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Separating phenols or even their homologs is an important process in environmental conservation and biomass utilization,
and it has become one fascinating application of ionic liquids (ILs). Nevertheless, its underlying mechanism still needs to be
elucidated at the molecular level. This work conducted a theoretical study on the interaction between ILs and phenols by
quantum chemical calculations, using tocopherols as model compounds. Calculation results from geometry, electrostatic
potential, natural bond orbital, atoms in molecules and energy analyses and their accordance with extraction experiments
indicated the essential role of hydrogen-bonding interaction in extracting tocopherols and distinguishing the homologs by
IL. The polarizable continuum model and conductor-like screening model for real solvents studies showed that the
mechanism still holds when considering the solvation effect. Furthermore, with the aid of theoretical calculation, more
efficient extractants, 1-ethyl-3-methylimidazolikum glycinate ([emim]Gly) and I-ethyl-3-methylimidazolikum alaninate
([emim]Ala), were developed for the separation of tocopherol homologs. © 2012 American Institute of Chemical Engineers
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Introduction

Tonic liquids (ILs) have attracted great attention as alterna-
tive extractants in liquid-liquid extraction in recent years,
because of their unique properties such as structural and func-
tional tunability, ultralow volatility, and low mutual solubility
with water or weak-polar solvents.'™ Especially, ILs have
shown notable efficiency on the extractive separation of phe-
nolic compounds, which are one major class of the industrial
chemicals and pollutants and are the most abundant bioactive
compounds whose contents in biomass are only lower than
cellulose, hemicellulose, and lignin.f”7 ILs could selectively
extract phenols from water or esters with elevated efficiency
than common extractants.®'> Besides, [L-mediated extraction
could also take effect in isolating a certain kind of phenolic
compound from its structurally similar compounds or even
homologs, which is a quite challenging task and common
extractants just have very low separation selectivity,m’17 with
high efficiency. For example, we have utilized IL-mediated
liquid-liquid extraction as a novel method for the separation
of a-tocopherol, the major component of vitamin E,'® from
its homologs with selectivity higher than 20.0 (Figure 1)."92°
Nevertheless, despite the promising experimental results
obtained in the extractive separation of phenolic compounds
by ILs, theoretical studies on the intermolecular interactions
between phenolic compounds and ILs are quite few, how the
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ILs identify and extract phenols and even distinguish the
minor difference of phenolic homologs is still not clearly
illustrated at the molecular level. This situation leads to lim-
ited insight into the underlying extraction mechanism and li-
mitation on the development of new extractants. Different
from common molecular solvents, ILs are “two-component”
solvents consisted of cations and anions, so they usually con-
tain multiple functional groups in their structures.”’ These
functional groups, including hydrogen-bond acceptor and do-
nor sites, aromatic ring, and weak-polar aliphatic chains, can
make the interaction between ILs and phenolic compounds
complicated; thus, a theoretical study on the interaction is
indeed necessary and has to be improved.

In this work, a theoretical study has been conducted on
the intermolecular interaction between ILs and tocopherols
by quantum chemical calculations, where tocopherols are
selected as a model of phenolic compounds because their
structures are relatively complicated than common phenols,
and the separation of tocopherol homologs is a quite chal-
lenging process. Atoms in molecules (AIM) and natural
bond orbital (NBO) analysis were used to give more insight
into the features of intermolecular interactions besides the
general geometry and energy analysis. Calculation results
were discussed together with the comparison to extraction
experiments, and then an attempt to develop more efficient
IL extractants was carried out.

Calculation Details

The geometry optimization calculations in the gas phase
were performed on isolated tocopherol molecules, ion pairs,
and their complexes, using Gaussian 03 software.?”> The
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Figure 1. The structure of tocopherols.

hybrid density functional theory (DFT) that incorporates
Becke’s three-parameter exchange with Lee, Yang, and
Parr’s (B3LYP) correlation functional method and the
6-314+G(d,p) basis set were employed.”>** Due to the large
size of these molecules containing atoms more than 100, the
initial geometries of tocopherols were constructed and preop-
timized at the semiempirical level with the Chem3D Ultra
package,25 and then the obtained geometry having the lowest
energy was further optimized with the Gaussian 03 software.
The optimization of ion pair was directly performed with the
Gaussian 03 software. For each kind of ion pair, more than
five different initial geometries were optimized, where the
anion was located at different positions around the cation.
The optimized geometry having the lowest energy was used
as the global minimum for the subsequent calculation. All
the optimized structures were confirmed to be minima on the
potential energy surface via vibrational frequency analysis. It
should be stated that due to the flexibility of the long alkyl
chain, it would be difficult to confirm whether the real global
minimum of the potential energy surface of tocopherol is
found. Nevertheless, considering that the focus of this work
is the hydrogen-bonding interaction of the phenolic hydroxyl
group of tocopherols with ILs and that the hydrogen-bond
donor ability of the phenolic hydroxyl is not likely to be sus-
ceptible to the conformation of the alkyl side chain, the ge-
ometry diversity of tocopherols resulting from the flexible
alkyl chain should not have a significant impact on the sub-
sequent calculation.

Besides the geometry parameters and electrostatic poten-
tials, NBO and AIM analysis were also performed for the
optimized structures to give an insight into the intermolecu-
lar interactions.”>° NBO analysis was performed at the
B3LYP/6-314+G(d, p) level by the NBO 3.1 program as
implemented in the Gaussian 03 package of programs, and
AIM analysis was performed using the AIMAIIl software.*
The interaction energy between ion pair and tocopherol (AE)
was calculated with the correction for the basis set superpo-
sition error (BSSE) by the counterpoise method.*!

