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Abstract
The current study represents a comprehensive theoretical attempt to elucidate the dehydration mechanism of 1,3-Butanediol 
(1,3-BDO) using density functional methods, M06-2X and ωB97XD, as well as the ab initio composite method, complete 
basis set-quadratic Becke3 (CBS-QB3). The study revealed the atomization enthalpy (AE), bond dissociation energy (BDE), 
ionization energies (IE), and electron affinities (EA) of the parent molecule 1,3-BDO and all formed products at different 
levels of quantum chemistry. The obtained results were also compared against available theoretical and experimental data 
for mechanism validation. Thermodynamically, the results illustrated that despite the low barrier height of TS2, the pathway 
leading to 1,3-butadiene (1,3-BD) formation is considered the most favorable, while the formation of 1,2-butadiene (1,2-BD) 
is less likely. From the analysis of BDE, the inner alcoholic OH group is stronger than the terminal one by 6.4 kJ/mol, and 
the terminal alcoholic O–H bond is weaker by 6.8 kJ/mol, indicating the higher acidity of the terminal alcoholic OH group.
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1  Introduction

The search for sustainable green energy resources has 
become a global priority due to the serious risks posed by 
fossil fuels to human health and their contribution to global 
warming. Among various renewable energy sources, bio-
fuel is considered a promising alternative to fossil fuels, 
offering the potential to significantly reduce greenhouse 
gas emissions and mitigate the adverse effects of climate 
change [1–4]. Multi-functional biofuel molecules have sev-
eral advantages over unifunctional biofuels, as their multiple 
functional groups can enhance the ignition and combustion 
properties of these fuels compared to unifunctional ones 
[5–8].

1,3-Butanediol (1,3-BDO) is a non-natural, optically 
active diol compound that exists as a colorless, odorless 

liquid and is soluble in water and ethanol [9]. It is a valu-
able chemical used as a key intermediate in the synthesis of 
pharmaceuticals and various industrial compounds, such as 
pheromones, fragrances, and insecticides [10]. The produc-
tion of 1,3-BDO can be achieved through the self-conden-
sation of acetaldehyde in an alkaline medium. This reaction 
produces 3-hydroxybutanal (acetaldol) as an intermediate, 
which subsequently forms 1,3-BDO through dehydrogena-
tion [11].

Recently, significant efforts have been made to produce 
1,3-BDO from various biomass sources [12, 13]. Kataoka 
et  al. [12] conducted a study on the production of 1,3-
BDO from glucose using Escherichia coli MG1655 lacIq. 
The authors achieved a yield of 1,3-BDO up to 9.05 g/L 
(100.4 mM) with 98.5 ± 0.2% enantiomeric excess of (R)-
1,3-BDO, which is considered the highest yield of 1,3-BDO 
produced from glucose. Liu et al. [13] explored the produc-
tion of 1,3-BDO from biomass through the hydrogenoly-
sis of 1,4-anhydroerythritol over a Pt–WOx/SiO2 catalyst, 
achieving a yield of up to 54%.

Experimental and theoretical combustion chemistry of 
unifunctional biofuels such as n-butanol and 2-butanol has 
gained sufficient attention in recent years [14–24]. How-
ever, studies on bifunctional molecules remain relatively 
rare [5–8, 25–27].
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Experimentally, the dehydration of 1,3-BDO and its iso-
mers was studied by Ward et al. [28] using Brønsted acids 
and heterogeneous systems, including γ-alumina or the 
zeolite ZSM-5. Sun et al. [29] discussed the dehydration 
mechanism of C4 unsaturated alcohols such as 3-buten-1ol, 
2-buten-1-ol and 3-buten-2-ol to produce 1,3-butadiene (1,3-
BD) over various solid catalysts such as Al2O3, SiO2-Al2O3, 
and TiO2, as well as metal oxides like Yb2O3 and CeO2. 
Kurniawan et al. [30] studied the gas phase dehydration of 
1, 3-BDO to 1, 3-BD over WO3/SiO2 catalyst. The authors 
used various silica-supported metal oxides (MxOy/SiO2). 
With the WO3/SiO2 catalyst showing the highest activity 
for BD production.

