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ABSTRACT

Density functional theory and IEF-PCM wereapplied to studythe complexationsof 12-crown-4
and its novel boron nitride substituted isomer ligands and Li* ion in gas, water, and benzene phases.
The natural bond orbitals analysis in water and benzene phases has been performed, as well. The
results showed that all novel BN crown ethers refer to minima points of the potential energy surfaces
in all phases. The NBO analysis also showed that the average stabilization energies in benzene phase
are larger than that of in water. The formations of Li* complexes are exothermic and spontaneous in
gas phase. The IEF-PCM predictions in solution phases showed spontaneous solvation processes for
12C4 and all BN 12C4 crown ethers. The largest partition constant of isomer 4 complex supports
isomer 4 complex as a better candidate than 12C4 between for distribution between benzene and

water phases.

Keywords: Polarized continuum model, Boron nitride 12-crown-4 ethers,
Density functional theory, Natural bond orbitals, stability constant, partition constant

INTRODUCTION

Macrocyclicpolyethers or crown ethers
have an interesting property to accommodate
selectively many different ions into their cavities
to form stable complexes. They originally prepared
by PedersenatDu Pontin 1967". Since that the field
of molecular recognition has received
aconsiderable amount of interest>®. Crown

ethershave been proposed as separation agents
for removing metal like Cs* and Sr?* from mixed
nuclear and chemical wastes”®. They also found
widespread applications many areas of science'
. Due to this fact that crown ethers may be
imagined as the simplest representatives of
enzymes in the interaction with cations,
computationalchemists are also interested in them.
Theoretical investigations has been a powerful
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method to clarify the mechanism of selective
capture and transportation of metal ionsby crown
ethers and their derivatives''8. At present, for their
pre-organized geometries, crown ethers are a
favorite molecular platform for architecting
novelreceptors'™. The scope of molecular
recognition is currentlyinquired about
highlydiversified structural component®. It is worth
mentioning that due totheir generally good
solubility requirement in a variety solvents,simple
crown ethers are still noteworthy materials to
investigate. Liu and co-workers synthesized novel
crown ether porphyrin?'. The porphyrinappended
with four crown ether units at meso-positions via
an acetylene bridge. They demonstrated that the
novel structure makes stable complex with Cs*and
K*. In a theoretical investigation by DFT, the
complexes of 12-Crown-4 and its heterocyclic
derivativescontaining N, P, andS atoms with Be?*
studied??. They applied B3LYP functional with 6-
31+G** basis set to perform the calculations. The
results verified aza-12-crown-4 as the host with
highestmetal binding selectivity. Armentrout and
his research group conducted a study on
interactions of alkali metal cations with 12-Crown-
423 In the computational part they used B3LYP and
MP2(full) levels of theory with HW*/6-
311+G(2d,2p) and def2-TZVPPD basis sets. They
studied relative energies, and BEDs of complexes
of Na*, K*, Rb*, and Cs* with 12C4 crown ether.In
the present paper,for the first time we have
performed a density functional theory investigation
on 12C4 and six novel boron nitride 12C4 crown
ethers with Li*withthe Gaussian 98 program?. The
study carried out in water and benzene phases
besides gas phase. We obtain the binding
energies, and various thermodynamic parameters
of free ligands, and complexes. The stability
constants and partition constants of all complexes
in water and benzene phases studied by polarized
continuum model, IEF-PCM. The NBO analysis
carried out on all complexes to obtain the efficient
donor-acceptor molecular orbitals in the Li-
complexes.

Computational Details

B3LYP hybrid functional of density
functional theory?®w as applied to optimize the
geometries of free ligands, and their complexes.
The mentioned functional has been used for
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Hessian calculations to analyze frequencies,
solvation studies, and NBO calculations as well. To
model molecular orbitals of structures all electron
correlated 6-311+G(d,p) basis set? has been used.
It is a standard valence triple zeta basis set
augmented with diffuse functions. The diffuse
functions are present to describe barely bound
electrons in complexes. Calculations were
performed without imposing any symmetry
restriction during geometry optimizations.

The true stationary structures were tested
by the absence of any imaginary vibrational
frequency throughhessian calculations. Hessian
calculations were also used for theestimation of
various thermodynamic parameters at temperature
of 298.15 K and pressure of 1.00 atm.

Inaddition, the natural bond orbital (NBO)
analysis?” were calculated for all the stable
structures of all crown ethers binding with Li*. The
NBO calculations performed using NBO 3.1
program as implemented in the Gaussian 98
package?*at the DFT/B3LYP level with 6-
311++G(d,p)? large basis set to understandvarious
second-order interactions between the filled
molecular orbitalsof one subsystem and vacant
molecular orbitals of another subsystem,which is a
measure of the delocalization or hyper
conjugation®,

To model the structures in water and
benzene solutions wechose a specific
continuummodel called the integral equation
formalism polarizable continuum model (IEF-
PCM).This model presents good accuracy,
reliability, adaptability,and a reduced computational
effort in describing solventeffects?®-#. All calculations
were performed with Gaussian 98 suite of
programs?*.