The single-point calculation and optimization within an
implicit solvent media of the optimized structures of toco-
pherols, IL pairs, and IL—tocopherol complexes in the gas

phase were performed using the integral equation formula-
tion of the polarizable continuum model (PCM) as imple-
mented in the Gaussian 03 software at the B3LYP/6-
31+G(d,p) level.* The corresponding United Atom Topo-
logical Model applied on radii optimized for the HF/6-
31G(d) level of theory (UAHF) atomic radii were used to
build the solute cavities, and the values of RMin and OFac
parameters were set to 0.5 and 0.8, respectively. The default
solvent used in the calculations was dimethyl sulfoxide,
because it is perhaps the closest to an IL solvent in polarity
among the standard solvents in Gaussian 03. The dielectric
constants (¢) of ILs were obtained from the literature.>® The
molar volumes (V) and the solvent particle density (N)
could be determined by the molecular weight and density of
the specific IL.>* The radius of the solvent molecule (Ry)
was estimated based on the molar volume of the IL assum-
ing a hard sphere model.** The ionic strength (/) of IL was
calculated assuming complete dissociation of the ion pairs,
which was not necessarily true. Table 1 lists the various pa-
rameters of the ILs used in Gaussian 03 for solvation calcu-
lations. Because it is not possible in Gaussian 03 to perform
calculations using both the counterpoise correction and an
implicit solvation method, the gas-phase BSSE energy of the
solvated geometry of IL and IL-tocopherol complex was
used to correct the corresponding interaction energy.

The conductor-like screening model for real solvents
(COSMO-RS) calculation was performed with the COSMO-
thermX program.35 The required COSMO polarization
charge densities ¢ of the molecular surfaces were computed
by the TURBOMOLE 6.3 program package on the density
functional theory level,3 6 utilizing the B-P86 functional with
resolution of identity approximation and a triple-{ valence
polarized basis set.’”** The optimized geometries of isolated
IL pairs and tocopherols in the gas phase with Gaussian 03
were used as starting structures for the calculation in TUR-
BOMOLE 6.3.

Experimental Method
Chemicals

1-Ethyl-3-methyl bromide ([emim]Br, 99%) and glycine
(99.5%) were purchased from Green Chemistry and Cataly-
sis, LICP, CAS (China) and Aladdin Chemical (China),
respectively. 1-Ethyl-3-methyl acetate ([emim]Ac, 99%) was
purchased from Chengjie Chemical (China). The mixed toco-
pherols (99%) were supplied by Heilongjiang Jiusan Oil and
Fat (China), which were produced from soybean deodorizer
distillate, containing 45.3% od-tocopherol, 44.5% [3y-tocoph-
erol, and 9.1% o-tocopherol. All other chemicals (analytical
grade) were commercially available and used as received
unless otherwise stated.

Synthesis of [emim]Gly and [emim]Ala

The amino acid functionalized ILs 1-ethyl-3-methylimida-
zolium glycinate ([emim]Gly) containing glycine anion and
1-ethyl-3-methylimidazolium alaninate ([emim]Ala) contain-
ing alaninate anion were synthesized with a two-step proce-
dure according to the previous literature.***' The first step

Table 1. The Solvent Properties of ILs Used for the Solvation Calculations by Gaussian 03

IL p(gem™) M, Vinot (cm ™) Reoy (A) Number Density (Particle A=) 1 (mol dm™3) e

[bmim]C1 1.0820 174.67 161.4 3.2237 0.00373 6.196 15.0

[bmim]BF, 1.2141 226.02 186.2 3.3810 0.00323 5.371 12.0
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Figure 2. Optimized structures of tocopherols at B3LYP/6-31+G(d,p) level.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

was the anion-exchange reaction of [emim]Br to [emim]OH
over a column packed with strongly basic anion-exchange
resin along with the common AgNO; test on the elution.
The second step was the neutralization reaction between
[emim]OH aqueous solution and excessive amino acid. After
the purification, the purity of synthesized ILs was confirmed
by 'H NMR analysis. The '"H NMR results agreed well with
those reported by other researchers.*' The water mass frac-
tion of [emim]Gly, [emim]Ala, and [emim]Ac were 0.62,
0.67, and 0.36%, respectively, determined by the Karl-Fi-
scher titration after heating under vacuum for about 36 h.

Extraction

The extraction experiments were performed as described
elsewhere.”® Typically, a known amount of the mixed toco-
pherols was dissolved in hexane, and aliquots of this solution
were contacted with an equal volume of a IL-acetonitrile
mixture in an Erlenmeyer flask. The flask was shaken for
2 h using a thermostatic rotary shaker with a speed of 200 r
min~' and then settled at the same temperature to reach a
phase splitting. Samples were taken from each of the two
phases and diluted with the mixture of methanol and water
(96/4, v/v) for the high-performance liquid chromatography
(HPLC) analysis. The HPLC systems consisted of an auto-
sampler, an Atlantis C18 column (5 pum, 4.6 x 250 mmz), a
Waters 1525 binary pump, and a Waters 2487 dual 1 absorb-
ance detector. The mobile phase was a mixture of methanol
and water (96/4, v/v). The detection of tocopherols was per-
formed at 292 nm. f-Tocopherol and 7y-tocopherol were
measured as a combined fraction, because their structures
are so similar that their HPLC peaks were overlapped under
the analytical condition. The extraction equilibrium
experiments were repeated for three times, and the relative
uncertainties of distribution coefficient were within 5%. The

distribution coefficient of tocopherol was calculated by the
following equation

D =Cy/C;

where C¢ and Cj refer to the mass fractions of solute 7 in the
extract phase (IL-rich phase) and in the raffinate phase
(hexane-rich phase), respectively.

Results and Discussion
Calculation on tocopherols

The optimized structures of three tocopherol homologs,
a-tocopherol, y-tocopherol, and o-tocopherol, are shown in
Figure 2, which seem very similar. The electrostatic potential
surfaces for those structures are constructed and shown in Fig-
ure 3, where the red and blue colors indicate the negative and
positive regions, respectively. It is found that most regions
around the molecules are nearly neutral except the regions
near the two oxygen atoms and the phenolic hydrogen atom.
This indicates that the phenolic hydroxyl group is the main
possible region of tocopherols to interact with other molecules
via specific interactions. The phenolic hydrogen that possesses
strong positive electrostatic potential values is likely the main
site to be attacked by the nucleophilic sites of other molecules.

Platts** has found that the value of the electrostatic poten-
tial at the hydrogen-bond donor hydrogen nuclear position
(excluding the hydrogen’s own infinite nuclear contribution),
EP,, showed a good correlation with the hydrogen-bond
donor capacity of the molecules. The larger EP,, values
tended to result in stronger hydrogen-bond donor capacity.
The EP,,. values of tocopherol homologs based on the opti-
mized structures were calculated to clarify the difference of
the property of homologs. The obtained values decrease in
the order d-tocopherol (—0.978) > y-tocopherol (—0.979) >

a) a-tocopherol

b) ytocopherol

¢) ¢tocopherol

Figure 3. B3LYP/6-31+G(d,p) electrostatic potential mapped onto the 0.0004 density isosurface (unit: electron
bohr™3) for the optimized structures of tocopherols.

