Intermolecular Hydrogen Bond
Interactions in N-
Carboxymethyl Chitosan and
NH20: DFT and NBO Studies

by Parsaoran Siahaan

Submission date: 17-Jan-2022 11:42AM (UTC+0700)
Submission ID: 1742800835

File name: Artikel-13.pdf (631.35K)

Word count: 2879

Character count: 14921



72
o)
£
v
o
7
%,
o
S
)
©
%]
c
o
L
Q
c
o
O
a
<

Intermolecular hydrogen bond interactions
in N-carboxymethyl chitosan and nH,O: DFT

and NBO studies

Cite as: AIP Conference Proceedings 2237, 020081 (2020); https://doi.org/10.1063/5.0005287
Published Online: 02 June 2020

Beti Safitri, Dwi Hudiyanti, Marlyn Dian Laksitorini, Nurwarrohman Andre Sasongko, and Parsaoran

Siahaan
® &

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Liposomes from jack beans phospholipid extract for delivering vitamin C
AIP Conference Proceedings 2237, 020064 (2020); https://doi.org/10.1063/5.0005213

Preface: The 14th joint conference on chemistry 2019
AIP Conference Proceedings 2237, 010001 (2020); https://doi.org/10.1063/12.0000415

Synthesis of magnetite@SILICA-CTA in a cetyl trimethyl ammonium bromide (CTAB)
concentration variations for fenol adsorption

AIP Conference Proceedings 2237, 020006 (2020); https://doi.org/10.1063/5.0005717

Lock-in Amplifiers IS
up to 600 MHz

AIP Conference Proceedings 2237, 020081 (2020); https://doi.org/10.1063/5.0005287 2237, 020081

© 2020 Author(s).




Intermolecular Hydrogen Bond Interactions in /V-
Carboxymethyl Chitosan and nH>O: DFT and NBO Studies

Beti Safitri', Dwi Hudiyanti', Marlyn Dian Laksitorini>, Nurwarrohman Andre
Sasongko', Parsaoran Siahaan'®

'Department of Chemisiry, Faculty mc'ie;rc‘e and Mathematics, Universitas Diponegoro, Semarang, Indonesia
*Department of Pharmaceutics, Faculty of Pharmacy, Universitas Gadjah Mada, Yogyakarta, Indonesia

* Corresponding author: siahaan parsaoran(@live.undip.ac.id

Abstract: Membrane 1s the most important component in Proton Exchange Membrane Fuel Cell (PEMFC)
whi} is widely developed in recent years. One of the membranes used in the PEMFCs is N-carboxymethyl chitosan.
The aim of this research is to identify the possibility of intermolecular hydrogen bond interactions in N-carboxymethyl
chitosan and nH,O (n=1-5) by using density functional theory to perform all lesalcu]au'una In this letter, we report all the
possibility of hydrogen bond interactions by analyzing natural bond orbital to measure the relative strength of the
hydrogen bonding interactions and the charge transfer of n-c* from O-H. Interaction of N-carboxymethyl chitosan and
5H20 was found to be the strongest hydrogen bond among others with a stabilization energy of 56.93 keal/mol. The value
of stabilization energy was confirmed using molecular orbital calculation. Hydrogen bond interaction was predicted
influenced by existing of the carboxylic group.

INTRODUCTION

The fuel cell has been considered as promising alternative energy sources for future energy that is combined with
a cleaner environment due to the limitation of fossil energy resources such as petroleum, coal and gases [1]. The fuel
cell is capable of continuous energy conversion as long as they were fed a sufficient supply of natural gas,
hydrocarbons, or alcohol [2]. Proton Exchange Membrane Fuel Cell (PEMFC) is one of many kinds of fuel cells that
has been developed because it is very efficient and environmentally friendly [3].

The membrane used in PEMFC has a negative fixed charge which is usually called a proton exchange
membrane. The membrane has a role to transport cation which is hydrogen ions (proton) in an electrolyte membrane
from anode to cathode without transport any electron [4].

