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In this article, theoretical studies on the selective complexation of the halide ions (F, CI' and Br) and ion pairs (Na'F, Na'CI" and
Na'Br) with the cyclic nano-hexapeptide (CP) composed of L-proline have been performed in the gas phase. To calculate the dispersion
interaction energies of the CP and ions, DFT-D3 calculations at the M05-2X-D3/6-31G(d) level were employed. Based on the results, F°
and Na'F” make the most stable complex with the CP. The dispersion interactions between the ions and the CP are small while the
electrostatic interactions are a driving force for the complex formation. Finally, natural bond orbital (NBO) and quantum theory of atoms in
molecules (QTAIM) analyses indicate that FF makes the most stable complex with CP due to more charge transfer and stronger bond

formation in comparison to other ions.
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INTRODUCTION

Synthetic molecular receptors have important application in
different fields such as ion recognition and biology [1-5]. The most
important application of the molecular receptors is the selective
complex formation in the solvent such as water [6-10]. Therefore,
the designing of the selective receptors for the ion recognition in a
highly competitive environment, is of interest for the chemists
[11]. Generally, receptors can be broadly classified into two
categories based on their structures as acyclic and cyclic receptors
[12].

In acyclic receptors, the binding units are situated at the
intervals along their length, whereas in the cyclic receptors the
binding units are arranged around the close ring [13]. Cyclic
receptors are macrocyclic compounds which are composed of the
organic and bioorganic units which are more useful than acyclic
receptors in the selective and stable complex formation with the
ions and molecules [14].

Today, cyclic peptides (CPs) have gained increasing interest

due to high ability in the eparation of the ions, organic and

*Corresponding author. E-mail: izadyar@um.ac.ir

bioorganic molecules [15-17]. CPs are the new interesting
compounds with many applications such as antimicrobial agents,
ion channel, molecular receptor and bio-sensors [18-28]. They are
able to make a stable channel in the lipid bilayer for ions and
molecules transmission. For example, Ghadiri and co-workers
synthesized a CP having the self-assembling ability in the cyclic
peptide nanotube (CPNT) formation inside a lipid bilayer [29].
Also Granja research group synthesized a CP with aminocyclo-
hexanecarboxylic acid units [30]. They investigated the ability of
this CP in the CPNT formation inside the lipid bilayer by
employing the experimental and theoretical methods. They showed
that CPNT structure is able to transmit Na* ions across the lipid
bilayer.

As mentioned, some CPs are able to form the selective
complexes with the different ions and molecules. For example,
Chermahini and co-workers by employing the theoretical
calculations investigated the ability of some CPs composed of
three and four amino acid units in the formation of the selective
complexes with alkali metal ions [31,32]. Moreover, in our
previous work by employing the DFT and molecular dynamic
simulation methods we investigated the ability of some CPs

composed of alanine, glycine and Valine amino acids in the
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Fig. 1. Optimized structures of the (A) free CP and (B) CP-X complexes with atom numbering at the M0S5-
2X/6-31G(d) level in the gas phase.

formation of the selective complexes with alkaline earth metal ions
in the gas phase and water [33]. Our results indicated that CP
composed of alanine makes the most stable complexes with these
cations and all complexes are more stable in the gas phase than
water.

In this article, we investigate the ability of the cyclic nano-
hexapeptide consists of L-proline and 6-aminopicolinic acid for the
selective extraction of halide ions such as F', CI', Br” and ion pairs
including Na'F", Na'Cl" and Na'Br in the gas phase. To have a
better insight into the interaction of this CP and halide ions,
dispersion corrected density functional theory (DFT-D3)
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calculations is used and the dispersion energies during the complex
formation are taken into account. Finally, natural bond orbital
analysis and quantum theory of atoms in molecules (QTAIM) are
performed on the complexes of the CP and halide ions. The
importance of this study is to predict the selective extraction power

of the CP against to halide ions and the corresponding ion pairs.

