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Abstract 

A two-dimensional potential energy surface was utilized to treat the proton transfer in 
acetylacetone (AA) and its α-halo derivatives: α-fluoro- (FAA), α-chloro- (ClAA), and α-bromo-
acetylacetone (BrAA). This potential energy function, which couples O−H stretching and in-
plane bending vibrations, was acquired through ab initio calculations for a fixed skeleton 
geometry. The resulting potential energy surfaces were then used to calculate the proton 
tunneling frequencies and proton transfer barrier heights. The barrier heights (the energy 
difference between the saddle point and the minima) calculated at the MP2/6-31G(2d,p) level of 
theory for proton transfers in AA, FAA, ClAA, and BrAA are 7.2, 9.4, 6.3, and 5.9 kcal/mol, 
respectively. The theoretically predicted proton transfer barrier heights exhibit excellent linear 
correlations with geometrical, electronic structural, and topological parameters evaluated within 
the atoms-in-molecule (AIM) and natural bond orbital (NBO) analyses. 
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1. Introduction 

β-Diketones constitute a class of organic compounds that have at least one α-hydrogen 

atom enable them to undergo keto-enol tautomerization. The cis-enol forms of β-diketones (Fig. 

1) are stabilized by intramolecular hydrogen bond (IHB), whose strength is further enhanced by 

π-electron delocalization in the chelated ring [1]. This effect was named by Gilli et al. [1] as 

resonance assisted hydrogen bond. 

IHB is the main factor for the high content of the enols in most β-diketone samples. In 

the case of symmetric β-diketones (i.e., R1 = R2, R4 = H or D in Fig. 1), there should be two 

possibilities for the IHB proton movement in the cis-enols. The IHB proton may be localized in 

the mid-point between the two O atoms (O1 and O5), with a symmetric single-minimum 

potential function (Fig. 1b), or being near one of the two O atoms, with a symmetric double-

minimum potential function (Fig. 1a). The IHB proton transfer in the enol form of β-diketones 

has been extensively investigated from both experimental [2−21] and theoretical [22−34] points 

of view.  

Among the two simplest members of this class of compounds, malonaldehyde (R1 = R2 = 

R3 = R4 = H in Fig. 1) and acetylacetone (R1 = R2 = CH3, R3 = R4 = H in Fig. 1), acetylacetone 

(AA) offers more intriguing interplay between the IHB proton transfer and the conformations of 

the two terminal methyl groups. Take the ground state of the Cs conformation of AA (Fig. 1a) for 

example, the methyl group (R1) on the O1−H6 side is in the gauche position with respect to the 

sp3 O1 atom whereas the methyl group (R2) on the C4=O5 side is in the eclipsed position with 

respect to the sp2 O5 atom. During the H6 transfer through the IHB setup (Fig. 1b), these two 

methyl groups must simultaneously rotate into an identical eclipsed position through a C2v 

structure (Fig. 1b) to achieve the minimum energy. Based on such an understanding, Rios and 

Rodríguez investigated the IHB proton transfer in AA and obtained a double minimum potential 

function with a barrier height of about 7 kcal/mol [22]. On the other hand, ab initio calculations 

performed by Matanović et al. concluded a barrier of only half the height, 3.4 kcal/mol, for the 

IHB proton transfer in AA [23]. Previous attempt to observe the tunneling frequency for AA in 

the gas, liquid, or solid state were not successful [9,10]. It becomes desirable to appreciate 

whether such a discrepancy can be attributed to an asymmetric structure due to different 

conformations of the two terminal methyl groups in the AA molecule during the IHB proton 

transfer. 
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The structure and the IHB of AA have been subjected to many theoretical [26−33] and 

experimental [9−23] investigations, but the most stable form between the C2v and Cs structures 

(Fig. 1) still remain unresolved. An early electron diffraction (ED) [15] and a later microwave 

investigations [21] have identified the C2v structure to be the dominate enol form of AA. 

