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Abstract
Hydrogen atom transfer is one important reaction in biological system, in industry, and in atmosphere. The reaction is prel-
uded by hydrogen bond dissociation. To gain a comprehensive understanding on the reaction, it is necessary to investigate 
how the current computational methods model hydrogen bond dissociation. As a starting point, we utilized density functional 
theory-based calculations to identify the effect of dispersion and long-range corrections on O—H and C—H dissociations in 
non-phenyl and phenyl groups. We employed five different methods, namely B3LYP, CAM-B3LYP (with long-range correc-
tion), M06-2X, and B3LYP and CAM-B3LYP with the D3 version of Grimme’s dispersion. The results showed that for the 
case of O—H dissociation in two member of phenyl groups, namely phenol and catechol, the dispersion correction’s effect 
was negligible, but the long-range correction’s effect was significant. The significant effect was shown by the increasing of 
energy barrier and the shortening of O—H interatomic distance in the transition state. Therefore, we suggest one should con-
sider the long-range correction in modeling hydrogen bond dissociation in phenolic compounds, namely phenol and catechol.

Keywords Density functional theory · Dispersion correction · Energy · Long-range correction · Non-phenyl and phenyl 
groups · O—H and C—H dissociations

1 Introduction

Hydrogen atom transfer is one important reaction that occurs 
in various environments: the biological systems, the atmos-
phere, and the industry. In biological systems, the reaction 
takes place in lipid peroxidation formation [1, 2] and its 
prevention, [3–8] as well as in free radicals formation [9]. In 
the atmosphere, the reaction involves hydroxyl radical (OH) 
and organic or inorganic materials [10, 11]. Meanwhile in 
industry, one way the reaction occurs is in the presence of 
a catalyst [12, 13]. Overall, the reaction has been a subject 
of experimental and computational studies. However, there 
is still a need to understand how the current computational 
methods can model hydrogen bond dissociation. This under-
standing will help to achieve a comprehensive insight into 
the hydrogen atom transfer reaction.

Numerous publications have reported the usage of com-
putational methods based on density functional theory 
(DFT) to investigate hydrogen bond dissociation. One quan-
tity describing the hydrogen bond dissociation is bond dis-
sociation energy (BDE). In 1999, Barckholtz et al. reported 
the use of one DFT exchange-correlation (XC) functional, 
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B3LYP, to predict C-H BDE of small aromatics. The pre-
dictions were in agreement with the available experimental 
values [14]. In the following years, the XC was used to pre-
dict the BDE of various bonds in small and large molecules 
[15–17]. On the other hand, other publications showed that 
B3LYP has low accuracy [18–20] but is reliable to predict 
the substituent effect such as in alkyl and peroxyl radicals 
[18]. In 2008, Zhao and Truhlar introduced XC from the 
Minnesota family, M06-2X. This XC has much-improved 
accuracy in predicting BDE [21]. M06-2X is reliable for 
various cases, such as predicting substituent effects on O-C 
and C-C BDE of lignin [22] and predicting BDE of polyphe-
nols in various solvents [23]. The DFT used for the above 
prediction was unrestricted [15, 22]. In addition to B3LYP 
and M06-2X, Du et al. used CAM-B3LYP, which includes 
a long-range correction to B3LYP, in their calculations. 
They found that CAM-B3LYP underestimates O-CH3 BDE 
relative to experimental values. However, this XC has better 
performance for aromatic molecules than for non-aromatic 
molecules [24]. Even though many references have reported 
the use of various DFT XCs for predicting BDE, there is still 
limited references reported about the path taken by hydro-
gen atom during the bond dissociation. The use of XCs to 
model the path is necessary to gain insight into the hydrogen 
atom transfer reactions. Thus, the present work investigates 
the effect of dispersion and long-range corrections in O-H 
and C-H bond dissociations. The corrections have been inte-
grated into DFT XCs. Therefore, it is necessary to use DFT 
to identify the effect of dispersion and long-range correction 
on O-H and C-H bond dissociations.

