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Abstract

A density functional theory study was performed to investigate the interactions between 1-butyl-
3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) and six different model naphthenic acids
(NAs). Natural bond orbital, atoms in molecules, noncovalent interactions, HOMO-LUMO
overlap integral, and electron density difference were analyzed. The analysis informs on the use
of ionic liquids as solvents for the removal of NAs from crude oil. The main extraction
mechanism for NAs without long alkyl chain is hydrogen bonding, whereas van der Waals
interaction and hydrogen bonding are the dominant extraction mechanisms for NAs with long
alkyl chain. F---H hydrogen bonding is the strongest hydrogen bond, and O---H is the second
strongest for all the interactions. NAs with polycyclic hydrocarbons or multiple carboxylic
groups have larger total interaction energies than those with monocyclic hydrocarbons and one
carboxylic group. The results indicate that o(C-0)-6*(C-H), LP(0O)-c*(C-H), *(C-0)-c*(C-H),
and o(C-H)-c*(C-0) interactions can occur between [BMIM][BF4] and model NAs without
aromatic ring, whereas n(C-0)-c*(C-H), LP(0)-c*(C-H), n*(C-0)-c*(C-H), and o(C-H)-7*(C-

O) interactions take place for [BMIM][BF.]-benzoic acid.
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Abbreviations:

NAs

ILs
[BMIM][BF4]
CHCA
CPCA
BA
CHPA
CHDCA
DCHA
NBO
HOMO
LUMO
NCI
AIM
VDW

BCP

naphthenic acids

ionic liquids
1-butyl-3-methylimidazolium tetrafluoroborate
cyclohexanecarboxylic acid
cyclopentanecarboxylic acid
benzoic acid

cyclohexanepentanoic acid
1,4-cyclohexanedicarboxylic acid
dicyclohexylacetic acid

natural bond orbital

highest occupied molecular orbital
lowest unoccupied molecular orbital
noncovalent interactions

Atoms in molecules

van der Waals

bond critical point



1. Introduction

Naphthenic acids (NAs), a mixture of alkyl-substituted cyclic aliphatic carboxylic acids, are
among the most common oxygen-containing compounds in crude oil [1, 2]. The presence of NAs
increases the acidity of crude oils, and causes serious corrosion to oil refining equipment,
transportation pipelines, and storage tanks [3]. NAs also induce other serious problems such as
poisoning catalysis, forming coke, and emulsions [4]. Therefore, it is important to remove NAs
from crude oil and NAs removal is critical for heavy oil upgrading [5]. Several methods are used
to separate NAs from crude oil including aqueous solution washing, solvent extraction,
adsorption, catalytic esterification, and decarboxylation [6], but these methods have their

drawbacks, making it critical to investigate alternative approaches to remove NAs from crude oil.

lonic liquids (ILs) are nonvolatile, thermally stable, nonflammable, and environmentally
friendly green solvents, and they are considered favorable solvents for many separation
processes [7, 8]. Recently, significant progress has been made to utilize ILs to separate NAs from
crude oil. Anderson et al. used tetraalkylammonium and tetraalkylphosphonium amino acid-
based ILs to remove NAs from crude oil [9]. Sun et al. attempted to use imidazole anion and 1-
alkyl-3-methylimidazolium imidazolide to separate NAs from crude oil [10]. Shah et al.
investigated the isolation of NAs from highly acidic model oil using imidazolium-based ILs and
hydroxide-based ILs [11, 12]. In addition, the separation of NAs from crude oil was also realized

through employing thiocyanate-based ILs [13].

Considering the structures and diversity of functionalities of ILs, most types of interactions,
including dispersive, n-m, n-m, hydrogen bonding, dipolar, and ionic/charge-charge, can occur
between ILs and other compounds [14]. Moreover, the composition of NAs are often complex

and therefore, the interactions between ILs and NAs are different based on the structures of NAs.



Although it is difficult and time-consuming to investigate IL-based extraction mechanisms for
NAs through experiment, the interactions of ILs and compounds can be explored through
quantum chemical computation [15, 16]. Despite the numerous experimental investigations on
the application of ILs to separate NAs from crude oil [9-13], few detailed computational studies
have been reported on the direct interactions between ILs and NAs thus far. Furthermore, current
theoretical studies mainly focus on IL-based extraction of sulfur and nitrogen-containing
compounds from fuels [17-19]. Due to structural differences between NAs and sulfur and
nitrogen-containing compounds, it is necessary to investigate the ILs extraction mechanisms of

NAs to instruct the design of ILs for efficient NAs removal.

