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Table 1.  Analytical data of the ligand

SI.
no

Compound Molecular 
Weight

Melting 
Point

Colour Yield Elemental Analysis Found  
(Calculated)
C H N S
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Scheme 1.  The reaction pathway of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone N(4)-
methyl-N(4)-phenylthiosemicarbazone (H2L).
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�$���W�R�U�V�L�R�Q���D�Q�J�O�H���R�I���������������ƒ���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���6�������±�&�������±�1�������±�1���������P�R�L�H�W�\���F�R�Q�¿�U�P�V���W�K�H��syn 
or Z���F�R�Q�¿�J�X�U�D�W�L�R�Q���R�I���W�K�H���6���������D�W�R�P���Z�L�W�K���U�H�V�S�H�F�W���W�R���D�]�R�P�H�W�K�L�Q�H���Q�L�W�U�R�J�H�Q���D�W�R�P�����1�����������$�W�R�P��
N(1) lies trans���W�R���1���������L�Q���W�K�H���X�Q�L�W�����1�������±�&�������±�1�������±�1���������Z�L�W�K���D���W�R�U�V�L�R�Q���D�Q�J�O�H���R�I���í�����������������ƒ����
�$�W�R�P�����&���������O�L�H�V��trans to C(8) in C(9)–N(3)–N(2)–C(8) with a torsion angle of 177.0(2)°. 

The mean plane of the phenyl rings [C(1), C(2), C(3), C(4), C(5), C(6)] and [C(10), C(11), 
C(12), C(13), C(14), C(15)] forms a dihedral angle of 17.60(115)°. This indicates a Z confor-
mation between these planes. The mean plane of these phenyl rings [C(10), C(11), C(12), 

Fig. 4.  Packing diagram of HL along the b-axis showing intermolecular interaction.

Table 4.  Hydrogen bonding interactions of HL [Å and °]

D–H···A d(D–H) d(H···A) d(D···A) <(DHA)

N(3)–H(3N)···S(1) 0.86 2.66 3.004(2) 105

C(39)–H(39)···S(2)a 0.93 2.87 3.644(3) 141

C(25)–H(25)···S(1)b 0.93 2.83 3.569(3) 138

C(34)–H(34)···S(2)c 0.93 2.73 3.657(3) 172

�&���������±�+�������$���������6������ 0.96 2.54 3.051 114

a�6�\�P�P�H�W�U�\���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���H�T�X�L�Y�D�O�H�Q�W���D�W�R�P�V�����í��������x, y, z.
b�6�\�P�P�H�W�U�\���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���H�T�X�L�Y�D�O�H�Q�W���D�W�R�P�V������������x, y, z.
c�6�\�P�P�H�W�U�\���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���H�T�X�L�Y�D�O�H�Q�W���D�W�R�P�V���������í��x���������í��y���������í��z.

Table 3.  Selected bond lengths (Å), bond angles and torsion angles (°) of HL

Bond length (Å) Bond angles (°) Torsion angles(°)

C(8)–N(1) 1.339(4) N(1)–C(8)–S(1) 124.50(3) C(9)–N(3)–N(2)–C(8) 177.0(3)

C(8)–N(2) 1.388(4) N(2)–C(8)–S(1) 123.30(3) N(1)–C(8)–N(2)–N(3) 177.1(3)

C(8)–S(1) 1.655(4) N(1)–C(8)–N(2) 112.20(3) S(1)–C(8)–N(2)-N(3) 3.7(5)

C(9)–N(3) 1.285(3) C(9)–N(3)–N(2) 116.80(2) N(2)–C(8)–N(1)–C(6) 0.5(5)

N(3)–N(2) 1.371(3) C(9)–N(3)–H(3N) 121.60 S(1)–C(8)–N(1)–C(6) 179.7(3)

N(3)–H(3N) 0.86 N(2)–N(3)–H(3N) 121.60 N(2)–C(8)–N(1)–C(7) 179.2(4)

S(1)–C(8)–N(1)–C(7) 0.0(5)
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C H A P T E R  V

NOVEL LIGAND, 3�FORMYL 
CHROMONE N�4��METHYL�N�4��

PHENYLTHIOSEMICARBAZONE AND ITS 
TRANSITION METAL COMPLEXES

1. Introduction

�7�K�H���F�K�U�R�P�R�Q�H���U�L�Q�J���V�\�V�W�H�P���������E�H�Q�]�R�S�\�U�D�Q�������R�Q�H�����L�V���W�K�H���Q�X�F�O�H�X�V���L�Q���V�H�Y�H�U�D�O���À�D�Y�R�Q�R�L�G�V�����V�X�F�K��
�D�V�� �À�D�Y�R�Q�H�V���� �À�D�Y�R�Q�R�O�V�� �D�Q�G�� �L�V�R�À�D�Y�R�Q�H�V��1�� �&�K�U�R�P�R�Q�H�Q�H�V�� �D�U�H�� �F�R�P�S�R�X�Q�G�V�� �Z�K�L�F�K�� �F�R�Q�W�D�L�Q�� ���� 
�S�\�U�R�Q�H���Q�X�F�O�H�X�V���I�X�V�H�G���W�R���E�H�Q�]�H�Q�H���U�L�Q�J���� �0�R�O�H�F�X�O�H�V���Z�K�L�F�K���F�R�Q�W�D�L�Q���F�K�U�R�P�R�Q�H���U�L�Q�J���L�Q���W�K�H�L�U��
�V�W�U�X�F�W�X�U�H���D�U�H���E�H�L�Q�J���S�D�L�G���P�R�U�H���D�W�W�H�Q�W�L�R�Q���L�Q���W�K�H���U�H�F�H�Q�W���S�D�V�W���E�H�F�D�X�V�H���R�I���W�K�H�L�U���L�Q�W�H�U�H�V�W�L�Q�J���E�L�R-
�O�R�J�L�F�D�O���S�U�R�S�H�U�W�L�H�V��

�����)�R�U�P�\�O�F�K�U�R�P�R�Q�H�� ���)�L�J���� ������ �K�D�V�� �H�P�H�U�J�H�G�� �D�V�� �D�� �Y�D�O�X�D�E�O�H�� �V�\�Q�W�K�R�Q�� �I�R�U�� �W�K�H�� �L�Q�F�R�U�S�R�U�D�W�L�R�Q��
�R�I���F�K�U�R�P�R�Q�H���P�R�L�H�W�\���L�Q�W�R���D���Q�X�P�E�H�U���R�I���P�R�O�H�F�X�O�D�U���I�U�D�P�H�Z�R�U�N�V�����6�F�K�L�I�I�¶�V���E�D�V�H�V���R�I�������I�R�U�P�\�O-
�F�K�U�R�P�R�Q�H�� �D�Q�G�� �L�W�V�� �F�R�P�S�O�H�[�H�V�� �K�D�Y�H�� �D�Q�W�L�P�\�F�R�E�D�F�W�H�U�L�D�O���� �D�Q�W�L�I�X�Q�J�D�O���� �D�Q�W�L�F�R�Q�Y�X�O�V�D�Q�W�� �D�Q�G��
�P�X�V�K�U�R�R�P���W�\�U�R�V�L�Q�D�V�H���L�Q�K�L�E�L�W�L�R�Q���D�F�W�L�Y�L�W�L�H�V���D�Q�G���K�D�Y�H���H�[�W�H�Q�V�L�Y�H���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���E�L�R�O�R�J�L�F�D�O����
�F�O�L�Q�L�F�D�O�� �D�Q�G�� �S�K�D�U�P�D�F�R�O�R�J�L�F�D�O�� �D�U�H�D�V��2,3�� �,�W�� �D�F�W�V�� �D�V�� �D�� �S�R�W�H�Q�W�� �W�R�S�R�L�V�R�P�H�U�D�V�H�� �L�Q�K�L�E�L�W�R�U�� �Z�K�L�F�K��
�L�V���D�Q���D�Q�W�L�F�D�Q�F�H�U���D�J�H�Q�W�����7�K�H�V�H���F�R�P�S�R�X�Q�G�V���D�O�V�R���V�H�U�Y�H���D�V���L�Q�W�H�U�P�H�G�L�D�W�H�V���L�Q���W�K�H���V�\�Q�W�K�H�V�L�V���R�I��
�P�D�Q�\�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O�V���� �D�J�U�R�F�K�H�P�L�F�D�O�V�� �D�Q�G�� �G�\�H���V�W�X�I�I�V���� �&�K�U�R�P�R�Q�H�� �K�\�G�U�D�]�R�Q�H�V�� �D�Q�G�� �W�K�H�L�U��
�P�H�W�D�O���F�R�P�S�O�H�[�H�V���R�I�W�H�Q���S�R�V�V�H�V�V���G�L�Y�H�U�V�H���E�L�R�O�R�J�L�F�D�O���D�Q�G���S�K�D�U�P�D�F�H�X�W�L�F�D�O���D�F�W�L�Y�L�W�L�H�V���� �V�X�F�K���D�V��
�D�Q�W�L�P�L�F�U�R�E�L�D�O�����W�X�E�H�U�F�X�O�R�V�W�D�W�L�F�����D�Q�W�L�F�D�Q�F�H�U���D�Q�G���D�Q�W�L�R�[�L�G�D�Q�W���S�U�R�S�H�U�W�L�H�V��4

Khan et al.5�� �F�R�Q�G�X�F�W�H�G�� �W�K�D�W��in vitro�� �D�Q�G��in vivo�� �V�W�X�G�L�H�V�� �R�I�� �E�X�W�D�Q�R�K�\�G�U�D�]�L�G�H�� �G�H�U�L�Y�D�W�L�Y�H��
�R�I�� �����I�R�U�P�\�O�F�K�U�R�P�R�Q�H�� �D�Q�G�� �U�H�S�R�U�W�H�G�� �W�K�H�L�U�� �D�Q�W�L���L�Q�À�D�P�P�D�W�R�U�\�� �D�F�W�L�Y�L�W�L�H�V���� �/�L et al.6 synthe-
�V�L�]�H�G���D�Q�G���F�K�D�U�D�F�W�H�U�L�V�H�G�������F�D�U�E�D�O�G�H�K�\�G�H���F�K�U�R�P�R�Q�H���V�H�P�L�F�D�U�E�D�]�R�Q�H���D�Q�G���L�W�V���W�U�D�Q�V�L�W�L�R�Q���P�H�W�D�O��

O

O

O

Fig. 1. �����)�R�U�P�\�O�F�K�U�R�P�R�Q�H��
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�F�R�P�S�O�H�[�H�V���� �7�K�H�\�� �F�R�Q�G�X�F�W�H�G in vitro�� �D�Q�W�L�R�[�L�G�D�Q�W�� �V�F�U�H�H�Q�L�Q�J�� �R�I�� �1�L���,�,������ �&�X���,�,���� �D�Q�G�� �=�Q���,�,����
�F�R�P�S�O�H�[�H�V�� �R�I�� �����F�D�U�E�D�O�G�H�K�\�G�H�F�K�U�R�P�R�Q�H�� �V�H�P�L�F�D�U�E�D�]�R�Q�H���� �7�K�H�V�H�� �F�R�P�S�O�H�[�H�V�� �S�R�V�V�H�V�V�H�G�� �V�L�J-
�Q�L�¿�F�D�Q�W�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\�� �D�J�D�L�Q�V�W�� �V�X�S�H�U�R�[�L�G�H�� �D�Q�G�� �K�\�G�U�R�[�\�O�� �U�D�G�L�F�D�O�V���� �7�K�H�� �V�F�D�Y�H�Q�J�L�Q�J��
�H�I�I�H�F�W�V���R�I���&�X���,�,�����F�R�P�S�O�H�[���D�U�H���V�W�U�R�Q�J�H�U���W�K�D�Q���=�Q���,�,�������1�L���,�,�����F�R�P�S�O�H�[�H�V���D�Q�G���V�R�P�H���V�W�D�Q�G�D�U�G��
�D�Q�W�L�R�[�L�G�D�Q�W�V�����V�X�F�K���D�V���P�D�Q�Q�L�W�R�O���D�Q�G���9�L�W�D�P�L�Q���&�����7�K�H�\���D�O�V�R���V�\�Q�W�K�H�V�L�]�H�G���D�Q�G���V�W�X�G�L�H�G���W�K�H���F�U�\�V-
�W�D�O�� �V�W�U�X�F�W�X�U�H�V���� �E�L�R�O�R�J�L�F�D�O�� �D�F�W�L�Y�L�W�L�H�V�� �D�Q�G�� �À�X�R�U�H�V�F�H�Q�F�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�U�D�Q�V�L�W�L�R�Q�� �P�H�W�D�O�� �F�R�P-
�S�O�H�[�H�V���R�I�������F�D�U�E�D�O�G�H�K�\�G�H�F�K�U�R�P�R�Q�H���W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H��7

�'�1�$���E�L�Q�G�L�Q�J���S�U�R�S�H�U�W�\���R�I���W�K�H���/�D���,�,�,�����D�Q�G���(�X���,�,�,�����F�R�P�S�O�H�[�H�V���Z�L�W�K�������K�\�G�U�R�[�\���F�K�U�R�P�R�Q�H�� 
�����F�D�U�E�D�O�G�H�K�\�G�H����������K�\�G�U�R�[�\�����E�H�Q�]�R�\�O�K�\�G�U�D�]�R�Q�H���Z�D�V���U�H�S�R�U�W�H�G���E�\���:�D�Q�J��et al.8���7�K�H���H�[�S�H�U-
�L�P�H�Q�W�D�O�� �U�H�V�X�O�W�V�� �V�K�R�Z�H�G�� �W�K�D�W�� �/�D���,�,�,���� �D�Q�G�� �(�X���,�,�,���� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �H�I�I�H�F�W�L�Y�H�� �L�Q�K�L�E�L�W�R�U�V�� �R�I��
�V�X�S�H�U�R�[�L�G�H���D�Q�G���K�\�G�U�R�[�\�O���U�D�G�L�F�D�O�V���W�K�D�Q���P�D�Q�Q�L�W�R�O��

�&�X���,�,�������)�H���,�,�,�������&�R���,�,�����D�Q�G���&�R���,�,�,�������1�L���,�,�������&�U���,�,�,�������3�G���,�,�������3�W���,�9�����D�Q�G���=�Q���,�,�����F�R�P-
�S�O�H�[�H�V�� �R�I�� �����P�H�W�K�\�O�������K�\�G�U�R�[�\�������P�H�W�K�R�[�\�������I�R�U�P�\�O�F�K�U�R�P�R�Q�H���W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H���D�Q�G��
�����P�H�W�K�\�O�������� �����G�L�P�H�W�K�R�[�\�������I�R�U�P�\�O�F�K�U�R�P�R�Q�H�� �W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H�� �Z�H�U�H�� �V�\�Q�W�K�H�V�L�]�H�G��
�D�Q�G�� �F�K�D�U�D�F�W�H�U�L�V�H�G�� �E�\ �1�D�E�L�O�� �<�R�X�V�V�H�I��et al.9�� �$�O���6�D�H�H�G�L��et al��10�� �U�H�S�R�U�W�H�G�� �W�K�H�� �V�\�Q�W�K�H�V�L�V����
�V�S�H�F�W�U�R�V�F�R�S�L�F�� �F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q�� �D�Q�G�� �H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �V�W�X�G�L�H�V�� �R�I�� �*�L�U�D�U�G�¶�V�� �7�� �F�K�U�R�P�R�Q�H��
�F�R�P�S�O�H�[�H�V���� �3�G���,�,���� �F�R�P�S�O�H�[�H�V�� �R�I�� �F�K�U�R�P�R�Q�H���E�D�V�H�G�� �6�F�K�L�I�I�¶�V�� �E�D�V�H�V�� �Z�H�U�H�� �V�\�Q�W�K�H�V�L�]�H�G����
�F�K�D�U�D�F�W�H�U�L�V�H�G�� �D�Q�G�� �W�K�H�L�U�� �E�L�R�O�R�J�L�F�D�O�� �D�F�W�L�Y�L�W�L�H�V�� �Z�H�U�H�� �V�W�X�G�L�H�G�� �E�\�� �.�D�Y�L�W�K�D�� �D�Q�G�� �/�D�[�P�D��
�5�H�G�G�\��11

�7�K�L�V�� �F�K�D�S�W�H�U�� �S�R�U�W�U�D�\�V�� �W�K�H�� �V�\�Q�W�K�H�V�L�V�� �D�Q�G�� �F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q�� �R�I�� �D�� �Q�R�Y�H�O�� �O�L�J�D�Q�G���� �����I�R�U�P�\�O��
�F�K�U�R�P�R�Q�H���1���������P�H�W�K�\�O���1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H�����+�/�������)�L�J�����������D�Q�G���L�W�V���F�R�P�S�O�H�[�H�V��

2. Experimental

2.1. Materials and methods

�����)�R�U�P�\�O�F�K�U�R�P�R�Q�H�� ���6�L�J�P�D�� �$�O�G�U�L�F�K���� �D�Q�G�� �F�R�P�P�H�U�F�L�D�O�O�\�� �D�Y�D�L�O�D�E�O�H�� �P�H�W�D�O�� �V�D�O�W�V�� �Z�H�U�H�� �X�V�H�G��
�Z�L�W�K�R�X�W���I�X�U�W�K�H�U���S�X�U�Lfi�F�D�W�L�R�Q�����7�K�H���V�R�O�Y�H�Q�W�V���Z�H�U�H���S�X�U�L�¿�H�G���D�Q�G���G�U�L�H�G���E�\���V�W�D�Q�G�D�U�G���S�U�R�F�H�G�X�U�H����
�7�K�H���P�H�O�W�L�Q�J���S�R�L�Q�W�V���R�I���W�K�H���O�L�J�D�Q�G���D�Q�G���F�R�P�S�O�H�[�H�V���Z�H�U�H���U�H�F�R�U�G�H�G���R�Q���D���P�H�O�W�L�Q�J���S�R�L�Q�W���D�S�S�D�U�D�W�X�V����
�7�K�H���O�L�J�D�Q�G���D�Q�G���F�R�P�S�O�H�[�H�V���Z�H�U�H���I�X�U�W�K�H�U���F�K�D�U�D�F�W�H�U�L�V�H�G���E�\���X�V�L�Q�J���S�D�U�W�L�D�O���H�O�H�P�H�Q�W�D�O���D�Q�D�O�\�V�H�V����
�)�7���,�5�����)�7���5�D�P�D�Q�����H�O�H�F�W�U�R�Q�L�F���D�Q�G��1�+���1�0�5���V�S�H�F�W�U�D�����7�K�H���=�Q���,�,�����D�Q�G���1�L���,�,�����F�R�P�S�O�H�[�H�V���Z�H�U�H��

Fig. 2. �����)�R�U�P�\�O�F�K�U�R�P�R�Q�H���1���������P�H�W�K�\�O���1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H�����+�/����

N

CH3

S

N
H

N

H

O

O
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�F�K�D�U�D�F�W�H�U�L�V�H�G���E�\��1�+���1�0�5���V�S�H�F�W�U�D�� �(�3�5���V�S�H�F�W�U�X�P���R�I���&�X���,�,�����F�R�P�S�O�H�[���Z�D�V���D�O�V�R���U�H�F�R�U�G�H�G����
�0�D�J�Q�H�W�L�F���V�X�V�F�H�S�W�L�E�L�O�L�W�L�H�V���R�I���W�K�H���F�R�P�S�O�H�[�H�V���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���Z�H�U�H���P�H�D�V�X�U�H�G�����7�K�H�U�P�D�O��
�V�W�D�E�L�O�L�W�L�H�V���R�I���F�R�P�S�O�H�[�H�V���Z�H�U�H���D�O�V�R���D�V�F�H�U�W�D�L�Q�H�G�����'�H�W�D�L�O�V���U�H�J�D�U�G�L�Q�J���W�K�H���W�H�F�K�Q�L�T�X�H�V���X�V�H�G���I�R�U��
�W�K�H���F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q���R�I���W�K�H���O�L�J�D�Q�G���D�Q�G���W�K�H���F�R�P�S�O�H�[�H�V���D�U�H���H�[�S�O�D�L�Q�H�G���L�Q���&�K�D�S�W�H�U���,�,��

2.2. Synthesis

�6�\�Q�W�K�H�V�L�V�� �R�I�� �W�K�H�� �S�U�H�F�X�U�V�R�U���� �1���������P�H�W�K�\�O���1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�L�G�H�� ���0�3�7�6�&���� �L�V�� �G�L�V-
�F�X�V�V�H�G���L�Q���&�K�D�S�W�H�U���,�,��

2.2.1. 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone  (HL)

�+�/���Z�D�V���V�\�Q�W�K�H�V�L�]�H�G���E�\���W�K�H���G�U�R�S�Z�L�V�H���D�G�G�L�W�L�R�Q���R�I���K�R�W���P�H�W�K�D�Q�R�O�L�F���V�R�O�X�W�L�R�Q���R�I�������I�R�U�P�\�O��
�F�K�U�R�P�R�Q�H�����������������J���������P�P�R�O�����Z�L�W�K���F�R�Q�V�W�D�Q�W���V�W�L�U�U�L�Q�J���W�R���D���E�R�L�O�L�Q�J���P�H�W�K�D�Q�R�O�L�F���V�R�O�X�W�L�R�Q���R�I��
�1���������P�H�W�K�\�O���1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�L�G�H�����������������J���������P�P�R�O�������7�K�H���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G��
�R�Q���D���P�D�J�Q�H�W�L�F���V�W�L�U�U�H�U���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���I�R�U���������P�L�Q�X�W�H�V�����7�K�H���F�R�P�S�R�X�Q�G���R�E�W�D�L�Q�H�G���D�V��
�\�H�O�O�R�Z���V�R�O�L�G���Z�D�V���¿�O�W�H�U�H�G�����Z�D�V�K�H�G���Z�L�W�K���P�H�W�K�D�Q�R�O�����G�U�L�H�G���D�Q�G���N�H�S�W���L�Q���D���G�H�V�L�F�F�D�W�R�U��

2.2.2. Metal complexes

�7�R���W�K�H���K�R�W���P�H�W�K�D�Q�R�O�L�F���V�R�O�X�W�L�R�Q���R�I���+�/���������������J���������P�P�R�O�������D���K�R�W���P�H�W�K�D�Q�R�O�L�F���V�R�O�X�W�L�R�Q���R�I���W�K�H��
�P�H�W�D�O���V�D�O�W���������P�P�R�O�����Z�D�V���D�G�G�H�G���G�U�R�S�Z�L�V�H�����7�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�Q�G���U�H�À�X�[�H�G��
�I�R�U���������P�L�Q�X�W�H�V�����7�K�H���F�R�P�S�O�H�[���V�H�S�D�U�D�W�H�G���R�X�W���Z�D�V���¿�O�W�H�U�H�G�����Z�D�V�K�H�G���V�H�Y�H�U�D�O���W�L�P�H�V���Z�L�W�K���Z�D�W�H�U��
�D�Q�G���P�H�W�K�D�Q�R�O�����,�W���Z�D�V���W�K�H�Q���G�U�L�H�G���D�Q�G���N�H�S�W���L�Q���D���G�H�V�L�F�F�D�W�R�U��

3. Results and discussion

3.1. Characterisation of the ligand (HL)

3.1.1. Microanalytical data

�7�K�H���V�X�J�J�H�V�W�H�G���I�R�U�P�X�O�D���I�R�U���W�K�H���O�L�J�D�Q�G���L�V���&18�+15�13O2�6�����&�+�1�6���S�H�U�F�H�Q�W�D�J�H�V���R�I���O�L�J�D�Q�G���Z�H�U�H��
�L�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���W�K�H���V�X�J�J�H�V�W�H�G���P�R�O�H�F�X�O�D�U���I�R�U�P�X�O�D�H�����7�D�E�O�H�����������,�W���L�V���\�H�O�O�R�Z���L�Q���F�R�O�R�X�U���D�Q�G��
�P�H�O�W�H�G���D�W���������ƒ�&�����,�W���L�V���Q�R�Q���K�\�J�U�R�V�F�R�S�L�F���D�Q�G���V�W�D�E�O�H���D�W���Q�R�U�P�D�O���D�W�P�R�V�S�K�H�U�L�F���F�R�Q�G�L�W�L�R�Q�V�����,�W���L�V��
�V�R�O�X�E�O�H���L�Q���F�R�P�P�R�Q���V�R�O�Y�H�Q�W�V���O�L�N�H���P�H�W�K�D�Q�R�O�����H�W�K�D�Q�R�O�����'�0�)�����'�0�6�2���D�Q�G���V�R���R�Q��

Table 1. �$�Q�D�O�\�W�L�F�D�O���G�D�W�D���R�I���W�K�H���O�L�J�D�Q�G

Compound Molecular 
Weight

Melting 
Point

Colour Yield Elemental Analysis Found (Calculated)

C �+ �1 �6

C18�+15�13O2�6��

(�+�/��
337 170 �<�H�O�O�R�Z��

�S�R�Z�G�H�U
70 �������� 
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�7�K�H���U�H�D�F�W�L�R�Q���S�D�W�K�Z�D�\���R�I���W�K�H���O�L�J�D�Q�G���F�D�Q���E�H���U�H�S�U�H�V�H�Q�W�H�G���E�\���W�K�H���I�R�O�O�R�Z�L�Q�J���6�F�K�H�P�H������

3.1.2. Powder XRD studies

�6�L�Q�F�H���Z�H���F�R�X�O�G���Q�R�W���R�E�W�D�L�Q���W�K�H���V�L�Q�J�O�H���F�U�\�V�W�D�O�V���R�I���+2�/�����Z�H���U�H�F�R�U�G�H�G���L�W�V���S�R�Z�G�H�U���;�5�'���S�D�W�W�H�U�Q����
�,�W�� �U�H�Y�H�D�O�H�G�� �W�K�H�� �F�U�\�V�W�D�O�O�L�Q�L�W�\�� �R�I�� �W�K�H�� �F�R�P�S�R�X�Q�G���� �0�D�W�F�K�L�Q�J�� �W�K�H�� �S�H�D�N�V�� �X�V�L�Q�J�� �0�$�7�&�+�� �V�R�I�W-
�Z�D�U�H�����L�W���L�V���I�R�X�Q�G���W�K�D�W���W�K�H���F�U�\�V�W�D�O���E�H�O�R�Q�J�V���W�R���W�U�L�F�O�L�Q�L�F���V�\�V�W�H�P�����)�L�J����������

3.1.3. Spectroscopic analysis

(a) Electronic spectrum

�7�K�H���H�O�H�F�W�U�R�Q�L�F���D�E�V�R�U�S�W�L�R�Q���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G���L�Q���V�R�O�L�G���V�W�D�W�H���Z�D�V���U�H�F�R�U�G�H�G���L�Q���W�K�H���U�D�Q�J�H��
200–900 nm (�)�L�J�������������7�K�H���F�R�P�S�R�X�Q�G���U�H�J�L�V�W�H�U�H�G���E�D�Q�G�V���D�W���������������������D�Q�G�����������Q�P�����7�K�H���W�Z�R��
�I�R�U�P�H�U���E�D�Q�G�V���P�D�\���E�H���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���Œ–�Œ* transitions of the azomethine chromophore 
�D�Q�G���W�K�H���E�H�Q�]�H�Q�H���U�L�Q�J�����L�Q�W�U�D���O�L�J�D�Q�G���F�K�D�U�J�H���W�U�D�Q�V�I�H�U�����D�Q�G���W�K�H���O�D�W�W�H�U���R�Q�H���P�D�\���E�H���G�X�H���W�R���W�K�H��
n–�Œ�
���W�U�D�Q�V�L�W�L�R�Q��

Fig. 3. �3�R�Z�G�H�U���;�5�'���R�I���+�/��
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Scheme 1.  �)�R�U�P�D�W�L�R�Q���R�I�� �����I�R�U�P�\�O�F�K�U�R�P�R�Q�H���1���������P�H�W�K�\�O���1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H��
���)�0�3�7�6�&������HL) ��
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(b) Vibrational spectrum

�7�K�H���)�7���,�5���V�S�H�F�W�U�X�P���R�I���W�K�H���F�R�P�S�R�X�Q�G���Z�D�V���U�H�F�R�U�G�H�G���L�Q���W�K�H���U�H�J�L�R�Q�����������±���������F�P�í�� ���D�Q�G���L�V��
�S�U�H�V�H�Q�W�H�G���L�Q���)�L�J�����������$���E�U�R�D�G���E�D�Q�G���R�E�V�H�U�Y�H�G���D�W�������������F�P�í�� ���F�D�Q���E�H���D�V�V�L�J�Q�H�G���D�V���1�±�+���V�W�U�H�W�F�K�L�Q�J��
�Y�L�E�U�D�W�L�R�Q�����7�K�H���D�E�V�H�Q�F�H���R�I���D�Q�\���E�D�Q�G�V���D�W�����������±�����������F�P�í�� ���G�X�H���W�R�������6�+�����V�K�R�Z�V���W�K�D�W���W�K�H���O�L�J�D�Q�G��
�H�[�L�V�W�V���L�Q���W�K�L�R�Q�H���I�R�U�P12���L�Q���W�K�H���V�R�O�L�G���V�W�D�W�H�����7�K�H���E�D�Q�G���R�E�V�H�U�Y�H�G���D�W�������������F�P�í�� ���P�D�\���E�H���G�X�H���W�R��
�����&� �2������ �7�K�H�� �E�D�Q�G�� �R�E�V�H�U�Y�H�G�� �D�W������������ �F�P�í�����P�D�\�� �E�H�� �G�X�H�� �W�R�������&� �1������ �7�K�H�� �E�D�Q�G�� �R�E�V�H�U�Y�H�G�� �D�W��
794 cm�í�� ���F�D�Q���E�H���D�V�V�L�J�Q�H�G���W�R�������&� �6����

Fig. 5. �)�7���,�5���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G��

Fig. 4. �(�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G��
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(c) 1H NMR spectrum

The 1�+���1�0�5���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G���Z�D�V���U�H�F�R�U�G�H�G���L�Q���'�0�6�2���D�Q�G���L�V���S�U�H�V�H�Q�W�H�G���L�Q �)�L�J����������
�7�K�H�� �S�H�D�N�� �R�E�V�H�U�Y�H�G�� �D�W�� �������������� �S�S�P�� �L�V�� �D�V�V�L�J�Q�H�G�� �W�R�� �6�+���1�+�� �S�U�R�W�R�Q���� �$�� �V�L�Q�J�O�H�W�� �R�E�V�H�U�Y�H�G�� �D�W��
������������ �S�S�P�� �F�D�Q�� �E�H�� �D�V�V�L�J�Q�H�G�� �W�R�� �D�]�R�P�H�W�K�L�Q�H�� �S�U�R�W�R�Q���� �$�U�R�P�D�W�L�F�� �S�U�R�W�R�Q�V�� �V�K�R�Z�� �D�� �P�X�O�W�L�S�O�H�W��
�S�H�D�N���L�Q���W�K�H���U�H�J�L�R�Q�������������±�������������S�S�P�����1�±�&�+3���S�U�R�W�R�Q�V���D�E�V�R�U�E���D�W���������������S�S�P���L�Q���W�K�H��1�+���1�0�5��
�V�S�H�F�W�U�X�P��

3.2. Characterisation of the metal complexes

3.2.1. Formulae and general properties of the complexes

�$�O�O�� �W�K�H�� �F�R�P�S�O�H�[�H�V�� �Z�H�U�H�� �I�R�X�Q�G�� �W�R�� �E�H�� �V�W�D�E�O�H�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H���� �3�D�U�W�L�D�O�� �H�O�H�P�H�Q�W�D�O�� �D�Q�D-
�O�\�W�L�F�D�O���G�D�W�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V���Z�H�U�H���L�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���W�K�H���V�X�J�J�H�V�W�H�G���P�R�O�H�F�X�O�D�U���I�R�U�P�X�O�D�H����
�,�Q�� �W�K�H���F�R�P�S�O�H�[�H�V���� �W�K�H���O�L�J�D�Q�G���Z�D�V���F�R�R�U�G�L�Q�D�W�H�G���H�L�W�K�H�U���D�V���P�R�Q�R���D�Q�L�R�Q�L�F�� ���/� ���� �R�U���D�V�� �Q�H�X�W�U�D�O��
���+�/�������%�D�V�H�G���R�Q���S�D�U�W�L�D�O���H�O�H�P�H�Q�W�D�O���D�Q�D�O�\�V�H�V�����V�S�H�F�W�U�D�O�����P�D�J�Q�H�W�L�F���D�Q�G���W�K�H�U�P�D�O���G�D�W�D�����Z�H���K�D�Y�H��
�D�V�V�L�J�Q�H�G���W�K�H���I�R�U�P�X�O�D�H���I�R�U���W�K�H���F�R�P�S�O�H�[�H�V���D�Q�G���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H������

Fig. 6. �1�0�5���V�S�H�F�W�U�X�P���R�I���+�/��
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3.2.3. Electronic spectra and magnetic moments

�7�K�H���H�O�H�F�W�U�R�Q�L�F�� �V�S�H�F�W�U�D���R�I�� �W�K�H���F�R�P�S�O�H�[�H�V�� �Z�H�U�H���U�H�F�R�U�G�H�G���L�Q���V�R�O�L�G���V�W�D�W�H���D�Q�G���W�K�H�L�U���S�U�R�E�D�E�O�H��
�D�V�V�L�J�Q�P�H�Q�W�V���D�U�H���J�L�Y�H�Q���L�Q���7�D�E�O�H�V���������,�Q���W�K�H���V�S�H�F�W�U�D���R�I���D�O�O���W�K�H�V�H���F�R�P�S�O�H�[�H�V�����W�K�H���E�D�Q�G�V���R�E�V�H�U�Y�H�G��
�E�H�O�R�Z�����������Q�P���F�D�Q���E�H���D�V�V�L�J�Q�H�G���W�R���Œ � �Œ�
���D�Q�G��n � �Œ�
���W�U�D�Q�V�L�W�L�R�Q�V��

�7�K�H���0�Q���,�,�����F�R�P�S�O�H�[���E�H�O�R�Q�J�V���W�R���G5���V�\�V�W�H�P�����)�R�U���K�L�J�K���V�S�L�Q���R�F�W�D�K�H�G�U�D�O���F�R�P�S�O�H�[�H�V�����H�O�H�F-
�W�U�R�Q�L�F���W�U�D�Q�V�L�W�L�R�Q�V���D�U�H���E�R�W�K���/�D�S�R�U�W�H���D�Q�G���V�S�L�Q���I�R�U�E�L�G�G�H�Q��13,14 �+�R�Z�H�Y�H�U�����V�R�P�H���I�R�U�E�L�G�G�H�Q���W�U�D�Q�V�L-
�W�L�R�Q�V���R�F�F�X�U���W�R���W�K�H���T�X�D�U�W�H�W���H�[�F�L�W�H�G���V�W�D�W�H�V���D�Q�G���W�K�H�\���D�U�H��6�$1g � 