COMPUTATIONAL METHODS

The structures of the free cyclic nano-hexapeptide, the
complexes of the CP with halides (CP-X (X = F, CI' and Br)) and
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ion pairs (Na-CP-X) were optimized in the gas phase by M05-2X
[34,35] and M05-2X-D3 [36,37] functionals, using the 6-31G(d)
[38].
incompleteness, Epsse as the basis set superposition error (BSSE)

basis set To eliminate the effect of the basis set

correction was calculated by employing the counterpoise
correction method. To provide an estimation of the zero-point
vibrational energies (ZPVEs) as well as the -corresponding
thermochemical parameters of the CP complexes, frequency
calculations were performed. The energy difference obtained by
these functionals is a scale of the dispersion interaction energies.

To study the charge transfer and donor-acceptor interaction
energies during the complex formation, NBO analysis was
performed [39]. All the calculations were carried out using the
Gaussian 09 package [40]. The electron localization function
(ELF) [41-48], localized orbital locator (LOL) [48,50] and QTAIM
[49] analyses were applied by MultiWFN 3.1 [51] to describe the

interaction between the CP, ions and ion pairs.
RESULTS AND DISCUSSION

Structural Analysis

The optimized structure of the CP containing L-proline and 6-
aminopicolinic acid is presented in Fig. 1. X-ray crystallography
analysis of this CP [52] shows that the conformation of the peptide
in the crystal has exact C3 symmetry and the calculation was
performed accordingly. In Fig. 1, all N-H and C=0O groups are
transoid and all the N-H groups are arranged on the same side as
the nitrogen atoms of the pyridine rings.

Main geometrical parameters of the free CP and CP-X
complexes in the gas phase are reported in Table 1. The calculated
average bond length of C=0 and C-N by M05-2X-D3 are 1.23 and
1.36 A, respectively, which are in agreement with the experimental
data [52]. The experimental average bond length of C=0 and C-N
are 1.23 and 1.36 A, respectively. Moreover, the average angle of
CNH of the free CP is 118.06°, in accordance to the experimental
value of 117.70°. These results indicate that for the current
purpose, the results derived from the M05-2X and M05-2X-D3/6-
31G(d) levels will suffice.

The optimized structures of the CP-X complexes in Fig. 1,
show that all halide ions (Xi) have three hydrogen bonds (H-bond)
with the N-H groups of the CP. The comparison of the free CP
and CP-X complexes indicate that during the H-bond formation N-
H bond length increases, the N-H bond length of the free CP is
1.01 A while for the complexes with F', Cl" and Br is 1.05, 1.02
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and 1.02 A, respectively. The calculated H X distance by the
MO05-2X and MO05-2X-D3 functionals is as follows: HBr >
HCI' > HF. Therefore, F" has the strongest H-bond with the
CP, because of the reverse correlation of the H' X" bond length
and the interaction energy.

The ability of the CP to form the selective complexes with the
ion pairs such as Na'F", Na'CI' and Na'Br’ were investigated in the
gas phase. The optimized structures of the CP with ion pairs (Na-
CP-X) are displayed in Fig. 2 and the selected geometrical
parameters are provided in Table 2. According to Table 2, in the
Na-CP-X complexes halide anions have longer H-bond distance
than the CP-X complexes. For example, the average HF bond
length of the CP-X and Na-CP-X are 1.62 and 1.84 A,
respectively.

An insight into the bond lengths indicates that an increase in
the halide ion size has not important effect on the distance of the
Na“-N. Moreover, Na-X bond lengths in the NaCPX complexes
are bigger than those in free Na-X bond length. The calculated Na-
X bond length, of the free NaF, NaCl and NaBr, at the M05-2X
level, are 1.88, 2.38 and 2.49 A, respectively, while for the Na-CP-
X complexes are 2.10, 2.57 and 2.69 A, respectively. Calculated
IR vibrational frequencies of the H"Br, H"CI' and H~F bonds
at the M05-2X level of the theory of the CPX complexes are
3379.23, 3360.32 and 3087.34 cm'l, respectively, while the
calculated frequencies of these bonds are 3451.63, 3460.21 and
3332.16 cm™ for the NaCPX complexes.