Here, we fill the gap by examining mechanistic interactions between ILs and six model NAs
by using density functional theory. More specifically, we examine the extraction mechanism
between 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) as a model IL and
cyclohexanecarboxylic acid (CHCA), cyclopentanecarboxylic acid (CPCA), benzoic acid (BA),
cyclohexanepentanoic acid (CHPA), 1,4-cyclohexanedicarboxylic acid (CHDCA), and
dicyclohexylacetic acid (DCHA) as model NAs. BA is not strictly a NA, but the six compounds
will be categorized collectively as NAs for convenience. The electronic structures, interaction
energies, and the intermolecular interactions including van der Waals interactions, hydrogen
bonds, and electrostatic interactions, were analyzed. The structures for [BMIM][BF4] and six

types of model NAs are shown in Fig. 1.

2. Computational Methods

The density functional computations were performed by using the Gaussian 09 program
package [20]. Many theoretical studies on ILs were carried out by using M06-2X/6-311++g(d,p)

level of theory [21-25]. Therefore, the structures of [BMIM][BF4] and the six different model



NAs were optimized by using the MO06-2X method and 6-311++G(d,p) basis set. The
[BMIM][BF4]-model NAs structures were also optimized by using the same method and basis
set. The interaction energies were calculated at M06-2X/6-311++G(d,p) level with the correction
by the basis set superposition error method. The second-order perturbation energy E(2) in the
natural bond orbital (NBO) was investigated in Gaussian 09 at the M06-2X/6-311++G(d,p) level
of theory. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) were calculated. Analyses of the noncovalent interactions (NCI) and electron
density difference were carried out by analyzing the wave functions for the optimized structures
using the Multiwfn software package [26, 27]. The coulomb-attenuating method CAM-B3LYP,
which considers long-range interactions, was used in combination with 6-311++G(d,p) basis set
to perform HOMO-LUMO overlap integral analysis [28]. Topological properties were analyzed

by using atoms in molecules (AlM) theory [29].
3. Results and Discussion
3.1. Optimized geometries

After optimization of [BMIM]" and [BF,]’, [BF4] was positioned at different orientations
around [BMIM]", and those structures were optimized to determine the most stable cation-anion
pair of [BMIM][BF.]. Also, the structures of six types of model NAs were optimized, and
electrostatic potential analysis was conducted; the results are displayed in Fig. 2. It was observed
that [BF4]” has a strongly negative electrostatic potential, whereas [BMIM]" has a high positive
electrostatic potential. Regarding the six types of model NAs, the most negative electrostatic
potentials are located around the oxygen atoms in the carboxylic groups, and the most positive
electrostatic potentials are located around the hydrogen atoms in the carboxylic groups. To

obtain the most stable geometries for the interactions between [BMIM][BF,] and model NAs,



model NAs were placed in different regions around the optimized [BMIM][BF4] to form
complexes according to electrostatic potential analysis. Then, different structures were optimized,
and the most stable geometry was the structure with the lowest energy and without imaginary

frequency.

The most stable molecular structures for [BMIM][BF,] and [BMIM][BF,]-model NAs are
shown in Fig. 3 with Cartesian co-ordinates summarized in Table S1. It was noted that the most
stable geometry for [BMIM][BF,] calculated with the 6-311++G(d,p) basis set (Fig. 3a) varies
from the geometry calculated with the 6-311G(d,p) basis set (Fig. 3b). Additionally, the energy
deviation between the two structures is 9.95 kcal/mol. With the addition of two diffusion
functions, the 6-311++G(d,p) basis set can better represent the electron distributions [30], hence,
it was chosen for the current study. The van der Waals (VDW) radii for fluorine and hydrogen
are 1.2 and 1.47 A, respectively [31]. Therefore, several hydrogen bonds are formed between the
hydrogen atoms in the cation and fluorine atoms in the anion of [BMIM][BF,4], shown in Fig. 3a.
The hydrogen bond distances between H13 and F30, H13 and F26 are shorter than the hydrogen
bond lengths formed by other hydrogen atoms (H18, H19) owing to the high electron potential of
H13. H18 is closer to the imidazole ring than H19, consequently, the H18...F26 hydrogen bond
is shorter than H19---F26. In addition, the interactions between F28 and C5 in the imidazole ring

indicates the existence of lone pair (LP)-x interactions in [BMIM][BF4].