However, many other investigations based on neutron [12] and X-ray crystallography [13,14], 

liquid NMR [19], gas phase ED [17,20], and vibrational spectroscopy [9−11] supported the Cs 

structure to be the dominate enol form of AA in the gas, liquid, and solid phases, in agreement 

with the results of almost all theoretical studies [26−33].  

For the simpler malonaldehyde (MA) system, experimental [2−5] and theoretical studies 

[24] all established that the IHB proton transfer follows a symmetric double-minimum potential 

with a proton tunneling frequency of about 22 cm−1. Tayyari et al. [24] applied two-dimensional 

symmetric double minimum potential for the hydrogen transfer in the bent IHB system and 

correctly obtained the proton tunneling frequencies of MA [24] and α-nitro-malonaldehyde 

(NO2-MA) [25]. Such a model was also successfully applied to the IHB of 6-hydroxy-2-

formylfulvene [34], a nearly linear hydrogen bonded system.  

Based upon our previous success on the MA system, we aimed our investigation to the 

bent IHB system in AA and its α-halo derivatives by applying a similar two-dimensional 

potential surface for the IHB proton transfer processes. The obtained proton tunneling frequency 

and potential barrier height in AA were compared with those in α-fluoro (FAA), α-chloro 

(ClAA), and α-bromo (BrAA) derivatives to shed light on the nature of the IHB and to resolve 

any inconsistent results previously reported for such systems. The nature of IHBs in these 

systems was further examined within natural bond orbital (NBO) and atoms-in-molecules (AIM) 

analyses.  

 

2. Computational Procedure 
 

All ab initio calculations in this work were performed using the Gaussian 09W Package 

[35]. Since MP2 [36,37] was already demonstrated to produce superior theoretical results [24], 

we have thus employed it again for this study. However, the 6-31G(d,p) basis set, which was 

employed in previous work, is not capable of modeling the IHB of the BrAA system involving 

the Br atom (more on this in Section 3.1 below). The geometry optimizations were thus 

performed at the MP2 level of theory using two larger basis sets, 6-31G(2d,p) and 6-31G(df,p), 
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with two different enhanced polarization schemes instead. To evaluate the validity of theoretical 

results, similar calculations were also performed on MA and NO2-MA for comparison purpose. 

To explore the two-dimensional proton transfer potential surface, the O1−H6 distance in 

AA and its α-halo derivatives was varied from 0.90 to 1.18 Å (in steps of 0.01 Å) and the 

O1−H6···O5 angle was scanned from 0 to 28 (in steps of 2); the corresponding energies 

were calculated with all other geometrical parameters fixed at their optimized equilibrium values 

of the ground state. More specifically, to estimate the energy difference between the gauche and 

eclipsed conformations during proton movement, the O1−H6···O5 angle was subsequently 

optimized while the O1−H6 distance was increased from 0.90 to 1.30 Å (in steps of 0.05 Å) with 

all other structural parameters frozen at their equilibrium positions. This scan gives the minimum 

potential energy in the two-dimensional (constrained) potential surface along the path from the 

minima to the saddle point. Such a scheme has been successfully applied before for a wide range 

of IHB systems with excellent agreement with experimental results [24,25,34]. 

The calculated potential energy surfaces were then fitted to the following anharmonic 

two-dimensional potential function: 

ܸ ൌ ଵ

ଶ
ሺܭ௦ܺଶ ൅ ௦௦ܺସܭ ൅ ௕ܻଶܭ ൅  ,  (1)		௦௦௕ܺଶܻሻܭ

where Ks and Kss represent the quadratic and quartic force constants in the X (stretching) 

direction, respectively, Kb represents the quadratic force constant in the Y (bending) direction, 

and Kssb represents the interaction between stretching and bending modes. The saddle point (i.e., 

the transition state) of the IHB proton transfer process happens at X = Y = 0 and V = 0. The 

energies up to 2500 cm−1 from the bottom of potential wells (the minimum positions) were 

included in calculations. 

