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Abstract
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The multi-layered integration (ONIOM method) was used to study the interactions between
DAPY inhibitors and the different binding sites of HIV-1 reverse transcriptase: the wild- type and a
double mutation (K103N/Y181C or L100I/K103N). The calculated binding energy using the MP2/6-
31G(d,p):B3LYP/6-31G(d,p):PM3 method for the TMC278-K103N/Y181C HIV-1 RT complex (-28.31
kcal/mol) is slightly decrease compared to wild-type (-30.01 kcal/mol). This lead to the specific
interactions between TMC278 and key residues in binding pocket of the two complex structures being
investigated. It was found that interaction energies calculated at MP2/6-31G(d,p) level between
TMC278 and individual residues surrounding the binding pocket for both wild-type and K103N/Y181C
HIV-1 RT are not significantly different excepted for mutated residue C181. These results are
consistent with the observation that TMC278 shows high inhibitory affinities against for both wild type
and K103N/Y181C enzymes. Consequently, the influence of X spacer connecting the left phenyl A
ring and the pyrimidine was investigated to determine binding energy of compound 2 (O-linker) and
compound 3(S-linker) to a double mutant K103N/Y181C enzyme compared with TMC278. Binding
energies of compound 2 and 3(11.92 and 11.64 kcal/mol, respectively) were less than TMC278
(-28.31 kcal/mol). These results indicate that the NH- group of TMC278 as the most appropriate
spacer to achieve high-level potency on double mutant K103N/Y181C. Therefore, NH- linker of
TMC278 was used to study the effect of the substituent at position 2 and 6 on the left phenyl A ring.
The binding energy of mono-substituted derivative 4 is less than TMC278 2 for both wild-type and
K103N/Y181C enzymes, with the difference of -2.66 and -2.03, respectively. Moreover, it was found
that binding energies of compound 5 (non-2,6-substituent on phenyl A-ring of TMC278) is less than
that TMC278 for both wild-type and K103N/Y181C enzymes, with the greatest difference of -5.81 and



-5.11 kcal/mol, respectively. It is clearly that the substituent at position 2 and 6 on the left phenyl A ring
of TMC278 is necessity maintained to achieve a high level of inhibition on wild type and
K103N/Y181C enzymes. Furthermore, it point out that the other functionalities including electron-
donating group (-OMe) and electron-withdrawing group (-Cl) for compound 6 can replace the methyl
group in TMC278 without loss of activity of this drug. This data can support further development of
TMC278 derivatives.

With the L100I/K103N enzyme, the binding energy for TMC278-L100I/K103N HIV-1 RT
complex is less than that of the wild-type complex by 9.71 kcal/mol. Also, the attractive interactions
between TMC278 and K101, K103 and W229 were reduced compared to the wild-type by 5.92, -4.69
and 3.21 kcal/mol, respectively. It is important to note that hydrogen bonding occurring between
TMC278 and K101 was also disturbed. Moreover, N103 in the binding pocket of the L100I/K103N
enzyme creates a repulsive interaction with the inhibitor. This confirmed that TMC278 shows higher

inhibitory affinities against wild-type and K103N/Y181C enzymes than L100I/K103N enzyme.

Keywords: Binding energy, HIV-1 RT, Interaction energy, DAPY inhibitors, TMC278, ONIOM method.
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Introduction

Currently, more than 33 million people are infected with human immunodeficiency
virus type 1 (HIV-1) which is the etiological agent of the Acquired Immune Deficiency
Syndrome (AIDS). Essential enzymes for the replication cycle of this virus include reverse
transcriptase (RT), protease (PR), and integrase (IN), all of which are attractive targets for
the development of new anti-AIDS drugs. This research work concentrates on HIV-1 RT
because it is highly essential for HIV replication. It is an essential enzyme involved in the
life cycle of the HIV responsible for virus replication from single-stranded RNA viral genome
into a double-stranded proviral DNA, which is subsequently integrated into the host
chromosome (Jacobo-Molina et al., 1991; Whitcomb et al., 1992; De Clercq, 1995a, 1995b).
Therefore, HIV-1 RT is one of the most important enzymes in the HIV-1 life cycle targeted
for the development of new anti-AIDS drugs to treat HIV-1 infections. The inhibitor of HIV-1
RT can be divided into two main classes, nucleoside reverse transcriptase inhibitors
(NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs). Nucleoside reverse
transcriptase inhibitors (NRTIs) are relatively toxic, which coupled with the emergence of
drug-resistant viral variants, limited the therapeutic efficacy of the NRTIs (Schinazi, 1997;
Tantillo et al., 1994; De Clercq, 1994 and 1995a). NNRTs are non-competitive inhibitors
which are highly specific for HIV-1 RT at a common allosteric site approximately 10 A from
the polymerase active site. The NNRTIs show similar butterfly-like shapes that consist of
two (or more) wings. The three-dimensional structure of HIV-1 RT was distorted by NNRTIs
directly bound to it, resulting in decreasing catalytic function. (Ren et al., 1995). NNRTIs
(Figure 3), e.g. nevirapine, delavirdine, loviride, 9-Cl TIBO [(+)-(S)-4,5,6,7-Tetrahydro-9-
chloro-5-methyl-6-(3-methyl-2-butenyl)-imiazo[4,5,14K] [1,4]benzodiazepin-2(1H)-thione], 8-Cl TIBO[(+)-
(S)4,5,6,7-Tetrahydro-8-chloro-5-methyl-6-(3-methyl-2-butenyl-imiazo[4,5,1-jK][1,4]benzodiazepin-2(1H)-
thione], HEPT(1-[(2-hydroxyethoxy}-methyl]-6-(phenylithio)thymine), emivirine and Efavirenz, ((-}-6-chloro-
4-cyclopropylethynyl-4-trifluoromethyl-1,4-dihydro-2h-3,1-benzoxazin-2-one) (Hannongbua et al.,
2001; Saen-Oon et al., 2003), are non-competitive inhibitors which are highly specific for
HIV-1 RT at a common allosteric site approximately 10 A from the polymerase active site.
The NNRTIs show similar butterfly-like shapes that consist of two (or more) wings. The
three-dimensional structure of HIV-1 RT was distorted by NNRTIs directly bound to it,

resulting in decreasing catalytic function. (Ren et al., 1995).
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Although NNRTIs are highly specific and less toxic than nucleoside inhibitors, their
therapeutic effectiveness is limited by drug-resistant HIV-1 because of the rapid emergence
of mutation. The most common RT mutations that confer resistance to NNRTIs include
Leu100lle (L100I), Val106Ala (V106A), Lys103Asn (K103N), Tyr181Cys (Y181C) (Das et al.,
1996; Ren et al., 2000; Hsiou et al., 2001; Ren et al., 2001; Wang et al., 2001a; Lindberg et al.,
2002; Ren et al., 2004). Mutations can affect inhibitor binding by: (i) loss of important
contacts between protein and inhibitor; (ii) reduction in the size of the binding pocket or
modification of pocket shape, and (iii) interference with inhibitor entry into the binding
pocket. Nevirapine fails to treat the Y181C mutation (Richman et al.; Kuno et a.l, 2003),
while the K103N mutation confers resistance to efavirenz (Ren et al., 2000; Mei et al.,
2005). The L100lI mutation and combined dual mutations such as K103N/Y181C and
L100I/K103N are fully resistant to almost all NNRTIs drugs including nevirapine, efavirenz
and delavirdine (Das et al., 2007; Bethune ef al., 2010). This is a key problem to developing

new anti-AIDS drugs. A new series of NNRTIs was discovered that belongs to the



diarylpyrimidine (DAPY) family (Figure 3). DAPY compounds, with TMC278 and its
derivatives, demonstrated high potency against wild-type, single and the double mutant
strains compared to marked drugs (Das et al., 2008; Tian et al., 2009; Gyseghem et al.,
2008; Mordant et al. 2007).
The enzyme structure is difficult to model using ab initio quantum chemical

calculations due to large and complex system. As such, many other methods have

been developed to study large molecular systems including quantum mechanics/molecular
mechanics (QM/MM) (Ridder et al., 2003; Mulholland et al., 2005), molecular fractionation
with conjugate caps (MFCC) (Mei et al., 2005), and our own n-layered integrated molecular
orbital and molecular mechanics (ONIOM) (Morokuma, 2002). The ONIOM method which
was developed by Morokuma and coworkers is a powerful hybrid method to study enzymes
(Svensson et al., 1996; Dapprich et al., 1999; Karadakov et al., 2000; Morokuma et al.,
2006; Guo, et al. 2010). In the ONIOM method, the system is divided into many layers like
an onion. The active center is treated with the highest level ab initio QM method, while
outer layers are treated with less computationally expensive QM methods such as low-level
QM, semiempirical or MM methods. The main objectives in this work are to investigate
particular interaction of DAPY inhibitors bound to HIV-1 RT involving the L100I/K103N and
K103N/Y181C enzymes and to understand the resilience of DAPY inhibitors for bound to
the HIV-1 RT binding pocket. It is expected that this understanding will be helpful in the
design of new inhibitors especially active against mutant enzymes, and thus better anti-

AIDs agents.

Objectives

1. To prepare the structural complex of double mutant (L1001/K103N or
K103N/Y181C)/DAPY inhibitors-HIV-1 RT by docking method or obtain these the structural
complex from X-ray crystallography.

2. To determine the interaction energy between individual pair of DAPY inhibitors
including TMC278/amino acids surrounding the binding pocket using quantum mechanics.

3. To calculate the binding energy of DAPY inhibitors bound to binding pocket of
wild type, K103N/Y181C and L100I/K103N HIV-1 RT using ONIOM2 and ONIOM3

methods.
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4. To compare the binding energy of HIV-1 RT/DAPY inhibitors complex structures
between wild type and mutant type Y181C and K103N/Y181C enzymes.

Computational Methods

System studied
The starting models for calculations were obtained from the X-ray structures of TMC278
bound to HIV-1 RT for the wild-type, K103N/Y181C and L100l/K103N enzymes, listed in
the Protein Data Bank with PDB entry codes 2ZD1, 3GBR and 2ZE2 respectively (Das et.
al., 2008). The structural complex of the wild-type and K103N/Y181C HIV-1 RT/other DAPY
(compound 2-6) was prepared by a docking method. Compound 2-6 were docked into the
binding pocket of wild-type (PDB code: 2ZD1) and K103N/Y181C (PDB code:3GBR) HIV-1
RT using Autodock 3.05 (Moris et al. 2000) and MD simulations by GROMACS Program
was used to optimize these complex. System set up in GROMACS Program were at NPT
ensemble, Temperature= 300 K, Pressure = 1.0 atp, time step 0.0005 ps and time of
simulations = 300 ps.

The studied binding pocket included residues surrounding the non-nucleoside inhibitor
binding pocket (NNIBP) with at least one atom interacting with any of the atoms of the DAPY
inhibitors within an interatomic distance of 7.0 A These residues of the studied system are
Pro95, Leu100(lle100), Lys101, Lys102, Lys103(Asn103), Val106, Val179, lle180,
Tyr181(Cys181), GIn182, Tyr183, Tyr188, Val189, Gly190, Pro225, Pro226, Phe227, Leu228,
Trp229, Leu234, Pro236, Asp237 and Tyr318 from the p66 domain of RT, and Glu138(b) from
the 51 domain of RT (Figure4). All residues were assumed to be in their neutral form. The N-
and C-terminal ends of cut residues were capped with an acetyl group (CH;CO-) and a methyl
amino group (-NHCHj), respectively [(H;C—C(=O)—{NH—CH(—R)—C(=0)},—NH—CHj)].
Hydrogen atoms were added to generate the complete structures and their positions were
optimized by the semi-empirical PM3 method available in the GAUSSIAN 03 program running
in Linux on a Pentium IV 3.2 GHz PC (Frisch et al., 2003). The optimizations were carried out
with fixed heavy atoms and the final structures produced were used as the starting geometries

for all subsequent calculations.
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Interaction energy calculations
The interaction energies, Eumcors+x), between TMC278 and individual residues, X;,
were calculated at the MP2/6-31G(d,p) levels of theory using the geometry described

above. The total interaction energy, INT, can be expressed as: (Sea-oon et al. 2005)

INT grz+xiy = Eerzexiy — Eerz) — Exiys @)

where Evczrs) and Ex; are energies of TMC278 and each individual residue, respectively.

Binding energy calculations

Two and three layer ONIOM calculations were performed to determine the binding energy
of DAPY inhibitors bound to the double mutant K103N/Y181C or L100l/ K103N as compared to
the wild-type. The total ONIOM energy of the entire system was obtained from three and five
independent energy calculations in ONIOM2 and ONIOM3 methods, respectively (Morokuma,
2003). All calculations were carried out using the GAUSSIAN 03 package (Frisch et al., 2003).

More precisely, the binding energy of DAPY inhibitors bound to the allosteric pocket
of HIV-1 RT was determined using equations (2) and (3) for the ONIOM2 and ONIOM3
methods, respectively (Kuno et al., 2003).

AE™™ = E[CPX]opt — EPlopt ~ElLLop
= AE (High, A+B) + [AE (Low, ABC) - AE (Low, AB)]
= AE (High, A+B) + [AAE (Low, ABC-AB)] (2)
AT = E [CpXlop ~ EIPlop — ElLLop
= AE (High, A) + [AE (Mid, AB}- AE (Mid, A)] + [ AE (Low, ABC)- AE (Low, AB)]
= AE (High, A) + [ AAE(Mid, AB-A)+[ AAE(Low, ABC-AB)] (3)

Where E[Cpx], is the total optimized energy of the TMC278-binding pocket complex, Cpx;
E[P]opt is the optimized energy of binding pocket; and E[L], is the optimized energy of the

DAPY inhibitor. Also, AE (High, A) is the interaction energy in the region A which is treated
at the high level of theory, AAE (Mid, AB-A) is the interaction energy from interactions

between the regions A and B and is evaluated at the medium level of theory, and AAE
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(low, ABC-AB) is the interaction energy from interactions between the regions AB and C

which is evaluated at the low level of theory.

Binding energy of TMC278 inhibitor bound to the allosteric pocket of K103N /Y181
HIV-1 RT compared with wild type

The three layer ONIOM calculations were performed to determine the binding
energy of TMC278 inhibitor bound to the mutant K103N/Y181C HIV-1 RT as compared to the
wild-type. The inner layer (region A) including TMC278 and Y181 or C181 was treated at
the MP2/6-31G(d,p) and The medium layer (region B) including K101 and K103 was
treated at the B3LYP/6-31G(d,p) methods. The remainder of the residues was taken as the
outer layer (region C) which was treated at the PM3 level. For this study, the following

models were generated (Figure 5):

ONIOM3 calculation: MP2/6-31G(d,p)[TMC278+(Y181 or C181)]:B3LYP/6-31G(d,p)
[K101+K103 or N103]:PM3[real]
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Binding energy of DAPY inhibitors bound to the allosteric pocket of wild type
and K103N /Y181 HIV-1 RT

The two layer ONIOM calculations were performed to determine the binding energy
of DAPY inhibitors bound to the mutant K103N/Y181C HIV-1 RT as compared to the wild-type.
The inner layer or interaction region including the DAPY inhibitors and K101 was treated by
the B3LYP/6-31G(d,p) method. The remainder of the residues was taken as the outer layer
which was treated by the PM3 method. For this study, the following models were generated
(Figure 6):
ONIOM2 calculation: B3LYP/6-31G(d,p) [TMC278+ K101]:PM3[real]
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Figure 6 Model system used for DAPY inhibitors bound to allosteric site of HIV-1 RT consisting
of 24 residues; (a) wild-type HIV-1 RT NNIBP, and (b) K103N/Y181C HIV-1 RT NNIBP.
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Binding energy of TMC278 inhibitor bound to the allosteric pocket of L100/K103N
HIV-1 RT compared with wild type

The three layer ONIOM calculations were performed to determine the binding
energy of TMC278 inhibitor bound to the mutant L100I/K103N HIV-1 RT as compared to the wild-
type. The inner layer or interaction region including the TMC278 and L100 or 1100 was
treated by the MP2/6-31G(d,p) methods. The medium layer including K101 and either K103
or N103 were treated by the B3LYP/6-31G(d,p) method. The remainder of the residues
were taken as the outer layer which was treated by the PM3 method. For this study, the

following models were generated (Figure 7):

ONIOM3 calculation: MP2/6-31G(d,p)[TMC278+( L100I or [100)]:B3LYP/6-31G(d,p)
[K101+(K103 or N103)|:PM3][real]
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Results and discussion

Comparing interaction energy and binding energy calculations between wild-type and

K103N/Y181C enzymes

Interaction energy of TMC278 with individual residues of the wild type and
K103N/Y181C HIV-1 RT binding pocket

The interaction energies between TMC278 and the individual residues (Xi) of HIV-1
RT binding pocket for wild-type, L100I/K103N or K103N/Y181C enzymes were calculated at
MP2/6-31G(d,p) levels of theory and are shown in Table 1. As the MP2 method includes
the dispersion interactions, it is expected to give more accurate interaction energies than
B3LYP [Tsuzuki et al., 2001]. In wild-type RT, the main contributions to the interactions with
TMC278 come from K101, Y181, F227 and W229 which produce attractive interactions
greater than 3 kcal/mol, calculated at MP2/6-31G(d,p) level. Considered in greater detail
(Figure 2), hydrogen bonding between a linker nitrogen atom of TMC278 (Figure 3) and the
main-chain carbonyl oxygen of K101 causes the strongest interaction, 8.15 kcal/mol at the
MP2/6-31G(d,p) level, and is conserved in the binding of many NNRTIs. The cyanovinyl
group is positioned to fit into a hydrophobic tunnel formed by the side chains of amino acid
residues F227 and W229 that may explain why TMC278 is the most potent of DAPY
analogues. TMC278 can be flexible to bind to HIV-1 RT and interacts with aromatic side
chains of Y181 and W229 via H-TU interactions. Comparing the wild-type RT and
K103N/Y181C RT at the MP2/6-31G(d,p) method shows no significant difference between the
interactions, except for the mutated residue C181. The attractive interactions between TMC278

and C181 in the K103N/Y181C enzyme were reduced by 2.93 kcal/mol.
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Figure 8 Orientation of TMC278 and the residues with the largest interactions in the binding

pocket of wild-type HIV-1 RT.



Figure 9 Hydrogen bonding between K101 and TMC278
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Table 1 The calculated interactions between TMC278 and individual residues (X;) from the

MP2/6-31G(d,p) method.

Residue(X)) Interaction energy (kcal/mol)
Wild-type K103N/Y181C  AE,
PRO95 -0.46 -0.39 -0.07
GLY99 -0.13 -0.16 0.03
LEU100 -1.86 -3.27 1.41
LYS101 -8.15 -7.76 -0.39
LYS102 -0.13 -0.22 0.09
LYS103 (ASN) -1.80 -2.28 0.48
VAL106 -0.39 -0.21 -0.18
ILE180 -0.92 -1.11 0.19
TYR181(CYS) -4.52 -1.60 -2.92
GLN182 -0.37 0.03 -0.40
TYR183 -0.55 -1.38 0.83
TYR188 -2.24 -1.33 -0.91
VAL189 -0.26 -0.36 0.10
GLY190 -0.72 -0.87 0.15
PRO225 -1.52 -1.19 -0.33
PRO226 -0.60 -1.19 0.59
PHE227 -3.09 -2.43 -0.66
LEU228 0.46 0.61 -0.15
TRP229 -5.46 -5.51 0.05
LEU234 -0.94 -1.02 0.08
PRO236 -2.18 -2.98 0.80
ASP237 -1.50 -2.44 0.94
TYR318 -1.50 -1.44 -0.06
GLU138 -2.95 -2.44 -0.51
Total Energy -41.76 -40.94 -0.82

AEa = IEyig- type — IEx103n/v181C mutant

AEb = IEwild-type - IEL'IOOI/K103N mutant
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Binding energy of TMC278 bound to the allosteric pocket of K103N /Y181 HIV-1 RT
compared with wild type

K103N and Y181C are the two drug-resistant mutations most frequently observed in
patients treated with NNRTIs, and viruses carrying these mutations show high levels of
resistance to existing NNRTIs. However, TMC278 inhibits K103N/Y181C RT and
K103N/Y181C RT mutants at an EC5, < 1 nM (Das et al. 2008). From Table 1, it can be
seen that the K101 residue has the strongest interaction with TMC278. The interaction
energies between TMC278 and each residue of both the wild-type RT and K103N/Y181C
RT are similar excepted for the mutated position C181. The mutated Y181C has less
contact between TMC278 and C181 because TMC278 interacts with Y181 via hydrogen
atoms of its dimethylphenyl ring with the aromatic ring of the residue. For better accuracy,
the MP2 method was used in ONIOM3 calculations to include these dispersion interactions.
With all the ONIOM methods used, it was found that the binding energy differences
(Table2) between wild-type RT and K103N/Y181C RT are small, with 1.48 kcal/mol from
MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 calculations. This is in good agreement with the
experimentally observed ECs, for 0.0004 uM wild type and ECs, = 0.0008 puM for
K103N/Y181C RT (Das et al.,2008). Only the interaction energy in region (A+B) [AE (High,
A+B)] of Y181C enzyme is less than that in the wild- type, with a greatest difference of 1.65
kcal/mol (-10.21 kcal/mol for wild type and -8.56 kcal/mol for Y181C enzymes) using
B3LYP/6-31G(d,p):PM3 method (Table2).

With the ONIOM3 method (Table2), binding energy of TMC278 is determined from
three terms: (i) the interaction energy in region A [AE (High, A)], (ii) interaction between the
regions A and B [AAE (Mid, AB-A)], and (iii) the interaction energy between the regions
A+B and C [AAE (low, ABC-AB)]. The main contributions come from both the interaction
energy between regions A and B (-14.25 kcal/mol for wild-type RT and -13.58 kcal/mol for
K103N/Y181C RT). The calculated interaction energy in region A of the K103N/Y181C RT is
less attractive than that in region A of the wild-type by 1.70 kcal/mol, indicating that change from an
aromatic side chain of Y181 to a non-aromatic side chain of C181 leads to a reduction of contact
between TMC278 and this residue. However, the main contribution to binding energy from K101 is not

much changed, which corresponds well with the litle change in hydrogen bonding distance between
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TMC278 and the carbonyl (-C=0) and amino (-NH) groups of K101 (Table 3). This also agrees with
the X-ray structure data (Table 3). Moreover, residues in outer layer of binding pocket, such as Y183,
Leu100, Pro236 and Asp237, help to compensated for the loss of interactions caused by C181 mutation.
This mode of compensatory interaction is different from that observed for other NNRTI such as HBY097.
Thus it can be concluded that TMC278 shows similar high inhibitory affinities for both wild-
type and Y181C enzymes.

Table 2 Binding energy for the wild-type RT and K103N/Y181C mutant HIV-1 RT complexed
with TMC278 by ONIOM3 methods [MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3].

Calculated energies (kcal/mol) Wild-Type K103N/Y181C mutant
AE (high, A) -5.89 -4.19

IAAE (M, AB-A)] -14.25 -13.58

[AAE (Low, ABC-C] -8.15 -9.04

Binding Energy (kcal/mol) -28.29 -27.31

°AE -1.48

a
AE = BEiid-type — BE k103n/v181C mutant

o

Table 3 Calculated distances of the hydrogen bonds (A) between TMC278 and the
backbone carbonyl oxygen (-C=0) and backbone amino hydrogen (-NH) of K101, based on
X-ray structure, ONIOM3 methods for wild-type and K103N/Y181C mutant.*

Wild-type K103N/Y181C mutant
-C=0y-H-Njycors  NHN=Cry g -C=0y--H-Njcorg N HN=Crry
Methods
MP2/6-31G(d,p):B3LYP/631G(d,p):PM3  2.80 3.41 2.93 3.38
X-ray 2.70 3.21 2.52 3.07

*Hydrogen bond distances of (-C=OK----H-Nmyc27g) and (-N-Hk---N=CTpmc278) are in A
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Comparing binding energy of TMC278 and its derivatives bound to the allosteric

pocket of K103N /Y181 HIV-1 RT

Table 4 Binding energy for the K103N/Y181C mutant HIV-1 RT complexed with TMC278,
compound 4 and compound 5 by ONIOM3 methods [MP2/6-31G(d,p):B3LYP/6-
31G(d,p):PM3].

Energy TMC278  Compound 2  Compound 3  AfE? AE°
Binding Energy -27.31 -15.39 -15.67 11,92 -11.64
(kcal/mol)

AE (high, A) -4.19 -0.81 -1.50 -3.38 -2.69
[AAE (M, AB-A)] -13.58 -11.07 -9.66 -2.51 -3.92
[AAE (Low, ABC-C  -9.04 -3.51 -4.51 -5.53 -4.53

AE® =
E =E K103N/Y181C mutant -TMC — E K103N/Y181C mutant-compound $

b
AE =E K103N/Y181C mutant -TMC — E K103N/Y181C mutant-compound 5

The influence on activity of the X spacer connecting the left phenyl ring and the
pyrimidine in K103N/Y181C HIV-1 RT was investigated. Compound 2 and 3, in which the
NH- linker of TMC278 was respectively replaced by and O- and S- linker, respectively. The
three layer ONIOM calculations were performed to determine the binding energy of
compound 2 and compound 3 as compared with TMC278. The inner layer (region A) including
DAPY inhibitors (TMC278, compound 2 or compound 3) and Y181 or C181 was treated at the
MP2/6-31G(d,p) and The medium layer (region B) including K101 and K103 was treated at
the B3LYP/6-31G(d,p) methods. The remainder of the residues was taken as the outer
layer (region C) which was treated at the PM3 level. The differences in binding energies
between compound 2 or 3, and TMC278 is more significant (-11.92 and -11.64 kcal/mol,
repectively) (Table4). This result indicated that the NH- group as the most appropriate
spacer to achieve high-level potency on double mutant K103N/Y181C corresponding with
experimental (Eso = 3.2, 4.3 and 18.6 nM for TMC278, compound 2 and compound 3,
respectively)(Mordant et al. 2007).
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Binding energy of TMC278 and its derivatives bound to the allosteric pocket of
K103N /Y181 HIV-1 RT compared with wild type

The effect of the left phenyl A-ring 2, 6-disubstitution of TMC278 on wild type and
K103N/Y181C enzymes was investigated. Binding energy of other DAPY inhibitors
(compound 4, 5 and 6) as compared TMC278 to describe the activity of these drugs with
wild-type and the K103N/Y181C enzymes. The strongest interaction between TMC278 and
K101, exhibiting moderate hydrogen bond was considered as part of the interacting core for
ONIOM2 calculation. The inner layer or interacting core (Figure 6, region A) including
DAPY inhibitors and K101 was treated by the B3LYP/6-31G(d,p) methods. The outer layer
(Figure 6, region B) was treated at the PM3 method. The calculated binding energy of
TMC278 (-11.69 kcal/mol) on K103N/Y181C enzyme was slightly decreased as compared
with wild-type (-9.21 kcal/mol) which agrees well with the experimentally observed Es, =

0.0004 nM for K103N/Y181C enzyme and Es, = 0.0008 nM for K103N/Y181C enzyme.

Only the interaction energy between region A and B [AAE (Low, AB-A)] of K103N/Y181C
enzyme (-2.53 kcal/mol) is less than that in the wild type (-4.59 kcal/mol), with the
difference of -2.06 kcal/mol. This indicates the mutation, K103N/Y181C induce a slight loss
of contact of residues in region B (K101 and ASN103) with TMC 278 and eliminate
favorable contacts of the aromatic ring of the Y181 with TMC278 leading to reduce contact
between mutate residues Y181. However, the main contribution to binding energy from K101 is not
much changed, which comresponds well with the little change in hydrogen bonding distance between
TMC278 and the carbonyl (-C=0) and amino (-NH) groups of K101 (Table 5). This also agrees with
the X-ray structure data (Table 5). Noticeably, the differences in binding energy between wild-type and
K103N/Y181C enzymes for the other DAPY drugs (compound 4-6) is similar trend with TMC278.

The left phenyl A-ring of TMC278 shows TT-TU main interactions with residues Y181 and
Y188 of binding pocket. 2,6-dimethyl on phenyl A ring of TMC278 prevent great
conformational shift and limit the rotational freedom resulting in the conformation favoring
this specific interaction(Mordant et.al,2007). Consequently, the binding energy of mono-
substituted derivative 4 is less than TMC278 2 for both wild-type and K103N/Y181C enzymes,
with the difference of -2.66 and -2.03, respectively (Table 6). Moreover, it was found that
binding energy of compound 5 (non-2,6-substituent on phenyl A-ring of TMC278) is less
than that TMC278 for both wild-type and K103N/Y181C enzymes, with the greatest difference

of -5.81 and -5.11 kcal/mol, respectively. This indicates that removal of 6- or 2,6-
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substituent on phenyl A-ring of TMC278 might increase the conformational degrees of

freedom and weaken TT-TU main interactions between compound 4 or 5, with residues Y181
and Y188 in binding pocket of wild-type and K103N/Y181C enzymes. At position 2 and 6
on phenyl A-ring of TMC278 was substituted with —OMe as electron-donating and —CI as
electron-withdrawing group (compound 6). The calculated binding energy of compound 6 is
similar to the TMC278 on wild-type and K103N/Y181C enzymes (Table 6). It is point out that
the dimethyl groups on phenyl A ring of TMC278 could be replaced by electron-donating
and electron-withdrawing group without loss of binding of compound 6 to wild-type and
K103N/Y181C enzymes. This data could support further development of the DAPY
inhibitors. This concluded that maintain a 2,6-disubstitution on phenyl A ring of DAPY to
achieve a high level of inhibition on wild-type and K103N/Y181C enzymes

Table 5 Calculated distances of the hydrogen bonds (A) between TMC278 and the
backbone carbonyl oxygen (-C=0) and backbone amino hydrogen (-NH) of K101, based on
X-ray structure, ONIOM2 methods for wild-type and K103N/Y181C mutant.*

Wild-type K103N/Y181C mutant
-C=0y-H-Nfjcors  NHN=Cory e -C=0y--H-Nfjycorg  NHN=Coryery
Methods
B3LYP/631G(d,p):PM3 2.87 3.32 2.82 3.30
X-ray 2.70 3.21 2.52 3.07

*Hydrogen bond distances of (-C=OK----H-Nyc278) and (-N-Hk---N=CTpmc278) are in A
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Table 6 Binding energy for the wild-type RT and K103N/Y181C mutant HIV-1 RT complexed with
DAPY inhibitors by ONIOM2 methods [B3LYP/6-31G(d,p):PM3].

Compounds Calculated energies (kcal/mol)
AE AE (High, A)  AAE (Low, AB-A)

Compound 1 (TMC278)

Wild-type -11.69 -7.10 -4.59

K103N /Y181 mutant -9.21 -6.68 -2.53
°AE -2.48 -0.42 -2.06
Compound 4

Wild-type -9.03 -6.72 -2.31

K103N /Y181 mutant t -7.18 -6.62 -0.56
*AE -1.85 -0.10 -1.75
°AE -2.66 -0.38 -2.28
°AE -2.03 -0.06 -1.97
Compound 5

Wild-type -5.88 -3.61 -2.26

K103N /Y181 mutant -4.10 -3.53 -0.57
°AE -1.78 -0.08 -1.69 -1.69
°AE -5.81 -3.49 -2.33
°AE -5.11 -3.15 -1.96
Compound 6
Wild-type -11.96 -7.05 -4.91

K103N /Y181 mutant -9.46 -6.50 -2.96
°AE -2.50 -0.55 -1.95
°AE 0.27 -0.05 0.32
‘AE 0.25 -0.18 0.43
°AE -2.50 -0.55 -1.95

Experiment binding loss

a

AE = Ewild-type -E K103N /Y181 mutant

b

AE = BETMCZ787 wild-type — BE derivative of TMC27, wild- type

[
AE = BETMCZ78; K103N /Y181 mutant — BE derivative of TMC27, K103N /Y181 mutant
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2. Comparing interaction energy and binding energy calculations between wild-type and

L100I/K103 enzymes

Interaction energy of TMC278 with individual residues of the wild type and L100I/K103
HIV-1 RT binding pocket

The repulsive interactions between TMC278 and residues of the binding pocket for
the L100I/K103N RT are greater than in wild-type RT. Also, the attractive interactions
between TMC278 and K101, K103 and W229 in the L100I/K103N RT were reduced to 5.92,
4.69 and 3.21 kcal/mol, respectively (bAE in Table 7, MP2/6-31G(d,p) method), compared to
the wild-type RT. These results indicate that the mutated residues L100l and K103N not
only reduce the binding stability of TMC278, but actually destabilize the cavity, leading the

W229 residue to lose contact with the inhibitor.

Binding energy of TMC278 inhibitor bound to the allosteric pocket of L100/K103N
HIV-1 RT compared with wild type

Among the known NNRT-resistance mutations, the L100I/K103N double mutation has the
greatest effect on the potency of TMC278. However, TMC278 still inhibits the double mutant at

~0.008 M ECxy, [Das, et al., 2008]. In the wild-type RT/TMC278 structure, L100 is near the centre of
the pocket and primarily interacts with the central pyrimidine ring of TMC278, while K103 is located on
the other side of the pyrimidine ring of TMC278. Comparison of structures of the L100I/K103N mutant

RT/TMC278 and wild-type RT/TMC278 complexes (Figure 10) shows that B-branching of 1100 in the
L100l mutant lead to steric conflict with the inhibitor TMC278. To avoid this steric conflict, TMC278 shifts
away from the 1100 and towards the N103. However, NNRTIs do not have the ability to flex and move,
to “wiggle and jiggle”, and adapt their shape to the various pockets found in the NNRTI-resistant. RTs fail
against the known mutants because their binding is susceptible to steric hindrance, as they lose key
hydrophobic interactions, or mutation K103N interferes with entry of the NNRTIs into the pocket [Das, et
al, 2008]. From Table 7, the double mutations L100l and K103N lead to the loss of contact
between TMC278 and K101, N103 and W229, with the interaction energies to these
residues reduced by 5.92, 4.69 and 3.21 kcal/mol, respectively, as compared with the wild-
type RT. Table 8 shows the binding energies for the wild-type and L100I/K103N complexes

using three-layer ONIOM calculations. It can be seen that the difference in binding energy
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between wild-type (-20.29 kcal/mol) and L100l/K103N enzymes (-9.71 kcal/mol) is far more
significant (10.58 kcal/mol with the MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 method which
agrees well with the experimentally observed Es, = 0.0004 uM for L100I/K103N enzyme
and Esy = 0.008 uM for L100I/K103N enzyme (Das et al., 2008). The interaction energy in
region A and the interaction energy between regions AB and C of the L100I/K103N enzyme
are less than wild-type by 4.47 and 8.94 kcal/mol, respectively. This indicates that the
double mutation L100I/K103N causes a large reduction in attractive interactions between
TMC278 and residues in core regions (mutated residue, 1100) and in region B (K101 and
N103). The mutation L100I introduces a significant distortion in the NNRTI-binding pocket that causes
a loss of contact between TMC278 and 1100 leading to a weakly attractive interaction in region
A (-0.38 kcal/mol at MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 calculations). The mutation
K103N interferes with entry of the NNRTIs into the pocket. N103 creates repulsive interactions with
TMC278 (Figure 11b) when compared with the interaction between K103 and
TMC278(Figure 11a).