The scale spans —15.7 (red) through 0.0 (green) to 15.7 (blue) (unit: kcal mol Y. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 4. B3LYP/6-31+G(d,p) electrostatic potential mapped onto the 0.0004 density isosurface (unit: electron
bohr~3) for the optimized structures of [bmim]Cl, [bmim]Br, and [bmim]BF,.

The scale spans —50.2 (red) through 0.0 (green) to 50.2 (blue) (unit: kcal mol Y. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

a-tocopherol (—0.982). This order probably indicates that J-
tocopherol has the strongest hydrogen bond capacity among
the homologs and a-tocopherol has the weakest.

Calculation on ILs

Optimized structures were obtained for three common ILs,
1-butyl-3-methylimidazolium chloride ([bmim]Cl), 1-butyl-3-
methylimidazolium bromide ([bmim]Br), and 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim]BF,). These ILs
have ever been used as extractant for the extractive separa-
tion of tocopherol homologs in our previous work. As shown
in Figure 4, the location of anions shows obvious preference
on the region near the C,—H group (C, is the carbon atom
between the two nitrogen atoms) of cation in all cases. This
preference has been observed in many kinds of ILs as a
result of the relatively strong interaction between C,—H and
anions.*** The electrostatic potential surfaces were also
constructed for ILs. As also shown in Figure 4, there is a
strong negative region near the anions and the electrostatic
potential around the cation is nearly neutral or weak posi-
tive. It indicates that those ILs are likely to have specific
interactions with the positive sites of other molecules,* such
as the hydrogen atom of phenolic hydroxyl group in toco-
pherols, through their anions.

Figure 5. Optimized structure of [bmim]Cl-a-tocopherol
complex at B3LYP/6-31+G(d,p) level.
Dashed line implies hydrogen bond, with a decimal show-
ing the distance (unit: A). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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Hydrogen-bonding interaction between IL
and tocopherol

The above electrostatic potential analysis indicates that
specific interaction of IL with tocopherols is likely to exist
between the anion and the hydroxyl group. Therefore, opti-
mized structures where the anion lies near the hydroxyl
group were obtained for ion pair-tocopherol 1:1 complexes.
The sum of van der Waals atomic radii of two atoms was of-
ten used as a criterion in geometry analysis to judge if a
hydrogen bond is present between one covalently bonded
hydrogen and other electronegative atoms.*® In the optimized
[bmim]Cl-o-tocopherol complex (Figure 5), the Clyg---Hyo
distance in Cl;g---Hyo—0O55 is 2.16 A, much smaller than the
sum of van der Waals atomic radii of hydrogen and chloride
(2.95 A),47 implying the presence of one intermolecular
Clyg--H40—035 hydrogen bond between the anion and the
phenolic hydroxyl group. This agrees with the electrostatic
potential distribution discussed earlier that the hydroxyl
hydrogen of tocopherol possesses strong positive electrostatic
potential, and there is a strong negative electrostatic potential
region near the anion of IL. The Cls---Hy; distance in
Clyg--Hy7—C39 is 2.95 A, just around the critical value, so it
seems hard to judge whether a hydrogen bond is present in
Clyg--H477—C39. AIM analysis on the optimized geometry
was performed to obtain more insight to the intermolecular
interaction between [bmim]Cl and «-tocopherol. Three inter-
molecular bond critical points (BCPs) in the [bmim]Cl-o-to-
copherol complex were identified from the AIM analysis,
C116"'H40, C116"'H47, and O35"'H21. The hydrogen-bonding
criteria proposed by Popelier within the AIM theoretical
frame were used to analyze whether these BCPs relate to
intermolecular hydrogen bonds.***’ Consequently, it was
found that a hydrogen bond existed in Cl;g---Hyo—035. As
presented in Table 2, the charge density evaluated at the
BCP, p., of Clyg-Hyg is 0.0280 au, within the criterion that
p. should be between 0.002 and 0.035 au; the value of the
Laplacian of p., V2p., is 0.0590 au, within the criterion that
Vzpc should be between 0.024 and 0.139 au. Nevertheless,
the other two BCPs probably do not relate to notable hydro-
gen bonds or just relate to very weak hydrogen bonds due to
their much lower p. and \/?p. values. p. is an useful param-
eter for estimating the relative strength of corresponding
bond,”* so the hydrogen bond Clye---Hsp—0O35 is known
much stronger than the interaction within Clye---Hy7 and
O3s5---Hy; due to its much higher p. value. In addition, the
total energy density at BCP, H., of Cls--Hyo is negative
and those of Clye---Hyy; and Oss--Hp; are positive, also

2012 Vol. 00, No. 0 AIChE Journal



Table 2. Charge Density p., Its Laplacian V?p,, Energy Density H, at the BCP from AIM Analysis, Second-Order
Stabilization Energy E® from NBO Analysis, and the BSSE-Corrected Interaction Energy AE of IL-a-Tocopherol
Complex at B3LYP/6-31+G (d,p) Level

Electron E® AE
IL BCP Pe X 10? (au) Vzpc x 107 (au) H, x 10° (au) Delocalization (kcal mol™ ) (kJ mol™")
[bmim]Cl Clyg--Hyo 2.80 5.90 —-1.5 LP Cl,;c~BD* O35—Hy 23.11 —45.17
Clyg--Hyy 0.69 2.29 1.3 LP Cl;c~BD* C3g—Hy; 1.04
O35---Hpy 0.30 1.12 0.7 LP O;35-BD* Cyp—Hy; 0.17
[bmlm]Br BI'107"'H30 2.49 4.85 —-1.0 LP BI'I()7—B])>IF 07_H30 20.71 —38.05
[bmim]BF, Foi---Hys 2.46 8.02 -0.7 LP Fy;-BD* O;,—H;5s 12.50 —23.60

