
whereas the X-ray data show a gradual change of hydrogen
bonding from being asymmetric at low temperatures to
essentially symmetric at room temperature. Notably, solid-
state NMR data should be sensitive to both the nuclear position
and electronic structure in hydrogen bonding systems.24−28

However, a unified picture of the H atom behavior in an LBHB
that can reconcile diffraction and solid-state NMR results is still
lacking. In addition to the most stable orthorhombic
polymorph (I) of dibenzoylmethane, two different polymorphs
have also been reported in the literature.29,30

Curcumin was selected in our study, in part because it is
being touted as a wonder drug and is of intense interest to the
pharmaceutical and medical community.31−33 The crystal
structure of curcumin was first reported by Tønnesen et al.,
who used single-crystal X-ray diffraction at 121 K.34 The O1···
O2 separation was found to be 2.446 Å, and the diffraction data
were interpreted as having the enolic hydrogen with 50%
occupancy at O1 and O2, respectively. The authors of a more
recent room-temperature X-ray diffraction study35 concluded
that within experimental accuracy the enolic hydrogen is
localized at the midpoint between O1 and O2. Curcumin has
also been studied by solid-state 13C NMR spectroscopy36−38

but there have been errors in assigning some of the peaks in
some cases due to the presence of impurities in the sample.
Whereas our peak assignments agree with Cornago et al.,38

some of the assignments of Sanphui et al.36 and Zhao et al.37

are clearly incorrect (e.g., the peaks at 156.8 and 157.7 ppm
that Sanphui et al. assigned to C1 and C17 are probably from
bisdemethoxycurcumin; Zhao et al. made the same mistake but
their shifts are given as 160.7 and 161.5 ppm). Three
polymorphs of curcumin were reported by Sanphui et al. in
2011;39 however, a 2015 paper by Liu et al.40 raises questions
about the conclusions concerning the polymorphs reported by
Sanphui et al. The most stable and well-studied polymorph of
curcumin is the monoclinic form, space group P2/n, that has
been characterized in the above-mentioned X-ray diffraction
papers.

2. MATERIALS AND METHODS
2.1. Sample Preparation. 2.1.1. [17O2]Dibenzoylmethane.

1,3-Diphenyl-1,3-propanedione (336 mg) and 17O-enriched
water (41% 17O-enrichment, 220 mg) were mixed in absolute
ethanol (2 mL) and CDCl3 (0.5 mL), followed by addition of
Amberlite IR-120 strongly acidic resin (60 mg, prewashed).
The mixture was heated at 55 °C (oil bath) for 2 days. After
removal of the resin, the solution was concentrated (N2 flow)
to less than 1 mL with the formation of a white solid. The
mixture was cooled in an ice−water bath for 10 min. The solid
was collected (filtration), washed with cold methanol (3 × 1
mL), and dried under vacuum, giving the title compound as a
white solid (260 mg). Solution 17O NMR (67.68 MHz): 555.5

ppm (keto form, 3%) and 249.5 ppm (enol form, 97%). The
17O-enrichment level in the compound was determined to be
19% by solution 17O NMR.

2.1.2. [17O2]Curcumin. Commercial curcumin (Cat. No.
B21573; Alfa Aesar) was recrystallized twice from methanol. It
is important to emphasize that most commercial curcumins
contain impurities, which have resulted in erroneous 13C NMR
assignments reported in the literature as mentioned earlier. The
purified curcumin (200 mg) was dissolved in 17 mL MeOH
(0.1% H2O content), followed by addition of 40% 17O-enriched
water (200 mg) and prewashed Amberlite IR-120 ion-exchange
resin (strongly acidic form, 100 mg). The mixture was kept at
65 °C (oil bath) for 3 h. After the resin was removed, the
mixture was concentrated to a small volume. The solid was
collected, washed with cold water (4 mL) and ether (3 × 1
mL), and dried under vacuum, giving the title compound as an
orange−yellow solid (165 mg). The 17O-enrichment level in
the compound was determined to be 17% by solution 17O
NMR.

2.1.3. [2H]Dibenzoylmethane and [2H]Curcumin. Diben-
zoylmethane was recrystallized from methanol-d4. Whereas the
final [2H]-1 sample contains both dibenzoylmethane-d1 and -d2,
the level of deuteration at the O···D···O site is nearly 100%, as
determined from the C1 and C3 signals in the 13C cross-
polarization magic-angle spinning (CP/MAS) spectrum as well
as the 1H MAS spectrum of the compound. Curcumin was
recrystallized from ethanol-d1. The final [

2H]-2 sample contains
2H-labeling at multiple sites because of the presence of two
phenol groups in 2. The level of deuteration at the O···D···O
site is about 40%.