Energy Analysis

Binding energy (AEp,) is obtained according to the Eqgs. (1)
and (2), where Ecpp is the energy of the complexes, Ecp is the
energy of the cyclic peptide, Epssg is the basis set superposition
error (BSSE), and Exand Ey,:x are the energies of the halide ions
and ion pairs, respectively.

AEpin = Ecomp - Ecp - Ex” + Epsse

(1)
AEpin = Ecomp - Ena+x - Ecp + Egsse

@

AEpi, values of the CP-X and NaCPX complexes are reported
in Table 3. In the case of the CP-X structures, the stability of the

complexes is as follows:

CP-F> CP-CI' > CP-Br
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Table 1. Main Geometrical Parameters of the Free CP and CP-X Complexes by M05-2X and M05-2X-D3 in
the Gas Phase (Bond Lengths and Angles are in A and Degrees, Respectively)

MO05-2X MO05-2X-D3
Bond CP F Cr Br’ CP F Cr Br’ X-ray
NIH1 1.008 1.050 1.025 1.023 1.008 1.049 1.025 1.024 0.860
N3H4 1.009 1.049 1.025 1.023 1.008 1.049 1.025 1.024 0.860
N5H6 1.009 1.049 1.025 1.023 1.008 1.049 1.025 1.024 0.860
H2X" - 1.624 2316 2.429 - 1.623 2314 2427 -
H4X - 1.625 2316 2.429 - 1.623 2317 2425 -
H6X - 1.624 2316 2.429 - 1.622 2.315 2426 -
C7N1H2 118.08 120.03 118.21 118.23 118.04  120.10 11838 11823 117.69
CON3H4 118.00 120.05 118.21 118.17 118.03  120.10 11837 11823 117.64
CIINSH6 118.00 120.03 118.27 118.15 118.01 120.10 11835 118.18 117.74

NaF

NaCl

NaBr

®)

Fig. 2. The Optimized structures of the (A) NaCPX complexes and (B) free NaX in the gas phase at the
MO05-2X level.

This trend is in contrast to the ionic radii

Since the

electronegativity and electron density [53] of the F are more than

those of Br and CI, therefore the CP-F~ complex is more stable

than other CP-X complexes due to the stronger H-bond formation
between the CP and F ion. According to Table 3, NaCPX

complexes are more stable than CP-X complexes.
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Comparison between the AE of the NaCPX and CP-X indicate

that this CP is a good receptor in the selective ion pair complex

formation. According to Table 3, the stability of the CP-ion pair

complexes is as follows:

Na'CPF > Na'CPCI > Na"CPBr



Selective Binding of Cyclic Nanopeptide with Halides and Ion Pairs/Phys. Chem. Res., Vol. 5, No. 3, 425-437, September 2017.

Table 2. Selected Geometrical Parameters of the Na-CP-X Complexes in the Gas Phase at the
M05-2X and M05-2X-D3 Levels (Bond Length is in A)

MO05-2X MO05-2X-D3

Bond F Cr Br F Cr Br

N1H2 1.031 1.021 1.021 1.030 1.021 1.021
N3H4 1.030 1.021 1.021 1.031 1.021 1.021
N5H6 1.030 1.021 1.021 1.031 1.021 1.021
H2X" 1.836 2.514 2.566 1.834 2512 2.567
H4X 1.833 2.512 2.566 1.836 2.510 2.567
Ho6X' 1.837 2.512 2.567 1.836 2513 2.567
NaX 2.102 2.574 2.689 2.104 2.575 2.690
Na'N1 2.557 2.565 2.590 2.558 2.555 2.582
Na'N3 2.556 2.565 2.591 2.550 2.557 2.583
Na'N5 2.557 2.567 2.592 2.552 2.557 2.583

Table 3. Thermodynamic Parameters (kcal mol™) of the Complex Formation in the Gas Phase