RESULTS AND DISCUSSIONS

The novel boron nitride 12C4 crown
ethers (Figs. 1-7) were chosen from a previous work
on novel BN 12C4 crown ethers®. We picked the
BN 12C4 ethers with equal number of boron and
nitrogen atoms to increase the chance of finding
some non-polar novel BN crown ethers like 12C4.
The candidates were selected among those
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structural isomers with the most favorable total
electronic energy and/or with a molecular dipole
moment of zero (like 12C4).

We have performed geometry
optimizations of 12C4, all free boron nitride crown
ethers and their Li* complexes (Figs. 1-7) at the
B3LYP?® level of theory along with 6-311+G(d,p)
standard basis set?s. Symmetries of optimized
structures, the number of imaginary frequencies,
total electronic energies including zero-point
energies, and molecular dipole moments of free
crown ethers and their complexes with lithium cation
in water and benzene phases are presented in
Table 1.

For the symmetries we applied the
approximate higher-order point groups with cutoff
level of 0.1 to make the probable structural changes
of the crown ethers sensible in water and benzene.
As Table 1 shows, with the mentioned criterion
among free ligands only isomer 6 and 12C4 have
different symmetries in water and benzene phases.
The observation for the crown ether complexes is
different. In this set only [5...Li]* complex has the
different point groups in water (C,) and benzene

phases (C,). According to the symmetries in Table
1 and based on the explained symmetry criterion
12C4 shows D,, and S ,symmetries in water and
benzene phases, respectively.

The Table also shows that the calculated
vibration frequencies of the complexes are all
positive. It means there are no imaginary
frequencies for relaxed geometries indicating that
these complexes were located at the minima points
of the potential energy surfaces. For all structures,
total electronic energies in water solution are more
favorable than those benzene solution (Table 1)
even for non-polar structures. The observation might
be explained based on lone pair of electrons of
oxygen atoms which make energetically favorable
interactions with polar molecules of water phase.
Total electronic energies in water phase is more
favorable that benzene phase in all crown ethers
and their complexes.

Among free ligands, isomer 4 has the
largest electronic energy difference (11.3 kcal/mol)
while for the Li*-complexes, [2...Li]* shows the
largest electronic energy difference (52.2 kcal/mol).
In general water-benzene electronic energy

Table 1. Symmetries, imaginary frequencies, ZPE-corrected total electronic
energies (in Hartree) and molecular dipole moments (in Debye) of 12C4 and its
BN crown ethers in water and benzene phases (the first symbols or numbers in

parenthesis refer in water phase and the seconds refer to benzene phase)”

Structure Symm. #IMG TEE+ZPE Dipole moment
1 (C,.C,) (0, 0) (-624.30433, -624.296093) (3.9, 2.3)

2 (C,C) (0, 0) (-624.27968, -624.27308) (4.2, 3.5)

3 (C,C) (0, 0) (-624.28063, -624.27374) (6.2,5.1)

4 (C,C) (0, 0) (-624.27863, -624.260662) (4.1,2.1)

5 (5,8, (0, 0) (-624.26472, -624.25897) (0.0, 0.0)

6 (S,,C) (0, 0) (-624.24078, -624.23493) (0.0, 0.0)
12C4 (D, S,) (0, 0) (-615.26527, -615.25684) (0.0, 0.0)
[1...LiT* (C,.C,) (0, 0) (-631.79031, -631.74413) (7.5,7.1)
[2...LiT* (C,C) (0, 0) (-631.80507, -631.72194) (12.3, 11.8)
[3...Li]* (C,C) (0, 0) (-631.76585, -631.72173) (14.2, 14.2)
[4...LiT (C,C) (0, 0) (-631.76626, -631.72152) (8.6, 9.0)
[5...LiT* (C,.C) (0, 0) (-631.74151, -631.69969) (9.9, 10.1)
[6...Li]* (C,.C,) (0, 0) (-631.74124, -631.69979) (9.6, 9.0)
[12C4...Li]* (C,.C,) (0, 0) (-622.75613, -622.71933) (12.8, 12.6)

"See Figures 1-7 for more details.