This work aims to study the effects of dispersion 
and long-range corrections on the O-H and C-H bond 

dissociations computationally. We utilize DFT with three 
functionals combined with the D3 version of Grimme’s 
dispersion. The combination is five methods: B3LYP that 
has been used for chemical computation, CAM-B3LYP 
that includes a long-range correction, B3LYP-GD3 and 
CAM-B3LYP-GD3 which include Grimme’s dispersion, 
and M06-2X that has a good performance for noncovalent 
interactions [25–28]. The dissociation is designed to occur 
at O-H and C-H bonds of six non-phenyl and three phenyl 
groups. The phenyl groups containing O-H bonds are chosen 
to represent the phenolic compounds. To achieve the goal, 
we calculate bond dissociation energy and build hydrogen 
bond dissociation pathways using two techniques: a relaxed 
scan calculation and a geometry optimization in the ground 
and transition states. We have used these two techniques 
to study other chemical reactions [29–32]. This study will 
answer the following question: What are the effects of the 
dispersion and long-range corrections on the O-H and C-H 
dissociations of non-phenyl and phenyl groups?

2  Computational models

2.1  Reaction model

Scheme 1 presents our model for the homolytic hydrogen 
bond dissociation. The reactant was R-H′ possessing O-H, 
or C-H, bond; the products were R. and a hydrogen atom 
( H′. ). There were nine molecules of interest for R-H′ , which 
were (a) hydroxyl, (b) methylidyne, (c) water, (d) methane, 
(e) methanol, (f) ethane, (g) toluene, (h) phenol, and (i) 
catechol.

R H′

[in.]
R + H′

[fi.]

Scheme 1  The initial state [in.] and the final state [fi.] of the reaction model.

Fig. 1  Kekulé structures of 
the molecules of interest. The 
primed H was the dissociated 
hydrogen atom. For clarity in 
molecules (g)–(i), only dissoci-
ated hydrogen atom was shown, 
and carbon atoms were replaced 
by numbers
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Figure  1 presents the Kekulé structures of these 
molecules.

2.2  DFT calculations

We performed computational techniques with the basis of 
DFT [33, 34]. We used 6-311++G(d,p) basis set with three 
different XCs; they were (1) B3LYP, (2) CAM-B3LYP, and 
(3) M06-2X which were implemented in Gaussian 16 soft-
ware [35]. The first XC has become a standard functional 
for a geometry structure study, while the second XC has 
improved the long-range interaction of the first XC. The 
third XC has been parameterized, such that noncovalent 
interactions take into account. We applied the D3 version of 
Grimme’s dispersion to accommodate the dispersion effect 
along the dissociation pathways. We combined the XCs 
and the dispersion into five different methods, as shown in 
Table 1. In addition to DFT, we used Natural Bond Orbital 
(NBO) calculations for the natural hybrid orbital and charge 
population analysis [36].

The procedure for DFT calculations is as follows. First, 
we validated that the three XCs were capable to obtain the 
spin-state and the geometry in the ground state. For this 
purpose, we chose hydroxyl and phenol because they rep-
resented molecules with odd and even number of electrons 
and because their experimental results were available. Sec-
ond, we performed a geometry optimization to obtain the 
geometry of all molecules of interest in the ground state 
using the five calculation methods. To obtain BDE ( D◦ ) of 
hydrogen, we coupled DFT with frequency calculations. It 
resulted in the total electronic energy with thermal correc-
tion to enthalpy at 298.15 K in the ground state. D◦ was the 
enthalpy difference between the final and the initial states 
in Scheme 1. Third, we constructed the hydrogen bond dis-
sociation pathways.