2.2. Solid-State NMR. Deuterium and 13C NMR spectra
were obtained at 7.05 or 11.75 T at the University of Alberta on
Bruker Avance 300 or 500 spectrometers, using Bruker 4 mm
MAS probes operating in double-resonance mode. Carbon-13
NMR spectra were obtained with CP using contact times of
3.0−4.0 ms, 90° degree 1H pulses of 4.0 μs, recycle delays of 5 s
(for curcumin) or 15 s (for dibenzoylmethane), and MAS
frequencies of 8.0−10.0 kHz. The 2H NMR spectrum for
curcumin was obtained at 11.75 T under the CP condition with
a 5.0 ms contact time, a 20.0 s recycle delay, and a sample
spinning frequency of 5.0 kHz and that for dibenzoylmethane
was obtained at 7.05 T with direct polarization, an MAS
frequency of 3.0 kHz, and a recycle delay of 120.0 s. Solid-state
13C NMR spectra of dibenzoylmethane and curcumin were also
obtained at 21.1 T. The static 17O NMR spectra at 14.1 T were
recorded on a Bruker Avance 600 spectrometer at Queen’s
University. The static and MAS 17O NMR spectra at 21.1 T
were obtained on a Bruker Avance II 900 spectrometer at the
National Ultrahigh-field NMR Facility for Solids, Ottawa,
Canada. At 21.1 T, the static experiments were carried out on a
5 mm home-built double-channel H/X solenoid probe and the
MAS experiments were conducted using a 3.2 mm Bruker
double-channel H/X MAS probe. In static experiments, powder
samples were packed into a Teflon tube (Norell) to minimize
the unwanted 17O background signal. The 1H MAS spectra
were obtained at 21.1 T with a 4 mm Bruker HCN probe.
Simulations of 17O NMR spectra were performed with DMfit.41

Carbon-13 CP/MAS spectra of all samples of curcumin used in
this study, including the 17O- and 2H-labeled samples, are
nearly identical, confirming that they are all in the most stable
monoclinic polymorph. All chemical shifts are tabulated in the
Supporting Information.
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2.3. Quantum Chemical and Molecular Dynamics
(MD) Calculations. All quantum chemical and MD calcu-
lations were performed using the Cambridge Sequential Total
Energy Package (CASTEP) code (versions 7.0 and 8.0)42

together with BIOVIA’s Materials Studio. CASTEP employs
DFT using the plane-wave pseudopotential approach. For all
calculations in this work, the generalized gradient approx-
imation with the Perdew−Burke−Ernzerhof exchange correla-
tion functional43 was chosen. The NMR parameters were
calculated using the gauge including the projector augmented
waves (GIPAW) method implemented in the NMR module of
CASTEP.44,45 In the following, further computational details
are given.
Dibenzoylmethane (1). The crystal structure of dibenzoyl-

methane determined by neutron diffraction at 100 K19 was used
as the starting point for the geometry optimization of different
tautomers, for which the Broyden−Fletcher−Goldfarb−Shanno
(BFGS) algorithm, ultrasoft pseudopotentials, a cutoff energy
of 300 eV, and a 2 × 2 × 1 k-point grid were chosen.
Tautomers corresponding to local energy minima were fully
geometry optimized. The transition state was searched using
the complete linear synchronous transit/quadratic synchronous
transit (LST/QST) protocol with a maximum ionic force and
displacement tolerances of 0.25 eV/Å and 10−3 Å, respectively,
using ultrasoft pseudopotentials with a cutoff energy of 340 eV
and a 2 × 1 × 1 k-point grid. The NMR parameters were
calculated by GIPAW-DFT calculations using “on-the-fly”
pseudopotentials together with a plane-wave cutoff energy of
550 eV and a 3 × 2 × 1 k-point grid. The MD calculation in
CASTEP was performed in three steps: (1) fully optimize the
geometry of the molecule, (2) perform a MD run until thermal
equilibrium is reached, and finally (3) perform the actual MD
calculation. For all of the three steps, ultrasoft pseudopotentials
together with a cutoff energy of 300 eV and a 2 × 1 × 1 k-point
grid were chosen. All MD calculations used an integration time

step of 1.0 fs, a fixed center of mass, and the canonical (NVT)
ensemble held at a constant temperature of 280 K employing a
Langevin thermostat. The MD run to thermal equilibrium
lasted a total of 0.7 ps using a thermostat time constant of 0.1
ps. The total simulation time of the actual MD calculation was
5 ps, where a thermostat time constant of 0.5 ps was used,
resulting in a mean temperature of 285.4 K with a standard
deviation of 12.3 K. The complete MD run took 16 days on a
dual Intel Xeon six-core 2.93 GHz processor workstation.
Curcumin (2). Tautomers of curcumin were geometry

optimized in CASTEP starting from the structure determined
by single-crystal XRD.35 For geometry optimization, the BFGS
algorithm together with ultrasoft pseudopotentials, a plane-
wave cutoff energy of 300 eV, and a 1 × 2 × 1 k-point grid was
chosen. Geometry optimizations for stable tautomers and the
transition-state structure were performed in the same way as
described earlier for dibenzoylmethane. The transition state
search was conducted using the complete LST/QST protocol
with a maximum ionic force and displacement tolerances of
0.25 eV/Å and 10−3 Å, respectively, using ultrasoft
pseudopotentials with a cutoff energy of 340 eV and a 1 × 2
× 1 k-point grid. The GIPAW-DFT calculations of the NMR
parameters were performed using on-the-fly pseudopotentials
together with a plane-wave cutoff energy of 550 eV and a 2 × 3
× 1 k-point grid. For the MD calculations, ultrasoft
pseudopotentials, a cutoff energy of 300 eV, a 1 × 2 × 1 k-
point grid, and a temperature of the NVT ensemble of 300 K
were used. All other MD parameters were identical to those
used for dibenzoylmethane. The mean temperature amounted
to 303.7 K with a standard deviation of 16.9 K. The complete
MD run took 8 days on a dual Intel Xeon six-core 2.93 GHz
processor workstation.