4�$1g���*������
6�$1g � 

4�(g���*������
6�$1g � 

4�(g���'������
6�$1g � 

4�$1g���*������
6�$1g � 

4T1g���*�����D�Q�G��6�$1g � 
4T2g���*�������,�Q���W�K�L�V���F�D�V�H�����W�K�H���0�Q���,�,�����F�R�P�S�O�H�[��

�H�[�K�L�E�L�W�H�G���W�Z�R���Y�H�U�\���O�R�Z���L�Q�W�H�Q�V�H���E�D�Q�G�V�����2�Q�H���E�U�R�D�G���E�D�Q�G���D�W�����������Q�P���G�X�H���W�R��6�$1g � 
4�$1g���*���� 

�D�Q�G��6�$1g � 
4�(g�����*�����W�U�D�Q�V�L�W�L�R�Q�V���D�Q�G���D�Q�R�W�K�H�U���D�W�����������Q�P���G�X�H���W�R 6�$1g � 

4T1g���*�����W�U�D�Q�V�L�W�L�R�Q�����7�K�L�V��
�L�V���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���D�Q���R�F�W�D�K�H�G�U�D�O���J�H�R�P�H�W�U�\��

�7�K�H�� �0�Q���,�,���� �F�R�P�S�O�H�[�H�V�� �P�D�\�� �E�H�� �K�L�J�K���V�S�L�Q�� ��S� � �  � � � �� �� �� �� � �R�U� � �O�R�Z� ��V�S�L�Q� � � �S�� � �� ������������ �+�L�J�K���V�S�L�Q��
�0�Q���,�,�����F�R�P�S�O�H�[�H�V���L�Q���R�F�W�D�K�H�G�U�D�O���D�Q�G���W�H�W�U�D�K�H�G�U�D�O���J�H�R�P�H�W�U�L�H�V���K�D�Y�H���D���V�S�L�Q���R�Q�O�\���Y�D�O�X�H���R�I������������
�%�0���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���� �%�X�W���O�R�Z���V�S�L�Q���F�R�P�S�O�H�[�H�V���V�K�R�Z���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���Y�D�O�X�H�V���F�O�R�V�H��
�W�R�����������%�0�����1�R�U�P�D�O�O�\�����P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���Y�D�O�X�H�V���R�I���6�F�K�L�I�I�¶�V���E�D�V�H���F�R�P�S�O�H�[�H�V���R�I���K�L�J�K���V�S�L�Q��
�0�Q���,�,���� �D�U�H�� �I�R�X�Q�G�� �W�R�� �E�H�� �V�L�J�Q�L�¿�F�D�Q�W�O�\�� �O�R�Z�H�U�� �W�K�D�Q�� �W�K�H�� �H�[�S�H�F�W�H�G�� �V�S�L�Q���R�Q�O�\�� �Y�D�O�X�H�� �D�Q�G�� �W�K�H�\��
�U�D�Q�J�H�V�� �I�U�R�P�� �������� �W�R�� �������� �%�0�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H��15,16 In this investigation, the magnetic 
�P�R�P�H�Q�W���R�I���W�K�H���F�R�P�S�O�H�[��(1)���Z�D�V�����������%�0��

�8�V�X�D�O�O�\���� �&�R���,�,���� �F�R�P�S�O�H�[�H�V�� �H�[�L�V�W���L�Q�� �R�F�W�D�K�H�G�U�D�O���� �W�H�W�U�D�K�H�G�U�D�O�� �D�Q�G�� �V�T�X�D�U�H���S�O�D�Q�D�U�� �J�H�R�P�H-
�W�U�L�H�V�����,�I���W�K�H���O�L�J�D�Q�G�V���K�D�Y�H���V�H�Y�H�U�D�O���G�R�Q�R�U���D�W�R�P�V�����¿�Y�H���F�R�R�U�G�L�Q�D�W�H���J�H�R�P�H�W�U�\���L�V���D�O�V�R���S�R�V�V�L�E�O�H���I�R�U��
�&�R���,�,�����F�R�P�S�O�H�[�H�V�����7�K�H���H�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�X�P���R�I���D���V�T�X�D�U�H���S�O�D�Q�D�U���F�R�P�S�O�H�[���R�I���&�R���,�,�����L�V���V�L�P�L�O�D�U��
�W�R���W�K�D�W���R�I���O�R�Z���V�S�L�Q���¿�Y�H���F�R�R�U�G�L�Q�D�W�H�G���F�R�P�S�O�H�[�H�V�����,�W���J�L�Y�H�V���U�L�V�H���W�R���W�Z�R���D�E�V�R�U�S�W�L�R�Q���E�D�Q�G�V���G�X�H��
to 2�$1 � 

2�(���D�W���K�L�J�K�H�U���H�Q�H�U�J�\���D�Q�G��2�$1 � 
2�%1���D�W���O�R�Z�H�U���H�Q�H�U�J�\���U�H�J�L�R�Q�����,�Q���W�K�H���F�D�V�H���R�I���&�R���,�,����

�F�R�P�S�O�H�[�H�V�����W�K�H���G�D�U�N���F�R�O�R�X�U���W�R�J�H�W�K�H�U���Z�L�W�K���V�R�P�H���Z�H�D�N���D�Q�G���E�U�R�D�G���E�D�Q�G�V���L�Q���W�K�H�L�U���V�S�H�F�W�U�D���L�Q��
�W�K�H���U�H�J�L�R�Q�����������±�����������Q�P���D�U�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F���R�I���V�T�X�D�U�H���S�O�D�Q�D�U���J�H�R�P�H�W�U�\��17

�,�Q�� �W�K�L�V�� �V�W�X�G�\���� �W�K�H�� �&�R���,�,���� �F�R�P�S�O�H�[��(2)�� �V�K�R�Z�H�G�� �D�� �E�U�R�D�G�� �E�D�Q�G�� �D�W�� �������� �Q�P���� �7�K�L�V�� �F�D�Q�� �E�H��
�D�V�V�L�J�Q�H�G���W�R��2�$1 � 

2�(���W�U�D�Q�V�L�W�L�R�Q���D�Q�G���L�V���F�K�D�U�D�F�W�H�U�L�V�W�L�F���R�I���V�T�X�D�U�H���S�O�D�Q�D�U���J�H�R�P�H�W�U�\�����+�R�Z�H�Y�H�U����
�W�K�H���E�D�Q�G�V���G�X�H���W�R���W�K�H���R�W�K�H�U���W�U�D�Q�V�L�W�L�R�Q�V���D�U�H���Q�R�W���R�E�V�H�U�Y�H�G���D�V���W�K�H�\���P�D�\���E�H���R�X�W���R�I���W�K�H���U�D�Q�J�H���R�I��
�W�K�H���V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U���X�V�H�G��

�7�K�H�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W���Y�D�O�X�H�V�� �I�R�U�� �&�R���,�,���� �F�R�P�S�O�H�[�H�V�� �J�H�Q�H�U�D�O�O�\�� �S�L�Q�S�R�L�Q�W���W�K�H�� �F�R�R�U�G�L�Q�D�W�L�R�Q��
�J�H�R�P�H�W�U�L�H�V���� �2�F�W�D�K�H�G�U�D�O�� �&�R���,�,���� �F�R�P�S�O�H�[�H�V�� �X�V�X�D�O�O�\�� �V�K�R�Z�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�V�� �L�Q�� �W�K�H�� �U�D�Q�J�H��
�������±���������%�0�����7�H�W�U�D�K�H�G�U�D�O���D�Q�G���K�L�J�K���V�S�L�Q���R�F�W�D�K�H�G�U�D�O���&�R���,�,�����F�R�P�S�O�H�[�H�V���S�R�V�V�H�V�V���W�K�U�H�H���X�Q�S�D�L�U�H�G��
�H�O�H�F�W�U�R�Q�V���D�Q�G���P�D�\���E�H���G�L�V�W�L�Q�J�X�L�V�K�H�G���E�\���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���W�K�H���G�H�Y�L�D�W�L�R�Q���R�I���H�I�I�H�F�W�L�Y�H���P�D�J�Q�H�W�L�F��
�P�R�P�H�Q�W�V�� �I�U�R�P�� �W�K�H�� �V�S�L�Q���R�Q�O�\�� �Y�D�O�X�H���� �6�L�Q�F�H�� �W�K�H�� �W�H�W�U�D�K�H�G�U�D�O�� �K�L�J�K���V�S�L�Q�� �&�R���,�,���� �F�R�P�S�O�H�[�� �Z�L�W�K��
�J�U�R�X�Q�G���W�H�U�P����4�$2�����K�D�V���Q�R���R�U�E�L�W�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q�����W�K�H���H�[�S�H�F�W�H�G���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���L�V�������������%�0����
�+�R�Z�H�Y�H�U�����W�K�H���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W�V���R�I���&�R���,�,�����F�R�P�S�O�H�[�H�V���J�H�W���L�Q�F�U�H�D�V�H�G���D�E�R�Y�H���W�K�H���V�S�L�Q���R�Q�O�\���Y�D�O�X�H��
via �F�R�Q�W�U�L�E�X�W�L�R�Q���I�U�R�P���K�L�J�K�H�U���R�U�E�L�W�D�O�O�\���G�H�J�H�Q�H�U�D�W�H���W�H�U�P�V���D�Q�G���R�F�F�X�U���L�Q���W�K�H���U�D�Q�J�H���������±���������%�0��18 
�6�T�X�D�U�H���S�O�D�Q�D�U���&�R���,�,�����F�R�P�S�O�H�[�H�V���D�U�H���R�I���O�R�Z���V�S�L�Q���W�\�S�H���D�Q�G���W�K�H�\���V�K�R�Z���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W�V���L�Q���W�K�H��
�U�D�Q�J�H�����������±����������19,20���7�K�H���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���R�I���W�K�H���F�R�P�S�O�H�[��(2)���U�H�S�R�U�W�H�G���K�H�U�H���L�V�������������%�0�����7�K�L�V��
�V�K�R�Z�V���W�K�D�W���L�W���L�V���L�Q���O�R�Z���V�S�L�Q���V�T�X�D�U�H���S�O�D�Q�D�U���F�R�Q�¿�J�X�U�D�W�L�R�Q���Z�L�W�K���R�Q�H���X�Q�S�D�L�U�H�G���H�O�H�F�W�U�R�Q��

�&�R���,�,�,���� �K�D�V�� �D�� �G6�� �F�R�Q�¿�J�X�U�D�W�L�R�Q�� �Z�L�W�K�� �D�Q�� �H�O�H�F�W�U�R�Q�L�F�� �D�U�U�D�Q�J�H�P�H�Q�W�� �R�I�� ���W2g��
6 (eg��

0�� �D�Q�G�� �W�K�H��
�J�U�R�X�Q�G�� �V�W�D�W�H�� �L�V��1�$���J���� �7�K�L�V�� �D�U�U�D�Q�J�H�P�H�Q�W�� �K�D�V�� �Y�H�U�\�� �O�D�U�J�H�� �F�U�\�V�W�D�O�� �¿�H�O�G�� �V�W�D�E�L�O�L�]�D�W�L�R�Q�� �H�Q�H�U�J�\��
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�D�Q�G���L�V���I�R�X�Q�G���W�R���E�H���G�L�D�P�D�J�Q�H�W�L�F�����,�W���H�[�K�L�E�L�W�V���W�Z�R���V�S�L�Q���D�O�O�R�Z�H�G���W�U�D�Q�V�L�W�L�R�Q�V���D�W���U�H�O�D�W�L�Y�H�O�\���O�R�Z��
energy, 1�$1g � 

1T1g���D�Q�G��1�$1g � 
1T2g���D�Q�G���W�Z�R���V�S�L�Q���I�R�U�E�L�G�G�H�Q���E�D�Q�G�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R��1�$1g 

� 3T1g���D�Q�G��1�$1g � 
3T2g���D�W���K�L�J�K�H�U���H�Q�H�U�J�L�H�V��21���7�K�H�V�H���D�U�H���X�V�X�D�O�O�\���G�L�I�¿�F�X�O�W���W�R���L�Q�W�H�U�S�U�H�W���G�X�H���W�R��

�W�K�H���R�Y�H�U�O�D�S���R�I���L�Q�W�U�D���O�L�J�D�Q�G���D�Q�G���F�K�D�U�J�H���W�U�D�Q�V�I�H�U���W�U�D�Q�V�L�W�L�R�Q�V�����$���E�U�R�D�G���E�D�Q�G���D�W�����������Q�P���L�Q���W�K�H��
�V�S�H�F�W�U�X�P���R�I���W�K�H���F�R�P�S�O�H�[����3)���P�D�\���E�H���G�X�H���W�R��1�$1g � 

1T2g���D�Q�G��1�$1g � 
1T1g���W�U�D�Q�V�L�W�L�R�Q�V�����+�H�U�H����

�F�R�E�D�O�W���L�V���L�Q�����,�,�,���R�[�L�G�D�W�L�R�Q���V�W�D�W�H���V�K�R�Z�L�Q�J���D���G�L�D�P�D�J�Q�H�W�L�F���E�H�K�D�Y�L�R�X�U�����7�K�H�V�H���R�E�V�H�U�Y�D�W�L�R�Q�V���D�U�H��
�F�K�D�U�D�F�W�H�U�L�V�W�L�F���R�I���R�F�W�D�K�H�G�U�D�O���J�H�R�P�H�W�U�\��

�7�K�H�� �J�U�R�X�Q�G���V�W�D�W�H���I�R�U�� �U�H�J�X�O�D�U�� �W�H�W�U�D�K�H�G�U�D�O���1�L���,�,���� �L�R�Q�� �L�V��3T1���)������ �7�H�W�U�D�K�H�G�U�D�O���1�L���,�,���� �F�R�P-
�S�O�H�[�H�V���V�K�R�Z���W�Z�R���E�U�R�D�G���E�D�Q�G�V���L�Q���W�K�H���Y�L�V�L�E�O�H���U�H�J�L�R�Q�����R�Q�H���D�W�����������Q�P���G�X�H���W�R��3T1���)�� � 

3T1���3����
�W�U�D�Q�V�L�W�L�R�Q���D�Q�G���D�Q�R�W�K�H�U���R�Q�H���D�W�������������Q�P���G�X�H���W�R��3T1���)�� � 

3�$2���)�����W�U�D�Q�V�L�W�L�R�Q�����,�Q���W�K�L�V���V�W�X�G�\�����W�K�H��
�F�R�P�S�O�H�[��(4)���V�K�R�Z�H�G���D���E�D�Q�G���D�W�����������Q�P���G�X�H���W�R��3T1���)����� 

3T1���3�����W�U�D�Q�V�L�W�L�R�Q�����+�R�Z�H�Y�H�U�����W�K�H���R�W�K�H�U��
�W�U�D�Q�V�L�W�L�R�Q���L�V���Q�R�W���R�E�V�H�U�Y�H�G���D�V���L�W���P�D�\���E�H���R�X�W���R�I���W�K�H���U�D�Q�J�H���R�I���W�K�H���V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U���X�V�H�G��

�1�L���,�,�����L�R�Q�V���H�[�K�L�E�L�W���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W�V���K�L�J�K�H�U���W�K�D�Q���W�K�H���V�S�L�Q���R�Q�O�\���Y�D�O�X�H���H�[�S�H�F�W�H�G���I�R�U���W�Z�R��
�X�Q�S�D�L�U�H�G���H�O�H�F�W�U�R�Q�V���L�Q���R�F�W�D�K�H�G�U�D�O�����������±���������%�0�����D�Q�G���W�H�W�U�D�K�H�G�U�D�O�����������±���������%�0�����J�H�R�P�H�W�U�L�H�V����
�7�K�L�V�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�� �Y�D�O�X�H�V�� �I�U�R�P�� �W�K�H�� �V�S�L�Q���R�Q�O�\�� �Y�D�O�X�H�� �P�D�\�� �E�H�� �G�X�H�� �W�R��
�V�R�P�H���µ�P�L�[�L�Q�J���L�Q�¶���R�I���X�S�S�H�U���V�W�D�W�H�V��via���V�S�L�Q���R�U�E�L�W���F�R�X�S�O�L�Q�J�����+�H�U�H�����W�K�H���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���R�I��
�W�K�H���F�R�P�S�O�H�[��(4)���L�V�������������%�0�����F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���D���W�H�W�U�D�K�H�G�U�D�O���J�H�R�P�H�W�U�\�����,�Q���W�K�H���F�R�P�S�O�H�[ (5), a 
band at 617 nm may be assigned to 1�$1g � 

1�%1g���W�U�D�Q�V�L�W�L�R�Q���Z�K�L�F�K���L�V���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���O�R�Z���V�S�L�Q��
�V�T�X�D�U�H���S�O�D�Q�D�U���J�H�R�P�H�W�U�\��22���6�L�Q�F�H���W�K�L�R�O�V���F�D�Q���F�D�X�V�H���V�S�L�Q���S�D�L�U�L�Q�J���W�K�D�Q���W�K�L�R�H�W�K�H�U�V�����F�R�R�U�G�L�Q�D-
�W�L�R�Q�� �P�L�J�K�W�� �K�D�Y�H�� �R�F�F�X�U�U�H�G�� �W�K�U�R�X�J�K�� �W�K�H�� �W�K�L�R�O�D�W�R�� �V�X�O�S�K�X�U�� �D�W�R�P�� �D�I�W�H�U�� �G�H�S�U�R�W�R�Q�D�W�L�R�Q��23 This 
�1�L���,�,�����F�R�P�S�O�H�[���Z�D�V���I�R�X�Q�G���W�R���G�L�D�P�D�J�Q�H�W�L�F���F�R�Q�¿�U�P�L�Q�J���L�W�V���V�T�X�D�U�H���S�O�D�Q�D�U���J�H�R�P�H�W�U�\��

�7�K�H���V�S�H�F�W�U�R�V�F�R�S�L�F���J�U�R�X�Q�G���V�W�D�W�H���W�H�U�P���R�I���&�X���,�,�����L�V��2D. �,�W���J�H�W�V���V�S�O�L�W���X�S���E�\���D�Q���R�F�W�D�K�H�G�U�D�O��
�¿�H�O�G���L�Q�W�R���W�Z�R���O�H�Y�H�O�V����2T2g���D�Q�G��2�(g�����:�K�H�Q���W�K�H���V�\�P�P�H�W�U�\���R�I���W�K�H���&�X���,�,���� �F�R�P�S�O�H�[���O�R�Z�H�U�V���W�R��
D4h or C4v���� �W�K�H�� �H�Q�H�U�J�\�� �O�H�Y�H�O�V�� �D�J�D�L�Q�� �V�S�O�L�W�� �D�Q�G�� �J�L�Y�H�� �P�R�U�H�� �W�U�D�Q�V�L�W�L�R�Q�V��24�� �)�R�U�� �V�T�X�D�U�H���S�O�D�Q�D�U��
�F�R�S�S�H�U���F�R�P�S�O�H�[�H�V���Z�L�W�K���D���Gx

2
�íy

2
 �J�U�R�X�Q�G���V�W�D�W�H�����W�K�U�H�H���V�S�L�Q���D�O�O�R�Z�H�G���W�U�D�Q�V�L�W�L�R�Q�V���D�U�H���H�[�S�H�F�W�H�G��25  

[2�%1g � 
2�$2g�����Gx

2
�íy

2
 ����Gz

2���� 2�%1g � 
2�%2g ���Gx

2
�íy

2 �  �Gxy�����D�Q�G��2�%1g � 
2�(g�����Gx

2
�í��y

2 ����Gxz;yz���@�����,�W���L�V���T�X�L�W�H��
�G�L�I�¿�F�X�O�W���W�R���U�H�V�R�O�Y�H���W�K�H�V�H���E�D�Q�G�V���D�V���W�K�H�\���D�U�H���Y�H�U�\���F�O�R�V�H���L�Q���H�Q�H�U�J�\��

�7�H�W�U�D�K�H�G�U�D�O�� �D�Q�G�� �S�V�H�X�G�R�W�H�W�U�D�K�H�G�U�D�O�� �&�X���,�,���� �F�R�P�S�O�H�[�H�V�� �X�V�X�D�O�O�\�� �V�K�R�Z�� �W�U�D�Q�V�L�W�L�R�Q�V�� �L�Q�� �W�K�H��
range 7000–10000 cm�í����26�� �6�T�X�D�U�H���S�O�D�Q�D�U�� �R�U�� �G�L�V�W�R�U�W�H�G�� �R�F�W�D�K�H�G�U�D�O�� �F�R�P�S�O�H�[�H�V�� �Q�R�U�P�D�O�O�\��
absorb in the region 10000–20000 cm�í����26���,�Q���W�K�H���V�S�H�F�W�U�X�P���R�I���W�K�H���F�R�P�S�O�H�[��(6), this region 
�L�V�� �E�O�D�Q�N�� �D�Q�G�� �W�K�H�U�H�I�R�U�H���� �L�W�� �P�D�\�� �K�D�Y�H�� �W�H�W�U�D�K�H�G�U�D�O�� �J�H�R�P�H�W�U�\���� �7�K�H�� �F�R�P�S�O�H�[��(7) �V�K�R�Z�H�G�� �W�Z�R��
�E�D�Q�G�V�����R�Q�H���D�W ���������Q�P���D�Q�G���D�Q�R�W�K�H�U���D�W�����������Q�P�����7�K�H�V�H���F�D�Q���E�H���D�V�V�L�J�Q�H�G���W�R��2�%1g � 

2�(g, 
2�%1g � 

2�$1g���W�U�D�Q�V�L�W�L�R�Q�V�����7�K�H�U�H�I�R�U�H�����Z�H���S�U�R�S�R�V�H���D���V�T�X�D�U�H���S�O�D�Q�D�U���J�H�R�P�H�W�U�\���I�R�U���W�K�H���F�R�P�S�O�H�[��
�7�K�H���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���Y�D�O�X�H�V���R�I���&�X���,�,�����F�R�P�S�O�H�[�H�V���X�V�X�D�O�O�\���G�R���Q�R�W���S�U�R�Y�L�G�H���D�Q�\���L�Q�G�L�F�D-

�W�L�R�Q���W�R���W�K�H�L�U���V�W�H�U�H�R�F�K�H�P�L�V�W�U�L�H�V�����7�K�H���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W�V���R�I���W�K�H���P�R�Q�R�Q�X-
�F�O�H�D�U���&�X���,�,�����F�R�P�S�O�H�[�H�V���D�U�H���L�Q���W�K�H���U�D�Q�J�H�����������±�����������%�0���Z�K�L�F�K���D�U�H���Y�H�U�\���F�O�R�V�H���W�R���W�K�H���V�S�L�Q���R�Q�O�\��
�Y�D�O�X�H���R�I�������������%�0���I�R�U���G9���&�X���,�,�����V�\�V�W�H�P�����7�K�H���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���R�I���F�R�P�S�O�H�[����6)���Z�D�V���I�R�X�Q�G���W�R��
�E�H�������������%�0�����7�K�H���F�R�P�S�O�H�[ (7)���V�K�R�Z�H�G���D���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���R�I�������������%�0�����7�K�H���O�R�Z���P�D�J�Q�H�W�L�F��
�P�R�P�H�Q�W���R�I���W�K�H���O�D�W�W�H�U���F�R�P�S�O�H�[����7) �P�D�\���E�H���D�V�F�U�L�E�H�G���W�R���W�K�H���V�W�U�R�Q�J���D�Q�W�L�I�H�U�U�R�P�D�J�Q�H�W�L�F���L�Q�W�H�U�D�F-
�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���Q�H�L�J�K�E�R�X�U�L�Q�J���&�X���,�,�����L�R�Q���F�H�Q�W�U�H�V��27,28

�&�D�G�P�L�X�P�� �D�Q�G�� �]�L�Q�F�� �F�R�P�S�O�H�[�H�V�� �V�K�R�Z�H�G�� �F�K�D�U�J�H���W�U�D�Q�V�I�H�U�� �W�U�D�Q�V�L�W�L�R�Q�V�� �L�Q�� �W�K�H�� �U�D�Q�J�H�� 
�������±�������� �Q�P���� �$�V�� �H�[�S�H�F�W�H�G���� �W�K�H�V�H�� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �G�L�D�P�D�J�Q�H�W�L�F���� �(�O�H�F�W�U�R�Q�L�F�� �V�S�H�F�W�U�D�� �R�I�� �W�K�H��
�F�R�P�S�O�H�[�H�V��(3), (5), (7)���D�Q�G��(8)���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J��������

CHAPTER_05.indd   98 26/03/18   3:59 PM



99

Table 3. �(�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�D�O���E�D�Q�G�V���D�Q�G���W�K�H�L�U���D�V�V�L�J�Q�P�H�Q�W�V

Compound Band (nm) (cm�í��) Assignments
1 �>�0�Q���/��2] 254 39370 �Œ �  �Œ*

292 34306 n �  �Œ*

337 29673 6�$1g �  4�$1g���*����

406 24630 6�$1g �  4�(g�����*��

687 14556 6�$1g �  4T1g���*��

2 �>�&�R���/���2�+�@���+2O 252 39682 �Œ �  �Œ*

299, 325 33444, 30769 n �  �Œ*

404 24752 2�$1 �  2�(

3 �>�&�R���/��2]Cl 295 33898 �Œ �  �Œ*

488 20492 1�$1g �  1T2g,
1�$1g �  1T1g

4 �>�1�L�/�&�+3�&�2�2�@���+2O 253 39525 �Œ �  �Œ*

441 22676 C–T
593 16863 3T1���)�� �   3T1���3��

5 �>�1�L�/�&�O2] 262 38168 �Œ �  �Œ*

319 31347 n �  �Œ*

412 24272 C–T
617 16207 1�$1g �  1�%1g

6 �>�&�X���/��2] 262 38178 �Œ �  �Œ*

400 25000 C–T
7 �>�&�X�/�&�O�@�+2O 271 36900 �Œ �  �Œ*

312 32051 n �  �Œ*

362 27624 n �  �Œ*

426 23474 C–T
596 16778 2�%1g �  2�(g

704 142045 2�%1g �  2�$1g

8 �>�=�Q���/���&�+3�&�2�2�@���+2O 323 30959 n �  �Œ*

399 25062 C–T
9 �>�=�Q���/�� ���1�23���@���+2O 258 38759 n �  �Œ*

319 31347 n �  �Œ*

418 23923 C–T
10 �>�&�G���/���&�O�@ 254 39370 �Œ �  �Œ*

312 32051 n �  �Œ*

404 24752 C–T
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3.2.2. Vibrational spectra

�7�K�H���,�5���V�S�H�F�W�U�D�O���D�V�V�V�L�J�Q�P�H�Q�W�V���R�I���W�K�H���F�R�P�S�R�X�Q�G�V���D�U�H���G�H�S�L�F�W�H�G���L�Q���7�D�E�O�H���������7�K�H���V�S�H�F�W�U�D���R�I���D�O�O��
�R�I���W�K�H���F�R�P�S�O�H�[�H�V���X�Q�G�H�U���W�K�L�V���V�W�X�G�\���V�K�R�Z�H�G���E�U�R�D�G���E�D�Q�G�V���L�Q���W�K�H���U�D�Q�J�H�����������±�����������F�P–1�����7�K�H�\��
�P�D�\���E�H���D�V�V�L�J�Q�H�G���W�R�������1�±�+�����D�Q�G�������2�+�����R�I���Z�D�W�H�U���P�R�O�H�F�X�O�H�V��29,30 The �����&� �2�����E�D�Q�G���R�E�V�H�U�Y�H�G��
at 1642 cm� 1���L�Q���W�K�H���O�L�J�D�Q�G���V�S�H�F�W�U�X�P���L�V���V�K�L�I�W�H�G���W�R���O�R�Z�H�U���Z�D�Y�H�Q�X�P�E�H�U�V���R�Q���F�R�R�U�G�L�Q�D�W�L�R�Q���Z�L�W�K��
�W�K�H���P�H�W�D�O���L�R�Q�V��31,32���7�K�H���V�K�L�I�W���R�I���&� �1���V�W�U�H�W�F�K�L�Q�J���I�U�H�T�X�H�Q�F�L�H�V���W�R���O�R�Z�H�U���Z�D�Y�H�Q�X�P�E�H�U���L�Q���W�K�H��
�V�S�H�F�W�U�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V���L�Q�G�L�F�D�W�H�V���W�K�H���L�Q�Y�R�O�Y�H�P�H�Q�W���R�I���D�]�R�P�H�W�K�L�Q�H���Q�L�W�U�R�J�H�Q���L�Q���F�R�R�U�G�L�Q�D-
�W�L�R�Q�����7�K�H���S�H�D�N���D�W�����������F�P� 1�����G�X�H���W�R���&� �6���V�W�U�H�W�F�K�L�Q�J���Y�L�E�U�D�W�L�R�Q�����L�V���Q�R�W���R�E�V�H�U�Y�H�G���L�Q���W�K�H���V�S�H�F�W�U�D��
�R�I���W�K�H���F�R�P�S�O�H�[�H�V�����7�K�L�V���L�Q�G�L�F�D�W�H�V���W�K�H���L�Q�Y�R�O�Y�H�P�H�Q�W���R�I���W�K�L�R�O���V�X�O�S�K�X�U���L�Q���F�R�R�U�G�L�Q�D�W�L�R�Q���Z�L�W�K���W�K�H��
�P�H�W�D�O���L�R�Q�V�����7�K�H���V�S�H�F�W�U�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V���V�K�R�Z���Q�H�Z���E�D�Q�G�V���D�U�R�X�Q�G�����������F�P� 1���D�Q�G���������±��������
cm� 1���D�Q�G���D�U�H���D�V�V�L�J�Q�H�G���W�R���W�K�H�����0�±�1���D�Q�G�����0�±�2�����U�H�V�S�H�F�W�L�Y�H�O�\��33���,�5���V�S�H�F�W�U�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V��
(1), (2), (5)���D�Q�G��(8)���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J��������

���D�� ���E��

���F�� ���G��

Fig. 7. �(�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�D���R�I���F�R�P�S�O�H�[�H�V ���D�����>�&�R���/��2]Cl (3)�������E�����>�1�L���/���&�O2] (5)�������F�����>�&�X�/�&�O�+2O] 
(7)���D�Q�G�����G�����>�=�Q���/���&�+3�&�2�2�@���+2O (8)��
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���D�� ���E��

Fig. 8. �,�5���V�S�H�F�W�U�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V���D�����>�0�Q���/��2] (1)�������E�����>�&�R���/���2�+�@�����+2O (2)�������F�����>�1�L���/���&�O2] (5) 
�D�Q�G�����G�����>�=�Q���/���&�+3�&�2�2�@�����+2O (8)��

���F�� ���G��

Table 4 IR spectral assignments
Compound 
No:

Compound NH/OH C=O C=N N–N C=S C–S

H2L C18�+15�13O2�6 3434 1642 1572 1161 794 –

1 �>�0�Q���/��2] 3438 1615 1544 1161 – 760

2 �>�&�R���/���2�+�@���+2O 3434 1621 1544 1152 – 759

3 �>�&�R���/��2]Cl 3426 1618 1544 1181 – 759

4 �>�1�L�/�&�+3�&�2�2�@���+2O 3422 1615 1595 1184 – 760

5 �>�1�L���+�/���&�O2] 3414 1621 1538 1153 – –

6 �>�&�X���/��2] 3438 1615 1553 1179 – 763

7 �>�&�X���/���&�O�@�+2O 3471 1612 1535 1133 – 759

8 �>�=�Q���/���&�+3�&�2�2�@���+2O 3440 1621 1520 1152 – 759

9 �>�=�Q���/�����1�23���@���+2O 3450 1615 1553 1179 – 759

10 �>�&�G���/���&�O�@ 3450 1613 1553 1171 – 760
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3.2.4. 1H NMR spectrum

The 1�+���1�0�5���V�S�H�F�W�U�X�P���R�I���W�K�H���1�L���,�,�����F�R�P�S�O�H�[��(5)���Z�D�V���U�H�F�R�U�G�H�G���L�Q���D�F�H�W�R�Q�H���D�W���U�R�R�P���W�H�P-
�S�H�U�D�W�X�U�H�����)�L�J�������������$���S�H�D�N���R�E�V�H�U�Y�H�G���D�W�����������������S�S�P���L�Q���W�K�H���O�L�J�D�Q�G���V�S�H�F�W�U�X�P���G�X�H���W�R���1�+���S�U�R�W�R�Q��
�Z�D�V���V�K�L�I�W�H�G���W�R�����������������S�S�P���L�Q���W�K�H���F�R�P�S�O�H�[�����7�K�L�V���V�O�L�J�K�W���V�K�L�I�W���L�Q���W�K�H���S�H�D�N���S�R�V�L�W�L�R�Q���P�D�\���E�H��
�G�X�H���W�R���W�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���V�R�O�Y�H�Q�W���X�V�H�G�����$���V�L�Q�J�O�H�W���R�E�V�H�U�Y�H�G���D�W���������������S�S�P���F�D�Q���E�H���D�V�V�L�J�Q�H�G��
�W�R���D�]�R�P�H�W�K�L�Q�H���S�U�R�W�R�Q�����1�±�&�+3���S�U�R�W�R�Q�V���D�E�V�R�U�E���L�Q���W�K�H���U�H�J�L�R�Q���������������S�S�P�����$�U�R�P�D�W�L�F���S�U�R�W�R�Q�V��
�V�K�R�Z�� �D�� �P�X�O�W�L�S�O�H�W���S�H�D�N�� �L�Q�� �W�K�H�� �U�H�J�L�R�Q�� �����������±������������ �S�S�P���� �7�K�H�� �S�H�D�N�� �R�E�V�H�U�Y�H�G�� �L�Q�� �W�K�H�� �U�H�J�L�R�Q��
�����������±�������������S�S�P���P�D�\���E�H���G�X�H���W�R���W�K�H���V�R�O�Y�H�Q�W�����D�F�H�W�R�Q�H����

3.2.5. ESR spectrum

�7�K�H�� �(�6�5�� �V�S�H�F�W�U�X�P�� �R�I�� �&�X���,�,���� �F�R�P�S�O�H�[��(6)�� �D�W�������� �.�� �L�Q�� �'�0�)�� �Z�D�V�� �U�H�F�R�U�G�H�G�� �L�Q�� �W�K�H�� �;���E�D�Q�G��
�Z�L�W�K�����������N�+�]���¿�H�O�G���P�R�G�X�O�D�W�L�R�Q�����)�L�J���������������7�K�H���&�X���,�,�����L�R�Q���K�D�V���D�Q���H�I�I�H�F�W�L�Y�H���V�S�L�Q���R�I��S��� ����������
�D�Q�G���L�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���D���V�S�L�Q���D�Q�J�X�O�D�U���P�R�P�H�Q�W�X�P����ms � ���“�����������O�H�D�G�L�Q�J���W�R���D���G�R�X�E�O�\���G�H�J�H�Q�H�U�D�W�H��
�V�S�L�Q���V�W�D�W�H���L�Q���W�K�H���D�E�V�H�Q�F�H���R�I�� �P�D�J�Q�H�W�L�F���¿�H�O�G���� �,�Q���D���P�D�J�Q�H�W�L�F���¿�H�O�G���� �W�K�H���G�H�J�H�Q�H�U�D�F�\�� �E�H�W�Z�H�H�Q��
�W�K�H�V�H���V�W�D�W�H�V���L�V���O�L�I�W�H�G���D�Q�G���W�K�H���H�Q�H�U�J�\���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H�P���L�V���J�L�Y�H�Q���E�\��E = hv = �J���%,  
�Z�K�H�U�H��h �L�V���W�K�H���3�O�D�Q�F�N�¶�V���F�R�Q�V�W�D�Q�W����v �L�V���W�K�H���I�U�H�T�X�H�Q�F�\����g �L�V���W�K�H���/�D�Q�G�H�¶�V���V�S�O�L�W�W�L�Q�J���I�D�F�W�R�U���H�T�X�D�O�V��
�W�R�������������������I�R�U���D���I�U�H�H���H�O�H�F�W�U�R�Q�����������L�V���W�K�H���%�R�K�U���P�D�J�Q�H�W�R�Q���D�Q�G���%���L�V���W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K����
�7�K�H���V�R�O�X�W�L�R�Q���V�S�H�F�W�U�X�P���R�I���W�K�H���&�X���,�,�����F�R�P�S�O�H�[���D�W���������.���L�Q���'�0�)���V�K�R�Z�V���I�R�X�U���K�\�S�H�U�¿�Q�H���O�L�Q�H�V����
�,�W���L�V���F�K�D�U�D�F�W�H�U�L�V�W�L�F���R�I���P�R�Q�R�P�H�U�L�F���&�X���,�,�����F�R�P�S�O�H�[���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���í�����������í�������������������D�Q�G����������
�Z�K�L�F�K���D�U�L�V�H���I�U�R�P���W�K�H���F�R�X�S�O�L�Q�J���R�I���W�K�H���R�G�G���H�O�H�F�W�U�R�Q���Z�L�W�K���W�K�H���F�R�S�S�H�U���Q�X�F�O�H�L����I��� ���������������7�K�H���V�S�H�F-
�W�U�X�P���D�O�V�R���J�L�Y�H�V���W�K�U�H�H���V�X�S�H�U�K�\�S�H�U�¿�Q�H���O�L�Q�H�V���L�Q���W�K�H���S�H�U�S�H�Q�G�L�F�X�O�D�U���U�H�J�L�R�Q���Z�K�L�F�K���D�U�L�V�H���I�U�R�P��
�W�K�H���F�R�X�S�O�L�Q�J�� �R�I�� �W�K�H���H�O�H�F�W�U�R�Q���V�S�L�Q���Z�L�W�K���Q�X�F�O�H�D�U���V�S�L�Q���R�I�� �Q�L�W�U�R�J�H�Q���D�W�R�P���Z�K�L�F�K�� �L�V�� �F�R���S�O�D�Q�D�U���� 
�,�W���L�Q�G�L�F�D�W�H�V���W�K�D�W���L�Q���W�K�L�V���F�R�P�S�O�H�[�� �D�]�R�P�H�W�K�L�Q�H���Q�L�W�U�R�J�H�Q���D�W�R�P���K�D�V���F�R�R�U�G�L�Q�D�W�H�G���W�R���W�K�H���P�H�W�D�O��

Fig. 9.  1�+���1�0�5���V�S�H�F�W�U�X�P���R�I���W�K�H���1�L���,�,���F�R�P�S�O�H�[��
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�F�H�Q�W�U�H�����6�L�Q�F�H���W�K�H�U�H���L�V���Q�R���K�D�O�I���¿�H�O�G���V�L�J�Q�D�O���L�Q���W�K�H���(�6�5���V�S�H�F�W�U�X�P�����Z�H���F�D�Q���F�R�Q�¿�U�P���W�K�H���P�R�Q�R-
�P�H�U�L�F���Q�D�W�X�U�H���R�I���W�K�H���F�R�P�S�O�H�[��

3.2.6. Thermal studies

�7�K�H�U�P�R�� �J�U�D�Y�L�P�H�W�U�L�F�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �6�F�K�L�I�I�¶�V�� �E�D�V�H�� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �X�V�H�G�� �W�R�� �D�F�T�X�L�U�H�� �L�G�H�D�V��
�D�E�R�X�W���W�K�H�L�U���W�K�H�U�P�D�O���V�W�D�E�L�O�L�W�L�H�V�����W�R���¿�[���Z�K�H�W�K�H�U���W�K�H���Z�D�W�H�U���P�R�O�H�F�X�O�H�V�����L�I���S�U�H�V�H�Q�W�����D�U�H���F�R�R�U�G�L-
�Q�D�W�H�G���R�U���Q�R�W���W�R���W�K�H���F�H�Q�W�U�D�O���P�H�W�D�O���L�R�Q�����,�W���F�D�Q���S�U�R�S�R�V�H���D���J�H�Q�H�U�D�O���V�F�K�H�P�H���I�R�U���W�K�H�U�P�D�O���G�H�F�R�P-
�S�R�V�L�W�L�R�Q���R�I���P�H�W�D�O���F�R�P�S�O�H�[�H�V��

�7�K�H���>�1�L���+�/���&�O2�@���F�R�P�S�O�H�[���V�K�R�Z�H�G���W�Z�R���V�W�D�J�H�V���R�I���G�H�F�R�P�S�R�V�L�W�L�R�Q���D�Q�G���L�V���H�Y�L�G�H�Q�W���I�U�R�P���W�K�H��
�'�7�*���S�H�D�N�V���D�W���������ƒ�&���D�Q�G���������ƒ�&�����$���U�H�V�L�G�X�D�O���P�D�V�V���R�I�����������Z�D�V���O�H�I�W���Z�K�L�F�K���P�D�\���E�H���G�X�H���W�R���W�K�H��
�I�R�U�P�D�W�L�R�Q���R�I���1�L�6�����F�D�O�F������������������

�7�K�H���F�R�P�S�O�H�[�����>�&�X���/��2�@�����U�H�J�L�V�W�H�U�H�G���W�K�H���¿�U�V�W���V�W�D�J�H���R�I���G�H�F�R�P�S�R�V�L�W�L�R�Q���E�H�W�Z�H�H�Q�����������ƒ�&���D�Q�G��
���������ƒ�&���Z�L�W�K���D���Z�H�L�J�K�W���O�R�V�V���R�I�������������Z�K�L�F�K���P�D�\���E�H���G�X�H���W�R���P�R�L�V�W�X�U�H�����7�K�H���Q�H�[�W���V�W�H�S���R�I���G�H�F�R�P-
�S�R�V�L�W�L�R�Q���R�F�F�X�U�U�H�G���L�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���������ƒ�&�±�������ƒ�&���Z�L�W�K���D���P�D�V�V���O�R�V�V�������������7�K�L�V���P�D�\��
�E�H���G�X�H���W�R���W�K�H���F�R�P�S�O�H�W�H���G�H�F�R�P�S�R�V�L�W�L�R�Q���R�I�� �W�K�H���O�L�J�D�Q�G���P�R�L�H�W�\���� �,�W���L�V���H�Y�L�G�H�Q�W���I�U�R�P���W�K�H���'�7�*��
�S�H�D�N�V���Z�L�W�K���W�H�P�S�H�U�D�W�X�U�H���P�D�[�L�P�D���D�W���������ƒ�&���D�Q�G���������ƒ�&�����$���U�H�V�L�G�X�D�O���P�D�V�V���R�I���������������Z�D�V���O�H�I�W��
�Z�K�L�F�K���P�D�\���E�H���G�X�H���W�R���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���&�X�6�����F�D�O�F������������������

�7�K�H���F�R�P�S�O�H�[�����>�&�X���/���&�O�@�+2�2�����U�H�J�L�V�W�H�U�H�G���D���¿�U�V�W���V�W�D�J�H���R�I���G�H�F�R�P�S�R�V�L�W�L�R�Q���E�H�W�Z�H�H�Q���������ƒ�&��
�D�Q�G���������ƒ�&���Z�L�W�K���D���Z�H�L�J�K�W���O�R�V�V���R�I�� ������ �Z�K�L�F�K���P�D�\�� �E�H���G�X�H���W�R���W�K�H���H�O�L�P�L�Q�D�W�L�R�Q���R�I�� �R�Q�H���Z�D�W�H�U��
�P�R�O�H�F�X�O�H���L�Q���W�K�H���O�D�W�W�L�F�H�����7�K�H���Q�H�[�W���V�W�H�S���R�I���G�H�F�R�P�S�R�V�L�W�L�R�Q���R�F�F�X�U�U�H�G���L�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H��
�������ƒ�&�±�������ƒ�&���Z�L�W�K���D���P�D�V�V���O�R�V�V�����������G�X�H���W�R���W�K�H���G�H�F�R�P�S�R�V�L�W�L�R�Q���R�I���W�K�H���O�L�J�D�Q�G���P�R�L�H�W�\�����,�W���L�V��
�H�Y�L�G�H�Q�W���I�U�R�P���W�K�H���'�7�*���S�H�D�N�V���Z�L�W�K���W�H�P�S�H�U�D�W�X�U�H���P�D�[�L�P�D���D�W���������ƒ�&���D�Q�G���������ƒ�&�����$���U�H�V�L�G�X�D�O��
�P�D�V�V���R�I���������������Z�D�V���O�H�I�W���Z�K�L�F�K���P�D�\���E�H���G�X�H���W�R���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���&�X�6�����F�D�O�F������������������

�7�K�H���&�G���,�,�����F�R�P�S�O�H�[��(10)���V�K�R�Z�H�G���W�Z�R���V�W�D�J�H�V���R�I���G�H�F�R�P�S�R�V�L�W�L�R�Q�����'�7�*���D�Q�D�O�\�V�L�V���V�K�R�Z�H�G��
�W�Z�R���S�H�D�N�V���D�W���������ƒ�&���D�Q�G���������ƒ�&���G�X�H���W�R���W�K�H���G�H�F�R�P�S�R�V�L�W�L�R�Q���R�I���W�K�H���O�L�J�D�Q�G���P�R�L�H�W�\�����7�*���'�7�*��

Fig. 10. �(�6�5���V�S�H�F�W�U�X�P���R�I���&�X���,�,�����F�R�P�S�O�H�[����6)���D�W���������.���L�Q���'�0�)��
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�F�X�U�Y�H���R�I���>�&�G���/���&�O�@��(10)���L�V���V�K�R�Z�Q���L�Q���)�L�J�����������$���U�H�V�L�G�X�D�O���P�D�V�V���R�I�����������Z�D�V���O�H�I�W���Z�K�L�F�K���P�D�\���E�H��
�G�X�H���W�R���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���&�G�2�����F�D�O�F������������������

4. Conclusions

�6�L�Q�F�H�� �W�K�H�� �D�W�W�H�P�S�W�V�� �W�R�� �J�U�R�Z�� �W�K�H�� �V�L�Q�J�O�H�� �F�U�\�V�W�D�O�V�� �R�I�� �����I�R�U�P�\�O�F�K�U�R�P�R�Q�H�� �1���������P�H�W�K�\�O���1��������
�S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H�� �D�Q�G�� �L�W�V�� �P�H�W�D�O�� �F�R�P�S�O�H�[�H�V�� �Z�H�U�H�� �I�D�L�O�H�G���� �W�K�H�� �V�W�U�X�F�W�X�U�H�V�� �R�I�� �W�K�H��
�F�R�P�S�R�X�Q�G�V�� �Z�H�U�H�� �S�U�R�S�R�V�H�G�� �E�D�V�H�G�� �R�Q�� �H�O�H�P�H�Q�W�D�O�� �D�Q�D�O�\�V�H�V���� �V�S�H�F�W�U�D�O�� �D�Q�G�� �W�K�H�U�P�D�O�� �V�W�X�G�L�H�V����
�)�R�O�O�R�Z�L�Q�J���W�H�Q�W�D�W�L�Y�H���V�W�U�X�F�W�X�U�H�V���D�U�H���D�V�V�L�J�Q�H�G���I�R�U���W�K�H���F�R�P�S�O�H�[�H�V����Figs 12–16����

Fig. 11. �7�*���'�7�*���F�X�U�Y�H���R�I���>�&�G���/���&�O�@(10)��

Fig. 12. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���F�R�P�S�O�H�[���>�0�Q���/��2] (1)��
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Fig. 13. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���F�R�P�S�O�H�[�H�V���>�0�/�;�@�Q�+2�2�����Z�K�H�U�H���0��� ���&�R���,�,�,�������1�L���,�,�����&�X���,�,������
�=�Q���,�,�������&�G���,�,�������;��� ���2�+�����&�O�í�����&�+3COO�í (2, 4, 7, 8, 9, 10)��
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Fig. 14. Proposed structure of complex [CoL2]Cl (3).

N CH3

S

N

N

H

OONH3C
S

N

N

H

O
O

Co Cl–

+

CHAPTER_05.indd   105 26/03/18   3:59 PM



106

Fig. 15. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���F�R�P�S�O�H�[���>�1�L�/�;2](5)�����Z�K�H�U�H���;��� ���&�O-��
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Fig. 16. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���F�R�P�S�O�H�[���>�0�/2�@�����Z�K�H�U�H���0��� ���&�X���,�,����(6).
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C H A P T E R  V I

NOVEL LIGAND DERIVED FROM 
4�HYDROXY 3�METHOXYBENZALDEHYDE 

AND N�4��METHYL�N�4��
PHENYLTHIOSEMICARBAZIDE AND ITS 

TRANSITION METAL COMPLEXES 

1. Introduction

Vanillin (Fig. 1) is familiar as the main flavour and fragrance compound in vanilla. It is used 
in perfumes, to mask unpleasant odours or tastes in medicines, livestock fodder and cleaning 
�S�U�R�G�X�F�W�V�����,�W���L�V���D�O�V�R���X�V�H�G���L�Q���W�K�H���I�O�D�Y�R�X�U���L�Q�G�X�V�W�U�\�����H�V�S�H�F�L�D�O�O�\���F�U�H�D�P�\���S�U�R�¿�O�H�V���V�X�F�K���D�V���F�U�H�D�P���V�R�G�D����

This chapter portrays the synthesis and characterisation of a novel ligand derived from 
4-hydroxy-3-methoxybenzaldehyde and N(4)-methyl-N(4)-phenylthiosemicarbazide and 
its complexes. The structure of the ligand, 2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]
hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide, (H2L) is shown 
as Fig. 2.

Fig. 1. Vanillin.
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Fig.  2.  2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}-N- 
methyl-N-phenylhydrazine-1-carbothioamide. (IUPAC name of the compound.)
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2. Experimental

2.1. Materials and methods

Vanillin (Merck), glacial acetic acid and commercially available metal salts were used 
�Z�L�W�K�R�X�W�� �I�X�U�W�K�H�U�� �S�X�U�Lfi�F�D�W�L�R�Q���� �7�K�H�� �V�R�O�Y�H�Q�W�V�� �Z�H�U�H�� �S�X�U�L�¿�H�G�� �D�Q�G�� �G�U�L�H�G�� �E�\�� �V�W�D�Q�G�D�U�G�� �S�U�R�F�H-
dure. The melting points of the ligand and complexes were recorded on a melting point 
apparatus. The ligand was characterised by partial elemental analyses, powder X-ray 
diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), FT-Raman, elec-
tronic and 1H nuclear magnetic resonance (NMR) spectra. The complexes were char-
acterised by partial elemental analyses, magnetic susceptibility measurements, FTIR, 
electronic and 1H NMR spectra. The details regarding these techniques are given in 
Chapter II.

2.2. Synthesis 

Synthesis of the precursor N(4)-methyl-N(4)-phenylthiosemicarbazide (MPTSC) is dis-
cussed in Chapter II.

2.2.1. 2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}-  
N-methyl-N-phenylhydrazine-1-carbothioamide (H 2L) 

H2L was prepared by dropwise addition of a hot 70% ethanolic solution of vanillin  
(0.152 g, 1 mmol) to a boiling 70% ethanolic solution of MPTSC (0.364 g, 2 mmol) 
taken in a flat-bottomed flask, added two drops of glacial acetic acid, refluxed, stirred 
at 60°C–80°C for 1 hour and chilled. A light yellow coloured precipitate obtained was 
�¿�O�W�H�U�H�G���D�Q�G���Z�D�V�K�H�G���Z�L�W�K���Z�D�W�H�U�����I�R�O�O�R�Z�H�G���E�\���H�W�K�D�Q�R�O���D�Q�G���G�U�L�H�G�����7�K�H���P�H�O�W�L�Q�J���S�R�L�Q�W���R�I���W�K�H��
compound and its solubility in different solvents were noted. The reaction pathway of the 
ligand can be represented as Scheme 1:
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2.2.2. Metal complexes

A hot ethanolic solution of H2L was added dropwise to a hot ethanolic solution of metal 
acetate/chloride/nitrate in 1:1 molar ratio and refluxed for 3 hours. Then it was cooled 
to room temperature and the solid separated was collected. It was washed with water, 
followed by ethanol and dried.

3. Results and discussion

3.1. Characterisation of the ligand

3.1.1. Microanalytical data

The ligand H2L was light yellow in colour having a melting point of 180°C. The suggested 
formula for the ligand is C17H19N5O2S2 (Table 1). The partial elemental analysis of the 
ligand was in agreement with the suggested molecular formula. The ligand was soluble in 
polar solvents like methanol and ethanol. 

3.1.2. Powder XRD of the ligand, H2L

Since we couldn’t obtain a single crystal of H2L, we recorded its powder XRD pattern. It 
revealed the crystallinity of the compound. Using MATCH software, it was found that the 
compound belongs to monoclinic crystal system. (Fig. 3).

Table 1. Analytical data of the ligand

Compound Molecular 
Weight

Melting 
Point

Colour Yield Elemental Analysis Found(calculated)

C H N S

C17H19N5O2S2. 
(H2L)

389 240
Light 
yellow

80
52.2
(52.4)

4.7
(4.9)

17.9
(17.9)

16.8
(16.4)

Fig. 3. Powder XRD of the ligand. 



111

3.1.3. Spectroscopic analysis of H2L 

(a) Electronic spectrum

The electronic absorption spectrum of the ligand was recorded in solid state in the range 
of 200–900 nm (Fig. 4). The compound registered charge-transfer bands at 260, 318 and 
410 nm. The absorption band observed at 260 nm may be attributed to the �–�*  transition 
of the azomethine chromophore and the benzene ring (intra-ligand charge-transfer transi-
tion). The band at 318 nm may be due to the n–�*  transition. The weak band observed at 
410 nm could be due to the charge-transfer transition.

(b) Vibrational spectra

The FT-IR spectrum of the compound was recorded in the region 4000–400 cm�í��  and is 
presented as Fig. 5. The ligand H2L showed a broad band at 3455–3255 cm�í��  due to OH 
stretching vibration. Sharp bands at 3157 and 3010 cm�í��  may be due to NH stretching 
vibrations. A sharp band at 1603 cm�í�� ���L�Q���W�K�H���O�L�J�D�Q�G���V�S�H�F�W�U�X�P���Z�D�V���D�V�V�L�J�Q�H�G���W�R�������&� �1�������7�K�H��
�����6�±�+�����E�D�Q�G���D�W�������������F�P�í��  was absent in the IR spectrum, indicating the existence of the 
thione tautomer in the solid state. The bands at 1125 and 763 cm�í��  in the ligand spectrum 
�P�D�\���E�H���D�V�V�L�J�Q�H�G���W�R�������1�+�±�&� �6�����D�Q�G�������&� �6�������U�H�V�S�H�F�W�L�Y�H�O�\����

Fig. 4. Electronic spectrum of the ligand.
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Fig. 5. FT-IR spectrum of the ligand.
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The FT-Raman spectrum of the compound was recorded in the region 4000–400 cm�í��  
and is presented as Fig. 6. In the Raman spectrum, the ligand H2L showed a doublet at 
3076 cm�í��  due to N–H stretching vibration. The band observed at 1593 cm�í��  is assigned 
�W�R�������&� �1�������7�K�H���E�D�Q�G�V���D�W�������������D�Q�G�����������F�P�í�� ���L�Q���W�K�H���O�L�J�D�Q�G���P�D�\���E�H���D�V�V�L�J�Q�H�G���W�R�������1�+�±�&� �6����
�D�Q�G�������&� �6�������U�H�V�S�H�F�W�L�Y�H�O�\��

(c) 1H NMR spectrum 

The 1H NMR spectrum of the ligand was recorded in CDCl3 and is presented as Fig. 7. The 
two doublets at 10.874–10.894 and 8.851–8.871 ppm are assigned to NH protons. A sin-
glet at 8.629 ppm may be assigned to N–H proton adjacent to azomethine group. A singlet 
at 7.626 ppm can be assigned to O–H proton. Aromatic protons registered multiplet peaks 
in the region 6.777–7.580 ppm. Singlet at 3.983 ppm is assigned to methoxy protons. 
4N–CH3 protons absorb at 3.702 ppm. 

Fig. 7. NMR spectrum of the ligand. 

Fig. 6. Raman spectrum of the ligand.
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3.2. Characterisation of the metal complexes

3.2.1. Formulae and general properties of the complexes 

From the elemental analysis and spectral studies, the compounds were assigned the empir-
ical formula as presented in the Table 2. The ligand, H2L acted as mono-anionic tridentate 
(HL� ) in all the complexes.

3.2.2. Electronic spectra and magnetic moments

The electronic spectra of complexes were recorded in solid state and their probable assign-
ments are given in Table 3.

Table 2. Molecular formula, colour, partial elemental analyses and magnetic moments of 
the complexes

Complex 
No.

Compound Molecular 
Weight

Melting 
Point

Colour Yield Elemental Analysis Found 
(calculated)

�  in 
BM

C H N S M

C17H19N5O2S2  
(H2L)

389 240 Light 
yellow

80 52.2
(52.4)

4.7
(4.9)

17.9
(17.9)

16.8
(16.4)

– –

1 [Mn(HL)2] 833 260 Green 80 49.3
(49.0)

3.9
(4.3)

16.0
(16.8)

15.0
(15.3)

7.2
(6.6)

6.0

2 [Co(HL)CH3COO] 507 >300 Green 70 45.4
(45.0)

3.7
(4.1)

14.3
(13.8)

13.0
(12.6)

11.9
(11.6)

4.1

3 [Ni(HL)CH3COO]2 1013 255 Greenish 
yellow

70 45.3
(45.0)

3.8
(4.1)

13.5
(13.8)

13.2
(12.6)

11.5
(11.6)

1.6

4 [Ni(HL) 2] 837 280 Brown 80 49.0
(48.8)

4.0 
(4.3)

16.9
(16.7)

15.5
(15.2)

6.8
(7.0)

3.6

5 [Cu2 (HL) (CH3COO)3] 693 270 Black 70 40.0
(39.8)

3.3 
(3.9)

10.5
(10.1)

9.5
(9.2)

18.6
(18.3)

1.2

6 [Cu2(HL)Cl3] 623 260 Black 75 32.3
(32.7)

2.5 
(2.9)

11.6
(11.2)

10.6
(10.3)

20.2
(20.3)

D

7 [Zn(HL)CH3COO] 513 220 Yellow 80 39.6
(39.8)

3.8
(4.1)

13.4
(13.6)

12.4
(12.4)

12.2
(12.7)

D

8 [Cd(HL)CH3COO] 560 250 Yellow 80 37.0
(36.4)

3.6
(3.8)

12.7
(12.5)

11.7
(11.4)

20.1
(20.0)

D

Complex 
No.

Compound Band in nm Band in cm�í1 Assignments

C17H19N5S2O2 (H2L) 260 38461 � � �*

318 31446 n–�*

410 24390 C–T

1 [Mn(HL)2] 254 39370 � � �*

306 32679 n–�*

368 27173 6A1g �  4A1g(G)

730 13698 6A1g �  4T1g(G)

Table 3. Electronic spectral bands and their assignments
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2 [Co(HL)CH3COO] 268 37313 � � �*

306 32679 n–�*

420 23809 C–T

699 14306 4A2 �
4T1(P)

3 [(Ni(HL)CH 3COO)2] 277 36101 � � �*

335 298507 n–�*

408 24509 C–T

880 11363 3A2g (F) �  3T2g (F)

4 [Ni(HL) 2] 263 38022 � � �*

330 30303 n–�*

380 26315 3A2g(F) �  3T1g(P)

590 16949 3A2g (F) �  3T1g (F)

873 11454 3A2g (F) �  3T2g (F)

5 [Cu2(HL)(CH3COO)3] 259 290 38610, 34487 � � �*

311 361 32154, 27700 n–�*

402 24875 C–T

444 22522 C–T

699 14306 2B1g�  2Eg

844 11848 2B1g�
2A1g

6 [Cu2(HL)Cl3] 273 36630 � � �*

304 32894 n–�*

341 29325 C–T

377 26525 C–T

583 17152 2B1g�  2Eg

7 [Zn(HL)CH3COO] 338 29585 n–�*

400 25000 C–T

705 14184 C–T

8 [Cd(HL)CH3COO] 267 37453 � � �*

313 319 n–�*

405 24691 C–T

711 14064 C–T

In the electronic spectra of all the complexes, the �  �  �*  and the n �  �*  bands were 
observed around 250 and 320 nm, respectively. The band around 340–440 nm is assigna-
ble to S �  M charge-transfer transition. 

In this study, the electronic spectrum of Mn(II) complex exhibited two broad bands 
of very low intensities, one at 368 and another at 730 nm. They may be assigned to  
6A1g �  4A1g(G) and 6A1g �  4T1g(G) transitions, respectively. The magnetic moment value of 
the Mn(II) complex was found to be 6.0 BM which is in accordance with an octahedral 
geometry.
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The ground state in a tetrahedral Co2+ ion is 4A2. The possible transitions are 4A2�  
4T2,

 4A2 �  4T1 (F) and 4A2 �  4T1�����3�������7�K�H���¿�U�V�W���W�U�D�Q�V�L�W�L�R�Q����4A2 �  4T2 is not usually observed 
in the spectrum, since it occurs in the region 3000–5000 cm�í��. 4A2 �  4T1(P) transition 
appears as intense broad band in the visible region. In this study, Co(II) complex showed 
band in the region 699 nm due to 4A2 �  4T1 (P) transition. However, the other transitions 
were not observed as they absorb out of the range of the spectrophotometer used in  
this study.

The observed values of magnetic moment for Co(II) complexes are generally diag-
nostic of the coordination geometry about the metal ion.1 Tetrahedral and octahedral 
Co(II) complexes can be distinguished by the extent of deviation of the effective mag-
netic moment value (� eff) from the spin-only value even though they have same num-
ber of unpaired electrons. The tetrahedral Co(II) complexes have magnetic moments 
in the range 3.8–4.7 BM, while octahedral complexes have in the range 4.8–5.6 BM. 
This is due to large contribution from its 4T1g ground term.2 The low-spin square-planar 
Co(II) complexes have magnetic moments in the range 2.1–2.9 BM at room temperature. 
The observed magnetic moment value was 4.1 BM which excludes the possibility of 
octahedral and square-planar geometry to the complex. The green colour and the mag-
netic moment value (4.1 BM) of the Co(II) complex reported here indicate its tetrahedral 
geometry.

Octahedral Ni(II) complexes with d8���F�R�Q�¿�J�X�U�D�W�L�R�Q���K�D�Y�H���D���J�U�R�X�Q�G���V�W�D�W�H��3A2g. The three 
spin-allowed transitions are 3A2g (F) �  3T2g (F), 3A2g (F) �  3T1g (F) and 3A2g (F) �  3T1g (P). 
They are observed in the range 8000–11000, 15000–19000 and 25000–29000 cm�í��, 
respectively. However, in the case of the complex (3), only a broad band in the region 
880 nm was observed which is assigned to 3A2g (F) �  3T2g (F) transition. For octahedral 
Ni(II) complexes, magnetic moments are found to be in the range 2.94–3.04 BM. The 
magnetic moment of the complex (3) was 1.6 BM, which is very low for an octahedral 
�F�R�P�S�O�H�[���� �7�K�L�V���P�D�\���E�H���E�H�F�D�X�V�H���R�I���W�K�H���G�L�V�W�R�U�W�L�R�Q���D�Q�G���L�Q�H�T�X�D�O�L�W�L�H�V���L�Q���W�K�H���¿�H�O�G���R�I���F�R�R�U�G�L-
nated ligands or due to the antiferromagnetic interactions between two metal centres. 
The greenish-yellow colour of the complex and its electronic spectrum indicate an octa-
hedral geometry. 

In the electronic spectrum of the Ni(II) complex (4), three transitions were observed. 
They are at 380, 590 and 873 nm due to 3A2g(F) �  3T1g(P), 3A2g (F) �  3T1g (F) and  
3A2g (F) �  3T2g (F) transitions, respectively. Its magnetic moment was 3.6 BM, which is 
higher than that found for octahedral complexes.

The Cu(II) complex (5) showed bands at 699 and 844 nm which may be due to  
2B1g �  2Eg and 2B1g ��

2A1g transitions, respectively. This is in accordance with a square-planar 
geometry. It registered a very low magnetic moment value of 1.20 BM and may be due to 
antiferromagnetic interactions between two Cu(II) ions.3 The compound (6) was diamagnetic 
and strongly supported its existence as a dimer in the solid state.4 No characteristic d–d transi-
tions were observed for Zn(II) and Cd(II) complexes. However, they showed charge-transfer 
bands in the visible range. Representative spectra of the complexes (2), (3) and (6) are  
presented in Fig. 8.
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3.2.3. Vibrational spectra

The IR spectra of the ligand and the metal complexes were compared to assign the mode 
of coordination. The IR spectral assignments are depicted in the Table 4. The broad band 
present in the region 3450 cm� 1 is assigned to the � (OH). The bands at 3255, 3157 and 
3010 cm� 1 are assigned to n(NH). A sharp band at 1603 cm� 1 for the ligand is found to be 
shifted to lower wavenumbers in the spectra of the complexes. The IR spectra of all the 
complexes showed new bands at 400–480 and 520–620 cm� 1, assigned to � (M–N) and 
� (M–O), respectively. The M–O band may be either due to coordinated acetate� , nitrate�  
or hydroxyl anion or coordinated water molecule. 

3.2.3.1. Coordination of anions 

�7�K�H����as(COO�í�����D�Q�G����s(COO�í) of the free acetate ions are observed at 1560 and 1416 cm�í��, 
respectively.5���)�R�U���W�K�H���F�R�R�U�G�L�Q�D�W�H���D�F�H�W�D�W�H���L�R�Q������as(COO�í) occurs in the range 1650–1500 cm�í��   
�D�Q�G���I�R�U����s(COO�í) is seen above 1400 cm�í��. In unidendate complexes, the energy of separa-
tion between these two is generally greater than 144 cm�í��.6 

For the complex [Co(HL)CH3�&�2�2�@���� �W�K�H�� ��as(COO�í���� �D�Q�G�� ��s(COO�í) of acetate ion are 
observed at 1599 and 1384 cm�í�� , respectively. In [(Ni(HL)CH3COO)2�@���� �W�K�H�� ��as(COO�í) and 
��s(COO�í) of acetate ion are observed at 1593 and 1353 cm�í�� , respectively. In the case of 
[Cu2(HL)(CH3COO)3], two types of acetate coordination was observed. One is bridging 

Fig. 8. Electronic spectra of the compounds (a) [Co(HL)CH3COO] (2), (b) [Ni(HL)CH3COO]2 
(3) and (c) [Cu2(HL)Cl3] (6).

(a) (b)

(c)
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Table 4. IR spectral assignments

Complex No. Compound ��(OH)/ ��(NH) ��(C=N) ��(N–N) ��(C=S) ��(M–N)

H2L 3455 1603 1125 763 –

1 [Mn(HL)2] 3414 1591 1123 759 407

2 [Co(HL)CH3COO] 3414 1563 1120 751 416

3 [(NiHLCH 3COO)2] 3426 1571 1126 757 408

4 [Ni(HL) 2] 3450 1595 1128 755 422

5 [Cu2 L(CH3COO)3] 3355 1591 1123 763 418 

6 [Cu2 (HL)Cl3] 3426 1592 1127 763 410

7 [Zn(HL)CH3COO] 3424 1590 1130 763 418

8 [Cd(HL)CH3COO] 3438 1592 1111 753 419

bidentate and other is unidentate. �7�K�H����as(COO�í�����D�Q�G����s(COO�í) of bridging acetate ion are 
observed at 1669 and 1513 cm�í�� �����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H����as(COO�í�����D�Q�G����s(COO�í) of unidentate ace-
tate ion are observed at 1591 and 1426 cm�í�� , respectively. In [Zn(HL)CH3�&�2�2�@�����W�K�H����as(COO�í) 
�D�Q�G����s(COO�í) of acetate ion are observed at 1591 and 1389 cm�í�� , respectively. In [Cd(HL)
CH3�&�2�2�@�����W�K�H����as(COO�í�����D�Q�G����s(COO�í) of acetate ion are observed at 1595 and 1369 cm�í�� , 
respectively. Representative spectra of the complexes (2), (4) and (6) are presented in Fig. 9.
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Fig. 9. IR spectra of the compounds (a) [CoHLCH3COO] (2), (b) [Ni(HL)2] (4) and  
(c) [Cu2 (HL)Cl3] (6).
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3.2.4. 1H NMR spectrum

The 1H NMR spectrum of the Zn(II) complex was recorded in DMSO at room temperature 
(Fig. 10) A singlet at 11.710 ppm can be assigned to N–H proton. A singlet at 9.384 ppm can 
be assigned to N–H proton adjacent to azomethine group. A singlet at 7.872 ppm can be 
assigned to OH proton. Aromatic protons gave a multiplet peak in the region 6.763–7.461 ppm.  
4N–CH3 protons absorbed at 3.793 ppm. Singlet at 3.838 ppm may be assigned to methoxy 
protons. In addition to this, CH3 protons of acetyl group absorbed at 3.793 ppm. 

3.2.5. Thermal studies 

For [ZnHLCH3COO], two stages of decomposition occurred in the temperature range 
260°C–390°C which may be due to the partial decomposition of the ligand moiety. The 
residual mass of 15.4% was observed at 750°C and may be due to the formation of zinc 
�V�X�O�¿�G�H�����F�D�O�F���������������������7�*���'�7�*���F�X�U�Y�H���R�I���>�=�Q���+�/���&�+3COO] (7) is shown in Fig.11.

Fig. 10. 1H NMR spectrum of the Zn(II) complex.