indicating that the hydrogen bond Cly4---Hso—0O35 is much
stronger than the interaction within Cly4---Hy7 and Ozs---Hyy.
It is known that bonds with any degree of covalent character
must have a negative H., which is less than zero.>3% Thus,
the hydrogen bond Cl4---Hyg—0O35 has partially covalent
character and, consequentially, stronger than the other two
interactions that just appear to represent purely electrostatic
interactions. The second-order perturbation theory analysis
of Fock matrix in NBO basis was further performed to know
more about the interactions.”” All possible interactions
between ‘filled” (donor) Lewis-type NBOs and “empty”
(acceptor) non-Lewis NBOs can be examined by estimating
their energetic importance with second-order perturbation
theory. The second-order stabilization energy of each donor—
acceptor interaction, E@, is useful for judging the interaction
strength.53 In the investigated [bmim]Cl-a-tocopherol com-
plex, the dominant donor—acceptor interaction is the ng
—0ogy interaction between the filled lone pair of chloride
anion and the antibond of hydroxyl group, which has much
higher stabilization energies than other donor—acceptor inter-
actions. The stabilization energy of LP Cl;c—BD* O35—Hyg
interaction is 23.11 kcal mol™', but the sum of the stabiliza-
tion energy of all the other intermolecular donor—acceptor
interactions (above the output threshold 0.05 kcal molfl) is
less than 4.0 kcal mol™". Thus, the significance of anion-
hydroxyl hydrogen-bonding interaction is illustrated. It was
reported that the E® values of LP (O) — BD* (OH) interac-
tion between phenol and several kinds of hydrogen-bond
acceptor molecules, including acetone, methanol, and water,
were all lower than 12 kcal mol™!,>* so the [bmim]CI seems
having a relatively strong hydrogen-bond acceptor capacity.
Quantum chemical calculations on the interaction between
[bmim]Br or [bmim]BF, and a-tocopherol were further car-
ried out. [bmim|Br and [bmim]|BF, contain the same cation

with [bmim]Cl and differ in the kind of anion. From the
optimized geometries where the anion lies near the hydroxyl
group, intermolecular hydrogen bonds were identified
according to the van der Waals radius criterion. Especially,
obvious hydrogen bonds were found between the anion of IL
(bromide or fluorine atom) and the hydroxyl group (Figure
6). These hydrogen bonds were further identified by the
Popelier’s criterion within AIM theory. The p. of Bryg;---Hzg
is 0.0249 au in [bmim]Br-o-tocopherol complex, and the p.
of Fo;---Hys is 0.0246 au in [bmim]BF,-a-tocopherol com-
plex (Table 2). The second-order stabilization energy of the
interaction between the lone pair of bromide and the anti-
bond of hydroxyl group of tocopherol is 20.71 kcal mol~" in
[bmim]Br-a-tocopherol complex and that of the interaction
between the lone pair of fluoride and the antibond of
hydroxyl group of tocopherol is 12.50 kcal mol™' in
[bmim]BF,-«-tocopherol complex.

Comparing the calculation results on different IL-o-to-
copherol complexes, it could be found that the p. and E®
values between IL and o-tocopherol all followed the order
[bmim]CI > [bmim]Br > [bmim]BF,. Because the higher p.
and E® values relate to stronger intermolecular hydrogen-
bonding interaction, the interaction strength of [bmim]Cl
with tocopherols is considered stronger than [bmim]Br and
[bmim]BF,. Moreover, when comparing the BSSE-corrected
interaction energy AE between o-tocopherol and different
ILs, the order was found to be also [bmim]|Cl > [bmim]Br
> [bmim]BF, (a higher AE refers to a more negative value),
implying the relative interaction strength of different ILs
again. This result is consistent with the experimental distri-
bution coefficients of a-tocopherol in different IL-based
biphasic systems. Although in the experiments the used ex-
tractant was IL—cosolvent mixture rather than pure IL, the
primary role of IL in the extraction has been revealed by the

Figure 6. Optimized structure of [bmim]Br-a-tocopherol (leff) and [bmim]BF,-a-tocopherol (right) complexes at

B3LYP/6-31+G(d,p) level.

Dashed lines imply hydrogen bonds, with decimals showing the distances (unit: A). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Table 3. Extractive Separation of Tocopherol Homologs
Using Different IL-Acetonitrile Mixtures at 303.15 K*

Distribution Coefficient Selectivity
IL 0 P&y o o/ P&y/o.
[bmim]|BE," 0.30 0.18 0.09 3.3 2.0
[bmim]Br"” 1.23 0.69 0.18 6.8 3.8
[bmim]CI" 3.54 1.94 0.37 9.6 5.2
[emim]Gly 19.2 9.31 1.51 12.7 6.2
[emim]Ala 20.9 10.5 1.55 13.5 6.8
[emim]Ac 19.3 9.40 1.39 13.9 6.8

*The initial concentration of tocopherol in hexane (mg cm>): & 1.00, f&
0.98, and o 0.20. Molar ratio of IL to acetonitrile: 2:98. .

experiments, and the variation of distribution equilibrium
against different mixtures can be approximately regarded as
against different ILs. As shown in Table 3, the distribution
coefficient of o-tocopherol in [bmim]Cl-based system is the
largest and that in [bmim]BF, is the smallest, implying the
stronger intermolecular interaction of o-tocopherol with
[bmim]CI than with [bmim]Br and even more [bmim|BF,.

The interaction between ILs and o-tocopherol was also
investigated by DFT calculation, and similar results with the
case of a-tocopherol were found. The anion of IL could
interact with J-tocopherol by forming X---H—O hydrogen
bonds, and the analysis from the p., E®, and AE exhibits
the magnitude of hydrogen bond between tocopherol and dif-
ferent ILs is also in the order [bmim]Cl > [bmim]Br >
[bmim]BF,. This result is consistent with the experimental
distribution coefficients of d-tocopherol in different IL-based
biphasic systems (Table 3).