In most current literature, PEMFC used a perfluorocarbon based electrolyte membrane called Nafion®. Nafion®™
has many advantageous properties such as mechanical robustness, stable at the operating temperature of fuel cells
(approximately 80 °C), and stable in the proximity of chemicals with high proton conductivity (0.08 S/cm) [2]. On
the other hand, Nafion® could not be reused, leads to a high environmental and production cost of the PEMFC.
Prices in the range of 600-700 $/m> for these membranes set a strong impediment. In addition, Nafion® is
susceptible to dehydrate, leads to a decrease in proton conductivity at high temperatures [2, 5, 6].

These shortcomings have led to the search for alternatives materials to substitute Nafion™ as a membrane
electrolyte in fuel cells, membrane with the ability to operate at a higher temperature, higher mechanical robustness
and lower production cost, but with a proton conductivity level near Nafion®. One of the proposed materials which
have the potential to be used in PEMFC is carboxymethyl chitosan. N-carboxymethyl chitosan as a polymer has a
long chain with hydroxyl, amine, and carboxylic groups that are the potential to be developed to find other
alternative sources membrane electrolyte. N—cal‘boxaethyl chitosan has hydrophilic and hydrophobic domains that
allow proton transfer. Its carboxylic domain could form hydrophilic pathways through its hydrogen bonds. Proton
transfer can be indicated by the existence of hydrogen bonds between N-carboxymethyl chitosan and water
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molecules by seeingglarge transfer inter-lone pairs from proton’s acceptor to the anti-bonding orbitals from proton
donor [7].

This particular study was about proton transfer associat with occwrrence to form a hydrogen bond that can be
studied using NBO analysis. NBO analysis on the ratio of acceptor orbitals in both intra- and intermolecular OHO
hydrogen bonds which tell us thdghajor difference from both of them. When in intramolecular OHO hydrogen bonds,

tons are moved to an orbital which determines the direction hydrogen bonds [R]. The most significant thing in
NBO analysis for the hydrogen bond system is the charge transfer among the lone pairs of proton acceptor and the
antibonds of proton donor. The E® between the LP of atom Y and ¢” of the Z-H bond relates to the intensity of the
Z..HY interaction and probably gives qualitative descriptions of the contribution to the total interaction energy of N-
carboxymethyl chitosan and nH,O [9]. Moreover, the hydrogen bonds formed can be shown through the existence of
donor and acceptor of electron lone pairs [10].

This research investigation represents our contribution to N-carboxymethyl chitosan and #H>O that can give a
new perspective in the comprehension of the probability proton transfer. We proposed to optimize the molecular
association and tried to analyze the detail types of hydrogen bond through the DFT and NBO techniques [9, 11-14].

EXPERIMENTAL

DFT method was calculated at the B3LYP level theory and 6-31G" basis set by using NWChem 6.6 software.
This research has applied the full counterpoise procedure to eliminate BSSE and ZPE error [9,15]. In the beginning,
the geometry of dimer N-carboxymethyl chitosan molecules is calculated. Furthermore, the N-carboxymethyl
chitosan membrane matrix interacted with n water molecules (n=1-5) on Hsy atom bound to Os9 of the carboxylic
group. The probability of interaction on N-carboxymethyl chitosan on Hsg is higher than others because Hsp has a
more positive partial charge by about 0.49858 and there are no steric obstacles around it. In the optimized geometry,
there wﬂw imaginary frequencies and that means the molecules were stable [9].

The natural bond orbital analysis provides an efficient technique for studﬂg the probability of hydrogen bond
interactions in N-carboxymethyl chitosan and nH,O. NBO analysis was considering all possible interactions
between donor and acceptor and determines their stabilizing energy based on second-order perturbation theory [9,
16].

E? = AE, = q, =~ (1)
Ll Y OE-Ej

E®! is second-order perturbation stabilization energy, g, is occupancy of donating orbital, E; and E, are the energy

of NBO donor and acceptor, and F,; is Fock matrix element between NBO [ orbital and j orbital [10,17].

RESULTS AND DISCUSSION

Optimized Structures of N-Carboxymethyl Chitosan and nH,O

The geometries of all proposed N-carboxymethyl chitosan and nH,O (n=1-5) were optimized at the B3LYP/6-
31G™ level theory. Changes in the interaction energy of N-carboxymethyl chitosan was determined by added n-
water molecules to its dimer. Dimer N-carboxymethyl chitosan was chosen to represent the N-carboxymethyl
chitosan polymer because of the interaction energy and enthalpies between dimer, trimer, and oligomer with water
are almost similar [ 18].