We employed two different computational techniques for 
the third DFT calculations procedure. The first technique 
was a relaxed scan calculation, where one hydrogen atom 
(with prime mark in Figure 1) left oxygen or carbon atom 
of R. and let R. relaxed. The increments were set to be 0.2 
Å  for all methods. The second one was based on the geom-
etry optimization in the ground and transition states. We 
applied the first technique to the selected non-phenyl and 
phenyl groups. The value of D◦ that was affected and was not 
affected by dispersion and/or long-range corrections became 

the restriction in selecting molecules in the first technique. 
The first technique resulted in potential energy curve (PEC), 
and the dissociation pathway was visualized using a polar 
coordinate. We emphasized that the pathway that led to other 
than hydrogen bond dissociation would not be discussed fur-
ther. The PEC that was affected by dispersion and/or long-
range corrections became the restriction to select molecules 
in the second technique. The second technique yielded a 
dissociation pathway in energy level diagrams (ELD). We 
have successfully applied both techniques in our previous 
studies for bigger molecules [29–32].

We excluded PEC results from M06-2X in the current 
study because it produced unreasonable results. We also 
noted that Mardirossian and Head-Gordon [37] reported a 
similar case. They highlighted that M06-2X poorly predicted 
the bond length of krypton dimer and benzene-silane dimer 
through their potential energy curves. We listed the symbols 
and acronyms in Table 2 to assist readers in getting familiar 
with them.

3  Results and discussion

3.1  The ground state structures

Spin-state and geometry The geometry optimization using 
the three XCs obtained the doublet and singlet as the lowest 
in energy level for hydroxyl and phenol, respectively. On 
average, the doublet was 4.6 eV lower than the quartet (in 
hydroxyl), while the singlet was 4.2 eV lower than the triplet 
(in phenol). The doublet and the singlet were more stable 
compared to the quartet and the triplet. The results agree 
with the ground spin-states of hydroxyl and phenol reported 
in references [38, 39]. Furthermore, the selected geometrical 
parameters of hydroxyl and phenol in those spin-states were 
less than 0.017 Å  and 1.4 degrees (see Table 3). The values 
were within the accuracy limit for DFT calculations [40]. 

Table 1  List of methods used in 
the manuscript M1 B3LYP

M2 B3LYP + GD3
M3 CAM-B3LYP
M4 CAM-B3LYP + GD3
M5 M06-2X

Table 2  List of symbols and acronyms used throughout the manu-
script

Symbol/acronym Description

D
◦ Bond dissociation energy

r Distances between atoms
BDE Bond dissociation energy
DFT Density functional theory
ELD Energy level diagram
IS Intermediate state
NBO Natural Bond Orbital
PEC Potential energy curve
TS Transition state
XC Exchange-correlation
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Therefore, the three XCs were capable to obtain the correct 
ground state structure of the molecules with odd or even 
number of electrons. Based on these results, the same XCs 
were used to obtain the ground spin-state of other molecules 
with an odd and even numbers of electrons which were dou-
blet and singlet, respectively.

The dispersion and long-range corrections Table 4 pre-
sents O-H′ and C-H′ bond lengths of the obtained ground 
state geometry of all molecules of interest. The Cartesian 

coordinates of the ground state geometry were given in 
Table S1-S9 of Supplementary Information (SI). Calcula-
tion using the method with dispersion correction (M2 and 
M4) obtained the same bond length as the method without 
the correction (M1 and M3). The method with the long-
range correction (M3) and the method parameterized with 
dispersion-like interaction (M5) obtained slightly shorter 
bond lengths (the negative values) than the method without 
the correction (M1). The results suggest the dispersion and 
the long-range corrections do not alter the ground state O-H′ 
and C-H′ bond lengths of our molecules of interest.

3.2  The bond dissociation energy

Table 5 presents the discrepancy of D◦ between the calcu-
lated and experimental values. Among all methods, the M5 
method obtained D◦ the closest to the experimental values 
for molecules with singlet spin-state. The results supported 
the work of Zhao and Truhlar [21], which suggested using 
the M5 method for D◦ calculations of molecules with sin-
glet spin-state. Therefore, M06-2X functional is suitable for 
dealing with the hydrogen bond dissociation energy of mol-
ecules with singlet spin-state.