The barrier heights were calculated as follows. At the minimum positions of the IHB 

proton transfer process, Xm and Ym, we have  

డ௏

డ௑
ൌ 0 ൌ ௦ܺ௠ܭ ൅ ௦௦ܺ௠ଷܭ2 ൅ ௦௦௕ܺ௠ܭ ௠ܻ  (2) 

and 
డ௏

డ௒
ൌ 0 ൌ ௕ܭ ௠ܻ ൅ ଵ

ଶ
௦௦௕ܺ௠ଶܭ 		, (3) 

 
which immediately yield 
 

ܺ௠ଶ ൌ െ2ܭ௕ ௠ܻ/ܭ௦௦௕  (4) 
 
and  
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 ௠ܻ ൌ ௕ܭ௦௦ܭ௦௦௕/ሺ4ܭ௦ܭ െ ௦௦௕ܭ
ଶ ሻ		. (5) 

 
Consequently, the barrier height (the energy difference between the saddle point and the 
minima), EBH, can be calculated readily, 
 

୆ୌܧ ൌ െ ଵ

ଶ
ሺܭ௦ܺ௠ଶ ൅ ௦௦ܺ௠ସܭ ൅ ௕ܭ ௠ܻ

ଶ ൅ ௦௦௕ܺ௠ଶܭ ௠ܻሻ	.   (6) 

 
Concurrently, the barrier height measured at the midpoint between the two oxygen atoms (O1 

and O5) from the minima, E′BH, is slightly higher than EBH by the amount of  
ଵ

ଶ
௕ܭ ௠ܻ

ଶ ,  

୆ୌܧ
ᇱ ൌ െ ଵ

ଶ
ሺܭ௦ܺ௠ଶ ൅ ௦௦ܺ௠ସܭ ൅ ௦௦௕ܺ௠ଶܭ ௠ܻሻ	.  (7) 

Physically, E′BH is the barrier height between the two minima if the O1−H6···O5 system is a 

linear IHB (i.e., tunneling occurs directly between the two minima). In reality, though, the 

effective barrier height lies somewhere between EBH and E′BH.  

For the purpose of brevity, the readers are directed to our previously publications 

[24,25,34] for a full explanation on the detailed procedure of obtaining the energy levels and 

tunneling frequencies. 

The nature of the IHBs within AA and its α-halo derivatives can also been studied with 

the AIM theory [38], because the electronic density at the bond critical point (CP), ߩ௖ሺܚሻ, and its 

Laplacian, ׏ଶߩ௖ሺܚሻ, are useful parameters for the estimation of the relative strength of hydrogen 

bonding [39]. According to Espinosa and Molins [40], hydrogen bond strength (EHB), is equal to 

one-half of the local potential energy density ఘܸሺܚሻ at the hydrogen bond CP: 

ୌ୆ܧ ൌ െ ଵ

ଶ ఘܸሺܚሻ		.  (8) 

 

3. Results and Discussion 
 
3.1. Potential Surfaces 

Among the theoretical results of selected potential energy surface and structural 

parameters, proton transfer barrier heights, and proton tunneling frequencies depicted in Table 1, 

the magnitudes of the proton transfer barrier heights, EBH and E′BH, directly signify the strength 

of the IHB: the lower the proton transfer barriers, the easier the proton transfer, and thus the 

stronger the IHB.  
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First, the positive values of EBH and E′BH clearly verify that the Cs structure (Fig. 1a) is 

the ground state for AA and its α-halo derivatives, consistent to nearly all previous experimental 

and theoretical conclusions [9−14,17,19,20,26−33], except for only two experiments [15,21]. 

Second, calculations with the 6-31G(d,p) basis set predicted a weaker IHB in BrAA than 

in ClAA, which is opposite to the results with the 6-31G(2d,p) and 6-31G(df,p) basis sets. In a 

well-established NMR experiment [41], the chemical shifts of the enolated proton in ClAA and 

BrAA were observed at 15.35 and 15.75 ppm, respectively, suggesting the IHB in BrAA to be 

considerably stronger than that in ClAA. We thus conclude that the 6-31G(d,p) basis set has 

some deficiency in modeling the BrAA and ClAA systems. 