MO05-2X MO05-2X-D3
Structures AEyn AHy;, AGyi AEuin AHpin AGy,
CP-F -85.18 -126.69 -117.19 -86.69 -127.79 -118.63
CP-CI -57.69 -65.26 -56.78 -58.60 -66.30 -57.73
CP-Br -52.97 -73.70 -64.98 -54.16 -74.90 -65.85
Na-CP-F -198.92 -251.07 -234.14 -199.66 -251.81 -234.66
Na-CP-Cl -171.00 -185.43 -169.13 -172.26 -186.70 -170.01
Na-CP-Br -165.84 -196.61 -180.04 -167.23 -197.63 -181.12

This trend is in accordance to the obtained results for the CP-X
complexes. Binding enthalpy (AH,;,) and binding Gibbs firee
energies (AGy,) of the CP complex formation reaction were
calculated and reported in Table 3, too.

According to AHy;, values, the formation of the halide ions and

ion pair complexes are exothermic according to F > Br" > CI trend

for both of the CP-X and NaCPX complexes. Moreover, AGyin
values show that ion and ion pair complex formation are
thermodynamically favorable and the complexes have a good
stability in the gas phase.

To have a better insight into the interaction of the ion, ion pair

and CP, density functional theory dispersion correction was used
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Table 4. Calculated Dispersion Energies (kcal mol™) of the Complex Formation

Ion Ion pair
Structures AE gis AHgjs AGyis AE i AHgs AGyis
F -1.51 -1.10 -144 -0.74 -0.74 -0.52
Cr -091 -1.04 -0.95 -1.26 -1.27 -0.88
Br -1.19 -1.20 -0.87 -1.39 -1.02 -1.08

Table 5. Calculated E(2) Values (kcal mol™) of the CP Complexes in the Gas Phase at the M05-2X/6-

31G(d) Level
Ion complex (CP-X)

o*N 12 0¥ N34 6*Ns-H6 2EQ2) Lp*Na+
Lpr 44.20 45.69 4424 134.12 -
Lpcr 17.02 17.05 17.02 51.09 -
Lpg:- 17.48 17.83 17.44 52.75 -

Ion pair complex (NaCPX)

Lpr 19.21 19.30 19.23 57.05 19.05
Lpcr 6.04 6.08 6.05 18.17 65.63
Lpg: 7.02 7.17 7.19 21.38 95.19

Table 6. Selected Atomic Charges of the CP Complexes

Ion complex Ion pair complex

Atoms CP F Cr Br F Cr Br

H2 0.435 0.483 0.467 0.458 0473 0.466 0.461
H4 0.435 0.483 0.467 0.458 0473 0.466 0461
H6 0.434 0.483 0.467 0.458 0.474 0.466 0.461
NI -0.653 -0.685 -0.665 -0.665 -0.730 -0.721 -0.721
N3 -0.653 -0.685 -0.665 -0.665 -0.730 -0.721 -0.721
N5 -0.653 -0.685 -0.665 -0.665 -0.729 -0.720 -0.721
X -1.000 -0.734 -0.664 -0.816 -0.795 -0.827 -0.778
Na’ 1.000 - - - 0.822 0.745 0.719
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for calculating the dispersion interaction energies between these
structures. to Table 3, all
parameters computed by the M05-2X-D3 functional are more than
those obtained by the MO05-2X one. Therefore, the obtained
differences by these functionals can be considered as the complex

According the thermodynamic

dispersion interaction energies which are reported in Table 4.
According to Table 4, the dispersion interaction energies of the
complexes are small and with increasing the size of the halide ions
binding dispersion energy (AEg) is elevated. Na-CP-F complex
has the minimum dispersion interaction, while Na-CP-Br has the
maximum value. A small value of the dispersion energy reveals
that dispersion interaction is not very important for the complex
formation while the electrostatic interaction between the ions and
CP is the driving force for the complex formation. Therefore,
because of the small size of the fluoride, the electrostatic
interaction in the CP-F~ complex formation is more important than

dispersion interaction.