774 ROUZBEHANI & BOSHRA, Orient. J. Chem., Vol. 31(2), 771-787 (2015)

Table 2: Significant bond lengths and nonbonding distances (in angstroms, A)
andbonding angles (in degrees, °) of 12C4 and its BN crown ethers and their
Li-complexes in water and benzene phases”

Characteristics Ligand [Ligand...Li]*
Water Benzene Water Benzene

12C4

03C4 1.42 1.42 1.43 1.44
C4C5 1.52 1.52 1.52 1.53
C506 1.42 1.42 1.44 1.44
06C7 1.42 1.42 1.44 1.44
C7C8 1.52 1.52 1.52 1.52
C809 1.42 1.42 1.43 1.44
09C10 1.42 1.42 1.43 1.44
c10C11 1.52 1.52 1.52 1.58
C11012 1.42 1.42 1.44 1.44
012C1 1.42 1.42 1.44 1.44
c1C2 1.52 1.52 1.52 1.53
C203 1.42 1.42 1.43 1.44
C203C4 117.2 1171 119.3 120.0
03C4C5 108.9 108.6 105.5 105.7
C4C506 109.0 109.0 108.2 107.8
C506C7 117.2 1171 116.9 117.6
06C7C8 108.9 108.6 108.2 107.7
C7C809 109.0 108.9 105.6 105.9
C809C10 117.2 1171 119.4 119.8
09C10C11 108.9 108.5 105.6 106.0
C10C11012 109.0 108.9 108.3 107.9
C11012CH1 117.2 117.2 116.9 117.4
012C1C2 108.9 108.6 108.2 107.9
C1C203 109.0 108.9 105.6 105.7
O3Li - - 1.98 1.91
O6Li - - 2.03 1.93
O9Li - - 1.97 1.91
O12Li - - 2.03 1.93
O3Li09 - - 110.7 126.1
0O6Li012 - - 157.7 1741
O2N9 1.41 1.41 1.41 1.42
N9B19 1.41 1.41 1.40 1.40
B1903 1.37 1.36 1.38 1.39
03B17 1.37 1.36 1.38 1.39
B17N11 1.41 1.41 1.40 1.40
N1104 1.41 1.41 1.41 1.42
0O4N5 1.41 1.41 1.41 1.42
N5B15 1.41 1.41 1.40 1.40
B1501 1.37 1.36 1.38 1.39
01B13 1.37 1.36 1.38 1.39

B13N7 1.41 1.41 1.40 1.40
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N702
N702N9
O2N9B19
N9B1903
B1903B17
O3B17N11
B17N1104
N1104N5
0O4N5B15
N5B1501
B1501B13
O1B13N7
B13N702
O2Li

O3Li

O4Li

O1Li
O1LiO3
02Li04

O2N9
N9B19
B1903
O3N11
N11B17
B1704
O4N5
N5B15
B1501
01B13
B13N7
N702
N702N9
O2N9B19
N9B1903
B190O3N11
O3N11B17
N11B1704
B1704N5
O4N5B15
N5B1501
B1501B13
O1B13N7
B13N702
O2Li

O3Li

O4Li

O1Li
O1LiO3
02Li04

1.42
111.6
120.4
117.5
127.2
117.7
120.6
111.6
120.7
117.8
127.1
117.5
120.4
2.31
2.08
2.38
2.07
90.7
142.5

1.42
1.40
1.39
1.42
1.39
1.41
1.42
1.40
1.39
1.38
1.40
1.41
110.8
120.6
117.2
117.0
117.8
115.0
115.9
116.6
115.6
128.8
117.9
121.5
2.51
2.06
2.10
2.11
99.9
135.3

1.42
111.6
120.2
116.2
129.4
116.3
120.3
111.4
120.2
116.1
129.4
116.2
120.1
2.19
1.94
2.18
1.95
104.0
156.0

1.42
1.40
1.40
1.42
1.39
1.41
1.42
1.40
1.39
1.38
1.41
1.42
111.0
120.1
116.0
118.0
117.2
1141
117.3
116.3
114.5
130.6
116.2
120.6
2.26
1.97
2.04
2.00
112.8
144.8
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O3N9
N9B19
B1902
O2N7
N7B13
B1301
01B15
B15N5
N504
04B17
B17N11
N1103
N1103N9
O3N9B19
N9B1902
B1902N7
O2N7B13
N7B1301
B1301B15
O1B15N5
B15N504
N504B17
04B17N11
B17N1103
O3Li

O2Li

O1Li

OA4Li
O1LiO3
0O2Li04

O3N9
N9B19
B1902
O2N7
N7B13
B1301
O1N5
N5B15
B1504
04B17
B17N11
N1103
N1103N9
O3N9B19
N9B1902
B1902N7
O2N7B13
N7B1301
B1301N5

1.41
1.41
1.37
1.41
1.41
1.36
1.38
1.39
1.41
1.38
1.40
1.41
111.3
122.2
115.8
121.1
116.3
122.0
136.8
125.1
124.1
120.7
131.1
125.8

1.38
1.41
1.39
1.39
1.41
1.40
1.37
1.36
1.41
1.41
110.6
123.0
120.9
113.7
120.4
118.2
115.1

1.42
1.41
1.37
1.41
1.41
1.36
1.38
1.40
1.41
1.37
1.41
1.41
111.3
123.1
116.1
120.5
116.5
122.4
138.9
125.6
124.5
120.5
130.7
125.5