After forming complexes with model NAs, the cation and anion in [BMIM][BF,] form two
prominent hydrogen bonds with model NAs: one is between the fluorine atom of [BF,4] and the
hydrogen atom in the carboxylic group of the model NAs and the other is between the hydrogen
atom in [BMIM]" and the oxygen atom in the carboxylic group of the model NAs. The

F51---H21 bond is shorter than the O19---H34 one, suggesting that the hydrogen bond between



the fluorine atom and hydrogen atom is stronger, displayed in Fig. 3c. It is noted that the
F51---H34 bond length is longer after forming complexes because F51:--H21 and H34---019
hydrogen bond formation result in an increase of the F51 electrostatic potential and a decrease of
the H34 electrostatic potential. Hence, the F51---H34 bond length is longer and the interaction is
weaker (see Fig. 3c and Fig. 4), in agreement with the principle of bond order conservation.
Meanwhile, the formation of the F51.--H21 and H34:--O19 hydrogen bonds causes the
F49...C26, F49.---H40, and F47---H39 bonds to elongate, suggesting that the interactions
between [BF,]" and [BMIM]" are weaker (see Fig. 3c). Interestingly, 019 and H21 in the
carboxylic group form an intermolecular hydrogen bond in [BMIM][BF,]-CHCA. The
interaction between [BMIM][BF4] and other five types of NAs follow the same trends as
[BMIM][BF4]-CHCA. For the electrostatic potential, the highest negative values are located
around the interaction region between [BMIM][BF;] and model NAs, whereas the largest
positive values are located around the hydrogen atoms in the imidazolium ring, as shown in Fig.

4,
3.2. Interaction energies

Interaction energies between [BMIM][BF;] and model NAs can help to evaluate the
stability of complexes, and moreover help to explain the different extraction efficiencies for NA

extraction. The interaction energies were calculated according to Eq. (1):

AE = (Elgmimnsra) + Emodet nas) — Elpmiml[ar,]-Model Nas 1)

The interaction energies between [BMIM][BF4] and CHCA/CPCA/BA/CHPA/CHDCA/DCHA
are 15.22, 15.07, 15.63, 14.34, 16.36, and 16.57 kcal/mol, respectively.The interaction energy for

[BMIM][BF4]-DCHA is highest with [BMIM][BF4]-CHDCA ranking second among the



interactions between [BMIM][BF,] and six types of model NAs, therefore, it was deduced that
the interaction energy between [BMIM][BF4] and NAs with two cyclohexane rings is larger than
that with one, and the interaction energy for NAs with two carboxylic groups is larger than that
with one carboxylic group. In addition, it is expected that the second carboxylic group in
CHDCA is capable of forming complexes with a second [BMIM][BF.] molecule, which will
result in higher interaction energy. Accordingly, [BMIM][BF,] is more favorable to extract NAs

with polycyclic hydrocarbons or multiple carboxylic groups.
3.3. NBO analyses

To obtain donor-acceptor interactions between [BMIM] and model NAs, NBO analysis and
a second-order perturbation theory analysis were carried out. The results are listed in Table S2.
According to the results, there are four kinds of donor-acceptor interactions for stable hydrogen
bonds between CHCA/CPCA/CHPA/CHDCA/DCHA and [BMIM]": o(C-0)-6*(C-H), LP(O)-
0*(C-H), 6*(C-0)-6*(C-H), and o(C-H)-c*(C-0O). In addition, ©(C-0)-c*(C-H), LP(0)-c*(C-
H), n*(C-0)-c*(C-H), and o(C-H)-n*(C-O) interactions exist between BA and [BMIM]". With
regards to the interactions between CHCA/CPCA/ CHPA/CHDCA/DCHA and [BF.]’, there are
two main kinds of hydrogen bonding interactions: o(O-H)-c*(B-F) and LP(F)-c(O-H). On the
other hand, only the LP(F)-c(O-H) interaction takes place between BA and [BF4]. The
remarkable difference can be ascribed to the reason that BA has an aromatic ring and the other
five types of NAs are nonaromatic. Interestingly, the stabilization energy E(2) of LP(F)-c(O-H)
and LP(O)-c*(C-H) is substantially greater than that of the other interactions, exhibiting that

LP(F)-o(O-H) and LP(O)-c*(C-H) interactions are stronger. In addition, the stabilization energy



E(2) for LP(F)-o(O-H) is larger than that of LP(O)-c*(C-H). NBO analysis results are consistent
with the findings from the geometry analysis.