Interaction with different tocopherol homologs

Why the ILs can recognize the tiny structural difference of
tocopherol homologs in liquid-liquid extraction is very inter-
esting. As an attempt to resolve this problem, calculation
results were compared for the [bmim]Cl-tocopherol com-
plexes (Tables 2 and 4, Figure 7). From AIM analysis, the
charge density evaluated at the BCP, p., of Cl---Ho—y is
0.0324 au for [bmim]Cl-d-tocopherol, 0.0318 au for
[bmim]Cl-y-tocopherol, and 0.0280 au for [bmim]Cl-a-to-
copherol, respectively, following the order d-tocopherol > y-
tocopherol > o-tocopherol. From NBO analysis, the second-
order stabilization energy, E®, of LP Cl — BD* O—H do-
nor—acceptor interaction is 26.54 kcal mol ™! for [bmim]CI-5-
tocopherol, 25.72 kcal mol™" for [bmim]Cl-y-tocopherol, and
23.11 kcal mol™' for [bmim]Cl-a-tocopherol, respectively,
also following the order é-tocopherol > y-tocopherol > u-to-
copherol. Furthermore, the BSSE-corrected interaction energy
AE between [bmim]Cl and tocopherols has the same order,
d-tocopherol (54.63 kJ mol™") > y-tocopherol (53.25 kIJ
mol™ ) > o-tocopherol (45.17 kJ mol™!). These results show
that the intensity of hydrogen-bonding interaction between
anion and hydroxyl group is different for each tocopherol
homolog, so [bmim]Cl could selectively interact with differ-

ent homologs and have the capacity to separate them experi-
mentally. In more detail, the calculation shows that the inter-
action between [bmim]Cl and J-tocopherol is the strongest
whereas the interaction between [bmim]Cl and «-tocopherol
is the weakest, and the difference between [bmim]Cl-0-to-
copherol and [bmim]Cl-y-tocopherol is relatively small and
their difference with [bmim]Cl-a-tocopherol is much larger.
Thus, in a separation experiment, the J-tocopherol is most
likely to be attracted by [bmim]Cl, with slightly weaker affin-
ity of p-tocopherol but much weaker affinity of o-tocopherol
to [bmim]Cl. As shown in Table 3, when using [bmim]Cl as
extractant in extraction experiments, the distribution coeffi-
cients of tocopherols are just in the order J-tocopherol > y-
tocopherol > a-tocopherol, and in more detail, the difference
of distribution coefficients between o-tocopherol and y-to-
copherol is relatively small and the difference between J-/y-
tocopherols and a-tocopherol is much larger. Thus, the calcu-
lation results are in good accordance with the experiments,
and it implies that the hydrogen-bonding interaction between
anion and hydroxyl group plays an essential role in the selec-
tive extraction of different tocopherol homologs.

Investigation on the interaction between [bmim]Br/
[bmim]BF, and different tocopherol homologs exhibits the
same results with the [bmim]Cl-tocopherol interaction
described earlier. The p, E®, and AE values of [bmim]|Br/
[bmim]BF,-0-tocopherol  complexes are higher than
[bmim]Br/[bmim]BF,-a-tocopherol complexes (Table 4), in
accordance with the experimental result that d-tocopherol
has a much higher distribution coefficient than a-tocopherol
when using [bmim]Br and [bmim]BF, as extractant. Thus,
the essential role of hydrogen-bonding interaction between
anion and hydroxyl group in the selective extraction of dif-
ferent tocopherol homologs is further demonstrated.

Multiple interactions between IL and tocopherol

The essential role of hydrogen-bonding interaction
between anion and hydroxyl group in the extraction of toco-
pherols has been demonstrated in the above discussion.
Besides the hydrogen bond, intermolecular p—m and o-n
interactions were also found by taking more insight into the
DFT calculation results on IL—tocopherol complexes. For
example, in the NBO analysis for [bmim]ClI-J-tocopherol, it
is found that there is a donor—acceptor interaction between
the lone pair of hydroxyl oxygen atom and the second anti-
bond of C—N bond in the imidazolium ring of cation (Table
5). Further investigation on the composition of the corre-
sponding two NBOs shows that the antibond of C—N bond
mainly consists of the p orbitals of the two atoms and the
lone pair of hydroxyl oxygen nearly consists of its p orbital,
so the donor—acceptor interaction is recognized as a p-=
interaction. Nevertheless, the E® value of this interaction is
much smaller than the LP C1 — BD* O—H donor—acceptor
interaction, implying a weaker strength than the anion-
hydroxyl hydrogen-bonding interaction. Other typical p—n

Table 4. Charge Density p., Its Laplacian V>p, Energy Density H, at the BCP from AIM Analysis and Second-Order
Stabilization Energy E® from NBO Analysis of the anion-hydroxyl hydrogen-bonding interaction, and the BSSE-Corrected
Interaction Energy AE of IL-Tocopherol Complex at B3LYP/6-31+G (d,p) Level

Complex pe % 107 (au) V2pe x 10% (au) H,. x 10° (au) E® (kcal mol™") AE (kJ mol ™)
[bmim]ClI-y-tocopherol 3.18 6.38 —2.4 25.72 —53.25
[bmim]Cl-d-tocopherol 3.24 6.42 -2.5 26.54 —54.63
[bmim]Br-d-tocopherol 2.64 4.96 —1.3 21.94 —46.33
[bmim]BF,-d-tocopherol 2.58 8.25 —-0.8 13.03 —29.21
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Figure 7. Optimized structure of [bmim]Cl-y-tocopherol (left) and [bmim]Cl-J-tocopherol (right) complexes at

B3LYP/6-31+G(d,p) level.

Dashed lines imply hydrogen bonds, with decimals showing the distances (unit: ;&). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

and o—n donor—acceptor interactions are also listed in Table
5, and all of them have small E® values. Considering that
nonspecific van der Waals intermolecular interactions cer-
tainly exist between IL and tocopherol, multiple interactions
including hydrogen bond, p—m, o-m, and van der Waals
interactions have been found between ILs and tocopherols.
ILs are two-component solvents consisting of both cation
and anion, so multiple functional groups can exist in their
structures that cause the capacity of ILs to have multiple
interactions with other molecules.