Based on the structure of 1,3-BDO and insights from 
similar studies [5–8, 25–27], we expect that the pyrolysis 
of 1,3-BDO could yield better results compared to unifunc-
tional biofuels such as n-butanol and 2-butanol, owing to 
its higher energy content and oxygen ratio. In this work, we 
aim to shed some light on the different pathways of water 
elimination reactions from 1,3-BDO, in hopes of drawing 
attention to this molecule for further theoretical and experi-
mental investigation.

2 � Computational details

2.1 � Quantum and thermodynamics calculations

All computational calculations were performed using Gauss-
ian 09 [31] and 16 packages [32], while molecular visuali-
zation was carried out using Chemcraft software [33]. The 
geometrical optimizations of reactants (R), transition states 
(TS), and products (P) were conducted using a combina-
tion of density functional theory: the Minnesota M06-2X 
hybrid meta-functional with 54% HF exchange [34], and the 
long range non –covalent interaction functional ωB97XD 
[35], both with the correlated consistent polarized valence 
triple-zeta basis set (cc-pvTZ). Since the energies from 
M06-2X and B97XD energies are not sufficiently precise, 
the electronic energies were further refined using the ab ini-
tio complete basis set-quadratic Becke3 (CBS-QB3) method, 
developed by Petersson et al. [36–38]. The composite CBS-
QB3 method includes geometry optimization and frequency 
calculation at the B3LYP/6-311G(d, p) level followed by 
CCSD(T)/6–31 + G (d), MP4SDQ/6–31 + G (d,p), and 
MP2/6–311 + G (2df,2p) single point energy calculations 
with CBS extrapolation.

For further reliability, we used the G4 [38, 39] to 
assess the accuracy of the methods employed. The transi-
tion states for all possible H2O elimination reactions were 

located using the eigenvector-following (EF) optimization 
technique implemented in the Gaussian suite of programs. 
Vibrational frequency calculations were conducted at the 
same level of theory to characterize the nature of those 
points as minima (real frequencies) or transition state 
(only one imaginary frequency) and to correct energies 
for zero-point (ZPE) and thermal contributions at 298 K. 
The connections between different transition states (TSs) 
with their relative reactants and products were computed 
using the intrinsic reaction coordinates (IRC) at M06-2X/
cc-pvTZ level [40, 41]. The IRC calculations were per-
formed with a step size 0.1 amu1/2 Bohr, with 15 steps in 
both forward and backward directions.

2.2 � Thermodynamical calculations

The gas-phase enthalpies of formation for 1, 3-BDO and 
all released products were calculated at standard condi-
tions of temperature and pressure (STP) using the atomiza-
tion energy approach (Eq. (1)):

where  Ee(M), andEe

(
Xi

)
 are the calculated electronic ener-

gies of molecule M and the electronic energy of the ith atom 
X, respectively. [H298(M)–H0(M)] and [H298(Xi)–H0(Xi)] are 
the thermal corrections to the enthalpy for the molecule M 
and the individual atoms X, respectively.

Ionization energy (IE) and electron affinity (EA) are 
crucial for calculating various molecular properties such 
as softness, hardness, electronegativity, and electrophilic-
ity [42, 43].

IE is the minimum amount of energy required to remove 
an electron from a neutral molecule, resulting in the for-
mation of a positive cation (Eq. (2)). Conversely, EA is 
the energy released when a neutral molecule gains a new 
electron (Eq. (3))

where E(N+) is the computed energy of the cation, E(N) 
is the energy of neutral molecule, and E(N−) is the com-
puted energy of the anion, all evaluated at the same level of 
computation.
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3 � Results and discussion

3.1 � Energetics and thermodynamic parameters

3.1.1 � Conformers stability & dehydration mechanism

1, 3-BDO molecule has two stable conformers: Cis (C1) 
and Trans (C2), as shown in Fig. 1. The C1 form is more 
stable than the C2 form by 5 and 6 kJ/mol at M06-2X/
cc-pvTZ and CBS-QB3 levels, respectively (Fig.S1). 
Therefore, the current study will base on the most stable 
conformer, C1, at CBS-QB3 method. Figure 2 illustrates 
various possible pathways for the dehydration mecha-
nisms of 1, 3-BDO. From Fig. 2, it is evident that the 
terminal OH group can initiate the reaction through TS3 
to form but-3-en-2-ol (P3) as an intermediate enol com-
pound, which can then decompose via TS6 and TS7 to 
produce the diene molecules, 1,3-butadiene (1,3-BD, P4) 
and 1,2-butadiene (1,2-BD, P5), respectively. The inner 
OH group can initiate the reaction through TS1 and TS2. 

