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Abstract
Aviram-Ratner model was used to designing donor-nanobridge-acceptor

D-NB-A molecular electronic system. Geometrical parameters and energies
for the D-NB-A molecular system were investigated by the three parameters
Lee-Yang-Parr density functional theory B3LYP/DFT Calculations. The
LUMO-HOMO energy gap for the D-NB-A showed that the substituents
adding to the phenyl ring lead to a new electronic material and the D-NB-A
molecular system has a suitable small energy gap. The results showed that
the new D-NB-A molecular system is more reactive in charge transfer
processes compared with it is components (donor and acceptor).

Keywords: Aviram-Ratner model, D-NB-A, energy gap, HOMO-LUMO,
B3LYP/DFT.
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1. Introduction

Charge transfer (CT) is the main process in many fields of chemistry,
physics, and biology [1-7] monographs [8-10]. There are many organic
materials show useful field effect transistor performance, which can be
characterized by their carrier mobility and on/off current ratios[3, 4].
Molecular bridges linking between an electron donor and an electron
acceptor are known to control charge transport in molecular systems.
Extensive studies emphasized the role of different factors controlling the
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charge transport mechanism of donor-bridge-acceptor D-B-A systems

including inter-site electronic coupling, electronic energies and electronic-
nuclear coupling. This work stand on Aviram-Ratner model to design of
donor- Nanobridge-acceptor and determine the quantity of charge transfer
(CT). All calculations were viewed at the GaussView 5.0.8 program and
performed with the Gaussian 09 package of programs [23].

2. Theoretical Background

The calculations were carried out using the density functional
theory (DFT) methods implemented in the Gaussian 09 package of programs
[12]. The molecular properties of the structure have been calculated by DFT
using the standard 6-31G basis set. In the DFT calculations the Lee, Yang
and Parr correlation functional [13] is used together with Becke’s three
parameters[14]exchange functional B3LYP.
The molecular relax was performed at the B3LYP/DFT with the same basis
set [12, 15]. Harmonic vibration frequencies were computed at the same level
of theory. The geometry optimized structures are obtained by restricted
closed-shell formalism and without any symmetry restriction, and vibration
analysis for each structure does not yield any imaginary frequencies, which
indicates that the structure of each molecule corresponds to at least a local
minimum on the potential energy surface [20].

The DFT partitions the electronic energy as[19, 20]:

(1) E=ET+EU+E_.T+EEC
where E, E; and E; are the electronic kinetic energy, the electron nuclear
attraction and the electron-electron repulsion terms, respectively. The
electron correlation is taken into account in DFT via the exchange correlation
term Ey, which includes the exchange energy arising from the anti-
symmetry of the quantum mechanical wave function and the dynamic
correlation in the motion of individual electrons, it makes DFT dominant
over the conventional Hartree - Fock (HF) procedure [19].

The more relevant electronic ionization energy (IE), electron affinities
(EA), chemical potential u, it is the negative of electro negativity x, Fermi
energy Eg, electronic softness S, electrophilic index ® and the electric dipole
polarizability o were calculated in this investigation.
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The high occupied molecular orbital (HOMO) and the lower

unoccupied molecular orbital (LUMO) energies were used to calculate the
energy gap Eg, where ( Eg = LUMO-HOMO) estimate the IE and EA
according to Koopmans’ theorem[22]:

IP = —£hom0 (2)
EA = —£ryu0

Within the framework of the (DFT), the chemical potential p, which is
measures the escaping tendency of an electronic cloud, and calculated from
the relationship[23]:

p#—y=—(IP+EA)/2 (3

Where y 1s the electronegativity EN of the molecule [23].
Fermi energy Er is half of the energy gap, Er is the electrochemical hardness
H[22]:

H=Er=(IP-EA) /2 4)

And the electronic softness is given by the relationship[22]:

The electrophilic index is a measure of energy lowering due to maximal
electron flow. Electrophilic index (o) is defined as[19]:

W=y / 2E¢ (6)

One of the other global properties is the electric dipole polarizability,
which is a measure of the linear response of the electron density in the
presence of an infinitesimal electric field, the mean polarizability< o = is
evaluated using the equation[19,23] :

1
<o == 3 [Zc:::r:r +a,, + L'Izz)

where @, = @, = o_are the eigenvalues of the polarizability tensor.
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3. Results and Discussion

The optimized structure in fig.1 showed the n- conjugated nanobridge as
spacer connecting between the donor (aminobenzene) and the acceptor
(nitrobenzene). This molecular structure was optimized at the ground by
employing the hybrid functional B3LYP/DFT with 6-31G basis sets.