The charge distributions of [BMIM][BF4], model NAs, and [BMIM][BF4]-NAs were
summarized in Table S3. For isolated model NAs, the hydrogen atom with the highest NBO
charge is H21(0.48598), H18(0.48847), H15(0.49089), H33(0.48608), H24(0.48743), and
H40(0.48313) in CHCA, CPCA, BA, CHPA, CHDCA, and DCHA, respectively, which is
attributed to the electronegativity of oxygen atom in the carboxylic group. After being absorbed
by [BMIM][BF4], LP(F)-c(0O-H) interactions between [BMIM][BF4] and
CHCA/CPCA/BA/CHPA/DCHA, lead to a more negative charge of the fluorine atom in [BF4]
and more positive charge for hydrogen atoms in model NAs. Similarly, LP(0)-c*(C-H)
interactions give rise to the decrease of charge for oxygen atom in the carboxylic group of model
NAs and increase of charge for intereracting hydrogen atoms in [BMIM]*. Consequently, it is
deduced that the complex formation, especially the strong hydrogen bond formation, results in

the charge redistribution.

The o, © occupancy and linear combination of some natural atomic orbitals of [BMIM]" in
isolated [BMIM][BF4], and [BMIM][BF]-NAs were exhibited in Table S4 to investigate the
influence of interactions on the orbital formation of the cation. The hybridization of N1, C2, C3,
and N4 atoms in 6(N1-C2), 6(N1-C5), 6(C2-C3), c(C3-N4), and o(N4-C5) are essentially the
same after adsorbing model NAs, whereas the hybridization of C5 atom in the imidazole ring
shows a clear deviation. As for the hybridization of o(C5-H13), c(C6-H14), and (C7-H18), it is

noted that there are huge differences for C5(C26) and C6(C27) atoms after [BMIM][BF,]

1.60 2.88

interacts with CHCA, changing from sp™® to sp***, and sp®® to sp*”°, respectively, whereas the

the hybridization of C7(C28) atom roughly remain the same. According to the geometry and



donor-acceptor interactions analysis, LP(019)-6*(C26-H34)/c*(C27-H35), o(C18-019)-
6*(C26-H34)/6*(C27-H35), o*(C18-019)-c*(C26-H34)/c*(C27-H35), and o(C6-C18)-
6*(C26-H34) interactions could account for the hybridization changes of C26(C5) and C27(C6)
atoms for [BMIM][BF4]-CHCA. On the other hand, no strong interactions are formed for the
C28(C7) atom, therefore, its hybridization practically maintain the same. The hybridization
changes of o(C5-H13), o(C6-H14), and o(C7-H18) for [BMIM][BF4]-CPCA/BA follow the
same trends as [BMIM][BF,]-CHCA. However, C5 and C7 atoms in [BMIM][BF,]-
CHPA/CHDCA go through notable hybridization variation while hybridization of C6 atom
virtually keeps unchanged. As for [BMIM][BF,]-DCHA, only the C5 atom experiences
significant hybridization alteration, compatible with geometry and donor-acceptor interactions

analysis.
3.4. The topological properties of interactions

Atoms in molecules (AIM) analysis was performed to investigate the topological properties
of interactions [29]. The total electronic density p(r) and Laplacian V2p(r) at the bond critical
point (BCP) are useful to illustrate the characteristics of the chemical bonds. The results are
displayed in Fig. S1 and listed in Table. S5. The results show that [BMIM][BF.]-CHCA,
[BMIM][BF,]-CPCA, and [BMIM][BF]-BA have 10 BCPs, whereas [BMIM][BF4]-CHPA,
[BMIM][BF4]-CHDCA, [BMIM][BF4]-DCHA have 15, 17, and 19 BCPs, respectively. The
greater the alkyl chain length, number of carboxylic groups, and number of cyclohexane rings,
the greater the opportunity for hydrogen-hydrogen (VDW) interactions as well as hydrogen