TS1 leads to the intermediate but-3-en-1-ol (P1), which 
decomposes via TS4 to produce 1, 3-BD (P4). The TS2 
results in the intermediate but-2-en-1-ol (P2), which ulti-
mately produces 1, 2-BD (P5) as the final product.

Fig. 1   Different conformers of 
1,3-butanediol

Cis (C1) Trans (C2)

Fig. 2   Different possible water 
elimination reactions from 1, 
3-Butanediol

Fig. 3   Bond dissociation energy (BDEs, kJ/mol) of 1, 3-BDO at 
CBS-QB3
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3.1.2 � Bond dissociation energies (BDEs)

Bond dissociation energies (BDEs) are crucial for evalu-
ating the strength of different bonds. Figure 3 shows the 
BDEs of 1,3-BDO calculated using the CBS-QB3 method. 
Among all the C-H bonds in 1,3-BDO, the C1-H1 bond is 
the weakest σ-bond at 324 kJ/mol, which can be attributed 
to its high acidity. This is followed by the C2-C3 bond, 
with a BDE of 365 kJ/mol. In contrast, the O1-H9 bond 
is the strongest, with a BDE of 455 kJ/mol. These values 
suggest that the C1-H1 and C2-C3 bonds will likely be 
the dominant pathways for simple bond fission at high 
temperatures.

The C1-C2 and C1-C4 bonds exhibit comparable ener-
gies, with BDEs of 377 kJ/mol and 378 kJ/mol, respec-
tively. The terminal O2-H10 bond (449 kJ/mol) and the 
C4-O2 bond (409 kJ/mol) are weaker than the inner 
O1-H9 bond (455 kJ/mol) and the C2-O1 bond (415 kJ/
mol) by 6.8 kJ/mol and 6.4 kJ/mol, respectively. This 
indicates that the terminal OH group is more likely to 
initiate dehydration reactions. It is also noteworthy that 
the calculated BDEs for the terminal O2-H10, C4-O2, 
inner O1-H9, and C2-O1 bonds are very similar to those 
observed in 2-butanol, n-butanol [7, 17], and 2-methox-
yethanol [6, 7].

3.1.3 � Enthalpies of formation, ionization energies, 
and electron affinities

Tables 1 and 2 summarize the computed ionization energies 
(IE), electron affinities (EA), and enthalpies of formation 
ΔH298

f
 using the CBS-QB3 method, compared to available 

experimental results and the Argonne Active Thermochemi-
cal Tables (ATcT). The correlation between experimental 
and theoretical CBS-QB3 results for AE and IE of 1,3-BDO 
and all released products is shown in Fig. 4. The obtained 
results of IE and EA provide insight into the stability of 
different molecules. Molecules with high IE and EA values 
tend to be more stable than those with lower values. Addi-
tionally, molecules with lower enthalpies of formation are 
more likely to form during the course of a reaction.

From Table 1, 1-buten-3-ol (CH2 = CHCH(OH)CH3) has 
the highest IE at 9.77 eV and EA of -1.09 eV, followed by 
1-buten-4-ol (CH2(OH)CH2CH = CH2) with an IE of 9.39 
eV and an EA of -1.13 eV. The calculated values for 1, 3-BD 
(P4) are slightly higher than those obtained for 1, 2-BD (P5). 
This difference can be attributed to π-electron conjugation.

From Table  2, the computed enthalpy of formation 
ΔH298

f
 shows that the parent compound 1, 3-BDO, has 

-456.90 kJ/mol, which is slightly lower than the experi-
mental value of -447.10 [60]. The computed enthalpies 
of formation using the CBS-QB3 method show good 

Table 1   Ionization Energy 
(IE, eV) and electron affinity 
(EA, eV) for 1,3-DBO and 
all released products during 
the dehydration mechanism at 
CBS-QB3

a  Ref. [44], b Ref. [45], c Ref. [46], d Ref. [47], e Ref. [48], f Ref. [49], g Ref. [50], h Ref. [51], i Ref. [52], j 
Ref. [53], k Ref. [54], L Ref. [55], m Ref. [56], n Ref. [57], o Ref. [58], p Ref. [59]