Fig. 1 : BSLYP/DFT optimized structure.

The geometrical optimized parameters (bond length in nm, bond angles in
degree) of the donor—nanobridge—acceptor molecular system are illustrated in
Table 1. As shown, the subgroups adding to phenyl ring in the terminal ends
of the molecular system has a small effect on the values of bonds between
atoms, C-C, C=C and C-H bond in benzene are are in the same range of those
for benzene ring. Convergence between the atomic numbers of carbon and
nitrogen atoms gave a good convergence between C-C and C-N bonds in the
structure. We can see that, a deviation in the bridge bond angle between the
two phenyl containing the end substitutes, in which, this deviation can be
expected due to string contact coming from the presence of phenyl groups at
the terminal positions of the molecular structure.

Table 1: The structural parameters of the studied molecule.

Bond length Bond angle
Bond Value (nm) Bond Value (deg)
C-C 0.1401-0.1403 Cc=C-C 119.368
Cc=C 0.1410-0.1417 C=C-N 119.614
C-H 0.1082-0.1086 0O=N=0 123.316
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C-N 0.1442 C=C-N 119.623
N=0 0.1275 C-C-H 121.041
N-H 0.1005

Table 2 showed the optimized structure has good relax and B3LYP
functional used for this optimization is a suitable with 6-31G basis set, it is
found that the optimization of the structure together with the linear
combination keeps the aromaticity of phenyl rings, also the virial ratio ( the
ratio of the potential to kinetic energy) of the studied D-NB-A molecular
system and it is components (-V/T) is remain in the same range of these
structures (2.0053- 2.0057). So, there is no imaginary frequency appears for
the IR-spectra of donor, acceptor and donor-nanobridge-acceptor molecular
system.
Table 2: Total energy Et in a.u, -V/T, symmetry and the number of

imaginary frequency of the studied molecule.

No. of
Structure Er (a.u) -VIT Symmetry imaginary
frequency
Donor -287.5376 2.0057 Cy 0
Acceptor -436.6185 2.0053 Coyv 0
D-NB-A -1432.0057 2.0055 C, 0

Fig.2 shows the total energy of the studied molecular system and it is as
result of relaxation of the structures at the ground state from the
B3LYP/DFT. Fig.2 declare that the total energy of the D-NB-A molecular
system is less than that for donor and acceptor, the nanobridgr used for
connecting the donor and acceptor leads to construct a new molecular
structure has more stability in comparison with both the donor and acceptor.
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Fig. 2: Total energy of the molecular system and it is components.

The electronic states (HOMO and LUMO ) and energy gap Eq of the donor,
acceptor and D-NB-A molecular system are illustrated in Table 3. As known,
benzene ring has an insulator behavior with energy gap equals 6.7eV, adding
the substituents in the terminal ends of benzene gave the phenyl a
semiconducting behavior with suitable energy gaps ( 5.529 eV for donor and
4.839 eV for acceptor ). Due to Aviram-Ratner model, the interacting
between the donor and acceptor by a nanobridge leads to construct the D-NB-
A molecular system with energy gap (2.240 eV), in which it is small gap in
comparison with the donor and acceptor, as shown in fig.3.

Table 3: Electronic states and energy gap in eV of the studied structures.

Species Enowmo (V) ELumo (eV) Egap (V)

Donor -5.1545 0.37442 5.529
Acceptor -7.7483 -2.9086 4.839
Molecule -5.1148 -2.8748 2.240
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Fig. 3: The energy gap of the molecular system and it is components.

Fig.4 illustrates the ionization energy IE in eV of the donor, acceptor and
D-NB-A molecular system. These results declare that the donor has a low
ionization energy in comparison with the acceptor, as a requirement to
donating an electron easily. The D-NB-A molecular system have a suitable
value ionization energy (5.114 eV) gave this molecular system the ability of
rectification when it is aligned between two metallic electrodes.

The strength of an acceptor molecule is measured by it is electron affinity
in which the energy released when adding an electron to the LUMO. An
acceptor must have a high electron affinity. Fig.5 declare that the acceptor
has to exhibit a high electron affinity EA. the results of electron affinity are
(2.9 eV for acceptor and 0.37 eV for donor) .
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Fig.4: The ionization energy of the molecular system and it is components.
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Fig.5: The electron affinity of the molecular system and it is components.