Figure 1. Solid-state 1H, 13C, and 17O NMR spectra of (a) 1 and (b) 2. The 1H (18 kHz) and 17O (22 kHz) MAS spectra were obtained at 21.1 T.
The 13C CP/MAS spectra for 1 and 2 were recorded at 7.05 T. See Materials and Methods for details.
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3. RESULTS AND DISCUSSION

3.1. Experimental 1H, 2H, 13C, and 17O NMR Parame-
ters. Figure 1 shows the solid-state 1H, 13C, and 17O NMR
spectra obtained under MAS conditions for 1 and 2. The
isotropic 1H chemical shifts for the protons involved in the O···
H···O HBs in 1 and 2 are 17.5 and 16.8 ppm, respectively.
These 1H chemical shifts are characteristic of the LBHB
formation.2 For 1, Emmler et al. and Etter et al. reported a 1H
chemical shift of 18.1 ppm.20,46 In the 13C CP/MAS spectra of
1 and 2, shown in Figure 1, the most interesting feature is that
the C1 and C3 atoms display different 13C chemical shifts:
182.7 and 188.0 ppm in 1; 182.7 and 187.4 ppm in 2. For 1,
Vila et al. previously reported 13C chemical shifts for C1 and C3
of 182.9 and 188.2 ppm, respectively,22 whereas Etter et al.
reported 182.3 and 187.6 ppm.21

Similar to the 13C NMR observations, the two oxygen atoms
in each of the O···H···O LBHBs in 1 and 2 also display different
chemical shifts. As seen from Figure 1, the 17O MAS spectra
contain two signals each displaying a characteristic line shape
arising from the second-order quadrupole interaction. From
simulations of the 17O MAS spectra, we can obtain three 17O
NMR parameters (δiso, CQ, and ηQ) for each oxygen atom.
Detailed results are given in Table 1. Note that the assignments
of C1 and C3 and O1 and O2 are based on the DFT
calculations (vide infra). Interestingly, the 17O chemical shift
differences between the two oxygen atoms in 1 and 2 are 72
and 43 ppm, respectively. These are considerably greater than
the corresponding 13C chemical shift differences observed in
these compounds, 5.3 and 4.7 ppm. Furthermore, the observed
difference in the 17O and 13C chemical shift differences is about
3 times larger than that normally expected from the chemical

Table 1. Comparison between Experimental Solid-State NMR Parameters and Plane-Wave DFT Computational Resultsa,b for 1
and 2

computational model

molecule atom A AB B ⟨A + B⟩c expt.

dibenzoylmethane (1) H1 δiso/ppm 19.0 20.4 18.8 18.9 17.5
D1 CQ/kHz 58 23 62 −47 101

ηQ 0.57 0.75 0.56 0.87 0.53
C1 δiso/ppm 183.0 187.9 191.7 187.3 188.0
C2 δiso/ppm 94.9 94.1 93.6 94.2 92.9
C3 δiso/ppm 190.9 187.8 183.3 187.1 182.7
O1 δiso/ppm 196 254 322 259 210

δ11/ppm 353 413 558 423 367
δ22/ppm 266 383 452 391 307
δ33/ppm −32 −34 −43 −37 −38
CQ/MHz −6.8 −6.4 7.1 −6.4 −6.2
ηQ 0.17 0.68 0.71 0.72 0.50

O2 δiso/ppm 321 258 197 259 282
δ11/ppm 554 432 370 435 480
δ22/ppm 465 386 263 391 401
δ33/ppm −55 −45 −42 −48 −47
CQ/MHz 7.1 −6.3 −6.8 −6.4 −6.2
ηQ 0.69 0.73 0.20 0.74 0.76

curcumin (2) H1 δiso/ppm 16.0 19.5 18.2 17.1 16.8
D1 CQ/kHz 99 26 49 58 100

ηQ 0.32 0.13 0.64 0.83 0.53
C1 δiso/ppm 181.2 189.7 192.6 186.9 187.4
C2 δiso/ppm 103.2 102.8 102.8 103.0 99.0
C3 δiso/ppm 187.3 181.6 178.0 182.6 182.7
O1 δiso/ppm 183 280 332 257 252

δ11/ppm 325 439 556 404 393
δ22/ppm 221 399 444 368 367
δ33/ppm 2 3 −4 0 −10
CQ/MHz −7.2 −6.4 6.9 −6.6 −6.0
ηQ 0.23 0.70 0.82 0.52 0.90

O2 δiso/ppm 272 192 156 214 209
δ11/ppm 464 329 296 345 337
δ22/ppm 394 272 200 332 313
δ33/ppm −41 −26 −27 −33 −35
CQ/MHz −6.9 −7.1 −7.4 −7.0 −6.2
ηQ 0.91 0.15 0.16 0.36 0.65

aTo convert the computed magnetic shielding values into chemical shifts, the following σref values were used:
1H, 29.0; 13C, 170.4; 17O, 287 ppm.