- e e e L
w
©

1.40
112.3
126.4
119.2
115.8
116.7
114.0
117.4

1.42
1.40
1.39
1.42
1.40
1.38
1.38
1.40
1.42
1.39
1.40
1.42
110.1
121.9
117.8
117.2
116.7
114.4
139.4
114.4
116.7
117.5
117.5
121.8
2.62
2.04
2.16
2.07
120.4
113.6

1.42
1.40
1.39
1.42
1.39
1.41
1.42
1.40
1.39
1.38
1.40
1.41
110.9
120.5
117.0
1171
117.7
114.8
116.6

42
.40
.39
42
.40
.39
.39
.40
42
.39
.40
42
110.2
120.8
115.8
119.2
116.3
113.9
135.5
113.9
116.4
118.8
115.9
120.7
2.28
1.96
2.05
1.97
132.6
129.9

42
.40
.39
42
.39
A1
42
.40
.40
.38
41
42
110.9
120.0
115.6
118.8
117.3
114.5
116.3
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O1N5B15 118.5 119.4 116.5 116.6
N5B1504 117.8 122.9 115.5 114.6
B1504B17 131.9 161.9 129.7 130.8
04B17N11 119.6 125.2 117.6 116.2
B17N1103 123.7 122.0 121.3 120.6
O3Li - - 2.44 2.23
O2Li - - 2.03 1.98
O1Li - - 2.09 2.05
OA4Li - - 2.08 1.98
O1LiO3 - - 137.8 146.9
0O2Li04 - - 103.4 112.5
03B19 1.38 1.38 1.40 1.40
B19N9 1.40 1.40 1.39 1.40
N9O2 1.42 1.42 1.41 1.42
02B13 1.38 1.38 1.40 1.41
B13N7 1.40 1.40 1.39 1.40
N701 1.42 1.42 1.41 1.41
01B15 1.38 1.38 1.40 1.40
B15N5 1.40 1.40 1.39 1.40
N504 1.42 1.42 1.41 1.42
04B17 1.38 1.38 1.40 1.41
B17N11 1.40 1.40 1.39 1.40
N1103 1.42 1.42 1.41 1.41
N1103B19 120.3 120.2 118.0 119.7
O3B19N9 130.4 130.2 114.9 113.9
B19N90O2 127.0 127.0 1171 116.8
N90O2B13 120.3 120.2 118.2 118.2
02B13N7 130.4 130.2 114.8 114.3
B13N701 127.0 127.0 1171 116.8
N701B15 120.3 120.2 117.7 119.5
O1B15N5 130.4 130.2 114.9 114.0
B15N504 127.0 127.0 117.0 116.8
N504B17 120.3 120.2 118.7 118.2
04B17N11 130.4 130.2 114.6 114.3
B17N1103 127.0 127.0 116.9 116.7
O3Li - - 212 2.00
O2Li - - 2.1 2.03
O1Li - - 2.10 2.01
OA4Li - - 2.09 2.03
O1LiO3 - - 125.0 130.3
0O2Li04 - - 123.1 134.3
02B19 1.39 1.39 1.40 1.40
B19N9 1.41 1.40 1.39 1.40
N9O3 1.41 1.41 1.41 1.42
03B17 1.39 1.39 1.40 1.41
B17N11 1.41 1.41 1.39 1.40
N1104 1.41 1.41 1.41 1.42
04B15 1.39 1.39 1.40 1.40
B15N5 1.41 1.41 1.39 1.40
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N501 1.42
01B13 1.39
B13N7 1.41
N702 1.42
N702B19 118.6
O2B19N9 1155
B19N90O3 118.1
N9O3B17 118.5
O3B17N11 1155
B17N1104 118.1
N1104B15 118.5
04B15N5 115.4
B15N501 118.0
N501B13 118.5
O1B13N7 1155
B13N702 118.1
O2Li -
O3Li -
O4Li -
O1Li -
O1LiO3 -
0O2Li04 -

ROUZBEHANI & BOSHRA, Orient. J. Chem., Vol. 31(2), 771-787 (2015)

1.41 1.41 1.42
1.39 1.40 1.40
1.41 1.39 1.40
1.41 1.42 1.42
118.3 117.6 119.6
115.3 115.0 113.9
118.0 117.0 116.8
118.3 118.8 118.4
115.2 114.6 114.3
118.0 116.9 116.9
118.3 117.9 118.8
115.3 114.9 114.0
118.0 1171 116.6
118.3 118.5 119.3
115.3 114.8 113.9
118.1 1171 116.5

- 2.11 2.00

- 2.08 2.02

- 2.09 2.01

- 2.11 2.02

- 123.5 133.2

- 125.9 131.9

"See Figures 1-7 for more details.

differences for Li*-complexes are much larger than
free ligands.