In this model, the N-carboxymethyl chitosan molecule is linked by OH---0O hydrogen bond to a water molecule
in Fig 1. Oxygen atom from water (n=5) interacts with the N-carboxymethyl chitosan hydrogen atom through
hydrogen bonding (Os-Hsy~Oss, rOH = 1.502 f?\], While at the other hydrogen bond Ou-Hsp~Oss was longer
(rOH = 1.776 A) when n=1. The hydrogen bonds in complex of N-carboxymethyl chitosan and nH;O could be
classified into low, medium and strong hydrogen bonding. That character was divided by several parameters i.e
bend, energy, and bond length. In this study we found that by added water to interact with N-carboxymethyl
chitosan, there was a fluctuated type of hydrogen bond. The most stable hydrogen bond according to its bend was
the interaction of N-carboxymethyl chitosan and JH>O where OssOs9-Hsy, bend = 173.46° and the lowest was
155.14° for N-carboxymethyl chitosan and 3H>O. Hydrogen bonding will be strong if the bend of OH O approach
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to 180°. On the other hand hydrogen bonds are strong if it's bond length of rOH = 1.2-1.5 A, medium if bond length
of TOH = 1.5-2.2 A, and low if rOH = 2.2-2.3 A. We can notice that hydrogen bonds in complex N-carboxymethyl
chitosan and nH,0O were classified to medium hydrogen bonding since we found all of the bond lengths are between
1.502 A until 1.776 A.

In N-carboxymethyl chitosan and JH>O until N-carboxymethyl chitosan and 5H>O complexes, it was found that
by added water molecules will make hydrogen bond stronger from its bond length because the more we added water,
the shorter bond length of OH 0. But, it could not be generalized from its bend because there was increasing and
decreasing bend of OH~ 0. Hence, further approaching was needed to investigate the hydrogen bonding. So, this
particular investigation could give more explanation of hydrogen bond type in order to study proton transfer.

(c) (d)

FIGURE 1. Optimized geometry for N-carboxymethyl chitosan and nH:0; (a) n=1; (b) n=2; (¢) n=3; (d) n=4; (e)
n=5.
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Natural Bond Orbital (NBO) Analysis
7

The natural bond orbital was used to explore the c.hargc transfer and conjugative interaction in molecular systems
for studying intra and intermolecular bonding and interaction among bonds [19]. The NBO calculation of all
interactions of N-carboxymethyl chitosan dimer and » water molecules has been done using NBO 07 program. The
EBbilizing energy of interaction involved in hydrogen bonds shows in Table 1. In NBO analysis, second-order
stabilization energy (E') was used to characterize the types of interaction between occupied and unoccupied NBO
typed Lewis orbitals which contribut@to the electron delocalization from bonding (BD) or lone pair orbitals (LP) to
anti-bonding orbitals (BD") [10,20]. The stabilization energy (E4EJwas also used to characterize the interaction of
hydrogen bonds between lone pair (LP (Z)) from a Z-atom and anti-bonding orbital (BD" (Z-H)) [10]. The NBO
analysis on the interaction of N-carboxymethyl chitosan dimer and n water molecules shows that there were
interactions intermolecular electron lone pairs.

TABLE 1. Second-order perturbation stabilization energies of H-bonded in N-carboxymethyl chitosan and nH-0

N-CMC + nH:0 Donor (i) Akseptor (j) E® (keal/mol)  Distance, r (Angstrom)
1 LP(2)054 BD* (1) O49-H50 22.79 054---H50 1.776
2 LP(2)054 BD* (1) O49-H50 2922 054---H50 1.695