The discrepancies obtained by M2, M3, and M4 were 
varied compared to that obtained by M1. In all molecules 

Table 3  The discrepancy of calculated geometrical parameters 
of hydroxyl and phenol by (1) B3LYP, (2) CAM-B3LYP, and (3) 
M06-2X with respect to the experimental values [41]. The parameters 
were bond length (R, in Å) and bond angle (A, in degree). The param-
eter in (i) belongs to hydroxyl, while others belong to phenol

Parameter Expr. (1) (2) (3)

(i) R(O,H′) 0.970 +0.006 +0.005 +0.003
(ii) R(O,H′) 0.956 +0.007 +0.005 +0.005
(iii) R(C,C)av 1.397 − 0.003 − 0.009 -0.006
(iv) R(1,O) 1.364 +0.006 0.000 − 0.001
(v) R(4,H) 1.082 +0.001 +0.001 0.000
(vi) R(5,H) 1.076 +0.008 +0.008 +0.008
(vii) R(6,H) 1.084 +0.002 +0.001 +0.002
(viii) A(1,O,H′) 109.0 +0.8 +1.0 +0.8

Table 4  The difference of 
calculated O-H′ and C-H′ bond 
lengths from M1 (Å). The label 
referred to Fig. 1

Molecule Bond M1 M2 M3 M4 M5

(a) Hydroxyl O-H′ 0.976 0.000 −0.002 −0.002 −0.004

(b) Methylidyne C-H′ 1.127 0.000 −0.003 −0.003 −0.007

(c) Water O-H′ 0.962 0.000 −0.001 −0.001 −0.003

(d) Methane C-H′ 1.091 0.000 −0.001 −0.001 −0.002

(e) Methanol O-H′ 0.961 0.000 −0.002 −0.002 −0.003

(f) Ethane C-H′ 1.094 0.000 −0.001 −0.001 −0.002

(g) Toluene C-H′ 1.094 0.000 −0.002 −0.002 −0.002

(h) Phenol O-H′ 0.963 0.000 −0.002 −0.002 −0.002

(i) Catechol O-H′ 0.962 0.000 −0.002 −0.002 −0.002

Table 5  The discrepancy of 
calculated D◦ with respect to the 
experimental values (kJ/mol) 
[41, 42]. The label referred to 
Fig. 1

Molecule Bond Expr. M1 M2 M3 M4 M5

(a) Hydroxyl O-H′ 429.73 −1.1 −1.1 −0.8 −0.8 −9.2

(b) Methylidyne C-H′ 338.4 +1.8 +1.8 −2.2 −2.2 −8.1

(c) Water O-H′ 497.32 −17.1 −17.1 −14.0 −14.0 −11.7

(d) Methane C-H′ 439.3 −8.3 −8.2 −7.1 −7.0 −6.1

(e) Methanol O-H′ 440.2 −26.4 −25.2 −21.1 −20.3 −11.5

(f) Ethane C-H′ 420.5 −8.9 −7.6 −6.8 −6.0 −3.4

(g) Toluene C-H′ 375.5 −10.8 −9.1 −5.8 −4.7 +2.9

(h) Phenol O-H′ 362.8 −16.0 −14.6 −9.6 −8.6 +6.7

(i) Catechol O-H′ 342.3 −32.0 −29.9 −24.0 −22.5 −9.8
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[Table 5 (a)-(i)], M2 obtained 0.9 kJ/mol (in average) dis-
crepancies higher than M1 did. Moreover, M4 obtained 0.6 
kJ/mol (in average) discrepancies higher than M3 did. The 
results indicate that the dispersion correction does not alter 
the calculated D◦ of molecules with singlet and doublet spin-
states. In hydroxyl and methylidyne [Table 5 (a) and (b)], M3 
obtained 1.9 kJ/mol (in average) discrepancies lower than 
M1 did. Meanwhile, in other molecules [Table 5 (c)-(i)], 
M3 obtained 4.4 kJ/mol (in average) discrepancies higher 
than M1 did. The 4.4 kJ/mol is significant, which implies 
that the long-range correction is the reason for D◦ alteration 
of molecules with singlet spin-state. Thus, the long-range 
correction plays a role in altering D◦ of molecules with sin-
glet spin-state but not the molecules with doublet spin-state.