The uncertainties in experimental results are δiso(
1H), ±0.1 ppm; δiso(

13C), ±0.1 ppm; δiso(
17O), ±2 ppm; δii(

17O), ±10 ppm; CQ(
2H), ±5 kHz;

CQ(
17O), ± 0.1 MHz. bThe sign of CQ(

17O) was assumed to be the same as that of the computed one. cEqual populations were assumed between A
and B. The full chemical shift or electric-field gradient tensors were first averaged in the Cartesian coordinate system and then diagonalized to yield
the averaged principal tensor components.
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shift ranges for 17O and 13C nuclei. For example, if we use the
ratio of ⟨1/r3⟩2p between O and C atoms as a measure of the
chemical shift range, as demonstrated by Jameson and
Gutowsky,47 ⟨1/r3⟩2p(O)/⟨1/r3⟩2p(C) is only 3.5.48 This
illustrates the extraordinary sensitivity of 17O NMR to the
hydrogen bonding. Of course, it is the oxygen that is involved
in the H-bond, whereas the carbon is more of a spectator. The
enhanced sensitivity of 17O NMR over 13C NMR was
previously reported for both hydrogen bonding and ion−
carbonyl interactions.49 We note that the CQ values appear to
be very similar for the two oxygen atoms in each of the two
compounds.
The observed 17O NMR parameters for 1 and 2 are

drastically different from those expected for isolated keto and
enol functional groups. For example, Zhu et al. reported that
the keto oxygen atom in sodium pyruvate has δiso = 543 ppm
and CQ = +10.8 MHz.50 Whereas there is no solid-state 17O
NMR study of the enol functional group in the literature, the
phenolic oxygen can be considered to be a close analogue. Zhu
et al. reported that the phenolic oxygen in L-tyrosine displays
δiso = 81 ppm and CQ = −8.5 MHz.51 As expected, the 17O
NMR parameters observed for 1,3-diketones lie somewhere in
between those for isolated keto and enol functional groups
(vide infra).
To fully characterize the 17O CS tensors in 1 and 2, we

obtained solid-state 17O NMR spectra under the static
condition at two magnetic fields, 14.1 and 21.1 T. As seen
from Figure 2, the static spectra obtained at the two fields can
be simultaneously fitted using the same set of parameters and
the agreement between the experimental and simulated spectra
is reasonable. From this kind of spectral analysis, one can
extract not only the principal components of the 17O CS tensor
but also the relative orientation between the CS and QC
tensors in the molecular frame of reference.52 The results for

the 17O CS tensor components for 1 and 2 are reported in
Table 1. The two oxygen atoms in each compound have
somewhat different 17O CS anisotropies. For example, the 17O
CS tensors for O1 and O2 in 1 have spans (δ11−δ33) of 405 and
527 ppm, respectively. These values can be compared to the
corresponding results reported for isolated keto (1060 ppm)
and phenol (77 ppm) functional groups. Once again, the 17O
CS anisotropies of 1,3-diketones can be considered to be the
“averaged” values between keto and phenol groups.
To gain more information about the O···H···O LBHBs in 1

and 2, we prepared two 2H-labeled samples. Figure 3 shows the
2H MAS spectra obtained for 2H-1 and 2H-2 at 294 K. Because,
in general, the enolic C−H moiety in a 1,3-diketone can
undergo proton/deuteron exchange, each 2H NMR spectrum
contains more than one signal in the isotropic region. The 2H
NMR spectrum of [2H]-2 is further complicated by the
presence of two additional phenolic groups, which are
crystallographically inequivalent in the solid state. Nonetheless,
as seen from Figure 3, the 2H NMR signals associated with the
O···D···O LBHBs are well separated from other signals,
allowing reliable determination of the 2H quadrupole
parameters for [2H]-1 and [2H]-2. We obtained the following
results for the O···D···O site: 1, CQ(

2H) = 101 ± 5 kHz, ηQ =
0.53 ± 0.05; 2, CQ(

2H) = 100 ± 5 kHz, ηQ = 0.53 ± 0.05. For
1, Brown et al. reported a 2H NQR study where they obtained
CQ(

2H) = 115.3(13) kHz and ηQ = 0.26(4) at 300 K.53

Whereas our CQ(
2H) value is slightly smaller than their value,

the value of ηQ is significantly different from theirs. Harbison et
al. also used solid-state 2H NMR to examine 1 and reported a
CQ value of 104 kHz at 300 K;54 however, they did not report
the ηQ value. Whereas it is unclear as to the origin of the
discrepancy between our 2H NMR data and those reported by
Brown et al., our solid sample of [2H]-1 produces a 13C CP/
MAS spectrum that is nearly identical to that from both the
natural abundance and 17O-labeled samples of 1. These data
strongly indicate that all our solid samples of 1 are for the most
stable orthorhombic polymorph (I).23 The magnitudes of
CQ(

2H) found for 1 and 2 seem to lie between two extremes:
one being around 50−80 kHz often found for strongly
hydrogen-bonded systems (e.g., KH maleate) and the other
being around 160−200 kHz for regular C−O−D moieties
involving weak HBs.55 This trend is also parallel to that in the
1H chemical shifts for 1 and 2. It is also interesting to note that,
for 1, CQ(

2H) exhibits a very weak negative temperature
dependence (−0.020 kHz/K),54 which is in contrast to those
found for very short HBs (e.g., KH maleate). For 2, we found
that the 2H NMR spectra obtained in the temperature range
between 293 and 360 K are virtually identical, suggesting that
CQ(

2H) is rather insensitive to temperature. These results
suggest that the hydrogen bonding interactions in 1 and 2 are
distinct from those seen in either very short or regular HBs.

