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Abstract: NMR, IR and Raman spectroscopic studies were used to probe the presence of MLCT phenomenon in
four macrocyclic diamagnetic hexa-coordinate complexes: [LsFe]** and [LsCo]®*, where (L= 2,2 -bipyridine
and 1,10-phenanthroline) by DFT implemented in ADF.2012.01 After pre-optimization of complexes, the NMR
parameters: Chemical Shifts of constituents (5 M"™, 5**N, 5*3C, and ¢'H), their total NMR shielding tensors
(eM™, 6N, ¢**C, and ¢'H) containing 2 diamagnetic and 4 paramagnetic contributions, k and j were obtained
by using the “NMR Program” with Single Point, LDA or GGA, Default, None, Collinear, Nosym using TZP or
TZ2P Basis sets leaving Unrestricted command blank. IR and Raman frequencies of normal modes of
Fundamental vibration bands of complexes were obtained by using Frequencies and Raman full key points.
Values of two NMR parameters (o, J) inferred that the 24 Hydrogens were of 4 different types and all the 6
Nitrogens were of the same type in all of the four studied complexes. However in tris(Bipy) complexes, the 30
Carbons belonged to 5 different types while the 36 Carbons showed 6 different types in tris(Phen) complexes.
NMR parameter (H"") for all of the four complexes was calculated. The presence of MLCT phenomenon in
these complexes was confirmed by a large increase in o**N values for coordinated ligands in these complexes
relative to the uncoordinated ligands. The 177 and 195 vibration bands of the two types of complexes
respectively were classified into vibration symmetries, IR and Raman activities. Some thermal parameters such
as zero point energy, entropy, internal energy and constant volume capacity of the complexes were also
calculated and reported here.

Keywords: Chemical Shift, Total NMR Shielding Tensor, Spin-Spin Coupling Constant, Fermi-contact,
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I.  Introduction

Transition metal complexes have attracted much attention of the current research because of their
potential applications in a wide variety of areas including catalysis(1, 2), components for water splitting reaction
(3, 4), energy storage devices(5), sensors (6) and biologically important materials (7-11). A variety of transition
metal complexes have been developed so far in which the metal ion binds with the bidentate ligands such as
bipyridine(Bipy) and phenthroline (Phen), following the first article published by Fukuda and Sone (12).

Investigations of Metal to Ligand Charge Transfer (MLCT) complexes have a rich history (13-16),
because of their rich optoelectronic and magnetic properties. Transition metal complexes of I* transition metal
series have attracted much attention of the researchers due to a strong desire to synthesize stable
photosensitizers using environmentally sustainable materials, replacing more commonly used precious metals
such as ruthenium(17, 18).

We have recently reported (19-22), the use of Computational Chemistry to prove the presence of
MLCT phenomenon in macro cyclic 2,2-bipyridine and 1,10-phenanthroline paramagnetic complexes of 1%
transition series metal ions by applying the NMR rather than the commonly used vibration and the electronic
spectral techniques.

Here we present the Density Functional Theory (DFT) implemented in ADF 2012.01 to study MLCT
phenomenon in four diamagnetic complexes of the two ligands 2,2-bipyridine and 1,10-phenanthroline where
each of these two ligands bind with both Fe(ll) and Co(lll) metal ions and both having 3d° (tzgﬁ) outermost
electronic configuration. The enantioselective interaction of 1,10-phenanthroline complexes of these two metal
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ions was used as a structural probe and mediators of DNA cleavage reactions (24-27). Only a few most relevant
papers of these metal ions using DFT would find here a mention here for these tris(bipy) and tris(phen)
complexes as follows:

Latevi Max Lawson Daku studied Spin- state crossover phenomenon in low spin [Fe(bipy)s]** (28) and high
spin/low spin energy difference (29) while M. Buhl and F.T. Mauschick studied thermal and solvent effects on
¥Fe NMR Chemical Shifts (30, 31). M. Irwin et al studied the electronic properties of Fe(ll) (23) bipyridyl
radical anion (32), Morigakii, Milton. K. et al studied electronic propertied of mixed octahedral 1,10-
phenanthroline and 2, 2-bipyridine complexes of Fe(ll) (23). Chiniforoshan, H at al (33) studied the interaction
of Pyrazinamide drug with Co(l1l) and Zn(ll) (23) based on 2, 2’-bipyridine and 1, 10-phenanthroline ligands.
Two reasons motivated us to take up this study of four macrocyclic hexa coordinated diamagnetic complexes:
[LsFe]*, and LsCo]** (where L= 2,2"-bipyridine and 1,10-phenanthroline) with D5 point group as follows:

(@) Like our previously studied 22 paramagnetic complexes (19-22), the MLCT character in these four stereo
chemically similar diamagnetic complexes was also, never, studied either experimentally or by any
computational methods using NMR technique before because accurate computations of their NMR parameters
were reported only recently (34).

(b) Spatial equivalence among constituents of complexes needed confirmation.

1. Methodology
Different key words were used in ADF software to obtain a number of the IR, Raman and NMR parameters. The
mutual relations of NMR parameters given by J. Autschbach (34) are shown here for simplicity.

2.1 IR and Raman parameters (35-37)

ADF was run with LDA or GGA by replacing Single Point by Geometry Optimization with Default by
using TZ P and TZ2P basis sets to save the already pre-optimized complex by "Run” under File menu to click
“Read New Coordinates”. Geometry Optimization was replaced by Frequencies, Raman full and run to obtain
frequencies of normal modes of all the Fundamental IR and Raman bands with their IR (dipole strengths and
infrared intensities) and Raman (linear depolarization ratios and Raman intensities) parameters .