Fig. 11. TG-DTG curve of [Zn(HL)CH3COO] (7).
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4. Conclusions

The synthesis and characterisation of Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and Cd(II) 
complexes of 2-{2-[(4-hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}- 
N-methyl-N-phenylhydrazine-1-carbothioamide (H2L) have been discussed. Based on 
the magnetic moments and spectral data, the Co(II), Zn(II) and Cd(II) complexes are 
assigned a tetrahedral geometry. Cu(II) complexes are assigned square-planar geometry. 
The Mn(II) and Ni(II) complexes are assigned octahedral geometry. According to IR and 
1H NMR spectral data, H2L was found to function as monobasic tridentate ligand (HL�í) 
(Figs. 12–15).
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C H A P T E R  V I I

NOVEL LIGAND DERIVED FROM 
3, 4�DIMETHOXYBENZALDEHYDE 

AND N�4��METHYL�N�4��
PHENYLTHIOSEMICARBAZIDE AND ITS 

TRANSITION METAL COMPLEXES

1. Introduction 

�7�K�H���F�R�P�S�R�X�Q�G�������������G�L�P�H�W�K�R�[�\�E�H�Q�]�D�O�G�H�K�\�G�H�����)�L�J�����������L�V���F�R�P�P�R�Q�O�\���X�V�H�G���D�V���D���À�D�Y�R�X�U�D�Q�W���D�Q�G��
�R�G�R�U�D�Q�W�����,�W���L�V���X�V�H�G���D�V���D�Q���L�Q�W�H�U�P�H�G�L�D�W�H���L�Q���W�K�H���S�U�R�G�X�F�W�L�R�Q���R�I���V�R�P�H���S�K�D�U�P�D�F�H�X�W�L�F�D�O���G�U�X�J�V���O�L�N�H��
�3�U�D�]�R�V�L�Q�����7�L�D�S�D�P�L�O�����9�H�U�D�]�L�G�H���D�Q�G���V�R���R�Q��

�$�� �6�F�K�L�I�I�¶�V�� �E�D�V�H�� �I�U�R�P�� ���������G�L�P�H�W�K�R�[�\�E�H�Q�]�D�O�G�H�K�\�G�H�� �D�Q�G�� �S���D�P�L�Q�R�E�H�Q�]�R�L�F�� �D�F�L�G�� �Z�D�V��
�V�\�Q�W�K�H�V�L�]�H�G�� �E�\�� �Q�R�Y�H�O�� �V�X�S�H�U�V�R�Q�L�F�� �V�S�H�H�G�� �J�D�V�� �L�P�S�D�F�W�L�Q�J�� �P�H�W�K�R�G�� �E�\�� �&�D�L��et al.1 Synthesis, 
�F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q�����D�Q�W�L�E�D�F�W�H�U�L�D�O���D�Q�G���D�Q�W�L�I�X�Q�J�D�O���D�F�W�L�Y�L�W�L�H�V���R�I���D���6�F�K�L�I�I�¶�V���E�D�V�H�������������������G�L�K�\�G�U�R�[��
�\�E�H�Q�]�D�O�L�G�H�Q�H�����W�K�L�R�V�H�P�L�F�D�U�E�D�]�L�G�H���D�Q�G���L�W�V���1�L���,�,�����D�Q�G���)�H���,�,�����F�R�P�S�O�H�[�H�V���K�D�Y�H���E�H�H�Q���U�H�S�R�U�W�H�G��2 
�6�\�Q�W�K�H�V�L�V���D�Q�G���F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q���R�I���W�K�U�H�H���=�Q���,�,�����F�R�P�S�O�H�[�H�V�����>�=�Q�����������0�%�7�6�&��2�&�O2�@�����>�=�Q����������
�0�%�7�6�&��2�%�U2�@�� �D�Q�G�� �>�=�Q�����������0�%�7�6�&��2�,2�@�� �R�I�� ���������G�L�P�H�W�K�R�[�\�E�H�Q�]�D�O�G�H�K�\�G�H�� �W�K�L�R�V�H�P�L�F�D�U�E�D��
�]�R�Q�H�� �����������0�%�7�6�&���� �Z�H�U�H�� �U�H�S�R�U�W�H�G�� �E�\�� �.�K�D�O�D�M�L��et al3�� �7�K�L�V�� �F�K�D�S�W�H�U�� �S�R�U�W�U�D�\�V�� �W�K�H�� �V�\�Q�W�K�H�V�L�V��
�D�Q�G���F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q���R�I���D���Q�R�Y�H�O���O�L�J�D�Q�G���G�H�U�L�Y�H�G���I�U�R�P�����������G�L�P�H�W�K�R�[�\�E�H�Q�]�D�O�G�H�K�\�G�H���D�Q�G���1��������
�P�H�W�K�\�O���1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�L�G�H�� �D�Q�G�� �L�W�V�� �F�R�P�S�O�H�[�H�V���� �7�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �W�K�H�� �O�L�J�D�Q�G����
����� �̂����>�����������G�L�P�H�W�K�R�[�\�S�K�H�Q�\�O���P�H�W�K�\�O�L�G�H�Q�H�@�K�\�G�U�D�]�L�Q�H�F�D�U�E�R�Q�R�W�K�L�R�\�O�`���1���P�H�W�K�\�O���1���S�K�H�Q�\�O��
�K�\�G�U�D�]�L�Q�H�������F�D�U�E�R�W�K�L�R�D�P�L�G�H�������+2�/�����L�V���V�K�R�Z�Q���D�V���)�L�J��������

H3CO

O

O

CH3

Fig. 1. 3,4 Dimethoxybenzaldehyde.
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2. Experimental

2.1. Materials and method

���������'�L�P�H�W�K�R�[�\�E�H�Q�]�D�O�G�H�K�\�G�H�����0�H�U�F�N�������J�O�D�F�L�D�O���D�F�H�W�L�F���D�F�L�G���D�Q�G���F�R�P�P�H�U�F�L�D�O�O�\���D�Y�D�L�O�D�E�O�H���P�H�W�D�O��
�V�D�O�W�V���Z�H�U�H���X�V�H�G���Z�L�W�K�R�X�W���I�X�U�W�K�H�U���S�X�U�L�¿�F�D�W�L�R�Q�����7�K�H���V�R�O�Y�H�Q�W�V���Z�H�U�H���S�X�U�Lfi�H�G���D�Q�G���G�U�L�H�G���E�\���X�V�L�Q�J��
�V�W�D�Q�G�D�U�G�� �S�U�R�F�H�G�X�U�H���� �7�K�H�� �P�H�O�W�L�Q�J�� �S�R�L�Q�W�V�� �R�I�� �W�K�H�� �O�L�J�D�Q�G�� �D�Q�G�� �W�K�H�� �F�R�P�S�O�H�[�H�V�� �Z�H�U�H�� �U�H�F�R�U�G�H�G��
�R�Q���D���P�H�O�W�L�Q�J���S�R�L�Q�W���D�S�S�D�U�D�W�X�V�����7�K�H���O�L�J�D�Q�G���Z�D�V���I�X�U�W�K�H�U���F�K�D�U�D�F�W�H�U�L�V�H�G���E�\���S�D�U�W�L�D�O���H�O�H�P�H�Q�W�D�O��
�D�Q�D�O�\�V�H�V�����)�R�X�U�L�H�U���W�U�D�Q�V�I�R�U�P���L�Q�I�U�D�U�H�G�����)�7���,�5�������)�7���5�D�P�D�Q�����H�O�H�F�W�U�R�Q�L�F����1�+���1�0�5���V�S�H�F�W�U�D���D�Q�G��
�V�L�Q�J�O�H���F�U�\�V�W�D�O���;���U�D�\���G�L�I�I�U�D�F�W�L�R�Q�����;�5�'�����V�W�X�G�L�H�V�����7�K�H���F�R�P�S�O�H�[�H�V���Z�H�U�H���F�K�D�U�D�F�W�H�U�L�V�H�G���X�V�L�Q�J��
�S�D�U�W�L�D�O�� �H�O�H�P�H�Q�W�D�O�� �D�Q�D�O�\�V�H�V���� �)�7���,�5�� �D�Q�G�� �H�O�H�F�W�U�R�Q�L�F�� �V�S�H�F�W�U�D����1�+�� �1�0�5�� �V�S�H�F�W�U�X�P�� �R�I�� �=�Q���,�,����
�F�R�P�S�O�H�[�� �Z�D�V�� �U�H�F�R�U�G�H�G���� �0�D�J�Q�H�W�L�F�� �V�X�V�F�H�S�W�L�E�L�O�L�W�L�H�V�� �R�I�� �W�K�H�� �F�R�P�S�O�H�[�H�V�� �D�W���U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H��
�Z�H�U�H���P�H�D�V�X�U�H�G�����7�K�H���G�H�W�D�L�O�V���U�H�J�D�U�G�L�Q�J���W�K�H���W�H�F�K�Q�L�T�X�H�V���D�U�H���J�L�Y�H�Q���L�Q���&�K�D�S�W�H�U���,�,��

2.2. Synthesis 

�6�\�Q�W�K�H�V�L�V�� �R�I�� �W�K�H�� �S�U�H�F�X�U�V�R�U���� �1���������P�H�W�K�\�O���1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�L�G�H�� ���0�3�7�6�&���� �L�V�� �G�L�V��
�F�X�V�V�H�G���L�Q���&�K�D�S�W�H�U���,�,��

2.2.1. 2-{2-[(3,4-dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-methyl-
N-phenylhydrazine-1-carbothioamide (H2L)  

�+2�/���Z�D�V���S�U�H�S�D�U�H�G���E�\���G�U�R�S�Z�L�V�H���D�G�G�L�W�L�R�Q���R�I���W�K�H�����������K�R�W���H�W�K�D�Q�R�O�L�F���V�R�O�X�W�L�R�Q���R�I�����������G�L�P�H�W�K��
�R�[�\�E�H�Q�]�D�O�G�H�K�\�G�H�����������������J���������P�P�R�O�����L�Q�W�R���W�K�H���E�R�L�O�L�Q�J�����������H�W�K�D�Q�R�O�L�F���V�R�O�X�W�L�R�Q���R�I���1���������P�H�W�K�\�O��
�1���������S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�L�G�H�����0�3�7�6�&�������������������J���������P�P�R�O�����W�D�N�H�Q���L�Q���D���À�D�W���E�R�W�W�R�P�H�G���À�D�V�N����
�$�� �I�H�Z�� �G�U�R�S�V�� �R�I�� �J�O�D�F�L�D�O�� �D�F�H�W�L�F�� �D�F�L�G�� �Z�H�U�H�� �D�G�G�H�G���� �V�W�L�U�U�H�G�� �D�Q�G�� �U�H�À�X�[�H�G�� �D�W�� �����ƒ�&�±�����ƒ�&�� �I�R�U�� ����
�K�R�X�U�����$���\�H�O�O�R�Z���F�R�O�R�X�U�H�G���S�U�H�F�L�S�L�W�D�W�H���R�E�W�D�L�Q�H�G���Z�D�V��fi�O�W�H�U�H�G���D�Q�G���Z�D�V�K�H�G���Z�L�W�K���Z�D�W�H�U�����I�R�O�O�R�Z�H�G��
�E�\���H�W�K�D�Q�R�O���D�Q�G���G�U�L�H�G�����7�K�H���P�H�O�W�L�Q�J���S�R�L�Q�W���D�Q�G���V�R�O�X�E�L�O�L�W�\���R�I���W�K�H���F�R�P�S�R�X�Q�G���L�Q���G�L�I�I�H�U�H�Q�W���V�R�O�Y�H�Q�W�V��
�Z�H�U�H���Q�R�W�H�G�����7�K�H���U�H�D�F�W�L�R�Q���S�D�W�K�Z�D�\���L�Q���W�K�H���V�\�Q�W�K�H�V�L�V���R�I���W�K�H���O�L�J�D�Q�G���+2�/���L�V���V�K�R�Z�Q���L�Q���6�F�K�H�P�H������

2.2.2. Metal complexes

�$���K�R�W���H�W�K�D�Q�R�O�L�F���V�R�O�X�W�L�R�Q���R�I���P�H�W�D�O���D�F�H�W�D�W�H���F�K�O�R�U�L�G�H���Q�L�W�U�D�W�H���������P�P�R�O�����Z�D�V���D�G�G�H�G���G�U�R�S�Z�L�V�H���W�R���D��
�K�R�W���H�W�K�D�Q�R�O�L�F���+2�/���V�R�O�X�W�L�R�Q���������P�P�R�O�������$�I�W�H�U���W�K�H���F�R�P�S�O�H�W�H���D�G�G�L�W�L�R�Q�����D���S�L�Q�F�K���R�I���V�R�G�L�X�P���D�F�H�W�D�W�H��
�W�U�L�K�\�G�U�D�W�H���Z�D�V���D�G�G�H�G�����,�W���Z�D�V���W�K�H�Q���U�H�À�X�[�H�G���I�R�U�������K�R�X�U�V�����D�Q�G���W�K�H�Q���F�R�R�O�H�G���W�R���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H����
�7�K�H���V�R�O�L�G���I�R�U�P�H�G���Z�D�V���F�R�O�O�H�F�W�H�G�����Z�D�V�K�H�G���Z�L�W�K���Z�D�W�H�U���I�R�O�O�R�Z�H�G���E�\���H�W�K�D�Q�R�O���D�Q�G���G�U�L�H�G��
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Fig.  2. ����� �̂����>�����������G�L�P�H�W�K�R�[�\�S�K�H�Q�\�O���P�H�W�K�\�O�L�G�H�Q�H�@�K�\�G�U�D�]�L�Q�H�F�D�U�E�R�Q�R�W�K�L�R�\�O�`���1���P�H�W�K�\�O���1��
�S�K�H�Q�\�O�K�\�G�U�D�]�L�Q�H�������F�D�U�E�R�W�K�L�R�D�P�L�G�H�������������9�0�3�7�6�&�����+2�/�������,�8�3�$�&���Q�D�P�H���R�I���W�K�H���F�R�P�S�R�X�Q�G����
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Scheme 1.  �7�K�H���U�H�D�F�W�L�R�Q���S�D�W�K�Z�D�\���R�I���W�K�H���O�L�J�D�Q�G���+2L.
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3, 4DimethoxybenzaldehydeH2L

3. Results and discussion

3.1. Characterisation of the ligand

3.1.1. Microanalytical data

�7�K�H���O�L�J�D�Q�G���+2�/���L�V���O�L�J�K�W���\�H�O�O�R�Z���L�Q���F�R�O�R�X�U���D�Q�G���P�H�O�W�H�G���D�W���������ƒ�&�����7�K�H���V�X�J�J�H�V�W�H�G���I�R�U�P�X�O�D���I�R�U��
the ligand is �&�����+21�1��O2S2���� �&�+�1�6�� �S�H�U�F�H�Q�W�D�J�H�V�� �R�I�� �W�K�H�� �O�L�J�D�Q�G�� �D�U�H�� �L�Q�� �D�J�U�H�H�P�H�Q�W�� �Z�L�W�K�� �W�K�H��
�V�X�J�J�H�V�W�H�G�� �P�R�O�H�F�X�O�D�U�� �I�R�U�P�X�O�D�H�� ���7�D�E�O�H�� �������� �7�K�H�� �O�L�J�D�Q�G�� �L�V�� �V�R�O�X�E�O�H�� �L�Q�� �F�R�P�P�R�Q�� �V�R�O�Y�H�Q�W�V�� �O�L�N�H��
methanol, ethanol, and so on. 

3.1.2. Single-crystal XRD studies of ligand (H2L)

�6�L�Q�J�O�H���F�U�\�V�W�D�O�V���R�I���+2�/���V�X�L�W�D�E�O�H���I�R�U���;���U�D�\���D�Q�D�O�\�V�L�V���Z�H�U�H���R�E�W�D�L�Q�H�G���E�\���W�K�H���V�O�R�Z���H�Y�D�S�R�U�D�W�L�R�Q��
�R�I���L�W�V���V�R�O�X�W�L�R�Q���L�Q�����������������Y���Y�����P�L�[�W�X�U�H���R�I���P�H�W�K�D�Q�R�O�����'�0�)�����G�L�F�K�O�R�U�R�P�H�W�K�D�Q�H�����$���F�U�\�V�W�D�O���Z�L�W�K��
�G�L�P�H�Q�V�L�R�Q�����������������î���������������î���������������P�P3���Z�D�V���V�H�O�H�F�W�H�G���I�R�U���F�R�O�O�H�F�W�L�Q�J���W�K�H���G�D�W�D�����+2�/���F�U�\�V�W�D�O��
�O�L�]�H�V���Z�L�W�K���I�R�X�U���P�R�O�H�F�X�O�H�V���S�H�U���D�V�\�P�P�H�W�U�L�F���X�Q�L�W���L�Q�W�R���P�R�Q�R�F�O�L�Q�L�F���F�U�\�V�W�D�O���V�\�V�W�H�P���Z�L�W�K���D���V�S�D�F�H��
�J�U�R�X�S���R�I��P 21/c (Fig. 3).

�;���U�D�\���F�U�\�V�W�D�O�O�R�J�U�D�S�K�L�F���G�D�W�D���I�R�U���+2�/���Z�H�U�H���F�R�O�O�H�F�W�H�G���D�W�����������������.���R�Q���D���%�U�X�N�H�U���$�;�6���.�D�S�S�D��
�$�S�H�[�����&�0�2�6���G�L�I�I�U�D�F�W�R�P�H�W�H�U�����'�L�U�H�F�W���P�H�W�K�R�G�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���W�R���V�R�O�Y�H���W�K�H���V�W�U�X�F�W�X�U�H�V���D�Q�G��
�U�Hfi�Q�H�G���E�\���O�H�D�V�W���V�T�X�D�U�H���R�Q��F2���X�V�L�Q�J���6�+�(�/�;�/����������������4���$�O�O���Q�R�Q���K�\�G�U�R�J�H�Q���D�W�R�P�V���Z�H�U�H���U�Hfi�Q�H�G��
�D�Q�L�V�R�W�U�R�S�L�F�D�O�O�\���� �$�O�O�� �K�\�G�U�R�J�H�Q�� �D�W�R�P�V���� �H�[�F�H�S�W�� �W�K�R�V�H�� �D�W�W�D�F�K�H�G�� �W�R�� �Q�L�W�U�R�J�H�Q�� �Z�H�U�H�� �J�H�R�P�H�W�U�L��
�F�D�O�O�\��fi�[�H�G�� �D�W�� �F�D�O�F�X�O�D�W�H�G�� �S�R�V�L�W�L�R�Q�V���� �7�K�H�� �F�U�\�V�W�D�O�O�R�J�U�D�S�K�L�F�� �W�R�R�O�V���� �3�/�$�7�2�1���� �I�R�U�� �:�L�Q�G�R�Z�V����
�'�,�$�0�2�1�'���������G�������D�Q�G���0�(�5�&�8�5�<�����������������Z�H�U�H���X�V�H�G���I�R�U���V�W�U�X�F�W�X�U�H���D�Q�D�O�\�V�L�V���D�Q�G���S�U�H�V�H�Q�W�D�W�L�R�Q��
�R�I���W�K�H���U�H�V�X�O�W�V�����7�K�H���V�W�U�X�F�W�X�U�H���Z�D�V��fi�Q�D�O�O�\���U�Hfi�Q�H�G���W�R���W�K�H���F�R�Q�Y�H�Q�W�L�R�Q�D�O��R���Y�D�O�X�H����R1��� ����������������

Table 1. �$�Q�D�O�\�W�L�F�D�O���G�D�W�D���R�I���W�K�H���O�L�J�D�Q�G�����+2L)

Compound Molecular 
Weight

Melting 
Point

Colour Yield Elemental Analysis Found(calculated)

C H N S
�&�����+21�1��O2S2 ������ ������ �<�H�O�O�R�Z ���� ��������

������������

������

����������

��������

������������

������

����������
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Table 2. �&�U�\�V�W�D�O���G�D�W�D���D�Q�G���V�W�U�X�F�W�X�U�H���U�Hfi�Q�H�P�H�Q�W���I�R�U���+2L

�,�G�H�Q�W�Lfi�F�D�W�L�R�Q���F�R�G�H�+2L

�(�P�S�L�U�L�F�D�O���I�R�U�P�X�O�D�&�������+21���1�� O2 S2 �$�E�V�R�U�S�W�L�R�Q���F�R�H�Ifi�F�L�H�Q�W ��������

�)�R�U�P�X�O�D���Z�H�L�J�K�W������������ �)���������� ������

�7�H�P�S�H�U�D�W�X�U�H�����.�������������� �&�U�\�V�W�D�O���V�L�]�H���P�P3) �������������î���������������î������������

�:�D�Y�H�O�H�Q�J�W�K�����c���������������� �7�K�H�W�D���U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q�����������ƒ�±�������������ƒ��

�&�U�\�V�W�D�O���V�\�V�W�H�P�0�R�Q�R�F�O�L�Q�L�F�,�Q�G�H�[���U�D�Q�J�H�V
�í�������”��h���”���������í�������”��k �”������
�í���”��l���”������

�6�S�D�F�H���J�U�R�X�SP 21/c �5�H�À�H�F�W�L�R�Q�V���F�R�O�O�H�F�W�H�G��������

�8�Q�L�W���F�H�O�O���G�L�P�H�Q�V�L�R�Q�V�,�Q�G�H�S�H�Q�G�H�Q�W���U�H�À�H�F�W�L�R�Q�V�����������>R���L�Q�W����� ���������������@

a ���c�� ������������������ �&�R�P�S�O�H�W�H�Q�H�V�V���W�R���W�K�H�W�D��� ���������������ƒ������������

�. ���ƒ��������
�$�E�V�R�U�S�W�L�R�Q��
�F�R�U�U�H�F�W�L�R�Q

�6�H�P�L���H�P�S�L�U�L�F�D�O���I�U�R�P���H�T�X�L�Y�D�O�H�Q�W�V

b�����c�� �������������������� �0�D�[�����D�Q�G���P�L�Q�����7�U�D�Q�V�P�L�V�V�L�R�Q�����������D�Q�G����������

b ���ƒ�� ������������������ �5�Hfi�Q�H�P�H�Q�W���P�H�W�K�R�G
�)�X�O�O���P�D�W�U�L�[���O�H�D�V�W���V�T�X�D�U�H�V��
on F2

c ���c������ ������������������ �'�D�W�D���U�H�V�W�U�D�L�Q�W�V���S�D�U�D�P�H�W�H�U�V��������������������

g ���ƒ�� ���� �*�R�R�G�Q�H�V�V���R�I��fi�W���R�Q��F2 1.422

�9�R�O�X�P�H�����c3) ������������������ Final R���L�Q�G�L�F�H�V���>I > 2sigma(I )] R1��� �������������������ZR2��� ��������������

Z 4 R indices (all data) R1��� �������������������ZR2��� ��������������

Density (calculated) 
�P�J���P3

���������� �(�[�W�L�Q�F�W�L�R�Q���F�R�H�Ifi�F�L�H�Q�W ������������������

�$�E�V�R�U�S�W�L�R�Q��
�F�R�H�Ifi�F�L�H�Q�W

��������
�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���D�Q�G���K�R�O�H��
���H���c�í��)

�������������D�Q�G���í����������

Fig. 3. �3�D�F�N�L�Q�J���G�L�D�J�U�D�P���R�I���F�R�P�S�R�X�Q�G���+2L in the unit cell.

�&�U�\�V�W�D�O���G�D�W�D���D�Q�G���V�W�U�X�F�W�X�U�H���U�Hfi�Q�H�P�H�Q�W���S�D�U�D�P�H�W�H�U�V���D�U�H���J�L�Y�H�Q���L�Q���7�D�E�O�H���������2�U�W�H�S���G�L�D�J�U�D�P���R�I��
�+2�/���Z�L�W�K���W�K�H���D�W�R�P���Q�X�P�E�H�U�L�Q�J���V�F�K�H�P�H���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�����������6�H�O�H�F�W�H�G���E�R�Q�G���O�H�Q�J�W�K�V���D�Q�G���E�R�Q�G��
�D�Q�J�O�H�V���D�U�H���O�L�V�W�H�G���L�Q���7�D�E�O�H���������,�W���Z�D�V���I�R�X�Q�G���W�K�D�W���W�K�H���P�R�O�H�F�X�O�H�V���L�Q���W�K�H���X�Q�L�W���F�H�O�O���D�U�H���D�U�U�D�Q�J�H�G��
�L�Q���I�D�F�H���W�R���I�D�F�H���P�D�Q�Q�H�U�����Z�K�L�F�K���D�U�H���W�K�H���U�H�S�H�D�W�L�Q�J���X�Q�L�W�V���R�I���W�K�H���S�D�F�N�L�Q�J���L�Q���W�K�H���F�U�\�V�W�D�O���O�D�W�W�L�F�H����
�0�R�O�H�F�X�O�H�V���S�D�F�N�H�G���L�Q�W�R���P�R�O�H�F�X�O�D�U���F�R�O�X�P�Q�V���D�O�R�Q�J���E���G�L�U�H�F�W�L�R�Q���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�����������7�D�E�O�H������
�V�K�R�Z�V���K�\�G�U�R�J�H�Q���E�R�Q�G�L�Q�J���L�Q�W�H�U�D�F�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���R�I���+2L. 
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Fig. 4. �2�U�W�H�S���G�L�D�J�U�D�P���R�I���W�K�H���P�R�O�H�F�X�O�H���Z�L�W�K���D�W�R�P���Q�X�P�E�H�U�L�Q�J���V�F�K�H�P�H�����R�P�L�W�W�L�Q�J���+���D�W�R�P�V����

Table 3. �6�H�O�H�F�W�H�G���E�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���E�R�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���+2L

Bond Length [Å] Bond Length [Å] Bond Angle [°]

�6�������±�&������ ���������������� �&���������±�+�������� �������� �&�������±�&�������±�&������ ����������������

�6�������±�&������ ���������������� �&���������±�&�������� ���������������� �&�������±�&�������±�+������ ����������

�2�������±�&������ ���������������� �&���������±�+�������� �������� �&�������±�&�������±�+������ ����������

�2�������±�&�������� ���������������� �&���������±�+�������$�� �������� �1�������±�&�������±�&������ ����������������

�1�������±�&������ ���������������� �&���������±�+�������%�� �������� �1�������±�&�������±�+������ ����������

�1�������±�1������ ���������������� �&���������±�+�������&�� �������� �&�������±�&�������±�+������ ����������

�1�������±�&������ ���������������� �&���������±�&�������� ���������������� �&�������±�&�������±�2������ ����������������

�1�������±�+������ �������� �&���������±�+�������� �������� �&�������±�&�������±�&������ ����������������

�2�������±�&������ ������������������ �&���������±�+�������$�� �������� �&���������±�&���������±�&�������� ����������������

�2�������±�&�������� ���������������� �&���������±�+�������%�� �������� �&���������±�&���������±�+�������� ����������

�1�������±�&������ 1.333(4) �&���������±�+�������&�� �������� �&���������±�&���������±�+�������� ����������

�1�������±�1������ ���������������� �&���������±�+�������$�� �������� �1�������±�&�������±�1������ ����������������

�1�������±�+������ �������� �&���������±�+�������%�� �������� �1�������±�&�������±�6������ 122.4(4)

�1�������±�&������ ���������������� �&���������±�+�������&�� �������� �1�������±�&�������±�6������ 123.4(4)

�1�������±�+������ �������� �%�R�Q�G���D�Q�J�O�H�V�����ƒ���1�������±�&�������±�1������ ����������������

�1�������±�&������ ���������������� �1�������±�1�������±�+������ ���������� �2�������±�&�������±�&������ ����������������

�1�������±�&�������� ������������������ �1�������±�1�������±�&������ ���������������� �1�������±�&�������±�6������ ����������������

�1�������±�&�������� ���������������� �1�������±�1�������±�+������ ���������� �1�������±�&�������±�6������ ����������������

�&�������±�&������ ������������������ �&�������±�1�������±�+������ ���������� �&�������±�&�������±�&������ ����������������

�7�K�H���E�R�Q�G���O�H�Q�J�W�K�V�����&�������±�6���������D�Q�G���&�������±�6���������D�U�H���I�R�X�Q�G���W�R���E�H���������������������D�Q�G���������������������c�����U�H�V�S�H�F��
�W�L�Y�H�O�\�����Z�K�L�F�K���L�V���L�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���&� �6���E�R�Q�G���O�H�Q�J�W�K���������������c�������7�K�L�V���V�K�R�Z�V���W�K�D�W���W�K�H���F�R�P�S�R�X�Q�G��
�L�V�� �L�Q�� �W�K�L�R�Q�H�� �I�R�U�P�� �L�Q�� �W�K�H�� �V�R�O�L�G�� �V�W�D�W�H���� �7�K�H�� �E�R�Q�G�� �O�H�Q�J�W�K�V���� �1�������±�&���������� �1�������±�&���������� �1�������±�&����������
�1�������±�&���������� �1�������±�&���������� �1�������±�1�������� �D�Q�G�� �1�������±�1�������� �D�U�H�� �������������������� �������������������� �������������������� ��������������������
���������������������������������������D�Q�G���������������������c�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H�\���D�U�H���I�R�X�Q�G���W�R���E�H���D�W���P�L�G�Z�D�\���E�H�W�Z�H�H�Q���W�K�H��
�D�Q�D�O�R�J�R�X�V���V�L�Q�J�O�H���>�&�±�1�����������������1�±�1���������������c�@���D�Q�G���G�R�X�E�O�H���E�R�Q�G�V���>�&� �1���������������c�����1� �1���������������c���@��������  
�7�K�H�� �E�R�Q�G�� �O�H�Q�J�W�K�V���� �&�������±�2�������� �D�Q�G�� �&���������±�2�������� �R�I�� �W�K�H�� �O�L�J�D�Q�G�� �D�U�H�� �������������������� �D�Q�G�� �������������������c����
�U�H�V�S�H�F�W�L�Y�H�O�\��
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�7�K�H���E�R�Q�G���D�Q�J�O�H�V���� �1�������±�&�������±�1���������� �1�������±�&�������±�6���������� �1�������±�&�������±�6���������� �1�������±�&�������±�1����������
�1�������±�&�������±�6���������D�Q�G���1�������±�&�������±�6���������D�U�H�����������������������������������������������������������������������������������������������������D�Q�G��
�����������������ƒ�����U�H�V�S�H�F�W�L�Y�H�O�\�����Z�K�L�F�K���V�K�R�Z���G�H�Y�L�D�W�L�R�Q���R�I���W�K�H���P�R�O�H�F�X�O�H���I�U�R�P���S�O�D�Q�D�U�L�W�\��

�7�K�H���W�R�U�V�L�R�Q���D�Q�J�O�H���R�I�������������������ƒ���I�R�U���1�������±�1�������±�&�������±�1���������U�H�S�U�H�V�H�Q�W�V���D�Q��E���F�R�Q�I�R�U�P�D�W�L�R�Q��
�Z�L�W�K�� �U�H�V�S�H�F�W�� �W�R�� �&�������±�1�������� �E�R�Q�G�� �D�Q�G�� �L�V�� �L�Q��Z���F�R�Q�I�R�U�P�D�W�L�R�Q�� �Z�L�W�K�� �U�H�V�S�H�F�W�� �W�R�� �1�������±�1�����±���±
�&�������±�6�������� �Z�L�W�K�� �D�Q�� �D�Q�J�O�H�� �í�������������ƒ���� �7�K�H�� �1�������±�1�������±�&�������±�6�������� �L�V�� �L�Q��Z�� �F�R�Q�I�R�U�P�D�W�L�R�Q�� �Z�L�W�K��
�U�H�V�S�H�F�W���W�R���1�������±�&���������Z�L�W�K���W�R�U�V�L�R�Q���D�Q�J�O�H���R�I���í�������������ƒ��

�&�������±�&������ ���������������� �&�������±�1�������±�&�������� 122.3(4) �&�������±�&�������±�+�����$�� 121.4

�&�������±�&������ ���������������� �&�������±�1�������±�&�������� ���������������� �&�������±�&�������±�+�����$�� 121.4

�&�������±�&������ ���������������� �&���������±�1�������±�&�������� ���������������� �&���������±�&���������±�&�������� ����������������

�&�������±�&������ ������������������ �&�������±�&�������±�&���������������������� �&���������±�&���������±�+�������� ����������

�&�������±�+������ �������� �2�������±�&�������±�&���������������������� �&���������±�&���������±�+�������� ����������

�&���������±�&�������� ���������������� �&�������±�&�������±�&���������������������� �&���������±�&���������±�&�������� ����������������

�&���������±�&�������� ���������������� �&�������±�&�������±�&���������������������� �&���������±�&���������±�+�������� ����������

�&�������±�&������ ������������������ �&�������±�&�������±�&���������������������� �&���������±�&���������±�+�������� ����������

�&�������±�+������ �������� �&�������±�&�������±�&���������������������� �1�������±�&���������±�+�������$�� ����������

�&�������±�+������ �������� �&�������±�&�������±�+������ ���������� �1�������±�&���������±�+�������%�� ����������

�&�������±�&������ ���������������� �&�������±�&�������±�+������ ���������� �+�������$���±�&���������±�+�������%������������

�&���������±�&�������� ������������������ �&���������±�&���������±�&������������������������ �1�������±�&���������±�+�������&�� ����������

�&���������±�+�������� �������� �&���������±�&���������±�1������ ���������������� �+�������$���±�&���������±�+�������&������������

�&�������±�+�����$�� �������� �&���������±�&���������±�1������ ���������������� �+�������%���±�&���������±�+�������&������������

�&���������±�&�������� ������������������ �&���������±�&���������±�&�������� ����������������

Fig. 5. �0�R�O�H�F�X�O�H�V���S�D�F�N�H�G���L�Q�W�R���P�R�O�H�F�X�O�D�U���F�R�O�X�P�Q�V���D�O�R�Q�J��b-axis.