Species IE IE/Exp EA EA/Exp

CH2(OH)CH2CH(OH)CH3 9.51 –  − 0.64 0.008 ± 0.001 a

CH2(OH)CH2CH = CH2 9.39 9.56 ± 0.05b  − 1.13 –
CH2(OH)CH = CHCH3 9.07 9.13c  − 1.70 –
CH2 = CHCH(OH)CH3 9.77 9.53c  − 1.09 –
CH2 = CHCH = CH2 8.99 9.082 ± 0.004d  − 0.68 –
CH2 = C = CHCH3 9.17 9.33 ± 0.02e  − 1.01 –
H2O 12.54 12.65 ± 0.05f  − 0.86 –
CH3C(OH)(CH3)CH2CH3 9.42 9.80g  − 0.54 –
CH3CH(OH)CH2CH3 9.87 9.88 ± 0.03h  − 0.72 –
CH2(OH)CH2CH2CH3 10.23 10.10 ± 0.05i  − 0.54 –
C2H6 11.56 11.52j  − 0.82 –
C2H5OH 10.45 10.46 ± 0.02k  − 0.75 –
CH4 12.63 12.61 ± 0.01L  − 0.84 –
CH3OH 10.83 10.84 ± 0.07m  − 0.76 –
CH3C(CH3)2CH2(OH) 9.38 9.72 ± 0.05n  − 0.57 –
CH3CH(OH)CH2CH2CH3 9.54 9.78 ± 0.07m  − 0.59 –
CH3 CH2CH(OH)CH2CH3 9.53 9.78 ± 0.07m  − 0.69 –
CH2(OH)CH2CH2CH2CH3 10.30 10.38 o  − 0.68 –
CH3CH(OH)CH3 9.99 10.15 ± 0.07m  − 0.70 –
C3H8 10.95 10.94 ± 0.05p  − 0.73 –
CH2(OH)CH2CH3 10.32 10.32 ± 0.02k  − 0.57 –
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agreement with available experimental data and the values 
from the Argonne Active Thermochemical Tables (ATcT), 
providing confidence in our theoretical calculations.

A m o n g  t h e  c o m p o u n d s ,  1 - b u t e n - 3 - o l 
(CH2 = CHCH(OH)CH3) has the lowest enthalpy of 
formation at -161.92 kJ/mol, followed by 2-buten-4-ol 
(CH2(OH)CH = CHCH3) at -155.39 kJ/mol, and 1-buten-
4-ol (CH2(OH)CH2CH = CH2) at -146.00 kJ/mol. The 
final products 1, 3-BD (P4) and 1, 2-BD (P5) have enthal-
pies of formation of 118.23 kJ/mol and 168.11 kJ/mol, 
respectively.

The Mean Signed Error (MSE), Mean Absolute Error 
(MAE), and Root Mean Square Error (RMSE) were calcu-
lated to verify the validity of the theoretical results from the 
CBS-QB3 method against the experimental results for AE, 
IE, and EA values. MSE, MAE, and RMSE were estimated 
using Eqs. (4–6), respectively.

(4)MSE =

∑�
�t − Et

�

n

Table 2   Enthalpy of formation 
using atomization energy 
approach (kJ/mol) for all 
released species at CBS-QB3

a  Ref. [61], b Ref. [62], c Ref. [63], d Ref. [64], e Ref. [65], f Ref. [66], g Ref. [67], i Ref [68–72]

Species ΔH0

f ,298
(kJ/mol)

AE Exp Argonne Active Thermo-
chemical Tables (ATcT) i

CH2(OH)CH2CH(OH)CH3  − 456.90  − 447.10a –
CH2(OH)CH2CH = CH2  − 146.00 – –
CH2(OH)CH = CHCH3  − 155.39 – –
CH2 = CHCH(OH)CH3  − 161.92 – –
CH2 = CHCH = CH2 118.23 108.80 ± 0.79 b 111.17 ± 0.29
CH2 = C = CHCH3 168.11 165.40 ± 1.20 c 162.56 ± 0.42
H2O  − 243.65  − 241.83 d  − 241.81 ± 0.02
CH4  − 74.55  − 74.60 ± 0.30 e  − 74.51 ± 0.04
CH3OH  − 204.63  − 205. 00 ± 10.00 f  − 200.84 ± 0.14
C2H6  − 82.75  − 84.00 ± 0.40 e  − 84.01 ± 0.12
C2H5OH  − 237.18  − 234.00 ± 2.00 f  − 234.89 ± 0.19
C3H8  − 102.19  − 104.70 ± 0.50 g  − 104.99 ± 0.15