On the other hand, calculations with the two other better basis sets, 6-31G(2d,p) and 6-

31G(df,p), produced very similar results for the proton transfer barrier heights and proton 

tunneling frequencies (see Table 1). This demonstates that a higher level of polarization in the 

Pople’s basis set, e.g., (2d,p) and (df,p), is critical for generating reliable results but offers very 

little difference once the basis-set enhancement in polarization goes beyond the (d,p) level.  

Furthermore, we can rely on the experimental data to gauge the quality of our theoretical 

results. For MA and its deuterated analogous D2MA (R3=R4=D in Fig. 1), the observed proton 

tunneling frequencies of the benchmark systems are 21.58 and 2.88 cm−1 [5], respectively. The 

corresponding values for NO2-MA and its deuterayed analogue are 35 ± 15 and 3.00 ± 0.02 cm−1 

[7], respectively. In all such cases, our theoretical predictions agree very well with the available 

experimental data [5,7], although the computational results based on the 6-31G(2d,p) basis set 

are slightly better than those of the 6-31G(df,p) basis set. Thereby, we will proceed forthcoming 

discussions mainly based upon the MP2/6-31G(2d,p) results (especially in the presentation of 

Figs. 2−4). 

According to our calculations with the 6-31G(2d,p) basis set, the predicted proton 

transfer barrier heights, EBH, for AA, BrAA, ClAA, FAA, NO2-MA, and MA are about 7.2, 5.9, 

6.3, 9.4, 7.7, and 8.7 kcal/mol, respectively. The proton tunneling frequencies for AA and its 

partially deuterated partner, D2AA, are estimated to be around 65 and 8 cm−1, respectively. In 

comparison, our calculated barrier height for AA is in excellent agreement with that predicated 

by Rios and Rodríguez [22], but is twice the magnitude of that by Matanović et al. [23]. Given 

that our modeling yields highly consistent results to previous extensive experimental and 

theoretical studies on MA and its derivatives [5,7,24,25], we thus have confidence in our 

theoretically predicted IHB proton transfer barrier heights for AA and D2AA. 
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Naturally, one might envision that the transition state of the IHB proton transfer process 

resembles the C2v structure shown in Fig. 1b. We hence searched for such a C2v transition state 

for MA and D2MA with all other geometrical parameters fully relaxed. Eventually, we indeed 

identified the C2v “transition state” but unfortunately with much lower barrier heights: EBH = 3.7 

kcal/mol and E′BH = 6.1 kcal/mol, very similar to the situation in AA encountered by Matanović 

et al. previously [23]. Moreover, with such small barriers, the proton tunneling frequencies for 

MA and D2MA were predicted to be over 120 and 25 cm−1, respectively, nearly 6 and 9 times 

bigger than the experimental values, 21.58 and 2.88 cm−1 [5]. Obviously, the IHB proton 

tunneling is an early, sudden quantum process without going through the classical C2v transition 

state. Such an understanding lends strong support to our two-dimensional potential energy 

surface model for the IHB proton transfer process, in which we only scanned the O1−H6 

distance and the O1−H6···O5 angle and kept all other geometrical parameters fixed at their 

optimized equilibrium values. 

 
3.2. Structural Parameters  

Selected structural parameters intimately related to the IHBs of AA, FAA, ClAA, BrAA, 

MA, and NO2-MA are also collected in Table 1. Our theoretical results with both basis sets 

clearly show that the O1···O5 and O5···H6 distances follow the trend: FAA > MA > NO2-MA > 

AA > ClAA > BrAA, exactly in an inverse correlation with the O1−H6 distance and the IHB 

strength as being consistently predicted by the proton transfer barrier heights, EBH and E′BH.  

In comparison with MA, the two methyl groups in AA exert extra steric and electron-

donating effects that strengthen the IHB in AA. Likewise, in ClAA and BrAA, the repulsion 

between the H atoms of the methyl groups and the lone pairs of electrons in the halogen atoms in 

turn increases the steric tension between the two methyl groups and the lone pairs of electrons on 

the O1 and O5 atoms. As a result, both ClAA and BrAA possess stronger IHB than AA does. 