The overall trend in dipole moments (Table
1) of studied crown ethers and their complexes in
water and benzene phases were the same, as well.
It means the molecular dipole moments of the crown
ethers were larger in water than benzene. However,
there were structures like [4...Li]* and [5...Li]* that
the dipole moments in water were smaller than that
of in benzene. The Table also reveals that isomers 5
and 6 of BN 12C4 crown ethers have non-polar
geometries like 12C4 in both water and benzene
solutions. The dipole moment of the most polar
complex, [3...Li]* (14.2 D) did not undergo change
in water or benzene phase.

Structural analysis of crown ethers and their
complexes with Li*

The optimized structures of 12C4, six BN
12C4 crown ethers, and all Li*-complexes are shown
in Figs. 1-7. The NBO analysis showed that unlike
12C4 crown ether which has no double bonds, all
BN 12C4 crown ethers have fourA bonds. The
location of these double bonds in BN crown ethers,

and their complexes were the same. So we
displayed them only on Li*-complexes of crown
ethers. In all BN 12C4 crown ethers and their Li*-
complexes there were four boronnitride double
bonds as presented in Figures 1-4. The exceptions
are isomers 3 and 4 which have an additional B-O
double bond in their free structures. These double
bonds are shown on Figures 4 and 5 on the related
free crown ethers structures. The B-O double bonds
did not stand in their Li*-complexes. The results
showed that binding Li* with BN 12C4 ligands did
not affect the BN double bonds. However, in the BN
12C4 structures which showed B-O double bonds,
the B-O o bond opened in favor of binding the
oxygen atom with Li cation.

Table 2 collects the most important
geometrical parameters of free crown ether ligands
and their complexes with Li*in water, and benzene
phases. According to the geometric parameters of
12C4 (Fig. 1) listed in Table 2, the bond lengths (C-
O and C-C) of the free ligand did not undergo
significant changes after binding oxygen atoms of
ligand with Li*. The trend is the same for both water
and benzene phases. On the other hand, the
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Table 3: Selected stabilization interaction E, (kcal/mol) of 12C4 and BN
12C4 crown ethers complexes with Li*cation in water and benzene phases*
Complex Water Benzene
[12C4...Li]" Donor—Acceptor E> Donor—Acceptor E>
n(06) - n*(Li) 16.2 n(012) - n*(Li) 19.0
n(012) - n*(Li) 15.9 n(06) - n*(Li) 18.8
n(09) - n*(Li) 14.4 n(03) - n*(Li) 16.6
n(03) - n*(Li) 13.7 n(09) - n*(Li) 16.5
[1..LJ n(02) - n*(Li) 8.5 n(04) - n*(Li) 14.3
n(04) - n*(Li) 7.3 n(02) - n*(Li) 14.0
n(04) - n*(Li) 5.2 n(02) - n*(Li) 6.2
n(02) - n*(Li) 4.8 n(01) - n*(Li) 6.1
[2...L] n(04) - n*(Li) 9.5 n(04) - n*(Li) 13.0
n(03) - n*(Li) 7.7 n(03) - n*(Li) 10.4
6(04B17) - n*(Li) 5.4 n(02) - n*(Li) 9.0
n(02) - n*(Li) 45 n(02) - n*(Li) 8.0
[3...LiJ* n(04) - n*(Li) 6.2 n(03) - n*(Li) 10.7
n(02) - n*(Li) 6.1 n(02) - n*(Li) 10.4
n(04) - n*(Li) 5.8 n(04) - n*(Li) 8.8
n(02) - n*(Li) 5.7 n(04) - n*(Li) 7.6
[4...Li]" n(01) - n*(Li) 10.2 n(01) - n*(Li) 13.3
n(02) - n*(Li) 8.3 n(02) - n*(Li) 10.6
6(01B13) - n*(Li) 6.0 n(03) - n*(Li) 9.7
n(03) - n*(Li) 5.0 n(03) - n*(Li) 8.3
[5...Li]" n(01) - n*(Li) 8.1 n(04) - n*(Li) 10.6
n(03) - n*(Li) 8.0 n(02) - n*(Li) 10.5
n(04) - n*(Li) 7.9 n(03) - n*(Li) 10.1
n(02) - n*(Li) 7.8 n(01) - n*(Li) 10.0
[6...LiJ" n(04) - n*(Li) 8.4 n(03) - n*(Li) 10.6
n(02) - n*(Li) 8.3 n(01) - n*(Li) 10.5
n(03) - n*(Li) 8.2 n(02) - n*(Li) 10.4
n(01) - n*(Li) 8.0 n(04) - n*(Li) 10.4

"See Figures 1-7 for more details.
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marked changes in geometrical characteristics
appeared in bond angles which observed more
considerable than bond lengths (Table 2). It means
interaction of 12C4 with Li*clearly reflects on bond
angles of its structure.

The mention trends for bond lengths, and
angles as we discussed above, generally followed
in the novel BN 12C4 crown ether and their
complexes. The bond lengths did not change
significantly in BN 12C4 crown ethers but in isomers
3 and 4 (Figs. 4 and 5) B-O A bond opened after
interaction of the BN crown ether with Li*(as we
discussed earlier). This was the only dramatic
change in chemical bond frame of isomers 3 and
4complexes.