Figure 10 Comparison of structures of TMC278 and mutated residues in the L100l/K103N

mutant RT (orange colour) as compared with wild-type.



Table 7 The calculated interactions between TMC278 and individual residues (X;) from the

MP2/6-31G(d,p) method.

Residue(X)) Interaction energy (kcal/mol)
Wild-type L100/I/K103N AEb
PRO95 -0.46 -0.19 -0.27
GLY99 -0.13 -0.67 0.54
LEU100 -1.86 -0.08 -1.78
LYS101 -8.15 -2.23 -5.92
LYS102 -0.13 -0.20 0.07
LYS103 (ASN) -1.80 2.89 -4.69
VAL106 -0.39 -1.55 1.16
ILE180 -0.92 -0.55 -0.37
TYR181(CYS) -4.52 -4.03 -0.49
GLN182 -0.37 -0.16 -0.21
TYR183 -0.55 -1.35 0.80
TYR188 -2.24 -4.34 2.10
VAL189 -0.26 -0.40 0.14
GLY190 -0.72 -0.41 -0.31
PRO225 -1.52 -1.19 -0.33
PRO226 -0.60 -0.80 0.20
PHE227 -3.09 -3.78 0.69
LEU228 0.46 0.76 -0.30
TRP229 -5.46 -2.25 -3.21
LEU234 -0.94 1.22 -2.16
PRO236 -2.18 -1.07 -1.11
ASP237 -1.50 -0.11 -1.39
TYR318 -1.50 -1.21 -0.29
GLU138 -2.95 -0.68 -2.27
Total Energy -41.76 -22.36 -19.40

AEa = EwiId- type — EK1O3N/Y181C mutant AEb = Ewild-type - EL1OOI/K1O3N mutant
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Table 8 Binding energy for the wild-type and L100I/K103N mutant HIV-1 RT complexed
with TMC278 using ONIOM3[MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3].

Calculated energies (kcal/mol) Wild-Type [100L/K103N mutant
AE (high, A) -4.85 -0.38

[AAE (M, AB-A)] -9.27 -0.33

[AAE (Low, ABC-C] -6.17 -6.04

Binding Energy,BE(kcal/mol) -20.29 -9.71

°AE -10.58

aAE = BEwiId—type - BEI‘100L/K103N mutant

Table 9 Calculated distances of the hydrogen bonds (A) between TMC278 and the
backbone carbonyl oxygen (-C=0) and backbone amino hydrogen (-NH) of K101, based on
X-ray structure, ONIOM3 methods for wild-type and L100l//K103N mutant.*

Wild-type L1001/K103N mutant
-C=0-H-Nijicors N N=Cory e -C=0x-H-Njcorg NNy
Methods
MP2/6-
31G(d,p):B3LYP/631G(d,p):PM3 2.83 3.38 2.97 3.60
X-ray 2.70 3.21 3.03 3.70

*Hydrogen bond distances of (-C=OK----H-Nyycz7s) and (-N-Hk-—-N=CTpmc278) are in A

The mutations in the L100I/K103N enzyme leads to a reduction in the stabilization energy
of the complex and induces destabilization in the cavity by reducing contact between K101
and TMC278.This corresponds with increased hydrogen bond distances between TMC 288
and K101 (Table 9). The hydrogen bond distances between TMC278 and K101 from
MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 calculations correspond well with the X-ray
structure data (Table 9). TMC278 shows higher inhibitory affinities with the wild-type
compared to the double mutation L100I/K103N enzyme.
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Figure11. The electrostatic potential is shown on the VDW accessible surface with red for
negative and blue for positive values for (a) TMC278 interacting with L100 and K103, and
(b) TMC278 interacting with 1100 and N103.
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Conclusion

The ONIOM method method has been applied to determine the binding energies of
TMC278 to L100I/K103N and K103N/Y181C enzymes as compared with the wild-type RT.
The calculated binding energy for TMC278/K103N/Y181C HIV-1 RT complex is -27.31 kcal/mol by
using MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 method which is similar to the TMC278/wild-type
complex (28.29 kcal/mol). Moreover, it was found that interaction energies calculated at
MP2/6-31G(d,p) level between TMC278 and each individual residues of the binding pocket for
both wild-type and K103N/Y181C HIV-1 RT are not significantly different except for C181. The
interaction between K101 and TMC278 for both wild-type and K103N/Y181C enzymes was
found to be the major component, typically -8 kcal/mol. These results are consistent with the
observation that TMC278 shows high inhibitory affinities against for both wild-type and
K103N/Y181C enzymes, and that TMC278 has a higher inhibitory affinity for the
K103N/Y181C enzyme than other DAPY and second generation drugs such as efavirenz.
Consequently, the influence of X spacer connecting the left phenyl ring and the pyrimidine
was investigated to determine binding energy of compound 2 (O-linker) and compound 3(S-
linker) to a double mutant (K103N/Y181C) enzyme compared with TMC278. Binding
energies of compound 2 and 3(11.92 and 11.64 kcal/mol, respectively) were less than
TMC278 ((-28.31 kcal/mol). These results indicate that the NH- group of TMC278 as the
most appropriate spacer to achieve high-level potency on double mutant K103N/Y181C.
Therefore, NH- linker of TMC278 was used to study the effect of the substituent at position
2 and 6 on the left phenyl A ring. The binding energy of mono-substituted derivative 4 is
less than TMC278 2 for both wild-type and K103N/Y181C enzymes, with the difference of -2.66
and -2.03, respectively. Moreover, it was found that binding energies of compound 5 (non-
2,6-substituent on phenyl A-ring of TMC278) is less than that TMC278 for both wild-type
and K103N/Y181C enzymes, with the greatest difference of -5.81 and -5.11 kcal/mol,
respectively. It is clearly that the substituent at position 2 and 6 on the left phenyl A ring of
TMC278 is necessity maintained to achieve a high level of inhibition on wild type and
K103N/Y181C enzymes. Furthermore, it point out that the other functionalities including
electron-donating group (-OMe) and electron-withdrawing group (-Cl) for compound 6 can
replace the methyl group in TMC278 without loss of activity of this drug. This data can
support further development of TMC278 derivatives.
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With the L100I/K103N enzyme, the two mutations L1001 and K103N eliminate
favourable contacts of the hydrocarbon side chain of L100 and K103 with TMC278 leading
to reduce the stabilization energy of the complex. It was observed that this then leads to
more repulsive interactions between TMC278 with residues of the binding pocket of the
L100I/K103N enzyme compared to the wild-type and K103N/Y181C enzymes. The binding
energy for TMC278/L100I/K103N HIV-1 RT complex was calculated to be -9.71 kcal/mol less
than that of the wild-type complex (-20.29 kcal/mol). In the binding pocket of L100I/K103N
enzyme, hydrogen bonding between TMC278 and K101 was disturbed, and N103 in the
binding pocket of L100I/K103N enzyme creates a repulsive interaction with TMC278. This
is consistent with the observation that TMC278 shows lower inhibitory affinities against
L100/K103N HIV-1 RT than wild-type and K103N/Y181C HIV-1 RT. The understanding
interactions involved in binding within the pocket, and the structural changes that occur, can
be useful for the design of higher potency inhibitors specific to double mutant enzyme

target.
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ABSTRACT

The interactions between TMC278 and the allosteric binding site of HIV-1 reverse
transcriptase of wild-type, and with double mutations L1001/K103N or K103N/Y181C, were
investigated using three-layered ONIOM calculations. Binding energies were determined
and used to describe the loss of activity of TMC278 with the double mutation binding sites.
The calculated binding energy for the TMC278-K103N/Y181C HIV-1 RT complex is -28.31 kcal/mol
using the MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 method. This is not significantly different from
the wild-type complex binding energy of -30.01 kcal/mol. In contrast, the binding energy for
TMC278-L100I/K103N HIV-1 RT complex is less than that of the wild-type complex by 9.71
kcal/mol. This lead to the specific interactions between TMC278 and key residues in the
three complex structures being investigated. It was found that interaction energies calculated
at MP2/6-31G(d,p) level between TMC278 and individual residues surrounding the binding pocket
for both wild-type and K103N/Y181C HIV-1 RT are not significantly different excepted for mutated
residue C181. In the L100I/K103N enzyme, the attractive interactions between TMC278 and
K101, K103 and W229 were reduced compared to the wild-type by 5.92, -4.69 and 3.21
kcal/mol, respectively. It is important to note that hydrogen bonding occurring between
TMC278 and K101 was also disturbed. Moreover, N103 in the binding pocket of the
L100I/K103N enzyme creates a repulsive interaction with the inhibitor. This confirmed that
TMC278 shows higher inhibitory affinities against wild-type and K103N/Y181C enzymes

than L100I/K103N enzyme, and shows the structural changes responsible. Understanding
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these particular structural interactions can be useful for the design of inhibitors which are

specific to HIV-1 RT allosteric site and with greater potency against mutant types.

Keywords: Binding energy, HIV-1 RT, Interaction energy, inhibitor-enzyme

interactions, DAPY inhibitors, TMC278, ONIOM

Introduction

Human immunodeficiency virus type 1 reverse transcriptase (HIV-1 RT) is one of
the most important enzymes in the HIV-1 life cycle targeted for the development of new
anti-AIDS drugs to treat HIV-1 infections, as its inhibition results in a dramatic reduction in
viral loads and restoration of the immune system [1]. However, treatment does not
eliminate the infection and must be life-long. Drug toxicity and prolonged drug use can lead
to the emergence of drug-resistant mutant virus, and this is a key problem to developing
new anti-AIDS drugs. Nevirapine fails to treat the Y181C mutation, while the K103N
mutation confers resistance to efavirenz. The L100l mutation and combined dual mutations
such as K103N/Y181C and L100I/K103N are fully resistant to almost all NNRTIs drugs
including nevirapine, efavirenz and delavirdine. A new series of NNRTIs was discovered
that belongs to the diarylpyrimidine (DAPY) family. DAPY compounds, with TMC278 and its
derivatives, are more potent than efavirenz, nevirapine and delavirdine[2]. Moreover, they
demonstrated high potency against wild-type, single and the double mutant strains
compared to marked drugs [3]. The motion and flexibility of TMC278 compounds help them
to retain their potency against mutant HIV-1 viruses [4].

In order to understand the binding stabilities of TMC278 to double mutation such as
K103N/Y181C or L100I/K103N at a molecular level, the ONIOM computational approach
was employed to calculate binding energy of TMC278. This approach was useful in
previous studies to demonstrate the particular interactions between the NNRTIs TIBO [5],
nevirapine [6] and efavirenz [7], and amino acids in the non-nucleoside inhibitor binding
pocket (NNIBP) with wild-type, single mutant HIV-1 RT and K103N/Y181C. This
understanding will be helpful in the design of new inhibitors especially active against double
mutant HIV-1 RT, thus providing better anti-AlDs agents.

The three-layer ONIOM (ONIOM3) method was used to study the interaction

between efavirenz and residues in the binding pocket for K103N/Y181C double mutation
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HIV-1 RT as compared with wild-type. The results showed the calculated binding energy for
the efavirenz-K103N/Y181C HIV-1 RT complex is less than that with the wild-type complex
by approximately 8 kcal/mol [8]. The inhibitory effect of TMC278 on the double mutant
strain such as K103N/Y181C or L100I/K103N has not been clearly understood. The
following work describes the binding interaction of TMC278 to the double mutant

K103N/Y181C or L100I/K103N.

Computational Methods

System studied

The starting models for calculations were obtained from the X-ray structures of TMC278
bound to HIV-1 RT for the wild-type, K103N/Y181C and L100I/K103N enzymes, listed in the
Protein Data Bank with PDB entry codes 2ZD1, 3GBR and 2ZE2 respectively [2]. The studied
binding pocket included residues surrounding the non-nucleoside inhibitor binding pocket
(NNIBP) with at least one atom interacting with any of the atoms of the TMC278 inhibitor within
an interatomic distance of 7.0 A These residues of the studied system are Pro95,
Leu100(lle100), Lys101, Lys102, Lys103(Asn103), Val106, Val179, lle180, Tyr181(Cys181),
GIn182, Tyr183, Tyr188, Val189, Gly190, Pro225, Pro226, Phe227, Leu228, Trp229, Leu234,
Pro236, Asp237 and Tyr318 from the p66 domain of RT, and Glu138(b) from the 51 domain of
RT (Figure1). All residues were assumed to be in their neutral form. The N- and C-terminal
ends of cut residues were capped with an acetyl group (CH;CO-) and a methyl amino group (-
NHCHj,), respectively [(H;C—C(=0O)—{NH—CH(—R)—C(=0)},—NH—CH,)]. Hydrogen atoms
were added to generate the complete structures and their positions were optimized by the
semi-empirical PM3 method available in the GAUSSIAN 03 program running in Linux on a
Pentium IV 3.2 GHz PC [10]. The optimizations were carried out with fixed heavy atoms and
the final structures produced were used as the starting geometries for all subsequent

calculations.
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Figure 1 Model system used for TMC278 bound to the allosteric site, NNIBP, of HIV-1 RT
consisting of 24 residues. Wild-type HIV-1 RT shown.

Interaction energy calculations
The interaction energies, Erycors+x), between TMC278 and individual residues, X,
were calculated at the MP2/6-31G(d,p) levels of theory using the geometry described
above. The total interaction energy, INT, can be expressed as: [5]
INTgrzexiy = Egrzexiy — Eerz) — Exiys (1)

where Evczrs) and Ex; are energies of TMC278 and each individual residue, respectively.
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Binding energy calculations
Three layer ONIOM calculations were performed to determine the binding energy of
TMC278 bound to the double mutant L100I/K103N or K103N/Y181C HIV-1 RT as compared to
the wild-type. The total ONIOM energy of the entire system was obtained from five
independent energy calculations in the ONIOM3 methods as shown in the equations (2) [9].
AE™ ™ = E [CPXupt — EPlop: — ElLlon
= AE (High, A) + [AE (Mid, AB) - AE (Mid, A)] + [ AE (Low, ABC) - AE (Low, AB)]
= AE (High, A) + [ AAE(Mid, AB-A)l+[ AAE(Low, ABC-AB)](2)
Where E[Cpx] is the total optimized energy of the TMC278-binding pocket complex, Cpx;
E[P]opt is the optimized energy of binding pocket; and E[L], is the optimized energy of the
TMC278 ligand. Also, AE (High, A) is the interaction energy in the region A which is

treated at the high level of theory, AAE (Mid, AB-A) is the interaction energy from

interactions between the regions A and B and is evaluated at the medium level of theory,

and AAE (low, ABC-AB) is the interaction energy from interactions between the regions AB
and C which is evaluated at the low level of theory.

Comparing binding energy calculations between wild-type and K103N/Y181C enzymes,
The inner layer (region A) including TMC278 and Y181 or C181 was treated at the MP2/6-
31G(d,p) and The medium layer (region B) including K101 and K103 was treated at the
B3LYP/6-31G(d,p) methods. The remainder of the residues was taken as the outer layer
(region C) which was treated at the PM3 level. For this study, the following models were

generated:

ONIOMS3 calculation: MP2/6-31G(d,p)[TMC278+(Y181 or C181)]:B3LYP/6-31G(d,p)
[K101+K103 or N103]:PM3[real]

Comparing binding energy calculations between wild-type and L100I/K103N enzymes, The inner
layer or interaction region including the TMC278 and L100 or 1100 was treated by the
MP2/6-31G(d,p) methods. The medium layer including K101 and either K103 or N103 were
treated by the B3LYP/6-31G(d,p) method. The remainder of the residues was taken as the
outer layer which was treated by the PM3 method. For this study, the following models

were generated:
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ONIOM3 calculation: MP2/6-31G(d,p)[TMC278+( L100I or 1100)]:B3LYP/6-31G(d,p)
[K101+(K103 or N103)]:PM3][real]

Results and discussion

1. Interaction energy of TMC278 with individual residues of the HIV-1 RT binding pocket

The interaction energies between TMC278 and the individual residues (Xi) of HIV-1
RT binding pocket for wild-type, L100I/K103N or K103N/Y181C enzymes were calculated at
MP2/6-31G(d,p) levels of theory and are shown in Table 1. As the MP2 method includes
the dispersion interactions, it is expected to give more accurate interaction energies than
B3LYP [11]. In wild-type RT, the main contributions to the interactions with TMC278 come
from K101, Y181, F227 and W229 which produce attractive interactions greater than 3
kcal/mol, calculated at MP2/6-31G(d,p) level. Considered in greater detail (Figure 2),
hydrogen bonding between a linker nitrogen atom of TMC278 (Figure 3) and the main-
chain carbonyl oxygen of K101 causes the strongest interaction, 8.15 kcal/mol at the
MP2/6-31G(d,p) level, and is conserved in the binding of many NNRTIs. The cyanovinyl
group is positioned to fit into a hydrophobic tunnel formed by the side chains of amino acid
residues F227 and W229 that may explain why TMC278 is the most potent of DAPY

analogues. TMC278 can be flexible to bind to HIV-1 RT and interacts with aromatic side

chains of Y181 and W229 via H-TU interactions. Comparing the wild-type RT and
K103N/Y181C RT at the MP2/6-31G(d,p) method shows no significant difference between the
interactions, except for the mutated residue C181. The attractive interactions between TMC278
and C181 in the K103N/Y181C enzyme were reduced by 2.93 kcal/mol.

The repulsive interactions between TMC278 and residues of the binding pocket for
the L100I/K103N RT are greater than in wild-type RT and K103N/Y181C RT. Also, the
attractive interactions between TMC278 and K101, K103 and W229 in the L100I/K103N RT

were reduced to 5.92, 4.69 and 3.21 kcal/mol, respectively (bAE in Table 1, MP2/6-31G(d,p)
method), compared to the wild-type RT. These results indicate that the mutated residues
L100I and K103N not only reduce the binding stability of TMC278, but actually destabilize

the cavity, leading the W229 residue to lose contact with the inhibitor.
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Figure 2 Orientation of TMC278 and the residues with the largest interactions in the binding

pocket of wild-type HIV-1 RT.

Figure 3 Hydrogen bonding between K101 and TMC278



Table 1 The calculated interactions between TMC278 and individual residues (X;) from the

MP2/6-31G(d,p) method.

Residue(X;) Interaction energy (kcal/mol)
Wild-type  K103N/Y181C  L100//K103N  AE, AE,

PRO95 -0.46 -0.39 -0.19 -0.06 -0.27
GLY99 -0.13 -0.16 -0.67 0.02 0.54
LEU100 -1.86 -3.27 -0.08 1.42 -1.78
LYS101 -8.15 -7.76 -2.23 -0.39 -5.92
LYS102 -0.13 -0.22 -0.20 0.09 0.07

LYS103 (ASN) -1.80 -2.28 2.89 0.48 -4.69
VAL106 -0.39 -0.21 -1.55 -0.18 1.16
ILE180 -0.92 -1.11 -0.55 0.19 -0.37

TYR181(CYS) -4.52 -1.60 -4.03 -2.93 -0.49
GLN182 -0.37 0.03 -0.16 -0.40 -0.21
TYR183 -0.55 -1.38 -1.35 0.83 0.8
TYR188 -2.24 -1.33 -4.34 -0.91 2.1
VAL189 -0.26 -0.36 -0.40 0.09 0.14
GLY190 -0.72 -0.87 -0.41 0.15 -0.31
PRO225 -1.52 -1.19 -1.19 -0.33 -0.33
PRO226 -0.60 -1.19 -0.80 0.59 0.2
PHE227 -3.09 -2.43 -3.78 -0.66 0.69
LEU228 0.46 0.61 0.76 -0.15 -0.3
TRP229 -5.46 -5.51 -2.25 0.05 -3.21
LEU234 -0.94 -1.02 1.22 0.08 -2.16
PRO236 -2.18 -2.98 -1.07 0.80 -1.11
ASP237 -1.50 -2.44 -0.11 0.94 -1.39
TYR318 -1.50 -1.44 -1.21 -0.06 -0.29
GLU138 -2.95 -2.44 -0.68 -0.51 -2.27
Total Energy -41.76 -41.36 -22.36 -0.82 -19.42

AEa = Ewiig- type — Ex103N/v181C mutant

AEb = Ewild—type - EL‘lOOI/K103N mutant
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Binding energy calculations

Comparing binding energy calculations between wild-type RT and K103N/Y181C
RT.

K103N and Y181C are the two drug-resistant mutations most frequently observed in
patients treated with NNRTIs, and viruses carrying these mutations show high levels of
resistance to existing NNRTIs. However, TMC278 inhibits K103N/Y181C RT and
K103N/Y181C RT mutants at an ECsy < 1 nM [2]. From Table 1, it can be seen that the
K101 residue has the strongest interaction with TMC278. The interaction energies between
TMC278 and each residue of both the wild-type RT and K103N/Y181C RT are similar
excepted for the mutated position C181. The mutated Y181C has less contact between
TMC278 and C181 because TMC278 interacts with Y181 via hydrogen atoms of its
dimethylphenyl ring with the aromatic ring of the residue. For better accuracy, the MP2
method was used in ONIOM3 calculations to include these dispersion interactions. With all
the ONIOM methods used, it was found that the binding energy differences (Table2)
between wild-type RT and K103N/Y181C RT are small, with 1.48 kcal/mol from MP2/6-
31G(d,p):B3LYP/6-31G(d,p):PM3 calculations being the greatest difference.

With the ONIOM3 method (Table2), binding energy of TMC278 is determined from

three terms: (i) the interaction energy in region A [AE (High, A)], (ii) interaction between the
regions A and B [AAE (Mid, AB-A)], and (iii) the interaction energy between the regions

A+B and C [AAE (low, ABC-AB)]. The main contributions come from both the interaction
energy between regions A and B (-14.25 kcal/mol for wild-type RT and -13.58 kcal/mol for
K103N/Y181C RT). The calculated interaction energy in region A of the K103N/Y181C RT is
less attractive than that in region A of the wild-type by 1.70 kcal/mol, indicating that change from an
aromatic side chain of Y181 to a non-aromatic side chain of C181 leads to a reduction of contact
between TMC278 and this residue. However, the main contribution to binding energy from K101 is not
changed. Moreover, residues in outer layer of binding pocket, such as Y183, Leu100, Pro236 and
Asp237, help to compensated for the loss of interactions caused by C181 mutation. This mode of
compensatory interaction is different from that observed for other NNRTI such as HBY097. Thus it can
be concluded that TMC278 shows similar high inhibitory affinities for both wild-type and
Y181C enzymes.
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Table 2 Binding energy for the wild-type RT and K103N/Y181C mutant HIV-1 RT
complexed with TMC278 by ONIOM3 methods [MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3].

Calculated energies (kcal/mol) Wild-Type K103N/Y181C mutant
AE (high, A) -5.89 -4.19

IAAE (M, AB-A)] -14.25 -13.58

[AAE (Low, ABC-C] -8.15 -9.04

Binding Energy (kcal/mol) -28.29 -27.31

°AE -1.48

a
AE = BEwiId—type -BE K103N/Y181C mutant

(a) (b)

Figure 4 The electrostatic potential is shown on the VDW (van der Waals) accessible
surface with red for negative and blue for positive values for (a) TMC278 interacting with
K103 and Y181 for wild-type RT and (b) TMC278 interacting with N103 and C181 for
K103N/Y181C mutant RT

2.2 Comparing binding energy calculations between wild-type RT and L100I/K103N RT
Among the known NNRT-resistance mutations, the L100I/K103N double mutation has the

greatest effect on the potency of TMC278. However, TMC278 sitill inhibits the double mutant at ~8 nM
ECs [2]. In the wild-type RT/TMC278 structure, L100 is near the centre of the pocket and primarily
interacts with the central pyrimidine ring of TMC278, while K103 is located on the other side of the
pyrimidine ring of TMC278. Comparison of structures of the L100/K103N mutant RT/TMC278 and wild-
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type RT/TMC278 complexes (Figure 5) shows that B-branching of 1100 in the L100I mutant lead to
steric conflict with the inhibitor TMC278. To avoid this steric conflict, TMC278 shifts away from the 1100
and towards the N103. However, NNRTIs do not have the ability to flex and move, to “wiggle and jiggle”,
and adapt their shape to the various pockets found in the NNRTI-resistant. RTs fail against the known
mutants because their binding is susceptible to steric hindrance, as they lose key hydrophobic
interactions, or mutation K103N interferes with entry of the NNRTIs into the pocket [2].

From Table 1, the double mutations L100l and K103N lead to the loss of
contact between TMC278 and K101, N103 and W229, with the interaction energies to
these residues reduced by 5.92, 4.69 and 3.21 kcal/mol, respectively, as compared with the
wild-type RT. Table 5 shows the binding energies for the wild-type and L100I/K103N
complexes using three-layer ONIOM calculations. It can be seen that the difference in
binding energy between wild-type and L100I/K103N enzymes is far more significant (10.58
kcal/mol with the MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 method). The interaction energy
in region A and the interaction energy between regions AB and C of the L100I/K103N
enzyme are less than wild-type by 4.47 and 8.94 kcal/mol, respectively. This indicates that
the double mutation L100I/K103N causes a large reduction in attractive interactions
between TMC278 and residues in core regions (mutated residue, 1100) and in region B
(K101 and N103). The mutation L100I introduces a significant distortion in the NNRTI-binding pocket
that causes a loss of contact between TMC278 and 1100 leading to a weakly attractive
interaction in region A (-0.38 kcal/mol at MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3
calculations). The mutation K103N interferes with entry of the NNRTIs into the pocket. N103 creates
repulsive interactions with TMC278 (Table 1) when compared with the interaction between
K103 and TMC278. The mutation in the L100I/K103N enzyme leads to a reduction in the
stabilization energy of the complex and induces destabilization in the cavity by reducing
contact between K101 and TMC278. TMC278 shows higher inhibitory affinities with the
wild-type compared to the double mutation K103N/Y181C enzyme.
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Table3 Binding energy for the wild-type and L100l/K103N mutant HIV-1 RT complexed with
TMC278 using ONIOM3[MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3].

Calculated energies (kcal/mol) Wild-Type [100L/K103N mutant
AE (high, A) -4.85 -0.38

[AAE (M, AB-A)] -9.27 -0.33

[AAE (Low, ABC-C] -6.17 -6.04

Binding Energy,BE(kcal/mol) -20.29 -9.71

°AE -10.58

a
AE = BEwild—type - BEI‘lOOL/K‘lO?;N mutant

Figure 5 Comparison of structures of TMC278 and mutated residues in the n

L100I/K103N mutant RT (orange colour) as compared with wild-type.
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Figure 6 The electrostatic potential is shown on the VDW accessible surface with red for
negative and blue for positive values for (a) TMC278 interacting with L100 and K103, and
(b) TMC278 interacting with 1100 and N103.

CONCLUSION

Three-layer ONIOM method has been applied to determine the binding energies of
TMC278 to L100I/K103N and K103N/Y181C enzymes as compared with the wild-type RT.
The calculated binding energy for TMC278/K103N/Y181C HIV-1 RT complex is -27.31 kcal/mol by
using MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3 method which is similar to the TMC278/wild-type
complex (28.29 kcal/mol). Moreover, it was found that interaction energies calculated at
MP2/6-31G(d,p) level between TMC278 and each individual residues of the binding pocket for
both wild-type and K103N/Y181C HIV-1 RT are not significantly different except for C181. The
interaction between K101 and TMC278 for both wild-type and K103N/Y181C enzymes was
found to be the major component, typically -8 kcal/mol. These results are consistent with the
observation that TMC278 shows high inhibitory affinities against for both wild-type and
K103N/Y181C enzymes, and that TMC278 has a higher inhibitory affinity for the
K103N/Y181C enzyme than other DAPY and second generation drugs such as efavirenz.

With the L100lI/K103N enzyme, the two mutations L1001 and K103N eliminate
favourable contacts of the hydrocarbon side chain of L100 and K103 with TMC278 leading
to reduce the stabilization energy of the complex. It was observed that this then leads to

more repulsive interactions between TMC278 with residues of the binding pocket of the
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L100I/K103N enzyme compared to the wild-type and K103N/Y181C enzymes. The binding
energy for TMC278/L100I/K103N HIV-1 RT complex was calculated to be -9.71 kcal/mol less
than that of the wild-type complex (-20.29 kcal/mol). In the binding pocket of L100I/K103N
enzyme, hydrogen bonding between TMC278 and K101 was disturbed, and N103 in the
binding pocket of L100I/K103N enzyme creates a repulsive interaction with TMC278. This
is consistent with the observation that TMC278 shows lower inhibitory affinities against
L100/K103N HIV-1 RT than wild-type and K103N/Y181C HIV-1 RT. The understanding
interactions involved in binding within the pocket, and the structural changes that occur, can
be useful for the design of higher potency inhibitors specific to double mutant enzyme

target.
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ABSTRACT

The effect of the substituent at position 2 and 6 on the left phenyl A of TMC278 for
wild type and double mutant K103N/Y181C was investigated. The calculated binding
energy of mono-substituted derivative 4 using ONIOM2 method (B3LYP/6-31(g,d):PM3 ) is
less than TMC278 2 for both wild-type and K103N/Y181C enzymes, with the difference of -2.66
and -2.03, respectively. Moreover, it was found that binding energies of compound 5 (non-
2,6-substituent on phenyl A-ring of TMC278) is less than that TMC278 for both wild-type
and K103N/Y181C enzymes, with the greatest difference of -5.81 and -5.11 kcal/mol,
respectively. It is clearly that the substituent at position 2 and 6 on the left phenyl A ring of
TMC278 is necessity maintained to achieve a high level of inhibition on wild type and
K103N/Y181C enzymes. Furthermore, it point out that the other functionalities including
electron-donating group (-OMe) and electron-withdrawing group (-Cl) for compound 6 can
replace the methyl group in TMC278 without loss of activity of this drug. This data can
support further development of TMC278 derivatives.

Keywords: Binding energy, HIV-1 RT, DAPY inhibitors, TMC278, ONIOM



67

Introduction

Human immunodeficiency virus type 1 reverse transcriptase (HIV-1 RT) is one of
the most important enzymes in the HIV- 1 life cycle for the development of new anti-AIDS
drugs to treat HIV-1 infections, permitting dramatic reduction in viral loads and restoration
of the immune system [1]. However, treatments of drug do not eliminate the infection and
treatment must be life-long. Drug toxicity and prolonged drug can be lead to the emergence
of drug-resistant mutant virus that is the key problem to develop new anti-AIDS drugs.
Nevirapine fails to treat the Y181C mutation. The K103N mutation confers resistance to
efavirenz. The K103N mutation and combined two mutations such as K103N/Y181C was
fully resistant to almost all NNRTIs drugs including nevirapine, efavirenz and delavirdine.
New series of NNRTIs was discover that belong to the diarylpyrimidine(DAPY) family.
DAPY compounds, with TMC278 and them derivatives were more potent than efavirenz,
nevirapine and delavirdine[2]. Moreover, TMC278 and some them derivatives demonstrated
high potency on wild type, single and the double mutant strains as compared with to
marked drugs [3]. The wiggling and jiggling of TMC278 compounds help them to retain their
potency against mutant HIV-1 viruses [4]. In order to understand the binding stabilities of
TMC278 and its derivatives to double mutant K103N/Y181C as compared with wild type at
a molecular level, the ONIOM computational approach was employed to calculate binding
energy of TMC278 and its derivative to double mutant K103N/Y181C as compared with
wild type.

Recently, the ONIOM method was successfully used to calculated the interaction
energies and the binding energies TIBO[5], nevirapine [6] and efavirenz [7] in the HIV-1 RT
binding pocket. The three-layer ONIOM (ONIOM3) method was performed to study the
interaction between efavirenz and residues in the binding pocket for K103N/Y181C double
mutation HIV-1 RT as compared with wild type. The results showed the calculated binding
energy for the efavirenz-K103N/Y181C HIV-1 RT complex is less than that with the wild
type complex by approximately 8 kcal/mol [8]. In an attempt to understand the different
binding stability of TMC278 and its derivatives to double mutant K103N/Y181C HIV-1 RT at
a molecular level, the ONIOM computational approach was employed [9]. It has not been
clearly understood inhibitory effect of TMC278 and its derivatives to the double mutant

K103N/Y181C HIV-1 RT. The following work describes how the binding interaction of
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TMC278 and its derivatives to the double mutant K103N/Y181C. This understanding will be
helpful in the design of new inhibitors especially active against double mutant HIV-1 RT,

and thus better anti-AlDs agents.

N N

| |
— !|: Leftwing A = ﬂ
q
Rl R2

HN Ny NH X Neo -NH

‘ X Linker ‘
=N =N

TMC278, 1 1 R;=H, R, =Me, X=NH

2 R1=R, =H, X=NH
3 R;{=OMe, R, =CI, X=NH
Figure 1 Structure of DAPY inhibitors

Computational Methods

System studied

The structural complex of the wild-type and K103N/Y181C HIV-1 RT/other DAPY
(compound 2-4) was prepared by a docking method. Compound 2-4 were docked into the binding
pocket of wild-type (PDB code: 2ZD1) and K103N/Y181C (PDB code:3GBR) HIV-1 RT using
Autodock 3.05. The studied binding pocket included residues surrounding the non-nucleoside
inhibitor binding pocket (NNIBP) with at least one atom interacting with any of the atoms of the
DAPY inhibitors within the interatomic distance of 7.0 A These residues of the studied system are
Pro95, Leu100(lle100), Lys101, Lys102, Lys103(Asn103), Val106, Val179, lle180, Tyr181(Cys181),
GIn182, Tyr183, Tyr188, Val189, Gly190, Pro225, Pro226, Phe227, Leu228, Trp229, Leu234,
Pro236, Asp237 and Tyr318 from the p66 domain of RT, and Glu138(b) from the 51 domain of RT

(Figure2). All residues were assumed to be in their neutral form. The N- and C-terminal ends of cut
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residues were capped with an acetyl group (CH;CO-) and a methyl amino group (-NHCH,),
respectively [(H;C—C(=O)—{NH—CH(—R)—C(=0)},—NH—CHy5)]. The hydrogen atoms then were
added to generate the complete structures and their positions were optimized by the semi-empirical
PM3 method as available in the GAUSSIAN 03 program running in Linux on a Pentium IV 3.2 GHz
PC [10]. The optimizations were carried out with fixed heavy atoms and the final structures

produced were used as the starting geometries for all subsequent calculations.