bonding formation between model NAs and [BMIM]", resulting in more BCPs.
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The electron density p(r) of BCPs represents the strength of interactions; larger value means
a stronger interaction [32, 33]. According to Table. S5, the F51---H21 interaction has the largest
p(r) and the O19---H34 bond ranks second for [BMIM][BF;]-CHCA, implying that the F51-H21
and O19-H34 interactions are stronger than other interactions. Due to the larger electronegativity
of fluorine than oxygen, F-H interaction is stronger than O-H interaction. Moreover,
[BMIM][BF4]-CPCA, [BMIM][BF]-BA, [BMIM][BFs]-CHDCA, and [BMIM][BF4]-DCHA
also follow the same trends as [BMIM][BF4]-CHCA. In summary, p(r) is greatest for
interactions between the hydrogen atom (in the carboxylic group) and the fluorine atom (closest
to that hydrogen atom), and is second largest for the interactions between the oxygen atom
(connecting with carbon through double bond in the carboxylic group) and the hydrogen atom in
[BMIM]" (closest to that oxygen atom). Nevertheless, the strongest interaction for
[BMIM][BF,]-CHPA is the H54---H22 bond. Therefore, it is concluded that hydrogen bonding is
the main interaction for NAs without long alkyl chains, whereas VDW and hydrogen bonds
interactions are the main interactions for NAs with long alkyl chains. The hydrogen bonding
extraction mechanism was confirmed by Shah et al. in their experimental study [12]. It is also
consistent to the mechanism proposed by Anderson et al. [9]. The value of the Laplacian of the
electron density is positive for interactions between [BMIM][BF,] and the six model NAs. This
means that the electrons tends to segregate. The positive value also demonstrates that ionic bonds,
hydrogen bonds, and VDW interactions exist in the six complexes formed between [BMIM][BF4]

and model NAs [34].
3.5. NClI analyses

NCI analyses can provide information about intramolecular and intermolecular interactions

to distinguish interaction types and strength [35]. To investigate interaction types and strength,
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the plots of reduced density gradient (RDG) versus sign(i,)p, and the gradient isosurface (s=0.7
a.u.) for [BMIM][BF4] and [BMIM][BF,]-model NAs are displayed in Fig. 5. In the left figure,
the peaks at the sign(i;)-p<O region suggests attractive interactions such as hydrogen bond
interactions and 7m-m interactions, whereas the spikes close to sign(i;)-p=0 exhibit VDW
interactions. On the other hand, peaks at the sign(A,)-p>0 region indicate steric effects. In the
gradient isosurface figure, the interaction types and strength can be identified through analyzing

the color and area.

As shown in Fig. 5a, There is no peak in the hydrogen bond region of [BMIM][BF],
demonstrating no apparent hydrogen bonds in [BMIM][BF,]. As for complexes formed between
[BMIM][BF,] and model NAs, the spikes at -0.04 a.u. as well as the dark blue circle between the
hydrogen atom and fluorine atom in the gradient isosurface figure indicate the existence of
strong hydrogen bonding, as shown in Figs. 5b, 5c, and 5d. The spikes at -0.04 a.u. correspond to
the strong fluorine and hydrogen interactions according to electron density analysis (see Table.
S5). On the contrary, there is no spike at -0.04 a.u. in Figs. 5e, 5f, and 5¢g, suggesting that the
hydrogen bonds at -0.04 a.u between [BMIM] and CHPA/CHDCA/DCHA are weaker. Moreover,
the existence of peaks at -0.02 a.u. relates to hydrogen bonds formed between the oxygen atom
in the model NAs and hydrogen atom in [BMIM][BF,]. It is noteworthy that an oxygen atom can
form several hydrogen bonds with hydrogen atoms in the ILs. The F-H hydrogen bond is
stronger than O-H hydrogen bonds, hence, the hydrogen bonds formed between the anion and

model NAs is stronger than that formed between the cation and model NAs.

The area and color between the anion and cation in the [BMIM][BF,4] are essentially the
same after forming interactions with model NAs. It was deduced that the intramolecular LP-x

interactions formed between the anion and cation in [BMIM][BF,4] are not destroyed by the
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interactions with model NAs. Furthermore, due to the long alkyl chain of CHPA, the hydrogen
atoms on the alkyl chain can form VDW interactions with [BMIM][BF,], as indicated by the

peaks around 0.00 a.u. as shown in Fig. 5e.