Table 4. �+�\�G�U�R�J�H�Q���E�R�Q�G�L�Q�J���L�Q�W�H�U�D�F�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���R�I���+2L

D-H···A d(D-H) d(H···A) d(D···A) <(DHA)

���1���������+������···.S(2) a �������� �������� 3.431(3) ������

���&�����������+��������··· O(1)b �������� �������� ���������������� ������

a�6�\�P�P�H�W�U�\���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���H�T�X�L�Y�D�O�H�Q�W���D�W�R�P�V����x�������������í��y�����í������������z 
b�6�\�P�P�H�W�U�\���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���H�T�X�L�Y�D�O�H�Q�W���D�W�R�P�V�������í��x���������í��y���������í��z
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�7�K�H���O�H�D�V�W���V�T�X�D�U�H���S�O�D�Q�H�V���F�R�P�S�U�L�V�L�Q�J�����&�������±�1�������±�1�������±�&�������±�6����������1�����D�Q�G���1�������±�&�������±�6�������±
�1�������±�1����������2) �I�R�U�P���D���G�L�K�H�G�U�D�O���D�Q�J�O�H�����������������������ƒ. The planes �&�������±�&�������±�&�������±�1�������±�1������ (3) 
�D�Q�G���&���������±�1�������±�&�������±�1�������±�1����������4�����I�R�U�P���D���G�L�K�H�G�U�D�O���D�Q�J�O�H���R�I�������������������������ƒ�����7�K�H���P�H�D�Q���S�O�D�Q�H��
�������������I�R�U�P�V���D�Q���D�Q�J�O�H�������������������ƒ���Z�L�W�K���S�O�D�Q�H����1�����D�Q�G���Z�L�W�K���S�O�D�Q�H����3���������������������������ƒ�����7�K�H���S�O�D�Q�H�V��
(2) and (4�����G�H�Y�L�D�W�H�G���I�U�R�P���P�H�D�Q���S�O�D�Q�H���Z�L�W�K���G�L�K�H�G�U�D�O���D�Q�J�O�H�V�������������������������ƒ���D�Q�G�������������������������ƒ����
�U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���S�K�H�Q�\�O���U�L�Q�J�V���R�I���W�K�H���O�L�J�D�Q�G���&�������±�&�������±�&�������±�&�������±�&�������±�&���������D�Q�G���&���������±
�&���������±�&���������±�&���������±�&���������±�&���������� �D�U�H���W�Z�L�V�W�H�G���I�U�R�P���W�K�H���P�R�O�H�F�X�O�D�U���S�O�D�Q�H���Z�L�W�K���D�Q���D�Q�J�O�H���R�I��
�����������������������ƒ��

3.1.3. Spectroscopic analysis

(a) Electronic spectrum

�7�K�H�� �V�R�O�L�G���V�W�D�W�H�� �H�O�H�F�W�U�R�Q�L�F�� �D�E�V�R�U�S�W�L�R�Q�� �V�S�H�F�W�U�X�P�� �R�I�� �W�K�H�� �O�L�J�D�Q�G�� �Z�D�V�� �U�H�F�R�U�G�H�G�� �L�Q�� �W�K�H�� �U�D�Q�J�H��
�������±���������Q�P�����)�L�J�������������7�K�H���F�R�P�S�R�X�Q�G���U�H�J�L�V�W�H�U�H�G���F�K�D�U�J�H���W�U�D�Q�V�I�H�U���E�D�Q�G�V���D�W�������������������������������D�Q�G��
���������Q�P�����7�K�H���I�R�U�P�H�U���W�Z�R���E�D�Q�G�V���P�D�\���E�H���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���Œ�±�Œ�
���W�U�D�Q�V�L�W�L�R�Q�V���R�I���W�K�H���D�]�R�P�H�W�K�L�Q�H��
�F�K�U�R�P�R�S�K�R�U�H���D�Q�G���W�K�H���E�H�Q�]�H�Q�H���U�L�Q�J�����L�Q�W�U�D���O�L�J�D�Q�G���F�K�D�U�J�H���W�U�D�Q�V�I�H�U�������7�K�H���O�D�W�W�H�U���E�D�Q�G�V���P�D�\���E�H��
due to the n�±�Œ�
���W�U�D�Q�V�L�W�L�R�Q��

(b) Vibrational spectra

�7�K�H�� �)�7���,�5�� �V�S�H�F�W�U�X�P�� �R�I�� �W�K�H�� �F�R�P�S�R�X�Q�G�� �Z�D�V�� �U�H�F�R�U�G�H�G�� �L�Q�� �W�K�H�� �U�H�J�L�R�Q�� ���������±�������� �F�P�í��  and 
�L�V���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J�������� �7�K�H���O�L�J�D�Q�G���� �+2�/�� �V�K�R�Z�H�G���D���G�R�X�E�O�H�W���D�W�����������±���������� �F�P�í�� �� �G�X�H���W�R���1�±�+��
�V�W�U�H�W�F�K�L�Q�J�� �Y�L�E�U�D�W�L�R�Q���� �7�K�L�V�� �V�S�O�L�W�W�L�Q�J�� �P�D�\�� �E�H�� �G�X�H�� �W�R�� �W�K�H�� �L�Q�W�H�U�D�F�W�L�Q�J�� �P�R�O�H�F�X�O�H�V�� �L�Q�� �W�K�H�� �X�Q�L�W��
�F�H�O�O�����$���V�K�D�U�S���E�D�Q�G���D�W�������������F�P�í�� ���L�Q���W�K�H���O�L�J�D�Q�G���L�V���D�V�V�L�J�Q�H�G���W�R�������&� �1�������7�K�H�������6�±�+�����E�D�Q�G���L�V��
�D�E�V�H�Q�W���D�W�������������F�P�í�� ���L�Q���W�K�H���,�5���V�S�H�F�W�U�X�P�����L�Q�G�L�F�D�W�L�Q�J���W�K�H���H�[�L�V�W�H�Q�F�H���R�I���W�K�L�R�Q�H���W�D�X�W�R�P�H�U���R�I���W�K�H��
ligand in the solid state.�������7�K�H���E�D�Q�G�V���D�W�������������D�Q�G�����������F�P�í��  in the ligand may be assigned to  
�����1�+�±�&� �6�����D�Q�G�������&� �6�������U�H�V�S�H�F�W�L�Y�H�O�\����

�7�K�H�� �)�7���5�D�P�D�Q�� �V�S�H�F�W�U�X�P�� �R�I�� �W�K�H�� �F�R�P�S�R�X�Q�G�� �Z�D�V�� �U�H�F�R�U�G�H�G�� �L�Q�� �W�K�H�� �U�H�J�L�R�Q�� ���������±��������
cm�í�� ���D�Q�G���L�V���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J�����������,�Q���5�D�P�D�Q���V�S�H�F�W�U�X�P�����W�K�H���O�L�J�D�Q�G���+2�/���V�K�R�Z�H�G���D���G�R�X�E�O�H�W���D�W�� 

Fig. 6. �(�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G��
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���������� �F�P�í�� � � �G�X�H���W�R���1�±�+�� �V�W�U�H�W�F�K�L�Q�J�� �Y�L�E�U�D�W�L�R�Q��� � �7�K�H���E�D�Q�G�V���R�E�V�H�U�Y�H�G���D�W��� �� �� �� �� � �D�Q�G��� �� �� �� �� � �F�P�í��  
�D�U�H���D�V�V�L�J�Q�H�G���W�R�������&� �1�������7�K�H���E�D�Q�G�V���D�W�������������D�Q�G�����������F�P�í��  in the ligand may be assigned to 
�����1�+�±�&� �6�����D�Q�G�������&� �6�������U�H�V�S�H�F�W�L�Y�H�O�\��

(c) 1H NMR spectrum

The 1�+���1�0�5���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G���L�V���U�H�F�R�U�G�H�G���L�Q���&�'�&�O3�����)�L�J�������������,�Q���W�K�H��1�+���1�0�5���V�S�H�F��
�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G�����W�Z�R���G�R�X�E�O�H�W�V���D�W���������������±���������������D�Q�G�������������±�������������S�S�P���D�U�H���D�V�V�L�J�Q�H�G���I�R�U��
�D�G�M�D�F�H�Q�W���1�±�+���S�U�R�W�R�Q�V�����$���V�L�Q�J�O�H�W���D�W�������������S�S�P���F�R�X�O�G���E�H���D�V�V�L�J�Q�H�G���W�R���1�±�+���S�U�R�W�R�Q���D�G�M�D�F�H�Q�W���W�R��
�D�]�R�P�H�W�K�L�Q�H���J�U�R�X�S�����$�U�R�P�D�W�L�F���S�U�R�W�R�Q�V���V�K�R�Z���D���P�X�O�W�L�S�O�H�W���S�H�D�N���L�Q���W�K�H���U�H�J�L�R�Q�����������±�����������S�S�P����
�6�L�Q�J�O�H�W�V���D�W���������������D�Q�G���������������S�S�P���D�U�H���D�V�V�L�J�Q�H�G���W�R���P�H�W�K�R�[�\���S�U�R�W�R�Q�V�����1�±�&�+3���S�U�R�W�R�Q�V���D�E�V�R�U�E��
�D�W���������������S�S�P����

Fig. 7. �)�7���,�5���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G��

Fig. 8. �)�7���5�D�P�D�Q���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G��
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3.2. Characterisation of metal complexes

3.2.1. Formulae and general properties of the complexes

�$�O�O���W�K�H���F�R�P�S�O�H�[�H�V���Z�H�U�H���I�R�X�Q�G���W�R���E�H���V�W�D�E�O�H���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����7�K�H���D�Q�D�O�\�W�L�F�D�O���G�D�W�D���R�I���W�K�H��
�F�R�P�S�O�H�[�H�V���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H�������D�Q�G���D�U�H���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���S�U�R�S�R�V�H�G���H�P�S�L�U�L�F�D�O���I�R�U�P�X�O�D�H��

Fig. 9. 1�+�1�0�5���V�S�H�F�W�U�X�P���R�I���W�K�H���O�L�J�D�Q�G��

Table 5. �0�R�O�H�F�X�O�D�U���I�R�U�P�X�O�D�H�����F�R�O�R�X�U�����S�D�U�W�L�D�O���H�O�H�P�H�Q�W�D�O���D�Q�D�O�\�V�H�V���D�Q�G���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W�V��
�R�I���W�K�H���F�R�P�S�O�H�[�H�V

No. Compound
Molecular 
Weight

Melting 
Point

Colour Yield
Elemental Analysis 
Found(calculated)

µ in 
BM

C H N S M

�&�����+21�1��O2S2 ������ ������ �<�H�O�O�R�Z����
��������

������������

������

����������

��������

������������

������

����������
_ _

1 �>�0�Q���+2L)2���&�+3�&�2�2��2] ������ ������ �%�U�R�Z�Q����
��������

������������

������

����������

��������

(14.3)

������

����������

������

����������
3.1

2 �>�&�R���+2L)2���&�+3�&�2�2��2] ������ ������ �%�U�R�Z�Q����
��������

������������

������

����������

14.3

(14.2)

������

����������

������

����������
3.1

3 �>�&�R���+�/���&�O2�+2O] ������ ������ �*�U�H�H�Q����
��������

������������

������

����������

��������

������������

��������

������������

��������

������������
D

4 �>�1�L���+�/��2] ������ ������
�<�H�O�O�R�Z�L�V�K��

�J�U�H�H�Q��
����

��������

������������

4.4

����������

��������

������������

������

����������

������

����������
������

5 �>�&�X2 ���+�/�����&�+3�&�2�2��3] ������ ������ �%�O�D�F�N����
����������

������������

������

(4.1)

������

����������

������

����������

��������

������������
1.2

6 �>�&�X2���+�/���&�O3] ������ ������ �*�U�H�H�Q����
��������

������������

2.4

(3.1)

��������

������������

������

������������

��������

��������
D

7 �>�&�X2���+�/�����1�23)3] ������ ������ �*�U�H�H�Q����
��������

������������

������

����������

��������

������������

������

����������

��������

������������
D

8 �>���&�X���+�/���2�+�+2O)2] �������� ������ �*�U�H�H�Q����
41.1

������������

������

����������

��������

(13.4)

11.3

(12.2)

��������

(12.2)
D

9 �>�=�Q���+�/���&�+3�&�2�2] ������ ������ �<�H�O�O�R�Z����
��������

��������

3.4

4.4

��������

13.4

������

12.1
��������
12.4 D

10 �>�&�G���+�/���2�+] ������ �!������ �<�H�O�O�R�Z����
��������

������������

������

����������

��������

(13.1)

��������

������������
����������
(21.1) D
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3.2.2. Electronic spectra and magnetic moments 

�7�K�H���H�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�D���R�I���F�R�P�S�O�H�[�H�V���Z�H�U�H���U�H�F�R�U�G�H�G���L�Q���V�R�O�L�G���V�W�D�W�H���D�Q�G���W�K�H�L�U���S�U�R�E�D�E�O�H���D�V�V�L�J�Q��
�P�H�Q�W�V���D�U�H���J�L�Y�H�Q���L�Q���7�D�E�O�H������

Table 6. �(�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�D�O���E�D�Q�G�V���D�Q�G���W�K�H�L�U���D�V�V�L�J�Q�P�H�Q�W�V

Complex 
No:

Compound Band nm cm�í�� Assignments

�&�����+21�1��O2S2 ������ ����������  �Œ�: �Œ*

322 ���������� �Q�:�Œ*

������ ���������� n�: �Œ*

������ ���������� C� T

1 �>�0�Q���+2L)2���&�+3�&�2�2��2] ������ ���������� n�: �Œ*

������ ���������� C� T

������ ���������� T2g �:�( g

2 �>�&�R���+2L)2���&�+3�&�2�2��2] ������ ���������� �Œ�: �Œ*

413 24213 C� T

�������±�����������������V�K
�����������±��������������

�����������V�K

4T1g(F) �  4T2g(F), 
4T1g(F) � 4A2g(F)

3 �>�&�R���+�/���&�O2 �+2O] ������ ���������� n�: �Œ*

������ ���������� C� T

������ ����������
1A1g���:��

1T2g, 
1A1g�:��

1T1g

4 �>�1�L���+�/��2] ������ ���������� �Œ�: �Œ*

423 ���������� 3A2g(F) �  3T1g(P)

������ ���������� 3A2g (F) �  3T1g (F)

������ ���������� 3A2g (F) �  3T2g (F)

5 �>�&�X2�/���&�+3�&�2�2��3] ������ ���������� �Œ�: �Œ*

������ ���������� n�: �Œ*

������ ���������� C� T

411 ���������� 2�%1g���:��
2A2g

�������±������ �����������±���������� 2�%1g�:��
2�(g

������ ������������ 2�%1g�:
2A1g

6 �>�&�X2�/�&�O3] ���������������� ������������������������ �Œ�: �Œ*

���������������� ������������������������ n�: �Œ*

������ ���������� C� T

������ ���������� 2�%1g���:��
2A2g

������ ���������� 2�%1g�:��
2�(g

������ ���������� 2�%1g�:
2A1g

7 �>�&�X2�/���1�23)3] ������ ���������� �Œ�: �Œ*

������ ���������� n�: �Œ*

������ ���������� 2�%1g���:��
2A2g

������ ���������� 2�%1g�:��
2�(g

8 �>�&�X���+�/���2�+ �+2O)2]

311 ���������� n�: �Œ*

������ ���������� C� T
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�,�Q���W�K�H���K�L�J�K���V�S�L�Q�����R�F�W�D���K�H�G�U�D�O�O�\���F�R�R�U�G�L�Q�D�W�H�G���0�Q���,�,�����F�R�P�S�O�H�[�����W�K�H���O�R�Z�H�V�W���F�R�Qfi�J�X�U�D�W�L�R�Q��
(t2g)

3(eg)
2 �J�L�Y�H�V���U�L�V�H���W�R���W�K�H���J�U�R�X�Q�G���V�W�D�W�H������A1g���� �%�X�W���I�R�U���W�K�H���O�R�Z���V�S�L�Q���R�F�W�D�K�H�G�U�D�O���F�R�P�S�O�H�[�H�V����

�W�K�H���J�U�R�X�Q�G���V�W�D�W�H���L�V��2T2g�����+�L�J�K���V�S�L�Q���0�Q���,�,�����L�R�Q�V���L�Q���R�F�W�D�K�H�G�U�D�O���D�Q�G���W�H�W�U�D�K�H�G�U�D�O���J�H�R�P�H�W�U�L�H�V��
�K�D�Y�H���D���V�S�L�Q���R�Q�O�\���Y�D�O�X�H���R�I�������������%�0���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����%�X�W���W�K�H���O�R�Z���V�S�L�Q���R�F�W�D�K�H�G�U�D�O���F�R�P��
�S�O�H�[�H�V���Z�L�W�K��2T2g���J�U�R�X�Q�G���W�H�U�P���F�D�Q���K�D�Y�H���R�U�E�L�W�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q���D�Q�G���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���P�D�J�Q�H�W�L�F��
�P�R�P�H�Q�W�� �Y�D�O�X�H�V�� �D�U�H�� �I�R�X�Q�G�� �F�O�R�V�H�� �W�R�� ���������� �%�0���� �7�K�H�� �R�E�V�H�U�Y�H�G�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�� �Y�D�O�X�H�� �R�I��
�0�Q���,�,�����F�R�P�S�O�H�[���L�V���I�R�X�Q�G���W�R���E�H�����������%�0���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���O�R�Z���V�S�L�Q���R�F�W�D�K�H�G�U�D�O���J�H�R�P�H�W�U�\��

�8�V�X�D�O�O�\���� �&�R���,�,���� �F�R�P�S�O�H�[�H�V�� �H�[�L�V�W���L�Q�� �R�F�W�D�K�H�G�U�D�O���� �W�H�W�U�D�K�H�G�U�D�O�� �D�Q�G�� �V�T�X�D�U�H���S�O�D�Q�D�U�� �J�H�R�P�H��
�W�U�L�H�V�����,�I���W�K�H���O�L�J�D�Q�G���K�D�V���V�H�Y�H�U�D�O���G�R�Q�R�U���D�W�R�P�V����fi�Y�H���F�R�R�U�G�L�Q�D�W�H���J�H�R�P�H�W�U�\���L�V���S�R�V�V�L�E�O�H���I�R�U���&�R���,�,����
�F�R�P�S�O�H�[�H�V�����&�R����(d�����V�\�V�W�H�P�����J�L�Y�H�V���U�L�V�H���W�R���W�K�H���J�U�R�X�Q�G���V�W�D�W�H����3F and the excited states 3P, 1G, 1D 
and 1�6�����7�K�H���W�U�D�Q�V�L�W�L�R�Q�V���I�U�R�P���W�K�H���J�U�R�X�Q�G���V�W�D�W�H���W�R���W�K�H���W�K�U�H�H���V�L�Q�J�O�H�W���V�W�D�W�H�V����1G, 1D, 1�6�����D�U�H���V�S�L�Q��
�I�R�U�E�L�G�G�H�Q�����7�K�H���W�Z�R���U�H�P�D�L�Q�L�Q�J���V�W�D�W�H�V����3F and 3�3���F�D�Q���K�D�Y�H���V�S�L�Q���S�H�U�P�L�W�W�H�G���W�U�D�Q�V�L�W�L�R�Q�V�����7�K�H�� 
F state splits into A2g���71g���72g���D�Q�G���3���V�W�D�W�H���L�V���W�U�D�Q�V�I�R�U�P�H�G���L�Q�W�R���D���71g���V�W�D�W�H�����+�H�Q�F�H�����W�K�U�H�H���S�H�D�N�V��
�V�K�R�X�O�G���D�S�S�H�D�U���L�Q���W�K�H���V�S�H�F�W�U�X�P���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R��4T1g���)�����:��

4T2g(F), 4T1g���)�����:
4A2g(F), and 

4T1g���)�����:
4T1g���3�����W�U�D�Q�V�L�W�L�R�Q�V�����,�Q���W�K�L�V���F�D�V�H�����D���E�U�R�D�G���G�±�G���V�S�H�F�W�U�D�O���E�D�Q�G���L�V���I�R�U�P�H�G���L�Q���W�K�H���U�H�J�L�R�Q��

�������±���������Q�P���Z�L�W�K���D���V�K�R�X�O�G�H�U���D�W�����������Q�P�����L�Q�G�L�F�D�W�L�Q�J���L�W�V���R�F�W�D�K�H�G�U�D�O���J�H�R�P�H�W�U�\�����2�F�W�D�K�H�G�U�D�O����
�W�H�W�U�D�K�H�G�U�D�O���D�Q�G���V�T�X�D�U�H���S�O�D�Q�D�U���&�R���,�,�����F�R�P�S�O�H�[�H�V���V�K�R�Z���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W�V���R�I���������±�����������������±
�������� �D�Q�G�� �������±�������� �%�0���� �U�H�V�S�H�F�W�L�Y�H�O�\��11�� �7�K�H�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�� �Y�D�O�X�H�� �R�I�� �W�K�H�� �&�R���,�,���� �F�R�P�S�O�H�[��
�K�H�U�H�L�Q���L�V�����������%�0��12���6�X�F�K���O�R�Z���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���Y�D�O�X�H�V���I�R�U���&�R���,�,�����F�R�P�S�O�H�[�H�V���Z�L�W�K���6���D�Q�G��
�1���F�K�H�O�D�W�L�Q�J���D�J�H�Q�W�V���Z�H�U�H���U�H�S�R�U�W�H�G���S�U�H�Y�L�R�X�V�O�\��13���7�K�H���D�Q�R�P�D�O�R�X�V���Y�D�O�X�H���R�I���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W��
�P�D�\���E�H���G�X�H���W�R���W�K�H���D�Q�W�L���I�H�U�U�R�P�D�J�Q�H�W�L�F���V�S�L�Q�±�V�S�L�Q���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���&�R�±�&�R���P�H�W�D�O���F�H�Q�W�U�H�V��
�R�U���G�X�H���W�R���K�L�J�K���V�S�L�Q�±�O�R�Z���V�S�L�Q���H�T�X�L�O�L�E�U�L�X�P��14 

�&�R���,�,�,���� �L�R�Q�� �K�D�V�� �D�� �G���� �F�R�Qfi�J�X�U�D�W�L�R�Q���� �J�L�Y�L�Q�J�� �D�Q�� �H�O�H�F�W�U�R�Q�L�F�� �D�U�U�D�Q�J�H�P�H�Q�W�� ���W2g)
��(eg)

�� and the 
�J�U�R�X�Q�G���V�W�D�W�H���L�V��1A1g.���,�Q���W�K�L�V���V�W�X�G�\�����D���E�U�R�D�G���E�D�Q�G���D�W�����������Q�P���L�V���R�E�V�H�U�Y�H�G���I�R�U���F�R�P�S�O�H�[����3) and 
may be due to 1A1g���:��

1T2g and 1A1g�:��
1T1g���W�U�D�Q�V�L�W�L�R�Q�V�����,�Q���>�&�R���+�/���&�O2 �+2�2�@�����F�R�E�D�O�W���L�V���L�Q�����,�,�,��

�R�[�L�G�D�W�L�R�Q���V�W�D�W�H���D�Q�G���L�V���L�Q���O�R�Z���V�S�L�Q���R�F�W�D�K�H�G�U�D�O���F�R�Qfi�J�X�U�D�W�L�R�Q���V�K�R�Z�L�Q�J���D���G�L�D�P�D�J�Q�H�W�L�F���E�H�K�D�Y�L�R�X�U��
�2�F�W�D�K�H�G�U�D�O���F�R�P�S�O�H�[�H�V���R�I���1�L���,�,�����L�R�Q���Z�L�W�K���G�����F�R�Qfi�J�X�U�D�W�L�R�Q���K�D�Y�H���D���J�U�R�X�Q�G���V�W�D�W�H��3A2g. The 

�W�K�U�H�H���V�S�L�Q���D�O�O�R�Z�H�G���W�U�D�Q�V�L�W�L�R�Q�V���D�U�H�� 
3A2g (F) �:��

3T2g (F), 3A2g (F) �:��
3T1g (F) and 3A2g (F) �:��

3T1g 

(P)���L�Q���W�K�H���U�D�Q�J�H�����������±�������������������������±�������������D�Q�G�������������±�������������F�P�í�� �����U�H�V�S�H�F�W�L�Y�H�O�\�����,�Q���W�K�L�V���F�D�V�H�����W�K�H��
�S�H�D�N�V���D�W���������������������D�Q�G�����������Q�P���D�U�H���G�X�H���W�R��3A2g(F)���:  3T1g(P), 3A2g (F) �:  3T1g (F) and 3A2g (F)���:  
3T2g�����)�����W�U�D�Q�V�L�W�L�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���R�I���Q�L�F�N�H�O���F�R�P�S�O�H�[���K�H�U�H�L�Q���L�V�����������%�0��
�S�U�R�S�R�V�L�Q�J���R�F�W�D�K�H�G�U�D�O���J�H�R�P�H�W�U�\��

������ ���������� T2g �:�( g

9 �>�=�Q���+�/���&�+3�&�2�2�@ ������ ���������� �Œ�: �Œ*

������ ���������� n�: �Œ*

������ ���������� C� T

10 �>�&�G���+�/���2�+�@ ������ ���������� �Œ�: �Œ*

313 ���������� n� �Œ*

������ ���������� C� T

������ ���������� C� T
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�)�R�U���V�T�X�D�U�H���S�O�D�Q�D�U���F�R�S�S�H�U���F�R�P�S�O�H�[�H�V���Z�L�W�K���D���Gx2
�íy

2
 �J�U�R�X�Q�G���V�W�D�W�H�����W�K�U�H�H���V�S�L�Q���D�O�O�R�Z�H�G���W�U�D�Q��

�V�L�W�L�R�Q�V���D�U�H���H�[�S�H�F�W�H�G���������>2�%1g���:��
2A2g (dx2�íy2

 �:���Gz2 ), 2�%1g�:��
2�%2g (dx2�íy2�:  dxy) and 2�%1g�:��

2�(g (dx2�íy2�:�Gxz��yz)]. The complex [�&�X2�/���&�+3�&�2�2��3] (5�����V�K�R�Z�H�G���W�K�U�H�H���E�D�Q�G�V���������������������D�Q�G��
��������nm. This may be due to 2�%1g���:��

2A2g, 
2�%1g�:��

2�(g and 2�%1g�:
2A1g���W�U�D�Q�V�L�W�L�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\��

�7�K�H���F�R�P�S�O�H�[���&�X2�/�&�O3 (6)���V�K�R�Z�H�G���W�K�U�H�H���E�D�Q�G�V���D�W���������������������D�Q�G�����������Q�P���G�X�H���W�R��2�%1g���:��
2A2g, 

2�%1g�:��
2�(g, and 2�%1g�:

2A1g���W�U�D�Q�V�L�W�L�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���E�U�R�D�G���E�D�Q�G���R�E�V�H�U�Y�H�G���D�W����������
�Q�P���L�Q���W�K�H���H�O�H�F�W�U�R�Q�L�F���V�S�H�F�W�U�X�P���R�I���W�K�H���&�X���,�,�����F�R�P�S�O�H�[ (8) is assigned to 2�(g �:��

2T2g���W�U�D�Q�V�L��
�W�L�R�Q�����7�K�L�V���L�V���L�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���W�K�H���G�L�V�W�R�U�W�H�G���R�F�W�D�K�H�G�U�D�O���J�H�R�P�H�W�U�\���R�I���W�K�H���F�R�P�S�O�H�[��

�$�O�O���&�X���,�,�����F�R�P�S�O�H�[�H�V�����H�[�F�H�S�W���F�R�P�S�O�H�[�����������Z�H�U�H���G�L�D�P�D�J�Q�H�W�L�F�����0�D�J�Q�H�W�L�F���P�R�P�H�Q�W�V���R�I���E�L�Q�X�F�O�H�D�U��
�&�X���,�,�����F�R�P�S�O�H�[�H�V���Z�H�U�H���I�R�X�Q�G���L�Q���W�K�H���U�D�Q�J�H���R�I�����������±�����������%�0�����,�Q���W�K�L�V���F�D�V�H�����W�K�H���R�E�V�H�U�Y�H�G���P�D�J�Q�H�W�L�F��
�P�R�P�H�Q�W���L�V�������������%�0�����7�K�L�V���O�R�Z���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���P�D�\���E�H���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���S�U�H�V�H�Q�F�H���R�I���D���V�W�U�R�Q�J��
�D�Q�W�L���I�H�U�U�R�P�D�J�Q�H�W�L�F�� �V�S�L�Q�±�V�S�L�Q�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �P�H�W�D�O�� �F�H�Q�W�U�H�V������ � � � /�R�Z� � �P�D�J�Q�H�W�L�F� � �P�R�P�H�Q�W�� �R�U��
�G�L�D�P�D�J�Q�H�W�L�V�P���R�I���F�R�P�S�O�H�[�H�V���V�W�U�R�Q�J�O�\���V�X�S�S�R�U�W�V���W�K�H�L�U���H�[�L�V�W�H�Q�F�H���D�V���G�L�P�H�U�V���L�Q���W�K�H���V�R�O�L�G���V�W�D�W�H������  

�&�G���,�,�����D�Q�G���=�Q���,�,�����F�R�P�S�O�H�[�H�V���V�K�R�Z�H�G���E�D�Q�G�V���D�W�����������Q�P���G�X�H���W�R���F�K�D�U�J�H���W�U�D�Q�V�I�H�U���W�U�D�Q�V�L�W�L�R�Q����
�$�V���H�[�S�H�F�W�H�G���]�L�Q�F���D�Q�G���F�D�G�P�L�X�P���F�R�P�S�O�H�[�H�V���Z�H�U�H���G�L�D�P�D�J�Q�H�W�L�F���� �5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���H�O�H�F�W�U�R�Q�L�F��
�V�S�H�F�W�U�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V����1), (2), (4) and (5�����D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J����������
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(a) (b)

(c) (d)

Fig. 10. �(�O�H�F�W�U�R�Q�L�F�� �V�S�H�F�W�U�D�� �R�I�� �W�K�H�� �F�R�P�S�O�H�[�H�V�� ���D���� �>�0�Q���+2�/�����&�+3�&�2�2��2] (1), (b) 
�>�&�R���+2L)2���&�+3�&�2�2��2] (2), (c) �>�1�L���+�/��2] (4) �D�Q�G�����G�����>�&�X2���/�����&�+3�&�2�2��3] (5). 



3.2.3. Vibrational spectra

�7�K�H�� �,�5�� �V�S�H�F�W�U�D�O�� �D�V�V�L�J�Q�P�H�Q�W�V�� �R�I�� �W�K�H�� �O�L�J�D�Q�G�� �D�Q�G�� �W�K�H�� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �G�H�S�L�F�W�H�G�� �L�Q�� �7�D�E�O�H�� ������
�7�K�H���E�D�Q�G���R�E�V�H�U�Y�H�G���D�W�������������F�P�í�� ���L�Q���W�K�H���O�L�J�D�Q�G���V�S�H�F�W�U�X�P���G�X�H���W�R�������&� �1�����L�V���V�K�L�I�W�H�G���W�R���O�R�Z�H�U�� 
�Z�D�Y�H�Q�X�P�E�H�U�V���L�Q���W�K�H���V�S�H�F�W�U�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V�����+�R�Z�H�Y�H�U�����W�K�H���E�D�Q�G���R�E�V�H�U�Y�H�G���D�W�������������F�P�í��, 
�G�X�H���W�R���1�±�1���V�W�U�H�W�F�K�L�Q�J���P�R�G�H���L�V���V�K�L�I�W�H�G���W�R���K�L�J�K�H�U���Z�D�Y�H�Q�X�P�E�H�U�V���L�Q���W�K�H���V�S�H�F�W�U�D���R�I���P�H�W�D�O���F�R�P��
�S�O�H�[�H�V�����0�R�U�H�R�Y�H�U�����W�K�H���,�5���V�S�H�F�W�U�D���R�I���D�O�O���W�K�H���F�R�P�S�O�H�[�H�V���U�H�Y�H�D�O�H�G���Q�H�Z���E�D�Q�G�V���L�Q���W�K�H���U�H�J�L�R�Q����
�������±���������Q�P���D�V�V�L�J�Q�H�G���W�R�������0�±�1�������7�K�H�V�H���R�E�V�H�U�Y�D�W�L�R�Q�V���L�Q�G�L�F�D�W�H���W�K�H���L�Q�Y�R�O�Y�H�P�H�Q�W���R�I���D�]�R�P�H��
�W�K�L�Q�H���Q�L�W�U�R�J�H�Q���L�Q���F�R�R�U�G�L�Q�D�W�L�R�Q����

�%�U�R�D�G���E�D�Q�G�V���L�Q���W�K�H���U�H�J�L�R�Q�����������±���������� �F�P�í��  in the complexes (3) and (8) suggest that 
�Z�D�W�H�U�� �L�V�� �F�R�R�U�G�L�Q�D�W�H�G�� �W�R�� �F�H�Q�W�U�D�O�� �P�H�W�D�O�� �L�R�Q�V�� �L�Q�� �W�K�H�V�H�� �F�R�P�S�O�H�[�H�V���� �7�K�H�� �L�Q�F�O�X�V�L�R�Q�� �R�I�� �Z�D�W�H�U��
�P�R�O�H�F�X�O�H�V�� �L�Q�� �W�K�H�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �V�S�K�H�U�H�V�� �R�I�� �W�K�H�V�H�� �P�H�W�D�O�� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �D�O�V�R�� �V�X�S�S�R�U�W�H�G�� �E�\��
�W�K�H�� �V�W�U�R�Q�J�� �E�D�Q�G�V�� �D�W�� �a�������±�������Q�P���� �,�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �W�K�L�V���������0�±�2���� �E�D�Q�G�V�� �Z�H�U�H�� �R�E�V�H�U�Y�H�G�� �D�W��
�������±���������F�P�í�� ���L�Q���F�H�U�W�D�L�Q���F�R�P�S�O�H�[�H�V�����7�K�H�������0�±�2�����E�D�Q�G���P�D�\���E�H���H�L�W�K�H�U���G�X�H���W�R���F�R�R�U�G�L�Q�D�W�H�G��
�D�F�H�W�D�W�H�����Q�L�W�U�D�W�H���R�U���K�\�G�U�R�[�\�O���D�Q�L�R�Q�V���R�U���F�R�R�U�G�L�Q�D�W�H�G���Z�D�W�H�U���P�R�O�H�F�X�O�H�V����

The complex (1�����V�K�R�Z�H�G���E�D�Q�G�V���D�W�������������D�Q�G�������������F�P�í�� ���S�R�V�V�L�E�O�\���G�X�H���W�R���W�K�H����as���&�2�2����
�R�I���W�K�H���W�Z�R���X�Q�L�G�H�Q�W�D�W�H���D�F�H�W�D�W�H���J�U�R�X�S�V���������7�K�H����s���&�2�2�����Z�D�V���R�E�V�H�U�Y�H�G���D�W�������������F�P�í��. The 
complex (2�����V�K�R�Z�H�G���E�D�Q�G�V���D�W���������� �D�Q�G�������������F�P�í�����G�X�H���W�R����as���&�2�2�����D�Q�G����s���&�2�2�����R�I���X�Q�L��
�G�H�Q�W�D�W�H���D�F�H�W�D�W�H���J�U�R�X�S�����+�H�U�H���W�K�H���V�H�S�D�U�D�W�L�R�Q���E�H�W�Z�H�H�Q����as���&�2�2�����D�Q�G����s���&�2�2�����L�V���J�U�H�D�W�H�U��
than 144 cm�í������ �Z�K�L�F�K�� �F�R�Q�I�L�U�P�H�G�� �W�K�H�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �R�I�� �D�F�H�W�D�W�H�� �J�U�R�X�S������� � � ,�Q� � �W�K�H� � �F�D�V�H� � �R� I� �
�>�&�X2���+�/�����&�+3�&�2�2��3] (5)�����W�K�H���E�D�Q�G�V���D�W�������������D�Q�G�������������F�P�í�� ���P�D�\���E�H���G�X�H���W�R���W�K�H���E�U�L�G�J�H�G��

Table 7. �,�5���V�S�H�F�W�U�D�O���D�V�V�L�J�Q�P�H�Q�W�V

No: Compound
�����2���+�����������1���+������
Coordinated 
H2�2

�����&� �1��
�����&�±
�2��

�����1�+�±
�&� �6��

�����1�±�1�� �����&� �6��
�����0�±
N)

�����0�±�2��

�&�����+21�1��O2S2

3444

��������
�������� �������� �������� �������� ������ �± �±

1 �>�0�Q���+2�/�����&�+3�&�2�2��2]
3412

��������
�������� �������� �������� �������� ������ ������ ������

2 �>�&�R���+2L)2���&�+3�&�2�2��2] �������� �������� �������� �������� 1132 ������ ������ ������

3 �>�&�R���+�/���&�O2 �+2O] �������� �������� 1344 �������� �������� ������ ������ ��

4 �>�1�L���+�/��2] �������� �������� 1344 �������� �������� ������ ������ ������

5 �>�&�X2 ���/�����&�+3�&�2�2��3] �������� �������� �������� �������� 1132 ������ ������ ��

6 �>�&�X2���+2�/���&�O3] �������� �������� 1342 �������� 1132 ������ ������ ��

7 �>�&�X2���+�/�����1�23)3] �������� �������� 1342 �������� �������� ������ ������ ������

8 �>�&�X�+�/�2�+ �+2O)2] �������� �������� 1343 �������� 1133 ������ 433 ������

9 �>�=�Q���+�/���&�+3�&�2�2�@ �������� �������� 1341 �������� �������� ������ ������ ������

10 �>�&�G���+�/���2�+�@ �������� ��������
��������

��������
�������� �������� ������ ������ ������

134



�D�F�H�W�D�W�H���J�U�R�X�S�V�����$�G�G�L�W�L�R�Q�D�O���E�D�Q�G�V���D�W�������������D�Q�G�������������F�P�í�� ���P�D�\���E�H���G�X�H���W�R���W�K�H���S�U�H�V�H�Q�F�H��
�R�I���X�Q�L�G�H�Q�W�D�W�H���D�F�H�W�D�W�H���J�U�R�X�S�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���,�5���V�S�H�F�W�U�D���R�I���W�K�H���F�R�P�S�O�H�[�H�V��(3), (4) and 
(5�����D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J����������

3.2.4. 1H NMR spectrum

The 1�+���1�0�5���V�S�H�F�W�U�X�P���R�I���W�K�H���=�Q���,�,�����F�R�P�S�O�H�[���Z�D�V���U�H�F�R�U�G�H�G���L�Q���'�0�6�2���D�W���U�R�R�P���W�H�P�S�H�U�D��
�W�X�U�H�����)�L�J���������������6�L�Q�J�O�H�W�V���D�W�������������±�������������D�Q�G�������������±�������������S�S�P���D�U�H���D�V�V�L�J�Q�H�G���W�R���P�H�W�K�R�[�\���S�U�R��
tons and 4�1�±�&�+3���S�U�R�W�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����6�L�Q�J�O�H�W�V���D�W���������������D�Q�G���������������S�S�P���D�U�H���D�V�V�L�J�Q�H�G���W�R��
�D�]�R�P�H�W�K�L�Q�H���S�U�R�W�R�Q�V�����7�K�H���V�S�H�F�W�U�X�P���D�O�V�R���V�K�R�Z�H�G���V�H�Y�H�U�D�O���V�L�J�Q�D�O�V���L�Q���W�K�H���U�D�Q�J�H�������������±������������
�S�S�P�����D�V�V�L�J�Q�H�G���W�R���W�K�H���G�L�I�I�H�U�H�Q�W���W�\�S�H�V���R�I���D�U�R�P�D�W�L�F���S�U�R�W�R�Q�V���L�Q���W�K�H���P�R�O�H�F�X�O�H�����3�H�D�N�V���R�E�V�H�U�Y�H�G��
�L�Q���W�K�H���U�D�Q�J�H���������������±�������������S�S�P���F�D�Q���E�H���D�V�V�L�J�Q�H�G���W�R���&�+3���S�U�R�W�R�Q�V���R�I���D�F�H�W�D�W�H���J�U�R�X�S�����6�L�Q�J�O�H�W��
�R�E�V�H�U�Y�H�G���D�W���������������S�S�P���P�D�\���E�H���G�X�H���W�R���'�0�6�2���S�U�R�W�R�Q�V��
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(a) (b)

Fig. 11. �,�5�� �V�S�H�F�W�U�D�� �R�I�� �W�K�H�� �F�R�P�S�O�H�[�H�V�� ���D���� �>�&�R���+�/���&�O2�+2O] (3������ ���E���� �>�1�L���+�/��2] (4) and  
���F�����>�&�X2�����/�����&�+3�&�2�2��3] (5).