Charge Transfer and Quantum Reactivity Indices

To study the charge transfer and orbital interaction, during the
complex formation between the ions and CP, NBO analysis has
been performed. The perturbation stabilization energies, E(2),
obtained by the NBO analysis are reported in Table 5. A complex
with a higher value of E(2) is more stable in comparison to a
complex with a small value of the stabilization energy.

For the host-guest complexes, the maximum interactions are
between lone pair electrons of X (donor) and o* orbital of N-H
bonds (acceptor) of the CP. According to Table 5, the calculated
E(2) energies of the CP-X complexes between the Lpy. and 0¥y
reveals that F~ has the most interaction in comparison to other
halides. Moreover, E(2) values of the CP-X complexes are as
follows: F~ > Br > CI, which is in a geed agreement with the
results of the energy analysis. This indicates that CP-F and CP-Br
are more stable complexes than CP-CI' due to more efficient
orbital interaction between the ions (guest) and the CP (host). E(2)
values of ion pair complexes are smaller than the E(2) values of
the CP-X complexes and show that during the ion pair complex
formation, interactions between the Lpyx. and o*yy orbitals have
been reduced.

The stability of the ion pair complexes are in accordance to
F > Br > CI, similar to the trend of the CP-X complexes. The
interaction of Lpg. and Lp*y,+ has the most E(2) value (95.19
kcal.mol™!) which is sufficient for the Na'Br” bond formation of the

ion pair complex. These results indicate that electrostatic
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interactions between Lpy. and ¥y of the CP is the driving force
for the complex formation.

Atomic charge analysis (Table 6) shows that the positive and
negative charges of the H and N atoms, respectively, increased
during the complex formation in comparison to the free CP while a
negative charge reduction is observed for the halide ions (X') and
Na'.

transfer from the halide to Na' during the ion pair complex

These changes of the atomic charges indicate a charge

formation.

For investigation of the reactivity of the free CP and
complexes, HOMO-LUMO analysis was performed. A pictorial
presentation of the frontier orbitals is provided in Fig. 3.
According to Fig. 3, HOMOs are localized partly on the halide of
the CP-X structures while the LUMOs are on the CP structure.
Moreover, in the NaCPX complexes, HOMO and LUMO orbitals
were investigated in the cyclic peptide structure. Based on this
analysis, quantum chemistry reactivity indices [54] such as HOMO
energy (Epomo), LUMO energy (E_umo), electronic chemical
potential (), chemical hardness (1) and electrophilicity index ()
have calculated and reported in Table 7.

According to Table 7, during the complex formation, 1 value is
reduced and the calculated values of the n show that the order of
reactivity of the CP-X and NaCPX complexes are according to: Br
>F > Cl and F > Br > CI, respectively. The chemical potential
of the CP-X complexes increased in comparison to the free CP
while the calculated p of the ion pair complexes show the opposite
behavior. Moreover, CP-X complex formation reduces the
electrophilicity index, while ion pair complex formation increases

the ® in comparison to the free CP.

QTAIM, LOL, ELF and Bond Order Analyses

By using the QTAIM analysis, some topological parameters
such as electron density (p), Laplacian (V7p), kinetic energy
density (G), potential energy density (V) and bond order (BO)
were calculated at the bond critical points (BCP) between the ions
and CP, and reported in Table 8. According to Table 8, the average
values of the electron density of the F"H, CI""H and BrH
bonds of the CP-X complexes are 0.052, 0.021 and 0.020,
respectively. This indicates that F~ has the strongest interaction
with the CP in comparison to other ions.

Electron density values of the ion pair complexes show similar
results and reveals that the Na'F ion pair has the most interaction
with the CP. Calculated V*p values of the ion and ion pair

complexes, Table 8, are positive and indicate an electrostatic
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HOMO LUMO  (A) HomMo

NaBr

Fig. 3. Frontier molecular orbital diagrams of (A) CP-X and (B) ion pair complexes.