Solvation effects on IL-tocopherol interactions

Although the above gas-phase calculations showed a good
relationship between the IL-tocopherol hydrogen-bonding
interaction and the extractive separation of tocopherols by
ILs, it will be useful to investigate the effect of solvation on
calculation results to see if the relationship still holds with
increased realism of calculation.” Considering the large size
of calculated structures in this work, implicit solvation
approach using a PCM by Gaussian 03 software was used,
for the interaction between two ILs ([bmim]Cl, [bmim]BF,)
and two tocopherol homologs («-/d-tocopherol). Two differ-
ent strategies were investigated for the calculation. In the
first strategy, the single-point calculation within the implicit
solvent was directly performed on the optimized gas-phase
structures, which was widely used in previous literature.’®>’
As shown in Table 6, although the interaction strength
between IL and tocopherol was weakened by the solvation,
the order of interaction strength of different IL—tocopherol
complexes was not affected. For both kinds of tocopherol
homologs, the interaction energy with [bmim]Cl was higher
than that with [bmim]|BF,, and for both kinds of ILs, the

interaction energy with J-tocopherol was higher than that
with a-tocopherol. In the second strategy, the optimized gas-
phase structures were further optimized within the implicit
solvent before the interaction energy was calculated. The
results (Table 6) showed that the order of interaction
strength was still in accordance with that in gas phase,
except that the interaction energy of [bmim]BF,-a-tocoph-
erol was a little higher than that of [bmim]Cl-a-tocopherol.
It should be noted that the Gaussian 03 software could not
incorporate the ionic strength information of the implicit sol-
vent when it is running a geometry optimization, thus this
exception probably stems from the inherent inaccuracy of
the calculation rather than the solvation effect.

As the implicit solvation approach using PCM has several
notable deficiencies, as mentioned by the above results and
previous literature,”® the solvation effect was also investi-
gated by the second approach, using the COSMO-RS.”
COSMO-RS introduces the vivid concept of polarization
charge density (o) profiles for a qualitative and quantitative
comparison of the polarity distribution on molecular surfa-
ces, which integrates the description of electrostatic, hydro-
gen bonding, and hydrophobicity of a structure. Importantly,
this methodology provides a direct quantitative scaling of
the thermodynamic properties of solvents in a specific solva-
tion environment, and the specific solvent—solute interactions
determining the solubility of solutes can be quantitatively
discussed through force field analysis of the measures
derived from COSMO-RS computation.®® Table 7 lists the
three descriptor parameters for the energies contributions to
the solvation interactions of tocopherols with ILs: Hyr (mis-
fit interaction energy), Hyp (hydrogen-bonding interaction
energy), and Hypw (van der Waals interaction energy). It is

Table 5. Second-Order Stabilization Energy E® from NBO Analysis and the Composition of Donor/Acceptor NBOs of
[bmim]CI-Tocopherol Complex at B3LYP/6-31+G (d,p) Level

Donor Donor Composition

Acceptor

Acceptor Composition E® (kcal mol ")

[bmim]Cl-o-tocopherol

BD (2) Cog—Cas 0.71(sp””°d**c + 0.71(sp" ) BD* (1) C;—Hyy 0.60(sp>"*)c — 0.80(s)yy 0.56
BD (2) C34—Csg 0.70(sp" )¢ + 0.72(sp"*)c BD* (1) C;—Hyy4 0.60(sp>"*)c — 0.80(s)yy 0.24
[bmim]Cl-y-tocopherol
BD (2) C3;—Cay 0.69(sp" )¢ + 0.72(sp" )¢ BD* (1) C;—H,, 0.60(sp>"®)c — 0.80(s)yy 0.10
LP (2) Oss 0.01% s + 99.91% p + 0.09% d BD* (2) N;—Cs 0.53(sp””°d*") — 0.09

0 85(5p99.99d15.78)

. C
[bmim]Cl-6-tocopherol
LP (2) O3 0.11% s + 99.79% p + 0.09% d BD* (2) N\—Cs 0.53(sp”°d* ) — 0.18
99.99 19.72
0.84(sp”>°d° )¢
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Table 6. BSSE-Corrected Interaction Energy AE of IL-
Tocopherol Complex at B3LYP/6-31+G (d,p) Level with
PCM Solvation Model* (kJ mol™ 1)

Optimized with solvation

Single-point calculation

IL o-Tocopherol 0-Tocopherol a-Tocopherol d-Tocopherol

[bmim] —1.05 —8.48 —6.42 —9.42
BF,

[bmim] -5.29 —13.61 —4.04 —12.10
Cl

*The gas-phase BSSE energy of the solvated geometry was used to perform
the BSSE correction.

noted that the Hyr and Hypw values for different complexes
are quite close to each other, and the major difference in the
energy contributions of different IL—tocopherol interactions
is the Hyg, clearly indicating the important role of hydro-
gen-bonding interaction in the solvation of tocopherols in
ILs. Furthermore, the strength of hydrogen-bonding interac-
tion follows the order [bmim]Cl > [bmim|BF, for different
ILs and J-tocopherol > a-tocopherol for different tocopher-
ols, which are well consistent with the results in gas-phase
calculation and experiments. Combining the results of both
PCM calculation and COSMO-RS calculation, the correla-
tion between the IL-tocopherol hydrogen-bonding interaction
and the extractive separation of tocopherols by ILs was con-
sidered not to be modified by the solvation effect, although
the interaction strength was weakened. Correspondingly, the
reliability of this correlation is considered increased.

Amino acid and acetate ILs as extractant:
calculation and experiment

Amino acid ILs whose anions are the conjugate base of
amino acids have attracted much attention as alternative sol-
vent in capturing carbon dioxide and have also been used for
extracting phenolic compounds from esters.'**"*? Neverthe-
less, the potential of amino acid ILs as extractant for sepa-
rating phenolic homologs has not been evaluated. The dis-
cussion earlier has exhibited the feasibility of the used quan-
tum chemical calculation method in predicting the
experimental results of separating tocopherol homologs by
IL-mediated extraction. Thus, similar theoretical calculations
were performed on the interaction between 1-ethyl-3-methyl-
imidazolium glycine ([emim]Gly) and tocopherols, to prog-
nosis the feasibility of amino acid ILs as novel extractant for
separating tocopherol homologs before experiments. Electro-
static potential analysis on the optimized structure of
[emim]Gly ion pair shows that there are two types of nega-
tive region (Figure 8), one near the amino group and the
other near the carboxyl group. Correspondingly, two kinds
of stable structures were obtained for [emim]Gly-tocopherol
complex where the phenolic hydroxyl group lies either near
the amino group or near the carboxyl group, nevertheless,
the latter was found more stable. Geometry, AIM, and NBO
analysis on the optimized geometry of [emim]Gly-tocopherol
complex (Figure 9) exhibits that there are hydrogen-bonding