Binding energy of DAPY inhibitors bound to the allosteric pocket of wild type
and K103N /Y181 HIV-1 RT

The two layer ONIOM calculations were performed to determine the binding energy
of DAPY inhibitors bound to the mutant K103N/Y181C HIV-1 RT as compared to the wild-type.
The total ONIOM energy of the entire system was obtained from five independent energy
calculations in ONIOM3 methods as shown in equations (2) [9]. All calculations were carried
out using the GAUSSIAN 03 package [10]. More precisely, the binding energy of DAPY
inhibitors bound to the allosteric pocket of HIV-1 RT was determined using equations (2)

for the ONIOM2 methods[6].

AE™™™ = E[CPXlop: — EIPlopt ~ElLLop
= AE (High, A+B) + [AE (Low, ABC) - AE (Low, AB)]
= AE (High, A+B) + [AAE (Low, ABC-AB)] (2)

Where E[Cpx], is the total optimized energy of the TMC278 and some them derivative-binding
pocket complex, Cpx; E[P],y is the optimized energy of binding pocket; and E[L], is the optimized
energy of the DAPY inhibitors ligand. Also, AE (High, A) is the interaction energy in the region A
which is treated at the high level of theory and AAE (low, AB-A) is the interaction energy from
interactions between the regions AB and C which is evaluated at the low level of theory. The inner
layer or interaction region including the DAPY inhibitors and K101 was treated by the B3LYP/6-
31G(d,p) method. The remainder of the residues were taken as the outer layer which was treated

by the PM3 method. For this study, the following models were generated:

ONIOM2 calculation: B3LYP/6-31G(d,p) [TMC278+ K101]:PM3][real]
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Figure 6 Model system used for TMC278 bound to allosteric site of HIV-1 RT consisting of
24residues; (a) wild-type HIV-1 RT NNIBP, and (b) K103N/Y181C HIV-1 RT NNIBP.
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Results and discussion

The effect of the left phenyl A-ring 2, 6-disubstitution of TMC278 on wild type and
K103N/Y181C enzymes was investigate. Binding energy of other DAPY inhibitors
(compound 4, 5 and 6) as compared TMC278 to describe the activity of these drugs with
wild-type and the K103N/Y181C enzymes. The strongest interaction between TMC278 and
K101, exhibiting moderate hydrogen bond (Fig ) was considered as part of the interacting
core for ONIOM2 calculation. The inner layer or interacting core (Figure, region A) including
DAPY inhibitors and K101 was treated by the B3LYP/6-31G(d,p) methods. The outer layer
(Figure 7, region B) was treated at the PM3 method. The calculated binding energy of
TMC278 (-11.69 kcal/mol) on K103N/Y181C enzyme was slightly decreased as compared
with wild-type (-9.21 kcal/mol) which agrees well with the experimentally observed E5, = 0.1

nM for K103N/Y181C enzyme and Esy = 3.2 nM for K103N/Y181C enzyme. Only the

interaction energy between region A and B [AAE (Low, AB-A)] of K103N/Y181C enzyme (-
2.53 kcal/mol) is less than that in the wild type (-4.59 kcal/mol), with the difference of -2.06
kcal/mol. This indicates the mutation, K103N/Y181C induce a slight loss of contact of
residues in region B with TMC 278 and eliminate favorable contacts of the aromatic ring of
the Y181 with TMC278 leading to reduce contact between mutate residues Tyr 181.
However, the main contribution to binding energy from K101 is not much changed, which corresponds
well with the litle change in hydrogen bonding distance between TMC278 and the carbonyl (-C=0)
and amino (-NH) groups of K101 (Table 3). This also agrees with the X-ray structure data (Table 3).
Noticeably, the differences in binding energy between wild-type and K103N/Y181C enzymes for the
other DAPY drugs (compound 4-6) is similar trend with TMC278. The left phenyl A-ring of

TMC278 shows TT-TT main interactions with residues Tyr181 and Tyr 188 of binding pocket.
2,6-dimethyl on phenyl A ring of TMC278 prevent great conformational shift and limit the
rotational freedom resulting in the conformation favoring this specific interaction[...].
Consequently, the binding energy of mono-substituted derivative 4 is less than TMC278 2 for
both wild-type and K103N/Y181C enzymes, with the difference of -2.66 and -2.03, respectively
(table ). Moreover, it was found that binding energies of compound 5 (non-2,6-substituent
on phenyl A-ring of TMC278) is less than that TMC278 for both wild-type and
K103N/Y181C enzymes, with the greatest difference of -5.81 and -5.11 kcal/mol, respectively.
This indicates that removal of 6- or 2,6- substituent on phenyl A-ring of TMC278 might
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increase the conformational degrees of freedom and weaken TU-TT main interactions
between compound 4 or 5, with residues Tyr181 and Tyr 188[] in binding pocket of wild-
type and K103N/Y181C enzymes. At position 2 and 6 on phenyl A-ring of TMC278 was
substituted with —OMe as electron-donating and —Cl as electron-withdrawing group
(compound 6). The calculated binding energy of compound 6 is similar to the TMC278 on
wild-type and K103N/Y181C enzymes. It is point out that the dimethyl groups on phenyl A
ring of TMC278 could be replaced by electron-donating and electron-withdrawing group
without loss of binding of compound 6 to wild-type and K103N/Y181C enzymes. This data
could support further development of the DAPY inhibitors. This concluded that maintain a
2,6-disubstitution on phenyl A ring of DAPY to achieve a high level of inhibition on wild-type
and K103N/Y181C enzymes. These calculated binding energies of TMC278, compound 4,
5 and 6 for double mutant K103N/Y181C HIV-1 RT using ONIOM2 method (B3LYP 6-
31g(d,p):PM3) agree well with the experimentally observed Es, = 3.2, 89.6, 3952 and 2.2
nM, respectively (Mordant et al. 2007).

Table 3 Calculated distances of the hydrogen bonds (A) between TMC278 and the
backbone carbonyl oxygen (-C=0) and backbone amino hydrogen (-NH) of K101, based on
X-ray structure, ONIOM3 methods for wild-type and K103N/Y181C mutant.*

Wild-type K103N/Y181C mutant
-C=Ox—-H-Ngye, NHN=Cy e -C=0y--H-Nfjycors  NHN=Coryery
Methods
MP2/6-31G(d,p):B3LYP/631G(d,p):PM3 2.80 3.41 2.93 3.38
X-ray 2.87 3.32 2.82 3.30

*Hydrogen bond distances of (-C=0K----H-Nmyc27s) and (-N-Hk---N=C1mc278) are in []
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Table 2 Binding energy for the wild-type RT and K103N/Y181C mutant HIV-1 RT complexed with
DAPY inhibitors by ONIOM2 methods [B3LYP/6-31G(d,p):PM3].

Compounds Calculated energies (kcal/mol)

AE AE (High, A) AAE (Low, AB-A)

Compound 1 (TMC278)

Wild-type -11.69 -7.10 -4.59

K103N /Y181 mutant -9.21 -6.68 -2.53
°AE -2.48 -0.42 -2.06
Compound 2

Wild-type -9.03 -6.72 -2.31

K103N /Y181 mutantt  -7.18 -6.62 -0.56
°AE -1.85 -0.10 -1.75
"AE -2.66 -0.38 -2.28
°AE -2.03 -0.06 -1.97
Compound 3

Wild-type -5.88 -3.61 -2.26

K103N /Y181 mutant -4.10 -3.53 -0.57
°AE -1.78 -0.081.69 -1.69
"AE -5.81 -3.49 -2.33
°AE -5.11 -3.15 -1.96
Compound 4
Wild-type -11.96 -7.05 -4.91

K103N /Y181 mutant -9.46 -6.50 -2.96
°AE -2.50 -0.55 -1.95
°AE 0.27 -0.05 0.32
°AE 0.25 -0.18 0.43

a

AE = Evilg-type — E k103N 181 mutant

b

AE= BEtmc2rss wild-type — BE gevative of TMC27, wild- type

Cc
AE = BETMCZ78’ K103N /Y181 mutant — BE derivative of TMC27, K103N /Y181 mutant
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CONCLUSION

Three-layer ONIOM method has been applied to determine the binding energies
and to describe the effect of the substituent at position 2 and 6 on the left phenyl A ring of
TMC278 for double mutant K103N/Y181C enzymes as compared with the wild type RT.
The binding energy of mono-substituted derivative 4 is less than TMC278 2 for both wild-type
and K103N/Y181C enzymes, with the difference of -2.66 and -2.03, respectively. Moreover, it
was found that binding energies of compound 5 (non-2,6-substituent on phenyl A-ring of
TMC278) is less than that TMC278 for both wild-type and K103N/Y181C enzymes, with the
greatest difference of -5.81 and -5.11 kcal/mol, respectively. It is clearly that the substituent at
position 2 and 6 on the left phenyl A ring of TMC278 is necessity maintained to achieve a
high level of inhibition on wild type and K103N/Y181C enzymes. Furthermore, it point out
that the other functionalities including electron-donating group (-OMe) and electron-
withdrawing group (-Cl) for compound 6 can replace the methyl group in TMC278 without
loss of activity of this drug. This data can support further development of TMC278

derivatives.
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Abstract

K103N/Y181C and L100I/K103N mutation are fully resistant to almost all NNRTIs
drugs including nevirapine, efavirenz and delavirdine. A new series of NNRTIs was
discovered that belongs to the diarylpyrimidine (DAPY) family. DAPY compounds, with
TMC278 and its derivatives, are more potent than efavirenz, nevirapine and delavirdine. In
the study, the specific interactions between TMC278 and key residues in the three complex
structures including wild type, K103N/Y181C and L100I/K103N HIV-1 RT were investigated.
It was found that interaction energies calculated at MP2/6-31G(d,p) level between TMC278 and
individual residues surrounding the binding pocket for both wild-type and K103N/Y181C HIV-1
RT are not significantly different excepted for mutated residue C181. In the L100l/K103N
enzyme, the attractive interactions between TMC278 and K101, K103 and W229 were
reduced compared to the wild-type by 5.92, -4.69 and 3.21 kcal/mol, respectively. It is
important to note that hydrogen bonding occurring between TMC278 and K101 was also
disturbed. Moreover, N103 in the binding pocket of the L100lI/K103N enzyme creates a
repulsive interaction with the inhibitor. This confirmed that TMC278 shows higher inhibitory
affinities against wild-type and K103N/Y181C enzymes than L100l/K103N enzyme, and

shows the structural changes responsible. It is expected that this understanding will be
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helpful in the design of new inhibitors especially active against double mutant HIV-1 RT,

and thus better anti AIDs agents.

Keywords: HIV-1 RT, Interaction energy, inhibitor-enzyme interactions, TMC278 Quantum

mechanical calculations

Introduction

Human immunodeficiency virus type 1 reverse transcriptase (HIV-1 RT) is one of
the most important enzymes in the HIV-1 life cycle targeted for the development of new
anti-AIDS drugs to treat HIV-1 infections, as its inhibition results in a dramatic reduction in
viral loads and restoration of the immune system [1]. However, treatment does not
eliminate the infection and must be life-long. Drug toxicity and prolonged drug use can lead
to the emergence of drug-resistant mutant virus, and this is a key problem to developing
new anti-AlDS drugs. Nevirapine fails to treat the Y181C mutation, while the K103N
mutation confers resistance to efavirenz. The L100l mutation and combined dual mutations
such as K103N/Y181C and L100I/K103N are fully resistant to almost all NNRTIs drugs
including nevirapine, efavirenz and delavirdine. A new series of NNRTIs was discovered
that belongs to the diarylpyrimidine (DAPY) family. DAPY compounds, with TMC278 and its
derivatives, are more potent than efavirenz, nevirapine and delavirdine[2]. Moreover, they
demonstrated high potency against wild-type, single and the double mutant strains
compared to marked drugs [3]. The motion and flexibility of TMC278 compounds help them
to retain their potency against mutant HIV-1 viruses [4].

In order to understand the binding stabilities of TMC278 to double mutation such as
K103N/Y181C or L100I/K103N at a molecular level, the quantum mechanical calculations[5-
6] was employed to calculate interaction energy of TMC278. As the MP2 method [7] that
includes the dispersion interactions, it is expected to give more accurate interaction
energies than B3LYP. This approach was useful in previous studies to demonstrate the
particular interactions between the NNRTIs TIBO [8], nevirapine [9] and efavirenz [10], and
amino acids in the non-nucleoside inhibitor binding pocket (NNIBP) with wild-type, single
mutant HIV-1 RT and K103N/Y181C. In this report, we employed the MP2/6.-31G(d,p) level
of theory to calculate the interaction energy of individual pair of the system. The studied

system included the HIV-1RT wild type and double mutant L100I/K103N and
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K103N/Y181C. It is expected that this understanding will be helpful in the design of new
inhibitors especially active against double mutant HIV-1 RT, and thus better anti AIDs

agents.

Computational methods

System studied

The starting models for calculations were obtained from the X-ray structures of TMC278
bound to HIV-1 RT for the wild-type, K103N/Y181C and L100I/K103N enzymes, listed in the
Protein Data Bank with PDB entry codes 2ZD1, 3GBR and 2ZE2 respectively [2]. The studied
binding pocket included residues surrounding the non-nucleoside inhibitor binding pocket
(NNIBP) with at least one atom interacting with any of the atoms of the TMC278 inhibitor within
an interatomic distance of 7.0 A These residues of the studied system are Pro95,
Leu100(lle100), Lys101, Lys102, Lys103(Asn103), Val106, Val179, lle180, Tyr181(Cys181),
GIn182, Tyr183, Tyr188, Val189, Gly190, Pro225, Pro226, Phe227, Leu228, Trp229, Leu234,
Pro236, Asp237 and Tyr318 from the p66 domain of RT, and Glu138(b) from the 51 domain of
RT (Figure1). All residues were assumed to be in their neutral form. The N- and C-terminal
ends of cut residues were capped with an acetyl group (CH3;CO-) and a methyl amino group
(-NHCH3), respectively [(H;C—C(=0)—{NH—CH(—R)—C(=0)},—NH—CHs3)]. Hydrogen
atoms were added to generate the complete structures and their positions were optimized by
the semi-empirical PM3 method available in the GAUSSIAN 03 program running in Linux on a
Pentium IV 3.2 GHz PC [11]. The optimizations were carried out with fixed heavy atoms and
the final structures produced were used as the starting geometries for all subsequent

calculations.
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Figure 1 Model system used for TMC278 bound to the allosteric site, NNIBP, of HIV-1 RT

consisting of 24 residues.

Interaction energy calculations
The interaction energies, Eycors:x), between TMC278 and individual residues, X;,
were calculated at the MP2/6-31G(d,p) levels of theory using the geometry described
above. The total interaction energy, INT, can be expressed as: [8]
INT(TMC278+Xi) = E(TM0278+Xi) - E(EFZ) - E(Xi): (1)

where Eryczrg) @and Ex;) are energies of TMC278 and each individual residue, respectively.

Results and discussion

Interaction energy of TMC278 with individual residues of the HIV-1 RT binding pocket

The interaction energies between TMC278 and the individual residues (Xi) of HIV-1
RT binding pocket for wild-type, L100I/K103N or K103N/Y181C enzymes were calculated at
MP2/6-31G(d,p) levels of theory and are shown in Table 1. As the MP2 method includes
the dispersion interactions, it is expected to give more accurate interaction energies than
B3LYP [7]. In wild-type RT, the main contributions to the interactions with TMC278 come
from K101, Y181, F227 and W229 which produce attractive interactions greater than 3
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kcal/mol, calculated at MP2/6-31G(d,p) level. Considered in greater detail, hydrogen
bonding between a linker nitrogen atom of TMC278 (Figure 1) and the main-chain carbonyl
oxygen of K101 causes the strongest interaction, 8.15 kcal/mol at the MP2/6-31G(d,p)
level, and is conserved in the binding of many NNRTIs. The cyanovinyl group is positioned
to fit into a hydrophobic tunnel formed by the side chains of amino acid residues F227 and
W229 that may explain why TMC278 is the most potent of DAPY analogues. TMC278 can
be flexible to bind to HIV-1 RT and interacts with aromatic side chains of Y181 and W229

via H-TU interactions. Comparing the wild-type RT and K103N/Y181C RT at the MP2/6-31G(d,p)
method shows no significant difference between the interactions, except for the mutated residue
C181. The attractive interactions between TMC278 and C181 in the K103N/Y181C enzyme
were reduced by 2.93 kcal/mol.

The repulsive interactions between TMC278 and residues of the binding pocket for
the L100I/K103N RT are greater than in wild-type RT and K103N/Y181C RT. Also, the
attractive interactions between TMC278 and K101, K103 and W229 in the L100I/K103N RT

were reduced to 5.92, 4.69 and 3.21 kcal/mol, respectively (bAE in Table 1, MP2/6-31G(d,p)
method), compared to the wild-type RT. These results indicate that the mutated residues
L1001 and K103N not only reduce the binding stability of TMC278, but actually destabilize

the cavity, leading the W229 residue to lose contact with the inhibitor.

Figure 2 Hydrogen bonding between K101 and TMC278



Table 1. The calculated interactions between TMC278 and individual residues (X;) from the

MP2/6-31G(d,p) method.

Interaction energy (kcal/mol)

Residue(X) Wild-type K103N/Y181C L100/I/K103N AEa AEb
PRO95 -0.46 -0.39 -0.19  -0.06 -0.27
GLY99 -0.13 -0.16 -0.67 0.02 0.54
LEU100 -1.86 -3.27 -0.08 142 -1.78
LYS101 -8.15 -7.76 -2.23 -0.39 -5.92
LYS102 -0.13 -0.22 -0.20 0.09 0.07
LYS103 (ASN) -1.80 -2.28 289 048 -4.69
VAL106 -0.39 -0.21 -1.55 -0.18 1.16
ILE180 -0.92 -1.11 -0.55 0.19 -0.37
TYR181(CYS) -4.52 -1.60 -4.03 -2.93 -0.49
GLN182 -0.37 0.03 -0.16  -0.40 -0.21
TYR183 -0.55 -1.38 -1.35 0.83 0.8
TYR188 -2.24 -1.33 -4.34  -0.91 2.1
VAL189 -0.26 -0.36 -040 0.09 0.14
GLY190 -0.72 -0.87 -041 015 -0.31
PRO225 -1.52 -1.19 -1.19  -0.33 -0.33
PRO226 -0.60 -1.19 -0.80 0.59 0.2
PHE227 -3.09 -2.43 -3.78 -0.66 0.69
LEU228 0.46 0.61 0.76 -0.15 -0.3
TRP229 -5.46 -5.51 -2.25 0.05 -3.21
LEU234 -0.94 -1.02 1.22 0.08 -2.16
PRO236 -2.18 -2.98 -1.07  0.80 -1.11
ASP237 -1.50 -2.44 -0.11 0.94 -1.39
TYR318 -1.50 -1.44 -1.21  -0.06 -0.29
GLU138 -2.95 -2.44 -0.68 -0.51 -2.27
Total Energy -41.76 -41.36 -22.36 -0.82 -19.42

AEa = Euiig- type — Ex103N/v181C mutant

AEb = Ewild—type - EL‘IOOI/K103N mutant
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The mutations in the L100l/K103N enzyme leads to a reduction in the stabilization energy
of the complex and induces destabilization in the cavity by reducing contact between K101
and TMC278. TMC278 shows higher inhibitory affinities with the wild-type compared to the
double mutation K103N/Y181C enzyme.

Conclusion

MP2/6-31G(d,p) level of calculation was applied to determine the binding energies of
TMC278 to L100I/K103N and K103N/Y181C enzymes as compared with the wild-type RT.
It was found that interaction energies calculated at MP2/6-31G(d,p) level between TMC278 and
each individual residues of the binding pocket for both wild-type and K103N/Y181C HIV-1 RT
are not significantly different except for C181. The interaction between K101 and TMC278 for both
wild-type and K103N/Y181C enzymes was found to be the major component,
typically -8 kcal/mol. These results are consistent with the observation that TMC278 shows
high inhibitory affinities against for both wild-type and K103N/Y181C enzymes, and that
TMC278 has a higher inhibitory affinity for the K103N/Y181C enzyme than second
generation drugs such as efavirenz. With the L100I/K103N enzyme, the two mutations
L100I and K103N eliminate favourable contacts of the hydrocarbon side chain of L100 and
K103 with TMC278 leading to reduce the stabilization energy of the complex. In the
L100I/K103N enzyme, the attractive interactions between TMC278 and K101, K103 and
W229 were reduced compared to the wild-type by 5.92, -469 and 3.21 kcal/mol,
respectively. It is important to note that hydrogen bonding occurring between TMC278 and
K101 was also disturbed. Moreover, N103 in the binding pocket of the L100I/K103N
enzyme creates a repulsive interaction with the inhibitor. This confirmed that TMC278
shows higher inhibitory affinities against wild-type and K103N/Y181C enzymes than
L100I/K103N enzyme, and shows the structural changes responsible. Understanding these
particular structural interactions can be useful for the design of inhibitors which are specific

to HIV-1 RT allosteric site and with greater potency against mutant types.
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Abstract: The ring-opening polymerization (ROP)
mechanism of e-caprolactone (CL) with tin(1l) methoxide
initiator, Sn(OMe),, was investigated using quantum
chemical calculation. Geometry optimization was
calculated using density functional theory (DFT) at
B3LYP level with mixed basis set. Our calculation results
support a coordination-insertion mechanism initiated by
tin(11) methoxide with two transition states prior to the
ROP. The relative energies of all investigated stationary
points along the reaction profile were calculated from
potential energy surface. From the energy profile, tin(l1)
methoxide initiator demonstrated exothermic reaction
and the rate determining step was the nucleophilic attack
of the methoxide on the carbonyl carbon of the CL
monomer at the first transition state (TS1). The
electronic and structural information of transition state
structures along the reaction pathway was employed to
obtain the thermal rate constant using the transition state
theory with TheRATE program.

Introduction

Currently, there has been increasing interest in
materials derived from bio-renewable resources as
environmentally sustainable alternatives to
petrochemical-derived products. Among the most
prominent examples are poly(lactic acid) (PLA) and
poly(e-caprolactone) (PCL) have been studied
intensively due to  their  biodegradability,
biocompatibility and permeable properties and have
shown their potential applications in a variety of field
such as biomedical and pharmaceutical industries as a
resorbable implant material and a vehicle for
controlled drug delivery [1-3]. A convenient synthetic
route to PLA and PCL is ring-opening polymerization
(ROP) of corresponding cyclic ester monomers [1,4,
5].

ROP has been widely studied and many efficient
initiators have been developed. Three methods of
ROP  mechanism are cationic, anionic and
coordination-insertion [6]. The coordination-insertion
is the best method due to its advantages such as easy
control of the molecular weight (MW), the lower risk
of side reactions and the higher molecular weight
obtained [7].

The most common catalyst used in coordination-
insertion is metal alkoxides, such as tin, aluminium,
trivalent lanthanide, magnesium, zinc derivatives,

group IV metals and iron [8-11]. These metal
alkoxides have been reported to be effective initiators
that initiate ROP of cyclic esters. Among them, tin
alkoxide is suitable for the ROP catalyst because of its
solubility and ease of handling. In particular, tin(ll) 2-
ethylhexanoate, commonly known as stannous octoate
(SnOcty,), is the most widely used in both scientific
research and industrial production. It is the catalyst
that has been accepted by the U.S. Food and Drug
Administration (FDA) [12]. The polymerization
mechanism with this initiator is rather complex and
several mechanisms have been proposed in the past
[13-16]. In the polymerization process, SnOct, acts as
an initiator in the presence of an alcohol (ROH)
coinitiator before carrying to actual initiating species.
So, SnOct; is not the true initiator. For this reason, true
initiators were developed by Winita et al. [17] and the
new mechanism was also proposed as shown in
Scheme 1. From their experiment, the synthesis was
achieved on several tin(1l) alkoxides initiators. These
new initiators can completely control the ROP
polymerization of CL and give the high MW polymers.
Their kinetic study from dilatometry method at 120 °C
of ROP polymerization showed very interesting
results. All initiators performed high reactivity and fast
reaction as a first order rate respected to monomer
concentration. However, a clear description of this
ROP mechanism is still ambiguous.

For more understanding of this mechanism, the
theoretical calculations by means of quantum chemical
calculation and transition state theory (TST) [18] will
be used to investigate the reaction mechanism and
reaction rate constant [2, 19-23]. Furthermore, the
calculated rate constant will be compared with
experimental data [18].

Computational Details

Theoretical study by means of quantum chemical
calculation was used to investigate the ROP
mechanism of CL initiated by tin(Il) methoxide,
Sn(OCHgz), initiator. Geometries, energies and
vibrational frequencies of all stationary points
(reactant, complex, transition state, intermediate and
product) along with reaction profiles were computed
using the hybrid density functional theory (DFT) at
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B3LYP level [24]. For metal atom, a doublet-C-
valence quality basis set LANLD2Z was assigned for
Sn atom. A relativistic electron core potential (ECP)
developed by Hay and Wadt replaced the Sn core
electron [25, 26]. For non-metal atom, a valence triple
zeta with polarization function (VTZ2P) at cc-pVTZ
was assigned for C, H, and O atoms. This popular and
computationally cheap method predicted reliable
geometries and energetic as reported in previous works
[21, 18]. The character of intermediates and transition
states was confirmed by performing frequency
calculations [19, 21]. The energy barrier heights of all
reactions were corrected by including the zero-point
energy corrections [27]. All calculations were
performed with the Gaussian03 software package [28].
The information obtained from quantum chemical
calculation was employed to determine the thermal
rate constant of the reaction. The thermal rate constant
at temperature 120 °C was calculated using the
conventional transition state theory (TST) [18] method
implemented in TheRATE program by University of
Utah’s web-based kinetics module within the
Computational Science and Engineering Online suite
(CSEOnline) [29]. Finally, the calculated rate
constants will be compared with the available
experimental data.

[Reactant ] [ Complex ] TS1
RO\ OR RO OR
d) - d) - ’Q ™ Q
\
(o)
OR
R=n-CH, 1
-0,
— (CHgls— c OR (— — ”,‘
° OR

Scheme 1. Proposed mechanism for ring-opening polymerization
of e—caprolactone initiated by tin(I1) alkoxide

Results and Discussion

The tin(Il) methoxide assisted ROP coordination-
insertion mechanism for monomer of CL was
investigated by DFT(B3LYP) with mix basis set
method. The corresponding DFT based optimized
structures and energies of each step followed Scheme
1 are depicted in Figure 1. The exo-carbonyl group of
CL coordinates the Sn metal (Complex) with O in the
cis position, resulting in a Sn-O? distance of 2.58 A.
The energy of Complex formation is -7.03 kcal mol™.
The transformation of Complex into TS1 involves
addition of the Sn-O® onto the C'-O? double bond and
a corresponding rotation of the O*-C'-O? plane 90°
forming a planar four-membered ring (TS1) having
sp-sp® hybridized C* which is located above that O?-
C'-0! plane. This process lengthens the Sn-O° and
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¥

shortens the Sn-O (Figure 1). This process requires
moderate energy (14.01 kcal mol™) and the supported
DFT with only one negative imaginary frequency is
confirmed. The nature bond orbital (NBO) charges
along the reaction pathway on Sn and C' slightly
increase and on O2 also increase but those on O' and
O* decrease (Figure 2).

0" -
- ~ o'
Sn-07=1.97 N et + ¢lot=1
¢-07=1
Reactant
l.m
Sn-02=2.58 et Fonoras.
$n-0%=2.04 s Meto, sn-02=2:
MetO Si X
cror=133 0T ) 14.01 e Ol Sn-0%=2.
C-0?=122 oo, A - \ ,/‘c < c.0'=1
‘G‘\_m TN, n clLoz=1:
Cl-03=1.¢
Complex TS1
1-4.74
Sn-0'=2.25 Sn-0'=3.
Sn-0?=2.20 Sn-02=2,
C-0'= 186 Met0, ; Met0, Sn-0%=2!
€-02=1.28 P PREL .9 ¢ cLo'=14
C-0%=1.37 \ e s cl-o?=1.1
0’/\ \d/i Cl-0%=14
O'Met O'Met
152 Intl
12.24
i
Sn-01= 2.02 lSn _°|\/\/\/CI“0!M
Sn-0?=2.70 MetO, -6.44 ot et
C1-0'=345 %, o ° Sn-0'=1
c-07=122 sn clo=
C-0%=1.34 c1.0®

1
014'\

OMet.
Int2 Product

Figure 1. ROP mechanism of CL initiated with Sn(OMet),.
Bond lengths are in A and energies are in kcal mol™

*
*
<

0.50

0.00

NBO Charges

-0.50
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TS1 Int1 T82
Reaction Coordinate
Figure 2. Natural bond orbital charges of several atoms

involved in the reaction intermediates in the polymerization

of CL initiated by Sn(OMe),

Complex Int2 Product

The conversion of TS1 to intermediatel (Intl)
involves rotation of CL ring around the C'-O? bond
resulting in a decrease and increase in the Sn-O® and
Sn-O' distances respectively (Figure 1). The Sn-O*
distance is about 3.40 A which is not a bond between
but only attractive force between the two atoms. The
energy of Intl formation is -4.73 kcal mol™ above the
Complex. The optimized transition state 2, TS2,
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shows a four-membered ring with nearly equal Sn-O*
and Sn-O? distance and a sp® hybridized C* atom with
c’-0!, ¢'-0? and C'-0® bond lengths between 1.28
and 1.86 A. This step is completely attained when the
bond of Sn-O' is created. The TS2 structure is
confirmed by an imaginary frequency and intrinsic
reaction coordination (IRC) calculation indicating that
saddle point along the reaction pathway is exists. This
TS2 eventually ruptures to intermediate2 (Int2) and
then form Product with increasing bond length of C*-
O'. Our DFT based calculation gave two transition
state formation steps with the TS1 being as the rate-
determining step. Our calculated results based on
proposed mechanism in Scheme 1 of tin(1l) methoxide
with CL is found similar to the proposed ROP
mechanism of SnMesOMe with 1,5-dioxepan-2-one
(DXO) reported by von Schenck and co-workers [21].
This may be due to the similarity of coordinate
stability for Sn both in tetravalent and divalent forms.
The overall reaction is exothermic.

The relative energies of all investigated stationary
points (Reactant, Complex, TS1, Intl, TS2, Int2 and
Product) along the reaction profile for ROP
mechanism of CL initiated by tin(ll) methoxide are
showed in Figure 3. From energy profile, the Reactant
energy is assigned to be 0.00 kcal mol™. The Complex
energy is lower than the Reactant energy about -7.03
kcal mol™. For TS1, the barrier height energy of this
step is 14.01 kcal mol™ and the TS1 energy is 6.98
kcal mol® above Reactant energy. For the
intermediate 1 (Intl), the energy is found to be 2.24
kcal mol™ above the Reactant energy. The apparent
barrier height of TS2 step is 7.78 kcal mol™ when
compared with Intl. From the energy profile, the first
transition state formation (TS1) is a rate determining
step of this reaction.

15.00
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10.00

5.00

Relative energy [kcal mol?]

-10.00

Reactant 51 Int1 152 Int2 Product

Complex

Reaction Coordinate
Figure 3. Relative energy profile for ROP mechanism of CL
initiated by tin(I1)-methoxide, calculated at B3LYP method

The thermal rate constant at 120 °C was calculated
to be 357.4 L mol™ min™ (shown in Table 1) using
information from the quantum calculation with TST
implemented in TheRATE program. The calculated
value is in a good agreement within a factor of two
compared with experimental data.

Table 1 The theoretical and experimental rate coefficient of
tin(11) methoxide initiator

Rate coefficient (L mol™ min™)

Sn(OR), Temperature

O

Experiment ® Theory °

Met 120 712.2 357.4

#Calculated by dilatometry’s measurement of Winita’s group [17].
PCalculated by TheRATE program of university of Utah [29].

Conclusions

The ring-opening polymerization of g-caprolactone
with tin(I) methoxide initiator has been carried out
using density functional method. The reaction
proceeds via coordination-insertion  mechanism
initiated by tin(ll) methoxide. The relative energy
profile of tin(11) methoxide is calculated and showed in
the Figure 3. The overall reaction is exothermic. The
barrier heights are 14.01 kcal mol™ and 7.8 kcal mol™
for TS1 and TS2, respectively. The rate-determining
step is the nucleophilic attack (TS1 formation step) of
the tin(1l) methoxide on the exo-ring carbonyl carbon
of e-caprolactone. The rate constant obtained from
TST is a factor of two compared with available
experimental data indicating that TST can be further
used to predict the rate constant of other tin(ll)
alkoxide initiators.
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Abstract: We designed and theoretically investigated
novel organic dyes of double electron donor type based
on carbazole connected to triphenylamine moiety as
photosensitizers for the dye-sensitized solar cell (DSC).
The density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) calculations were
used to estimate the structures and optical properties of
the dyes in the design stage. The ground-state geometries
for a series of CTT,A (n = 1-3) were optimized at the
B3LYP/6-31G (d,p) level. By means of the TD-DFT
method, the absorption spectra were calculated based on
the optimized ground-state geometries. According to
calculated results, we found that dihedral angle between
carbazole-triphenylamine units on the ground-state
conformations were twisted about 53° which have
significant steric hindrance leading to preventing
unfavorable dye aggregation. The influence of the
oligothiophene length as a spacer of CTT,A dyes on the
absorption spectra was studied. We observed that the
dyes with longer spacer length exhibit higher maximum
absorption wavelength. It is interesting to note that these
CTT,A dyes show very broad absorption peaks over the
UV-visible to near IR region in high molar coefficients,
the results obtained by TD-DFT calculation were
corresponding to experimental observation. Therefore,
our new organic dyes can be effectively used as dye for
Dye Sensitized Solar Cell (DSC).