At first glance one can find that all
structures of BN crown ethers turn to a nearly flat
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geometry after binding with Li*(Figs. 1-7).
Considering chemical bonds and angles in Table 2
reveals the mentioned geometrical changes were
due to changes in bond angles. The Table also
shows that the largest changes of bond angles of
BN crown ethers occurs in isomer 5 (Fig. 6) with
average changes in bond angles of about 9° in water
(and also in benzene). The smallest changes of
bond angles belongs to isomers 3(with average
changes of about -0.3° in water) (Fig. 4) and 6 (with
average changes of about 0.6° in benzene) (Fig. 7).

Another important geometric parameters
of the crown ethers complexes are the distances
between oxygen donor atoms and lithium ion. As
Table shows O...Li distances are in the range of
1.94-2.62 A. The Table also shows that O...Li
distancesare slightly shorter in benzene solutions
than water solutions for all crown ether complexes.

Table 4: Thermodynamic functions (kcal/mol) and of
complex formation between Li* and studied crown
ethers in gas phase at 298.15 K and 1.00 atm*

Crown ether A E?% A H?8 A G?% A S?%

12C4 -75.88 -77.16 -67.31 -3.30x10?
1 -76.11 -77.42 -67.76 -3.2410%
2 -75.32 -76.55 -67.20 -3.1410?
3 -83.59 -85.15 -74.40 -3.61102
4 -71.56 -72.46 -63.72 -2.93102
5 -86.44 -87.71 -78.10 -3.22102
6 -88.23 -89.64 -78.51 -3.7310%2

"See Figures 1-7 and equation (2) for more details

Table 5. Solvation free energies (in kcal.mol?), stability constants
(logK), and partition constants (logP) of studied crwon ether
complexes in water and benzene at 298.15 K and 1.00 atm*

Complex AGBEHZEI‘IG IOgKBenzene AGwaler IOngater loQPBenzenelwater
[12C4...Li] -29.57 5.03 -58.99 -0.13 25.64
[1...Li]* -30.05 3.62 -58.36 -0.62 21.03
[2...Li]* -31.14 3.82 -58.23 -0.56 21.75
[3...Li]* -29.48 3.88 -58.34 -0.69 22.71
[4...Li] -29.43 4.75 -55.95 -0.48 26.01
[5...Li]* -29.64 3.13 -55.87 -1.43 22.64
[6...Li]* -25.42 5.31 -48.78 0.68 22.97

*See Figure 8 for more details
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4

Fig. 4: Optimized geometry of isomer 3(left) BN 12C4 crown ether and its complex with Li*ion (right)
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4

Fig. 7: Optimized geometry of isomer 6(left) BN 12C4 crown ether and its complex with Li*ion (right)
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Fig. 8: Simple thermodynamiccycle to link gas-phase freeenergy to solution-phase freeenergy
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While the O...Li distances of novel BN 12C4 crown
ethers present slight difference from those of 12C4;
the O...Li...O angles were more different (Table 2).
As Table shows there are no steady trend comparing
these angles in BN 12C4 crown ether complexes
with 12C4. The only general observation is that
O...Li...O angles were smaller in water phase than
benzene in all cases, and the differences is
considerable. This means in benzene solution the
cation displays an increased tendency to be pulled
toward the cavity of crown ethers.

Second-order interaction energies from NBO
calculations

One of the ways to elucidate the different
selectivity of crown ethers towards a metal ion, is
NBO analysis. In NBO analysis, the values of
stabilization energies (the second-order interaction
energies E @) are closely related to the strength of
binding interactions. A complex will generally be
more stable if it has larger corresponding
stabilization energy E®.

We gathered the four most efficient donor-
acceptor stabilization energies in Table 3. These
interactions selected from the interactions of donor
molecular orbital of the crown ethers with lithium
cation acceptor molecular orbitals. As it is clear from
Table 3 in 12C4 and all BN 12C4 the first four
efficient donor molecular orbitals are lone pairs/
pairs of oxygen atoms. The exceptions are
complexes of isomers2 and 4 (Figs. 3 and 5). In
these two BN 12C4 crown ether complexes one
A(BO) molecular orbital acts as a donor molecular
orbital to interact with unoccupied molecular orbital
of Li*. The NBO analysis showed that nitrogen atoms
in novel BN 12C4 crown ether complexes are not
able to interact with acceptor molecular orbitals of
Li* because the lone pairs of all nitrogen atoms are
totally engaged in o chemical bonds.

According to the energy of interactions of
crown ethers with Li*(Table 3) the average
stabilization energies in benzene phase are larger
than that of in water. It might be related to the
unfavorable interaction between polar Li* and/or
studied crown ethers, and non-polar benzene
molecules. The differences are in the range of 2.3-
3.7 kcal/mol. The smallest differences refers to the
structures with a molecular dipole moment equal to
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zero namely 12C4, isomers 5complex (Fig. 6) and
6 complex(Fig. 7).