Among seven molecules in Table 5 (c)-(i), the alteration 
of discrepancies from M1 to M3 on O-H′ bonds differed 
from that on C-H′ bonds. The seven molecules were in their 
singlet spin-state. For four molecules with O-H′ bonds, the 
discrepancies increased by 5.7 kJ/mol (on average) from M1 
to M3. However, for three molecules with C-H′ bonds, the 
discrepancies only increased by 2.8 kJ/mol (in average) from 
M1 to M3. The increase on O-H′ bonds is more significant 
than on C-H′ bonds. It indicates that the long-range correc-
tion alters the calculated D◦ on O-H′ bond more than that on 
C-H′ bond of molecules with singlet spin-state.

The increase in the discrepancy on O-H′ bonds was not 
accompanied by bond length alteration but by O-H′ bond 
orbitals alteration. As discussed in Sect. 3.1, from M1 to 
M3, the ground state O-H′ bond length only altered by 0.002 
Å. However, from M1 to M3, the O-H′ bond orbitals altered 
mainly in (sp�)O hybrid orbitals (see Table S10 of the SI). 
According to the NBO calculations, the average percentage 
of alteration at (sp�)O hybrid orbitals was 33 times more 
than that at (sp�)C hybrid orbitals. Therefore, the long-range 
correction plays a role in altering the electron density in the 
O-H′ bond orbitals; hence the calculated D◦ of O-H′ bond 
increases.

3.3  The potential energy curve

Figure 2 shows the PECs of four selected molecules together 
with their respective polar coordinates. All methods yielded 
two types of PEC profiles. The first type was a PEC-like 
of dissociation diatomic molecules [Fig.  2(a)–2(b) left]. 
Region I described the dissociation process, and region II 
described H′. was already a free atom. All methods agreed 
one to each other. The second type was somewhat challeng-
ing to explain since not all methods agreed [Fig. 2(c)–2(d) 
left]. There was region III that contained barriers. PEC 
profiles in methylidyne and ethane were supportive results 
to the first type, while PEC profiles in hydroxyl and water 
were supportive results to the second type. Hence, they 
were placed in Supporting Information [Figure S1(a)–(b) 

and S1(c)–(d) left]. On the other hand, the polar coordi-
nates show that the hydrogen bond dissociation pathways in 
methane [Fig. 2(a) right] are different from those in other 
molecules [Fig. 2(b)–2(d) right and Figure S1(c)–(d) right 
of the SI]. All methods were only agreed for methane. It 
implies that the corrections (long-range and dispersion) sig-
nificantly affect the pathway in real space rather than in the 
PEC profile.

Overall, the PEC profiles of methanol and phenol 
[Fig. 2(c)–2(d) left] were explained as follows. In region III, 
methanol and phenol had barriers; methanol had one, and 
phenol had at least three barriers. In both cases, M2 yielded 
a similar barrier height to M1 did. So did M4 and M3. It 
means the dispersion correction does not alter the PEC pro-
file of O-H′ dissociation. However, in both cases, M3 yielded 
a different barrier height than M1 did. The results indicate 
that the long-range correction does alter the PEC profile of 
O-H′ dissociation. Therefore, the long-range correction plays 
a more significant role than the dispersion correction in the 
PEC profiles of O-H′ dissociation.

In detail, for phenol [Fig. 2(d)], the variation of PEC pro-
files was accompanied by the variation of dissociation path-
ways in the polar coordinate. Both variations occurred only 
at a certain O-H′ distance ( r

O−H
� ) range. The PEC profile 

variation range was around 1.8–3 Å; while the pathway vari-
ation range was around 2–4 Å. In those ranges, M3 yielded 
a different profile and pathway than M1 did. Kamiya et al. 
[43] also obtained different profiles when using XCs with 
long-range correction in a system interacting through a van 
der Waals interaction (noncovalent interaction). Thus, the 
different profiles obtained by the long-range correction (M3) 
may be due to the presence of noncovalent interactions, par-
ticularly at a region with barriers. Therefore, in line with its 
role in O-H′ BDE, the long-range correction may play a role 
in the energy barrier of O-H′ dissociation.