Fig. 4   Correlation between experimental and theoretical results (at the CBS-QB3 method) of enthalpy of formation from AE approach (Fig. 4a) 
and IE (Fig. 4b)
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where �t is theoretical (CBS-QB3) value, Et is the experi-
mental value, and n is the total number of observations. The 
MSE, MAE, and RMSE values for IE were 0.125, -0.081, 
and 0.168 eV, respectively. Similarly, for AE, the corre-
sponding values were 3.935, 0.308, and 5.93 eV, respec-
tively. These results, along with the correlation between 
CBS-QB3 results and experimental values (shown in Fig. 4) 
demonstrate strong harmony between the computational 
results using the CBS-QB3 method and available experimen-
tal results. The data from Fig. 4 can also be used to predict to 
the expected experimental value for unknown species based 
on their CBS-QB3 results.

3.2 � Structures and energies

From Fig. 2, the dehydration mechanism of 1,3-BDO pro-
ceedS through seven transition states (TS1-TS7). Dehydra-
tion of 1,3-BDO is a two-step reaction mechanism. The first 
step involves passing through transition states TS1, TS2, and 
TS3 to produce the intermediates P1, P2, and P3, respec-
tively. In the second step, the intermediates P1, P2, and P3 
undergo further transformations via TS4, TS5, and TS6 to 
form the final products P4 and P5.

The optimized structures of 1,3-BDO and all transition 
states (TS1–TS7) are depicted in Fig. 5, while Fig. 6 and 
Table 3 present the energy profile diagram and thermody-
namic parameters for the dehydration of 1,3-BDO calcu-
lated using CBS-QB3, M06-2X, and ωB97XD methods. The 
accuracy of CBS-QB3 was examined against the high-level 
ab initio G4 method and good agreement was observed, with 
differences of less than 6 kJ/mol.

In the first step of the reaction, TS1 involves the elimina-
tion of H2O through the reaction of the hydroxyl (O1H9) 
group attached to C2 atom and one of hydrogen atom from 
the terminal methyl group (C3 atom). Inspection of TS1 
reveals that the formed H5–O1 and C3–C2 bonds are short-
ened by 1.34 Å (52.04%) and 0.093 Å (6.11%), respectively. 
In contrast, the broken C2 − O1 and C3 − H5 bonds are elon-
gated by 0.42 Å (29.59%) and 0.35 Å (32.42%), respectively. 
The reaction results in the formation of intermediate P1 with 
a barrier height and reaction energy 281 and 16 kJ/mol, 
respectively at CBS-QB3.

TS2 proceeds via the transfer of a H atom from one of 
the internal CH₂ groups (C1 atom) to the hydroxyl (O1H9) 
group linked to the C2 atom. Investigation of TS2 indicates 
that the broken C2-O1 and C1-H2 bonds are elongated by 

(5)MAE =

∑�
��t − Et

�
�

n

(6)RMSE =

�
∑�

�t − Et

�2

n

0.72 Å (50.21%) and 0.16 Å (12.86%), respectively, while 
the formed O1-H2 and C1-C2 bonds are shortened by 1.27 
Å (47.50%) and 0.12 Å (8.01%), respectively. This reaction 
results in the formation of intermediate P2, which has the 
lowest barrier height in the potential energy profile at 278 
kJ/mol, and the reaction energy is exothermic by 8 kJ/mol.

TS3 is formed by the migration of a H atom from the 
internal methyl CH₂ group (C1 atom) to the terminal 
hydroxyl (O2-H10) group. The reaction proceeds with the 
highest barrier height of 285 kJ/mol and the lowest reaction 
energy of 3 kJ/mol, making it the least endothermic reac-
tion among all dehydration reactions of 1, 3-BDO. During 
the progress of this reaction, the formed C1-C4 and O2-H2 
bonds are shortened by 0.12 Å (7.85%) and 1.42 Å (51.56%), 
respectively, while the broken C1-H2 and O2-C4 bonds 
are elongated by 0.22 Å (20.40%) and 0.58 Å (40.40%), 
respectively.