Table 7. Calculated Values of Electronic Chemical Potential, Chemical Hardness, Electrophilicity
Index and HOMO-LUMO Orbital Energies (a.u.) of the CP and Ion Complexes

Structures Enomo Eromo n n 10°0

Ion complex

CP -0.288 -0.009 -0.148 0.279 39.25
F -0.186 0.085 -0.055 0271 5.58
Ccr -0.191 0.081 -0.055 0272 5.56
Br -0.188 0.080 -0.054 0.268 5.44

Ion pair complex

F -0.298 -0.024 -0.161 0274 47.30

Cr -0.302 -0.025 -0.164 0277 48.25

Br -0.301 -0.025 -0.163 0276 48.13
interaction between the X ions and H atoms of the CP. The ratio interaction class. According to Table 8, the average values of
of the kinetic energy density to the potential energy density (-G/V) -G/V of the F"H, CI""H and Br"H bonds of the CP-X
at the BCP is a useful parameter for determination of the complexes are 0.88, 0.98 and 0.99, respectively, which reveal a
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Fig. 4. Molecular graphs of the ion and ion pair complexes.

Cl--H-N . Br--H-N

Fig. 5. Electron density, ELF and LOL diagrams of the halide ion complexes.
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Fig. 6. Electron density, ELF and LOL diagrams of the ion pair complexes.
Table 8. Calculated Topological Parameters at the BCP of the X™"H Bonds of the Ion and Ion Pair Complexes
Parameters FH2 F"H4 FHé6 CI"H2 CI"H4 CI"H6 Br"H2 BrH4 BrH6
Ion complex
p 0.052 0.052 0.052 0.021 0.021 0.021 0.020 0.020 0.020
Vp 0.163 0.163 0.163 0.061 0.061 0.061 0.053 0.053 0.053
-G/V 0.886 0.886 0.886 0.987 0.987 0.987 0.992 0.992 0.993
BO 0.120 0.120 0.120 0.083 0.084 0.083 0.089 0.090 0.090
Ion pair complex
p 0.032 0.033 0.033 0.015 0.015 0.015 0.016 0016 0016
s 0.110 0.110 0.110 0.049 0.049 0.049 0.048 0.048 0.048
-G/V 0.907 0910 0.908 1.112 1.112 1.112 1.088 1.088 1.088
BO 0.067 0.067 0.067 0.041 0.041 0.041 0.060 0.060 0.060
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partially covalent interaction between the halide and H atoms of
the CP.

The calculated ratio of -G/V for CI""H and Br"H in the ion
pair complexes are more than 1.0 and shows a non-covalent
interaction between the ion pair and CP. The values of the BO
indicate that F" ion and the Na'F" ion pair have the most interaction
with CP, too. These results indicate that halides have stronger
interaction in comparison to the ion pair with CP.

To have an insight into the interaction between the ion and ion
pair with the CP, the molecular graphs of the complexes are
presented in Fig. 4. This figure illustrates the bond formation and
interaction between the ions and ion pairs with the CP. ELF and
LOL analyses of the X" “HN interaction were performed.

Figures 5 and 6, show the LOL, ELF and electron density
diagrams of the interaction between the ions and CP. These figures
indicate that the ELF and LOL values are small and reveal the
electrostatic interaction between the ions and CP. Moreover, Figs.
5 and 6 indicate that F has stronger interaction with CP in
comparison to other ions, in both of the ion and ion pair
complexes, with larger values of the ELF and LOL, according to

the previous results.
CONCLUSIONS

DFT and DFT-D3 calculations have been performed for
investigation of the interaction between the halide ion and CP. The
electrostatic interactions of the ions and CP is a driving force for
the complex formation while the dispersion interactions are not
important. Moreover, the obtained results indicated that an
increase in the size of the halide increases the dispersion
interaction energies.

CP-F and NaCPF complexes are the most stable complexes
from the energy view point. Finally, QTAIM and NBO analyses
confirmed the electrostatic interactions of the halide and CP.
Moreover, these analyses indicate that F makes the most stable
complexes due to proper charge transfer, most orbital interaction
and the strongest H-bond formation with the CP. Based on this
study, the selective extraction power of the CP can be predicted for

different halide ions and their ion pairs.
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