3.2. Evaluation of Various Structural Models and
Hydrogen Bonding Potential Energy Surfaces (PESs). To
better understand the observed NMR parameters, especially the
17O NMR tensors, we performed quantum chemical calcu-
lations utilizing the CASTEP code, which is based on a DFT
approach and employs a plane-wave basis set for computing
various properties of crystalline solids.42 In general, before one
carries out a plane-wave DFT computation for NMR
parameters, it is important to evaluate various structural
models. That is, whether one should use the crystal structure
reported from either X-ray or neutron diffraction studies or

Figure 2. Experimental (black trace) and simulated (red trace) static
17O NMR spectra of (a) [17O2]-1 and (b) [17O2]-2 at two magnetic
fields. The NMR tensor parameters used in the simulations are given
in Table 1. The relative orientations between the 17O QC and CS
tensors are 1(O1), α = 8 ± 5, β = 86 ± 5, γ = 0 ± 5°, 1(O2), α = 0 ±
5, β = 82 ± 5, γ = 90 ± 5°; 2(O1), α = 0 ± 5, β = 80 ± 5, γ = 0 ± 5°,
2(O2), α = 0 ± 5, β = 80 ± 5, γ = 90 ± 5°.
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whether one should perform a full geometry optimization.56

This step is particularly important for 1,3-diketones, such as 1
and 2, as the proton location in these systems is often not very
well defined from diffraction studies, as mentioned earlier.
Here, starting from the best crystal structures available for 1
and 2,19,35 we evaluated the following three structural models.
In model A, H1 is directly bonded to O1, while performing
geometry optimization (i.e., O1−H1···O2). As seen from
Scheme 2, in this model, the protonated enol oxygen (O1) is
on the side of the half molecule that is twisted out of the plane
of the cis-keto−enol core (H1−O1−C1−C2−C3−O2). In
model B, H1 is directly bonded to O2 while performing
geometry optimization (i.e., O1···H1−O2). Now the proto-
nated enol oxygen (O2) is on the side of the half molecule that
is co-planar with the cis-keto−enol core. The plane-wave DFT
calculations suggest that both A and B represent local energy
minima. Model AB was obtained as the true transition state
connecting models A and B. For 1, the O1···O2 distances for
models A, AB, and B were found to be 2.402, 2.403, and 2.405
Å, respectively. For 2, the variations in the O1···O2 distances
among the three models are slightly larger (2.430, 2.442, and
2.467 Å for A, AB, and B, respectively). These results appear to
be different from those reported for acac in the gas phase for
which the O···O distance in the C2v transition-state structure
(2.372 Å) is significantly shorter than that in the Cs ground-
state structure (2.575 Å).17 We speculate that two factors may
be in play here. First, the barrier heights in 1 (1.1 kJ mol−1) and
2 (5.3 kJ mol−1) are significantly smaller than those seen in acac
(15.3 kJ mol−1). Thus, it is perhaps reasonable to expect a
diminishing difference between the ground and transition states
in 1 and 2. Second, the crystal packing in 1 and 2 may impose
additional restrictions for the degrees of freedom available for
the cis-keto−enol core as compared to those available for

isolated molecules of acac in the gas phase. The other structural

details around the intramolecular HBs and relative energy

values for the three models are shown in Figure 4. Immediately,

one can see that the computed energy barriers for proton

Figure 3. Observed and simulated 2H MAS spectra of (a) [2H]-1 and (b) [2H]-2 at 294 K. The isotropic peaks are shown in insets. The signals
associated with the O···D···O LBHBs are shown in red. In (a), the signal from residual methonol-d4 is marked by *. The sample spinning frequency
was (a) 3.0 and (b) 5.0 kHz.

Figure 4. Selected structural parameters of the cis-keto−enol cores and
relative energy values of models A, AB, and B for (a) 1 and (b) 2.
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transfer in 1 and 2 are quite small. In addition, our plane-wave
DFT calculations suggest that model A is the global ground
state for 1, which is in agreement with the crystal structure of
119 and the results from a similar DFT calculation by Deringer
et al.57 Likewise, the calculations for 2 suggest that A is also
more stable, but in this case the difference between A and B is
greater, 4.7 kJ mol−1. This is different from that reported in the
crystal structure of 2 by Parimita et al.28 They suggested that
the enolic proton is closer to O2 than to O1, which resembles
more than that seen in model B. Close inspection of the crystal
structure of 2 reveals the presence of an intermolecular HB
between O2 and the phenolic group O4−H, as illustrated in
Figure 5. We speculate that the HB network of a keto oxygen

(O2) simultaneously accepting two HBs (as in model A) may
be slightly preferred over an enol group (O2−H1), being both
a HB donor and an acceptor (as in model B). Similar situations
were previously seen in salicylic acid crystals58 and in a MeOH
solution of dibenzoylmethane.59 Of course, this conclusion is
based entirely on the energies calculated using the plane-wave
DFT methodology described in Section 2.3. Further inves-
tigations are required to clarify this picture with certainty.
Now given the fact that plane-wave DFT computations

predict shallow energy barriers for proton transfer in both 1
and 2, a fundamental question is whether H1 should be viewed
as being bonded to either O1 or O2 or being shared between
O1 and O2. It is well known that the probability density
distribution of the proton depends critically on the shape of the
PES. For this reason, before we present a detailed analysis of
the computed NMR parameters from the three structural
models, we wish to gain some insights into the PES in 1 and 2.
Whereas we recognize that the O1···H1···O2 HBs in 1 and 2
are far from being linear (the O1−H1−O2 angles being
<160°), it is still instructive as a first step to reduce this
problem to a simple one-dimensional (1D) model where the
HB is assumed to be linear. Figure 6 shows such simplified 1D
potential energy curves. The 1D potential energy curves were
modeled with polynomial functions, each passing the three
stationary points obtained from CASTEP calculations for the
aforementioned three models. With these potential energy
curves, we solved the 1D Schrödinger equation using the
Numerov method60 and obtained the 1D nuclear wave-
functions for both ground and excited states. As seen from
Figure 6, the zero-point energy is indeed comparable to the
barrier for proton transfer in both 1 and 2, entirely consistent