Along the phenol dissociation pathway, M1 and M3 
obtained different r at B1a, B1b, and B2 (See Table S11 of 
the SI). At B1a and B1b, atom H′. was located around atom 
O [See Figure S2 of the SI]. Here, M3 obtained shorter r

O−H
� 

at B1a than M1 did at B1b. Different than at B1a and B1b, at 
B2 atom H′. was located between atom 2 and atom 3. Here, 
M3 obtained shorter r

2−H
� and longer r

3−H
� than M1 did. The 

results indicate that the shortening and lengthening of r are 
due to the long-range correction.

The r alteration after the introduction of long-range 
correction was accompanied by atomic charges alteration. 
The NBO calculations showed that atom O, 2, and 3 [See 
Fig. 1(h)] were negatively charged while atom H′. was posi-
tively charged. At B1a, M3 yielded greater positive charge 
on atom H′. and greater negative charge on atom O than 
M1 did. It implies that the increasing coulombic attraction 
between atom O and H′. is the reason for the shortening of 
r
O−H

� at B1a. At B2, M3 obtained lesser positive charge on 
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Fig. 2  PECs of C-H′ and O-H′ 
bond dissociations with their 
respective polar coordinates. 
The I, II, and III represented 
three different regions based 
on the similarity of events at 
each region. Angles in the 
polar coordinate were H-C-
H

′ in methane, 2–1–C-H′ in 
toluene, H-C-O-H′ in methanol, 
and 2–1–O-H′ in phenol (see 
Fig. 1). The initial angle was 
at zero degree, then deviated 
clockwise or counterclockwise. 
Particularly in methane, the 
clockwise represented inward 
deviation. B1a, B1b, B2, and 
B3 in (d) represented first bar-
rier obtained by M1 and M2, 
first barrier obtained by M3 and 
M4, second and third barrier 
obtained by all four methods, 
respectively

PEC (left) and polar coordinate (right) of methane.

PEC (left) and polar coordinate (right) of toluene.

PEC (left) and polar coordinate (right) of methanol.

PEC (left) and polar coordinate (right) of phenol.

(a)

(b)

(c)

(d)
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atom H′. and greater negative charge on atom 2 than M1 did. 
It indicates that the increasing coulombic attraction between 
atom 2 and H′. is the reason for the shortening of the r

2−H
�. At 

this location, M3 obtained lesser negative charge on atom 3 
than M1 did. It implies the increasing coulombic repulsion 
between atom 3 and H′. is the reason for the lengthening of 
the r

3−H
�. Therefore, the Coulombic interactions play a role 

in the alteration of r.

3.4  The dissociation pathway

Figure  3 shows the O-H′ dissociation pathways of two 
selected molecules, phenol and catechol, in an ELD. For 
the case of phenol [Fig. 3(a)], each pathway had three tran-
sition states (TS) and three intermediate states (IS) as pre-
dicted earlier in Fig. 2(d)left; while for the case of catechol 
[Fig. 3(b)], each pathway had two TSs and two ISs. The 

experiment has observed the presence of IS1 in a photo-
chemical reaction [44]. While a theoretical study reported 
IS1 and IS3 as two isomers of phenol [45]. Another theoreti-
cal study reported the first step in decomposition of catechol 
lead to IS4 [46]. The similarity between the molecules in the 
intermediate states with the previous studies indicates the 
possibility of hydrogen migration before O-H′ dissociation 
occurred.