Interesting observations have been made from the results that are shown
in figures 6 - 9 obtained through the orbital-vertical method, it has been
found that for almost the commonly used exchange-correlation functional
such as B3LYP, the koopman’s theorem is satisfy accurately. The results
obtained by the calculation of the electronegativity in fig.6 was agreed very
well with the employing for the D-NB-A molecular system. This could be
the reason for the low electrochemical hardness values obtained from this
method, as we see in fig.7. The koopman’s theorem is a best, useful and fast
approach.

The behavior of electronegativity, softness and electrophilic index for the
studied D-NB-A molecular system and its components shows the magnitude
large than these for the original phenyl ring, adding the substituents to the
terminal end of benzene molecule gave the molecule more softness. in
general , the results of softness and electrophilic index in fig.8 and fig.9,
respectively are of the order of ( Molecule >Acceptor >Donor). These results
refer to that this molecular system is more soft and more reactive to
interacting with other species or the surrounding molecules.
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Fig.6: The electronegativity of the D-NB-A and its components .
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Fig.7: The electrochemical hardness of the D-NB-A and its components.
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Fig.8: The softness of the D-NB-A and its components.
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Fig.9: The electrophilic index of the D-NB-A and its components.

Table 4 shows the results of the dipole moment in Debye and the
polarizability in atomic units of donor, acceptor and D-NB-A molecular
system. As we know the benzene molecule is a planar has Dg, high
symmetry with total dipole moment equals zero. Adding the substituents
leads to change the distribution of charge, therefore effects on the symmetry
and polarity of the molecule. The donor and the acceptor have total dipole
moments (1.907 and 5.15) Debye, respectively, these values are depend on
the position of the substituents in the benzene ring and independent on the
number of atoms or subgroups adding to the ring, the D-NB-A molecular
system has the largest value of dipole moment and this may be a sign to this
molecular system has electrophilic behavior. The results of exact
polarizability of all studied structures are agree with the molecular
polarizability theories in which it is components are of order of oixx < Oy < 0z
, the D-NB-A molecular system has high value of average polarizablitiy, D-
NB-A is more reactive molecular system compared with both donor and
acceptor.

Table 4: The molecular polarizability of the D-NB-A and it is
components.

Total Polarizability (a.u)
. dipole
s moment(D AN max o xx ayy o o ave
ebye)
Donor 1.9077 0.8645 | 20.760 75.294 91.059 | 62.371
Acceptor 5.1512 2.2019 | 22.789 86.085 | 102.359 | 70.411
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| Molecule | 9.2568 | 3.6042 | 173.999 | 234.522 | 905.936 | 514.972 |
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Conclusions

From the results obtained in the present work, one can conclude that:
The total energy of the structure depends on the number of atoms in
each structure and the atomic number for all atoms in the species, the
total energy was decreased with increasing the number of atoms in the
structure. The designed donor-nanobridge-acceptor molecular system
has low value of energy gap.

The donor-nanobridge-acceptor has low value of ionization potential
and high value of electron affinity in comparison with it is components (
donor and acceptor ), in which it has small energy to donating an
electron and becomes cation. The donor-nanobridge-acceptor molecular
system is more soft and more reactive than both the donor and acceptor
to interacting with other species or the surrounding molecules.

rences

Marcus, R. A. (1985),Sutin, N. Biochim. Biophys.Acta, 811, 265—

322.

Barbara, P. F., Meyer, T. J., Ratner, M. A. (1996), J. Phys. Chem.100,

13148-13168.

Bixon, M.,Jortner (1999), J. AdV. Chem. Phys, 106, 35-208.

Berlin, Y. A., Kurnikov, I. V.,Beratan, D., Ratner, M. A., Burin, A. L.

Top.(2004), Curr. Chem. 237, 1-36.

Matyushov, D. V., Voth, G. A. ReV.(2002)Comp. Chemistry, 18,

147-210.

Adams, D. M.,Brus, L., Chidsey, C. E. D.,Creager, S.,Creutz, C.,

Kagan, C. R., Kamat, P. V., Lieberman, M., Lindsay, S., Marcus, R.

A., Metzger, R. M., Michel-Beyerle, M. E., Miller, J. R., Newton, M.

D., Rolison, D. R.,Sankey, O., Schanze, K. S., Yardley, J., Zhu, X.

(2003), J. Phys. Chem. B, 107, 6668—6697.