(c)



Fig. 12.  1�+���1�0�5���V�S�H�F�W�U�X�P���R�I���W�K�H���=�Q���,�,�����F�R�P�S�O�H�[��

4. Conclusions

�,�Q�� �W�K�H�� �S�U�H�V�H�Q�W�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q���� �Z�H�� �Z�H�U�H�� �D�E�O�H�� �W�R�� �R�E�W�D�L�Q�� �V�L�Q�J�O�H�� �F�U�\�V�W�D�O�V�� �R�I�� �W�K�H�� �O�L�J�D�Q�G����
����� �̂����>�����������G�L�P�H�W�K�R�[�\�S�K�H�Q�\�O���P�H�W�K�\�O�L�G�H�Q�H�@�K�\�G�U�D�]�L�Q�H�F�D�U�E�R�Q�R�W�K�L�R�\�O�`���1���P�H�W�K�\�O���1���S�K�H�Q�\�O��
�K�\�G�U�D�]�L�Q�H�������F�D�U�E�R�W�K�L�R�D�P�L�G�H�����%�D�V�H�G���R�Q���H�O�H�P�H�Q�W�D�O���D�Q�D�O�\�V�H�V�����V�S�H�F�W�U�D�O���D�Q�G���P�D�J�Q�H�W�L�F���V�W�X�G�L�H�V����
�W�K�H���I�R�O�O�R�Z�L�Q�J���J�H�R�P�H�W�U�L�H�V���D�U�H���D�V�V�L�J�Q�H�G���W�R���W�K�H���F�R�P�S�O�H�[�H�V�����)�L�J�V���������±��������
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Fig. 13. �3�U�R�S�R�V�H�G�� �V�W�U�X�F�W�X�U�H�� �R�I�� �F�R�P�S�O�H�[�H�V���� �>�0���+�/��2�; 2�@���� �Z�K�H�U�H�� �0�� � �� �0�Q���,�,���� �R�U�� �&�R���,�,������ 
�;��� ���&�+3�&�2�2�í (1) and (2).
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Fig. 14. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���F�R�P�S�O�H�[���>�&�R���+�/���&�O2 �+2O] (3).
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Fig. 15. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���>�1�L���+�/��2] (4). 
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Fig. 16. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���>�&�X2���+�/���; 3�@�����Z�K�H�U�H���;��� ���&�+3�&�2�2�í (5).
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Fig. 17. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���>�&�X2�/�; 3�@�����Z�K�H�U�H���;��� ���&�O
�
���R�U���1�23

�
(6), (7).

HC

HC

N

N
CS

N CH3

OCH3

H

C
S

N NH

O

CH3

CH

CH

N

N

C S

N
H3C

H

C

S

N

NH

O

H3C

H3CO

Cu

Cu

OH2

H2O

OH

HO

Fig. 18. �3�U�R�S�R�V�H�G���V�W�U�X�F�W�X�U�H���R�I���>�&�X�+�/�2�+ �+2O)]2 (8).
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Fig. 19. � 3� U� R� S� R� V� H� G� � � V� W� U� X� F� W� X� U� H� � � R� I� � � >� 0� /� ;� @� �� � � Z� K� H� U� H� � � 0� � �  � � � =� Q� �� ,� ,� �� � � R� U� � � &� G� �� ,� ,� �� �� � � ;� � �  � � � &� +3�&�2�2�   
�R�U���2�+� (9) and (10).
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C H A P T E R  V I I I

IN�SILICO SCREENING FOR THE  
NON�LINEAR OPTICAL PROPERTY OF 

LIGANDS

1. Introduction

The foremost endeavour of quantum chemistry is to apply the quantum mechanics in 
physical models and experiments of chemical systems. Quantum chemists usually use 
�P�D�W�K�H�P�D�W�L�F�D�O���P�H�W�K�R�G�V���D�F�F�R�P�S�O�L�V�K�H�G���E�\���F�R�P�S�X�W�H�U���S�U�R�J�U�D�P�V���W�R���¿�Q�G���R�X�W���W�K�H���H�Q�H�U�J�L�H�V���D�Q�G��
structures of molecules. Computational chemistry simulates chemical structures and reac-
tions numerically based on fundamental laws of physics. For chemists, it opens a new 
frame to study chemical phenomena by running calculations on computers rather than by 
studying the reactions and compounds experimentally. Schrödinger equation is the basis 
of all quantum chemical models.

The main idea of density functional theory (DFT) is to explain an interacting system of 
fermions through its density and not through its many body wave function.1 The convergence 
of traditional quantum chemical methodology and DFT were recognized by the announce-
ment of Nobel Prize in chemistry in 1998 to John Pople and Walter Kohn. Nowadays, DFT 
has been considered as a cost-effective approach for the computation of molecular structure, 
vibration frequencies and energies of chemical reactions. Literature survey revealed that 
the DFT has a great accuracy in reproducing the experimental values in terms of geometry, 
dipole moment, vibrational frequencies, thermodynamic properties, and so on. Several stud-
ies have shown that the molecular structures and vibration frequencies calculated by DFT 
methods are more reliable than those obtained by other quantum chemical methods.2

2. Applications of DFT method

2.1. Geometry optimization

�,�W���L�V���W�K�H���Q�D�P�H���I�R�U���W�K�H���S�U�R�F�H�V�V���W�R���¿�Q�G���W�K�H���F�R�Q�¿�J�X�U�D�W�L�R�Q���R�I���P�L�Q�L�P�X�P���H�Q�H�U�J�\���R�I���D���P�R�O�H�F�X�O�H����
A minimum energy structure will have no imaginary frequencies. A sensible starting 
point for geometry optimization is to use experimental data, that is, the X-ray diffraction 
data of the molecules, whenever possible. The gas phase structures of the compounds were 
optimized by using DFT method proposed by Hohenberg and Kohn.3
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2.2. GAUSSVIEW–GUI for GAUSSIAN 09 program

It is an affordable, full-featured graphical user interface for GAUSSIAN 09 program.4  
With the help of Gaussview,5 one can prepare input for submission to Gaussian and to 
examine graphically the output that Gaussian produces. Gaussview can graphically display 
the results of a variety of Gaussian calculations, such as molecular orbitals, atomic charges, 
surfaces from the electron density, electrostatic potential, NMR shielding density and other 
properties. Surfaces may be displayed in solid, translucent and wire mesh modes. Surfaces 
can be coloured by a separate property. Animation of the normal modes of vibrational fre-
quencies, animation of the steps in geometry optimizations, potential energy surface scans, 
intrinsic reaction coordinate (IRC) paths can also be generated using Gaussview.

2.3. HOMO–LUMO

To elucidate several types of reactions and for understanding the most reactive position in 
conjugated systems, molecular orbitals and their properties like energy are utilized.6 Red 
and green colours in the picture represent the positive and negative values for the wave 
�I�X�Q�F�W�L�R�Q���� �7�K�H�� �F�K�D�U�J�H�� �H�[�F�K�D�Q�J�H�� �L�Q�V�L�G�H�� �W�K�H�� �P�R�O�H�F�X�O�H�� �F�D�Q�� �E�H�� �L�G�H�Q�W�L�¿�H�G�� �E�\�� �H�Y�D�O�X�D�W�L�Q�J�� �W�K�H��
HOMO–LUMO energy gap which is a sign of its biological activity.7 The HOMO–LUMO 
�H�Q�H�U�J�\���J�D�S���L�V���D�O�V�R���D�Q���L�G�H�Q�W�L�¿�F�D�W�L�R�Q���I�D�F�W�R�U���R�I���V�W�D�E�L�O�L�W�\���L�Q�G�H�[��8 The small energy gaps nor-
mally indicate a high chemical reactivity and low kinetic stability. Such molecules are 
termed as delicate ones.9

2.4. Global descriptors

According to the Koopmans’ theorem, the HOMO and LUMO orbital energies are related 
to gas-phase vertical ionization energies (I �����D�Q�G���Y�H�U�W�L�F�D�O���H�O�H�F�W�U�R�Q���D�I�¿�Q�L�W�L�H�V����A) of the isomers 
through the equations, A = � ELUMO, I = � EHOMO.10���(�O�H�F�W�U�R�Q���D�I�¿�Q�L�W�\���L�Q�G�L�F�D�W�H�V���W�K�H���S�R�W�H�Q�W�L�D�O���R�I��
a ligand to accept precisely one electron from a donor. By using HOMO and LUMO energy 
values, global descriptors such as chemical hardness, [�  = (I �  A)/2], chemical softness,  
[�  = 1/2� ], chemical potential, [�  = (ELUMO + EHOMO)/2] and the global electrophilicity index, 
[�  = � 2/2� ], were also calculated.11 Physically, chemical potential �  describes the escaping 
tendency of electrons from an equilibrium system.12 Electrophilicity index measures the prop-
erty or capacity of a species to accept electrons.13 It is a measure of the stabilization in energy 
after a system accepts additional amount of electronic charge from the environment.14,15

2.5. Molecular electrostatic potential

Molecular electrostatic potential (MEP) at a point in the space around a molecule gives 
an indication of the net electrostatic effect produced at that point by a total charge dis-
tribution of the atom or molecule. The electrophilic and nucleophilic sites in a molecule 
�F�D�Q���H�D�V�L�O�\���E�H���L�G�H�Q�W�L�¿�H�G���Z�L�W�K���W�K�H���K�H�O�S���R�I���0�(�3���P�D�S���Z�K�L�F�K���L�Q���W�X�U�Q���G�H�W�H�U�P�L�Q�H�V���W�K�H���F�K�H�P�L�F�D�O��
reactivity of a compound and is responsible for non-covalent interactions.16 The distinct 
values of the electrostatic potential at the surface are represented by different colours: red 
represents the regions of most negative electrostatic potential, blue represents the regions  
of most positive electrostatic potential and green represents the regions of zero potential. 
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The ascending order of potential is red < orange < yellow < green < blue. It is also very 
useful to correlate the molecular structure with physico-chemical property.

2.6. Natural bond orbital analysis

It gives a profound insight into the intra- and intermolecular orbital interactions in the 
�P�R�O�H�F�X�O�H�V���E�H�W�Z�H�H�Q���¿�O�O�H�G���G�R�Q�R�U���D�Q�G���H�P�S�W�\���D�F�F�H�S�W�R�U���Q�D�W�X�U�D�O���E�R�Q�G���R�U�E�L�W�D�O�V�����1�%�2�V�������Z�K�L�F�K��
also provides a convenient basis for investigating charge-transfer or conjugative interac-
tion in molecular systems.17,18 Second-order perturbation energy gives clear information 
regarding the origin of stabilization of a molecule by analyzing the interactions between 
occupied Lewis NBO (bond pair or lone pair) as donor and an unoccupied non-Lewis 
NBO (anti-bonding or Rydberg) as acceptor.19 NBO analysis allows us to understand which 
orbital interactions are primarily involved in the stability of the observed conformer. Since 
�W�K�H���R�F�F�X�S�D�Q�F�L�H�V���R�I���¿�O�O�H�G���1�%�2�V���D�U�H���K�L�J�K�O�\���F�R�Q�G�H�Q�V�H�G�����W�K�H���G�H�O�R�F�D�O�L�]�L�Q�J���L�Q�W�H�U�D�F�W�L�R�Q�V���F�D�Q���E�H��
further treated by the second-order perturbation energies (E(2)):

E(2) = � qi Fij /� i–� j

where qi is the population of donor orbital or donor orbital occupancy; � i, � j are orbital 
energies of donor and acceptor NBOs, respectively, and Fij is the off-diagonal Fock or 
Kohn–Sham matrix element between i and j NBOs.18

2.7. �Calculation of polarizability and hyperpolarizability to screen 
non-linear optical property

�1�R�Q���O�L�Q�H�D�U���R�S�W�L�F�V���G�H�D�O�V���Z�L�W�K���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���R�I�� �D�S�S�O�L�H�G���H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���¿�H�O�G�V���L�Q���Y�D�U�L�R�X�V��
�P�D�W�H�U�L�D�O�V���W�R���J�H�Q�H�U�D�W�H���Q�H�Z���H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���¿�H�O�G�V�����D�O�W�H�U�H�G���L�Q���Z�D�Y�H���Q�X�P�E�H�U�����S�K�D�V�H���R�U���R�W�K�H�U��
physical properties. Non-linear optical (NLO) materials have diverse applications in tele-
communication, signal processing, optical interconnection, optical computing, sensor pro-
tection, optical switching and various other photonic technologies. Organic crystals are 
�P�D�L�Q�O�\���H�P�S�O�R�\�H�G���I�R�U���R�S�W�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���R�Z�L�Q�J���W�R���W�K�H�L�U���K�L�J�K���F�R�Q�Y�H�U�V�L�R�Q���H�I�¿�F�L�H�Q�F�\�����W�U�D�Q�V-
parency in the UV–Vis region, large optical susceptibilities and inherent ultrafast response 
time. Currently, organic NLO materials are an important substitute to inorganic materials 
�G�X�H���W�R���W�K�H�L�U���O�R�Z���F�R�V�W���D�Q�G���À�H�[�L�E�O�H���P�R�O�H�F�X�O�D�U���V�W�U�X�F�W�X�U�H�V�����,�Q�W�U�D�P�R�O�H�F�X�O�D�U���F�K�D�U�J�H���W�U�D�Q�V�I�H�U�����,�&�7����
from the donor to acceptor group through a single-double bond conjugated path can induce 
large variations in both molecular dipole moment and polarizability. The NLO property 
of a molecule originates from the non-centrosymmetric alignment of NLO chromophore. 
When a beam of light is imposed on a material, the oscillation of charges on each atom 
of that material takes place. The amount of charge displaced in a linear material is pro-
�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���Z�L�W�K���V�D�P�H���I�U�H�T�X�H�Q�F�\���D�V���W�K�H���L�Q�F�L�G�H�Q�W���O�L�J�K�W���� 
�)�R�U���V�P�D�O�O���¿�H�O�G�V�����W�K�H���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���F�K�D�U�J�H���I�U�R�P���W�K�H���H�T�X�L�O�L�E�U�L�X�P�����P�H�D�Q���S�R�O�D�U�L�]�D�W�L�R�Q����P), 
�Z�L�O�O���E�H���G�L�U�H�F�W�O�\���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���D�S�S�O�L�H�G���¿�H�O�G����E

P = �  E

where �  is the linear polarizability.
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In an NLO material, the displacement of charges from its equilibrium position will be 
�D���Q�R�Q���O�L�Q�H�D�U���I�X�Q�F�W�L�R�Q���R�I���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G�����,�I���W�K�H���H�O�H�F�W�U�L�F���¿�H�O�G���L�V���R�I���K�L�J�K���L�Q�W�H�Q�V�L�W�\�����W�K�H���S�R�O�D�U-
izability of all materials will deviate from linear regime.20

For non-linear polarization,

P = P0 + � 1E + � 2E2 + � 3E3+…

�7�K�H���W�R�W�D�O���G�L�S�R�O�H���P�R�P�H�Q�W���R�I���D���F�K�H�P�L�F�D�O���V�\�V�W�H�P���W�K�D�W���D�U�L�V�H�V���Z�K�L�O�H���D�S�S�O�\�L�Q�J���H�O�H�F�W�U�L�F���¿�H�O�G���F�D�Q��
be calculated by considering four components and is given in the equation:

�  = � 0 + �  F+ ½ �  F2 + 1/6 � 3+…

where � 0 is the permanent dipole moment, �  is polarizability, � ���L�V���W�K�H���¿�U�V�W���R�U�G�H�U���S�R�O�D�U�L�]�D-
bility and � ���L�V���W�K�H���V�H�F�R�Q�G���R�U�G�H�U���S�R�O�D�U�L�]�D�E�L�O�L�W�\�����7�K�H���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\���L�V���D���W�K�L�U�G��
rank tensor that can be described by a 3 × 3 × 3 matrix. However, according to Kleinman 
symmetry, the 27 components of the 3D matrix can be reduced to 10 components for a 
molecule with no symmetry.21 It can be given in the lower tetrahedral format. It is obvi-
ous that the lower part of the 3 × 3 × 3 matrices is tetrahedral. The components of �  are 
�G�H�¿�Q�H�G�� �D�V�� �W�K�H�� �F�R�H�I�¿�F�L�H�Q�W�V�� �L�Q�� �W�K�H�� �7�D�\�O�R�U�� �V�H�U�L�H�V�� �H�[�S�D�Q�V�L�R�Q�� �R�I�� �W�K�H�� �H�Q�H�U�J�\�� �L�Q�� �W�K�H�� �H�[�W�H�U�Q�D�O��
�H�O�H�F�W�U�L�F���¿�H�O�G��22,23 For the calculation of the terms, µ, � , � �  and � o���D�U�H���G�H�¿�Q�H�G���D�V���I�R�O�O�R�Z�V��

� total=  1/3(� xx + � yy + � zz)

    � �  = 1/21/2[(� xx– � yy)2 + (� yy– � zz)2
 + (� zz– � xx)2 + 6� 2

xz + 6� 2
xy + 6� 2

yz]1/2

� total = [(� xxx + � xzz + � xyy )2 + (� yyy + � xxy + � yzz )2 + (� zzz + � xxz + � yyz)2]1/2

µtotal = (µx
2 + µy

2 + µz
2)1/2

Since the values of the polarizabilities (� ���� �D�Q�G�� �¿�U�V�W���R�U�G�H�U�� �K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\�� ��� ) of 
GAUSSIAN-09W output are reported in atomic units (a.u.), the calculated values have been 
converted into electrostatic units (esu) (1 a.u. = 0.1482 × 10� 24 esu for � ; 1 a.u. = 8.6393  
× 10� 33 cm5/esu for � ).24 Urea is one of the prototypical molecules used in the study of the 
NLO properties of molecular systems. Therefore, it is used frequently as a threshold value 
for comparative purposes. The µ, �  and � total of urea are 1.3732 Debye, 3.8312 Å3 and 
0.37289 × 10� 30 cm5/esu obtained by B3LYP/6-31+G(d,p) method.25,26

3. Computational details

All theoretical computations were done by using GAUSSIAN 09 software package and 
GAUSS-VIEW 5.0.9 visualization program. In this study, the compounds were optimized by 
using DFT with Beck’s three parameter27 for exchange interaction and Lee–Yang–Parr28 to con-
sider correlation functional (B3LYP) with the 6-31+G(d,p) basis sets. The starting geometries 
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�R�I�� �P�R�O�H�F�X�O�H�V�� �Z�H�U�H�� �W�D�N�H�Q�� �I�U�R�P�� �W�K�H�� �;���U�D�\�� �U�H�¿�Q�H�P�H�Q�W�� �G�D�W�D�� �R�U�� �E�\�� �G�U�D�Z�L�Q�J�� �V�W�U�X�F�W�X�U�H�V�� �X�V�L�Q�J��
Gauss view program. In order to know more about the compounds, HOMO–LUMO energy 
gap, global reactivity descriptors, the MEP map and NBO analysis were computed using 
the same method. In order to explore NLO properties, the total static dipole moment (µ), 
the linear polarizability (� ), the anisotropy of polarizability (� � ���� �D�Q�G���W�K�H���P�H�D�Q���¿�U�V�W���R�U�G�H�U�� 
hyperpolarizability (� total) were calculated using the abovementioned method.

4. Results and discussion

The following novel ligands synthesized by us were selected for computational studies:

1.	 N-Methyl-2-((3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl) 
methylene)-N-phenylhydrazinecarbothioamide (H2L1)

2.	 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1- 
carbothioamide (H2L2)

3.	 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3)
4.	 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbonothioyl}-N- 

methyl-N-phenylhydrazine-1-carbothioamide (H2L4)
5.	 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N- 

methyl-N-phenylhydrazine-1-carbothioamide (H2L5)

4.1. �N-Methyl-2-((3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)
(phenyl)methylene)-N-phenylhydrazinecarbothioamide (H2L1)

4.1.1. Optimized structure, MEP and HOMO–LUMO analysis of H2L1

�6�W�D�U�W�L�Q�J���J�H�R�P�H�W�U�\���R�I���W�K�H���P�R�O�H�F�X�O�H���Z�D�V���W�D�N�H�Q���I�U�R�P���;���U�D�\���U�H�¿�Q�H�P�H�Q�W���G�D�W�D�����7�K�H���R�S�W�L�P�L�]�H�G��
molecular structure, HOMO-, LUMO- and MEP plots of H2L1 have been generated at 
B3LYP/6-31+G(d,p) using the GAUSS-VIEW 5.0.9 program and are shown in Fig. 1. The 
optimized geometry shows an energy � 1713.7165 a.u. On the basis of frontier molecu-
lar orbital approach, the HOMO, HOMO-1, LUMO and LUMO+1 orbitals are mainly 
responsible for electronic transitions. Here, transitions originating from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) is 
n �  �*  type. The transitions from HOMO-1� LUMO is characterised as �  �  �*  type. 
Theoretically, HOMO–LUMO energy gap is found to be 3.865 eV, and experimentally 
it was 3.87 eV. By using HOMO and LUMO energy values, global descriptors such as 
chemical hardness, chemical softness, chemical potential and the global electrophilic-
ity index were also calculated and is presented in Table 1. It is also observed that the  
chemical potential of the compound is negative and shows the stability of the compound. 
They do not decompose spontaneously into the elements from which they are made up 
of.29 In the MEP map of our molecule, the most negative region is positioned on the O, N 
and S atoms linked with carbon through double bonds, which can be considered as poten-
tial sites for electrophilic attack. However, the maximum positive region is located on the 
H atom attached to nitrogen. This also shows a possible site for nucleophilic attack. MEP 
map of the molecule elucidates ICT in the molecule.
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Optimized molecule

HOMO-LUMO orbitals, corresponding energy gap

MEP surface

Fig. 1. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H2L1.

Table 1. Calculation of global descriptors

Global Descriptive Parameters

Homo � 5.71 Softness � 0.259

Lumo � 1.84 Chemical potential µ � 3.78

Vertical ionization energy I 5.71 Electronegativity 3.78

�9�H�U�W�L�F�D�O���H�O�H�F�W�U�R�Q���D�I�¿�Q�L�W�\��A 1.84 Global electrophilic index � 3.69

Hardness � 1.93
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4.1.2. NBO analysis

Several donor–acceptor interactions have been observed among the strongly occupied 
NBOs of the compound (Table 2). The most important delocalization sites are seen in the �  
system and in the lone pairs of the oxygen, sulphur and nitrogen atoms. The larger the E(2) 
value, the more intense is the interaction between electron donors and electron acceptors, 
that is, more the donating tendency from electron donors to electron acceptors, greater the 
extent of conjugation of the whole system.

The most important interaction energy, related to the resonance in the molecule, is elec-
tron donation from LP(1) C(35) to the anti-bonding acceptor �* C(34)–N(48) with enormous 
stabilization energy of 412.75 kcal mol�í��. Further, LP(1) C(35) conjugates with �* C(37)–C(39) 
leading to a stabilization energy of 63.82 kcal mol�í��. LP(1) N(45) and LP(1) N(46) stabilize 
the thiosemicarbazide moiety via conjugation with �* C(16)–S(54) leading to the stabiliza-
tion energies of 79.89 and 49.01 kcal mol�í�� , respectively. Intramolecular O···H–N hydrogen 
bond interactions are shown in the NBO analysis by the interaction between the O lone 
pair and N–H anti-bonding orbital [LP(1) O(33) �  �*  N(46)–H(55) and LP(2) O(33) �  �*  
N(46)–H(55)] leading to interaction energies of 10.83 and 19.4 kcal mol�í��, respectively.  
LP(2) O(33) NBO further conjugates with �* C(32)–N(48) resulting an energy of 24.74 kcal mol�í�� . 

From Table 2, several ICT interactions are observed which are formed by the orbital 
overlap between bonding (� ) and anti-bonding (�* ) orbitals. They result in the stabilization 
of the system. The movement of � -electron cloud from donor to acceptor makes the mol-
ecule more polarized and it must be responsible for the NLO properties of the molecule. 
NBO analysis together with HOMO–LUMO energy gap and MEP map of the molecule 
elucidate ICT in the molecule.

4.1.3. Polarizability and hyperpolarizability

The calculated dipole moment (µ), polarizability (� �����D�Q�G���W�K�H���P�H�D�Q���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D-
bility ( � total) for the compound, H2L1 are 3.2829 D, 28.0639 Å3 and 0.783748 × 10� 30 cm5/esu, 
respectively, are also summarized in Table 3. Theoretically, the linear polarizability (� ) of the 
compound is nine times higher than that of urea. It is also found that the compound shows 
�W�Z�R�I�R�O�G���K�L�J�K�H�U���Y�D�O�X�H���R�I���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\����� ) and the dipole moment (µ) than urea.

4.2. �2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-  
carbothioamide (H 2L2)

4.2.1. Optimized structure, MEP and HOMO–LUMO analysis of H2L2

Starting geometry of the molecule was drawn using GAUSS-VIEW 5.0.9 program. The 
optimized geometry shows energy � 1921.1254 a.u. The optimized molecular structure, 
HOMO-, LUMO- and MEP plots of H2L2 have been generated at B3LYP/6-31+G(d,p) 
using the GAUSS-VIEW 5.0.9 program and are shown in Fig. 2. Theoretically, HOMO–
LUMO energy gap was found to be 4.24 eV. By using HOMO and LUMO energy values, 
global descriptors such as chemical hardness, chemical softness, chemical potential and 
the global electrophilicity index were also calculated and is presented in Table 4. It is also 
observed that the chemical potential of the compound is negative which shows the stabil-
ity of the compound. In MEP, red regions mainly extend over the sulphur atoms linked to 
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Polarizability Hyperpolarizability

� XX = � 176.1604 � XXX = � 6.8175

� XY = 15.7388 � XYY = 17.8458

� YY = � 201.6986 � XZZ = 27.4541

� XZ = 0.0255 � YYY = � 14.5805

� ZZ = � 191.0043 � XXY = � 55.7806

� YZ = � 5.9678 � YZZ = 5.2974

� total = 28.0639Å3 � ZZZ = � 3.9677

� �  = 49.70691Å3 � XXZ = � 26.8267

µ = 3.2829 Debye � YYZ = � 19.3684

� total = 0.783748 × 10�í������cm5/esu

Optimized molecule HOMO-LUMO orbitals, corresponding energy gap 

MEP surface

Fig. 2. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H2L2.

Table 3. �&�D�O�F�X�O�D�W�H�G���H�O�H�F�W�U�L�F���G�L�S�R�O�H���P�R�P�H�Q�W�����S�R�O�D�U�L�]�D�E�L�O�L�W�\���D�Q�G���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D-
bility of the compound
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carbon through double bonds, predicting that they are susceptible sites for electrophilic 
attack. The blue regions of the molecule are found to be spread over the hydrogen atoms. 
This indicates that these sites may involve in nucleophilic processes.

4.2.2. NBO analysis

Several donor–acceptor interactions have been observed among the strongly occu-
pied NBOs of the compound (Table 5). The most important delocalization sites are 
seen in the �  system and in the lone pairs (n) of the oxygen, sulphur and nitrogen atoms. 
The electron donation from LP(1) N(25) to the anti-bonding �*  N(26)–C(28) stabilizes 
the molecule with an energy of 30.82 kcal mol�í�� . Further, LP(2) S(18) conjugates with 
�* N(12)–C(17) leading to a stabilization energy of 10.87 kcal mol�í�� . The interactions 
� C(29)–C(34) �  �* C(30)–C(31)/�* C(32)–C(33) and � C(30)–C(31) �  �* C(32)–C(33) are 
responsible for the extended conjugation of benzene ring and stabilize the molecule with 

Global Descriptive Parameters

Homo � 5.7880 Softness � 0.5248

Lumo � 1.6349 Chemical potential µ � 3.6680

Vertical ionization energy I 5.7880 Electronegativity � 3.6680

�9�H�U�W�L�F�D�O���H�O�H�F�W�U�R�Q���D�I�¿�Q�L�W�\��A � 1.6349 Global electrophilic index � 3.1733

Hardness � 1.9055

Table 5. Major donor–acceptor interactions of the compound and their second-order per-
turbation energies (kcal/mol)

Donor NBO (i) Acceptor NBO (j) E(2) kcal/mol E( j)–E(i) a.u. F(i,j ) a.u.

� C(1)–C(6) �* C(2)–C(3) 20.49 0.28 0.068

� C(1)–C(6) �* C(4)–C(5) 21.83 0.27 0.069

� C(2)–C(3) �* C(1)–C(6) 19.81 0.28 0.067

� C(2)–C(3) �* C(4)–C(5) 21.04 0.27 0.068

� C(4)–C(5) �* C(1)–C(6) 18.76 0.29 0.066

� C(4)–C(5) �* C(2)–C(3) 19.81 0.29 0.068

� C(29)–C(34) �* C(30)–C(31) 19.43 0.29 0.067

� C(29)–C(34) �* C(32)–C(33) 19.41 0.29 0.067

� C(30)–C(31) �* C(32)–C(33) 19.89 0.28 0.067

LP(2) S(18) �* N(12)–C(17) 10.87 0.65 0.076

LP(2) S(18) �* N(12)–C(17) 10.87 0.65 0.076

LP(2) S(18) �* N(20)–H(22) 6.84 0.62 0.06

LP(2) S(24) �* N(19)–H(21) 5.74 0.62 0.055

LP(2) S(24) �* N(20)–C(23) 9.64 0.67 0.074

LP(2) S(24) �* C(23)–N(25) 10.24 0.63 0.073

LP(2) S(24) �* C(23)–N(25) 10.24 10.24 0.073

LP(1) N(26) �* N(25)–H(27) 9.45 0.82 0.08

LP(1) N(26) �* C(28)–C(34) 10.83 0.83 0.085

Table 4. Calculation of global descriptors
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a maximum energy ~19.89 kcal/mol. LP(2) S(18) conjugates with �* N(12)–C(17) and 
�* N(20)–H(22) with stabilization energies 10.87 and 6.84 kcal/mol, respectively. In this 
case, we have observed several ICT interactions resulted from the orbital overlap between  
bonding (� ) and anti-bonding (�* ) orbitals. These movements of � -electron cloud from donor to 
acceptor make the molecule more polarized and it must be responsible for its NLO properties.