The dissociation pathways in phenol and catechol showed 
that all methods obtained the same relative electronic energy 
order in each TS. The order for both cases was M1 ≈ M2 
< M3 ≈ M4 < M5. For the case of phenol, the average 
difference between the energy obtained by methods with 
long-range correction (M3 and M4) and methods without 
the correction (M1 and M2) was 0.16 eV. Similarly, for the 
case of catechol, the average difference was 0.14 eV. The 
differences are significant. It was aligned with the PEC pro-
file difference [Fig. 2(d)left] after the long-range correction 

Fig. 3  Energy level diagram for 
O-H′ dissociation pathways of 
two selected molecules. R1, R2, 
P1, and P2 represent phenol, 
catechol, product of phenol 
dissociation, and product of 
catechol dissociation. While TS 
and IS stand for transition state 
and intermediate state. The TSs 
were shown with the selected 
interatomic distances (unit in Å)

O H′ dissociation pathways of phenol

O H′ dissociation pathways of catechol

(a)

(b)
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was introduced, particularly at the region with barriers. The 
results imply that the long-range correction predicts the dis-
sociation is more difficult at a region where the noncovalent 
interaction may be present. Therefore, the correction indeed 
plays a role in the energy barrier of O-H′ dissociation.

Methods with long-range correction (M3 and M4) 
obtained shorter r than methods without the correction did 
in the TS structures. For the case of phenol, the r

O−H
� and 

r
3−H

� shortened by 0.01 Å  on average. The shortening was 
also similar to the case of catechol. The 0.01 Å  is signifi-
cant compared to the O-H′ bond length shortening in the 
ground state of phenol and catechol [Table 4(h) and (i)]. 
Thus, the shortening confirms the shortening of r along the 
dissociation pathway discussed in Subsection 3.3. For this 
reason, the long-range correction indeed plays a role in r in 
the transition state.

Methods with the long-range correction (M3 and M4) 
obtained similar relative electronic energy to M5 did in the 
TSs. The average differences of relative electronic energy 
obtained by those methods were 0.07 for phenol and 0.06 
for catechol. These values are very small which indicate the 
similarity of transition state according to those methods. 
Therefore, CAM-B3LYP and M06-2X predict comparable 
transition state of O-H′ dissociation.

Overall, all methods showed consistent performances on 
the BDE calculations and O-H′ dissociation pathways pre-
diction. For the BDE calculations, the methods obtained the 
D◦ of O-H′ bonds in all molecules increased in the follow-
ing order: M1 ≈ M2 < M3 ≈ M4 < M5. The increase of D◦ 
after the presence of long-range correction in CAM-B3LYP 
(M3) was in agreement with the study by Chan et al. [47] 
For the pathways prediction, the methods obtained varia-
tion of pathways in phenol and catechol dissociation. The 
variations were identified by the alteration in energy barri-
ers and r

O−H
� in the TS. The energy barrier increased in the 

same order as the increase in D◦ of O-H′ bonds. This result 
validates the study by Peach et al. [48] that showed increas-
ing barrier height when using CAM-B3LYP compared to 
B3LYP. The increasing energy barriers was accompanied by 
the shortening of r

O−H
� as follows: M1 ≈ M2 > M3 ≈ M4. 

The shortening due to the long-range correction (M3) was 
in agreement with our previous study [31]. The results show 
the significance of this research: the use of long-range cor-
rection in CAM-B3LYP affects the r

O−H
� in TS. On the other 

hand, the M06-2X used in this study predicted the highest D◦ 
and energy barrier. The D◦ was similar to the experimental 
observation. Its developer suggested the functional for appli-
cations involving main group thermochemistry, kinetics, and 
noncovalent interactions [21, 28].