3.6. The HOMO-LUMO overlap integral analyses

It is reported that overlap of the molecular orbitals occurs when ILs interact with
compounds, and orbital overlap analysis is beneficial to understand the interactions [36, 37]. In
this section, we explored the HOMO and LUMO orbitals of [BMIM][BF4] and model NAs, with
results displayed in Fig. 6, as well as the HOMO-LUMO and LUMO-HOMO integrals between
[BMIM][BF;] and model NAs, with results shown in Fig. S2. A positive overlap integral
indicates the attraction of two molecular orbitals whereas a negative value means repulsion of

molecular orbitals.

The results reveal that HOMO of CHCA, CPCA, CHPA, CHDCA, and DCHA have a four-
leaf clover shape orbital near the carboxylic group. In addition, the LUMO of CHCA, CPCA,
CHPA, CHDCA, and DCHA occupy a large space near the hydrogen atom of the carboxylic
group. On the other hand, neither the four-leaf clover shape nor large area are found for the
HOMO and LUMO of BA, as shown in Fig. 6. The overlap integral between HOMO of
[BMIM][BF,] and LUMO of CHPA/CHDCA is negative, whereas the overlap integral between
LUMO of [BMIM][BF4] and HOMO of CHPA/CHDCA is positive, suggesting that LUMO-
HOMO interactions are beneficial to [BMIM][BF,]-CHPA/CHDCA complex formation.
Furthermore, the overlap integral between HOMO of [BMIM][BFs] and LUMO of
CHCAJ/CPCA, and between LUMO of [BMIM][BF4] and HOMO of CHCA/CPCA are both
positive, indicating that both HOMO-LUMO and LUMO-HOMO interactions are beneficial to

[BMIM][BF,] and CHCA/CPCA interaction. On the other hand, the overlap integral between

13



HOMO of [BMIM][BF4] and LUMO of BA/ DCHA are positive, and the overlap integral
between LUMO of [BMIM][BF,;] and HOMO of BA/ /DCHA are negative, demonstrating that

HOMO-LUMO is conducive to the interactions between [BMIM][BF.] and BA/DCHA.
3.7. Electron density difference analysis

The formation of complexes between ILs and compounds generates electron density
redistribution [38]. To understand the electron redistribution caused by the interaction between
[BMIM][BF,] and the six model NAs, electron density distribution maps were plotted shown in

Fig. S3. The electron density change was calculated according to Eq. (2):

Ap = P[BMIM][BF,]-Model NAs — (p[BMIM][BF4) + Pmodel Nas) 2)

According to the results in Fig. S3, the difference of the electron density is located in the
interaction region between IL and model NAs. The results reveal that the electron density of the
carbon atom in the carboxylic group of model NAs is decreased. The reason is because of
electron transfer from the carbon atom to the two adjacent oxygen atoms. Furthermore, the
electron density of the oxygen atom connected with the carbon atom through double bond in the
carboxylic group, is denoted purple in the exterior and green in the interior for all the six
complexes, indicating the increase of electron density in the exterior of the complex and decrease
in the interior of the complex. The explanation is due to the formation of hydrogen bonds
between the oxygen atom and the hydrogen in [BMIM][BF4] molecule leading to electron
transfer from the interior of the complex to the exterior. Interestingly, the electron density of the
oxygen atom connected with the hydrogen atom in the carboxylic group transfers from the center

to the edges, induced by the redistribution of electrons during complex formation. Moreover,

14



electron transfers from the hydrogen atom in the carboxylic group to the adjacent oxygen atom
give rise to the decrease of electron density in the hydrogen atom.

Due to the hydrogen bonding formation between [BMIM][BF4] and model NAs, there are
significant decreases of the electron density for hydrogen atoms both in [BMIM][BF.] and
model NAs. On the other hand, the electron transfer from those hydrogen atoms in the cation to
the adjacent carbons causes the rise of the electron density between the carbon and hydrogen
atoms. After hydrogen bond formation between one of the fluorine atoms in [BMIM][BF,4] and a
hydrogen atom in model NAs, the electron densities of the participating fluorine atoms is raised,
whereas the electron density between the fluorine atom and the boron atom is reduced, since
electrons in that region are transferred to the neighboring fluorine atom, consistent with the

principle of bond order conservation.