Based on interaction between Lewis-type
NBOs (donor) and non-Lewis NBOs (acceptor)
12C4 with the largest average stabilization
energies (15.1 kcal/mol in water and 17.8 kcal/mol
in benzene) shows the best selectivity for lithium
cation. Following the same reasoning, among the
novel BN 12C4 crown ethers, isomer 6complex (Fig.
7) with the largest average stabilization energy (8.2
kcal/mol in water and 10.5 kcal/mol in benzene)
shows the best selectivity for Li* in comparison with
the other BN 12C4 crown ethers.

Binding Energies

The mostimportant property for metal cations
selectivity with crown ether is the binding energy
(AE,,). Binding energy also is a simple way to predict
the strength of interaction between host—guest
species. The selectivity of 12C4 and novel BN 12C4
crown ethers for Li*complexation have been studied
in gas phase (Figs. 1-7). The calculated binding
energies, enthalpies and Gibbs free energies of M*/L
complexes, based on the reaction (1).

Ligand + Li* — Complex (1)

The binding energy of Li*-ether complex
is defined by the following general relation:

AE, =E

ele ele(

Complex) — E_ (Li*) + E_ (Ligand) ...(2)

ele(

The binding energy in the mentioned form
is D,. Itis clear that D is true binding energy due to
the principle that all molecules have vibrations even
at zero absolute temperature. Therefore, we added
zero-point vibrational energy to AE_ in order to
improve the binding energy.

The calculated binding energies, binding
enthalpies and Gibbs free energies are given in Table
4. As is comes from Table 4, among BN 12C4 crown
ethers isomer 6 and 5complexes with the most
negative AE_  of -88.23 and -86.44 kcal/mol
predicted to form the most stable complexes with Li*
in gas phase. Based on the same criterion the
complex of isomer 4(Fig. 5) with lithium cation
appeared to be the most unstable one. It is clear that
one cannot compare the stability of 12C4 complex
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with any BN 12C4 crown ethers based on AE_ of
complexation reaction due to different types of atoms
available in 12C4 and BN 12C4 crown ethers.

Calculated values of thermodynamic
parameters binding enthalpy, free energy of
complexation and entropy of complexation ("S) are
also listed in Tables 4. These thermodynamic
functions provide information about the relative
stability of studied crown ether complexes as well.
Formation of lithium ion complexes is exothermic
according to the values of "H given in Table 4. As
Table shows isomer 6 (Fig. 7) of BN 12C4 crown
ether with a change of enthalpy of -89.64 kcal/mol
(which is much more favorable than 12C4) had the
best value for complexation with Li* among studied
crown ethers. The calculations also predicted
isomers 5(Fig. 6) and 3(Fig. 4) better choices for
binding with Li* than 12C4 due to more negative
change of enthalpy of complexation. The entropy
change for the complexation reaction was slightly
negative. However, entropy in complex formation
is low, and enthalpy changes are effective driving
forces for complex formation. From the Gibbs free
energy of complexation it is found that Li*—crown
ether complexes were spontaneously formed and
stable.

Prediction of stability and partition constants in
water and Benzene

In order to calculate the stability constants
of complexes, Gibbs free energy of reactants (crown
ethers and Li*) and product ([Li...ether]* complex)
in solution phases (benzene and water) are needed.
The Gibbs free energy solution-phase can be
calculated by connecting gas-phase Gibbs free
energy and solvation free energy by a simple
thermodynamic cycle which is known as Born—
Haber cycle (Fig. 8). The thermodynamic cycle
method is the most significant and extensively used
simulation method [6].In this paper, solvation free
energies of chemical species in reaction (2) are
predicted by IEF-PCM model?*®. Table 5 collects
solvation free energies in water and benzene
phases, stability constants and partition constants
of complexes using thermodynamic cycle of Fig. 8.

As Table 5 shows, solvation free energies
in benzene for 12C4 is -29.57 kcal/mol. The negative
value of AG predicts solvation process of 12C4

benzene
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spontaneous at 1.00 atm and 298.15 K. This is true
for all novel BN 12C4 crown ethers (Figs. 1-7) as
well. They all have negative changes of free
energies of solvation in benzene. Among BN crown
ethers, isomer 2 (Fig. 3) with a AG,_ ... of -31.14
kcal/mol has the largest negative change of free
energy for solvation in benzene phase. Comparing
AG, ... and AG __values in Table 5 shows that all
solvations of the crown ether complexes in water
are also spontaneous. The values of AG, is more
negative for all ethers than AG,__ . It might be
interpreted based on high electric dipole moments
of [Li...ether]* complexes (see Table 1 for molecular
dipole moments).