with the notion of LBHB formation. It is also interesting to
note some subtle differences between 1 and 2. In 1, the barrier
is slightly below the zero-point energy, leading to the situation
where the most probable proton position is centered between
O1 and O2. In 2, two different features of the potential energy
curve result in a different proton probability distribution. One is
the slightly higher energy barrier for proton transfer and the
other is the asymmetry between the two local energy minima.
Now the proton is significantly shifted toward O1. The smaller
energy barrier in 1 is probably because the distance between
O1 and O2 in 1 (2.435 Å) is slightly less than that in 2 (2.455
Å). Interestingly, the potential curves shown in Figure 6 are in
agreement with what Gilli et al. concluded about the hydrogen
bonding in 1, which they classified as having a weakly
asymmetric double minimum with the ZPE greater than the
barrier.10 However, we should also note that the 1D potential
curves shown in Figure 6 depend critically on the accuracy of
the computed electronic energies in the plane-wave DFT
calculations and that, given the assumptions used here, these
results are intended only to provide a qualitative description of
the nature of the problem.

3.3. Quantum Chemical Calculations of NMR Param-
eters. In the previous section, we discussed the three structural
models for 1 and 2. Now we report the computed NMR
parameters for these models. The results are also summarized
in Table 1, where we also showed the results from another

Figure 5. Two symmetry-related molecules in the crystal lattice of
curcumin (2) (model A). Both intra- and intermolecular hydrogen
bonds and their respective distances are shown.

Figure 6. 1D adiabatic potential energy curves for proton transfer and
the ground state nuclear probability distributions (|Ψ|2) for simplified
linear HB models to mimic (a) 1 and (b) 2. The proton displacement
(x) is defined as the difference between dO1H1 and dH1O2. When x = 0,
the proton is at the midpoint between O1 and O2. The 1D potential
energy curves were generated with the following polynomial functions:
(a) y = 7239.092x4 + 160.464x3 − 172.415x2 − 1.795x + 1.088; (b) y =
3928.789x4 + 230.807x3 − 210.745x2 + 7.521x + 5.340. The data
points in red mark the positions of models A, AB, and B obtained from
CASTEP calculations. The energy values for the ground (v = 0) and
first excited (v = 1) states are: (a) 6.0 and 21.3; (b) 7.3 and 18.0 kJ
mol−1.
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model where the NMR parameters from models A and B are
averaged, as if the proton can take two positions (A and B) with
equal populations; thus, this model is denoted as model ⟨A +
B⟩. In principle, the “averaging” should take place along the
entire 1D nuclear wavefunction as shown in Figure 6. However,
in the absence of detailed information about NMR parameters
at each point of the nuclear wavefunction, we may use model
⟨A + B⟩ as the simplest way of examining the effect of proton
probability distribution. It is important to point out that, to
“average” the 17O NMR parameters between A and B, one must
consider the orientations of the tensor components in the
molecular frame of reference. For this reason, the 17O NMR
tensor orientations are depicted in Figure 7.

A careful comparison between the experimental and
computational solid-state (1H, 13C, 17O) NMR results, shown
in Table 1 allowed us to draw the following conclusions. First, it
is quite clear that neither model A nor B produces NMR
parameters that are in satisfactory agreement with the
experimental values. This is particularly true for the 17O CS
tensor components, as illustrated in Figure 8. Second, overall
models AB and ⟨A + B⟩ produce very similar NMR parameters
that are in reasonable agreement with the experimental ones;
see also Figure 8. However, we should point out that, although
it may be difficult to differentiate between models AB and ⟨A +
B⟩, two pieces of evidence point to the direction that favors
model ⟨A + B⟩ over model AB. We note that, when the proton
is near the midpoint between O1 and O2 as is the case in
model AB, the 1H is considerably less shielded (20.2 ppm in 1
and 19.4 ppm in 2) than those seen in model ⟨A + B⟩ (19.0
ppm in 1 and 17.1 ppm in 2). The former situation is similar to
that observed for potassium hydrogen maleate, δ(1H) = 20.9

ppm,61 where the proton has the greatest probability at the
midpoint between the two oxygen atoms.62−64 Another
observation is that the relative orientation between the 17O
QC and CS tensors (O1, α = 0, β = 90, γ = 90°; O2, α = 0, β =
90, γ = 0°) is in better agreement with what model ⟨A + B⟩
predicts (O1, α = 0, β = 90, γ = 90°; O2, α = 0, β = 90, γ = 0°)
than that in model AB (O1 and O2, α = 0, β = 90, γ = 30°).
Furthermore, as mentioned earlier, model ⟨A + B⟩ considers
the averaging effect between only two points along the nuclear
wavefunctions. It is entirely possible that a correct averaging
over the entire nuclear wavefunction shown in Figure 6 would
produce improved agreement between calculated and exper-
imental NMR parameters.
The 2H NMR data deserve further comments. As seen from

Table 1, the experimental CQ(
2H) values for 1 and 2 are

substantially different from the computed ones regardless of the
model used. Several factors may contribute to the failure for the
plane-wave DFT computation to reproduce the experimental
2H quadrupole parameters. First, the 2H-labeled compounds
may have slightly different equilibrium structural features (such
as O···O distances) from the protonated compound. Even a
subtle change in structure will have an impact on the hydrogen
bonding potential. Second, it may also be necessary to consider
the probability distribution of the deuteron in the O···D···O
HB to be able to perform averaging over the entire nuclear
wavefunction. It is conceivable that the electric-field gradient at
the deuteron is an exquisitely sensitive probe of the nuclear
wavefunction. Finally, a close inspection of data shown in Table
1 reveals that model A seems to produce the closest results for
the 2H quadrupole parameters for 2. It is entirely possible that
because of the asymmetric feature of the hydrogen bonding
potential (as shown in Figure 6), the deuteron wavefunction is
more localized on one side of the HB. This situation would be
better captured in model A.