In the second step of the reaction, the final product P4 
is formed by the conversion of intermediates P1 and P3 via 
transition states TS4 and TS6, respectively. The conversion 
of P1 to P4 occurs with a low barrier height of 265 kJ/mol 
and reaction energy of 22 kJ/mol, while the conversion of 
P3 to P4 requires a higher barrier height of 271 kJ/mol and 
reaction energy of 9 kJ/mol, relative to the energy of P1.

In TS4, the broken C4-O1 and C1-H2 bonds are elon-
gated by 0.36 Å (25.51%) and 0.38 Å (34.37%), respectively, 
while the formed C1-C4 and H2-O1 bonds are shortened by 
0.09 Å (6.02%) and 1.37 Å (52.63%), respectively. In TS6, 
the formed C2-C3 and H4-O1 bonds are decreased by 0.11 Å 
(6.96%) and 1.35 Å (50.56%), respectively, while the broken 
C2-O1 and C3-H4 bonds are elongated by 0.57 Å (39.75%) 
and 0.25 Å (23.26%), respectively.

The final product P5 is formed by the transformation of 
the two intermediates P2 and P3 via transition states TS5 
and TS7, respectively. During the progress of TS5, the 
formed C1-C4 and H1-O1 bonds are shortened by 0.09 Å 
(5.64%) and 2.27 Å (66.23%), respectively, while the broken 
C4-O1 and C1-H1 bonds are elongated by 0.38 Å (26.83%) 
and 0.45 Å (41.10%), respectively. The reaction proceeds 
with a barrier height and reaction energy of 324 kJ/mol and 
33 kJ/mol, respectively, while the conversion of P3 to P5 
via TS7 requires barrier heights and reaction energies of 
320 kJ/mol and 38 kJ/mol, respectively. In TS7, the formed 
C1-C2 and O1-H1 bonds are shortened by 0.09 Å (5.69%) 
and 2.25 Å (65.74%), respectively, while the broken C2-O1 
and C1-H1 bonds are elongated by 0.44 Å (30.69%) and 0.41 
Å (37.87%), respectively.

According to Hammond’s postulate, in endothermic reac-
tions, the transition states are closer to the products than 
to the reactants [73]. From Fig. 6 and Table 3, it is evident 
that the formation of intermediate P3 is the most favorable 
among all first- step reaction intermediates, with a reac-
tion enthalpy ΔH298 = 51 kJ/mol and a reaction energy of 
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Fig. 5   Optimized structures of 1, 3-BDO and all transition states (bond lengths in Å and angles in degrees) at the B3LYP/6-311G (d, p) level 
(the optimization level at the CBS-QB3 composite method)
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ΔG298 = 3 kJ/mol. However, it requires a very high transition 
state energy TS3 (ΔE±

0 = 285 kJ/mol) compared to the most 
stable transition state, TS2 (ΔE±

0 = 278 kJ/mol) and TS1 
(ΔE±

0 = 281 kJ/mol).
The formation of P4 through TS6 is the most favored 

thermodynamically and kinetically during the dehydration 
mechanism, with ΔH298 = 88 kJ/mol and ΔG298 =—7 kJ/mol. 
This is lower than the energies required for P5 (ΔH298 = 138 
kJ/mol, ΔG298 = 41 kJ/mol), indicating the higher stability 
of P4 over P5.

By comparing the barrier heights of TS4 and TS6, we 
observe that TS6 has a lower barrier (ΔE±

0 = 316 kJ/mol) 
than TS4 (ΔE±

0 = 324 kJ/mol) by 8.85 kJ/mol. This suggests 

that the formation of P4 occurs through TS3 and TS6, pass-
ing through the formation of P3, while facing significant 
competition from the reaction that passes through TS1 and 
TS4.

Figure  7 illustrates the correlation between barrier 
heights (kJ/mol) at the CBS-QB3 method compared to 
those obtained at M06-2X/cc-pvTZ level (Fig. 7a) and at 
the ωB97XD /cc-pvTZ level (Fig. 7b). The results demon-
strate good agreement between CBS-QB3 and M06-2X/cc-
pvTZ results compared to those obtained at the ωB97XD /
cc-pvTZ level.