The stability constants in benzene shows
that isomer 6 complex(Fig. 7) has the largest stability
constant in benzene. Evaluating the stability
constants in water reveals that only isomer
6complex has positive stability constant like that of
in benzene. This makes [Li...6]* complex (Fig. 7)
the most stable complex among all studied crown
ethers in water. The negative signs of logK in water
for 12C4 and isomers 1 to 5 (Figs. 2-6) interpret the
unstable nature of these crown ethers with Li* in
water phase. The most unstable complex is [Li...5]*
(Fig. 6) with a logK of -1.43 based on this criterion.

The partition constants in Table 5 clearly
reflect the difference in solubility of studied crown
ether complexes in benzene and water phases. As
Table shows the complex of isomer 4(Fig. 5) among
BN 12C4 crown ethers with a partition constant of
26.01 has the largest value of the quantity. This
partition constant is close to that of 12C4 crown
ether (25.64). This might be an evident of better
distribution of isomer 4complex (Fig. 5) in
comparison with 12C4 complex when two phases
are benzene and water. The other BN 12C4 crown
ether isomers all have smaller partition constants
than 12C4 for benzene/water immiscible phases.

CONCLUSIONS

DFT study of selected novel boron nitride
12C4 crown ethers with Li*thave been studied in
the gas, benzene and water phases. The results of
B3LYP and IEF-PCM calculations contained useful
clues for extraction of lithium cation between
benzene/water phases. Evaluations showed that
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with applying approximate higher-order point groups
to crown ethers 12C4 and isomer 6 and [5...Li]*
possess different symmetries in water and benzene
phases. The optimized geometries of all novel BN
crown ethers refer to minima points of the potential
energy surfaces due to lack of imaginary frequencies
in water and benzene.

Total electronic energies in water phase are
more favorable than those benzene solution for
studied crown ethers and their complexes even for
non-polar structures. In general, the molecular dipole
moments of the crown ethers were larger in water
than benzene phase (the exceptions are [4...Li]* and
[5...Lil"). The non-polar structures, isomers 5 and 6
of BN 12C4 crown ethers have electric dipole moment
of zero in both water and benzene phases. The most
polar structure do not show change of its dipole
moment in water and benzene.

All studied BN 12C4 crown ethers have
four BN A bonds. Isomers 3 and 4 have one more
BO A bond which vanishes after binding these
isomers with Li*. However, BN A bonds remain intact
in all crown ethers. The significant structural changes
occurs in bond angles and all structures of BN
crown ethers turn to a nearly flat geometry after
binding with Li*.

The O...Li distances are slightly shorter in
benzene solutions than water solutions for all crown
ether cpmplexes. The O...Li...O angles in crown
ether complexes were smaller in water phase than
with a considerable value. This means in benzene
solution the cation displays an increased tendency
to be pulled toward the cavity of crown ethers.

NBO analysis of efficient donor-acceptor
stabilization energies show that the first four efficient
donor molecular orbitals are lone pairs/pairs of
oxygen atoms except for isomers 2 and 4. In these
two BN 12C4 crown ethers a A(BO) molecular orbital
is among the four efficient donor molecular orbitals.
The NBO analysis also shows that the average
stabilization energies in benzene phase are larger
than that of in water.

Based on interaction between donor NBOs
and acceptor NBOs after 12C4, isomer 6 among
the novel BN 12C4 crown ethers with the largest
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average stabilizationenergy shows the best
selectivity for Li* both in water and benzene.

The calculated binding energies show that
isomer 6 and 5 with the most negative change of
electronic energies form the most stable complexes
with Li*in gas phase. Formations of lithium ion
complexes are exothermic and spontaneous in gas
phase. The most exothermic complexation belongs
to isomer 6. Based on negative change of enthalpy
of complexation isomers 5 and 3 are better choices
for binding with Li* than 12C4 in gas phase.

The IEF-PCM predictions in solution
phases show spontaneous solvation processes for
12C4 and all BN 12C4 crown ethers at 1.00 atm and
298.15 K. All solvation processes of the crown ethers
are also spontaneous in water. The values of AG
is more negative for all ether complexes than AG, _ ..
showing greater tendencies of the complexes to be
solved in water due to their high molecular electric
dipole moments. Isomer 6 complex has the largest
stability constant in benzene and is the one that has
positive stability constant in benzene. Based this
observation, [Li...6]* complex is the most stable
complex among all studied BN crown ether
complexes in water. The negative signs of stability
constants in water for complexes of 12C4 and
isomers 1 to 5 interpret the unstable nature of these
crown ethers with lithium cation in water phase. The
most unstable complex is isomer 5 based on
calculated stability constant criterion in water.

water

The calculated partition constants show
that complex of isomer 4with Lithas the largest value
of partition constant. This observation makes isomer
4 complex with a better distribution than 12C4
between two benzene and water phases. As results
show the other BN 12C4 crown ether isomers all
have smaller partition constants than 12C4 for
benzene/water immiscible phases.
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