LP(2) 057 BD* (1) O54-H55 18.33 057---H55 1.824
3 LP(2)051 BD* (1) O60-H61 7.19 051---Hs6l 1.886
LP(2)054 BD* (1) O49-H50 34.56 054---H50 1.637
LP(2) 057 BD* (1) O54-H55 31.33 057---H55 1.637
LP (2) 060 BD* (1) O57-H59 26.05 060---H59 2.168
4 LP(2)051 BD* (1) O60-H61 6.72 051---Hs6l 1.891
LP(2)054 BD* (1) O49-H50 47.29 054---H50 1.548
LP(2) 057 BD* (1) O54-H55 26.18 057---H55 1.728
LP (2) 060 BD* (1) O57-H59 241 060---H59 1.767
LP(2)063 BD* (1) O54-H56 18.26 063---H56 1.834
5 LP( 2)051 BD* 1) O19-H43 7.37 051---H43 1.895
LP(2)N20 BD* (1) O60-H61 10.29 N20---H61 2.076
LP(2)054 BD* (1) O49-H50 56.93 054---H50 1.502
LP(2) 057 BD* (1) O54-H55 30011 057---H55 1.683
LP (2) 060 BD* (1) O57-H59 3314 060---H59 1.66
LP(2)063 BD* (1) O54-H56 18.77 063---H56 1.828
LP (2) 066 BD* (1) O60-H62 18.07 066---H62 1.849

The O-H-O hydrogen bonds largely contribute to the stability of N-carboxymethyl chitosan and nH>O
molecular arrangement was the intermolecular interaction of LP (2) Osy — BD" (1) Osp-Hso which about 56.93
kcal/mol. The strongest interaction between N-carboxymethyl chitosan dimer with (H20)s was found in the bonds of
N-carboxymethy! chitosan dimer and water with consideration to the intermolecular relationship and the greatest
energy among all interactions in N-carboxymethyl chitosan and #nH>0. The amount of energy indicated the easiness
of electron lone pair donation. If there was electron-lone pair donation, it indicated there were existences of
hydrogen bonds of inter- hydroxyl groups with water molecules which mean it was able to transfer proton. The
stronger the intermolecular hydrogen bonding, the easier the intermolecular transfer of proton [10, 21]. Compared to
the intramolecular hydrogen bond which has the second-order stabilization energy of 7.37 kcal/mol from the
contribution of LP (2) Os, as a donor and BD* (1) Oy¢-Hss as an acceptor, the stabilization energy for intermolecular
hydrogen bond was higher than its intramolecular hydrogen bond. It indicated that intermolecular hydrogen bond
interaction which built from interaction of carboxylic group and water molecules has a stronger contribution to make
proton transfer worked.

Molecular Orbital

The quantum parameter related to the electronic structure is electron affinity (A) and ionization potential (I) of
corresponding molecules with energies of HOMO and LUMO [10].
[ =- HOMO
A =-LUMO
From those values, the electronegativity (X) can be obtained from the equation:
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TABLE 2. The molecular orbital parameter in interaction N-carboxymethyl chitosan and nH-0

N-CMC-nH20 Enomo (¢V) Evrumo (¢V)  AE (ELumo-Enoms) (€V) A (eV) I(eV) X (eV)
1 -6.0230 0.3608 6.3838 -0.3608 6.0230 2.8310
2 -6.0948 0.2533 6.3481 -0.2533 6.0948 2.9207
3 -6.1688 -0.0351 6.1337 0.0351 6.1688 3.1019
4 -0.2217 0.0074 0.2291 -0.0074  0.2217 0.1071
5 -0.2355 0.0024 0.2379 -0.0024  0.2355  0.11653

HOMO energy showed the ability to donate electron while Ejymo showed the molecular ability to receive
electron. If molecules have a low value of E umo it means the ability to receive more electrons [10]. The energy gaps
reflect the chemical activities of molecules and the ability to make an electron transfer process while N-
carboxymethyl chitosan and 4H,0 are the lowest one of energy gaps according to Table 2 [10, 22].

CONCLUSIONS

TIEEBydrogen bond interactions between N-carboxymethyl chitosan and nH>O (n=1-5) have been investigated
using DFT/B3LYP level theory and 6-31G™" basis set. NBO was used to investigate quantitatively the intermolecular
hydrogen bonds. The interaction of N-carboxymethyl chitosan and 5H,O was found as the strongest one with
stabilizing the energy of 56.93 kcal/mol. The existence of electron lone-pairs donation shows the existence of
hydrogen bonds between carboxylic groups and water molecules which can be predicted as the ability to proton
transfer towards other carboxylic groups but this study still needs a further experimental approach to support the
idea of proton transfer in carboxymethyl chitosan.
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