To investigate the influence of the relative conformations of the two terminal methyl 

groups in AA on its IHB proton transfer process, we rotated both methyl groups into either 

staggered or eclipsed orientation to both O1 and O5 atoms. For these two conformations, we 

subsequently scanned the O1−H6 distance from 0.90 to 1.30 Å (to reach the C2v transition state) 

and optimized the corresponding O1−H6···O5 angle (among all structural parameters). From 

their energies (measured from the asymmetric ground state) plotted in Fig. 2a, we immediately 

Page 7 of 20 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



8 
 

found that for all points leading to the C2v transition state, any rotation of the two terminal 

methyl groups away from the asymmetric ground state must pay a penalty of higher energy.  

More specifically, simultaneously staggered methyl groups agitate the electron structure 

much more than concurrently eclipsed methyl groups do. As the system approaches the C2v 

transition state, the energy differences are smoothly shrinking to zero. Only at the C2v transition 

state, the energy gaps between all different conformations of the two terminal methyl groups 

vanish completely: the methyl groups can rotate freely. In combination with Section 3.2, we 

therefore can draw a convincing conclusion that our two-dimensional potential energy surface, 

despite for its simplicity, is adequate in modeling the IHB proton tunneling process even without 

incorporating the rotations of the two terminal methyl groups in the formulation explicitly. 

Figures 2b−2d exhibit excellent linear correlations between the IHB proton transfer 

barrier heights, EBH and E′BH, and the essential geometrical parameters of the IHB systems, the 

O1···O5, O5···H6, and O1−H6 distances. Such results suggest that the proton transfer barrier 

heights, EBH and E′BH, can be utilized for the characterization of the bent IHB systems, at least 

for the six molecules studied herein.  

Additionally, the linear correlations shown in Fig. 2b predict that the proton transfer 

barrier will disappear when RO1···O5 contracts to 2.38 Å, which corresponds to a hydrogen bond 

strength EHB ≈ 28 kcal/mol (see Section 3.4 for more details on EHB). Consistent results can also 

be derived from the linear correlations of EHB with RO5···H6 (Fig. 2c) and with RO1−H6 (Fig. 2d). 

 
3.3. NBO Analysis 

The Wiberg bond orders [42] of the O1−H6, O5···H6, and O1···O5 atom pairs and the 

natural charges on the H6, O1, and O5 three atoms predominantly involved in the IHB for AA 

and its derivatives are gathered in Table 2. Not surprisingly, the trend of the predicted proton 

transfer barrier heights (thus the opposite trend of the IHB strength) indeed correlate positively 

with the O1−H6 bond order (Fig. 3a) and negatively with the O5···H6 bond order (Fig. 3b). 

These results are consistent with the theoretical results discussed in Sections 3.1 and 3.2.  

Qualitatively, we expect that an increased IHB strength should enlarge the partial charge 

on O1, reduce the partial charges on O5 and H6, and raise the O1···O5 bond order. However, our 

theoretical results assembled in Table 2 reveal that the O1···O5 bond order and charges on O1, 

O5, and H6 are much less successful in quantifying the relative order of the IHB strength among 

the six molecules investigated here. Compared with the excellent correlations between the proton 
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transfer barrier heights, EBH and E′BH, and the O1−H6 (Fig. 3a) and O5···H6 (Fig. 3b) bond 

orders, there exists a very weak correlation between the barrier heights and the natural charge on 

the enol proton H6, QH6 (Fig. 3c). However, if the QH6 data points of FAA and NO2-MA are 

excluded from the linear fitting, the quality of the correlation between the barrier heights and QH6 

becomes greatly improved (Fig. 3d). Evidently, the extremely electronegative F atom in FAA 

and NO2 group in NO2-MA abnormally withdraw too much electron cloud from the H6 atom and 

diminish the usefulness of utilizing QH6 to ascertain the relative strength of the IHBs. 