Introduction

Since the first developed and reported by M.
Grétzel et al in the 1991, Dye-sensitized Solar Cell
(DSC) have attracted a great deal of interest rapidly in
the attenion of many research groups during the recent
years.™? This DSC technology has certain advantages
over the traditional silicon solar cell because of DSC
shown distinguished advantages i.e. their high optical
absorption extinction coefficient, adjustable spectral
wavelength response, low cost materials, and their
environmental friendly.>* The mechanism of DSC is
based on the injection of electrons from dye molecules
into the conduction band of TiO, (schem 1.), so far, to
achive high power efficiency is depended on to design
new dye with good properties. Actually, Ruthenium
dyes in DSC was recorded of the highest efficiency
coded as N3 dye about 11% but the Ru dye are limited
with the problem of manufacturing cost and toxicity
issues.® Therefore, many organic dyes have been used

External load

%

N
-
Cc
<
(o]

;I

!w

CB}

Energy level

Glass substrate
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Schem 1. Principle operations of DSC: (1) photon excitation;
(2) electron injection; (3) collection; (4) transportation; (5)
recombination.

in DSC, such as, coumarin®, indoline’, triarylamine®
and perylene® derivatives. The efficiencies of DSC
with organic dyes are in range of 5-9% that lower than
the Ru dyes. One choice for increasing the efficiency
organic dye is the design with Donor-rt conjugated-
Acceptor (D-n-A) system.’ In addition, the absorption
spectra of organic dye must be broaded and red-shifted
for efficient performance. In order to rationalize the
experimentally observed properties of known materials
as well as predict and design those of unknown
efficient-dyes, theoretical studies using accurate
quantum mechanical methods are very essential to
provide the energetic properties and geometry of the
target dye molecules. At present, numbers of papers
have been proposed in the theoretical studies of
organic dyes for dye-sensitized solar cell.'* In this
study, we reported organic dyes with double electron
donor, D-D-n-A dyes, (CTT A, CTT,A, and CTT;A)
dyes which have been synthesized by our group.
Carbazole connected to triphenylamine acts as electron
donor and cyanoacrylic acid as electron acceptor
linked by thiophene units as m-spacer. The
photophysical properties of dyes i.e. structures, and
electronic properties, in term of HOMO, LUMO
involve the absorption spectra were studied to reveal
mechanism of electron transfer and discuss about the
efficiency of these dyes. In addition, excitation states
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a)
Figure 1.
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b)

c)

e chemical structures of CTT,A dyes (C=Carbazole, T=Triphenylamine, T,=Thiophene, A=Cyano-

acrylic acid) and optimized conformation of CTT,A (a), CTT,A (b) and CTT;A (c).

and frontier molecular orbitals of dyes were also
analyzed.

Materials and Methods

Computational details. All of organic dyes,
CTT,A, CTT,A, and CTT:3A, have been performed
using the Guassian 03 program package. The ground-
state geometries were fully optimized using Density
Functional Theory (DFT) method combined with
Becke’s three-parameter hybrid functional and Lee-
Yang-Parr’s gradient-corrected correlation functional
(B3LYP) at 6-31G(d,p) level. All calculations were
performed without any symmetry constraints only in
gas phase. These optimized structures were calculated
the first excitation energy (Eg), maximal absorption
wavelength and oscillator strengths (f) for the 10
states by using Time-Dependent Density Functional
Theory (TD-DFT). To investigate the affect of hybrid
functional on the E; TD-DFT with B3LYP and
BHandHLYP hybrid functional were calculated at 6-
31G(d,p) level. Subsequently, the TD-DFT results
were entried in to the SWizard program for the
simulation of absorption spectra of these dyes.
Furthermore, these results are also discussed on
electronic transition and its character which related to
the absorption wavelength. These calculated results
were compared with the experimental data in our

group.

Results and Discussion

1) Optimal ground-state electronic structures.
The calculated molecular structures on ground-state of
four CTT,A organic dyes with DFT method are shown
in Figure 1. and the selected dihedral angles are
summarized in Table 1. A major factor for the low
conversion efficiency of many organic dyes in the
DSC is the formation of dye aggregates on the
semiconductor surface.” Therefore, we designed
carbarzole connected to triphenylamine moiety as
donor to perform steric hindrance part of molecules. It
was found that dihedral angle between carbazole-
triphenylamine units, (C-T) column, of all three dyes
were twisted about 52.587, 53.095 and 52.637 degree
for CTT,A, CTT,A and CTT-A, respectively. These
results show that nonplanar conformation due to steric
hindrance in dye molecule can prevent unfavourable
dye aggregation. In addition, dihedral angle between
n-spacer and anchoring group, T,-A column, are
nearby O degree indicating that the injection of excited

Table 1. The calculated dihedral angle (degree).

Dihedral angle (°)

Dye
C-T T-T, T,-T, T,-Ts  Tp-A
CTT,A 52587 20.516 - - 0.690
CTT,A 53.095 22467 5.872 - 0.510
CTT,A 52.637 2321 11.871 4533 0.175

electron from thiophene unit into the neighboring
cyanoacrylic acid group are provided conveniently
leading to be considered as an intramolecular charge
transfer (ICT).

2) Effect of intramolecular charge transfer
(ICT). The molecular orbitals contribution is very
important in determining the charge-separated states of
organic dyes. To create an efficient charge-separated
state, HOMO must be localized on the donor subunit,
and LUMO on the acceptor subunit.® In order to
obtain ICT effect, density of state (DOS) was
performed, the molecular orbitals contribution of
three dyes were shown in Table2. and the contour
plots of HOMO and LUMO and other molecar
orbitals of these dyes are displayed in Figure 2. As
listed in Table 2., we devided the dye molecule into 4
parts, C=carbazole part, T=triphenylamine part,
Tn=thiophene part and A=cyanoacrylic acid part.
Electron density of the HOMO were located over the

carbazole and triphenylamine parts which  are
calculated to be 95%(C+T), 90%(C+T) and
85%(C+T)  for CTT,A, CTT,A, and CTT:A,

respectively, this results showed the electron density
of HOMO remains delocalized on the donor part.
Whereas, the electron density of LUMO were located
mainly across the thiophene part as m-system and
cyanoacrylic acid part as anchoring group which are
calculated to be 38%(T,), 50%(A) for CTT,A, 36%(r),
60%(A) for CTT,A and 52%(n), 47%(A) for CTT:A.
As shown in Figure 2., the molecular orbitals analysis
couter plotted confirmed that the HOMO of all dyes
was delocalized over the carbazole and
triphenylamine and the LUMO was delocalized across
the w-system and anchoring group. This distribution of
the HOMO and LUMO is separated in the molecule,
indicating that the HOMO—LUMO transition can be
considered as an intramolecular charge-transfer (ICT)
transitions. In addition, the orbitals energies of LUMO
are -1.65, -1.83 and -1.86 eV for CTT;A, CTT,A and
CTT3A, respectively. These energies level are located
above the conduction band (CB) of TiO, (-2.77 eV)*
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Table 2. Molecular orbitals contribution of 3 highest
occupied and 3 lowest unoccupied molecular orbitals
of D-D-n-A type dyes.

The percent

Dye Electronic Orbit_al contribution (%)
level energies

T T, A

CTT,A LUMO -1.65 0 12 38 50

HOMO -6.03 50 45 4 1
HOMO-3 -6.62 58 27 10

HOMO-4 -6.63 83 11 4 2

CTT,A LUMO -1.83 0 4 36 60

HOMO -5.97 42 48 6 4

HOMO-2 -6.48 40 21 24 15

HOMO-5 -7.05 15 38 25 22

CTT;A  LUMO -1.86 0 1 52 47

HOMO -5.89 36 49 11 4

HOMO-2 -6.33 37 10 38 15

HOMO-5 -6.84 24 40 24 12

C=Carbazole, T=Triphenylamine, T,=Thiophene,
A=Cyanoacrylic acid

which indicated a good property of dye-sensitizer.
Therefore, these CCT,A organic dyes have sufficient
driving force for electron injection into CB of TiO..

3) Absorption spectra. To gain insight into the
excited states giving rise to the absorption spectra of
CTT,A organic dyes, TD-DFT calculations were
employed with the B3LYP/6-31G(d,p) level in gas
phase. It is well known that the failure of TD-
DFT/B3LYP in highly delocalized/CT molecules is
attributed to the fact that the exchange-correlation
potentials generated by the current approximate
exchange-correlation function decay too rapidly in the
asymptotic region.” Therefore, the BHandHLYP
functional has been employed to correct asymptotic
behavior of the charge transfer (CT) states. The
maximal absorption wavelengths from computational
results are listed in Table 3. The TD-DFT results were
entried into the SWizard program for the simulation of
absorption spectra as show in Figure 3. These
calculated results were compared with the
experimental data in our group. As shown in Table 3.
Absorption maximal wavelength of CTT;A and
CTT:A dye using B3LYP functional are located at
358.2 and 524.3 nm, respectively. While, the
calculated results of the BHandHLYP functional show
that the absorption spectra were located at 386.0 and
425.8 for CTT,A and CTTsA, respectively, which
closely agree with the experimental results are 459 and
464 nm for CTT,A and CTT3A, respectively. Whereas,
the maximal absorption wavelength of CTT,A dye is
same different shifted with experimental results.
However, the B3LYP tended to overestimate the
experimental ~ absorption  wavelength  whereas
BHandHLYP can reasonably improve the calculated
results to be more accurate. It has been found that
BHandHLYP results are in excellent agreement with
the experimental data compared with B3LYP results.
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Figure 2. The couter plotted of HOMO, LUMO and
others molecular orbitals of CTT,A dyes.

Table 3. Computational and experimental absorption
maxima wavelength (nm).

Calcuation

Dye Experiment
B3LYP BHandHLYP
CTT/A 358.2 386.0 459
CTT,A  490.3 411.2 454
CTT:A 524.3 425.8 464
1.4x10° —CImA
——CTT,A
~ 1.2x10° —CTTA
3
> 1.0x10°
é 8.0x10"
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Figure 3. Computational with TD-DFT/ BHandHLYP
(graph top) and experimental absorption spectra (graph
down).
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Table 4. Calculated TD-DFT excitation energies (Eg), oscillator strengths (f), and electronic properties of CTT,A

organic dyes by TD-DFT/BHandHLYP at 6-31G(d,p).

Excitation
Dye State energy Oscillator Assignment Character
(eV, nm) strength (f)
CTT,A S; 3.21 (386.0) 1.3297 H-0—>L+0 (+55%) ICT
H-3—>L+0 (+16%) ICT
H-4—>L+0 (+11%) ICT
CTT,A S; 3.02 (411.2) 1.7435 H-0—>L+0 (+42%) ICT
H-2—>L+0 (+34%) ICT, n-t*
H-5—>L+0 (+8%) ICT, n-t*
CTT:A S; 2.91 (425.8) 2.0483 H-0—>L+0 (+39%) ICT
H-2—>L+0 (+32%) ICT, n-n*
H-5—>L+0 (+9%) ICT, n-nn*

H=HOMO, L=LUMO, H-3=HOMO-3 etc.

So that, we choose the BHandHLYP functional results
for simulation the absorption spectra. As shown in
Figure 3, the calculated absorption spectra show two
main peak and a shudder peak. The similar trend has
been found in the experimental absorption peak but
shudder peak is become the three main peak for the
experiment. The number of thiophene unit were
increased in Figure 3, It has been shown that when
increasing thiophene up to 3 units the adsorption
wavelength were red-shifted.the increasing of the
molar extinction coefficient were found due to the n-
conjugated system were extended. The TD-DFT
calculated results are summarizes in Table 4. In
addition, we can characterized the electronic transition
character by consider the counter plotted in Figure 2.
We found that all of excitation from HOMO—LUMO
is intramolecular charge transfer (ICT) process. The
orientation of charge transfer is from carbazole ane
triphenylamine as donor units to thiophene and
cyanoacrylic acid as r-spacer and acceptor unit. There
are m-m* transition over the other molecular orbitals
except the HOMO—LUMO transition.

Conclusions

In summary, we presented the theoretical study of
organic D-D-n-A dyes. To gain a better understanding
of the role of its electronic structure, absorption and
electron transport properties, we performed DFT and
TD-DFT calculation. From the present study, we can
infer that CTT,A dye showed the appropriate donor
steric hindrance and coplanarity between r-spacer and
acceptor group. It also exhibited the best absorption
characteristics with highest molar extinction coefficient
as well as, performing a good ICT character. This
theoretical CTT,A results show that it could greatly
possible to use as potential sensitizer for highly
efficient Dye-Sensitized solar cell (DSC). Furthermore,
we found that making use of functional using a larger
percentage of exact exchange (BHandHLYP) provided

better results for highly delocalized/CT molecules
compared to the hybrid B3LYP density functional
which tends to overestimate the transition energies.
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Abstract: To enhance hydrogen storage ability, lithium
alkoxide (LiO) was doped on the Covalent Organic
Frameworks (COFs). 1-4 hydrogen molecules adsorbed at
the binding site of the COF-LiO structure were studied
using the B3LYP/6-311G(d,p) method. The results show
that the first and second H, molecules were adsorbed at Li
atom, while the third and fourth hydrogen molecules were
bound at oxygen atom of the lithium alkoxide. The
interaction energy of -2.5 kcal/mol was obtained from the
H,-COF-LiO structure, which is weaker than that
evaluated from dihydrogen molecules (-4.5 kcal/mol). The
highest interaction energy of -6.1 kcal/mol was calculated
for 4 hydrogen molecules, while the corresponding value of
-5.4 kcal/mol was elucidated for 3 hydrogen molecules.

Introduction

Recently, a new class of hydrogen storage
materials so call Covalent Organic Frameworks (COFs)
has been characterized and synthesized [1, 2]. The COFs
are composed of light elements (B, C, Si and O) that are
linked by strong covalent bonds (B-O, C-C, B-C, and C-
Si) [3]. The COFs have a high thermal stability (up to
400-500 °C), high porosity (4210 m?/g for COF-103),
and extremely low crystal density (0.17 g cm™ for COF-
108) [4-6]. The hydrogen storage capacities in COFs
have been reported, showing that the capacities in 3-D
COFs are higher than 2-D COFs about 2.5-3 times [3,
5].

In previous work, the MOF doping with lithium
atom revealed the significant higher hydrogen storage
ability at the ambient temperature [7-9], proving that
hydrogen molecules were bound with the lithium atom
by quadrupole moment contribution. In this study, the
nH, molecules (n=1-4) binding to COF-105 doping with
lithium alkoxide (COF-LiO) were investigated using the
quantum mechanical calculations. The aim of this study
is that the COF doping with LiO could improve its
hydrogen storage capabilities.

Computational details

The density functional theory (DFT) in
conjunction with the Becke’s three-parameter hybrid
exchange functional and the Lee-Yang-Parr correlation
functional (B3LYP) was used. The 6-311G(d,p) basis
sets were applied for all atoms. The simplest model of
COF-105 doping with lithium alkoxide was evaluated by
B3LYP/6-311G(d,p) level of theory for obtaining the
optimized position of LiO functional group located in
the COF-105 structure (Figure 1.).

Figurel. Structure of COF-LiO; carbon, oxygen, boron,
hydrogen, silicon and lithium atoms were shown as
grey, red, pink, white, green and purple colors,
respectively.

The interaction energies between hydrogen
molecules and COF-LiO were defined as

AEg = Ecomplex) — (E(cor-Lio) + Eqh,)

where Ecompiex): Ecor-Lio), and E(nHZ) are the total energy
of multiple adsorbed hydrogen molecules in COF-LiO,
the intrinsic COF-LiO with frozen geometry taken from the nH,-COF-LiO
complex, and nHZ cluster, respectively.

Finally, the geometrical properties of the COF-
LiO adsorbed with H, molecules were evaluated in
terms
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(a) Front view (b) Front view
Side view Side view
(c) Front view (d) Front view
Side view Side view

Figure 2. The optimized structure of nH, adsorbed in COF-LiO were shown; (a) 1H,, (b) 2H,, (c) 3H,, and (d) 4H.,.

of distances between center of mass of hydrogen The Li-Okoxidey and Li-O(CZOZB ring) bONd lengths are 1.76
molecules and their adsorption sites. All calculations and 1.94 A, respectively, while the Oc,0,8 ring-Li-

were performed using the Gaussian 03 program [10]. Ouonicey angle is 96.8°. It was found that Li and

Oaikoxide) atoms were characterized as the binding sites of
the hydrogen molecules. The optimized structures of

Results and Discussion

The results show that the lithium atom was nH, complexed with COF-LiO are depicted in Figure 2.
located at middle of the two neighbor oxygen atoms and As shown in Figure 2, the first and second H, molecules
lying within the COF-105 plane as shown in Figure 1. are located at the Li site, while the third and fourth H,
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molecules are adsorbed at the Ogoxigey atom. The
average distances between the center of mass of H,
molecules and their binding sites of COF-LiO are
summarized in Table 1.

Tablel. The average distance between the center of mass
of H, and the binding sites of COF-105.

Distance (A)

H,-Li H,-O(alkoxide)
1H, 2.06 -
2H, 2.10 -
3H, 2.11 3.00
4H, 2.11 3.03

For 1H, molecule, the hydrogen molecule was bound at
the lithium site and lying within the plane of
COF-LiO with the Li-H, distance of 2.06 A. As
shown in Figure 2(b), the orientation of two hydrogen
molecules coordinated at Li atom are parallel to the Li-O
bonds, presenting the average distances of 2.10 A. In the
cases of three and four hydrogen molecules, the Ogkoxide)
was also found to be an alternative adsorption site of the
COF-LiO complex. Two hydrogen molecules were
interacted with the Li atom with the distance of 2.11 A,
while the third and the fourth of hydrogen molecule
were adsorbed at Ooxige) Site, showing the distances of
3.00 and 3.03 A for the third and the fourth hydrogen
molecules, respectively. However, our findings are in
contrast with those evaluated from the RI-PBE/def2-
TZVPP method [9] in which the third and fourth
hydrogen molecules were attached to the Li site.

Table2. The interaction energy (kcal/mol) between nH,
and COF-LiO obtained from B3LYP/6-311G(d,p)
method.

Interaction Energy

(kcal/mol)
1H, -2.5
2H, -4.5
3H; -54
4H; -6.1

The interaction energies between nH, and
COF-LiO obtained from B3LYP/6-311G(d,p) method
were listed in Table 2. The coordination of one
hydrogen molecule at the lithium site of the COF-LiO

960

structure is -2.5 kcal/mol, which is weaker than the
value of -4.5 kcal/mol evaluated for 2H,. In the case of
3H,, the corresponding energy of -5.4 kcal/mol was
evaluated, while the highest adsorption energy of -6.1
kcal/mol was obtained 4 hydrogen molecules complexed
with the COF-LiO structure.

Conclusion

It can be concluded that the hydrogen storage
capabilities of the COF structure is increased by doping
of the lithium alkoxide group. The Li and Ogikoxide)
atoms are found to be the adsorption sites in the COF-
LiO structure.
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Abstract: Photocatalytic degradation of sodium dodecyl
benzene sulfonate (SDBS, C;gH,,SOsNa) was studied
under irradiation of a high pressure mercury lamp using
ZnO as the catalyst. The photodegradation activity was
followed by periodically = monitoring  residual
concentration of the dye using UV-visible spectrometer.
The results showed that the photodegradation kinetics of
SDBS on zZnO follows the pseudo-first order rate
according to the Langmuir-Hinshelwood equation with
the rate constant (k), and the adsorption constant (K) of
4.02 mgl™min® and 0.01 Img™, respectively. It was also
found that the photodegradation was enhanced by
adding Fe?* or H,0,.

Introduction

Linear alkylbenzene sulfonates, the anionic
surfactants, are widely used in various industrial
process such as in cosmetics, food processings, etc.
After use surfactants are usually discharged along with
wastewater, causing pollution problems. Although
biological treatment can be used to decontaminate
surfactants but the degradation is slow and there are
such problems as enhanced foam formation, and
retarded biodegradation of the accompanying
pollutants [1, 2]. Photocatalytic oxidation is an
advance oxidation process (AOP) to solve these
problems. The advantage of photocatalytic process is
its mild operating conditions and it can be activated by
sunlight, thus reducing the elective power required and
therefore the operating cost [3].

Titanium dioxide (TiO,) is generally considered to
be the best photocatalysts, and has the ability to
mineralize wastewater [4, 5]. However widespread use
of TiO, is uneconomical for large scale water
treatment, thereby interest has been drawn towards the
search for suitable alternatives to TiO,. Many attempts
have been made to study photocatalytic activity of
different semiconductors such as SnO,, CdS and ZnO
[6, 7]. Our present study provides results describing the
photocatalytic degradation and mineralization of
sodium dodecylbenzene sulfonate (SDBS), an
important anionic surfactant frequently used in
industry, over ZnO powders under various
experimental conditions.

Materials and Methods

Materials

Sodium dodecylbenzene sulfonate (CigH2SOsNa)
and ZnO were purchased from Fluka (Switzerland)
and were used without further purification. Solutions
were prepared by dissolving appropriate amount of the
SDBS in deionized water.

Photoreactor

All experiments were carried out in a 100 ml Pyrex
glass bottle. The radiation source was a 200W high
pressure mercury lamp (Applied Photophysics,
England), which was placed about 20 cm behind a
Pyrex glass bottle.

Procedure

For the photodegradation of SDBS, a solution
containing known concentration of the SDBS and ZnO
was prepared and the solution was stirred during
irradiation. Irradiation was carried for a specific
period. Subsequently, the suspension was filtered
through 0.45um Millipore membrane to remove the
particles before analyzed.

Analysis

The degradation was monitored by measuring the
absorbance on a UV-VIS spectrophotometer at 224nm.
The degradation efficiency (%) has been calculated as:

Efficiency (%) = COC_Cxloo

0
where Cq is the initial concentration of SDBS and C is
the concentration of SDBS after photoirradiation.

Results and Disscusion

Effect of UV Irradiation and ZnO

The change in the SDBS concentration versus time
during the photocatalytic degradation of SDBS is
shown in Figurel. The removal of SDBS was
negligible in the absence of ZnO. It can be seen from
the figure that in the presence of ZnO and light, about
90% of SDBS degraded within 120 min of irradiation
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time. These results reveal that both UV light and
photocatalyst, such as ZnO, were needed for the
effective destruction of SDBS. When ZnO is exposed
to UV radiation, an electron-hole pair is produced [8].

0
where, e o and h*,, are the electrons in the conduction
band and valence band holes, respectively. The
photogenerated holes can react easily with surface

bound H,O to produce hydroxyl radicals, whereas, €',
can react with O, to produce superoxide radical anion.

Zn0 + hv——» e, +h'y,

e + O — O (i)
h*w + HLO ———» "OH + H' (iii)
0,” + HO+H" ——» H,0, +0, (iv)
HO, — » 2°OH (v)

The hydroxyl radical is extremely strong oxidant that
leads degradation of organic pollutants [9].
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Figure 1. Effect of UV light and ZnO on photocatalytic
degradation of SDBS. [SDBS], = 40 mgl™?; [ZnO] =
19l

Effect of the Amount of ZnO

The effect of the varying the quantity of ZnO on
the degradation of SDBS is presented in Figure 2. As
the ZnO concentration increases the initial rate (ro) of
photodegradation increases. The increase in the
amount of catalyst enhances the number of active sites
on the photocatalyst surface, thus causing an increase

2'57\\\\\\\\\\\\ \\\\\\\\‘\\\\7
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Figure 2. Dependence of ry, on the concentration of
ZnO for constant SDBS concentration (40mgl™).
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in the number of hydroxyl radicals which can take part
in the photodegradation of the SDBS.

Effect of Initial SDBS Concentration

The effect of the initial SDBS concentration on the
photocatalytic degradation is an important aspect of
the study. The photodegradation of various initial
concentrations of SDBS in the presence of 1 gl™ ZnO
is illustrated in Figure 3. The effect of altering the
initial concentration of SDBS (Cy) on the initial rate of
photodegradation is shown Figure 4. The rate of
photodegradation first increases sharply and then
nearly reaches saturation value at high concentration
of SDBS. This may be due to the fact that as the initial
concentration of SDBS increases, the solution
becomes more intense which presents penetration of
light to the surface of the catalyst. Therefore, less
hydroxyl radicals are formed, thus causing a decrease
in the degradation.

60:”“”“”H“HWHW‘H:
< 50 | —*— 10mgl* =
= B 3
E 40 *\\ —®—20mgI* | ]
s B ——30mg It 1
2 30 & A E
£ > 40mgI’ ]
S 20 4 3
2 ——50mgI™* | 3
G 10 =
0 Evnt = L

0 20 40 60 80 100 120 140

Time / min

Figure 3. Plot of the photodegradation of SDBS versus
irradiation time, at various initial concentrations for
constant concentration of ZnO 1 g™
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Figure 4. Plot of ry vs. C, for SDBs at constant
constant concentration of ZnO 1 glI™

Kinetics of Photocatalytic Degradation of SDBS

The influence of the initial concentration of the
solute to the photocatalytic degradation rate of most
organic compounds is described by a pseudo-first
kinetic order according to the Langmuir-Hinshelwood
model, modified to a reaction occurring at solid-liquid
interface [10].

1Ur, = 1/k + 1/(kKCo)

where k is the rate constant and K is the adsorption
coefficient. The dependence of r,” values on the
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respective inverse initial concentrations of SDBS for
constant concentration of ZnO at 1 gl is shown in
Figure 5. The k and K values were calculated from the

slope and the intercept of the straight line,
respectively. The values were k = 4.02 mgl™min™ and
K =0.01Img™.
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Figure 5. Plot of ry' versus C, for photocatalytic
degradation of SDBS. [ZnO] = 1 gI™*

Effect of Addition of Fe**

The change in SDBS degradation in the presence
of Fe?" is shown in Figure 6. It was observed that
small amount of Fe®* enhanced the photocatalytic
degradation of SDBS. Since H,0, is produced in the
photocatalytic process, adding Fe®* thus simulating a
Fenton process (Fe?*/H,0,). In this process, Fe?* will
catalyze the decomposition of H,O, to produce
hydroxyl radicals. The another reason may be due to
Fe?* can react with h*, thus reducing the
recombination of e ¢, and h*,,. Hence, the generation
of the hydroxyl radicals on the surface of catalyst
increases [11].
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Figure 6. Effect of Fe?" on photodegradation of SDBS.
[SDBS], = 40 mgl™; [ZnO] =1 gI™; [Fe**] = 2 mgl™.

Effect of Addition of H,0,

The change in SDBS degradation in the presence
of H,0, is shown in Figure 7. It was also observed that
adding H,0, enhanced the photocatalytic degradation
of SDBS. Since H,O, is an electron acceptor, it
enhances the formation of hydroxyl radicals and also
inhibits the (e/h") pair recombination [12]. This result
showed that hydroxyl radicals play a major role in the
UV/ZnO process.
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Figure 7. Effect of H,O, on photodegradation of
SDBS. [SDBS], = 40 mgl™; [znO] =1 glI**; [H,0;] =
50mgl™.

Conclusions

Effective degradation of SDBS, an anionic
surfactant, is possible by photocatalysis in the
presence of ZnO suspension and UV light. The
kinetics of the photocatalytic degradation follows the
Langmuir-Hinshelwood model. Addition of Fe** or
H,0, can enhance the photodegradation of SDBS.
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Adsorption of Sodium Polyacrylate on Ceramic Glaze
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Abstract: The problematic which mostly found in
ceramic glaze is the dispersion instability that resulted in
solid flocculation and inhomogeneity of glaze slip.
Through the addition of polyelectrolyte, the dispersion
stability was achieved by surface modification of
adsorption of polyelectrolyte on ceramic glaze. Optimum
amount of the added polyelectrolyte resulted in good
dispersion. The adsorption of anionic polyelectrolyte
(sodium polyacrylate, NaPA) onto a celadon ceramic
glaze mixture composed of limestone, kaolin, quartz and
feldspar was studied. The adsorption isotherm was
investigated in order to understand the dispersion
stability as a function of anionic polyelectrolyte
concentration. It was found that the adsorbed amount of
NaPA increased with the increasing added
polyelectrolyte concentration. The adsorption data of
NaPA was correlated with the Langmuir and Freundlich
isotherms. The maximum adsorbed amount of NaPA was
13.72 mg/g, evaluated by using Langmuir isotherm.

Introduction

Many processing steps in the manufacture of
ceramic products need to be controlled in order to
prevent defect formation and to achieve desirable
products. Generally, ceramic production consists of 5
steps which are preparation of raw materials,
formulation of body mixture, forming, glazing and
firing. Glazing is one of the steps that a ceramic
surface being coated to make the piece more
impervious to water and enhance its appearance. This
process involves applying a glaze on the ceramic body
and firing with at temperature, usually about 1100 —
1300 °C. Glaze will fuse and a thin glassy layer is
formed on the surface of the ceramic body.

Raw glazes are combination of natural and
synthetic materials such as clays, quartz, feldspars,
carbonates and oxides of suitable composition to
produce the final glaze [1]. Glaze is usually applied in
aqueous suspension but the dispersion of glaze mixture
in the water was not stable. The particles tend to settle
quickly. This is a quite problem because when glaze
settle out, some ingredients of the glaze may settle to
the bottom of the container. Coating the ceramic body
with this settled glaze could provide some defects in
the products because the missing of some ingredients.
To prevent such problem, it is necessary to produce a
stable dispersion of the glaze suspension.

The ceramic particles in solution tend to attract
each other due to van der Waals attractive forces [2].
To mitigate this force, one approach is to generate

repulsive forces between particles. Particles may
possibly become dispersed in a repulsive manner by
the forces developed at the particles surfaces. Addition
of additives to glaze suspension can produce the
dispersion stability [3-6]. One of the additives used is
polyelectrolyte.

Polyelectrolytes are charged polymers. The
polymer chains contain a large number of dissociative
functional groups. The polyelectrolytes find
widespread applications in many industrial processes
and in numerous products due to their ability to adsorb
at solid/liquid interfaces and to modify surface
properties. They are frequently used to control the
stability of dispersed systems such as pigments,
cosmetics, pharmaceuticals, paper etc [7-9].
Polyelectrolytes will be adsorbed on the particles
surfaces and increase interparticle repulsive forces
through electrical charge and/or sterically hindering
the close approach of neighboring particles [4]. Thus,
studies on adsorption of polyelectroytes on the
particles are important to an understanding of the
stability of colloidal suspension. The adsorption
process must be carefully controlled to produce a
satisfactory process system.

Materials and Methods

Materials: All ceramic glaze raw materials were
sourced in Thailand : the limestone (97%) from Sara
Buri, the kaolin (85%) from Ranong, the feldspar
(99%) and quartz (>99%) from Tak. The components
were ground and size adjusted by sieving and mixed
by dry ball milling to homogeneous. The basic
compositions of the ceramic glaze were 28 wt.%
limestone, 27 wt.% kaolin, 25 wt.% feldspar and 20
wt.% quartz. The average particle size (ds3) of the
ceramic glaze particles, measured by laser diffraction
(LD) with a Masterizer S (Malvern,UK), was 16.25
um. The specific surface area for glaze powder was
6.65 m?/g determined by nitrogen adsorption (BET) at
77 K (Quantachrome). The anionic polyelectrolyte —
sodium polyacrylate (NaPA), produced by Aldrich was
used in this study. The average molecular weight of
the NaPA is 2100 g/mol. Its structure was shown in
Figure 1. Deionized water was used for the preparation
of suspension.

Adsorption equilibrium determination: Adsorption
equilibrium determination provides data about the rate
of polyelectrolyte adsorption on the ceramic glaze raw
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Figure 1. Structure of sodium polyacrylate

material surface. The experiments were carried out at
30 °C. Ceramic glaze suspensions were prepared by
adding 0.1 g of glaze powder into the Erlenmeyer flask
which contained 100 mL of NaPA solutions (50 and
250 mg/L). The obtained suspensions were shaken
continuously. Aliquots were removed at predetermined
times and centrifuged for 30 minutes. The supernatants
were taken to determine the concentration of
remaining NaPA using a spectrophotometer (Lambda
25 UV/Vis Spectrometer). The used wavelength was
199 nm. The amount of NaPA adsorbed on the
particles was evaluated from the difference between
the initial concentration and the NaPA equilibrium
concentration in the supernatant. Aliquots were
removed until no further adsorption was observed
indicating that equilibrium was achieved.

Adsorption isotherms: The adsorption
measurements were made in the NaPA concentration
range 25-400 mg/L. 0.1 g of ceramic glaze powder
was added to 100 mL of NaPA solution of known
concentration. The suspensions were shaken at 30 °C
for 2 hours, the time required to reach adsorption
equilibrium indicated by the adsorption equilibrium
studies. After equilibrium took place, the mixtures
were centrifuged for 20 minutes. The supernatants
were separated in order to determine the amount of
non-adsorbed NaPA according to the method
described above.

The amount of NaPA uptake per unit of adsorbent
(ge) was calculated using the following equations:

de = (Ci = C¢) x VIm @

where C; is the initial NaPA concentration (mg/L), C
is the NaPA concentration at the adsorption
equilibrium (mg/L), V is the volume of NaPA solution
(L), and m is the weight of the ceramic glaze powder

(9)-

Results and Discussion

The results of the adsorption equilibrium
determination of NaPA on ceramic glaze are illustrated
in Figure 2. The adsorption rate was fast under all
solution concentrations and no change was observed in
the maximum adsorption after 1 hour. In order to be
sure that the equilibrium was reached, 2 hours was
used for all adsorption experiments.

Adsorption isotherm was obtained by plotting the
adsorbed amount of NaPA per ceramic glaze unit mass
as a function of NaPA equilibrium concentration. The

adsorption isotherm of NaPA on ceramic glaze at 30
°C is shown in Figure 3. The result shows that the
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Figure 2. Adsorption of NaPA on ceramic glaze as a
function of time under different NaPA concentrations
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Figure 3. Adsorption isotherm for NaPA on ceramic
glaze at 30 °C

adsorbed amount increases with increasing the NaPA
concentration.

The Langmuir isotherm is expressed by the
following empirical equation:

Celde = CelQmax + 1/Qmaxb 2

where C, is the equilibrium concentration of adsorbate
(mg/L); g is the amount of adsorbate adsorbed (mg/g);
Omax 1S Langmuir constant (maximum adsorption
capacity) (mg/g); b is Langmuir constant (L/mg).