4.2.3. Polarizability and hyperpolarizability

The calculated dipole moment (µ), polarizability (� ���� �D�Q�G�� �W�K�H�� �P�H�D�Q�� �¿�U�V�W�� �K�\�S�H�U�S�R�O�D�U�L�]�D-
bility ( � total) for the compound, H2L2 are 2.6576 Debye, 24.8058 Å3 and 0.363 cm5/esu, 
respectively, are also summarized in Table 6. Theoretically, the linear polarizability (� ) of 
the compound is nine times higher than that of urea. It is also found that the compound 
�V�K�R�Z�V���F�R�P�S�D�U�D�E�O�H���Y�D�O�X�H���R�I���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\����� total) to that of urea. The dipole 
moment of the molecule is twice that of urea.

4.3. �Formylchromone N(4)-methyl-N(4)-phenylthio-semicarbazone(HL3)

4.3.1. Optimized structure, MEP and HOMO–LUMO analysis of HL3

Starting geometry of the molecule was drawn using GAUSS-VIEW 5.0.9 program.  
The optimized geometry shows an energy � 1407.8536 a.u. The optimized molecular structure 
HOMO-, LUMO- and MEP plots of HL3 have been generated at B3LYP/6-31+G(d,p) using 
the GAUSS-VIEW 5.0.9 program and are shown in Fig. 3. Theoretically, HOMO–LUMO 
energy gap is found to be 3.29 eV. By using HOMO and LUMO energy values, global 
descriptors such as chemical hardness, chemical softness, chemical potential and the global 
electrophilicity index were also calculated and is presented in Table 7. It is also observed 
that the chemical potential of the compound is negative, showing its stability. In MEP, red 
regions mainly extend over the oxygen and sulphur atoms predicting them as susceptible 
sites for electrophilic attack. The blue regions of the molecule mainly spread over the  
hydrogen atoms. This indicates that these sites may be involved in nucleophilic processes.

Table 6. �&�D�O�F�X�O�D�W�H�G���H�O�H�F�W�U�L�F���G�L�S�R�O�H���P�R�P�H�Q�W�����S�R�O�D�U�L�]�D�E�L�O�L�W�\���D�Q�G���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D-
bility of the compound

Polarizability Hyperpolarizability

� XX = 148.3006 � XXX = � 23.0405

� XY = � 2.0194 � XYY = 51.0368

� YY = 173.8425 � XZZ = � 11.6842

� XZ = � 2.9088 � YYY = 28.9689

� ZZ = 179.999 � XXY =12.8631

� YZ = 7.5779 � YZZ = � 2.0286

� total = 24.8058 Å3 � ZZZ = 1.6134

� �  = 32.51816 Å3 � XXZ = � 16.485

µ = 2.6576 Debye � YYZ = � 13.0981

� total = 0.363 × 10�í���� cm5/esu
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Optimized molecule

HOMO-LUMO orbitals, corresponding energy gap

MEP surface 

Fig. 3. The optimized molecular structure, HOMO-, LUMO- and MEP plots of HL3.

4.3.2. NBO analysis

Several donor–acceptor interactions have been observed among the strongly occupied 
NBOs of the compound (Table 8). The interactions � C(29)–C(34) �  �  *C(30)–C(31)/�  
*  C(32)–C(33) and �  C(32)–C(33) �  �* C(30)–C(31) are responsible for the extended 

Global Descriptive Parameters

Homo � 5.4089 Softness � 0.6078

Lumo � 2.1187 Chemical potential µ � 3.7638

Vertical ionization energy I 5.4089 Electronegativity 3.7638

�9�H�U�W�L�F�D�O���H�O�H�F�W�U�R�Q���D�I�¿�Q�L�W�\��A 2.1187 Global electrophilic index � 4.3056

Hardness � 1.6451

Table 7. Calculation of global descriptors
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conjugation of benzene ring and stabilize the molecule with a maximum energy, 
~21.07 kcal/mol. � C(1)–C(5) and � C(3)–C(4) conjugate with �* C(2)–O(16) with a max-
imum energy, 23.62 kcal/mol. LP(2) O(14) conjugates with �* C(1)–C(5) leading to a 
stabilization energy of 33.48 kcal mol�í��. LP(2) O(16) NBO conjugates with �* C(1)–C(2) 
and �* C(2)–C(3) and the resulting energies are 19.54 and 20.08 kcal mol�í��, respec-
tively. LP(1) N(19) stabilizes via conjugation with �* C(22)–S(23) leading a stabilization 
energy of 58.01 kcal mol�í��. The interactions � C(2)–O(16)� �* C(1)–C(5) and � C(17)–
N(18)� �* C(1)–C(5) stabilize the system with energies 5.28 and 8.71 kcal mol�í��, respec-
tively. LP(1) N(18) conjugates with �* C(17)–H(20), �* N(19)–H(21) �* C(17)–N(18), 
�* N(19)–C(22) and �* C(22)–N(24) with stabilization energies 10.61, 8.36, 27.9, 13.49 
and 11.88 kcal mol�í��, respectively. The movement of � -electron cloud from donor to 
acceptor makes the molecule more polarized and it must be responsible for its NLO 
properties.

Table 8. Major donor–acceptor interactions of the compound and their second-order per-
turbation energies (kcal/mol)

Donor NBO (i ) Acceptor NBO (j ) E(2) kcal/mol E( j)–E(i) a.u. F(i,j ) a.u.

� C(1)–C(5) �* C(2)–O(16) 23.62 0.3 0.077

� C(3)–C(4) �* C(2)–O(16) 21.78 0.29 0.072

� C(7)–C(10) �* C(8)–C(9) 21.24 0.28 0.069

� C(8)–C(9) �* C(3)–C(4) 21.76 0.28 0.071

� C(29)–C(34) �* C(30)–C(31) 20.64 0.28 0.068

� C(29)–C(34) �* C(32)–C(33) 19.89 0.28 0.067

� C(32)–C(33) �* C(30)–C(31) 21.07 0.28 0.068

LP(2) O(14) �* C(1)–C(5) 33.48 0.37 0.101

LP(2) O(16) �* C(1)–C(2) 19.54 0.71 0.107

LP(2) O(16) �* C(2)–C(3) 20.08 0.71 0.108

LP(1) N(19) �* C(22)–S(23) 58.01 0.23 0.107

� C(2)–O(16) �* C(1)–C(5) 5.28 0.38 0.042

� C(2)–O(16) �* C(3)–C(4) 4.78 0.37 0.042

� C(3)–C(4) �* C(7)–C(10) 18.2 0.3 0.068

� C(3)–C(4) �* C(8)–C(9) 16.02 0.29 0.062

� C(7)–C(10) �* C(3)–C(4) 17.95 0.27 0.064

� C(8)–C(9) �* C(7)–C(10) 16.1 0.29 0.062

� C(17)–N(18) �* C(1)–C(5) 8.71 0.35 0.051

LP(1) N(18) �* C(17)–H(20) 10.61 0.82 0.084

LP(1) N(18) �* N(19)–H(21) 8.36 0.77 0.072

LP(1) N(19) �* C(17)–N(18) 27.9 0.29 0.083

LP(2) S(23) �* N(19)–C(22) 13.49 0.59 0.081

LP(2) S(23) �* C(22)–N(24) 11.88 0.61 0.077
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4.3.3. Polarizability and hyperpolarizability

The calculated dipole moment (µ), polarizability (� �����D�Q�G���W�K�H���P�H�D�Q���¿�U�V�W���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\��
(� total) for the compound HL3 are 4.6184 Debye, 20.5995 Å3, and 2.027 cm5/esu, respectively, 
are summarized in Table 9. Theoretically, the linear polarizability (� ) of the compound 
is seven times higher than that of urea. It is also found that the compound shows 5.44 
�W�L�P�H�V���K�L�J�K�H�U���Y�D�O�X�H���R�I���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\���D�Q�G���I�R�X�U���W�L�P�H�V���K�L�J�K�H�U���G�L�S�R�O�H���P�R�P�H�Q�W��
than urea.

4.4. �2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene] 
hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine- 
1-carbothioamide (H2L4)

4.4.1. Optimized structure, MEP and HOMO–LUMO analysis of H2L4

Starting geometry of the molecule was drawn using GAUSS-VIEW 5.0.9 program. 
The optimized molecular structure HOMO-, LUMO- and MEP plots of H2L4 have 
been generated at B3LYP/6-31+G(d,p) using the GAUSS-VIEW 5.0.9 program and are 
shown in Fig. 4. The optimized geometry shows an energy � 1879.803 a.u. Theoretically, 
HOMO–LUMO energy gap is found to be 4.08 eV. Global descriptors such as chem-
ical hardness, chemical softness, chemical potential and the global electrophilicity 
index were also calculated using HOMO and LUMO energy values and are presented 
in Table 10. It is also observed that the chemical potential of the compound is negative, 
showing the stability of the compound. In MEP, red regions mainly extend over the 
oxygen and sulfur atoms linked to carbon through double bond, predicting them to 
be susceptible site for electrophilic attack. The blue regions of the molecule mainly 
spread over the hydrogen atoms. This indicates that these sites can be involved in 
nucleophilic processes.

Table 9. �&�D�O�F�X�O�D�W�H�G���H�O�H�F�W�U�L�F���G�L�S�R�O�H���P�R�P�H�Q�W�����S�R�O�D�U�L�]�D�E�L�O�L�W�\���D�Q�G���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D-
bility of the compound

Polarizability Hyperpolarizability

� XX = 123.3269 � XXX = � 242.201

� XY = � 15.8475 � XYY = 16.5671

� YY = 144.7186 � XZZ = 26.9125

� XZ = � 5.2107 � YYY = 17.1051

� ZZ = 148.9494 � XXY = 60.5281

� YZ = 7.0254 � YZZ = � 5.638

� total = 20.5995 � ZZZ = � 0.3415

� �  = 39.35684 Å3 � XXZ = � 84.708

µ = 4.6184 Debye � YYZ = � 16.709

� total =  2.027 × 10�í������cm5/esu
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Optimized molecule

HOMO-LUMO orbitals, corresponding energy gap

MEP surface 

Fig. 4. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H2L4.

Table 10. Calculation of global descriptors

Global Descriptive Parameters

Homo � 5.5453 Softness � 0.4899

Lumo � 1.4629 Chemical potential µ � 3.5041

Vertical ionization energy I 5.5453 Electronegativity 3.5041

�9�H�U�W�L�F�D�O���H�O�H�F�W�U�R�Q���D�I�¿�Q�L�W�\��A 1.4629 Global electrophilic index � 3.0077

Hardness � 2.0411
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4.4.2. NBO analysis

Several donor–acceptor interactions have been observed among the strongly occupied 
NBOs of the compound (Table 11). The interactions among � C(1)–C(6) �  �* C(2)–C(3)/
�* C(4)–C(5), � C(2)–C(3) �  �* C(1)–C(6)/�* C(4)–C(5) and � C(4)–C(5) �  �* C(2)–C(3) 
are responsible for the extended conjugation of benzene ring and stabilize the molecule 
with a maximum energy of ~21.07 kcal/mol. The other interactions such as � C(28)–C(29) 
�  �* N(26)–C(37)/�* C(30)–C(31)/�* C(32)–C(33), � C(30)–C(31) �  �* C(28)–C(29) and 
� C(32)–C(33) �  �* C(28)–C(29)/�* C(30)–C(31) are responsible for the extended conju-
gation of 3-hydroxy-4-methoxybenzene ring and stabilize the molecule with a maximum 
energy ~21.85 kcal/mol. Further, LP(2) O(44) conjugates with anti-bonding, �* C(30)–C(31) 
with a stabilization energy of 29.14 kcal/mol. The movement of � -electron cloud from 
donor to acceptor makes the molecule more polarized and it must be responsible for its 
NLO properties.

Table 11. Major donor–acceptor interactions of the compound and their second-order 
perturbation energies (kcal/mol)

Donor NBO (i ) Acceptor NBO (j ) E(2) kcal/mol E( j)–E(i) a.u. F(i,j ) a.u.

� C(1)–C(6) �* C(2)–C(3) 20.42 0.28 0.068

� C(1)–C(6) �* C(4)–C(5) 22.06 0.27 0.069

� C(2)–C(3) �* C(1)–C(6) 19.98 0.28 0.068

� C(2)–C(3) �* C(4)–C(5) 21.07 0.27 0.068

� C(4)–C(5) �* C(2)–C(3) 20.04 0.29 0.068

� C(4)–C(5) �* C(1)–C(6) 18.7 0.29 0.066

� C(28)–C(29) �* N26–C(37) 21.85 0.26 0.069

� C(28)–C(29) �* C(30)–C(31) 18.52 0.27 0.064

� C(28)–C(29) �* C(32)–C(33) 19.67 0.29 0.068

� C(30)–C(31) �* C(28)–C(29) 20.89 0.3 0.072

� C(32)–C(33) �* C(28)–C(29) 17.62 0.29 0.065

� C(32)–C(33) �* C(30)–C(31) 21.19 0.28 0.07

LP(2) O(44) �* C(30)–C(31) 29.14 0.35 0.096

4.4.3. Polarizability and hyperpolarizability

The calculated dipole moment (µ), polarizability (� ���� �D�Q�G�� �W�K�H�� �P�H�D�Q�� �¿�U�V�W���R�U�G�H�U�� �K�\�S�H�U�S�R-
larizability (� total) for the compound, H2L4 are 2.8586 D, 21.4993Å3 and 2.866 cm5/esu, 
respectively, and are summarized in Table 12. Theoretically, the linear polarizability of 
the compound is seven times higher than that of urea. It is also found that the compound 
�V�K�R�Z�V�����������W�L�P�H�V���K�L�J�K�H�U���Y�D�O�X�H���R�I���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\���D�Q�G���W�Z�R���W�L�P�H�V���W�K�H���G�L�S�R�O�H��
moment than urea. The largest � xxx value indicates charge delocalization along the bond 
axis and the involvement of �  orbitals in ICT process.
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4.5. �2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-
N-methyl-N-phenylhydrazine-1-carbothioamide (H2L5)

4.5.1. Optimized structure, MEP and HOMO–LUMO analysis of H2L5

The geometry of H2L5 has been optimized using X-ray diffraction data as initial point 
at B3LYP level of theory with 6-31+G(d,p) basis sets. The optimized geometry shows an 
energy � 1919.1088 a.u. The optimized molecular structure, HOMO-, LUMO- and MEP 
plots of H2L5 have been generated at B3LYP/6-31+G(d,p) using the GAUSS-VIEW 5.0.9 
program and are shown in Fig. 5. Theoretically, HOMO–LUMO energy gap is found to be 
3.90 eV. By using HOMO and LUMO energy values, global descriptors such as chemical 
hardness, chemical softness, chemical potential and the global electrophilicity index were 
also calculated and are presented in Table 13. It is also observed that the chemical potential 
of the compound is negative showing the stability of the compound. In MEP, red regions 
mainly extend over the oxygen and sulphur atoms predicting them as susceptible sites for 
electrophilic attack. The blue regions of the molecule mainly spread over the hydrogen 
atoms. This indicates that these sites can involve in nucleophilic processes.

4.5.2. NBO analysis

Several donor–acceptor interactions have been observed among the strongly occupied 
NBOs of the compound (Table 14). The interactions � C(13)–C(15) �  �* C(14)–C(18) and 
� C(13)–C(15) �  �* C(22)–C(27) are responsible for the extended conjugation of benzene 
ring and stabilize the molecule with a maximum energy ~18.13 kcal/mol. LP(1) N(5) con-
jugates with �* N(4)–C(20) leading to a stabilization energy of 28.01 kcal/mol. The elec-
tron  donation from LP(2) O(7) to anti-bonding �* C(22)–C(27) stabilizes the molecule 
with an energy of 31.87 kcal/mol. LP(2) S(1) conjugates with �* N(8)–H(9), �* N(10)–C(26), 

Table 12.  �&�D�O�F�X�O�D�W�H�G���H�O�H�F�W�U�L�F���G�L�S�R�O�H���P�R�P�H�Q�W�����S�R�O�D�U�L�]�D�E�L�O�L�W�\���D�Q�G���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]-
ability of the compound

Polarizability Hyperpolarizability

� XX = 110.6858 � XXX = 310.0444

� XY = 8.4827 � XYY = 17.9493

� YY = 163.6227 � XZZ = � 12.6565

� XZ = 2.5520 � YYY = � 52.8289

� ZZ = 160.9015 � XXY = � 7.4362

� YZ = � 10.5813 � YZZ = � 7.5303

� total = 21.4993Å3 � ZZZ = � 4.6331

� �  = 56.89435 � XXZ = � 55.5444

µ = 2.856 Debye � YYZ = � 17.3907

� total = 2.866 × 10�í����  cm5/esu
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Optimized molecule

HOMO-LUMO orbitals, corresponding energy gap

MEP surface 

Fig. 5. The optimized molecular structure, HOMO-, LUMO- and MEP plots of H2L5.

�* N(12)–C(26) and �* C(33)–H(35) with stabilization energies 7.5, 9.14, 11.32 and 1.01 
kcal/mol, respectively. The movement of � -electron cloud from donor to acceptor makes 
the molecule more polarized and it must be responsible for the NLO properties of the 
molecule.

Table 13. Calculation of global descriptors

Global Descriptive Parameters

Homo � 5.6263 Softness � 0.5125

Lumo � 1.7236 Chemical potential µ � 3.6749

Vertical ionization energy I � 5.6263 Electronegativity 3.6749

�9�H�U�W�L�F�D�O���H�O�H�F�W�U�R�Q���D�I�¿�Q�L�W�\��A 1.7236 Global electrophilic index � 3.4605

Hardness � 1.9513
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4.5.3. Polarizability and hyperpolarizability

The calculated dipole moment (µ), polarizability (� �����D�Q�G���W�K�H���P�H�D�Q���¿�U�V�W���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\��
(� total) for the compound H2L5 are 3.2934 Debye, 23.0806 Å3, 1.489 cm5/esu, respectively, 
and are also summarized in Table 15. Theoretically, the linear polarizability of the com-
pound is eight times higher than that of urea. It is also found that the compound shows 
�I�R�X�U���W�L�P�H�V���K�L�J�K�H�U���Y�D�O�X�H���R�I���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\����� ). The largest � xxx value indi-
cates charge delocalization along the bond axis and the involvement of �  orbitals in ICT 
process.31 Higher the dipole moment, stronger is the intermolecular interaction. The small 

Table 14. Major donor–acceptor interactions of the compound and their second-order 
perturbation energies (kcal/mol)

Donor NBO (i ) Acceptor NBO (j ) E(2) kcal/mol E( j)–E(i) a.u. F(i,j ) a.u.

� C(13)–C(15) �* C(14)–C(18) 18.13 0.29 0.067

� C(13)–C(15) �* C(22)–C(27) 17.41 0.28 0.064

� C(14)–C(18) �* C(13)–C(15) 17.5 0.28 0.063

� C(14)–C(18) �* C(22)–C(27) 17.96 0.27 0.063

� C(14)–C(18) �* N(4)–C(20) 22.28 0.25 0.069

� C(17)–C (23) �* C(29)–C(39) 19.85 0.29 0.068

� C(17)–C(23) �* C(31)–C(37) 18.33 0.29 0.065

� C(22)–C(27) �* C(13)–C(15) 16.03 0.29 0.062

� C(22)–C(27) �* C(14)–C(18) 19.37 0.3 0.069

LP(1) N(5) �* N(4)–C(20) 28.01 0.28 0.081

LP(2) O(7) �* C(22)–C(27) 31.87 0.34 0.097

LP(2) S(1) �* (1)–N(8)–H(9) 7.5 0.6 0.061

LP(2) S(1) �* (1)–N(10)–C(26) 9.14 0.65 0.07

LP(2) S(1) �* (1)–N(12)–C(26) 11.32 0.64 0.078

LP(2) S(1) �* (1)–C(33)–H(35) 1.01 0.64 0.024

Table 15. �&�D�O�F�X�O�D�W�H�G���H�O�H�F�W�U�L�F���G�L�S�R�O�H���P�R�P�H�Q�W�����S�R�O�D�U�L�]�D�E�L�O�L�W�\���D�Q�G���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]-
ability of the compound

Polarizability Hyperpolarizability

� XX = 120.9182 � XXX = 130.4061

� XY = 25.0038 � XYY = 53.5658

� YY = 173.577 � XZZ = 17.5237

� XZ = 0.8259 � YYY = � 38.8044

� ZZ = 172.7232 � XXY = 32.8514

� YZ = 2.5559 � YZZ = � 13.1573

� total = 23.0806 � ZZZ = � 8.8381

� �  = 68.01421 Å3 � XXZ = 43.4677

µ = 3.2934 Debye � YYZ = 5.942

� total = 1.489 × 10�í���� cm5/esu
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frontier orbital energy gap and high dipole moment of the compound may increase its 
NLO activity.

5. Conclusions

Geometries of all the compounds were optimized using DFT employing 6-31+G(d,p) 
basis set. Global reactivity descriptor parameters were calculated and analyzed through 
HOMO–LUMO analysis. The MEP map shows that the negative potential sites are on the 
electronegative atoms as well as the positive potential sites are around the hydrogen atoms. 
NBO analysis together with HOMO–LUMO energy gap and MEP map of the molecule 
elucidates ICT in the molecules. It is responsible for the non-linearity and hence the stabil-
ity of the molecules. The compounds showed higher value of linear polarizability and the 
dipole moment than urea. The theoretical calculation of hyperpolarizability (� ) component 
�L�V���Y�H�U�\���X�V�H�I�X�O���D�V���L�W���F�O�H�D�U�O�\���L�Q�G�L�F�D�W�H�V���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���F�K�D�U�J�H���G�H�O�R�F�D�O�L�]�D�W�L�R�Q�����7�K�H���¿�U�V�W���R�U�G�H�U��
hyperpolarizabilities (� total) of all the compounds are higher than urea. Based on the total 
static dipole moment (µ), the linear polarizability (� ), the anisotropy of polarizability 
(� � �����D�Q�G���W�K�H���P�H�D�Q���¿�U�V�W���R�U�G�H�U���K�\�S�H�U�S�R�O�D�U�L�]�D�E�L�O�L�W�\����� total), 2-{2-[(4-hydroxy-3-methoxyphenyl)
methylidene]hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide 
(H2L4) is most suitable for further studies as NLO material.
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C H A P T E R  I X

IN�SILICO SCREENING OF LIGANDS FOR 
THEIR ANTICANCER ACTIVITY USING 

MOLECULAR DOCKING STUDIES

1. Introduction

Cancer therapies target cell cycle-based mechanism which imitates the body’s natural 
process in order to prevent the growth of cancer cells. This approach can limit damages 
to normal cells and the associated side effects caused by usual chemotherapeutic agents. 
It has been unambiguously proved that the genome contains information in two forms: 
genetic and epigenetic. The genetic information provides the scheme of assembling of 
all the proteins necessary to create a living organism, while the epigenetic information 
directs when, where, and how the genetic information must be used. Epigenetics has just 
moved to the forefront of studies describing various processes such as transcriptional reg-
ulation, chromatin structure, genome integrity and tumorigenesis.1

1.1 Role of histone deacetylases in human cancer

Inhibition of histone deacetylases (HDAC) enzymes is emerging as an innovative and 
important approach for the treatment of cancer. HDAC inhibitor interacts with chromo-
somes in the cancer cell and stops their growth.

Acetylation levels are the outcome of the activities of histone acetyltransferase (HAT) 
and HDAC. They have a critical role in the regulation of gene expression. HATs induce 
histone acetylation. It is coupled with gene transcription. HDAC induces histone hypo-
acetylation. It is associated with gene silencing. Altered appearance and mutations of 
genes that encode HDACs have been correlated to tumour growth. These changes induce 
the abnormal transcription of genes which regulates the important cellular functions such 
as cell proliferation, cell-cycle regulation and apoptosis.2 HDACs are expressed in colon, 
breast,3 lung cancers, hepato-cellular carcinoma, gastric cancer,4 pancreatic tumour tis-
sue, metastatic melanoma, acute myeloid leukemia (AML), acute lymphocytic leukemia 
(ALL) as well as in childhood tumors of the nervous system, such as neuroblastoma.5–8 
As a result, HDACs have become one of the most potential therapeutic targets for cancer 
treatment.

Four families of human HDACs have been described and categorized into four classes. 
Class I includes HDAC 1–3 and 8; class II includes HDAC 4–7, 9 and 10; class III 
includes sirtuins 1–7; and class IV includes HDAC 11. The HDACs belonging to classes 
I, II and IV have Zn2+ as a cofactor and class III enzymes are characterised for being 
NADP-dependent.9,10
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1.2. Role of histone deacetylase 8 in oncogenesis

Histone deacetylase 8 (HDAC8) is a class I HDAC. It is concerned as a therapeutic target in 
various diseases, including cancer, X-linked intellectual disability and parasitic infections.11,12 
This enzyme also deacetylates non-histone proteins. This enzyme is a major ‘epigenetic 
player’ and it is linked to uncontrolled expression or interaction with transcription factors 
important for tumourigenesis. In the parasite Schistosoma mansoni and in viral infections, 
HDAC8 is a novel target to suppress infection. The current challenge is to develop potent 
selective inhibitors that would solely target HDAC8 with less adverse effects.

1.3. Role of DNA methyltransferases in human cancer

Contemporary works have revealed how DNA methylation and chromatin structure are 
correlated at the molecular level and how methylation plays a direct role in tumourigenesis 
and genetic disease. A great deal of information is available concerning the cellular 
methylation mechanism.

DNA methyltransferases are the main components of larger complexes which are 
actively involved in transcriptional control and chromatin structure modulation. These 
�¿�Q�G�L�Q�J�V���H�Q�K�D�Q�F�H���R�X�U���S�H�U�F�H�S�W�L�Y�H���D�E�R�X�W���W�K�H���U�R�O�H�V���R�I���'�1�$���P�H�W�K�\�O�D�W�L�R�Q���L�Q���Q�R�Y�H�O���W�K�H�U�D�S�L�H�V���W�R��
prevent or repair these defects. Variation in DNA methylation process can cause changes 
in gene transcription patterns and can also promote mutational events.13,14 Abnormal DNA 
methylation patterns also play an essential role in the development of cancer. Cancer cells 
show an overall decrease in the level of genomic cytosine methylation, mainly in centro-
meric satellite and other repeated sequences.15 This genome hypomethylation is believed to 
be linked to genome instability resulting in a variety of chromosomal defects and tumori-
genesis.16 In addition to the loss of methylation at satellite sequences, cancer cells acquire 
methylation in normally un-methylated promoter regions. In many cancer types, one can 
see tumour suppressor genes epigenetically silenced by hypermethylation.17

Azacytidine (Vidaza; Celgene) and Decitabine (5 aza 2� deoxycytidine) (Dacogen; SuperGen) 
are the two DNMT inhibitors (azanucleosides) currently approved by the US Food and  
Drug Administration (FDA).18� � � 7� K� H� V� H� � � W� Z� R� � � W� \� S� H� V� � � R� I� � � G� U� X� J� V� � � D� U� H� � � W� K� H� � � ¿� U� V� W� � � P� R� O� H� F� X� O� H� V� � � W� K� D� W� � � K� D� Y� H� �
been characterised as the archetypal DNMT inhibitors and the only epidrugs that have been  
approved for the treatment of patients with AML and myelodysplastic syndrome (MDS).8 
Azacytidine has also been approved by the FDA and the European Medicines Agency (EMA) 
for the use against chronic myelomonocytic leukemia (CMML).19 Even though several new  
�L�Q�K�L�E�L�W�R�U�V���R�I���'�1�0�7���K�D�Y�H���E�H�H�Q���L�G�H�Q�W�L�¿�H�G�����Q�R�Q�H���R�I���W�K�H�P���F�D�Q���V�X�E�V�W�L�W�X�W�H���D�]�D�F�\�W�L�G�L�Q�H���D�Q�G���G�H�F�L�W�D�E�L�Q�H��

1.4. Role of ribonucleotide reductase subunit, R2 in human cancer

Ribonucleotide reductase (RR), a distinct enzyme which is responsible for reducing rib-
onucleotides to deoxyribonucleotides, the building blocks required for DNA replication 
and repair. Dysregulated RR activity is allied with genomic instability, malignant trans-
formation and cancer development. The use of RR inhibitors, either as a single agent or 
combined with other therapies, has proven to be a promising approach for treating solid 
tumors and hematological malignancies.
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RR subunit, R2 regulates catalytic action of the enzyme to provide DNA synthesis via 
reduction. It has been constantly investigated as anticancer drug target for design and dis-
covery of its inhibitors. RR plays an important role in determining cell fate and increased 
expression. Activity of human RR has been associated with many types of cancer. Failure 
to control the levels and balance of dNTPs can lead to mutagenesis, carcinogenesis and 
even cell death. After the occurrence of transformation, cancer cells require increased RR 
activity to meet the demand for dNTPs that are needed to support their rapid proliferation. 
However, accumulating evidences also indicate that RR subunits play biological roles in 
promoting cancer development that are distinct from their role in forming the active RR 
holoenzyme to supply dNTPs.

RRM2 has been proposed as an oncoprotein. It not only can cooperate with a 
variety of oncogenes to promote cellular transformation but also can enhance the 
invasive potential of cancer cells. Discovering novel RR inhibitors is a challenge for 
improving cancer therapies in the future. Investigation of RR expression and action 
in clinical samples will provide a logical platform for modified cancer therapy using 
RR inhibitors.

1.5. Molecular docking studies

Molecular docking is a well-known computational technique which predicts the interac-
tion energy between two molecules. Docking is frequently used to predict the binding 
�D�I�¿�Q�L�W�\���D�Q�G���W�R���L�G�H�Q�W�L�I�\���W�K�H���E�R�X�Q�G���F�R�Q�I�R�U�P�D�W�L�R�Q���R�I���O�L�J�D�Q�G�V���Z�L�W�K���W�K�H���S�U�R�W�H�L�Q���W�D�U�J�H�W�V�����,�W���F�D�Q��
provide information regarding the intermolecular interactions between the ligands and 
the targets.20 This in turn can be used for the development of novel drugs.21 Considerable 
efforts have been made to improve the methods used to predict docking, due to their sig-
�Q�L�¿�F�D�Q�F�H���L�Q���W�K�H���E�L�R�O�R�J�L�F�D�O���D�Q�G���S�K�D�U�P�D�F�H�X�W�L�F�D�O���¿�H�O�G�V��

This chapter portrays the molecular docking studies of the ligands synthesized by us 
with different enzyme targets.

2. Materials and methods

Molecular docking studies were performed using the Glide program. Glide means  
Grid-Based Ligand Docking With Energetics. The Maestro (version 10.4) was used as 
graphical user interface. It was used to set up and execute the docking protocol and 
also for analysis of the docking results. The three-dimensional structures of all the pro-
teins were retrieved from the Protein Data Bank (PDB). The ligands under study were 
docked into the binding sites of the proteins. PyMOL was used for the three-dimensional 
visualization of proteins to superimpose the structures and for the characterisation 
of ligand–protein interactions. PyMOL supports different macromolecular structural 
representations such as ribbon structure, wired structure, ball and sick model, surface 
model, cartoon model and so on. The selection of the best pose was done based on the 
interaction energy between the ligand and the protein. The results were analyzed by 
a statistical scoring function which converts interacting energy into numerical values 
called as the glide score.
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Docking methodology consists of four basic steps:

1.	 Preparation of protein
2.	 Ligand preparation
3.	 Receptor grid generation
4.	 Ligand docking

2.1. Preparation of protein

�3�U�R�W�H�L�Q���S�U�H�S�D�U�D�W�L�R�Q���Z�D�V���G�R�Q�H���E�\���S�U�R�W�H�L�Q���S�U�H�S�D�U�D�W�L�R�Q���Z�L�]�D�U�G�����7�K�H���3�'�%���V�W�U�X�F�W�X�U�H���¿�O�H���F�R�Q-
sists of different metal ions, hetero atoms, cofactors, water molecules, co-crystallized 
�O�L�J�D�Q�G�V���D�Q�G���V�R���R�Q�����7�K�H�U�H�I�R�U�H�����W�K�H���3�'�%���V�W�U�X�F�W�X�U�H���¿�O�H�V���D�V���V�X�F�K���D�U�H���Q�R�W���V�X�L�W�D�E�O�H���I�R�U���P�R�O�H�F�X-
lar modelling calculations. Schrodinger contains all the tools to prepare appropriate pro-
�W�H�L�Q���I�R�U���L�W�V���F�D�O�F�X�O�D�W�L�R�Q�V�����7�K�H���D�S�S�U�R�S�U�L�D�W�H���S�U�R�W�H�L�Q���V�W�U�X�F�W�X�U�H���L�V���U�H�¿�Q�H�G���W�K�U�R�X�J�K���R�S�W�L�P�L�]�D�W�L�R�Q��
and minimization22 during protein preparation. Minimization process is coordinated by 
�D���G�H�¿�Q�H�G���5�0�6�'���R�I�������������c���D�Q�G���I�R�U�F�H���¿�H�O�G�V���2�3�/�6������������23 Protein preparation wizard pre-
pares accurate protein structure for docking. The different procedures used for protein 
�S�U�H�S�D�U�D�W�L�R�Q���L�Q�F�O�X�G�H���S�U�H���S�U�R�F�H�V�V�L�Q�J�����U�H�Y�L�H�Z�����P�R�G�L�¿�F�D�W�L�R�Q�����U�H�¿�Q�H�P�H�Q�W���D�Q�G���P�L�Q�L�P�L�]�D�W�L�R�Q��

2.2. Ligand preparation

The ligand preparation was done by ligand preparation wizard, which is also known as 
�/�L�J�3�U�H�S�����7�K�H���O�L�J�D�Q�G�V���Z�H�U�H���S�U�H�S�D�U�H�G���X�V�L�Q�J���/�L�J�3�U�H�S���Z�L�W�K���S�D�U�D�P�H�W�H�U���I�R�U�F�H���¿�H�O�G�����2�3�/�6������������
in Schrodinger. This is used for the conversion of 2D molecules to 3D structures. The 
steps involved in the process are convert to the structure format (sd format), select the 
structures, add hydrogen atoms, remove unwanted molecules, neutralize charged groups, 
�J�H�Q�H�U�D�W�H�� �L�R�Q�L�]�D�W�L�R�Q�� �V�W�D�W�H�V���� �J�H�Q�H�U�D�W�H�� �W�D�X�W�R�P�H�U�V���� �¿�O�W�H�U�� �W�K�H�� �V�W�U�X�F�W�X�U�H�V���� �J�H�Q�H�U�D�W�H�� �D�O�W�H�U�Q�D�W�L�Y�H��
chiralities, generate low-energy ring conformations, remove problematic structures, opti-
�P�L�]�H���W�K�H���J�H�R�P�H�W�U�L�H�V���D�Q�G���¿�Q�D�O�O�\���F�R�Q�Y�H�U�W���W�K�H���R�X�W�S�X�W���¿�O�H�����0�D�Q�\���R�I���W�K�H�V�H���V�W�H�S�V���D�U�H���R�S�W�L�R�Q�D�O��
and are controlled by selecting options in the LigPrep panel or by specifying command-line 
options. Prepared ligands are saved with maegz extension or in maestro format and all the 
ligands are available in the project table. Now, the ligands are ready for the docking pro-
cess. We can export the project table as csv format and keep the details of ligands.