3.4. Plane-Wave DFT MD Simulations. Although the 1D
potential energy curves for proton transfer discussed in the
previous section provide useful insights into the nature of the
proton probability distribution in 1 and 2, it is nonetheless an
oversimplified model. To better understand the 3D PES in the
LBHBs in 1 and 2, we performed ab initio MD calculations,

Figure 7. Illustrations of the orientations of the 17O QC and CS tensor
components in the molecular frame of reference for models A, AB, B,
and ⟨A + B⟩ in 1 and 2. In model ⟨A + B⟩, as the averaged 17O CS
tensors are nearly axially symmetric, two possible relative orientations
between the CS and QC are shown. Left: O1, α = 0, β = 90, γ = 90°;
O2, α = 0, β = 90, γ = 0°. Right, O1, α = 0, β = 90, γ = 0°; O2, α = 0, β
= 90, γ = 90°. See the text for discussion.

Figure 8. Comparison between the experimental and computed 17O
CS tensor components for 1 and 2.
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employing the CASTEP plane-wave DFT code.42 It is
important to mention that, in these classic ab initio MD
simulations, the proton is treated as a classic particle without
including nuclear quantum effects. Further details of the MD
calculations are given in Section 2. In both 1 and 2, we were
particularly interested in the geometry of the intramolecular HB
containing O1, H1, and O2 atoms.
Figure 9 shows the three-dimensional probability density

distributions of the H1 proton in 1 and 2. These pictures were
generated by transforming the proton position at each point of
the MD trajectory into a center-of-mass coordinate system as
defined in Figure 9. Remarkably, although these plots represent
probability density distributions of a classical ab initio MD
trajectory, they can to some degree be understood as the
visualization of the probability density of the quantum
mechanical wavefunction of the H1 proton (|Ψ|2) in the
asymmetric LBHB potential. This analogy could be further
improved by performing path-integral MD calculations18,65,66

but those are significantly more costly in terms of computa-
tional time. Nonetheless, the most important finding from the
ab initio MD simulations is that, in both 1 and 2, the proton
probability distribution is significantly spread out between the
O1 and O2 atoms. On the basis of these simulations, although
the proton probability distribution is more or less symmetric
between O1 and O2 in 1, it is clearly asymmetric in 2, having
the proton shifting toward O1. The asymmetric proton
probability distribution in 2 is intrinsically related to the

asymmetric potential energy curve discussed earlier and the
exact shape of the distribution is critically linked to the accuracy
of the current plane-wave DFT calculations. One can see from
Figure 9 that the proton probability distribution occurs
essentially along the direction of the LBHB. For example, the
proton probability distribution covers a range of ∼0.6 Å along
the x direction, whereas along both the y and z directions, they
are confined to a range of ∼0.2 Å. This is because the PES for
proton motion is relatively flat only along the LBHB direction.
The probability function determined from classical MD for
both 1 and 2 displays a local minimum for the proton being in
the middle of O1 and O2 (defined as model AB in the previous
section). This minimum was not seen in the quantum
mechanical probability distribution shown in Figure 6. Two
important factors may contribute to this discrepancy. First, the
1D proton probability distributions are obtained from over-
simplified linear HBs. The full dimensionality of the MD
simulations for 1 and 2, however, takes into consideration
cooperative action of all atoms within the molecule. Second, in
classical MD, the proton can take all values of the hydrogen
bonding potential, whereas in the quantum mechanical
description, the proton is restricted to the discrete potential
energy states. Hence, in the quantum mechanical picture, the
probability function is smeared, leading to a maximum in the
middle of O1 and O2 for 1 and a maximum shifted toward O1
for 2. Performing path-integral MD calculations is expected to
lead to results that would resemble those shown in the 1D

Figure 9. Probability density distributions of H1 in 1 (a) and 2 (b). Each point in the MD trajectory is transformed into the respective coordinate
system shown in the inset. The origin of this coordinate system is at the center of mass of the O1 and O2 atoms, and the O1−O2−C2 plane forms
the x−y plane. The H1 positions in models A, AB, and B are also marked by “+” (in black) for comparison. The top row shows the integrated
projection of the probability density distribution along the y axis and z axis as a function of the x-coordinate.
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models. Kawashima and Tachikawa have compared classical
MD and path-integral MD for the case of hydrogen maleate.65