The linear form of Freundlich model is

log g = log K¢ + (1/n) log C, 3)

where Kr and n are Frendlich constants related to
adsorption capacity and adsorption intensity.

Plots of adsorption data in linear form of Langmuir
and Freundlich isotherms are shown in Figures 4 and
5, respectively. The linearity of these plots is an
indication of the applicability of the Langmuir and
Freundlich adsorption isotherms equation in the
concentration range studied. From these plots, the
Langmuir values, (max and b, and Freundlich values,
Ke and n, were then calculated. The results are shown
in Table 1.
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Figure 4. Langmuir linear regression plot
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Figure 5. Freundlich linear regression plot

Table 1 Langmuir and Freundlich constants

966

Langmuir Freundlich
2 2
NaPA | Omax b r Ke n r
(mg/g) | (L/mg)
13.72 0.011 [ 09840 | 087 | 2.3 [ 0.9799

From the Langmuir plot, the maximum adsorbed
amount of NaPA on the ceramic glaze is 13.72 mg/g.

Conclusions

Adsorption equilibrium as a function of time and
adsorption isotherm of NaPA on ceramic glaze at 30°C
have been investigated. The adsorbed amount of NaPA
on ceramic glaze increases with the increasing of
concentration. Adsorption of NaPA on ceramic glaze
fit to both Langmuir and Freundlich adsorption
isotherms. The maximum adsorbed amount is 13.72
mg/g.
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Abstract: Characteristics of Ag, clusters (n=1, 2, and 4)
complexed with guanine-cytosine (G:C) Watson-Crick
DNA base pairs and their double proton-transfer
processes were determined using the Density Functional
Theory (DFT). A combination of Becke’s three-
parameter hybrid exchange functional and the Lee-
Yang-Parr correlation functional (B3LYP) was used. The
Los Alamos effective core potential (LANL2DZ ECP)
basis set was applied for silver atoms, while the rest was
calculated using the 6-31+G(d,p) basis set. The strongest
hydrogen bonding interaction of -25.5 kcal/mol was
obtained from the G:C-Ag, complex in which a pair of
silver atoms is coordinated at N7 and N3 sites of guanine,
while the G:C-Ag and G:C-Ag, predict the
corresponding values of -23.4 and -23.6 kcal/mol,
respectively. For double proton-transfer processes, the
activation energy was decreased as increasing silver
nanoparticles. The lowest activation energy of 11.2
kcal/mol was observed for the G:C-Ag, structure, which
is much lower than that determined from the GC base
pair. It can be concluded that double proton-transfer
processes in the G:C-Ag, complexes are more favourable
in comparison with the isolated G:C base pair.

Introduction

The double proton-transfer process in DNA base
pair plays an important role in formation of these rare
tautomers and the mutation of biological.[1-2] The N7
and N3 sites of purine base are preferred as targets for
metal ion binding in DNA base pair by
experimental.[3] The N7 site is exposed in the major
groove and the N3 site is found to be the minor groove
within DNA.[4] In the present work, the complexes of
silver nanoparticles located near the N7 and/or N3 site
of guanine in DNA base pair were studied using an ab
initio quantum mechanical calculation to investigate
the influence of nanoparticles in double proton-transfer
reactions of G:C base pair.

Materials and Methods

The geometries of silver (Ag,) cluster (n = 1, 2,
and 4) complexed with guanine-cytosine (G:C)
Watson-Crick base pairs, their double proton-transfer
(DPT) processes and model of the transition state (TS)
have been fully optimized by using the density
functional theory (DFT). Becke’s three-parameter
hybrid exchange functional and the Lee-Yang-Parr
correlation functional (B3LYP) was used. The 6-

31+G(d,p) basis set was employed for all atoms except
silver nanoparticles. The Los Alomos effective core
potential (LAN2DZ ECP) was used for Ag, clusters,
which coordinated at the N3 and/or N7 site of guanine
in DNA base pair. The DPT processes in G:C base pair
may occur between the deprotonation from the N4 site
of cytosine to the O6 site of guanine, and the proton
transfer from the N1 site of guanine to N3 site
cytosine. The silver nanoparticles attached sites with
one, two (e.g., the silver clusters located near the N3
site of guanine in DNA base pair: the Ag-N3(G):C and
Ag,-N3(G):C complexes, respectively), and four
atoms (i.e., the N3 and N7 sites in guanine complexed
with Ag,: the Ag»-N3_Ag,-N7(G):C structure). All
calculations were performed using the Gaussian 03
program.[5]

Results and Discussion
Table 1: Optimized bond distances for G:C base pair

complexed with silver clusters (Ag;.4) in Watson-
Crick base pair and DPT reactions.

Complex G:C (A)
06-N4  N1-N3 N2-02
G:C 2.79 2.95 2.93
Ag-N3(G):C 2.81 2.94 2.90
Ag-N7(G):C 2.81 2.93 2.92
Ag,-N3(G):C 2.82 2.93 2.88
Ag,-N7(G):C 2.82 2.93 2.90
Ag,-N3_Ag,-N7(G):C  2.84 2.91 2.86
Complex DPT (A)
06-N4  N1-N3 N2-0O2
G:C 2.69 2.90 3.00
Ag-N3(G):C 2.67 2.90 2.99
Ag-N7(G):C 2.66 2.89 3.01
Ag>-N3(G):C 2.67 2.90 2.99
Ag,-N7(G):C 2.65 2.89 2.99

Ag,-N3_Ag,-N7(G):C 262 288  3.00

Structural properties of silver clusters coordinated
at the N3 and/or N7 site of guanine in Watson-Crick
base pair and DPT processes evaluated from the
B3LYP/6-31+G(d,p) level of theory are shown in the
Table 1. The interatomic distances of 06-04, N1-N3,
and N2-O2 bonds obtained from the G:C Watson-
Crick base pair are 2.79, 2.95 and 293 A,
respectively. The Ag-N3(G):C and Ag-N7(G):C
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complexes reveal the similar value of the 06-N4 bond
distances (2.81 A), which are slightly larger than the
G:C Watson-Crick. By adding Ag, clusters, the O6-N4
and N1-N3 bond distances were found to be 2.82 and
2.93 A respectively, which are slightly longer than
those observed for the G:C base pair complexed with a
silver atom. The N1-N3 and N2-O2 bond distances of
the increasing silver nanoparticles complexes are
generally decreased for all complexes, while the O6-
N4 bond distances are all increased. The 06-O4, N1-
N3, and N2-O2 bonds evaluated from the Ag,-
N3_Ag,-N7(G):C complex are 2.84, 2.91, and 2.86 A,
respectively. For the DPT complexes, the 06-0O4 and
N1-N3 bond distances are all decreased with respect to
the corresponding bond distances in G:C Watson-
Crick base pair. The similar value of the O6-N4, N1-
N3, and N2-02 bond distances in the cases of one and
two silver atoms coordinated at the N3 site of G:C
base pairs were pronounced with the values of 2.67,
2.90, and 2.99 A, respectively. The Ag-N7(G):C, Agz-
N7(G):C, and Ag,-N3_Ag,-N7(G):C show the
corresponding values of 2.66, 2.65, and 2.62 A,
respectively. The N1-N3 distance was found to be
decreased by ~0.02 A. In addition, the N2-O2 bond
distance of the Ag-N7(G):C complex (3.01 A) is
slightly longer than those evaluated from the G:C
Watson-Crick base pair and the Ag,-N3_Ag,-N7(G):C
complexes (3.00 A), while the Ag-N3(G):C and Ag,-
N7(G):C complexes reveal the similar N2-O2 bond
distance of 2.99 A. These results indicate that the
hydrogen bond lengths in the G:C base pair are
increased or decreased due to their complexation with
silver nanoparticles

Table 2: Binding energies and activation energy (E,) of
G:C base pair complexed with silver clusters in
Watson-Crick base pair and DPT processes obtained
from the B3LYP/6-31+G(d,p) method.
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Binding energy E,
Complex (kcal/mol) (kcal/
G:C DPT mol)
G:C -26.2 -18.8 14.9
Ag-N3(G):C -23.0 -15.1 13.9
Ag-N7(G):C -23.4 -14.4 14.0
Ag,-N3(G):.C -23.6 -15.5 13.3
Ag,-N7(G):.C -23.6 -16.0 13.3
Ag,-N3_Ag,-N7(G):C -25.5 -17.4 11.2

Table 2 presents the binding energy and activation
energy of G:C base pair coordinated with silver
clusters obtained from the B3LYP/6-31+G(d,p)
method. The binding energy of -26.2 kcal/mol was
evaluated for the G:C Watson-Crick base pair, while
the value of -18.8 kcal/mol was calculated from the
DPT process in G:C base pair with the reaction barrier
of 14.9 kcal/mol. The binding energies of one and two
silver atoms attached at the N3 or N7 sites of G:C base
pairs were found to be decreased by ~3 kcal/mol in
comparison with the G:C Watson-Crick form. Similar
trend was also observed in the cases of DPT processes.

a) The Ag,-N3_Ag,-N7(G):C in Watson-Crick

b) The Ag,»N3_Ag,-N7(G):CinTS

c) The Ag,-N3_Ag,-N7(G):C in DPT

Figure 1. The complexes Ag,-N3_Ag,-N7(G):C in a)
Watson-Crick base pair, b) transition state (TS), and ¢)
double proton-transfer (DPT) reaction.

The binding energies of the DPT reaction in G:C base
pair complexed with one and two silver nanoparticles
were decreased by 2.8-4.4 kcal/mol. The lowest
reaction barrier of 11.2 kcal/mol was predicted from
the Ag,-N3_Ag,-N7(G):C complex, while the reaction
barriers of 13.9, 14.0, 13.3, and 13.3 kcal/mol were
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resulted from the Ag-N3(G):C, Ag,-N3(G):C, Ag-
N7(G):C, Ag,-N7(G):C, and Ag,-N3_Ag,-N7(G):C
complexes, respectively. These observations indicate
that the DPT processes in G:C base pair complexed
with silver nanoparticles are more favorable compared
with the isolated G:C base pair.

Conclusions

Characteristics of silver nanoparticles with the G:C
Watson-Crick base pair and their DPT reaction were
elucidated using the B3LYP/6-31+G(d,p)ULANL2DZ
method. Our calculated data suggest that the activation
energy of the DPT processes in G:C base pair is
decreased by attaching the silver clusters at N3 and/or
N7 sites of the G:C base pair.

References

[1] G. Villani, G. Chem. Phys. 324 (2006), pp. 438-446.

[2] C.F. Guerra, F.M. Bickelhaupt, J.G. Snijders, and E.J.
Baerends, J. Am. Chem. Soc. 122 (2000), pp. 4117-
4128.

[3] M.M. Cerda, D. Amantia, B. Costisella, A. Houlton,
and B. Lippert, Dalton Trans. 32 (2006), pp. 3894-
3899.

[4] H. Sigel, Pure Appl. Chem. 76 (2004), pp. 1869-1886.

[5] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, J. A.
Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant,
J. M. Millam, S. S. lyengar, J. Tomasi, V. Barone, B.
Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox,
H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K.
Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G.
Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J.
A. Pople, Gaussian, Inc., Pittsburgh PA, 2003.

PACCON2011 (Pure and Applied Chemistry International Conference 2011)



970

Theoretical Study on the stabilities of Be lon and Small Be Cluster in Sapphire

C. Sukyoo, P. Phintasiri and A. Saksaengwijit*

Department of Chemistry, Faculty of Science, King Mongkut’s University of Technology Thonburi, Bangkok, Thailand

“E-mail :aimorn.sak@kmutt.ac.th

Abstract: In gem industrial, the heat treatment together
with some chemicals (Be*,Fe**,...) is a well-known
process to improve the gem appearance. Since the value
of gem depends on its appearance, it is important to
understand how these chemicals improve the optical and
physical properties of gems. In this work, we attempt to
gain the information on the electronic structure of a-
Al,Oj; (or sapphire) doped with Be*" ion (or Be cluster)
by means of the computational simulation. The Density-
Functional Theory (DFT) with the Goedecker norm-
conserving pseudopotentials implemented in the CPMD
program is used to perform all calculations. The
stabilities of Be®* and small Be cluster at many possible
positions in Al,O; structure were studied. We found that
Be?* ion is too small to stay stably in the octahedral hole.
In contrast, it gains a lot binding energy when it is added
in the tetrahedral hole. Moreover, adding either Be?* or
Be cluster to the aluminum defect position can stabilize
the Al,O; structure. The cohesive and rearrangement
energies are also reported.

Introduction

In the crystalline state, the most widespread and
important phase of aluminum oxide (a-Al,O3) is
corundum. The presence of impurities in corundum
can influence its mechanical, semiconducting and
optical properties [1-2]. Over the past five years a new
technique to improve the corundum appearence was
introduced in gem-industrial. An annealing or using a
heat-treatment  together with some chemicals
(beryllium, chromium, borax, lead, tantalum) can
completely change the color of corundum [3]. The
dramatic results from this technique encourages many
gemologists and scientists to find out the precise cause
of the change in color. One famous product from this
process is treated pink-orange sapphire, which can be
prepared by annealing a pale or blue sapphire together
with some beryllium compound at high temperature.
Many hypothesis have been proposed from the gem
community [3-4], however it is seem to sattle on
theory about bulk-diffusion or lattice-diffusion. It
suggests the cause of the change in color might be
from the diffusion of the chemical into corundum.
However, this issue is still on a debate.

From the physical adjudement no one can
separate the treated corundum and the natural one
apart. Only some advance spectroscopic techniques
(exp. SIMS & LA-ICP-MS) [3] can give the accurate
result. However, these techniques offer us only an
amount of added chemicals in corundum. The
knowledge on the nature of added impurities, the local
electronic structures around them and their stabilities
in corundum is still lacked. In a few decades, the
computational simulation has been proved to be an

effective technique to study chemical and physics of
materials on atomic level [5-6]. In the present work,
we have performed some computational simulations
based on quantum chemistry approaches to study the
electronic structures and the stabilities of beryllium ion
(Be?*) and beryllium cluster (Be-Be) in a-Al,O;

Materials and Methods

We have investigated the electronic structures of
the doped aluminum oxide with Be?* and beryllium
cluster, Be:Al,Os. The smallest beryllium-cluster
consists of two beryllium atoms (Be-Be) is chosen.
The stabilities of Be** and Be-Be cluster in the crystal
structure of a-Al,O4 are studied in both structural and
energetic aspects. The cohesive energy for adding Be*
and the corresponding rearrangement energy for any
doping are calculated. In the previous works [5],
doping an impurity ion (exp. Mn*, Fe*", Cr*) in
corundum structure had been done only in an
octahedral site or substituting at the AI** position.
Since the ionic radius of Be*" is much smaller than
AI*, it might be possible to fill in a tetrahedral site of
corundum as well. To examine these possible sites we
doped a Be* ion in both empty tetrahedral and
octahedral sites and also doped it in an AI** defect site.
For the case of defect-Al,O;, we also calculate the
formation energy in order to check the possibility to
substitute Be?" and AI** (at the defect site). For a case
of Be-Be cluster we doped it in two empty nearby-
octahedral sites or at the defect site next to an empty
octahedral site (see the doped positions from the
optimized structures in figure 1&2).

In the present work we have carried out the first
principle calculation of Be:Al,O3 based on the Density
Functional Theory (DFT) in the Kohn-Sham (KS)
formulation as implemented in the Car—Parrinello
molecular dynamics (CPMD) parallel code version
3.11.1 [7]. The CPMD method has been successfully
used for the study of the stability of impurity ion in
both amorphous and crystal systems [8]. The
interactions of the ion cores with the valence electrons
were described by Goedecker norm-conserving
pseudo-potentials in the Kleinman-Bylander form. The
electronic wave functions were expanded in a plane-
wave basis set with an energy cutoff of 160 Ryd. The
local density approximation (LDA) is used in all
calculations. The generalized gradient approximation
(GGA) is not used in this simulation since it had been
reported that it does not improve geometries for this
case [9]. The periodic crystal structure is taken into
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account by using the periodic boundary conditions at
the unit cell boundaries.

The structural model of plain aluminium oxide (a-
Al,O3) is constructed by using the lattice parameters
received from the Inorganic Crystal Structure Database
(ICSD). The X-ray data was published by Maslen et
al. The crystal of Al,O3 belongs to the space group
R3c. A model of hexagonal supercell box has
parametersa=b = 9.520 4, ¢ = 12.990 A and 0 =B =90°,y =
120°, which contains 48 six-coordinated Al atoms and 72 four-coordinated O

atoms. After fully relaxation, the optimized structure of pure-A|203 was

received. The starting structure of Be:Al,O; was
constructed by doping Be’* and Be-Be cluster in the optimized pure-ALO,

structure at the possible positions describing above. The Be:Al,Oj
optimized structures were performed with relaxation of all atomic
positions by the preconditioned conjugate gradient (PCG)
method.

Results and Discussion

The crystal structure of Al,O3; has hexagonal
symmetry. Naturally, oxygen ions form a framework
of tetrahedral and octahedral holes, which A" ions fill
in only 2/3 of octahedral holes. The filled octahedron
is distorted due to asymmetry space around it. The
distortion causes an asymmetric trigonal bipyramid in
octahedron unit. The following notation O1 and O2 are
used to classify neighbouring oxygen ions formed a
trigonal bipyramid for reasons of structure analysis.
Three neighboring oxygen ions, which are closed to
the ion in an octahedral site are labeled O1, while the
others in octahedron unit are denoted O2. This
nomenclature also applies to all Be:Al,Os

In this section, we first focus on the Be:Al,O;
doped with one Be*" ion per supercell. Three proposed
possible sites to fill Be?* ion are (a) in a tetrahedron,
(b) in an empty octahedron, and (c) at an AI** defect
site. Three proposed models are fully relaxed all
atomic positions and shown in figure 1. For a case of
non-defect Al,O;, doping Be®* ion in an empty
octahedral site does not affect any significant change
in AlL,O; structure. This seems to lack of strong
interaction between Be®* ion and octahedral oxygens

Table 1: Some geometric properties of Be:Al,O;".%A
is the percent difference between the corresponding
properties of Be:Al,O3 and the ones of pure Al,Os.

Be:AlLO; QBeQ %A |OBGO, s | Useo %A
(degree) (degree) A
Be?":tetrahedron 173 11**
Be?":octahedron 92.6 926 2.03
Be?":defect 101.67 +0.4 | 79.29 -0.6 2.02 +0.2
OXQ %A | O,XO, %A | Ogup %A
(degree) (degree) A
Be-Be:2octahedrons
(X=Al) 75.80 -28 102.42 +28 164 -31
Be-Be:defect+octa-
Hedron (X=Be) 78.39 -22 99.51 +24 199 -16

*The value is averaged over all sides of the trigonal pyramid.
**Comparison with the value of the initial configuration.
+ Comparison with dg..g. in free Be cluster.

971

around it. In contrast, doping a Be?* ion in tetrahedral
site affects a lot change in oxygen geometry around it.
Be?* ion relaxes itself by moving close to three of
tetrahedral oxygens. Note that the Be-O bond length
(1.73 &) in this structure is longer than the Be-O bond

length (1.33 &) in a tetrahedral unit in BeO crystal.

The last case for doping Be?* ion is to dope Be®* at
the AI** defect site. Since Be?* ion is about 1.5 times
smaller than APF* ion, it moves itself close to three of
octahedral oxygens (O1). This results of the stronger
distortion in a trigonal bipyramid (i.e. the wider
01BeO1 angle and the narrower 02BeO2 angle). It is
agreed with the influence of some transition metals on
the Al,Oj structure reported in the previous work [5].

Figure 1. The electronic structures of Be:Al,O3. The
largest, middle and the smallest spheres represent O,
Al and Be?, respectively. (a) & (b) Be** doped in
tetrahedral site. Only tetrahedral oxygens at the doped
site are shaded. (c) Be** doped in an empty octahedral
site. (d) Be®* doped at AI*" defect site. The sketchs
shows a distorted octahedron and tetrahedral sites.

Next, we consider the Be:Al,O; doped with one
Be-Be cluster per supercell. In the present work only
two proposed possible cases are studied. The first-
case is to fill a Be-Be cluster along two nearby empty
octahedrons in z-axis. Its optimized structure is shown
in figure 2a. As expected, the repulsion of the Be-Be
cluster causes some geometric constraints on the above
and below filled octahedron. This results of the wider
0O2AIl02 angle and the narrower O1AIO1 in the next-
layer octahedrons. The second case is to fill a Be-Be
cluster into an AI** defect position which is next to an
empty octahedron along z-axis (see figure 2b). The
oxygen geometry around Be®* at the defect site
changes a bit. The repulsion of Be-Be cluster in this
Be:Al,Oj3 is not strong as the previous case.
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Some geometric properties of the electronic structure
of all Be:Al,O3 are summarized in table 1.

Figure 2. The electronic structures of Be:Al,O;. (a)
Be-Be cluster doped in two empty octahedral. (b) Be-
Be cluster doped in one APP* defect site next to an
empty octahedron. The notations for all spheres are
same as ones in the previous figure.

In order to study the stability of Be?*, which is
doped in an empty site (tetrahedron or octahedron) of
non-defect Al,Os, the corresponding cohesive energy
was calculated by the following expression.

Ecohesive for 1 Be2+ — EBeAI203, opt — EAI203,sp - EBe2+

, Which Egearzos, opt = total energy of Be:Al,O3
Earossp = single point energy of Al,03
Ege:+= total energy of Be®* ion.

Generally, the cohesive energy is an amount of
interaction energy (attraction energy) for holding all
ions together to form the crystal, which can be
determined by the difference between the energy of
bulk crystal and the total energy of all free ions. In
order to calculate an amount of energy, which is
corresponding only for adding one Be®* into the Al,O;
crystal, we defined the corresponding cohesive energy
as described above. Interestingly, the cohesive energy
for adding Be*" in an octahedral site is positive, while
one for the other site (tetrahedral site) is negative. This
means that adding Be®* in an empty octahedral site
causes some higher energy to Al,Os crystal. Therefore,
from energetic aspect Be** should not stay stably in an
empty octahedral site. On the other hand it suggests
that Be?" could stay in a tetrahedral site in Al,O,
crystal. However, from the structural point of view
adding Be?* in tetrahedral site affects a lot changes in
Al,O3 structure. The rearrangement energy involved
for this process can be calculated as

Erearrangement = Earos, opt — E Arz0s, sp
, Which  Eapos, opt = total energy of pure Al,Os.

The rearrangement energy for this case is about 5.5
eV or 130 kcal/mol. This amount of energy can be
achieved easily during annealing (~ 1800 K) in the
gem apparent-enhancement process. The formation
and rearrangement energies for all case are listed in
table 2.
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Table 2 Some energetic properties of Be:Al,03

Be:AIZO3 Ecohesive (eV) Ere(zréa\g/e)mem
Be?":tetrahedron 2.72 5.5
Be®":octahedron 2.95 2.43
Be-Be:2octahedrons -1.32 8.85

Usually, the defect site is filled by an ion with
equal charge (isovalent ion). According to charge-
compensation mechanism in defect chemistry, it is still
possible to add a mismatch-charge ion at the defect
site. In this work, Be?* is used to fill at an AI** defect
site (see figure 1d). The formation energy E; of Be*

substituting for A" in a bulk A|203 crystal is obtained by

Ef = Ege:a203 + Hal — Eaizoz— Hae + QEF,
where Egeapos and Eapos are total energies for
Be:Al,O3 and corresponding Al,Oz. pa and pge are
chemical potential for AI** and Be?". EF is the Fermi
energy, which is set to zero at the valence-band
maximum.

The formation energy E; described above is the
difference in the total crystal energy before and after
substitute AP with Be®*. The calculated E; in this
work is -0.28 eV. The small E; suggests that it is
possible to substitute AI** with Be?* in AlLO; crystal.

Conclusions

In summary, we have studied some structural
properties of the Be:Al,O; crystal and the stabilities of
doped Be?* and a small Be-Be cluster in pure
aluminum oxide. In case of adding a Be?* ion in an
empty site of Al,Oz; from the energetic aspects it
suggests that Be** cannot stay stably in octahedral site
while it is possible to be in tetrahedral site if there is
enough energy to rearrange the Al,Oj structure.
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Abstract: (+)-Calanolide A was described as the first
natural product that inhibits HIV-1 reverse transcriptase
(HIV-1 RT). Calanolide A derivatives show extremely
high potency against several single mutations of HIV-1,
especially Y181C mutation. However, the binding mode
of calanolide A derivative in HIV-1 RT binding site has
not been clarified. The docking calculations and MD
simulations using GROMACS were employed to model
the potential binding mode of a calanolide A derivative in
the WT HIV-1 RT binding site. The obtained results
show that a calanolide A derivative is bound in the same
binding site with nevirapine. However, there are new
arrangement of resides in HIV-1 RT binding site to
accommodate the binding of a calanolide A derivative.
The positions of Tyrl81, Tyrl83, Tyrl88, Pro225,
Pro226, Trp229, Leu234, His235, Pro236, Tyr318 and
Glul38 are significantly changed as compared with those
of nevirapine binding site. Additionally, Thr139 of HIV-1
RT chain B is participated in the binding of a calanolide
A derivative. This result is correlated with the
experimental data that the mutation of Thr139 affects on
the inhibition activities of calanolide derivatives more
than that of nevirapine. Based on the molecular
modelling results, the reasonable binding mode of a
calanolide A derivative in WT HIV-1 RT was proposed.
These results should provide the better understanding
the binding mechanism of calanolide A derivatives in WT
HIV-1RT.

Introduction

Highly active antiretroviral therapy (HAARTa) has
been very effective for treatment of HIV-1. However,
several limitations of this medication are presented
such as the rapid emergence of drug-resistant mutant
strains due to the narrow range of chemical structure
of the cocktail components. Accordingly, HIV-1
treatment remains a great need to discover novel
antivirals, especially ones that function as
nonnucleoside  reverse  transcriptase  inhibitors
(NNRTIs). (+)-Calanolide A was described as the first
natural product that inhibits HIV-1 reverse
transcriptase (HIV-1 RT) [1-2]. Calanolide A
derivatives show extremely high potency against
several single mutations of HIV-1, especially Y181C
mutation. However, the binding mode of calanolide A

derivative in HIV-1 RT binding site has not been
clarified. In this present study, the docking
calculations and molecular dynamics (MD)
simulations using GROMACS were employed to
model the potential binding mode of a calanolide A
derivative in the wild type (WT) HIV-1 RT binding
site.

Figure 1. The chemical structure of (+)-Calanolide A

Materials and Methods

Calanolide/WT HIV-1 RT structure: The X-ray
crystal structure of nevirapine complexed with WT
HIV-1 RT (pdb code of 1VRT) was taken for this
study. Calanolide derivatives were docked into the
nevirapine binding site using Autodock 3.05 program.
The complexed structure of calanolide derivatives
obtained from docking calculations was served as the
initial structure for MD simulations.

Force Fields: GROMOS96 53a6 force field was
applied for MD simulation. Because of no such
standard force field for calanolide derivatives,
ACPYPI program was employed to calculate force
field for these compounds.

Molecular simulation: GROMACS 4.0.4 software
package was used for MD simulations. The
calanolide/HIV-1 RT complex was immersed in a box
that extends at 12 A from all atoms of this complex
and it was then solvated by SPC216 water molecules.
To treat the electroneutrality condition, 9 CI-
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counterions were added by replacing 9 water
molecules in the system. The energy minimization
with 2000 steps using the steepest descent algorithm
was performed for this system with all bonds
constrained. After energy minimization, 200 ps
position restraining simulation of this system was
performed to relieve close contacts before the actual
simulation. Then, full MD simulation with time step of
0.002 ps was performed with the simulation time of 10
ns. The leapfrog algorithm in the NVT ensemble at
300 K was used for simulation. The V-rescale
temperature coupling was used to keep the system in a
stable environment. All bonds were constrained
LINCS algorithm. During MD simulation, the particle
mesh Ewald (PME) method was used to calculate
long-range electrostatics. 10 A cutoff for Lennard-
Jones and short-range Coulomb interaction was
employed. Coordinates and energy of system were
saved at every 2 ps.

Results and Discussion
Root mean square deviation

The root mean square deviations (RMSD) of
backbone atoms of HIV-1 RT compared with initial
coordinates as a function of the simulation time were
examined to reveal the stability of the system. HIV-1
RT reaches equilibrium after 500 ps of simulation time
as shown in Figure 2. However, HIV-1 RT shows
more flexibility with RMSD in range of 2.5-4.0 A. In
case of calanolide inhibitor, it reaches equilibrium at
the early simulation time. Based on RMSD, calanolide
shows two binding modes in WT HIV-1 RT. Two
binding modes of calanolide are shown in Figure 3.
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Figure 2. RMSDs of backbone atoms of HIV-1 RT
and all atoms of a calanolide derivative

10

Interactions of calanolide A derivative in HIV-1 RT

Although a calanolide A derivative shows two
binding modes in HIV-1 RT binding site, their
interactions are similar. This result may be resulted
from the high flexibility of HIV-1 RT. A calanolide A
derivative is bound in the same binding site with
nevirapine as shown in Figure 4. However, there are
new arrangement of resides in HIV-1 RT binding site
to accommodate the binding of a calanolide A
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derivative. The positions of Tyrl81, Tyrl83, Tyrl88,
Pro225, Pro226, Trp229, Leu234, His235, Pro236,
Tyr318 and Glul38 are significantly changed as
compared with those of nevirapine binding site.
Additionally, Thr139 of HIV-1 RT chain B is
participated in the binding of a calanolide A derivative
which is correlated with the experimental data that the
mutation of Thr139 affects on the inhibition activities
of calanolide derivatives more than that of nevirapine
[1]. This result implies the reasonable binding mode of
a calanolide A derivative in WT HIV-1 RT obtained
from MD simulation.

Figure 3. The binding modes of calanolide A
derivative at 2 ns (cyan) and 8 ns (yellow)
in HIV-1RT

Figure 4. The binding modes of calanolide A
derivative (yellow) and nevirapine (pink) in
HIV-1 RTs.

A calanolide A derivative could form a hydrogen
bond interaction with Lys103 as shown in Figure 5.
Moreover, the hydrophobic interaction of this
compound with Vall79, Tyr181, Tyr188, Phe227,
Trp229, Leu234, Pro236 and Tyr318 could be
observed.
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Figure 5. The binding mode of calanolide A
derivative in HIV-1 RT obtained from MD
simulation

Conclusions

The docking calculations and MD simulation using
GROMACS are nicely to simulate the reasonable
binding mode of a calanolide A derivative in the WT
HIV-1 RT binding site. A calanolide A derivative is
bound in the same binding site with nevirapine.
Moreover, the important interactions for binding of a
calanolide A inhibitor in HIV-1 RT were elucidated.
Consequently, our results should provide the better
understanding the binding mechanism and dynamics
behavior of calanolide A derivatives in WT HIV-1 RT.
These results could benefit for designing novel anti-
HIV agent with high inhibitory activity.
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Abstract: Arylamide derivatives as an antitubular agent
have been introduced to overcome the resistance of
isoniazid (INH) associated with mutations in the KatG
enzyme. The enoyl acyl carrier protein reductase (InhA)
from M. tuberculosis has been identified as the target
enzyme of arylamide derivatives. InhA catalyzes the
NADH-specific ~ reduction  of  2-trans-enoyl-ACP
substrate. Arylamide derivatives could bind to both of
INhA-NADH and InhA-NAD+ forms. In order to
examine which form of the enzyme arylamides prefer,
molecular dynamics (MD) simulations of an arylamide
derivative bound to both of InhA-NADH and InhA-
NAD+ were performed. Moreover, MM-PBSA method
was employed to calculate the binding free energy of this
compound. The results reveal that an arylamide
derivative bound to InhA-NAD+ shows more flexible
than that bound to InhA-NADH. Based on the calculated
binding free energies, an arylamide inhibitor complexed
with InhA-NAD+ represents the binding free energy
higher than that complexed with InhA-NADH, -11.83
and -17.59 kcal/mol, respectively. Therefore, our results
should provide the better understanding on the inhibition
mechanism of arylamide derivatives which is the
important information for designing novel antitubular
agent.

Introduction

Many compounds functioning as direct InhA
inhibitors have been discovered and identified [1-2] to
overcome the INH resistance associated with
mutations in the KatG enzyme. A series of arylamides
is one of the novel classes of potent InhA inhibitors
that circumvent the resistance mechanism to INH
prodrug [3]. The enoyl acyl carrier protein reductase
(InhA) from M. tuberculosis has been identified as the
target enzyme of arylamide derivatives. InhA
participates in the elongation cycle of the mycolic acid
biosynthesis. This enzyme utilizes NADH to reduce
the trans double bond between positions C2 and C3 of
a fatty acyl chain linked to the acyl carrier protein as
shown in Figure 1. Arylamide derivatives are possible
to bind to both of InhA-NADH and InhA-NAD+
forms. In order to examine which form of the enzyme
arylamides more prefer, molecular dynamics (MD)
simulations of an arylamide derivative bound to both
of InhA-NADH and InhA-NAD+ were performed. The

obtained results should provide the better
understanding on the inhibition mechanism of
arylamide derivatives leading to design the novel
antitubular agent.

Inhi
/:/+ NADH + HF —-/—/+ MAD+

Figure 1. Enzyme reaction of InhA

Materials and Methods

Model setup: Two X-ray structures of InhA
complexed with arylamide and substrate with pdb
codes of 1P44 and 1BVR, respectively, were taken as
the starting structures for MD simulations. Amber03
force field was used for InhA and Gaff force field was
used for substrate, arylamide P3, NADH and NAD+.
Whole system was solvated by TIP3P water using a
truncated octahedron periodic box with a spacing
distance of 10 A around the molecule. Na counter ions
were added to neutralize the charge.

Minimization and MD simulation: Molecular
dynamic  simulations were performed using
AMBER10. A steepest descents energy minimization
with position restraint was performed using the Sander
program to relieve bad steric interactions. Non-bonded
cutoff was set at 8 A. The force of 500.0 kcal/mol was
used to restrain the atom positions. Then whole system
without restraint condition was minimized. Then, the
system was heat from 0 K to 100 K with 10 ps
simulation time and then this system was heat from
100 K to 200 using the same simulation time. The
system was heat from 200 K to 300 K with 10 ps
simulation time. Finally, production run was carried
out for 3 ns at 300 K under constant volume condition.