Overall, the electron density changes remarkably near the anion and carboxylic group for all
six interactions, which is caused by the stronger hydrogen bonds of F---H and O---H. Compared
with [BMIM][BF4]-CHCA, [BMIM][BF4]-CPCA, and [BMIM][BF4]-BA, the hydrogen atoms in
[BMIM][BF,]-CHPA, [BMIM][BF,]-CHDCA, and [BMIM][BF,-DCHA have pronounced
electron density changes due to VDW interactions of hydrogen atoms. The results are consistent

to the AIM analysis.

4. Conclusions

The interactions between [BMIM][BFs] and CHCA/CPCA/BA/CHPA/CHDCA/DCHA
were investigated by using the density functional theory approach. For NAs without a long alkyl
chain, the main extraction mechanism is hydrogen bonding; For NAs with long alkyl chain,
VDW interaction and hydrogen bonding are the dominant extraction mechanisms. [BMIM][BF,]

is more efficient at extracting NAs with polycyclic hydrocarbons or multiple carboxylic groups.
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The bond characteristics and HOMO, LUMO orbitals for BA are different from the model NAs
without aromatic ring. The LP-m interactions between [BMIM]" and [BF,] are not destroyed by
the adsorption of model NAs on [BMIM][BF,4], whereas the electron density changes remarkably
near [BF4] and carboxylic group upon complexes formation. The study on the interactions
between [BMIM][BF,] and six model NAs provide a comprehensive understanding of extraction

mechanism by ILs, and will be beneficial for ILs design.
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Fig. 1. Structures of [BMIM][BF,4] and six types of model NAs compounds.
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Fig. 2. The electrostatic potential (a.u.) of (a) [BMIM][BF,], (b) CHCA, (c) CPCA , (d) BA, (e)
CHPA, (f) CHDCA, and (g) DCHA.
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Fig. 3. The optimized structures of (a) [BMIM][BF,] calculated by 6-311++G(d,p) basis set, (b)
[BMIM][BF,] calculated by 6-311G(d,p) basis set, (c) [BMIM][BF;]-CHCA, (d) [BMIM][BF4]-
CPCA, (e) [BMIM][BF4]-BA, (f) [BMIM][BF;]-CHPA, (g) [BMIM][BF4]-CHDCA, and (h)
[BMIM][BF,4]-DCHA.
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Fig. 4. The electrostatic potential (a.u.) of (a) [BMIM][BF4]-CHCA, (b) [BMIM][BF4]-CPCA ,
(c) [BMIM][BF4]-BA, (d) [BMIM][BF4]-CHPA, (e) [BMIM][BF4]-CHDCA, and (f)
[BMIM][BF,]-DCHA.
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Fig. 5. The sign(A2)p vs RDG (left) and the gradient isosurfaces (right) for (a) [BMIM][BF4], (b)
[BMIM][BF,4]-CHCA, (c) [BMIM][BF4]-CPCA , (d) [BMIM][BF;]-BA, (e) [BMIM][BF4]-
CHPA, (f) [BMIM][BF4]-CHDCA, and (g) [BMIM][BF4]-DCHA. Note: red indicated
sign(Az)p >0, blue indicated sign(A;)p <0
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Fig. 6. HOMO LUMO analysis of [BMIM][BF4] and model NAs. Note: isosurface for CHDCA
LUMO is at 0.021 a.u., CHPA LUMO is at 0.022 a.u., and the others is 0.02 a.u.; green represent

negative values, dark red represents positive values.

28



Graphical abstract

~ [BMIM][BF ]-CHCA "< % T [BMIM][BF J-CHPA
W i ‘ ~ e &
» ) g ;»w: e ‘7 ?“' ‘¥
& 1 _q = /w‘, . . ‘
b 4 = ~ v e
- ¥

RDG (aw)

H-bond * @ ZHNDANE steric
-0.04 -0.02 0 0.02 0.04 -0.04 .02 0 002 0.04
sign(a jp (au.) signiA)p {au)

H-bond

29



Highlights

¢ lonic liquids offer an effective method to remove naphthenic acids from crude oil

e Explored interactions between ([BMIM][BF,]) and model naphthenic acids

e Hydrogen bonding is main extraction mechanism for NAs without long alkyl chain

e VdW interaction and H bonding dominant extraction mechanisms for alkyl chain
NAs

e Electron density changes near [BF4]" and carboxylic group upon complex
formation
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