 
3.4. AIM Analysis 

To further assess the IHB character, the topology of the electron density calculated at the 

MP2/6-31G(2d,p) and MP2/6-31G(df,p) levels of theory was diagnosed within the atoms-in-

molecules (AIM) analysis [40]. According to the AIM theory, the structural elements constituted 

a molecule are identified at the critical points of the electron density distribution, ߩ௖ሺܚሻ: atoms 

corresponding to local maxima, bonds and rings to saddle points, and cages to local minima. The 

sign of the Laplacian, ׏ଶ, of the electron density at a bond critical point implies whether the 

charge is concentrated, as in covalent bonds ׏ଶߩ௖ሺܚሻ ൏ 0, or depleted, as in ionic and hydrogen 

bonds ׏ଶߩ௖ሺܚሻ ൐ 0. Thus, the AIM theory provides another analytical tool for describing the 

nature of the IHBs in AA and its derivatives. 

At the hydrogen bond critical point, the calculated total electronic density, ߩ௖ሺܚሻ, the 

corresponding Laplacian, ׏ଶߩ௖ሺܚሻ, the hydrogen bond strength, EHB, the (negative) potential 

electron energy density, െ ఘܸሺܚሻ, the kinetic electron energy density, ܩఘሺܚሻ, and their ratio 

(GVR), െܩఘሺܚሻ/ ఘܸሺܚሻ, are displayed in Table 3. It is illuminating to know that for all six 

molecules studied in this work, their GVR values at the hydrogen bond critical points are less 

than one, unveiling a partially covalent character of the IHBs [43]. 

Also, in agreement with the above discussions in Sections 3.1−3.3, EHB estimated within 

the AIM analysis does indeed manifest strong linear correlations with the key geometrical 

parameters (i.e., RO1···O5, RO5···H6, and RO1−H6) and the proton transfer barrier heights (i.e., EBH 

and E′BH) of the IHB systems (Fig. 2).  

Given the fact that the proton transfer barrier heights, EBH and E′BH, possess excellent 

linear correlations with EHB (Fig. 2) and the AIM topological parameters (Fig. 4), ߩ௖ሺܚሻ and 

 ሻ, we therefore conclude that EBH and E′BH are accurate indicators of hydrogen bondܚ௖ሺߩଶ׏

strength for symmetric resonance assisted hydrogen bond systems. 
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4. Conclusion 
 

The geometries of AA, its α-halo derivatives, MA and NO2-MA were optimized at the 

MP2 level of theory with 6-31G(df,p) and 6-31G(2d,p) basis sets. Based on these calculations, 

two-dimensional symmetric double minimum potential energy surfaces were obtained for the 

bent IHB systems of the six molecules. The proton transfer barrier heights, EBH and E′BH, of 

these IHB systems were predicted to be within the ranges of 5.6−9.4 and 7.6−12.8 kcal/mol, 

respectively. The proton transfer barrier heights, EBH and E′BH, demonstrate excellent linear 

correlations with geometrical and AIM topological parameters. Computational results confirm 

that EBH and E′BH are effective descriptors for the IHBs within the symmetric hydrogen bonded 

systems.  
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Figure Captions 
 
Figure 1. Possible structures for cis-enol form of β-diketones and atom numbering system. 
 
Figure 2. (a) Molecular energies of AA (with respect to its ground-state energies) with both 

methyl groups either eclipsed (green hollow squares) or staggered (red spheres) to the 
O1 and O5 atoms for an increasing O1−H6 distance from 0.90 to 1.30 Å. Linear 
correlations between EBH (blue diamonds), E′BH (brown squares), and EHB (black 
triangles) and (b) O1···O5, (c) O5···H6, and (d) O1−H6 distances for the six 
molecules under investigation. All results are based on MP2/6-31G(2d,p) calculations. 

 
Figure 3. Linear correlations between the proton transfer barrier heights, EBH (diamonds) and 

E′BH (squares), and (a) the O1−H6 bond order (WO1−H6), (b) the O5···H6 bond order 
(WO5···H6), (c) the natural charge on the H6 atom (QH6), and (d) the natural charge on 
the H6 atom (QH6) excluding FAA (in red) and NO2-MA (in red). All results are based 
on MP2/6-31G(2d,p) calculations. 