4  Conclusion

We have studied the effects of dispersion and long-range 
corrections on O-H and C-H dissociations of non-phenyl and 
phenyl groups. The effects were identified through bond dis-
sociation energy and dissociation pathways. We summarized 
that the dispersion correction had negligible effects on the 
O-H and C-H bond dissociation energies and the non-phenyl 
and phenyl groups dissociation pathways. While the long-
range correction in CAM-B3LYP had a minor effect on the 
O-H bond dissociation energy and a significant effect on the 
O-H dissociation pathways. We found that the long-range 
correction increased the bond dissociation energy of the O-H 
bond of non-phenyl and phenyl groups in their singlet states 
by 5.7 kJ/mol. We argued that the increase was due to the 
alteration of electron density in the O-H bond orbitals. How-
ever, the dissociation energy was still far from the experi-
mental results. The significant effects of the long-range cor-
rection on the O-H dissociation pathways occurred in two 
members of phenyl groups, namely phenol and catechol. The 
effects were identified as follows. First, the correction short-
ened the O-H distances in the transition states by 0.01 Å, on 
average. Second, the correction increased the energy barrier 
by 0.16 eV (in phenol) and 0.14 eV (in catechol), on average. 
Overall, our results support other theoretical studies on the 
increasing energy barrier due to the long-range correction. 
Accordingly, we suggest that one should consider the long-
range correction when studying hydrogen bond dissociation 
in phenolic compounds, such as phenol and catechol.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00214- 021- 02781-6.
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SCOPE

TCA publishes papers in all �elds of theoretical chemistry, computational chemistry, and modeling. Fundamental studies as well as applications are included in the scope. In many cases,
theorists and computational chemists have special concerns which reach either across the vertical borders of the special disciplines in chemistry or else across the horizontal borders of
structure, spectra, synthesis, and dynamics. TCA is especially interested in papers that impact upon multiple chemical disciplines.
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The SJR is a size-independent prestige indicator that
ranks journals by their 'average prestige per article'. It is

based on the idea that 'all citations are not created
equal'. SJR is a measure of scienti�c in�uence of
journals that accounts for both the number of citations
received by a journal and the importance or prestige of

the journals where such citations come from It
measures the scienti�c in�uence of the average article
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Total Documents

Evolution of the number of published documents. All
types of documents are considered, including citable

and non citable documents.

Year Documents
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Citations per document

This indicator counts the number of citations received by
documents from a journal and divides them by the total

number of documents published in that journal. The
chart shows the evolution of the average number of
times documents published in a journal in the past two,
three and four years have been cited in the current year.

The two years line is equivalent to journal impact factor
™ (Thomson Reuters) metric.
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Cites per document Year Value
Cites / Doc. (4 years) 2000 2.299
Cites / Doc. (4 years) 2001 2.017
Cites / Doc. (4 years) 2002 1.974
Cites / Doc. (4 years) 2003 1.815
Cites / Doc. (4 years) 2004 1.903
Cites / Doc. (4 years) 2005 2.472
Cites / Doc. (4 years) 2006 2.486
Cites / Doc. (4 years) 2007 2.446

Evolution of the total number of citations and journal's
self-citations received by a journal's published

documents during the three previous years.
 

Journal Self-citation is de�ned as the number of citation
from a journal citing article to articles published by the
same journal.

Cites Year Value

Evolution of the number of total citation per document
and external citation per document (i.e. journal self-

citations removed) received by a journal's published
documents during the three previous years. External
citations are calculated by subtracting the number of
self-citations from the total number of citations received

by the journal’s documents.

% International Collaboration

International Collaboration accounts for the articles that
have been produced by researchers from several

countries. The chart shows the ratio of a journal's
documents signed by researchers from more than one
country; that is including more than one country address.

Year International Collaboration
1999 25.00
2000 18 40

Citable documents Non-citable documents

Not every article in a journal is considered primary
research and therefore "citable", this chart shows the

ratio of a journal's articles including substantial research
(research articles, conference papers and reviews) in
three year windows vs. those documents other than
research articles, reviews and conference papers.

Documents Year Value

Cited documents Uncited documents

Ratio of a journal's items, grouped in three years
windows, that have been cited at least once vs. those

not cited during the following year.

Documents Year Value
Uncited documents 1999 83
Uncited documents 2000 96
Uncited documents 2001 148
Uncited documents 2002 159
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