2.3. Receptor grid generation

�7�K�H���S�U�H�S�D�U�H�G���S�U�R�W�H�L�Q���Z�D�V���O�R�D�G�H�G���L�Q�W�R���P�D�H�V�W�U�R���H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���W�K�H���D�F�W�L�Y�H���V�L�W�H���Z�D�V���G�H�¿�Q�H�G��
using Glide grid generation wizard. For grid generation, we want to specify the active site 
residue. Certain proteins may have metal ions or may possess one or more ligands. These 
already existing ligands or metal ions can be selected as active site residues. If no ligand or 
metal ion is present, then active site amino acids are used for grid generation. Grid centre 
�Z�D�V���G�H�¿�Q�H�G���I�R�U���W�K�H���D�F�W�L�Y�H���V�L�W�H���D�Q�G���E�R�[���V�L�]�H�V���Z�H�U�H���V�H�W���W�R���������c��

Receptor grid should be generated by using Receptor Grid Generation feature of maes-
tro. The van der Waals radius scaling involves a scaling factor as 1.0 and partial charge 
cut off as 0.25. The shapes and properties of receptor molecule were represented on a grid.  
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The prepared protein structure was used for receptor grid generation. It determines the posi-
tion and size of the active site. Receptor grid generation was selected from the application 
�P�H�Q�X�� �D�Q�G�� �L�W�� �L�Q�F�O�X�G�H�V�� �W�K�U�H�H�� �¿�H�O�G�V�� �V�X�F�K�� �D�V�� �U�H�F�H�S�W�R�U���� �V�L�W�H�� �D�Q�G�� �F�R�Q�V�W�U�D�L�Q�W�V���� �5�H�F�H�S�W�R�U�� �V�H�F�W�L�R�Q��
�G�H�¿�Q�H�V�� �W�K�H�� �U�H�V�S�H�F�W�L�Y�H�� �W�D�U�J�H�W�� �P�R�O�H�F�X�O�H�� �D�Q�G�� �S�L�F�N�V�� �W�K�H�� �O�L�J�D�Q�G�� �P�R�O�H�F�X�O�H���� �6�H�Y�H�U�D�O�� �F�R�Q�V�W�U�D�L�Q�W�V��
can be applied in grid generation, which are positional constraint, H-bond constraint, metal 
constraint and hydrophobic constraint. The generated grid was used for docking.

2.4. Ligand docking

�7�K�L�V���Z�D�V���F�D�U�U�L�H�G���R�X�W���X�V�L�Q�J���*�O�L�G�H���G�R�F�N�����/�L�J�D�Q�G�V���Z�H�U�H���N�H�S�W���À�H�[�L�E�O�H�����Z�K�L�O�H���W�K�H���S�U�R�W�H�L�Q���Z�D�V��
rigid and docking started with extra precision mode (XP mode). The docking calculation 
generated a few poses for each ligand. The selection of the best pose was done based on 
the interaction energy between the ligand and the protein. The least negative XP g-score 
(negative value) indicates the best binding score for the ligand with protein.

3. Results and discussion

Crystal structures of HDAC8 (PDB ID: 1T69), DNA methyltransferase (PDB ID: 2QRV) 
and RR M2 subunit (PDB ID: 2UW2) (Fig. 1) were downloaded from PDB.

The following novel ligands synthesized by us were selected for performing molecular 
docking studies:

1.	 N-Methyl-2-((3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide (H2L1)

2.	 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-carboth-
ioamide (H2L2)

3.	 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3)
4.	 2-{2-[(4-Hydroxy-3-methoxyphenyl)methyl idene]hydrazinecarbon-

othioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide (H2L4)
5.	 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N- 

methyl-N-phenylhydrazine-1-carbothioamide (H2L5)

The compounds were characterised by spectroscopic analysis (electronic, FT-IR, 
FT-Raman and 1H NMR). The compounds 1 and 5 were further characterised by single- 
�F�U�\�V�W�D�O���;�5�'���D�Q�G���R�W�K�H�U�V���E�\���S�R�Z�G�H�U���;�5�'�����7�K�H���G�H�W�D�L�O�V���R�I���L�G�H�Q�W�L�¿�F�D�W�L�R�Q���R�I���V�H�O�H�F�W�H�G���F�R�P�S�R�X�Q�G�V��
are presented in the earlier chapters of the thesis (Chapters III–VII). For interpreting the dock-
ing results, mainly four parameters were considered: Glide score, Glide energy, H-bonds and 
�Q�R�Q���E�R�Q�G�H�G���L�Q�W�H�U�D�F�W�L�R�Q�V�����Y�D�Q���G�H�U���:�D�D�O�V���D�Q�G���H�O�H�F�W�U�R�V�W�D�W�L�F�������%�D�V�H�G���R�Q���W�K�H�V�H�����W�K�H���E�L�Q�G�L�Q�J���D�I�¿�Q�L�W�\��
of the ligand towards the receptor has been discussed. The result demonstrates that all the 
compounds could effectively be docked into the same binding site of each protein. Details of 
�E�L�Q�G�L�Q�J���D�I�¿�Q�L�W�\���R�I���H�D�F�K���O�L�J�D�Q�G���W�R�Z�D�U�G�V���G�L�I�I�H�U�H�Q�W���U�H�F�H�S�W�R�U�V���D�U�H���G�L�V�F�X�V�V�H�G���L�Q���G�H�W�D�L�O���E�H�O�R�Z��

1.	 N-Methyl-2-((3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide (H2L1)
The amino acid residues in the active site of RR M2 subunit are Glu 232, Gly 233, 
Le 234, Phe 236, Ser 237, Val 327, Arg 330, Leu 331, Glu 334, Asp 271, Glu 260, 
Cys 270, Leu 268, Gly 267, Glu 266, Arg 264, Phe 244, Met 350 and Ser 263.  
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The compound was docked deeply into the active site region making interactions 
with the residues Asp 271 and Ser 263. The compound formed three hydrogen 
bonded contacts through Ser 263 and Asp 271 with the NH functionality and Ser 
263 with the SH group. Certain very prominent interactions between the compound 
and the active site residues Gly 703, Ar 887, Glu 660 and Phe 636 of DNA meth-
yltransferases were observed. The other residues that were found in the locality of 
this docked ligand were Leu 635, Phe 636, Asp 637, Gly 638, Le 639, Ala 640, Thr 
641, Gly 642, Glu 752, Trp 889, Ser 888, Arg 887, Ser 665, Cys 662, Gly 660, Ser 
659, Gly 703, Ser 704, Pro 705, Cys 706, Cys 662, Val 661, Glu 660, Asp 682, Val 
683, Arg 684 and Leu 726. The amino acid residues in the active site of HDAC8 
were Arg 37, Le 34, Lys 33, Tyr 306, Gly 305, Gly 304, Gly 303, Asp 178, He 180, 
Gly 151, Phe 152, Cys 153, Asp 101, Asp 267, Phe 206, Phe 208, His 143, Gly 206, 
Met 274 and Trp 141. H2�/�����E�L�Q�G�V���L�Q���W�K�H���S�R�F�N�H�W�V���G�H�¿�Q�H�G���E�\���$�V�S�����������D�Q�G���*�O�\����������
of HDAC8. It is found that H2L1 is able to bind all the selected targets (Fig. 1). The 

Fig. 1. Crystal structures of (a) HDAC8 (PDB ID: 1T69) with SAHA, (b) DNA methyl-
transferase (PDB ID: 2QRV) and (c) RR R2 subunit (PDB ID: 2UW2).

(a) (b)

(c)
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docking results for the inhibitory compound, H2L1 are reported in Table 1. Fig. 2  
shows the docked pose of the inhibitor, H2L1 inside the binding pockets of the  
proteins (a) PDB ID: 2UW2, (b) PDB ID: 2QRV and (c) PDB ID: 1T69.

Table 1. Glide score and Glide energy of H2L1

Protein Glide Score Glide Energy

Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2)� 7.047803 � 47.1708

DNA methyltransferase (PDB ID: 2QRV) � 4.32107 � 18.399939

Histone deacetylase 8 (PDB ID: 1T69 � 5.034831 � 31.793303

Fig. 2. Docked pose of the inhibitor, H2L1 inside the binding pockets of proteins. (a) PDB 
ID: 2UW2, (b) PDB ID: 2QRV and (c) PDB ID: 1T69.

(a) (b)

(c)
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Fig. 3. Docked pose of the inhibitor, H2L2 inside the binding pockets of proteins. (a) PDB 
ID: 2QRV and (b) PDB ID: 1T69.

(a) (b)

2.	 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-car-
bothioamide (H2L2)
The compound, H2�/�����E�L�Q�G�V���L�Q���W�K�H���S�R�F�N�H�W���G�H�¿�Q�H�G���E�\���$�V�S�����������D�Q�G���6�H�U�����������R�I���5�5��
�0�����V�X�E�X�Q�L�W�����,�W���E�L�Q�G�V���L�Q���W�K�H���S�R�F�N�H�W���G�H�¿�Q�H�G���E�\���9�D�O�����������D�Q�G���*�O�X�����������R�I���'�1�$���P�H�W�K-
�\�O�W�U�D�Q�V�I�H�U�D�V�H�����,�W���E�L�Q�G�V���L�Q���W�K�H���S�R�F�N�H�W���G�H�¿�Q�H�G���E�\���$�V�S�����������R�I���+�'�$�&�������7�K�H���G�R�F�N�L�Q�J��
results for H2L2 are reported in Table 2. Fig. 3 shows the docked pose of the inhib-
itor, H2L2 inside the binding pockets of the proteins (a) PDB ID: 2QRV and (b) 
PDB ID: 1T69.

Table 2. Glide score and Glide energy of H2L2

Protein Glide Score Glide Energy

Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2)� 5.13638 � 47.9122

DNA methyltransferase (PDB ID: 2QRV) � 3.11166 � 44.3094

Histone deacetylase 8 (PDB ID: 1T69 � 3.03165 � 35.7943

3.	 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone(HL3)
The compound docked deeply into the active site region of ribonucleoside diphosphate 
reductase M2 subunit, making three hydrogen bonding interactions with the residues 
Arg 330, Glu 334, Asp 271 and Ser 263. The compound docked deeply into the active 
site region of DNA methyltransferase, making interactions with the residues Glu 660, 
Phe 636, Gly 703, Trp 889 and Ser 263. It docked deeply into the active site region of 
HDAC8, making hydrogen bonded interactions with the residues His 143, He 180, Asp 
178, Asp 101, Gly 151 and Ser 263. The docking results for HL3 are reported in Table 3.  
Fig. 4 shows the docked pose of the inhibitor HL3 inside the binding pockets of the 
proteins (a) PDB ID: 2UW2, (b) PDB ID: 2QRV and (c) PDB ID: 1T69.
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Table 3. Glide score and Glide energy of HL3

Protein Glide Score Glide Energy

Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2)� 6.438 � 43.039

DNA methyltransferase (PDB ID: 2QRV) � 6.222 � 45.642

Histone deacetylase 8 (PDB ID: 1T69) � 8.148 � 34.238

(a)

Fig. 4. Docked pose of the inhibitor, HL3 inside the binding pockets of proteins. (a) PDB 
ID: 2UW2, (b) PDB ID: 2QRV and (c) PDB ID: 1T69.

(c)

(b)
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4.	 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]hydrazinecarbon-
othioyl}-N-methyl- N-phenylhydrazine-1-carbothioamide (H2L4)
The compound H2�/�����E�R�X�Q�G���L�Q���W�K�H���S�R�F�N�H�W���G�H�¿�Q�H�G���E�\���$�V�S�������������6�H�U�����������D�Q�G���7�\�U����������
of RR. H2L4 stabilized within the active site of DNA methyltransferase through 
hydrogen bonding interactions with Arg 887, Val 661 and Glu 663 residues. It 
�E�R�X�Q�G���L�Q���W�K�H���S�R�F�N�H�W���G�H�¿�Q�H�G���E�\���$�V�S�������������3�K�H�������������*�O�\�����������R�I HDAC8. The dock-
ing results for the inhibitory compound H2L4 are reported in Table 4. Fig. 5 shows 
the docked pose of the inhibitor H2L4 inside the binding pocket of protein (PDB 
ID: 2UW2).

Fig. 5. Docked pose of the inhibitor, H2L4 inside the binding pocket of protein (PDB ID: 
2UW2).

Table 4. Glide score and Glide energy of H2L4

Protein Glide Score Glide Energy

Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2)� 8.13072 � 56.5909

DNA methyltransferase (PDB ID: 2QRV) � 3.99925 � 45.9494

Histone deacetylase 8 (PDB ID: 1T69) � 4.18525 � 38.1185
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5.	 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N- 
methyl-N-phenylhydrazine-1-carbothioamide (H2L5)
The compound stabilized within the active site of RR through four prominent hydro-
�J�H�Q�� �E�R�Q�G�L�Q�J�� �L�Q�W�H�U�D�F�W�L�R�Q�V���� �¿�U�V�W�� �E�H�W�Z�H�H�Q�� �W�K�H�� �R�[�\�J�H�Q�� �D�W�R�P�� �R�I�� �P�H�W�K�R�[�\�� �J�U�R�X�S�� �D�Q�G��
Arg330 residue, second and third interactions between NH group and Asp 271, while 
fourth interactions between NH group and Ser 263 residue. The compound H2L5 sta-
bilized within the active site of DNA methyltransferase through two prominent hydro-
�J�H�Q���E�R�Q�G�L�Q�J���L�Q�W�H�U�D�F�W�L�R�Q�V�����7�K�H���¿�U�V�W���E�H�W�Z�H�H�Q���W�K�H���1�+���J�U�R�X�S���D�Q�G���$�V�Q�����������U�H�V�L�G�X�H���Z�K�L�O�H��
the second between SH and Asn 707 residue. H2�/�����E�R�X�Q�G���L�Q���W�K�H���S�R�F�N�H�W���G�H�¿�Q�H�G���E�\��
�$�V�S�������������$�V�Q�����������R�I���'�1�$���P�H�W�K�\�O�W�U�D�Q�V�I�H�U�D�V�H�����,�W���E�R�X�Q�G���L�Q���W�K�H���S�R�F�N�H�W���G�H�¿�Q�H�G���E�\���$�V�S��
101, Phe 208 of HDAC8. The docking results for the inhibitory compound H2L5 are 
reported in Table 5. Fig. 6 shows the docked poses of the inhibitor, H2L5 inside the 
binding pockets of the proteins (a) PDB ID: 2UW2 and (b) PDB ID: 1T69.

Table 5. Glide score and glide energy of H2L5

Protein Glide Score Glide Energy

Ribonucleoside diphosphate reductase M2 subunit (PDB ID: 2UW2)� 6.46082 � 43.6959

DNA methyltransferase (PDB ID: 2QRV) � 3.99925 � 3.11166

Histone deacetylase 8 (PDB ID: 1T69 � 3.60968 � 36.5944

Fig. 6. Docked pose of the inhibitor, H2L5 inside the binding pockets of proteins. (a) PDB 
ID: 2UW2 and (b) PDB ID: 1T69.

(b)(a)
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4. Conclusions

The results of this study can be helpful for the design and development of new compounds 
having enhanced inhibitory activity against several types of cancer. These compounds 
will be hopeful candidates for anticancer studies. The molecular docking studies revealed 
�W�K�D�W�� �D�O�O�� �W�K�H�V�H�� �F�R�P�S�R�X�Q�G�V�� �K�D�Y�H�� �D�I�¿�Q�L�W�\�� �W�R�Z�D�U�G�V�� �W�K�H�� �D�F�W�L�Y�H�� �V�L�W�H�� �R�I�� �5�5�� �0���� �V�X�E�X�Q�L�W�� �Z�L�W�K��
Glide score ranging from �5.13638 to �8.13072. They can further be explored as selective 
RR inhibitors. It is also found that the compound 3-formylchromone N(4)-methyl-N(4)-
�S�K�H�Q�\�O�W�K�L�R�V�H�P�L�F�D�U�E�D�]�R�Q�H�� ���+�/������ �K�D�V�� �D�I�¿�Q�L�W�\�� �W�R�Z�D�U�G�V�� �D�O�O�� �W�K�H�� �V�H�O�H�F�W�H�G�� �W�D�U�J�H�W�� �Z�L�W�K�� �J�R�R�G��
binding score and is a good candidate for anticancer studies. This can further be validated 
in wet lab studies.
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C H A P T E R  X

ANTIMICROBIAL STUDIES

1. Introduction

Nowadays, there is an increasing interest in research to develop new antimicrobial agents 
from different sources to combat microbial resistance. The foundation of modern chemo-
therapy has mainly been due to the efforts of Dr. Paul Ehrlich (1910) who found Salvarsan, 
an arsenic derivative effective against syphilis. Paul Ehrlich used the term chemotherapy 
for curing infectious diseases without causing any injury to the host tissue, using known 
chemotherapeutic agents such as antibacterial, antiprotozoal, antiviral, antineoplastic, 
antitubercular and antifungal agents. Later in 1935, Domagk was credited with the discov-
�H�U�\���R�I���V�X�O�I�R�Q�D�P�L�G�R�F�K�U�\�V�R�L�G�L�Q�H�²�W�K�H���¿�U�V�W���F�R�P�P�H�U�F�L�D�O�O�\���D�Y�D�L�O�D�E�O�H���D�Q�W�L�E�L�R�W�L�F��1

Antimicrobial drugs may either kill microorganisms completely or simply prevent their 
growth. There are various ways in which these agents may exhibit their antimicrobial 
activity. They may inhibit cell-wall synthesis, protein synthesis, nucleic acid synthesis, 
enzymatic activity, folate metabolism, or may damage cytoplasmic membrane.2

In order to evaluate or screen in vitro antimicrobial activity of a compound, various lab-
oratory methods can be used. The methods used for evaluation are the following: turbido-
metric method, agar-streak dilution method, serial dilution method, agar diffusion method. 
The techniques used in agar diffusion methods are agar cup method, agar ditch method and 
paper disc method.3 We have used the agar paper disc diffusion method to evaluate the anti-
bacterial activity.4 This method yields a zone of inhibition in millimeters (mm).4 It indicates 
�W�K�H���D�P�R�X�Q�W���R�I���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�J�H�Q�W�V���W�K�D�W���L�V���Q�H�H�G�H�G���W�R���L�Q�K�L�E�L�W���W�K�H���J�U�R�Z�W�K���R�I���V�S�H�F�L�¿�F���P�L�F�U�R�R�U-
ganisms. It is carried out in petri plates. The agar disc diffusion method is not appropriate to 
determine the minimum inhibitory concentration (MIC), as it is impossible to quantify the 
amount of the antimicrobial agent which has diffused into the agar medium. 

�7�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���F�R�Q�G�L�W�L�R�Q�V���W�R���E�H���V�D�W�L�V�¿�H�G���I�R�U���V�F�U�H�H�Q�L�Q�J���W�K�H���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�F�W�L�Y�L�W�\��
of a compound are listed below:

1.	 The test organisms and substance to be evaluated should be in intimate contact.
2.	 Necessary conditions should be provided for the growth of the microorganisms.
3.	 Conditions should be same throughout the study.
4.	 Aseptic/sterile environment should be maintained.

Nowadays, it is found that most of the microbes are resistant towards the available antibiot-
ics. So, there is a crucial need for the development of new and useful antimicrobial agents. 
Therefore, designing antimicrobial agents which are distinct from those of the classical 
antibiotics becomes one of the main objectives of our current study. Our literature survey 
revealed that Schiff’s bases exhibit immense biological activities.5,6 This chapter portrays 
�W�K�H���D�Q�W�L�P�L�F�U�R�E�L�D�O���V�F�U�H�H�Q�L�Q�J���R�I���¿�Y�H���O�L�J�D�Q�G�V���D�Q�G���W�K�H�L�U���V�H�O�H�F�W�H�G���P�H�W�D�O���F�R�P�S�O�H�[�H�V���V�\�Q�W�K�H�V�L�]�H�G��
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by us. For the sake of convenience, the antimicrobial studies are discussed in two subsec-
tions, A and B and the ligands synthesized by us were named as follows: 

1.	 N-Methyl-2-((3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)(phenyl)
methylene)-N-phenylhydrazinecarbothioamide (H2L1).

2.	 2-[2-(Diphenylmethylidene)hydrazine]-N-methyl-N-phenylhydrazine-1-carboth-
ioamide (H2L2).

3.	 3-Formylchromone N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3).
4.	 2-{2-[(4-Hydroxy-3-methoxyphenyl)methyl idene]hydrazinecarbon-

othioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide (H2L4). 
5.	 2-{2-[(3,4-Dimethoxyphenyl)methylidene]hydrazinecarbonothioyl}-N-me-

thyl-N-phenylhydrazine-1-carbothioamide (H2L5).

SECTION A

A. Antibacterial studies of ligands and selected metal complexes 

The synthesized compounds were tested in vitro for their antibacterial activity against 
Gram-positive and Gram-negative organisms by Kirby–Bauer agar disc diffusion method.7

2. Materials and methods

2.1. Bacterial strains

The bacterial strains used were Staphylococcus aureus, Enterococcus faecalis, Bacillus  
subtili, Escherichia coli, Pseudomonas aeruginosa and Klebsiella pneumonia. These 
strains were obtained from Medical college, Kannur. Mueller–Hinton agar medium was 
used in this method.

2.2. Preparation of Mueller–Hinton agar

1.	 Beef infusion: 300 g
2.	 Acid hydrolysate of casein: 17.5 g
3.	 Starch: 1.5 g
4.	 Agar: 17 g
5.	 Distilled water: 1 L

2.3. Kirby–Bauer agar disc di�usion method 

Stock solutions with 2 mg/mL concentration of the test compounds were prepared in 1% 
DMSO. The stock solution was suitably diluted with sterilized distilled water to get solu-
tions of concentrations of 200, 20 and 2 ppm. Nutrient agar medium, 25 mL was poured 
�L�Q���H�D�F�K���S�H�W�U�L�S�O�D�W�H�����$�I�W�H�U���V�R�O�L�G�L�¿�F�D�W�L�R�Q�������������P�/���R�I���W�H�V�W���E�D�F�W�H�U�L�D���Z�D�V���V�S�U�H�D�G���R�Y�H�U���W�K�H���P�H�G�L�X�P��
using a spreader. Filter paper discs, approximately 6 mm in diameter were soaked with 
10 µl of the test solution. It was allowed to dry and placed in the previously prepared agar 



177

plates. Each disc was pressed down to ensure complete contact with the agar surface. They 
were distributed evenly so that they are not closer than 24 mm (centre-to-centre) from 
each other. These petriplates were kept in the refrigerator for 24 hours for pre-diffusion. 
The agar plates were then incubated at 37ºC. After 16–18 hours of incubation, each plate 
was examined. The activity results were calculated as a mean of triplicates. The zone of 
inhibition was carefully measured in millimeters. A paper disc treated with DMSO served 
as negative control. Kanamycin and methicillin are used as standard drugs.

3. Results and discussion

The preliminary antibacterial screening results revealed that the metal complexes showed 
�V�L�J�Q�L�¿�F�D�Q�W���D�F�W�L�Y�L�W�L�H�V���F�R�P�S�D�U�H�G���W�R���W�K�H���O�L�J�D�Q�G�V�����$�O�O���R�I���W�K�H���V�H�O�H�F�W�H�G���F�R�P�S�R�X�Q�G�V���V�K�R�Z�H�G���J�R�R�G��
activities against S. aureus and K. pneumonia. However, most of them showed no activity 
against B. subtili even at higher concentrations. Another observation was that all copper com-
plexes exhibited higher inhibition towards most of the bacterial strains. The results of antibac-
terial studies by agar disc diffusion method are tabulated in Table 1 and shown in Figs. 1–3. 

Table 1. Preliminary in vitro antibacterial screening studies of the ligands and their 
selected complexes

Sl 
No.

Compound Diameter of Zone of Inhibition(mm)

Staphylo-
coccus 
aureus

Entero-
coccus 
faecalis

Bacillus 
subtili

Escheri-
chia coli

Pseudo-
monas 
aeruginosa

Klebsiella 
pneumonia

1 H2L1 7 – – 8 8 10

2 [Cu(HL1)2]H2O 10 10 – 7 10 15

3 [Cu(HL1)Cl] 7 8 – 7 7 18

4 [Cu(HL1)NO3] 8 7 – 7 10 18

5 [CuHL1)2(OH)2]5H2O 14 8 – – – 8

6 [Zn(HL1)2] 7 10 – 8 8 11

7 [Zn(HL1)2(NO3)2 ]4H2O 10 10 – 7 7 10

8 H2L2 10 – – 9 7 15

9 [Mn(HL2)2]H2O 13 8 – 10 7 18

10 [Co(H2L2)2]Cl2 11 7 – 11 8 19

11 [Co(H2L2)2](NO3)2 10 7 – 10 7 15

12 Ni(H2L2)(CH3COO)2 10 8 7 10 10 13

13 [Cu(HL2)NO3]2 2H2O 18 8 7 11 8 22

14 [(Cu(HL2)(H2O)2)SO4] 18 8 7 10 10 20

15 [Zn(H2L2)(CH3COO)2] 2H2O 18 7 8 11 8 21

16 HL3 5 10 5 12 15 8

17 [Cu(L3)2] 8 14 8 18 17 20

18 [CuL3Cl] H2O 8 10 8 18 15 9

19 [Zn(L3)CH3COO]2H2O 8 13 7 13 17 10

20 [Co(L3)OH] 4H2O 10 10 6 10 18 9

21 H2L4 5 9 4 – – 14

22 [Cu2 
L4(CH3COO)3] 9 9 5 – – 20
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Fig. 1. Zone of inhibition for Enterococcus faecalis (6).

Fig. 2. Zone of inhibition for Pseudomonas aeruginosa (18).

Sl 
No.

Compound Diameter of Zone of Inhibition(mm)

Staphylo-
coccus 
aureus

Entero-
coccus 
faecalis

Bacillus 
subtili

Escheri-
chia coli

Pseudo-
monas 
aeruginosa

Klebsiella 
pneumonia

23 [Cu2 (HL4)Cl3] 9 9 5 – – 12

24 [Zn(HL4)CH3COO] 10 9 8 – 8 12

25 H2L5 4 4 – – – 10

26 [Cu2 (L5)(CH3COO)3] 6 8 – – – 12

27 [Cu2(H2L5)Cl3] 6 8 – – – 12

28 [Zn(HL5)CH3COO] 8 6 6 – 6 10

Kanamycin 12 9 12 12 10 20

Methicillin 10 8 10 15 12 25

DMSO – – – – –
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SECTION B

B. Antifungal studies of ligands and selected complexes 

The antifungal activities of the ligands and complexes were tested for their effect on the 
growth of microbial cultures.

2. Materials and methods

The fungal strains used were Aspergillus niger, Alternaria alternata, Colletotrichum 
gloeosporioides and Sclerotium rolfsii. These strains were obtained from Department of 
Botany, the Zamorin’s Guruvayurappan College, Calicut. Potato-Dextrose agar medium 
was used in this method.8 

2.1. Preparation of Potato dextrose agar medium

Potato: 200 g
Dextrose: 20g
Agar-agar: 20g 
Distilled water: 1000 mL

2.2. Procedure

Potato dextrose agar medium was prepared by using potato, dextrose, agar-agar and dis-
tilled water. Appropriate quantities of the compounds in DMSO were added to potato dex-
trose agar medium in order to get concentrations of 20, 40 and 60 ppm of compound in the 
medium. The medium was poured into a set of three petriplates under aseptic conditions 
�L�Q���D���O�D�P�L�Q�D�U���À�R�Z���K�R�R�G�����:�K�H�Q���W�K�H���P�H�G�L�X�P���L�Q���W�K�H���S�O�D�W�H�V���V�R�O�L�G�L�¿�H�G�����P�\�F�H�O�L�D�O���G�L�V�F�V���R�I�������P�P��
in diameter cut from the periphery of the 48 hours old culture were aseptically inoculated 
upside down in the centre of the petriplates. These treated petriplates were incubated at 
room temperature until fungal growth in the control petriplates was almost complete. The 

Fig. 3. Zone of inhibition for Klebsiella pneumonia (17).
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mycelial growth of fungi (mm) in each petriplates was measured diametrically and growth 
inhibition (I ) was calculated by using the formula: 

Percentage inhibition = C �í��T/C x 100

where C and T are the diameters of the fungal colony in the control and the test plates, 
respectively.

3. Results and discussion

The results of antifungal activities are tabulated in Tables 2 -6 and shown in Figs. 4 -7. The 
studies revealed that metal complexes inhibit the growth of all the four fungal strains more 
than the ligands even at very low concentration. The higher activity of metal chelates may 
be attributed to their increased lipophilic nature due to chelation. Out of the four fungal 
strains, ligands and complexes show very high activity against S. rolfsii. 3-Formylchromone 
N(4)-methyl-N(4)-phenylthiosemicarbazone (HL3) and its complexes showed greater activ-
ity towards all the fungal strains and may be due to the existence of chromone ring in 
these compounds. It was also observed that the activity of 2-{2-[(3,4- Dimethoxyphenyl)
methylidene]hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide 
(H2L5) and its complexes was less than that 2-{2-[(4-Hydroxy-3-methoxyphenyl)methylidene]
hydrazinecarbonothioyl}-N-methyl-N-phenylhydrazine-1-carbothioamide (H2L4) and its 
complexes. This may be due to the presence of additional methoxy group in H2L5. 

Table 2. Preliminary in vitro antifungal screening studies of H2L1 and its complexes

Fungi Percentage of Inhibition

H2L1 [Cu(HL1) 2] [Cu(HL1)Cl] [Cu(HL1)NO 3] [(CuHL1) 2 

(OH)2]5H2O 
[Zn(HL1) 2]

Conc. (ppm) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

A. niger 38 49 48 58 62 80 44 63 85 46 58 80 38 55 75 64 60 72

A. alternata 30 38 42 40 56 77 49 71 78 47 65 80 60 74 85 64 62 65

C. gloeosporioides36 37 38 62 60 60 70 85 85 64 75 80 37 48 73 40 62 83

S. rolfsii 35 55 40 68 88 95 76 85 95 70 85 95 72 87 95 75 88 92

Table 3. Preliminary in vitro antifungal screening studies of H2L2 and its complexes

Fungi Percentage of Inhibition

H2L2 Mn(HL2) 2 
H2O 

[Cu(HL2)
NO3]22H2O 

[(Cu(HL2)
H2O)2SO4]

Zn(H 2L2)(CH 3COO)2 
2H2O

Conc. (ppm) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

A. niger 40 45 47 60 62 64 75 75 85 73 75 85 70 73 76

A. alternata 40 43 43 42 55 62 60 68 70 56 66 76 60 62 72

C. gloeosporioides20 25 27 34 35 45 26 27 38 26 27 29 50 52 54

S. rolfsii 55 65 70 67 75 82 80 85 90 81 88 90 67 77 80
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Table 4. Preliminary in vitro antifungal screening studies of HL3 and its complexes

Fungi Percentage of Inhibition

HL3 [Cu(L3)2] [CuL3Cl]H 2O [Zn(L3)CH 3COO]2H2O [Co(L3)OH]4H 2O

Conc. (ppm) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

A. niger 53 65 70 65 75 84 68 70 82 65 72 78 65 65 71

A. alternata 48 55 70 58 70 84 56 69 85 62 74 86 50 64 74

C. gloeosporioides45 68 70 60 64 80 55 75 82 60 78 86 48 68 74

S. rolfsii 67 70 74 70 85 96 68 87 96 67 84 95 65 68 78

Table 5. Preliminary in vitro antifungal screening studies of H2L4 and its complexes

Fungi Percentage of Inhibition

H2L4 [Cu2 (HL)(CH 3COO)3] [Cu2(HL)Cl 3] [Zn(HL)CH 3COO]

Conc. (ppm) 20 40 60 20 40 60 20 40 60 20 40 60

A. niger 50 67 65 65 79 85 68 70 82 55 62 90

A. alternata 38 45 50 58 70 70 56 69 75 62 74 84

C. gloeosporioides 35 50 58 60 64 70 55 75 82 60 73 89

S. rolfsii 57 76 80 68 74 85 65 80 86 69 78 86

Table 6. Preliminary in vitro antifungal screening studies of H2L5 and its complexes

Fungi Percentage of Inhibition

H2L5 [Cu2 (HL5)(CH 3COO)3] [Cu2(HL5)Cl 3] [Zn(HL5)CH 3COO]

Conc. (ppm) 20 40 60 20 40 60 20 40 60 20 40 60

A. niger 45 58 60 60 65 75 55 67 77 50 59 79

A. alternata 35 38 45 50 60 70 53 59 69 50 64 80

C. gloeosporioides 25 50 59 50 53 68 48 63 75 58 65 80

S. rolfsii 50 68 70 56 65 69 60 75 82 61 76 80
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Fig. 4. In vitro antifungal activity of compounds against Aspergillus niger. (a) ligand,  
(b) and (c) complexes.

(a) (b)

(c)

Fig. 5. In vitro antifungal activity of compounds against Alternaria alternata. (a) ligand, 
(b) and (c) complexes.

(a) (b)

(c)
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Fig. 6. In vitro antifungal activity of compounds against Colletotrichum gloeosporioides. 
(a) ligand, (b) and (c) complexes.

(a) (b)

(c)

Fig. 7.  In vitro antifungal activity of compounds against Sclerotium rolfsii. (a) ligand,  
(b) and (c) complexes.

(a) (b)

(c)
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4. Conclusions 

The observations in this study revealed selective activities of the compounds against 
�P�L�F�U�R�E�H�V�����$�W���W�K�L�V���S�K�D�V�H�����L�W���L�V���K�D�U�G���W�R���¿�Q�G���D���V�L�P�S�O�H���H�[�S�O�D�Q�D�W�L�R�Q���I�R�U���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�F�W�L�Y�L�W�L�H�V��
of these compounds and further studies will be needed to clarify these observations.
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