Table 7. COSMO-RS Derived Energies Contributions to the
Solvation Interactions of Tocopherols with ILs (kJ mol™")

o-Tocopherol o-Tocopherol

IL HMF HHB HVDW HMF HHB HVDW
[bmim]BF,  34.0 —3.8 —-98.2 321 —6.7 —-92.3
[bmim]C1 329 —-10.0 —103.9 30.7 —18.0 —97.9
8 DOI 10.1002/aic Published on behalf of the AIChE

electrostatic

Figure 8. B3LYP/6-31+G(d,p) potential
mapped onto the 0.0004 density isosurface
(unit: electron bohr=3) for the optimized
structures of [emim]Gly.
The scale spans —46.4 (red) through 0.0 (green) to 46.4
(blue) (unit: kcal mol ). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.
com.]

interactions between [emim]Gly and tocopherol, not only
between the phenolic hydrogen atom of tocopherol and the
carboxyl oxygen atom of anion but also between the pheno-
lic oxygen atom of tocopherol and the alkyl hydrogen atom
of cation (Table 8). The sum of p. of Ouyjon--Ho—p and
Oo—n*He—y in [emim]Gly-a-tocopherol complex is 0.0632
au, much higher than that of Cl---Hop—y in [bmim]Cl-a-to-
copherol. The sum of E® of LP Ognion--BD* Ho_yy and LP
Oo—p---BD* Hc—y; donor—acceptor interactions is 37.47 kcal
mol™!, much higher than that of LP Cl-BD* Hp—yy The
interaction energy of [emim]Gly-a-tocopherol, 49.77 kJ
mol~!, is also higher than that of [bmim]Cl-a-tocopherol.
The comparison of calculation results between [emim]Gly-J-
tocopherol and [bmim]Cl-J-tocopherol leads to the same
results. In brief, the corresponding p., E®, and AE quantities
of [emim]Gly-tocopherol complex are all much higher than
the [bmim]Cl-tocopherol analog, so the hydrogen-bonding
interaction of [emim]Gly with tocopherol is much stronger
than that of [bmim]Cl, implying that notably higher distribu-
tion coefficients of tocopherols would be obtained if
[emim]Gly is used as extractants instead of [bmim]Cl,
[bmim]Br, and [bmim]BF,. Besides, the p., E®, and AE
values of [emim]Gly-J-tocopherol are higher than those of
[emim]Gly-a-tocopherol, which is in accordance with the
results obtained for [bmim]Cl and other two ILs, indicating
that [emim]Gly could selectively interact with different to-
copherol homologs and probably bring on higher distribution
coefficient of o-tocopherol than wa-tocopherol. It should be
noted that the p. and Vzpc values of O,pion"Ho—n in
[emim]Gly-tocopherol complexes from AIM analysis are
higher than the proposed upper limit for hydrogen bonds in
the Popelier’s criteria. Nevertheless, based on the agreement
to other AIM criteria proposed by Popelier and the informa-
tion obtained from geometry and NBO analysis, the interac-
tion between carboxyl oxygen atom and phenolic hydroxyl
in [emim]Gly-tocopherol complex is still identified as hydro-
gen bond, but which is stronger than common hydrogen
bonds including those between tocopherol and [bmim]Cl or
the other two ILs.

The quantum chemical calculation results indicates that
[emim]Gly is likely to be a more efficient extractant for sep-
arating tocopherol homologs than the previously utilized ILs.

2012 Vol. 00, No. 0 AIChE Journal



Figure 9. Optimized structure of [emim]Gly-z-tocopherol (left) and [emim]Gly-3-tocopherol (right) complexes at

B3LYP/6-31+G(d,p) level.

Dashed lines imply hydrogen bonds, with decimals showing the distances (unit: ;&). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

This speculation was confirmed by extraction experiments in
this work. As presented in Table 3, it is found that the distri-
bution coefficients of tocopherols obtained with [emim]Gly
are much higher than those with other ILs. The distribution
coefficient of J-tocopherol is 19.2 with [emim]Gly, about
five times higher than that with [bmim]Cl, sixteen times than
that with [bmim]Br, and sixty-four times than that with
[bmim]BF,. Furthermore, the distribution coefficients are in
the order J-tocopherol > 7y-tocopherol > a-tocopherol. The
ratios of the distribution coefficient of J-/y-tocopherol to that
of a-tocopherol, namely, selectivity, are a little higher than
that using [bmim]Cl as extractant and much higher than
those using [bmim]Br and [bmim]BF,.

Glycine is just one of the various amino acids that can
serve as the anion source, and it would be interesting to see
the predictive ability of the used approach for different
amino acid anions. In this work, an attempt has been made
for [emim]Gly and [emim]Ala whose molecular structures
are very similar except for one methyl group (see Supporting
Information, Figure S1). The DFT calculations showed that
both the interaction sites and the interaction strength of [emi-
m]Ala-tocopherol complexes were very similar to the
[emim]Gly-tocopherol complexes (Table 8, Supporting Infor-
mation, Figure S2), so it was expected that the extraction ef-
ficiency using [emim]Ala as extractant should be similar to
that using [emim]Gly. As expected, the extraction experi-

ments showed that the distribution coefficients and selectiv-
ities of tocopherols using [emim]Ala as extractant were
indeed similar to those using [emim]Gly (Table 3). Although
much more work is required for a comprehensive investiga-
tion on different amino acids due to their structural and
property diversity, the above results could still be considered
as a positive support to the predictive capability of the used
method.