Intrinsic reaction coordinates (IRC) were calculated at 
the M06-2X/cc-pvTZ level because the M06-2X hybrid 

Fig. 6   Energy profile 
(
ΔE

0K

)
 in 

kJ/mol for the transition states 
and products of the dehydration 
of 1,3-BDO calculated using the 
CBS-QB3 method
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Table 3   Relative reaction energies (kJ/mol) at CBS-QB3, G4 (in bold), M06-2X/cc-pvTZ (in italic), and ωB97XD/cc-pvTZ (in parentheses)

Species CBS-QB3 DFT/cc-pvTZ

Imaginary 
frequency(cm−1)

ΔE‡
o ΔH

‡

298
ΔG

‡

298
Imaginary frequency(cm−1) ΔE‡

o ΔH
‡

298
ΔG

‡

298

R 0.00 0.00 0.00 0.00 0.00 0.00
TS1  − 1984.74 281.42 281.66 281.34  − 1818.76 (− 1945.32) 275.55 (271.637) 275.38 (271.24) 276.03 (272.58)

277.25
TS2  − 1364.14 277.97 278.81 277.11  − 1812.46 (− 1502.73) 279.03 (273.18) 280.17 (274.23) 277.95 (272.12)

274.25
TS3  − 1721.27 284.98 286 283.59  − 1918.55 (− 2018.62) 281.84 (280.65) 282.65 (281.57) 280.42 (279.19)
TS4  − 1950.64 324.38 331.46 282.23  − 1822.15 (− 1972.98) 331.15 (330.95) 337.81 (337.63) 289.57 (289.42)

318.00
TS5  − 1713.77 373.97 382.12 330.11  − 1198.62 (− 1550.46) 383.28 (381.58) 391.38 (389.5) 337.92 (337.7)

368.50
TS6  − 1957.92 315.53 323.41 272.88  − 1979.27 (− 2020.50) 328.51 (323.82) 335.48 (330.94) 287.05 (282.3)
TS7  − 1758.08 364.19 372.17 321.44  − 1059.12 (− 1513.93) 374.55 (370.96) 381.73 (378.5) 332.85 (328.77)

ΔEo ΔH298 ΔG298 ΔEo ΔH298 ΔG298

P1 59.72 67.16 15.83 74.41 (74.06) 81.78 (81.18) 30.67 (30.82)
55.57

P2 50.43 57.78 8.06 59.94 (60.19) 67.19 (67.21) 17.88 (18.47)
46.77

P3 44.39 51.26 2.96 56.55 (57.61) 63.01 (64.15) 15.77 (16.86)
P4 74.85 87.75  − 6.53 101.95 (100.92) 114.71 (113.76) 20.89 (19.78)

68.51
P5 123.61 137.56 40.96 142.1 (142.57) 156 (156.7) 59.58 (59.35)

118.30

Fig. 7   Correlation between barrier heights (kJ/mol) at the CBS-QB3 method aganist that obtained at M06-2X/cc-pvTZ level (Fig. 7a) and at 
ωB97XD /cc-pvTZ level (Fig. 7b)
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a) Changes of bond length along with IRC during TS1 b) Changes of bond length along with IRC during TS2

c) Changes of bond length along with IRC during TS3 d) Changes of bond length along with IRC during TS4

e) Changes of bond length along with IRC during TS5 f) Changes of bond length along with IRC during TS6

Fig. 8   Changes of bond length along with IRC for all 1, 3-BDO dehydration reactions at M06-2X/cc-pVTZ level of theory
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meta-functional incorporates 54% Hartree–Fock (HF) 
exchange [33], compared to only 20% HF exchange for 
B3LYP functional used in CBS-QB3 method [35]. The IRC 
calculations revealed that the transition state effectively con-
nect the reactant to their corresponding products.

Detailed bonds lengths variations versus IRC for complex 
fission reactions are presented in Fig. 8, while Figures S2-S8 
(In the supporting file (SI)) display the potential energy pro-
files along MEP of 1, 3-BDO dehydration at M06-2X/cc-
pvTZ level.

The IRCs for the formation of 1-buten-4-ol is shown in 
Fig. 8a. The figure illustrates the rapid rapture of the strong 
O1-C2 bond (BDE = 415.2 kJ/mol). The broken C3-H5 bond 
at s =  − 0.3 amu1/2 bohr is associated with the formation 
of the H5-O1 bond, where the two curves intersect at the 
transition state (s =  − 0.2 amu1/2bohr). The formation of the 
C2-C3 double bond occurs gradually during the reaction.