 
Figure 4. Linear correlations between the proton transfer barrier heights, EBH (blue diamonds) 

and E′BH (brown squares), and (a) ߩ௖ሺܚሻ and (b) ׏ଶߩ௖ሺܚሻ. All results are based on 
MP2/6-31G(2d,p) calculations. 

 
 
 
 
 
Table Captions 
 
Table 1. Hydrogen bond structural parameters, proton transfer barrier heights, and proton 

tunneling frequencies with the 6-31G(2d,p) and 6-31G(df,p) basis sets. 
 
Table 2. Wiberg bond orders (W) and natural charges (Q) for the electronic structure of the IHB 

involving the H6, O1 and O5 atoms with the 6-31G(2d,p) and 6-31G(df,p) basis sets. 
 
Table 3. Calculated topological parameters at the hydrogen bond critical point within the AIM 

analysis with the 6-31G(2d,p) and 6-31G(df,p) basis sets.  
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Figure 1. Possible structures for cis-enol form of β-diketones and atom numbering system. 
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Figure 2. (a) Molecular energies of AA (with respect to its ground-state energies) with both methyl groups either eclipsed (green 
hollow squares) or staggered (red spheres) to the O1 and O5 atoms for an increasing O1−H6 distance from 0.90 to 1.30 
Å. Linear correlations between EBH (blue diamonds), E′BH (brown squares), and EHB (black triangles) and (b) O1···O5, 
(c) O5···H6, and (d) O1−H6 distances for the six molecules under investigation. All results are based on MP2/6-
31G(2d,p) calculations. 
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Figure 3. Linear correlations between the proton transfer barrier heights, EBH (diamonds) and E′BH (squares), and (a) the O1−H6 
bond order (WO1−H6), (b) the O5···H6 bond order (WO5···H6), (c) the natural charge on the H6 atom (QH6), and (d) the 
natural charge on the H6 atom (QH6) excluding FAA (in red) and NO2-MA (in red). All results are based on MP2/6-
31G(2d,p) calculations. 
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Figure 4. Linear correlations between the proton transfer barrier heights, EBH (blue diamonds) and E′BH (brown squares), and (a) 
  .ሻ. All results are based on MP2/6-31G(2d,p) calculationsܚ௖ሺߩଶ׏ ሻ and (b)ܚ௖ሺߩ
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Table 1. Hydrogen bond structural parameters, proton transfer barrier heights, and proton tunneling frequencies with the 6-31G(2d,p) and 6-
31G(df,p) basis sets a 

 

Compound 
RO1···O5  

(Å) 

RO1−H6  

(Å) 

RO5···H6  

(Å)
O1−H6···O5 

(degrees) 
|Xm| 
(Å) 

Ym  

(Å) 
EBH 

(kcal/mol)
E′BH 

(kcal/mol) 
 ௧ߥ

b 
(cm−1)  

6-31G(2d,p) 

BrAA 2.5261 1.0021 1.5958 150.8 0.3127 0.1157 5.91 7.83 121/22 

ClAA 2.5363 1.0008 1.6073 150.5 0.3190 0.1190 6.27 8.31 101/16 

AA 2.5586 0.9986 1.6342 150.5 0.3335 0.1258 7.18 9.47 65/8.2 

FAA 2.6108 0.9914 1.6914 148.9 0.3673 0.1448 9.36 12.44 20/1.5 

MA 2.5918 0.9948 1.6783 148.6 0.3663 0.1462 8.67 11.78 25/2.0 

NO2-MA 2.5703 0.9988 1.6660 148.2 0.3513 0.1325 7.73 10.33 40/4.0 

6-31G(df,p) 