Weiss, E. A.Wasielewski, M. R., Ratner, M. A. (2005), Top.

Curr.Chem, 257, 103-133.

Kuznetsov, A. M. (1995), Charge Transfer in Physics, Chemistry and

Biology,Gordon & Breach: New York

Kuznetsov, A. M.,Ulstrup (1999), J. Electron Transfer in Chemistry

and Biology, Wiley: Chichester.

0. Balzani, V., Piotrowiak, P., Rodgers, M. A. J., Mattay, J., Astruc, D.,
Gray, H. B., Winkler, J., Fukuzumi, S., Mallouk, T. E., Haas, Y., de
Silva, A. P., Gould (2001), I., Eds.,Electron Transfer in Chemistry,
Wiley-VCH Verlag GmbH: Weinheim, Vols. 1-5.

194


https://jutq.utq.edu.iq/index.php/main

University of Thi-Qar Journal Vol.12 No.3 SEP 2017
Web Site: https://jutg.utg.edu.iq/index.php/main
Email: journal@jutq.utq.edu.iq

11. Wasielewski, M. R. (1992),Chem. ReV., 92, 435-461.
12. Schuddeboom, W.,Ktijnen, B., Verhoeven, J. W., Staring, E. G. J.,

Rikken, G. L. J. A.,Oevering (1991), H. Chem. Phys. Lett.179, 73-78.
13. Ratner, M. A., Jortner, J. In Molecular Electronics,Ratner,M. A.,

Jortner, J., Eds. (1997), Blackwell:Oxford, UK, pp 5-72, and

references therein.

14. Lindsay, S. M., Ratner, M. A.(2007),AdV. Mater, 19, 23-31.

15. See, e.g. (2004), Reviews published in Top. Curr. Chem., Schuster, G.

B., Ed.,Springer: Berlin, Vols. 236 and 237and references therein.

16. Jordan, K. D., Paddon-Row, M. N. (1992), Chem. ReV, 92, 395- 410.

17. Warman, J. M., De Haas, M. P., Verhoeven, J. W., Paddon-Row, M.
N.(1999), AdV. Chem. Phys.106, 571-601.

18. A. Aviram, M. A. Ratner (1974), Chem. Phys. Lett., 29, 277

19. K. J. Denniston, J. Topping and T. M. Dwyer (2007), General
Organic and Biochemistry", 5™ Edition, Towson University.

20. C. Tang, S. A. Van Slyke (1987), Appl. Phys. Lett, 51, 913.

21. J. H. Burroughes, D. C. Bradley, A. R. Brown, R. N. Marks, K.
Mackay, R. H. Friend, P. L. Burns, A. B. Holmes (1990), Nature
(London), 347, 539

22. J. R. Sheats, H. Antoniadis, M. hueschen, W. Leonard, J. Miller, R.
Moon, D. Roitman and A. Stocking (1996), Science, 273, 884.

23. R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N.
Marks, C. Taliani, D. C. Bradley, D. A. Dos Santos, J. L. Bredas, M.
Logdlund, W. R. Salaneck (1999), Nature (London), 397, 121.

24. F. Garnier, R. Hajlaoui, A. Yassar, P. Srivastava (1994), Science,
265, 1648.

25. G. Horowitz, D. Fichou, X. Z. Peng, Z. G. Xu, F. Gamier (1999),
Solid State Commun, 72, 38

26. G. Horowitz (1998), Adv. Mater, 10, 365.

27. H. E. Katz, A. J. Lovinger, J. Johnson, C. Kloc, T. Siegrist, W. Li, Y.
Y. Lin, A. Dodabalapur (2000), Nature (London), 404, 478.

28. G. Yu, J. Wang, J. Mc Elvain, A. Heeger (1998), Adv. Mater, 10,
1431.

29. C. J. Brabec, N. S. Sariciftci, J. C. Hummelen (2001), Adv. Funct.
Mater, 11, 15.

H.B. Schlegel (1982), J. Comput. Chem. 3, 214

30. A.D. Becke (1988), Phys. Rev. A 38, 3098.

31. A.D. Becke (1993), J. Chem. Phys. 98, 5648.

32. C. Lee, W. Yang, R.G. Parr (1988), Phys. Rev. B 37, 785.

33. Hamid. I. Abbood, International Journal of Current Engineering and
Technology, Vol.4, No.1, (2014).

195


https://jutq.utq.edu.iq/index.php/main