Figure 8b indicates a more pronounced rupture of the 
O1-C2 bond to the C1-H1 bond. The dissociation of the 
C1-H2 bond begins at s = 0.0 amu1/2 bohr, while the for-
mation of the H2-O1 bond progresses simultaneously with 
breaking of the C1-H2 bond. The two curves cross each 
other at s = 0.0 amu1/2bohr.

Figure  8c illustrates a rapid cleavage of the O2-C4 
bond (408.8 kJ/mol) relative to the weaker C1-H2 bond 
(BDE = 324.3 kJ/mol), which occurs at s = 0.8 amu1/2bohr. 
The formation of the H2-O2 bond begins at s =  − 0.4 
amu1/2bohr. The two curves of C1-H2 and H2-O2 bonds 
cross each other at s = 0.3 amu1/2bohr, while the formation 
of the double π bond betweenC4 and C1 occurs gradually 
during the reaction.

The changes on bond length along the IRC for the for-
mation of P4 is shown in Fig. 8d. The Figure demonstrates 
that the weakest C1-H2 bond (BDE = 324.3 kJ/mol) dissoci-
ates earlier (at s = 0.8 amu1/2bohr) than the strong alcoholic 
O1-C4 bond (BDE = 408.8 kcal/mol), which raptures at 
s = 0.3 amu1/2bohr.

The H2-O1 bond is formed at s =  − 0.2  amu1/2bohr, 
while the double C4-C1 bond is formed smoothly dur-
ing the reaction. The curves for the C1-H2 and H2-O1 
bonds cross each other at s = 0.3 amu1/2bohr. Figure 8e 
illustrates the variation of selected bonds lengths dur-
ing TS5. The breaking of the C1-H1 bond occurs first at 
s =  − 1.1 amu1/2bohr, followed by rapture of the O1-C4 
bond s = 0.1 amu1/2bohr, while the formation of the C4-C1 
double bond progresses smoothly during the reaction. 
According to Fig. 8f, the O1-C2 bond is broken first (at 
s =  − 0.5 amu1/2bohr), followed by the slow stretching of 
the C3-H4 bond until it raptures at s =  − 0.3 amu1/2bohr. 
The breaking of the C3-H4 bond and the formation of 
the H4–O1 bond occur simultaneously, with the two 
curves intersecting at s =  − 0.1 amu1/2bohr. The investi-
gation of IRC in Fig. 8g indicates a rapid breakage of the 
O1–C2 bond at s = 0.0 amu1/2bohr, while the C1–H1 bond 
stretches and breaks at s =  − 0.5 amu1/2bohr, accompanied 
by the formation of the H1–O2 bond. The two curves inter-
sect at s = 0.7 amu1/2bohr.

4 � Conclusion

In this study, we explore the thermochemical aspects of 
the dehydration mechanism of the bifunctional biofuel 
1, 3-butanediol (1, 3-BDO) by constructing the potential 
energy profile for different dehydration reactions using 
various computational chemistry methods. The computa-
tional study has been performed using the DFT/ M06-2X 
and ωB97XD methods in conjunction with the correla-
tion consistent polarized valence triplet zeta (cc-pvTZ) 
and the ab initio complete basis set − quadratic Becke3 
(CBS-QB3).

Investigation of bond dissociation energies (BDEs) 
reveals that terminal C2–C3 bond has the lowest value 
(BDEs = 361 kJ/mol) among all C–C and C–O bonds, indi-
cating that it will be particularly susceptible during the com-
bustion of 1, 3-BDO at high temperature. The BDEs of the 
terminal alcoholic OH group (BDEs = 409 kJ/mol) is lower 
compared to that of internal OH group (BDEs = 415 kJ/mol). 
These results align with previous literatures for n-butanol, 
2-butanol, and 2-Methoxyethanol. From BDEs results, the 
results suggest that the rapid disintegration of the terminal 
OH group indicates that the initiation of the dehydration 

g) Changes of bond length along with IRC during TS7

Fig. 8   (continued)
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reaction will occur through the removal the terminal OH 
group.

The finding is consistent with the potential energy profile, 
which indicates that the formation of the final product 1, 
3-butadiene (1,3-BD, P4), occurs via transition states TS4 
and TS6. The formation of 1,2-butadiene (1,2-BD, P5) is 
less likely due to the instability of the allene structure.
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