MM-PBSA: MM-PBSA method was employed to
calculate the binding free energy of system. All
energetic analysis were done using a single trajectory
approach. All water molecules and ions were removed
before MM-PBSA was calculated. Snapshots of 1.5-3
ns were taken for MM-PBSA calculations.
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Figure 2. The chemical structure of arylamide P3
Results and Discussion

Structural stability during MD simulations

The root mean square deviations (RMSD) of all
atoms of InhA in two complexes, INhA/NADH/P3 and
INhA/NAD+/P3 reach the plateau characteristic at the
early time. Compound P3 complexed with
InhA/NAD+ show more flexible than that complexed
with InhA/NADH as shown in Figure 3.

@)

(b)

Figure 3. RMSD of all atoms of each molecule in
complexes of  InhA/NADH/P3  (a),
InhA/NAD+/ P3 (b)

The complexed structure

The MD structures of InhA/NADH/P3 and
INhA/NAD+/P3 are shown in Figure 4. The binding
modes of arylamide P3 in both structures are similar.
However, two main hydrogen bond distances of
arylamide P3 in InhA/NADH are longer than that in
INnhA/NAD+ as shown in Figure 5.

The binding free energy
The estimate binding free energies of two systems

of InhA/NADH/P3 and InhA/NAD+/P3  were
calculated by MM-PBSA method (Table 1). The
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calculated binding energies of arylamide P3 in
INhA/NADH and InhA/NAD+ complexes are -11.83
and -17.59 kcal/mol, respectively. This result indicates
that arylamide P3 more prefers to bind in InhA/NAD+
form than InhA/NAD+ form. According to enzyme
reaction of InhA in Figure 1, arylamide P3 should bind
InhA after InhA catalyzed the reduction of 2-trans-
enoyl-ACP substrate.

Figure 4. Superimposition of MD structures of
INhA/NADH/P3 (cyan) and InhA/NAD+/P3

(green)

Figure 5. Two main hydrogen bond distances of
arylamide P3 in InhA/NADH (pink) and
INhA/NAD+ (yellow)

Table 1: The calculated binding free energy obtained
from MM-PBSA method

Binding free energy
System
(kcal/mol)
InhA/NADH/P3 -11.83
INhA/NAD+/P3 -17.59
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Conclusions

MD simulations with AMBER program are
successfully to simulate the binding mode of
arylamide P3 in both forms of InhA/NADH and
INhA/NAD+. Based on MM-PBSA method, an arylamide
derivative complexed with InhA/NAD+ represents the
binding free energy higher than that complexed with
INhA/NADH. This result indicates that arylamide inhibitors
prefer to bind with InhA/NAD+ form. Therefore, the
obtained results provide insights into the inhibition
mechanism of arylamide inhibitors on InhA function
which may be useful for rational drug design of anti-
tuberculosis agent.
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Abstract:  Azanaphthoquinone annelated pyrrole
derivatives, a class of the synthetic DNA intercalating
agent, exhibit cytotoxic activity against tumor cell lines.
However, the binding modes of these anti-cancer agents
have not been established. In order to predict the
potential binding modes of these compounds in DNA
binding site, molecular dynamics (MD) simulations with
AMBER program were performed. Moreover, MM-
PBSA method was employed to calculate the binding free
energy of azanaphthoquinone annelated pyrrole
derivatives in DNA binding site. Based on MD
simulations, azanaphthoquinone annelated pyrrole
scaffolds of azanaphthoquinone annelated pyrrole
derivatives are inserted into two base pair steps of
cytosine (C) and guanine (G). These scaffolds form a-n
interactions with base pairs of C and G. The hydrogen
bond donor group at the R substituent could form
hydrogen bond interactions with carbonyl oxygens and
nitrogen atoms of C and G. Based on the calculated
binding free energy, the hydrogen bond interaction of R
substituent could enhance the binding affinity of
azanaphthoquinone annelated pyrrole derivatives in
DNA duplex. Moreover, the long sidechain of R
substituents reinforces the binding of these compounds.
Therefore, the obtained results from this study should be
helpful for understanding the binding modes and the
crucial interactions of azanaphthoquinone annelated
pyrrole derivatives in DNA binding site.

Introduction

Azanaphthoquinone annelated pyrrole derivatives
act as the synthetic DNA intercalating agent [1-2].
They were synthesized and screened for cytotoxic
activity against at least four different cell lines
KB/HeLa, NCI-H460, SKOV-3 and SF-268. They
exhibit promising cytotocity. However, the binding
modes of these anti-cancer agents have not been
established. In order to predict the potential binding
modes of these compounds in DNA binding site,
molecular dynamics (MD) simulations with AMBER
program were performed. Moreover, MM-PBSA
method was employed to calculate the binding free
energy of azanaphthoquinone annelated pyrrole
derivatives in DNA binding site.

Materials and Methods

Material: The X-ray crystal structure of anti-cancer
complexed with DNA duplex (pdb code of 2BG9) was
taken for this study. Azanaphthoquinone annelated
pyrrole derivatives complexed with DNA obtained
from docking calculations was served as the initial
structure. The chemical structures and inhibition
activities of azanaphthoquinone annelated pyrrole
derivatives are shown in Table 1.

Table 1: The chemical structures and inhibition
activities of azanaphthoquinone annelated
pyrrole derivatives

Cpd. Structure KB (ICxp)
o)
B N\
N = N
\
O R
1 R= -CH,CH,N(CHs), 11.04
R
|
N‘O
|
A
| A\
N 2 N
o]
N=CH;
HyC
2 R= -CH,CH,OH 0.66

Minimization and MD simulation: Amber03 and
Gaff force fields were used for DNA and anti-cancer,
respectively. Whole system was solvated by TIP3P
water using a truncated octahedron periodic box with a
spacing distance of 10 A around the molecule. 10 Na+
counter ions were added to neutralize the charge. A
steepest descents energy minimization with position
restraint was performed using the Sander program to
relieve bad steric interactions. Non-bonded cutoff was
set at 8 A. The force of 500.0 kcal/mol was used to
restrain the atom positions. Then whole system
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without restraint condition was minimized. The system
was heat from 0 K to 100 K, 100 K to 200 and 200 K
to 300 K with time step of 10 ps. The production run
was carried out at 300 K under constant volume
condition.

MM-PBSA: MM-PBSA method was employed to
calculate the binding free energy of system. All
energetic analysis were done using a single trajectory
approach. All water molecules and ions were removed
before MM-PBSA was calculated. Snapshots of 2 ns
were taken for MM-PBSA calculations.

Results and Discussion

Structural stability during MD simulations

10 ns MD simulations compounds 1, 2 and 3 were
performed. The root mean square deviations (RMSD)
as a function of the simulation time of each complex
with respect to the starting structure were analyzed and
are shown in Figures 1 and 2. The RMSD curves of
DNA complexed with compounds 1 and 2 become flat
in the early time, indicating that these systems reach
equilibrium. However, both of ligand and DNA
structures show more flexibility.

Figure 1. RMSD of DNA and compound 1

Figure 2. RMSD of DNA and compound 2

The binding modes of anti-cancer obtained from MD
simulations

The binding modes of compounds 1 and 2 are
shown in Figures 3 and 4, respectively. The
azanaphthoquinone annelated pyrrole scaffolds of
compounds 1 and 2 form =-m interactions with base
pair of C and G. Two hydrogen bonds of the R
substituent of compound 2 with base C and sugar of
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base C could be observed, whereas those interactions
could not be found in compound 1.

Figure 3. The binding mode of compound 1 in DNA

duplex obtained from MD simulation

Figure 4. The binding mode of compound 2 in DNA

duplex obtained from MD simulation

The binding free energy

The binding free energies of all compounds
calculated using MM-PBSA method are shown Table
2. Compound 2 shows the binding free energy higher
than that of compound 1 which correlate with their
activities. This result suggests that the hydrogen bond
interactions of the R substituent could enhance the
binding affinity of azanaphthoquinone annelated
pyrrole derivatives.

Table 2. The binding free energy calculated by MM-

PBSA method
System AG (kcal/mol)
Cpd. 1 -9.35
Cpd. 2 -11.55
Conclusions

The potential binding modes of azanaphthoquinone
annelated pyrrole derivatives in DNA binding site are
successfully carried out by MD simulation. The
azanaphthoquinone annelated pyrrole scaffolds of
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azanaphthoquinone annelated pyrrole derivatives are
inserted into two base pair steps of cytosine (C) and
guanine (G) and form =-nt interactions with these base
pairs. The hydrogen bond interactions of R substituent
could enhance the binding  affinity  of
azanaphthoquinone annelated pyrrole derivatives in
DNA duplex which lead to increase the biological
activity. Therefore, the obtained results are fruitful
information for designing new and more cytotoxic
activity anti-cancer agents.
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Abstract: MD-ONIOM2 is compared to full quantum
mechanical modelling for different amines in solution
with the aprotic, highly polar solvent DMSO. This
involves hydrogen bonding which complicates the system
and causes significant deshielding of the amine hydrogen
atoms and strongly affects their IH-NMR chemical shifts.
Initially, the anti-HIV drug nevirapine in DMSO was
modelled as a real-world test-case. Subsequently, four
amines, aniline, N-methylaniline, acetamide and
valerolactam, were also modelled to show that MD-
ONIOM?2 is more generally applicable.

Tested against experimental results, it was found that full
quantum mechanical “gas-phase” modelling gave good
predictions for all protons except acidic amine hydrogen
atoms. MD-ONIOM2 is shown to use a very good
compromise in that it predicts all the hydrogen 1H-NMR
chemical shifts well, but is computationally cheap enough
to run in a reasonable time on a standard PC because the
solvation shell is treated at a low level of theory.

MD-ONIOM2 also has the advantage of modelling
dynamic systems, allowing the solvent molecules to break
and form hydrogen bonds constantly, and even to
exchange solvent molecules over time. This helps to
define the solvation shell around the solute molecule, the
amine, that is the basis for the different levels of theory in
ONIOM. As a bonus, the IR spectra of the five
compounds were also predicted and showed the expected
shift in the N-H stretching bands to lower wavenumber
in the DMSO solution.

Introduction

Computer modelling is an indispensible tool of
modern science, and in chemistry has many uses in
understanding and interpreting real systems and
experimental data [1,2]. One fundamental use is the
modelling of spectra, in particular NMR and infrared
spectra, which may have complicated forms but are
especially useful for analysis of functional groups and
bonds in molecules. Modelling helps in the
interpretation of complex absorption peaks, assisting
in the assignment to the appropriate functional groups,
bonds or atoms.

Conversely, measured spectra can be used to check
the accuracy of models and the predictions they make.
Obviously, if there is a significant discrepancy
between an experimentally measured spectrum and a

modelled one, the model is to be considered to be
inaccurate or inadequate.

Modelling must often balance accuracy and detail
in a system against the computational cost of
calculations. That is, better modelling results require
more computer resources and/or more time to produce.
The researcher usually has to decide what level of
accuracy is acceptable for the study being undertaken
and choose the appropriate level of detail in the model.

A common problem in modelling chemical systems
is the effect of hydrogen bonding. In spectra, this can
be seen as extra deshielding causing *H-NMR shifts to
significantly higher ppm values for the affected
hydrogen atoms, and IR shifts to lower wavenumber
for the vibrational modes of the bonds associated with
the same hydrogen atom [3,4].

In the popular Gaussian03 software package, the
basic model used to generate spectra is the “gas-phase”
model. This is an isolate molecule treated with a high
level of quantum mechanical (QM) theory. However,
previous work has shown that, while this model
generates acceptable *H-NMR spectra predictions for
most hydrogen atoms, the NMR shifts of any hydrogen
atoms involved in hydrogen bonding are significantly
underestimated. This model, for example, may be
adequate for a compound dissolved in a non-polar
solvent such as chloroform as there is minimal
interaction between solute and solvent molecules, and
the solute molecule can be considered to be effectively
isolated.

However, for a compound with acidic hydrogen
atoms in a polar solvent such as DMSO, there is
significant interaction with the formation of hydrogen
bonds and subsequent extra deshielding that the
standard gas-phase model does not incorporate. This
deficiency can be overcome by including solvent
molecules in the model.

In the work reported here, one solute molecule of
interest is added to a box of solvent molecules and
molecular dynamics (MD) used to model the
interactions between them. This shows the effective
solvation shell which is used to determine the cut-off
for selecting solvent molecules to include in the
subsequent QM calculations. Again, this uses the gas-
phase option of Gaussian03 but with Our own N-
layered Integrated molecular Orbital and Molecular
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mechanics, with N 2, (ONIOM2). This method
applies the same high level of quantum theory to the
solute molecule as the standard gas-phase. However,
as shown in Figure 1, the solvent molecules included
in the solvation shell are treated at a lower level of
theory, minimising the extra time required to complete
calculations. The results will show that this gives well
simulated "H-NMR and IR spectra of several amines in
DMSO.

Figure 1. Schematic of ONIOM2 for aniline and its
solvation shell. The aniline is treated at a high level of
guantum theory, and the bonded DMSO at a low level.

Materials and Methods

Original work [5] on modelling the anti-HIV drug
nevirapine in DMSO showed that, compared to the
standard gas-phase model, MD-ONIOM2 was able to
better predict the NMR shift of the acidic amine
hydrogen that forms hydrogen bonds to the polar
DMSO solvent. This led to the modelling of four
representative, simple amines to show the general
applicability of MD-ONIOMZ2. The amines aniline, N-
methylaniline, acetamide and valerolactam were
chosen because experimental NMR data are available
for them, and they have variously one or two acidic
amine hydrogen atoms and different neighbouring
functional groups. Also, acetamide has cis- and trans-
acidic hydrogen atoms, due to its resonance structure,
which a good model should distinguish.

For the gas-phase model, a single solute molecule
as used to generate the "H-NMR chemical shifts using
the Gaussian03 software package at B3LYP/6-
311++G//B3LYP/6-31G™, with TMS as the standard
NMR reference. The IR spectra were calculated at
B3LYP/6-31G// B3LYP/6-31G ™.

Modelling of the solute molecules was performed
in two stages: first MD of the molecule in a box of
solvent molecules, followed by ONIOM2 of sample
snapshots from the MD stage to calculate *H-NMR
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shifts and IR spectra. This was described in detail
previously [5] and only a summary is given below.

The AMBER9 software package was used for the
MD with this work. Each solute molecule, as DMSO
beforehand, was generated with the SYBYL7.0
program [6] and optimised with the Gaussian03
program [7] at B3LYP/6-31G™" level. The molecule
electrostatic potential (ESP) was generated using
single point calculation at HF/6-31G™ level with the
Merz—Kollman-Shigh charge scheme (MK). The
Antechamber module was used to generate the ““prep”
input file and atomic charge, using the AMBER force-
field parameters [8].

The solute molecule model was placed in a box of
DMSO molecules [5] for the MD run and a radial
distribution function (RDF) was used to determine the
average distribution of DMSO-oxygen atoms around
the acidic protons. From the RDF, the solvation shell
could be determined and the cut-off set to provide the
discrete models for ONIOM2 (Figure 1). Because of
the dynamic nature of hydrogen bond formation and
breaking, 10 snapshots were taken every 100 ps during
the final 1 ns of the production period for the
ONIOM2 modelling with the Gaussian03 software
package at B3LYP/6-311++G""//B3LYP/6-
31G™":HF/STO-3G//PM3, using TMS as the standard
NMR reference. The predicted 1H NMR shifts from
each of the ten snapshots were averaged at the end.

The IR spectra were calculated at B3LYP/6-31G’//
B3LYP/6-31G .

) cis-  trans-
Acetamide
N,

H H
N

integration )\
®)

0 2 4 6 8 10 12 14

Distance from acidic proton / A
Figure 2. An example of a RDF from a MD
simulation. This shows the distribution of DMSO-
oxygen atoms around one of the acidic hydrogen
atoms in acetamide.

Results and Discussion

The stability of the MD simulations was checked
by observing the root mean square deviation (RMSD)
of heavy atoms in the solute molecules and the total
energy of the system.

For the MD of each solute molecule, the RDF of
the DMSO-oxygen atoms around the acidic proton
gave the radius of the solvation shell, that is, the
distance within which the DMSO is bonded to the
proton. This was obvious from peaks in the RDF, and
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integration of the area under the peaks showed that on
average only one DMSO molecule was bonded to each
acidic proton. Figure 2 shows the RDF of acetamide as
an example. The solvation shell radius was used as the
cut-off for the ONIOM2 model with all the DMSO
molecules that were completely outside the radius
excluded. The cut-off radius was approximately 3A for
the molecules with only one acidic proton, and
approximately 4A for those with two acidic protons.
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Figure 3. Predicted NMR shifts plotted against
experimental values are shown for aniline. The slope
and correlation are also given for least squares
regression lines which are constrained to go through
the origin. The oval highlights the acidic hydrogens.

Table 1. The experimentally measured and the
predicted NMR shifts of the acidic hydrogens of the
five amine compounds studied. The difference =
(experimental value - predicted value) is given for
easier comparison.

Expt. ONIOM2 gas-phase
ppm | ppm difference | ppm difference
Nevirapine 9.86 | 10.93 -1.07 6.43 3.43
N-methylaniline | 5.52 5.00 0.52 3.35 2.17
Aniline 4.99 5.16 -0.17 3.20 1.79
4.99 5.39 -0.40 3.20 1.79
Valerolactam | 7.34 6.96 0.38 4.62 2.72
Acetamide 6.70 6.28 0.42 4.38 2.32
7.30 6.85 0.45 4.74 2.56

The ONIOM2 calculated NMR shifts for the acidic
amine protons can be seen in Table 1. Also seen are
the experimental NMR shift values, and the
corresponding  gas-phase  model  results.  The
differences from the experimental value are shown for
clarity. The two models give similar predictions of
NMR shifts for all the non-acidic protons. However,
for the acidic amine protons, the gas-phase model
gives the poor predictions and ONIOM2 better ones.

This can be seen in Table 2 which shows the linear
correlation between the predicted shifts and the
experimentally measured shifts of all the hydrogens.
Least squares regression analysis was used to calculate
the slope and correlation for a line fitted to each set of
points as seen in the example of aniline in Figure 3.
The regression line is constrained to go through the
origin as both modelled and experimental shifts are
relative to TMS with a shift of 0 ppm.

Table 2. For plots of predicted NMR shifts against
experimental data, the slope and correlation are shown
for least squares regression lines which are constrained
to go through the origin, since all shifts are relative to
TMS. It can be seen that the MD-ONIOM2 results are
very close to the ideal line which would have m =1
and R? = 1. (See Figure 3.)

ONIOM2 gas-phase
m R? m R?
Nevirapine 1.0002 0.9968 | 0.9383 0.9239
N-methylaniline | 1.0126 0.9847 | 0.9841 0.8543
Aniline 1.0153 0.9237 | 0.9604 0.7049
Valerolactam 0.9924 0.9869 | 0.8145 0.4740
Acetamide 0.9398 0.9997 | 0.6815 0.8726

For a perfect model, the resultant points would lie
on a line with a slope, m = 1, and correlation, R* = 1.
MD-ONIOM2 gives results close to the ideal. The gas-
phase model consistently gives shifts for the acid
hydrogens that are too low. It should also be noted that
the cis- and trans- hydrogens in acetamide are also
well modelled by ONIOM2 and different values for
each predicted. Additionally, either acidic hydrogen
can be chosen as the centre for the RDF as all the
bonded DMSO molecules will still be observed and
the same snapshots used in ONIOM2

Table 3. Position of N-H stretching for simulated IR
spectra showing the shift in ONIOM2 to lower
wavenumber.

ONIOM2 gas-phase
fem™ fem™
Nevirapine 3135 3459
N-methylaniline 3558 3670
Aniline 3590 asym. 3778
3473 sym. 3651
Valerolactam 3481 3601
Acetamide 3602 asym. 3749
3397 sym. 3616

Comparing the simulated IR spectra of nevirapine
to the experimental spectrum of the pure solid (KBr
pellet, Bruker FT-IR IF66S/S) shows that the
ONIOM2 model predicts the shift to lower
wavenumber that is expected for N-H stretching. This
is due to the hydrogen bonding interactions present.
Table 3 shows the values of N-H stretching for all five
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amines. The shift to lower wavenumber is seen in all
cases.

ONIOM2
N-H stretching
A Y, VN J
¢ gas phase

Experimental

4000 3600 3200 2800 2400 2000 1600 1200 800

Figure 4. Comparison of IR spectra of nevirapine.
Note that the gas-phase matches the experimental
spectrum of pure nevirapine well, but ONIOMS shows
the shift in N-H stretching expected due to H-bonding.

Conclusions

Using a high level of quantum mechanical theory
to model an isolated molecule in the “gas-phase” gives
good accuracy, and can generate acceptable *H-NMR
and IR spectra, if no hydrogen bonding is present in
the system.

If hydrogen bonding is present, the resulting model
is significantly inaccurate for the acidic hydrogen
atoms. However, it was shown that including the
hydrogen bonding, for example, using MD to
determine the solvation shell around a solute molecule,
and using a low level of theory to describe this part
gives good accuracy. It particular, the shift in *H-NMR
and IR spectra are more realistically predicted.
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Abstract: The interactions between TMC278 and
allosteric binding site of HIV-1 reverse transcriptase of
wild-type, and with double mutation L1001/K103N were
investigated by using three-layered ONIOM calculations.
Binding energies were determined and compared to
describe the loss of activity of TMC278 with double
mutation L1001/K103N HIV-1 RT binding pockets as
compared with wild type. The binding energy for the
TMC278-L100I/K103N HIV-1 RT complex is less than
that of the wild-type complex by approximately 9.71
kcal/mol. This lead to specific interactions between
TMC278 and key residues in the two complex structures
being investigated. It was found that the attractive
interactions between TMC278 and K101, K103 and
W229 were reduced compared to the wild-type by 5.92, -
4.69 and 3.21 kcal/mol, respectively. It is important to
note that hydrogen bonding occurring between TMC278
and K101 was also disturbed. Moreover, N103 in the
binding pocket of the L100I/K103N enzyme creates a
repulsive interaction with the inhibitor. This confirmed
that TMC278 shows higher inhibitory affinities against
wild-type than L1001/K103N enzyme. Understanding
these particular structural interactions can be useful for
the design of inhibitors which are specific to HIV-1 RT
allosteric site and with greater potency against mutant

types.

Introduction

Human immunodeficiency virus type 1
reverse transcriptase (HIV-1 RT) is one of the most
important enzymes in the HIV- 1 life cycle for the
development of new anti-AIDS drugs to treat HIV-1
infections, permitting dramatic reduction in viral loads
and restoration of the immune system [1]. However,
treatments of drug do not eliminate the infection and
treatment must be life-long. Drug toxicity and
prolonged drug can be lead to the emergence of drug-
resistant mutant virus that is the key problem to
develop new anti-AlIDS drugs. Nevirapine fails to treat
the Y181C mutation. The K103N mutation confers
resistance to efavirenz. The L100l mutation and
combined two mutations such as K103N/Y181C and
L100I/K103N were fully resistant to almost all
NNRTIs drugs including nevirapine, efavirenz and
delavirdine. New series of NNRTIs was discover that
belong to the diarylpyrimidine(DAPY) family. DAPY
compounds, with TMC278 and them derivatives were
more potent than efavirenz, nevirapine and

delavirdine[2]. Moreover, TMC278 and some them
derivatives demonstrated high potency on wild type,
single and the double mutant strains as compared with
to marked drugs [3]. The wiggling and jiggling of
TMC278 compounds help them to retain their potency
against mutant HIV-1 viruses [4]. In order to
understand the binding stabilities of TMC278 to
double mutation such as K103N/Y181C or
L100I/K103N as compared with wild type at a
molecular level, the ONIOM computational approach
was employed to calculate binding energy of TMC278
to double mutation as compared with wild type. This
approach was useful in previous studies to demonstrate
the particular interaction between the NNRTIs and
amino acids in the non-nucleoside in inhibitor binding
pocket (NNIBP) with wild type, single mutant HIV-1
RT and K103N/Y181C. This understanding will be
helpful in the design of new inhibitor especially active
against double mutant HIV-1 RT and the better anti-
AIDs agents.

Recently, the ONIOM method was
successfully used to calculated the interaction energies
and the binding energies TIBO[5], nevirapine [6] and
efavirenz [7] in the HIV-1 RT binding pocket. The
three-layer ONIOM  (ONIOM3) method was
performed to study the interaction between efavirenz
and residues in the binding pocket for K103N/Y181C
double mutation HIV-1 RT as compared with wild
type. The results showed the calculated binding energy
for the efavirenz-K103N/Y181C HIV-1 RT complex is
less than that with the wild type complex by
approximately 8 kcal/mol [8].

In an attempt to understand the different
binding stability of TMC278 to wild type and double
mutant L100I/K103N at a molecular level, the
ONIOM computational approach was employed [9]. It
has not been clearly understood inhibitory effect of
TMC278 to the double mutant L1001/K103N HIV-1
RT. The following work describes how the binding
interaction of TMC278 to the double mutant
L100I/K103N. This understanding will be helpful in
the design of new inhibitors especially active against
double mutant HIV-1 RT, and thus better anti-AlDs
agents. Thus, the understanding of the molecular
mechanism of drug resistance can help in the design of
better inhibitor.
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Computational Methods

System studied

The starting models for calculations were
obtained from the X-ray structures of TMC278 bound
to HIV-1 RT for the wild-type and L1001/K103N
enzymes, listed in the Protein Data Bank with PDB
entry codes 2ZD1 and 2ZE2 respectively [2]. The
studied binding pocket included residues surrounding
the non-nucleoside inhibitor binding pocket (NNIBP)
with at least one atom interacting with any of the
atoms of the TMC278 inhibitor within the interatomic
distance of 7.0 A These residues of the studied system
are  Pro95, Leul00(lle100), Lys101, Lys102,
Lys103(Asn103), Vall06, Vall79, 11e180, Tyrl81,
GIn182, Tyrl83, Tyrl88, Vall89, Gly190, Pro225,
Pro226, Phe227, Leu228, Trp229, Leu234, Pro236,
Asp237 and Tyr318 from the p66 domain of RT, and
Glul38(b) from the 51 domain of RT (Figurel). All
residues were assumed to be in their neutral form. The
N- and C-terminal ends of cut residues were capped
with an acetyl group (CH3CO-) and a methyl
amino group (-NHCHsy), respectively
[(HsC—C(=0)-{NH-CH(-R)-C(=0)},—~NH-CHj)]. The
hydrogen atoms then were added to generate the
complete structures and their positions were optimized
by the semi-empirical PM3 method as available in the
GAUSSIAN 03 program running in Linux on a
Pentium 1V 3.2 GHz PC [10]. The optimizations were
carried out with fixed heavy atoms and the final
structures produced were used as the starting
geometries for all subsequent calculations.
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N PRO236
— N
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Figure 1. Model system used for TMC278 bound to
allosteric site of HIVV-1 RT consisting of 24

residues wild-type HIV-1 RT NNIBP.

Interaction energy calculations

The interaction energies, Eqrmczrs+xiy, between
TMC278 and individual residues, X;, were calculated
at the MP2/6-31G(d,p) levels of theory using the
geometry described above. The total interaction
energy, INT, can be expressed as: [5]
By (1)

INT rz+xi) = Egrzexiy — E@rz) —
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where Emczrg) and Ex;) are energies of TMC278 and
each individual residue, respectively.

Binding energy calculations

Three layer ONIOM calculations were
performed to determine the binding energy of TMC278
bound to the double mutant L100I/K103N HIV-1 RT as
compared to the wild-type. The total ONIOM energy of
the entire system was obtained from five independent
energy calculations in ONIOM3 methods as shown in
equations (2) [9]. All calculations were carried out
using the GAUSSIAN 03 package [10].

More precisely, the binding energy of
TMC278 bound to the allosteric pocket of HIV-1 RT
was determined using equations (2) for the
ONIOM3 methods[6].

AEONIOM3 E [CpX]opt E[P]opt - E[I—]OPt

= AE (High, A) + [AE (Mid, AB) - AE (Mid, A)] +
[ AE (Low, ABC)- AE (Low, AB)]

= AE (High, A) + [ AAE(Mid, AB-A)]+
[AAE(Low, ABC-AB)]

Where E[Cpx]oy: is the total optimized energy of the
TMC278-binding pocket complex, Cpx; E[Plqy is the
optimized energy of binding pocket; and E[L]oy: is the
optimized energy of the TMC278 ligand. Also, AE
(High, A) is the interaction energy in the region A
which is treated at the high level of theory, AAE (Mid,
AB-A) is the interaction energy from interactions
between the regions A and B and is evaluated at the
medium level of theory, and AAE (low, ABC-AB) is
the interaction energy from interactions between the
regions AB and C which is evaluated at the low level
of theory.

Comparing binding energy calculations between wild-
type and L100I/K103N enzymes

With the ONIOM3 method, the inner layer or
interaction region including the TMC278 and Y181 or
C181 was treated by the MP2/6-31G(d,p) methods.
The medium layer including K101, and L100 or 1100
were treated by the B3LYP/6-31G(d,p) method. The
remainder residues as outer layer was treated by the
PM3 method. For this study, the following models
were generated:
ONIOM3 calculation: MP2/6-31G(d,p)[TMC278+(
L100I or 1100)]:B3LYP/6-31G(d,p)
[K101+(K103 or N103)]:PM3[real]

Results and discussion

Interaction energy of TMC278 with individual residues of
HIV-1 RT binding pocket

The interaction energies between TMC278
and the individual residues (Xi) of HIV-1 RT binding
pocket for wild type and L1001/K103N enzymes were
calculated at MP2/6-31G(d,p) levels of theory and are
shown in Table 1. As the MP2 method includes the
dispersion interactions it is expected to give more
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accurate interaction energies than B3LYP [11]. In wild
type RT, the main contributions to the interactions
with TMC278 come from K101, Y181, F227 and
W229 which produce attractive interactions greater
than 3 kcal/mol, calculated at MP2/6-31G(d,p) level.
Considered in greater detail (Figure 2), Hydrogen bond
between a linker nitrogen atom of TMC278 (Figure 3)
and the main-chain carbonyl oxygen of K101 causing
the strongest interaction: 8.15 kcal/mol at the MP2/6-
31G(d,p) method is conserved in the binding of many
NNRTIs. The cyanovinyl group is positioned to fit into
a hydrophobic tunnel formed by the side chains of
amino acid residues F227 and W229 that may explain
why TMC278 is most potent of DAPY analogs.
TMC278 can be flexible to bind to HIV-1 RT and
interacts with aromatic side chains of Y181 and W229
via H-rt interaction. The repulsive interactions between
TMC278 and residues of the binding pocket for the
L100I/K103N enzyme is more than in wild-type. Also,
the attractive interactions between TMC278 and K101,
K103 and W229 in the L100I/K103N enzyme were
reduced to 5.92, 4.69 and 3.21 kcal/mol, respectively
(°AE in Table 1, MP2/6-31G(d,p) method), compared to
the wild type RT. These results indicate that the
mutated residues (L1001 and K103N) not only reduce
binding stability of TMC278, but also induce
destabilization in the cavity leading W229 residue to
loose contact with the inhibitor.

Figure 2. Orientation of TMC278 and residues with
largest interactions in the binding pocket of
wild-type HIV-1 RT.

Figure 3. Hydrogen bond between K101 and
TMC278
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Comparing binding energy calculations between wild
type and L1001/K103N enzymes

Among the known NNRT-resistance mutations the
L1001/K103N double mutation has the greatest effect on the
potency of TMC278. However, TMC278 still inhibits the
double mutant at ~8 nM ECgx [2]. In the wild type
RT/TMC278 structure, L100 is near the center of the pocket and
primarily interacts with the central pyrimidine ring of TMC278;
K103 is located on the other side of the pyrimidine ring of
TMC278 and wild type RT/TMC278 complexes. Comparison
of structures of the L100I/K103N mutant RT/TMC278 and
wild-type RT/TMC278 complexes (Figure 4) shows that -
branching of 1 100 in the L100I mutant lead to steric conflict
with the inhibitor if TMC278 were to bind in a conformation
similar to that seen in the wild-type RT/TMC278 complex.. To
avoid steric conflict with the L1001 mutation, TMC278 shift
away from 1100 and toward N103. In the L100I/K103N
complex structure, the amino acid residues in the NNRTI-
binding pocket are rearranged to optimize the inhibitor-protein
interactions, which contrasts with an earlier proposal that the
basis of the effects of the L1001 mutation was a loss of
interactions with Y181 and Y188[13]. However, analysis of all
of the structural results shows that L100I introduces a significant
distortion in the NNRTI-binding pocket. NNRTIs that do not
have ability to wiggle and jiggle and adapt their shape to the
various pockets found in the NNRTI-resistant RTs fail against
the known mutants because their binding is susceptible to steric
hindrance, because they lose key hydrophobic interactions, or
mutations K103N interfere with entry of the NNRTIs into the
pocket [2].