It was noted that the amino acid ILs have multiple hydro-
gen-bond acceptor sites, both amino nitrogen atom and car-
boxyl oxygen atoms. Therefore, it would also be interesting
to see how the multiplicity affects the extraction efficiency.
Compared to the [emim]Gly, there is an absence of primary
amino group in the molecular structure of 1-ethyl-3-methyli-
midazolium acetate ([emim]Ac, see Supporting Information,
Figure S1). Nevertheless, it was found that the extraction ef-
ficiency of tocopherols using [emim]Ac as extractant was
quite similar to that using [emim]Gly (Table 3). Further-
more, the DFT calculation also exhibited similar results for
both the [emim]Ac and the [emim]Gly on the major interac-
tion sites and strength (see Supporting Information, Figure
S3). Thus, these results demonstrated that the amino group
of amino acid ILs probably just played a rather secondary
role in the extraction of tocopherols. And then, it also
implied that the study on the hydrogen-bonding interaction
between the phenolic hydroxyl group and the major acceptor

Table 8. Charge Density p., Its Laplacian V>p., and Energy Density H, at the BCP from AIM Analysis, Second-Order
Stabilization Energy E® from NBO Analysis, and the BSSE-Corrected Interaction Energy AE of [emim]Gly/[emim]Ala/
[emim]Ac-Tocopherol Complex at B3LYP/6-31 + G (d,p) Level

Electron E® AE
Complex BCP pe X 107 (au)  V?p. x 10 (au) H. x 10 (au) Delocalization (kcal mol™")  (kJ mol ™)
[emim]Gly-a-Tocopherol ~ O,7---Hsg 4.67 14.4 —-0.3 LP O,7-BD* O35—Hsg 30.65 —49.77
O35-His 1.65 4.70 -0.2 LP O3;5-BD* C;—H;5 6.82
[emim]Gly-6-Tocopherol ~ O,7---Hsg 5.03 15.1 —1.2 LP O,;-BD* O35—Hsg 34.57 —57.62
Os5---Hys 1.54 4.21 —-0.3 LP O35-BD* C;—Hi5 5.30
[emim]Ala-¢-Tocopherol ~ O,9---Hg; 4.72 14.6 -0.3 LP O,o-BD* O33—Hg,; 31.00 —48.68
O55--His 1.66 4.74 -0.2 LP O33-BD* C;—H;5 6.94
[emim]Ala-0-Tocopherol ~ Os9---Hg; 5.09 15.3 —14 LP O,o-BD* O33—Hg,; 35.66 —56.93
Osg--Hys 1.48 4.08 -0.2 LP O33-BD* C;—Hi5 5.16
[emim]Ac-a-Tocopherol  Ojpg--H3o 4.99 15.0 —1.1 LP O;0s—BD* O;—H;g 33.95 —51.19
O7--Hog 1.59 4.61 —0.1 LP O,—BD* Cgg—Hoe 4.84
[emim]Ac-d-Tocopherol O55-+-Hsg 5.27 15.5 -2.0 LP O,5-BD* C33—Hsg 36.54 —59.12
Os3--Hys 1.47 4.06 -0.2 LP O33-BD* C;—Hi5 5.10
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site could give valuable information about the extraction
mechanism and benefit the prediction of extraction effi-
ciency. By the way, as the case of [emim]Gly, the calculated
interaction strength of [emim]Ala/[emim]Ac with J-tocoph-
erol was stronger than that with o-tocopherol. This is con-
sistent with the order of distribution coefficients of different
tocopherol homologs in extraction experiments, indicating
the ability of calculation results for interpreting the selectiv-
ity again.

Overall, the quantum chemical calculations in this work
shows that intermolecular hydrogen-bonding interaction
could be an important mechanism in the extraction of pheno-
lic compounds or even isolating their homologs. ILs have
relatively strong hydrogen-bond basicity, and the strength of
basicity could be adjusted by the variation of cations and
anions, so ILs could perform as favorable extractant in
extracting phenolic compounds and separating phenolic
homologs. The accordance of calculation results with experi-
mental outcomes on IL-mediated extractive separation of to-
copherol homologs, a model of phenolic homologs, has
given an illustration of this point. Besides, the feasibility of
quantum chemical calculation method used in this work in
developing novel IL-type extractant is also revealed.

Conclusion

The essential role of hydrogen-bonding interaction in the
extractive separation of phenolic compounds by IL-mediated
extraction has been illustrated at the molecular level, through
the theoretical calculations on the intermolecular interaction
of IL with the model compounds, tocopherols. Multiple anal-
yses including geometry, AIM, NBO, and energy on the
optimized structures of IL-tocopherol complexes demon-
strate the importance of hydrogen bonds in the IL—tocoph-
erol interactions. Furthermore, the charge density at the
BCP, p., from AIM analysis, the second-order stabilization
energy, E?®. from NBO analysis, and the BSSE-corrected
interaction energy, AE, of IL-tocopherol complex all exhibit
that the strength of intermolecular hydrogen bonds is in
the order [emim]Gly/[emim]Ala/[emim]Ac > [bmim]Cl >
[bmim]Br > [bmim]BF, for different ILs and J-tocopherol
> y-tocopherol > o-tocopherol for different tocopherol
homologs, which was in good accordance with the experi-
mental distribution equilibrium of tocopherols in IL-medi-
ated liquid-liquid extraction. The solvation effect could
weaken the interaction strength, but the order of relative
strength of different ILs/tocopherols and the correlation
between hydrogen-bonding interaction and extraction effi-
ciency still held. The anion-hydroxyl intermolecular hydro-
gen bonds in IL—tocopherol complexes are relatively strong
compared to common hydrogen bonds. Their total energy
densities at BCP, H,, are all smaller than zero, reflecting
their partially covalent nature. Especially, the intermolecular
hydrogen bond O,pion---Ho—p in [emim]Gly/[emim]Ala/[emi-
m]Ac-tocopherol complex is so strong that its p. value is
higher than the proposed upper limit for hydrogen bonds in
Popelier’s criteria. The performed theoretical calculations
facilitate the development of novel IL extractants. More effi-
cient extractant for tocopherols separation, [emim]Gly and
[emim]Ala, have been developed through a theoretical
prognosis and an experimental verification. The distribution
coefficients of tocopherols obtained with [emim]Gly or [emi-
m]Ala as extractant were at least five times higher than those
obtained with three previously used ILs. The comparative
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study on [emim]Ac and [emim]Gly demonstrated the domi-
nant role of carboxyl terminal of amino acid ILs in their
hydrogen-bonding interaction with tocopherols, and it indi-
cated that the theoretical study on the interaction between
the phenolic hydroxyl and the major hydrogen-bond acceptor
site of IL could be able to give a reasonable interpretation of
the extraction efficiency of ILs. At last, it is expected that
the results of this work will be also helpful for understanding
and improving the extraction of other phenolic compounds
by ILs.
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