Classical MD showed localization of the proton on either
oxygen atom, whereas path-integral MD showed localization in
the middle of the two oxygens.65 As a result, the probability
distribution obtained by classical MD reflects more of the
hydrogen bonding potential than the quantum mechanical
distribution function of the proton.
In addition to the general visualization displayed in Figure 9,

we can also obtain detailed information about the LBHBs in 1
and 2 from the MD trajectories. Figure 10 shows the

probability distributions of the O1−O2 distance, the O1−H1
distance, the O2−H1 distance, and the O1−H1−O2 bond
angle during the MD trajectory for the two compounds. One
can see from Figure 10 that the probability distributions for the
O1−O2 distance and the O1−H1−O2 bond angle are very
similar in 1 and 2. For example, the values with the highest
probability of the O1−O2 distance and the O1−H1−O2 bond
angle are 2.43 Å and 156°, respectively, for both compounds.
The proton delocalization can also be further quantified by
examining the probability distributions of the O1−H1 and
O2−H1 distances. In 1, the distributions of both distances
show an overall maximum at 1.07 Å, but the O1−H1 peak is
slightly higher than the O2−H1 peak (Figure 10b,c). The
situation is very different in 2 where the O1−H1 peak (dO1H1 =
1.06 Å) is significantly higher than the O2−H1 peak (dO2H1 =
1.09 Å); see Figure 10f,g. This indicates that the asymmetry in
the LBHB potential in 2 is significantly greater as illustrated in
Figure 6, leading to a higher probability density of the H1
proton close to the O1 oxygen site.
3.5. General Discussion on Proton Probability

Distribution in LBHBs. It is well established that the shape
of a HB potential depends critically on the distance between
the HB donor and acceptor atoms.12−14 For neutral OHO HBs,
three general types of HB potentials are (1) single-well
potential (or double-well with the barrier height significantly
below the ZPE), (2) LBHB, and (3) double-well potential with
the barrier height being higher than the ZPE. As we discussed
in the previous section, the proton probability distributions
shown in Figure 9 should be treated as a general feature of all
LBHBs. If we use this feature as a strict criterion for LBHB

formation, it is clear that not all 1,3-diketones would form an
LBHB. For example, in the gas phase, the cis-keto−enol
tautomer of acac exhibits an intramolecular HB with an O···O
distance of 2.592 Å, as determined from a recent electron
diffraction study.16 A high-level quantum chemical calculation
suggests that acac has a double-well HB potential with a barrier
height of 15.27 kJ mol−1.17 In this case, because the barrier
height is greater than the ZPE by 8.26 kJ mol−1, the proton
should be considered to be dynamically averaged through
quantum tunneling between the two cis-keto−enol tautomers
(i.e., O−H···O ⇔ O···H−O). In each tautomer, the proton is
directly bonded to one oxygen atom. Indeed, an early gas-phase
1H NMR study showed that the proton involved in the
intramolecular HB in acac has a chemical shift of 15.2 ppm.6

Thus, we should distinguish between the HB in acac and those
seen in 1 and 2 in the solid state. We also know that when the
proton is in the middle of a single-well potential, its 1H
chemical shift is usually about 19−20 ppm. Therefore, it seems
that 1 and 2 are indeed good examples of LBHB formation. In
some aspects, the LBHB in 2 exhibits similarities with that in
benzoylacetone for which δ(1H) = 16.2 ppm and rOO = 2.502
Å.20,67 The Carr−Parrinello MD simulations of benzoylacetone
in the solid state showed a 1D free-energy profile for proton
transfer similar to that seen for 2 (Figure 6b).68 However, the
authors also showed that the inclusion of the nuclear quantum
effect in their path-integral MD simulations for benzoylacetone
significantly reduces the barrier height, resulting in a slightly
asymmetric single-minimum potential. Here, it is worth
pointing out that one should not confuse this single-minimum
potential in benzoylacetone with that seen in hydrogen maleate,
another well-known system having a HB with a single-
minimum potential. Because the hydrogen bonding interactions
in these two compounds are clearly different, as evidenced by
the very different 1H chemical shifts in the two cases (20.9 ppm
in hydrogen maleate vs 16.2 ppm in benzoylacetone), an
oversimplified description whether a H-bond has either a
single- or double-minimum potential is insufficient to capture
the details of the H-bond. For example, the detailed 2D free-
energy landscape obtained for benzoylacetone from the path-
integral MD simulation is distinctly different from that for
hydrogen maleate from similar MD simulations.65 Thus, one
must examine the detailed 3D proton probability distribution in
each case.

4. CONCLUSIONS
In this work, we reported solid-state 1H, 2H, 13C, and 17O NMR
results for two 1,3-diketones where intramolecular LBHBs are
present. Combining experimental solid-state NMR results with
ab initio MD simulations has allowed us to obtain a detailed
picture about the proton probability distribution across the
LBHBs in these compounds. The origin of such a proton
probability distribution is the nuclear quantum effect. We
showed that, although the ab initio MD simulation method-
ology employed in this study treats the proton in question as a
classic particle, the flat PES across the LBHBs in 1 and 2 allows
sufficient sampling in the configuration space, thus mapping out
a proton probability density distribution that qualitatively
resembles the nuclear wavefunction for zero-point motion.
Further improvement of such distributions can be achieved by
performing ab initio path-integral MD simulations. Our results
suggest that proton probability distribution is an intrinsic
feature of an LBHB and should form the basis for under-
standing different (sometimes contradicting) results obtained

Figure 10. Probability distributions of the O1−O2 distances (a, e),
O1−H1 distances (b, f), O2−H1 distances (c, g), and the O1−H1−
O2 bond angle (d, h) from ab initio MD calculations in 1 (a−d) and 2
(e−h).
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by complementary experimental techniques such as solid-state
NMR, X-ray or neutron diffraction, IR, elastic neutron
scattering, and so forth. It is also important to emphasize
that, as the shape of the HB potential depends critically on the
HB distance, care must be exercised when comparing
experimental and computational results obtained from different
phases (gas, liquid, and solid) and under different experimental
conditions (e.g., temperature, pressure, etc.).
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