From Table 1, the double mutations
L1001 and K103N lead to the loss of contact between
TMC278 and K101, N103 and W229, with the
interaction energies between TMC278 and these
residues reduced by 5.92, 4.69 and 3.21 kcal/mol,
respectively, as compared with the wild-type. Table 2
shows the binding energies for the wild type and
L100I/K103N complexes using three-layer ONIOM
calculations. It can be seen that the difference in
binding energy between wild type and L1001/K103N
enzymes is far more significant (10.58 kcal/mol with
the MP2/6-31G(d,p):B3LYP/6-31G(d,p):PM3
method). The interaction energy in region A and the
interaction energy between regions AB and C of the
L100I/K103N enzyme are less than wild type by 4.47
and 8.94 kcal/mol, respectively. This indicates that the
double mutation L100I/K103N causes a large
reduction in attractive interactions between TMC278
and residues in core regions (mutated residue, 1100)
and in region B (K101 and N2103. The mutation L100I
introduces a significant distortion in the NNRTI-binding pocket
that causes a loss of contact between TMC278 and 1100
leading to a weakly attractive interaction in region A (-
0.38  kcal/mol at  MP2/6-31G(d,p):B3LYP/6-
31G(d,p):PM3 calculations) ). The mutation K103N
interferes with entry of the NNRTIs into the pocket. N103
creates repulsive interactions with TMC278 (Table 1)
when compared with the interaction between K103
and TMC278. The mutations in the L100l/K103N
enzyme leads to a reduction in the stabilization energy
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of the complex and induces destabilization in the ONIOM3[MP2/6-31G(d,p):B3LYP/6-
cavity by reducing contact between K101 and 31G(d,p):PM3].
TMC278. TMC278 shows higher inhibitory affinities
with the wild type compared to the double mutation Energy Wild-Type 1100L/K103N
L100I/K103N enzyme. AE (high, A) 485 2038
Table 1. The calculated interaction of TMC278 with [AAE (M. AB-A)] 9.2 0.3
individual residues (X;) from MP2/6- [AAE (Low, ABC-C] -6.17 -6.04
31G(d,p) methods. Binding Energy (kcal/mol) -20.29 -9.71
Interaction energy (kcal/mol)
Residue(Xi) Wild-type | L100/I/K103N AE,
PRO95 -0.46 -0.19 -0.27
GLY99 -0.13 -0.67 0.54
LEU100 -1.86 -0.08 -1.78
LYS101 -8.15 -2.23 -5.92
LYS102 -0.13 -0.20 0.07
LYS103 (ASN) -1.80 2.89 -4.69
VAL106 -0.39 -1.55 1.16
ILE180 -0.92 -0.55 -0.37 Figure 5. The electrostatic potential is shown on the
TYR181(CYS) -4.52 -4.03 -0.49 VDW accessible surface with red for
GLN182 037 016 021 negative and blue for positive values for (a)
TYR183 055 135 0.8 TMC278 interactipg with_ L100 and K103,
and (b) TMC278 interacting with 1100 and
TYR188 -2.24 -4.34 2.1 N103.
VAL189 -0.26 -0.40 0.14
GLY190 -0.72 -0.41 -0.31
PRO225 -152 -1.19 -0.33 Conclusions
PRO226 -0.60 -0.80 0.2
PHE227 -3.09 378 069 et Three:{lr;alyetr) _OIJ!IOM method h?s ?}?\?Ir(]: gggliid
to determine the binding energies o 0
?;EZS _2:22 2;? 30; L1001/K103N enzyme as gomparged with the wild type
RT. In the L1001/K103N enzyme, the two mutations
LEUZ34 -0.94 1.22 -2.16 L1001 and K103N eliminate favorable contacts of the
PRO236 -2.18 -1.07 -1.11 hydrocarbon side chain of L100 and K103 with
ASP237 -1.50 -0.11 -1.39 TMC278 leading to reduce the stabilization energy of
TYR318 150 121 -0.29 the complex. It was observed that this then leads to
GLU138 295 068 297 more repulsive ir_1ter_actions between TMC278 with
Total Energy 2176 2236 1942 residues of the binding pocket of the L1001/K103N

enzyme compared to the wild type. The binding energy
for TMC278/L100I/K103N HIV-1 RT complex was
calculated to be -9.71 kcal/mol less than that of the
wild type complex (-20.29 kcalmol™). In the binding
pocket of L100N/K103N enzyme, hydrogen bonding
between TMC278 and K101 was disturbed, and N103
in the binding pocket of L100N/K103N enzyme
creates a repulsive interaction with TMC278. This is
consistent with the observation that TMC278 shows
lower inhibitory affinities against L100I/K103N HIV-
1 RT than wild type HIV-1 RT. The understanding
interactions involved in binding within the pocket, and
the structural changes that occur, can be useful for the
design of higher potency inhibitors specific to double
mutant enzyme target.

AEq = Ewitd-type — EL1001K103N mutant

Figure 4. Comparison of structures of TMC278 and
mutated residues in the L100I/K103N
mutant RT (orange color) as compared with
wild-type.
Table2.  Binding energy for the wild type and L100I/K103N Acknowledgment
mutant HIV-1 RT complexed with TMC278 using

PACCON2011 (Pure and Applied Chemistry International Conference 2011)



990

This work was supported with grants from the
Thailand Research Fund (MRG5280214). The
Commission on Higher Education, Ministry of
Education and Faculty of Science and Technology,
Rajamangala University of Technology Srivijaya
are acknowledged for partial financial support. Partial
supporting by National Nanotechnology Center
(NANOTEC), Ministry of Science and Technology,
Thailand, through its program of Center of Excellence
Network is grateful.

References

[1] A Jacobo-Molina, E. Arnold, Biochemistry. 30(1991),
pp. 6351-6361.

[2] K. Das, J.D. Bauman, A.D. Clark, Y.V. Frenkel, P.J.
Lewi, AJ. Shatkin. S.H. Hughes, and E. Arnold, PNAS.
105(5)( 2008), pp. 1466-1471.

[3] C. Mordant, B. Schmitt, E. Pasquier, C. Demestre, L.
Quequiner, C. Masungi, A. Peeters, L. Smeulders, E.
Bettens, K. Hertogs, J. Heeres, P. Lewi, and J.
Guillemont, European Journal of Medicinal Chemistry.
42 (2007), pp. 567-579.

[4] E.V.Gyseghen, M. Pendela, L. Baert, J. Rosier, G.V.
Klooster, H.D. Man, M.P. Bouche, L.Schueller, P.V.
Remoortere, P. Wigerinck, E. Adams, J. Hoogmartens,
G V. Mooter, European Journal of Pharmaceutics and
Biopharmaceutics. 70 (2008), pp. 853-860.

[5] S. Saen-oon, M. Kuno, S. Hannongbua, Proteins Struct.
Funt. Genet. 61 (2005), pp. 859-869.

[6] M. Kuno, S. Hannongbua, K. Morokuma, Chem, Phy.
Lett. 380 (2003), 456-463.

[7] P. Nunrium, M. Kuno, S. Saen-oon, S. Hannongbua,
Chem. Phys. Lett.. 405 (2005), pp.198-202.

[8] P. Srivaband S. Hannongbua, ChemMedChem. 3
(2008), pp. 1-10.

[9] K. Morokuma, Philos. Transact. A Math. Phys. Eng.
Sci. 360 (2002), 1149-1164.

[10] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Jr.
Montgomery, T. Vreven, K. N. Kudin, J. C. Burant, J.
M. Millam, S. S. lyengar, J. Tomasi, V. Barone, B.
Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A.
J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz,
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe,
P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C.
Gonzalez, J. A. Pople, Gaussian 03, revision
B.05;Gaussian, Inc.: Pittsburgh, 2003.

[11] S. Kristya, P. Pulay, Chem. Phys. Lett . 229 (1994), pp.
175-180;

[12] S. Tsuzuki, H. P. Luthi, J. Chem. Phys. 114(2001), pp.
3949.

[13] J. Ren, et al. J. Mol. Biol. 336(2004), pp. 569-578.

PACCON2011 (Pure and Applied Chemistry International Conference 2011)



991

Theoretical Study Of Ethylene Polymerization Catalyzed By The Single-Site
Titanium(lv) Complex Bearing An Asymmetric [ONNQ’] Type Salan Ligand

P. Sumrit™?, T. Nanok'?, S. Khaubunsongserm® and P. Hormnirun*?

! Department of Chemistry, Faculty of Science, Kasetsart University, 50 Phaholyothin Road, Jatuchak, Bangkok 10900, Thailand
2 The Center of Nanotechnology, Kasetsart University, 50 Phaholyothin Road, Jatuchak, Bangkok 10900, Thailand
® PTT Public Company Limited, PTT Research and Technology Institute, 71 M.2 Paholyothin Road, Sanubtub, Wangnoi,
Ayuthaya 13170, Thailand

* Corresponding author. E-mail: fscipph@ku.ac.th

The insertion process of an ethylene monomer into the
Ti-methyl bond of the [Ti{(OCgsH»-4,6-Me;)NCH,CH,-
N(OC¢H.-4,6-Cl,)}Me]" complex was examined at the
density functional B3LYP/6-31G(d,p) level of theory. The
results showed that the catalyst investigated was not side-
specific for the first ethylene insertion. The natural bond
orbital analyses were performed at the same level of
theory to provide insight into the mechanistic details of
the propagation insertion and the B-hydrogen transfer
reaction. The propagation step was investigated by
insertion of the second ethylene monomer. At 298 K, the
Gibbs free activation energy for the insertion was
estimated to be 7.2 kcal/mol which was considerably
lower than that for the p-hydrogen transfer to monomer
of 21.2 kcal/mol. The thermodynamically favor of the
insertion of the second monomer and the high Gibbs free
activation energy of p-hydrogen transfer to monomer
suggested that this polymerization system was active and
living at ambient temperature.

Introduction

After the discovery of heterogeneous Ziegler-Natta
catalysts for olefin polymerization [1,2], the research
efforts have concentrated on other classes of
homogeneous single-site catalysts (i.e. metallocene
and post-metellocence) [3-8]. The single-site catalysts
have an ability to achieve high stereoselectivity and
narrow molecular weight distribution [9]. Their
catalytic properties can be controlled by systematic
modification of the structure of the catalyst.

In recent years there is a growing interest in Group
4 transition metal catalysts [10-13] and among these,
the Group 4 complexes bearing asymmetric [ONNO’]-
type Salan ligands were recently reported for the olefin
polymerization  [14,15]. In  complement to
experimental data, the theoretical studies have
extensively played an important role in understanding
the mechanistic details of the various steps in the
olefin polymerization systems in the past few decades
[16-19].

Herein, the mechanistic details of the ethylene
insertion and termination steps of the polymerization
brought about by an asymmetric [ONNO']-type Salan
titanium catalyst was computationally investigated
using a density functional theory.

Figure 1. The formation of active species by using the
cocatalyst.

Computational Methods

A widely used Becke’s three-parameter exchange
and Lee, Yang, and Parr’s correlation (B3LYP) [20]
hybrid density functional theory implemented in the
gaussian03 package was applied for the geometry
optimization and energy calculation. The Pople style
6-31G(d,p) basis set [21] was assigned to the non-
metal ligand atoms while the titanium transition metal
center was treated with the LanL2DZ Hay-Wadt
relativistic small-core effective core potential (ECP)
and the corresponding split valence double-( basis
set.[22] The geometry of different stationary points
was optimized with no constraints. To verify the
nature of the different stationary points, an analytical
frequency calculation with a harmonic approximation
was carried out at the same level of theory. The
thermodynamic Gibbs free energies at 298 K for =n-
complexes, transition states, and products were derived
from the harmonic vibrational frequency calculations.
Recent theoretical studies showed that solvation had
negligible influences on the energetic profile of
reaction [23]. These results rationalize our calculations
without the solvation corrections.

Results and Discussion

In this study, the catalytic activity of the catalyst
after it was activated by the cocatalyst was examined.
The effects of the counteranion on the energetic profile
were not taken into account. Although the counteraion
can play a significant role in the very beginning steps
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Figure 2. Potential energy profile for the first ethylene insertion incoming from sides A and B.

of ethylene polymerization [23], it is expected to have
less important role in the intermediate and long chain
propagation steps.

Figure 1 shows the preparation of the
coordinatively vacant-site at the titanium metal center
of the Ti-ligand complex by the cocatalyst. The
generated vacant site will be quickly adsorbed by an
ethylene molecule and followed by the insertion into
the Ti-methyl bond to regenerate the positively
charged vacant site at the titanium metal center. The
ongoing insertion of the ethylene monomer into the
metal active center will result in the growth in length
of polyethylene. However, the uptake of an ethylene
molecule may be taken place by the pB-hydrogen
abstraction instead of the insertion process. As a result,
the polymerization reaction will be terminated and the
polymer chain will be shortened. Therefore, the
computational assessment of the insertion versus the
termination competitive processes could provide
predictive information on the catalytic activity of the
[Ti{ (OCgH>-4,6-Me,) NCH,CH,N (OCgH,-4,6-Cl, ) }
Me]* complex for ethylene polymerization.

First Ethylene Insertion. The potential energy
profile for the first ethylene insertion was illustrated in
Figure 2. As can be seen, the positively charged
titanium vacant site was taken by an incoming
ethylene molecule either from the left-hand side “A”
or the right-hand side “B”. It was found that the
methyl and chloro substituent groups at the ortho-
positions on the two different phenolate rings had only
small effect on the first ethylene insertion. This was
reflected by an equivalent in the energy profiles for the
ethylene insertion from both sides. The comparable
computed binding energies of the m-complex (RAl
and RB1) and the insertion transition state activation

energies (TSA1 and TSB1) indicated that the catalyst
was not side-specific for the ethylene insertion. With
respect to the isolated ethylene and the active catalyst,
the insertion was exothermic and thermodynamically
favored. The initiating methyl group was transferred to
the coordinated ethylene monomer generating a new
initiating propy! group as a corresponding product and
resuming a positively charged titanium vacant site.
Similar to previous computational studies [24], the
terminal C-H bond of the resulting propyl group was
oriented in such a way that it was able to form the so
called “y-agostic interaction” with the titanium metal
center (RA2 and RB2).

Propagation Insertion versus Termination. From
the first insertion study, this catalyst showed no
significant side preference for the ethylene uptake.
This was also assumed in all other insertion steps
along the polymerization pathway. Additionally, to
reduce the computational time, the resulting product
from the first ethylene insertion was used as a model
of the growing short-chain polymer in the propagation
step. Although the insertion reaction coordinate
favored the formation of the y-agostic interaction, the
more thermodynamically stable B-agostic interaction
was adopted as the starting geometry to explore the
catalyst efficiency. This structure provided us an
equally probabilistic investigation of both the
propagation insertion and the B-hydrogen transfer
reaction. The roles of the B-agostic interaction in the
propagation step were extensively discussed in the
literature [24,25].

The optimized geometries together with the natural
bond orbitals (NBO) of the =-complex and the
transition states for both insertion and termination
were depicted in Figure 3. For the n-complex (RP),
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Figure 3. Optimized geometries (top) and natural bond orbitals (bottom) of the n-complex (a) and the transition
states for the propagation insertion (b) and the B-hydrogen transfer reaction (c). The signs of the orbital

wavefunctions were described by different colors.

the interatomic distances between an ethylene
monomer and the titanium metal center were
considerably longer than those estimated in the first
ethylene insertion (about 3 A for the Ti-C
distances). This was affected by the p-agostic
interaction in which the empty d orbitals of the
titanium atom were partially filled by electrons from
the C-H o-bonding orbital (see Figure 3a). In the
insertion transition state (TSP1), the NBO analysis
showed that, while the ethylene z-orbital gave its
electrons to the empty d orbitals of the titanium atom,
its 7*-orbital was filled by electrons from the Ti-C1
o-bonding orbital (see Figure 3b). These
circumstances resulted in the elongation of the Ti-C1
and C2-C3 bond distances and the contact of the
Cl.-C2 and C3--Ti atomic distances. The NBO
results of the transition state structure for the B-
hydrogen transfer reaction (TST1) were rather more
complicated than that for the insertion. A number of
orbitals that primarily involved in the B-hydrogen
transfer were presented in Figure 3c. The overlaps of
the orbitals with the same sign (color) wavefunctions
from the different atoms resulted in the increase of
the electron density between the two atomic centers
and the high tendency of the bond formation. It was
noted that the B-hydrogen atom was coordinated by
three surrounding atoms (Ti, C2, and C3), thus, it
could be abstracted by either the ethylene monomer
or the metal acceptor. The ethylene C3-C4 bond was
lengthened while the propyl C1-C2 bond was
shortened. The contact of the Ti--C4 atomic distance
and the elongation of Ti---C1 bond length occurred in

a similar fashion to that observed in the insertion
transition state.

The catalytic efficiency of the catalyst for ethylene
polymerization at ambient temperature was assessed
by the relative Gibbs free energy barriers for the
ethylene insertion and the B-hydrogen transfer
reaction with respect to the m-complex (RP). As
shown in Figure 4, the computed Gibbs free energy
barrier for the insertion (TSP1) was considerably
much lower than that for the p-hydrogen abstraction
(TST1). These results revealed that the insertion of
the ethylene monomer occurred more favorably over
the B-hydrogen transfer process. Thus, polyethylene
produced by using this catalyst was expected to have
a very high molecular weight, in consistent with the
previous experimental achievement of the very high
molecular weight poly-1-hexene by using the closely
related catalysts [26].

Conclusions

The insertion of ethylene into the titanium complex
bearing an asymmetric [ONNO']-type Salan ligand
was examined by a density functional theory method.
It was found that the catalyst investigated was not
side-specific for the ethylene insertion. The
propagation insertion was considerably more facile
than the B-hydride elimination process. This evidence
suggested a living polymerization process and the
high molecular weight polyethylene would be
produced by this catalyst.
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Encapsulation of Thai Basil Essential Oil by Beta-Cyclodextrins:
Molecular Inclusion Complexes Investigation
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Molecular docking technique is used to dock eight aroma
compositions, which are found in basil essential oils, into
the B-cyclodextrin cavity. The nature of inclusion
complexes interactions are studied at a molecular level
according to the characteristics of the aroma molecules.
One hundred docking runs were performed per
structure within the calculations. The model with the
lowest energy assigned by molecular docking calculation
was selected to further be investigated in details by
quantum chemistry calculation at HF/3-21G level. The
molecular interactions and binding energies indicated
that p-cyclodextrin encapsulates efficiently all of eight
flavors in a 1:1 molar ratio.

Introduction

Basil (Ocimum basilicum L.) also known as
“horapa” in Thai, is a well known medicinal herb in
traditional Thai cuisine. Basil essential oil has many
advantages of property which are; anti-
microorganism, anti-free radical, anti-carcinogen, anti-
inflammation, decrease cholesterol and plague in
blood stream, and peptic ulcer treatment [1-2]. Thai
basil essential oil contains high amount of estragole
and linalool together with anethole, caryophylene,
eucalyptol, eugenol, methyl cinnamate, and methyl
eugenol [3], their chemical structures are shown in
Figure 1. These chemical compositions are effective to
the effects of light, oxygen, humidity, and high
temperature. For these reasons, encapsulation of flavor
is essential to entrap a sensitive substance in
cyclodextrin molecule to enhance stability and
retention of these compounds. B-cyclodextrin (BCD)
is a cyclic oligosaccharide composed with 7
glucopyranose units with a hydrophobic cavity while
the rims of the surrounding walls are hydrophilic.
BCD is able to form inclusion complex with various
hydrophobic with suitable size molecules and then
alter physical, chemical, and biological properties of
the encapsulated guest molecules. BCDs are natural,
nontoxic and slowly biodegradable molecules which
are extensively used in pharmaceutical, food, and
cosmetics industries [4]. The aim of this work is to
study the possibility to use BCD encapsulation of basil
essential oils to reduce oxidation, light-induced
decomposition, and volatility leading to extended
product shelf-life.

I@O/
4 Hzc4
H

(@) Anethole

/@/\///
CH30

(c) Estragole

(b) Caryophylene

(d) Eucalyptol

CH,0O - HO
T e
HO
(e) Eugenol (f) Linalool

i t
= OCH, o
/ _

(g) Methyl cinnamate (h) Methyl eugenol

Figure 1. Chemical structures of essential oil that be
selected in this study: (a) Anethole: 1-methoxy-4-(1-
propenylbenzene; (b) Caryophylene: 4,11,11-
trimethyl-8-methylene-bicyclo[7.2.0Jundec-4-ene; (c)
Estragole: 1-allyl-4-methoxybenzene; (d) Eucalyptol:
1,3,3-trimethyl- 2-oxabicyclo[2,2,2]octane (e)
Eugenol: 4-Allyl-2-methoxyphenol; (f) Linalool: 3,7-
dimethylocta-1,6-dien-3-ol; (g) Methyl cinnamate:
Methyl  (E)-3-Phenylprop-2-enoate; (h) Methyl
eugenol: 1,2-dimethoxy-4-(2-propenyl)benzene.
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Figure 2. The predicted geometry of basil essential oils and B-cyclodextrins inclusion complexes calculated by
using HF/3-21G
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Methodology

The BCD structure with C7 symmetry was
obtained from the calculations of Wolschann’s group
[5]. This structure was fully geometry optimized with
symmetry restriction with the density functional
theory, B3LYP/6-31G(d,p) calculation  using
Gaussian03 program package [6]. The obtained
geometry was taken for further modeling of the
inclusion complexes with basil essential oils. The
structure of eight basil essential oils are constructed by
using Gaussian View program and fully optimize the
structures by using basis set HF/3-21G. AutoDock 4.2
program [7] was used to calculate the inclusion
complex of BCD and flavor compounds. One hundred
docking runs were performed per structure within the
calculations. The model with the lowest energy
assigned by molecular docking calculation was
selected to further be investigated in details by
guantum chemistry calculation at HF/3-21G level.

Results and Discussion

The energies of BCD/essential oils inclusion
complexes from the molecular docking calculations
are given in Table 1. The energies of the prediction
inclusion complex models and conformations which
fully optimized by HF/3-21G are shown in Table 2
and Figure 2, respectively. The structures comparison
of the basil essential oils which obtain from HF/3-21G
calculations before and after encapsulated by BCD are
shown in Figure 3.

The obtained data indicate the formation of a
1:1 inclusion complex between BCD and these basil
essential oils, and additionally provide information
regarding conformation and interactions between
atoms forming the complexes.

(© Estragole

(d) Eucalyptol
Table 1. The energy of inclusion complexes from
molecular docking calculations
I Energy (kcal/mol)

Essential oils Lowest Highest Average
Anethole -3.32 -3.20 -3.08
Caryophyllene -6.04 -5.99 -6.03
Estragole -3.36 -3.26 -3.31
Eucalyptol -4.50 -4.47 -4.49
Eugenol -3.69 -3.33 -3.52
Linalool -3.70 -3.32 -3.46
Methyl Cinnamate -3.33 -3.24 -3.29
Methyl Eugenol -3.45 -3.28 -3.37 (e) Eugenol

Table 2. The energy of inclusion complexes
calculated by HF/3-21G

Essential oil Energy (kcal/mol)

Anethole -2.94 x 10°

Caryophylene -3.02 x 10°

Estragole -2.94 x 10°

Eucalyptol -2.94 x 10°

Eugenol -2.99 x 10°

Linalool -2.94x 10°

Methyl Cinnamate -2.99 x 10° _
Methyl Eugenol -3.01 x 10° (f) Linalool
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Figure 3. Lowest energy conformation of compound
(HF/3-21G,black) superimposed with the structure of
compound in the inclusion complex with BCD (gray)

Methyl Eugenol

The computer simulated automated docking
studies were performed using AutoDock 4.2 program
where the BCD is assigned to be a rigid host
conformation, the essensial oils are assigned to be a
flexible guest conformation. The inclusion complex
conformation that has minimum binding energy was
further fully optimized using basis set HF/3-21G to
obtain the global minimum energy and observed the
host-guest interaction. Therefore the energies of
inclusion complex which obtain from HF/3-21G
(Table 2) are much higher than the energies which
obtain from docking simulation (Table 1).

The predictive capabilities of the methods could
provide considerate satisfactory, even though they are
not well established in the accuracy of the BCD’s
mobility and the solution effect. However the results
from this work could provide the possibility of using
BCD encapsulation method in order to increase the
stabilizing and the solubility of these basil essential oil
components.
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Abstract: Utilization of bottom ash and flue gas
desulfurization gypsum, which are waste materials
produced from the production of power through
combustion of coal at the Mae Moh power plant in
Lampang province, mixed with paddy soil and
sawdust for production of adsorbent material, was
studied in this research. The compositions of raw
materials used for production of adsorbent material
were 22% bottom ash, 7% FGD gypsum and 45% soil
followed by the addition of 26% sawdust. The
temperature of oxidation firing was studied at 850 'C
for 3 hours, with increasing rate of 3 ‘C/minute. This
prepared fired adsorbent material (FGD) did not
slake after soaking in water. It had good dye
absorption, slightly basic pH value and light weight.
The analysis by laser particle size analyzer indicated
the average size was around 50.26 micrometer.

Introduction

Recently, dye is used in many industries such
as food, paper, carpets, rubbers, plastics, cosmetics,
and textiles. The discharge of colored wastewater
from these industries causes many significant
environmental problems. Methyl orange is a
representative  contamination  in  industrial
wastewater and shows poor biodegradability. Many
physical-chemical methods have been tested to
remove the dye from aqueous solutions, and
adsorption is considered superior to other
techniques.

It is difficult to degrade dye materials because
they are very stable to light and oxidation reactions
[3]. For the removal of dye materials from
contaminated water, several methods such as
physical, chemical and biological methods have
been investigated [1,3]. Among the proposed
methods, removal of dyes by adsorption
technologies is regarded as one of the competitive
methods because of high efficiency, economic
feasibility and simplicity of design/operation [3,4].
Moreover, adsorption of dyes on inorganic supports
like silica is important to produce pigments.

Methyl orange (MO) is one of the well-known
acidic/anionic dyes, and has been widely used in
textile, printing, paper, food and pharmaceutical
industries and research laboratories [2]. The
structures of MO is shown in Scheme 1 and the
removal of MO an from water is very important

due to their toxicity [2-4]. MO for the reasons
stated above was selected in this study as a
representative acidic (anionic) dye.

Bottom ash and FGD-gypsum, which are
wastes from electric power plant can be used as
main raw materials for production of adsorbent
material.

The aim of the present work is to produce fired
adsorbent material from bottom ash and FGD-
gypsum, which are residues from Mae Moh electric
power plant in Lampang province, mixed with clay
to replace the use of commercial adsorbent
materials and to investigate the possibility of using
this adsorbent material (AM) for the adsorptive
removal of methyl orange (MO) from aqueous
solution. MO serves as a model compound for
common dyes which are widely used in chemical,
textile and paper industries. These dyes are
particularly harmful to the environment. The
adsorption efficiency of MO was studied by
optimizing experimental variables such as initial
MO concentration. The properties of AM were
characterized by XRF, lazer particle size and BET
surface area.

Figure 1. Methyl orange

Materials and Methods

Materials: Bottom ash and flue gas
desulfurization (FGD) gypsum, which are waste
materials produced from the production of power
through combustion of coal at the Mae Moh power
plant in Lampang province, were mixed with clay
and sawdust for production of adsorbing material.
The mixture was fired at 850 "C. It was dried and
sieved by using a sieve to mesh size 100 Mesh and
stored in separate desiccators. Analytical grade
methyl orange (Cy14H14N3NaO3S; molecular weight
327.33) was obtained from Merck and was used as
received. The dye solutions were prepared at the
desired concentrations using DI-water.
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Characterization of AM: The composition of
AM was determined on a Horiba/MESA-500w X-
ray fluorescence spectrometer, and determination of
particle size distribution of AM is 50.26 um by
particle size analyzer, diff. Mastersizer, Malvern
Instrument Limited. The specific surface area of the
AM is 4.81 m%g measured by using the Brunauer—
Emmet-Teller (BET) method. The results were
obtained by means of the N, adsorption at 77+0.5K
using a Quantachrome Autosorb-1 analyzer. Prior
to analysis, all samples were degassed under
vacuum at 120 °C for 3.77 h.

Adsorbtion studies: Batch technique was
employed at temperatures 30 "C. A suitable amount
of the adsorbent of the chosen particle size was
added to 100 ml of the MO solutions of various
initial concentrations (2-14 ppm) in each flask and
the mixture was shaken in temperature-controlled
water bath shaker till equilibrium was achieved.
The solutions were now filtered with filter
membrane (0.2u) and uptake of dye was analyzed
spectrophotmetrically at Ay 465 nm..

The concentration of MO was determined
spectrophotometrically using a  UV-visible
spectrophotometer (model 6400, UK) by taking
measurements at the absorbance maximum (465
nm). A calibration curve was plotted between the
absorbance and the concentration of the MO
solution to obtain the absorbance—concentration
profile. The amount of MO uptake per unit of
adsorbent (qe) was calculated using the following
equations:

ge = (Ci — C¢) x VIm Q)
where C; is the initial MO concentration (mg/L), C,
is the MO concentration at the adsorption
equilibrium (mg/L), V is the volume of MO
solution (L), and m is the weight of the AM (g).

Results and discussion

Characterization of AM: The physico-chemical
properties of AM are shown in Table 1 SiO, and
Al,O3 are the major constituents of the AM.The
image shows that AM particles are soft clumps that
are mainly composed of irregular and porous
particles. X-ray Fluorescence (XRF) can be used to
determine the bulk structure of a material.

Adsorbtion studies: The studies involving
different contact time helps in determining the
uptake capacities of the dye at varying time
intervals keeping the amount of the adsorbents
fixed at temperatures 30 ‘C. It was established that
in case of adsorbent material (0.5 g), 140 min of
contact time was found sufficient to acquire
equilibrium. Figure 2 illustrates the adsorption of

1000

methyl orange onto AM at various contact times.
The amount of methyl orange uptake, q (mg/g),
increases with contact time on AM. Methyl orange
uptake is rapid in the first 80 min, then proceeds at
a slower rate, and finally reaches equilibrium when
contact time is around 140 min.

Table 1: Physical and chemical properties of
Adsorbent Material.

Compound wt%
Sio, 49.87
Al,O; 15.00
SO, 4.42
K,0 3.58
CaO 12.72
TiO, 1.72
Mn,04 0.24
Fe,03 12.83
Zr0O, 0.06
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Figure 2: Effect of contact time on adsorption
amount of methyl orange onto AM

Various concentrations ranging from 2 to 14
ppm of methyl orange were investigated with fixed
amount of adsorbents at temperatures 30 ‘C. The
study reveals that the increase in concentration of
methyl orange increases the extent of adsorption
(Figure 3).

In the study of adsorption isotherm, the
Langmuir isotherm was applied to understand the
dye—AM interaction. The heterogeneity arises from
the presence of different functional groups on the
surface and from the various adsorbent-adsorbate
interactions. The Langmuir isotherm is expressed
by the following empirical equation:

Cel0e = Ce/Qmax + 1/0maxb 2
where Cg: equilibrium concentration of adsorbate
(mg/L); .. the amount of adsorbate adsorbed

(mg/g); dmax: Langmuir constant (maximum
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adsorption capacity) (mg/g); b: Langmuir constant
(L/mg). Therefore, the gmax Can be obtained from
the reciprocal of the slope of a plot of C./q. against
C. as shown in Figure 4.

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

q.(mg/g)

0 2 4 6 8 10 12
C.(mg/L)

Figure 3: Adsorption isotherm for methyl orange
on AM at 30 °C

The adsorption data of methyl orange was
correlated with the Langmuir isotherm in
equilibrium concentration range from 1 to 10 mg/L.
From the plot, the Langmuir values, Qma and b,
were then calculated and are shown in Table 1.

Langmuir isotherm

15 r—._’.’_.__'__.__.

. y = 0.2851x + 11.5956
R R?=0.9136

0 2 4 6 8 10 12
C,(mg/L)

Figure 4: Langmuir plot of the isotherm of MO on
AM at 30 °C

Table 1 Langmuir constants for adsorption of
methyl orange on AM at 30 °C

Omax (Mg/g) b (L/mg) r?
351 0.024 0.9136
4. Conclusion

The present study investigated the adsorption of
MO from aqueous solutions by using an adsorbent
of adsorbent material. AM has been demonstrated
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to be highly effective for the removal of the anionic
dye MO with an adsorption equilibrium time at 80
min. The best-fit adsorption isotherm was achieved
with the Langmuir model, indicating that
adsorption occurs by monolayer coverage. The
positive enthalpy change for the adsorption process
confirms the endothermic nature of the adsorption.
The low price and abundance of AM make this
material particularly promising for the removal of
anionic dyes in industrial wastewater treatment.
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Abstract: The new electrode for detection of
hydrogen peroxide was developed based on cross-
linking between Nickel oxide/multiwall carbon
nanotubes (NiO/MWCNTSs) and fluorine-doped tin
oxide (FTO) using nafion as binder. The MWCNT
was purified by classical oxidative with acid
treatment. The purified MWCNTs was mixed with
0.2 M Nickel acetate and adjusted to pH 8 with
ammonium hydroxide. The suspension of MWCNT
was calcined to NIO/MWCNT at 300°C for 1.5 hrs.
The NiO/MWCNT and nafion was fabricated onto
FTO electrode. The physical properties were
investigated by Field Emission Scanning Electron
Microscope (FE-SEM) and X-ray Diffractometer
(XRD). The SEM result is indicated that NiO
nanoparticles were well distributed on the surface of
MWCNTSs. The cyclic voltammetry were used to
confirm the successful procedure synthesis of
NiO/MWCNTS/FTO and the concentration of
hydrogen peroxide was determined by amperometry,
by mean of the NiIO/MWCNTSs/nafion/FTO as
working electrode. The linear correlation between
current and concentrations was achieved up to
1.0x10* mol dm™ (r>=0.9996). The detection limit of
the electrode was found to be 32.84 uM based on
signal-to-noise  ratio of 3. Consequentlythe
NiO/MWCNT/FTO can be probably useful as
working electrode for the development of hydrogen
peroxide sensor.

Introduction

Carbon Nanotubes (CNT) have attracted much

attention because of their unique physical,
chemical, mechanical and electronic properties
science [1]. Due to their high conductivity and
stability at high temperature, CNT have been used
as a support material for the dispersion and
stabilization of metal nanoparticle[2]. It has been
report that CNT properties can be influenced by
surface modification with nanoparticle[3] and
metal oxide nanostructure[4] .
Nickel oxide is a material of interest for practical
applications, such as boi chemical sensing [5], gas
sensing [6], catalysis [7], and electrochemical
capacitors [8].

The FTO films are used as conducting layers in
electro chromic devices and they serve also as the
passive working and counter electrode. The electro
chromic properties of the devices are characterized
by the transparency and resistivity of the

conducting layer. Electro chromic materials exhibit
a reversible change their optical properties upon
charge insertion—extraction induced by an external
voltage [9].

Hydrogen peroxide appears to be a ubiquitous
molecule and plays an important role in textile/food
industries, pharmaceutical and health care. Multiple
papers have claimed substantial levels of H,O; in
human blood plasma [10] and in freshly voided
human urine [11]. Therefore it is quite important to
monitoring of H,0O, concentrations. Conventional
methods, including titrimetry [12],
chemiluminescence [13], fluorescence [14] and
spectrophotometry [15], tend to be complex, time-
consuming and suffer from various interferences.
Consequently, the rapid and reliable methods for
measuring H,O, arenaturally required. The
catalytic activity of nickel oxide was found to be
sensitive to H,O, catalyst [16].

The several alternatives for NiO composition
such as electrodepsition [17], support on alumina
[18], and sol-gel technique [19].