BrAA 2.5124 1.0043 1.5879 150.7 0.3113 0.1177 5.65 7.66 131/24 

ClAA 2.5169 1.0029 1.5954 150.4 0.3130 0.1189 6.18 8.21 114/19 

AA 2.5458 0.9999 1.6293 150.2 0.3309 0.1276 7.28 9.62 66/8.4 

FAA 2.5933 0.9915 1.6971 148.3 0.3704 0.1556 9.38 12.83 19/1.3 

MA 2.5794 0.9947 1.6812 148.1 0.3600 0.1455 8.72 11.85 27/2.3 

NO2-MA 2.5661 0.9991 1.6603 147.7 0.3482 0.1373 7.95 10.67 42/4.2 

a EBH and E′BH are proton transfer barrier heights measured at the saddle point and at the midpoint of O1 and O5 atoms from the energy 
minima, respectively. Xm and Ym are the minimum positions for the IHB proton transfer process on the potential energy surface.  

b The first value of the tunneling splitting frequency is for the normal molecule (with all 1H isotopes) and the second frequency is for its 
deuterated analogous (R3 = R4 = D in Fig. 1).  
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Table 2. Wiberg bond orders (W) and natural charges (Q) for the electronic structure of the IHB 
involving the H6, O1 and O5 atoms with the 6-31G(2d,p) and 6-31G(df,p) basis sets. 

 
Compound WO5···H6 WO1−H6 WO1···O5 QO1 QO5 QH6 
6-31G(2d,p)       
BrAA 0.0945 0.5645 0.0328 −0.7307 −0.7628 0.5692 
ClAA 0.0912 0.5684 0.0324 −0.7224 −0.7632 0.5687 
AA 0.0857 0.5775 0.0303 −0.7312 −0.7794 0.5661 
FAA 0.0698 0.5969 0.0287 −0.7124 −0.7702 0.5632 
MA 0.0756 0.5914 0.0310 −0.7150 −0.7676 0.5628 
NO2-MA 0.0797 0.5784 0.0287 −0.6902 −0.7349 0.5700 
6-31G(df,p)       
BrAA 0.0987 0.5639 0.0336 −0.7388 −0.7737 0.5684 
ClAA 0.0966 0.5665 0.0334 −0.7380 −0.7738 0.5681 
AA 0.0889 0.5776 0.0310 −0.7458 −0.7892 0.5654 
FAA 0.0706 0.6003 0.0289 −0.7275 −0.7804 0.5620 
MA 0.0762 0.5936 0.0311 −0.7239 −0.7735 0.5618 
NO2-MA 0.0814 0.5794 0.0289 −0.7003 −0.7408 0.5694 
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Table 3. Calculated topological parameters at the hydrogen bond critical point within the AIM 
analysis with the 6-31G(2d,p) and 6-31G(df,p) basis sets a 

 
Compound ߩ௖ሺܚሻ ׏ଶߩ௖ሺܚሻ ܩఘሺܚሻ െ ఘܸሺܚሻ GVR EHB 

6-31G(2d,p)       
BrAA 0.0617 0.1713 0.0408 0.0450 0.867 18.31 
ClAA 0.0601 0.1681 0.0396 0.0433 0.874 17.61 
AA 0.0565 0.1594 0.0455 0.0513 0.889 16.08 
FAA 0.0494 0.1434 0.0491 0.0561 0.914 13.58 
MA 0.0509 0.1466 0.0506 0.0584 0.907 14.11 
NO2-MA 0.0524 0.1483 0.0417 0.0464 0.900 14.55 
6-31G(df,p)       
BrAA 0.0632 0.1635 0.0506 0.0603 0.839 18.91 
ClAA 0.0620 0.1624 0.0496 0.0587 0.846 18.40 
AA 0.0572 0.1536 0.0452 0.0520 0.869 16.32 
FAA 0.0485 0.1379 0.0383 0.0421 0.910 13.21 
MA 0.0503 0.1410 0.0397 0.0441 0.900 13.83 
NO2-MA 0.0529 0.1442 0.0414 0.0467 0.886 14.65 

a ߩ௖ሺܚሻ in e/Å5, ׏ଶߩ௖ሺܚሻ in e/Å3, EHB in kcal/mol. 
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