In this report, the first step to purify of CNT by
acid at high temperature [20], the purified
MWCNTs was mixed with 0.2 M Nickel acetate

and adjusted to ammonium hydroxide.  The
suspension of MWCNT was calcined to
NiO/MWCNT at 300°C for 1.5 hrs. The

NiO/MWCNT and nafion was fabricated onto FTO
electrode. Prepare nickel oxide mixed with multi-
wall carbon nanotubes. The second step of physical
characteristic with techniques X-ray diffraction
(XRD) and Field Emission Scanning Electron
Microscope (FE-SEM). The third step is to measure
the modified electrode by voltammetry and
amperometry to investigate techniques for
hydrogen peroxide.

Material and method
Chemicals and material

Multiwalled Carbon nanotube(MWCNT) and
nickel (I1) acetate tetrahydrate purchased form sig-
aldrich (St. Louis, MO,USA). Nitric acid
(70%  w/w) form  Mallinckrodf-Chemical
(Thailand). Sulfuric acid (98% w/w) form Ajax
Chemical (New Zealand), Nafion (5% in a mixture
of lower aliphatic alcohol) form Fluka
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(Switzerland). Ethanol absolute from Carlo Erba
(italy). Methanol analytical grate for nafion
preparation form lab-scan Co.,Ltd (lreland).
Sodium dihydrogen phosphate from Carlo Erba
(Italy). Di-sodium hydrogen orthophosphate
dodecahydrate from Fisons Scientific Equipment
(England). Hydrogen peroxide (30% w/v) from
Fisher Scientific (UK) and fluorine-doped tin oxide
(FTO) form Solaronix (Switzerland).

Other chemicals were purchased in analytical grade
and used without further purification. All solutions
were prepared with distilled water, which was
purified with a Milli-Q purification system
(Branstead,USA) to a specific resistivity of >18
MQ cm.

Instruments

Microstructure and morphology were study by
X-ray diffraction (08 Advance, Burker AG) field-
emission scanning electron microscopy (FESEM,
JEOL-6700), and electrochemical measurements
were performed using a potentiostat
(Autolab/PGSTAT20).

Purified of MWCNT

Prior to reflux, 400 mg MWCNT ultrasonicated
for 1.5 h in the mixture of 68% HNO; and 97%
H,SO; in the ratio of 3:1, to disperse agglomeration
and eliminate of purities that may exist.
Subsequently, reflux under stirring at 100 °C for 8
h as purified MWCNT. The purified sample was
washed and neutralized by DI water until pH 7.
Finally, the purified MWCNT was dried at 45 and
400 °C for 12h.

Preparation of NIO/MWCNT composites

0.5 ml nickel (II) acetate (0.2 M) form
Ni(COO0); .4H,0 to 5 mg of MWCNT and adjust
to pH 8 with ammonium hydroxide. After that
ultrasonicated for 20 min, were soaked in the
solution for 5 h after, the WMCNTs were
centrifiugally separated product and calcined at 300
°C for 1.5 h, respectively. The NiO/MWCNT
composites were obtained.

Modification of NIO/MWCNT/FTO electrode

Before modification, the FTO surface was
carefully ultrasonicated successively in ethanol and
distilled water for 5 min, respectively. The
preparation of the suspension NiO/MWCNT
concentration of 20 mg NiO/MWCNT with 0.5%
nafion 0.5 ml sonicated for 30 min to be a black
suspension is homogeneous. It will be the solution.
Then, micropipette 10uL pipettes onto the surface
of a FTO and then left to dry.

Result and discussion
X-ray diffraction study

The X-ray pattern of MWCNT and NiO/
MWCNT nanocomposites (Fig. 1) a fitter heat at
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300 °C for 1.5 h. The diffraction angle at 20 =
37.34 °, 43.38° and are assigned to (002), (111) and
(200). The average size of the nickel oxide
crystallites in  NiO/CNT nanocomposite was

calculate form Scherer’s equation
KA

_Bcos [

Where D is the grain diameter, K is the shape factor
0.9, 4 is the X- ray wavelength
(1.5406x1071%m), g is the full-width at half
maximum and @ is the Bragg angle. The calculated
average particle sizes of NiO by heating are
approximately 4.7-4.9 nm.

Figl XRD pattern for MWCNT and
NiO/MWCNT nanocomposite.
Scanning Electro Microscope
The morphology of the NIO/MWCNT

nanocomposites  were investigated is SEM as
shows in fig. 2 The SEM image of NiO
nanocomposites synthesis by using nickel (II)
acetate heat treated at 300 °C for 1.5 h . This image
shows that the nickel particles are well dispersion
in the MWCNT and they have neary uniform size.

Fig.2 scanning electron micrograph of

NiO/MWCNT coated on FTO electrode.

Cyclic Voltammetry (CVs)
Cyclic voltammetry was used to determine the
electrical ~ properties of NIO/MWCNT/FTO
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electrode in 30 mM Kj [fe(CN)gs ], at 50 mV/s
potential form -1 to 1 V. The result show modified
electrodes have electrical behavior. Subsequently
the modified electrode was used determination of
hydrogen peroxide with bare FTO, MWCNT/FTO
and NiO/MWCNT/FTO electrode as show in fig 3.
The voltammetric current respond of electrode
which is modified by NiO/MWCNT
nanocomposite is more efficient than unmodified
electrode.

Fig. 3 Cyclic voltammogram (CVs) of FTO,
CNT/FTO and NiO/CNT/FTO electrode
recorded in 100 mM H,0,.

Determination of hydrogen peroxide using
NiO/CNT/FTO electrode

The optimal concentration of nickel (Il) acetate
were studied in range 0.05 to 0.4 M nickel (1)
acetate. The respond increased with increasing
concentration of nickel (1) acetate until 0.2 M and
become decrease over 0.2 M (fig. 4).

NiO Concentration.

800
700
600
500
400
300
200
100

Respond (pA)

0 0.2 0.4 0.6

Conc.(M)

Fig.4 Effect of Nickel (II) acetate concentrations
for NiO/CNT/FTO electrode.

The effect of amount of MWCNT (0.5-40 mg),
it was found that the responds obtained by using of
20 mg of MWCNT was the highest. Hence, 20 mg
of MWCNT was chosen (fig. 5).

Amout of MWCNT

1200
1000
800
600
400
200

Raspond( [LA)

0 10 20 30 40 50

Amountof MWCNT (g)

Fig.5 The effect of amount of MWCNT for
NiO/CNT/FTO electrode.

Fig. 6 Amperometric respond at the
NiO/MWCNT/FTO electrode.

3.00E-06 4

y=6E-07x + 5E-10
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1.00E-06
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Fig. 7 Plot of current vs. concentration of H,0,
data form fig. 6
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Amperometric detection of H,O, at NiIO/MWCNT/
FTO electrode

As show the NIO/MWCNT/FTO modified
electrodes have excellent and strong mediation and
facilitate the low potential amperometric
measurement of hydrogen peroxide. Fig. 6 shows a
typical  current-time of the show the
NiO/MWCNT/FTO  modified electrode on
successive additions 100 uM of hydrogen peroxide
at applied potential of 0.8 V (vs. Ag/AgCI).
The plots of current respond vs. hydrogen peroxide
plot is linear over a wide concentration rang. The
linear squares calibration curve over the range of
0.4 to 4 puM with a correlation coefficient of
0.9996. The detection limit (when signal to noise
ration were 3) were 32.84 uM (fig. 7)

Conclusion

The NiIO/MWCNT/FTO modified -electrode
showed stable and reducible electrochemical
behaviors. The proposed modified electrodes were
used as sensitive amperometric hydrogen peroxide
sensors. The fabricated hydrogen peroxide sensor
possesses excellent characteristic and performance,
such as fast response time, low detection limit and
high sensitivity. The detection limit,sensivity and
linear concentration range of the NiO/CNT/FTO
modified electrode were 32.84 uM These
advantages make it promising for providing a
simple method to develop a new amperometric
sensor for H,O, detection.
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Abstract : An electrochemical electrode for the
detection of hydrogen peroxide (H,O,) was presented
based on glassy carbon electrode (GCE 5 mm x 5 mm
x 2 mm) covered with Multi-wall carbon nanotube
(MWCNT) and manganese dioxide/copper oxide
(MnO,/Cu0). In preliminary study, we investigated
characteristic by using X-ray Diffrectometer (XRD)
and Field Emission Scanning Electron Microscope
(FE-SEM). The electrochemical behaviors of the
sensor were studied by cyclic voltammetry (CV) and
amperometry. Discussion will be made on optimization
and analytical performance of the method. In
addition, the MnO,/CuO/MWCNTSs are possibly useful
working as electrode for determination of H,O,. The
CuO/MWCNTS, MnO,/MWCNTS and
MnO,/CuO/MWCNTS nanocoposities electrode
exhibits a linear range for the detection of H,O, was
02x107°%-22x10°M, 02 x 10 ®- 12 x 10° M,,
0.2 x 10 3= 2.2 x 10" M., respectively, and a detection
limit of 0.17 uM, 12.24 uM, 33.0 UM , respectively at a
signal-to-noise ratio of 3. The low detection limit, wide
liner range and high sensitivity of the sensor make it
valuable for further application.

Introduction

The detection of H,O, is very important in
various fields including clinic, food, pharmaceutical
and environmental analysis, because H,0O, is a
chemical threat to the environment and the
production of enzymatic reactions, at the same time,
it has been recognized as one of the major factors in
the progression of important diseases [1]. Accurate
and reliable determination of H,O, has been widely
investigated using chromatography [2],
chemiluminscence [3] and electrochemistry [4]
technologies. Among these methods,
electrochemical detection is a most promising
approach to achieve accurate, separate, and rapid
H,0, monitoring [5]. Electrochemistry technique
based on a simple and low cost electrode has been
extensively applied for accurate determination of
H,0,. For most electrochemistry sensors, the
detection of H,0, was achieved at a relatively high
potential around 0.5 V. Thus, it becomes significant
to construct a sensor to detect H,O, at a lower
potential. Although some chemically modified
electrodes have been proposed to reduce the large
overpotential required for the direct oxidation of
H,0,, it is interesting to develop new materials with
high efficiency and small dimensions for the
detection of H,0..

The many methods, such as sol-gel technique
[6], electro deposition [7], and self-assembly [8], to
immobilize various organic and inorganic electron
transfer mediators on electrode surface to prepare
chemically modified electrode (CME). So far ,
numerous nano-metal oxides, such as nickel oxide
[9], zinc oxide [10] and cobalt oxide [11], have
attracted considerable interest in the bioanalytical
area because of their large specific surface area,
good biocompatibility, simple fabrication, and good
chemical and physical stability, nano copper oxide
and nano manganese dioxides has been to be a kind
of suitable mediator to reduce the overpotenial for
the electrochemical oxidation or reduction of
H,0,[12-13].Carbon nanotubes (CNTSs), the micro
porous carbon macromolecules discovered by
lijima, have been considered as promising materials
to adsorb hydrogen in their regular nanometric
microstructure[14]. CNT have novel properties,
making them potentially useful in many
applications in nanotechnology, electronics, optics,
and other fields of materials science, as well as
potential uses in architectural fields. They exhibit

extraordinary strength and unique electrical
properties, and are efficient thermal conductors.
Also has advantages in electronics, nanotechnology
and the used of other ingredients mixed with CNT
modified electrode used for the detection of
hydrogen peroxide [15-17].

In particular, modification of CNTs with metal
oxides is of importance for the development of
CNT-based devices. Up to now, different metal
oxides such as TiO,, SnO,, ZnO, Fe,O3, MnO, and
RuO, have been reported to modify CNTs [18-27].
In the present work, the first step to prepare copper
oxide mixed with multi-wall carbon nanotubes and
manganese dioxide mixed with multi-wall carbon
nanotubes. Then, the preparation of copper oxide
and manganese dioxide mixed with multi-wall
carbon nanotubes modified on glassy carbon
electrode (GCE). The second step of physical
characteristic with techniques X-ray diffraction
(XRD) and Field Emission Scanning Electron
Microscope (FE-SEM). The third step is to measure
the modified electrode by voltammetry and
amperometry to investigate techniques for hydrogen
peroxide.
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Material and methods

Chemicals

Copper (Il) acetate, manganese (l1l) acetate,
N,N-dimethylformamide (DMF), ammonia solution
30% Sodium dihydrogen phosphate and Ethanol
absolute were purchased from CARLO ERBA
reagent, Italy. Nitric acid 70% from AJAX
Finechem, New Zealand. Sulphuric acid 98% from
Mallinckrodt, Thailand. Di-sodium hydrogen
orthophosphate from fisons Scientific Equipment,
England. Hydrogen peroxide 30% wi/v from Fisher
Scientific, UK. Multi - walled carbon nanotube,
diam. = 110 - 170 nm, length = 5 - 9 micron, 90+%
from Sigma-Aldrich, Japan.

Other chemicals were purchased in analytical
grade and used without further purification. All
solutions were prepared with distilled water, which
was purified with a Milli-Q purification system
(Barnstead, USA) to a specific resistivity of >18
MQ cm.

Instruments
The electrochemical measurements  were
performed using a potentiostat (Auto

lab/PGSTAT20). A three-electrode configuration
consisted of a modified GCE (5 mm x5 mm x 2
mm) as a working electrode, a reference electrode
(Ag/AgCI) and a counter electrode (carbon ink).
Microstructure and morphology were investigated
using X-ray diffraction (08 Advance, Burker AG)
and field-emission scanning electron
microscopy (FESEM, JEOL-6700).

Purified of MWCNTSs composites

The MWCNTs were then soaked in the acid
solution (H,SO,4 : HNO; = 1:3) for 24 h, to remove
the Fe particles, followed by the step of washing,
filtering and drying at 110 °C for 24 h.

Preparation of CUO/MWCNT composites

Prepare 0.5 mg of CuO(CH3;COOQ),.H,0 were
dissolved in 5 ml deionized water. Then 0.10 ml
NH3.H,O (25wt%) solution was slowly added into
more than solution under continuous stirring to form
the successor solutionand 10 mg MWCNTS were
soaked in the solution for 17 h after, the WMCNTSs
were centrifiugally separated product and calcined at
300 °C for 2 h, respectively. The CuUO/MWCNTs
composites were obtained.

Preparation of MnO,/MWCNTSs composites

Prepare 0.5 mg of Mn(CH3;COO),.H,O were
dissolved in 5 ml deionized water. Then 0.10 ml
NH3.H,O (25wt%) solution was slowly added into
more than solution under continuous stirring to form
the successor solution and 10 mg MWCNTSs were
soaked in the solution for 17 h after, the WMCNTSs
were centrifugally separated product and calcined at
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200 °C for 24 h, respectively. The MnO,/MWCNTs
composites were obtained.

Preparation of MnO,/CuO/MWCNTSs composites
Prepare 5.0 mg Cu (CH;C0OQ),.H,0 and 5.0 mg
Mn(CH;C0O0),.H,O were dissolved in 10 ml
deionized water. Then 0.10 ml NHs.H,O (25wt%)
solution was slowly added into more than solution
under continuous stirring to form the successor
solution and 10 mg MWCNTSs were soaked in the
solution for 17h after, the WMCNTs were
centrifugally separated product and calcined at
300°C  for 5 h, respectively. The
MnO,/CuO/MWCNTSs composites were obtained.

Modification of CUO/MWCNTSs/GCE,
MnO2/MWCNTs/GCE and
MnO,/CuO/MWCNTSs/GCE electrode

Before modification, the GCE surface was
carefully polished with aluminum (0.3um diameter)
slurry on polishing cloth and the sonicated
successively in ethanol and distilled water for 5 min,
respectively. The preparation of the suspension
MnO,/CuO/MWCNTs  concentration  of 1 mg
MnQO,/CuO/MWCNTs/ml DMF was prepared by the
MnO,/CuO/MWCNTs 1 mg mixed with DMF 1 ml
sonicated for 30 min to be a black suspension is
homogeneous. It will be the solution. Then,
micropipette 10pL pipettes onto the surface of a
GCE and then left to dry.

Electrochemical measurement

CV was carried out in the solution 0.1 M of
phosphate buffer pH 7.0 under potential range -1.0
to 1.0 V at 50 mVs™. Amperometry were carried out
in the potential 0.5 V for 300s in 0.1 M phosphate
buffer pH 7.0 solution containing 200 mM H,0,.

Result and discussion

Morphological characterization of the MWCNTS,
CuO/MWCNTSs, MnO2/MWCNTSs and
MnO,/CuO/MWCNTs nanocomposite electrodes
The samples were further characterized by XRD
fig. 1 show the XRD pattern of the pure MWCNTS,
MnO,/MWCNTs and CuO/MWCNTs composites.
The diffraction angles at 20 = 35.5°, 38.8°, 48.8°,
58.1°% 61.3° 66.1° and 68.0° are assigned to (1 1 1),
(111),(-202),(202),(-113),(-311),(220)
planes of monoclinic CuO structure. The peak at
37.1° and 66.3° endorse the presence of MnO,.
The peak at 26.26° was ascribed to the typical
(0 0 2) reflection of MWCNTS.
The morphologies of the products were then studied
by the field emission scanning electron microscope.
Fig. 2 shows the images of (A) MnO,/MWCNTSs,
(B) CUO/MWCNTSs and (C) MnO,/CuO/MWCNTSs
composites. The distribution of metal nanoparticles
dispersed well on a regular basis.
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Fig.1 XRD pattern of the pure MWCNTS,
MnO,/MWCNTs and  CuO/MWCNTSs
composites.

Fig.2 FE-SEM (a) MnO,/MWCNTs,
(b) CUO/MWCNTSs and
(c) MnO,/CuO/MWCNTS composites.

Voltammetric behavior of H,O, at the Bare GCE,
CuO/MWCNTs, MnO,/MWCNTSs and
MnO,/CuO/MWCNTSs electrodes

Fig. 3 shows the cyclic voltammetric behavior of
Bare, MnO,/MWCNTs, CuO/MWCNTs and
MnO,/CuO/MWCNTSs nanocoposties electrodes in
the presence and absence of 1 mM H,0, at scan rate
of 50 mVst At the Bare, MnO,/MWCNTS,
CuO/MWCNTs and MnO,/CuO/MWCNTSs
electrodes oxidation of 0.5 V. However, no obvious
oxidation and reduction peak of H,0, was obtained
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in the potential range of -1 to 1 V. It can also be
seen that the current, the values are substantially
higher than those obtained with uncoated surface of
glassy carbon electrode. When the concentration of
the H,0, in the electrolyte is increased from 1 to 100
mM, peak current at 0.5 V progressively increases
Fig.4.

Fig. 3 Cyclic voltammograms (CVs) of the different
electrodes recorded in phosphatebuffer pH
7.0 with a scan rate of 50mVs ™.

Fig. 4 cyclic voltammograms (CVs) of the
MnO,/CuO/MWCNTs  modified  glassy
carbon electrode recorded in different
concentrations of H,O, with a scan rate of
50mVs .

Amperometric response of the Bare GCE,

CuO/MWCNTSs, MnO,/MWCNTSs and

MnO,/CuO/MWCNTs nanocomposite electrode to
H202

Fig.5 compares the amperometric response (at
+0.50V) of the (A) Bare GCE, (B) CuO/MWCNTSs,
(C)MnO,/MWCNTSs and (D) MnO,/CuO/MWCNTSs
to the successive addition of the 10 uM H,0,. Will
be seen that the modified electrode to current is
higher than non-modified electrode. As can be seen
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electrode is as follows the CuO/MWCNTS,
MnO,//MWCNTs and MnO,/CuO/MWCNTSs linear
response range of 0.2 x 10 3- 2.2 x 10° M. (R* =
0.998), 0.2 x 10 *- 1.2 x 10° M. (R? = 0.996),
0.2 x 10 ®*-2.2 x 10°® M. (R? = 0.995), respectively
and detection limit of 0.17 uM, 12.24 uM, 33.0 uM,
respectively at a signal-to-noise ratio of 3.

Fig. 5 Amperometric  current-time recording
obtained on increasing theH,O, concentration
in 10 uM step at (A) Bare electrode, (B)
MnO,/MWCNTs, (C) CuO/MWCNTs and
(D) MnO,/CuO/MWCNTs at an applied

potential of 0.5 V vs. Ag/AgCl in pH 7.0
phosphate buffer.
Conclusion

The main feature of the present research lies in a
novel method to detected H,O, based on
MnO,/CuO/MWCNTs /GCE electrode. This
assembly method was successful for fabricating a
fast and simple sensor. Prepared CuO/MWCNTS,
MnO,/MWCNTSs and MnO,/CuO/MWCNTSs on the
GCE electrode surface nano-particles and the
distribution on the electrode surface on a regular
basis. Compared to the bare GCE electrode, the
CuO/MWCNTSs, MnO,/MWCNTSs and
MnO,/CuO/MWCNTs nanocomposites electrode
reserves high electrocatalytic activity to wards the
oxidation of H,0,, a linear dependence (R* = 0.998,
0.996, 0.995, respectively) on the H,0O,
concentration from 0.2 x 10 *~2.2 x 10°M., 0.2 x
10 *- 1.2 x 10° M., 0.2 x 10 *- 2.2 x 10° M,
respectively and a high sensitivity of combination
of CuO, MnO, particles and MWCNTs, which
increases the electrocatalytic active area and
promotes electron transfer. These advantages make
it promising for providing a simple method to
develop a new amperometric sensor for H,O,
detection.
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Abstract: Organoclay was used to reduce the water
absorption rate of epoxy by fabricating epoxy-clay
nanocomposite (ECN) for encapsulating implantable
devices. The EPO-TEX® 302-3M, a biocompatible grade
epoxy, was tested for its dispersibility with six
commercially available organoclays from Elementis. The
organoclays were tailored made to be suitable for
dispersing in high (Bentone SD-2 and Bentone 27),
medium (Bentone SD-1 and Bentone SD-3) and low
(Bentone 38 and Bentone 34) polarity solvent. Only the
high polarity organoclays formed a highly dispersed
phase in the epoxy, appeared as the transparent liquid,
while the medium and low polarity organoclays showed a
lower dispersion in the epoxy. The dispersed organoclays
were converted to ECN by room temperature cure for 24
hrs and followed by heat cure at 60°C for 3 hrs. The
3wt% clay concentration of high polarity-ECNs were not
observed a strong broad peak in X-ray diffraction (XRD)
pattern, indicating the high dispersed state of the
organoclays in epoxy matrix. Scanning electron
microscope (SEM) was used to observe morphology and
orientation of clays in the matrix. The high polarity
organoclays and low polarity organoclays were chosen
for the encapsulation test. The circuit board was plasma
treated to improve the adhesion between the board and
ECNs. The water absorption of the composites was
tested by submerging them in 50°C saline solution,
applying 15 Vpc after that observe rusty, apply voltage
for current detection, and compare with pure epoxy. The
biocompatibility test is currently underway.

Introduction

Organic coatings have been widely used for implant
because of biocompatibility property, good water
moisture resistance, good processing characteristics
and low cost such as silicone, parylene C, epoxy,
PMMA, etc. ®2. Especially they are insulator
materials which are suitable to encapsulate electric
circuit for implant. Epoxy resin is well known
insulating material has been used as protective coating
and adhesive in this case due to its high chemical and
heat resistance, excellent adhesion, very good
electrical insulating properties, high strength, low
volatility, low creep, low shrinkage and good
processing characteristics™. However the coatings are
not permanent in long term because of its crack,
corrosion, and void.  There were two possible

mechanisms supported the reason for failure. First,
water had entered via the cracks noted in the epoxy
second, water had condensed out in voids between the
epoxy and the substrate windings. Epoxy is water
vapor permeable and present the hydrophilic property
because of hydroxyl groups in the cured polymer
network, so the main problem of this polymer is water
absorption in its framework in long term situation.
Epoxy-claycomposite are interesting  to study and
compare to pure epoxy.

Epoxy-clay nanocomposite is compound in which
nanoclay (clay dimention range is 1-100 nm) particles
are dispersed in an epoxy polymer matrix. In recent
years, this material is interested in engineering and
scientific coatings due to their excellent properties
such as reduced gas permeability, high stability,
optical clarity, flame retardation, reduced water
absorption, reduced corrosion and others dramatic
mechanical properties.  Clay was added into the
polymer for improve these properties however the
efficiency of a filler to improve the physical or
mechanical properties not only depended on raw
materials but also depended on degree of dispersion of
filler in the polymer matrix. High dispersion shows
much highly interfacial area for reactions, so it leads to
be larger surface area per unit volume and higher
aspect ratios of the particulate constituent indicating
higher composite properties. When the clay layer
thickness changed from microscale to nanoscale, the
surface area increased about one thousand times, so
nanocomposite showed the excellent efficiency and
could be improved the properties when compared to
microscale. Three composite types (conventional
microcomposite, ordered intercalated nanocomposite
and disordered exfoliated nanocomposite) are usually
observed and used to explain the morphology of clay
in the epoxy matrix.

Conventional microcomposite: The polymer chain
or epoxy (blue line) cannot insert between silicate
layers of clay (red bar), so that we can observe a strong
peak in X-ray diffraction pattern and show the opaque
specimen.

Ordered intercalated nanocomposite:  This
composite type is higher clay dispersion, because
polymer can insert between silicate layers and generate
higher lattice spacing (d). It will show a broad peak at

PACCON2011 (Pure and Applied Chemistry International Conference 2011)



lower angle in X-ray diffraction pattern, and it is rather
transparent when compare with convensional type.

Disordered exfoliated nanocomposite: Clay can
disperse very well in the polymer and disappear any
stack of clay in the matrix. Polymer can insert to
silicate layer and separate very well, thus amorphous
phase is generated instead of clay crystalline and
disappear any peak in X-ray diffraction pattern. In
addition the clearly transparent nanocomposite is
observed.

olymer cla

poly + y

(A) (B) ©)
Conventional Intercalated Exfoliated

Figure 1: Three types of epoxy-clay composite .

Attempt of the research to reduce the water
permeability of epoxy coatings had been done in term
of epoxy-clay nanocomposite for encapsulating the
implant electronic circuit and compare to pure
biocompatible grade epoxy.

Materials and Methods
Materials

Electronic circuit boards were machined into 17.0
x 15.0 x 0.8 mm and encapsulated with epoxy-clay
nanocomposite for comparing to pure epoxy in long
term testing. Five capacitances that were parallel on
two wires with lead free were encapsulated by epoxy
and ECNs for accelerated test. The epoxy used in this
study was EPO-TEK® 302-3M composting of two
components (resin and hardener) with biocompatible
grade.  Six commercially available organoclays
(Elementis) were used for dispersion test. There are
suitable for high (Bentone SD-2 and Bentone 27),
medium (Bentone SD-1 and Bentone SD-3) and low
(Bentone 38 and Bentone 34) polarity solvent. Flux
for electronic processes was used the non corrosive

type.
Metodology
Cleaning the electronic circuit

Electronic circuit boards were cleaned before
encapsulated with coating to increase the adhesion
between the coating and surface. Moreover it can
protect the corrosion will be occurred. The surface
treatment of electronic circuits was adjusted from
Wong and McBride method .. First of all, the circuit
boards were soaked in flux reagent for 5 min afther
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that they were soaked in flux reagent during ultrasonic
cleaning for 5 min and rinsed in deionized (DI) water.
Second, they were soaked in detergent for 5 min and
then sonicated in detergent solution, 5 min and rinsed
in DI water again. Third, they were soaked in DI
water during ultrasonic cleaning for 5 min and
following by the same steps with isopropanal, alcohol
and DI water, respectively. After that, rinsed in DI
water and Blowed the circuits with Nitrogen gas.
Finally, baked in clean oven at 120°C for 5 h and
keeped them in desicator. Plasma treatment about 5
min was performed before encapsulation.  The
cleaning efficiency was determined by contact angle
measurement.

Epoxy-clay nanocomposite fabrication

Direct mixing method with hotplate stirrer was used
for mixing between epoxy and organoclay. First the
epoxy resin was vacuumed until no bubbles before the
organoclay powder was mixed in epoxy resin, added
some dispersant (EtOH:DI water = 95:5) and stirred at
900 rpm for 5 hrs at 30°C after that the mixture was
sonicated in a sonicator for 1 h. Finally, curing agent
was added into the mixture, and the composite solution
was poured into the silicone mold for electric circuit
encapsulation. Thickness was about 2 mm per each
direction. The sample was cured at room temperature
for 24 h and followed by heat cure at 60°C for 3 h.
Epoxy-clay composites were fabricated with various
types of organoclay to determine which type of
organoclay will be suitable to fabricate the ECNs and
compared the property of ECNs to pure epoxy.

Characterization

Contact angle measurement was used to examine
the changing of chemical property on the electronic
board and indicate the degree of adhesion between
circuit board and coating (epoxy and ECNSs) after
plasma treatment. The scanning electron microscope
(SEM) was used to demonstrate the dispersion,
morphology, orientation and thickness of organoclay
in the epoxy matrix. The composites were fractured
under liquid nitrogen and polymer matrix was
eliminated by strong acid.  X-ray diffraction (XRD)
was used to evaluate degree of intercalated between
the clay basal layers. High and low polarity-ECNs
were chosen for the encapsulation test. The water
absorption of the composites was tested by
submerging them in 50°C saline solution, applying 15
Vpc after that observe rusty, apply voltage for current
detection, and compare with pure epoxy.

Results and Discussion
Cleaning processes investigation

After set up the electronics on the circuit boards,
there are usually some flux on the surface. This flux
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distributes adhesion between the circuit board and
epoxy for coating, thus flux and moisture on the circuit
boards had to get rid of by cleaning processes above
and used the contact angle to determine the property.
Table 1: Contact angle measurement with DI drop (0.5
pl) to evaluate the cleaning process of electronic
circuit boards.
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Circuit Board Average Picture
Condition Angle

Before cleaning 81.0°

and no flux

Having flux 70.0°

After cleaning 81.5°

After plasma 20.5° e

treatment

Nanocomposite measurement

The contact angle between circuit board and DI
water was performed before and after cleaning
processes. From table 1, before cleaning processes
and no flux on the circuit board showed contact angle
value was 81.0°. When flux was performed on the
surface the value of contact angle was 70.0°, it was
mean that flux reduced friction force between DI water
and circuit boards, so it can reduce contact angle
however it did not increase adhesion property because
a drop of water was easy to move on the electronic
surface board. After the circuit boards having some
flux were cleaned. The contact angle changed from
70.0° to 81.5° showing that flux was eliminated.
Moreover, plasma treatment improved the adhesion
about 4 times, the contact angle was decreased from
81.5° to 20.5° due to changing of chemical and
physical on the circuits after plasma treatment.

Table 2: Comparison properties of high, medium and low polarity-ECNs with XRD and SEM techniques

Organoclay High

Medium Low

polarity Bentone 27

Bentone SD-2 |

Bentone SD-1 | Bentone SD-3

Bentone 34 | Bentone 38

Transparent
Property

»

Transparent

Rather opaque

XRD

3w1% SD-3

3wt B38

eeeee

:; w34
3wt% SD-1 :
entone SD-1 1

SEM
(3,000X)

composite
Type

<— exfoliated-intercalated —» <intercalated » <———— intercalated and conventional ———»

In this study, 3.0wt% of high, medium and low
polarity-ECNs were fabricated with same condition
to compare the different properties by using vision
inspection, XRD and SEM technique. White area in
SEM pictures referred to organoclay in ECNs. From
table 2, SEM technique indicated that only the high
polarity organoclays formed thin shape of particles
and highly dispersed phase in the epoxy which
related to transparent property. For the medium and
low polarity organoclay composites showed
aggregation of particles and bigger stacks of clay in
the epoxy matrix, so they were lower dispersion and

rather opaque for visual inspection. The red lines of
XRD patterns in the table 2 showed a strong peak in
each organoclays while the yellow lines were XRD
patterns of epoxy-clay composites. All of composites
was not observed strong peak in XRD patterns when
it was compared to pure clays. Moreover the yellow
lines in XRD patterns showed a little broad peak that
were shifted to lower value of 20 for the composite
from high polarity organoclays while medium and
low polarity organoclays composites the lines were
shift to the opposite way. It was assumed that all of
organoclays had been dispersed in epoxy matrix.
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From 2dsin® = n\ when the little broad peak shifted to
left hand assumed that intercalated between the clay
basal layers was occurred (d spacing was increased) if
it shifted to the right hand trended to aggregate of clay.
The issue could demonstrate by SEM technique from
the pictures in table 2. Only high polarity organoclay
showed nanoscale of clay thickness (36-120 nm) in
epoxy matrix. In the other hand, the medium and low
polarity organoclays showed the clay thickness in term
of microscale (210 nm-23um). Total information was
assessed that the high polarity organoclays (Bentone
SD-2 and Bentone 27) showed a good mixing with the
epoxy when compared to medium (Bentone SD-1 and
Bentone SD-3) and low (Bentone 34 and Bentone 38)
polarity organoclays because they were the highest
dispersion property, so they were the best clay to form
epoxy-clay nanocomposites.

Water absorption test

Bentone 27 and Bentone 34 or high and low polarity
organoclay, respectively were chosen for encapsulation
test and compared to pure epoxy in 50°C saline
solution, applying 15 Vpc after that observe rusty,
apply voltage for current detection. The electronic
circuit will not be destroyed when water and air is not
absorbed and diffuse through the coating. This study
used the temperature acceleration and non acceleration
to fine the coating aging at 50°C and 37°C,
respectively. The samples have been survived and non
rusty in this solution for 4 months, and further. The
accelerated aging of material for encapsulation in
human condition could calculate after they occur rusty
by following the equation (1)

F=2 (Ti -Tref)/10 (1)

Where F is accelerated aging in human condition. T
is equal to human temperature (37°C) and Ti is
elevated temperature (50°C). The result form
calculation showed aging of total samples in the
present has been 2.46 years in human body condition.
Biocompatibility test is currently underway in
qualitative and quantitative methods!”.

Conclusions

Nanocomposites between biocompatible grade
epoxy and organoclay could be fabricated from high
polarity organoclay (Bentone SD-2 and Bentone 27)
that showed highly dispersion in epoxy resin and
performed exfoliated-intercalated nanocomposite in
XRD and SEM technique while medium and low
polarity organoclay exhibited in conventional form in
microscale for epoxy-clay composites. These micro
and nano composites have been used to test the water
absorption property compare to pure epoxy for
electronic encapsulation.  However total coating
samples have could protect electronic circuits from
normal saline solution at 37°C and 50°C, and these
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devices have been survived for 4 months moreover non
rusty has been occurred. It means the composites and
pure epoxy can be used in human body at least 2.46
years. In addition, the cleaning process can eliminate
flux from the circuit board before encapsulation, and
adhesion was improved to 4 times by plasma treatment.
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