2.2 NMR Parameters (35-37)

The software was run by filling in certain key words like Single Point, LDA or GGA, Default, None,
Collinear, Nosym using TZP orTZ2P Basis sets. The Unrestricted command was left blank. The NMR
Program” was run in two steps.

(i) The Shielding Constants of the constituents (cM, 6**C, and ¢''O) were obtained by clicking on numbers of
the species and printing them along with “Isotropic Shielding Constants” and “Full Shielding Constants”. The
Chemical Shifts (M, 8*3C, and 8*'0) were also obtained from the NMR spectra (23).

(i) k and j values of constituents were obtained from the same program by using a new Input File and printing
numbers of Perturbing and Responding nuclei. The ¢ values of constituents contained diamagnetic and
paramagnetic contributions. Diamagnetic contribution was made up of two terms: diamagnetic core tensor {a}
and diamagnetic valence tensor {b}; while the paramagnetic part contained four terms- paramagnetic (b”) tensor
{c}, paramagnetic (u") tensor {d}, paramagnetic (s*) tensor {e} and paramagnetic gauge tensor {f}. These six
terms always contributed to the total value of ¢ in every diamagnetic complex. The software, also, gave Fermi-
contact (k) and spin-spin coupling (j) values.

(@) sM™, 6'H, 6"°C and o™N were equal to the sum of the values of 2 diamagnetic and 4 paramagnetic terms.
(b) & and o of *H and **C were related as follows:

8'H=31.7 - 6'H 1)
8C=181.1- ¢"°C (2)
(c) M and 8N were numerically equal to oM and **N with reverse signs as follows:
gl = -8
(€))
0= -5 "N
I11. Results

Tables: 1A-B showed thermal parameters of complexes. Tables: 2A-B showed optimization parameters
of complexes and M,.M g, and Mg values of the metals. Tables: 3A-B showed o and & values of M™, N, **C
and 'H in complexes. Tables: 4A-B showed 2 diamagnetic and 4 paramagnetic terms (6 in all) in ¢ values of
M™ YN, °C, 'H of complexes. Tables: 5A-B showed k, j and H*" values of M™, *N, *3C and 'H of complexes.
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Tables: 6A-B showed IR and Raman-Active bands of complexes. Table: 7A-B showed "N values of
uncoordinated 2, 2-bipyridine and 1,10-phenanthroline and complexes.

Figures (1, 2) gave ADF numbers for each of the two tris(2,2-bipyridine) and tris(1,10-phenanthroline) metal
complexes respectively.

Parameter (j) was field-independent and mutual (jag = jsa). It was affected both by the nature of
solvent and metal-ligand bond distances and usually transmitted through bonding electrons. Its magnitude
would fall off rapidly with an increase in number of intervening bonds. It might have positive or negative value
as it was positive if energy of A was lower when B had opposite spin as A (off or fa) and negative if energy of
A was lower when B had same spin as A (aa or Bj).

IV. Discussion
Each one of the two tris(bipy) complexes: [BipysFe]*"and [BipysCo]** having 61 constituents differed
only in metal but possessed the same type of 60 atoms: 6 N, 24 H and 30 C while each of the two tris(Phen)
complex: [PhensFe] %" and [PhensCo]** with 67 constituents had a different metal but the same type of 66 atoms
:6N,24Hand36C.

4.1. Calculation of Effective Spin Hamiltonian (H*"") of M™ and **C nuclei

Stereo chemically equivalent perturbing and the responding nuclei possessing same values of k and j
parameters in the 4 diamagnetic complexes. Spin-spin coupling parameter (j) was related to another important
NMR parameter named Effective Spin Hamiltonian (H*"). It gave a mathematical expression that determined
the energy of an NMR transition in a molecule. It was effective in the sense that its solutions reproduce the
nuclear magnetic energy levels in a molecular system without reference to electrons. In a fictitious absence of
surrounding electrons, the shielding constants and indirect spin-spin coupling constants would vanish leaving
the NMR spectrum to be determined by Nuclear Zeeman Term and direct dipolar coupling. A simple relation (4)
to calculate Spin Hamiltonian (H*™) values of the metal ions and the bonded carbon atoms (Tables: 5 A-B)
from their j values was given below(34):

H¥"=6.023jag . Ia I 10" MHz mol™* 4

4.2. Spatial Equivalence of N, C, H from NMR parameters of complexes
4.2.1. [BipysM]** {where M=Fe(11) and Co(l11)} Complexes

SM™, 8N, 8C, 8'H, oM™, o™N, 6™°C, and o'H of the 61 species in each complex having 2
diamagnetic and 4 paramagnetic terms in their o values were reported .All the 6 coordinating N atoms were
spatially equivalent with one value of each of ¢™N, 5N along with the six contributing terms. Both the
complexes contained four types of stereo chemically different H; each type possessing six equivalent protons to
show four different series of values 6*H, 8'H and the 6 contributing terms. The complexes possessed 5 types of
spatially different C atoms; each type having 6 equivalents C as they showed five different series of values of
6"C and 8"C and the 6 contributing terms(Table: 4A).

4.2.2. [PhensM]* {where, M=Fe(I1) and Co(l111)} Complexes

SM™, %N, §%C, 8'H, oM™, 6"N, 6°C, and o'H of all the 67 species in each one of the two
complexes (Table:4B) having six contributing terms in their o values were reported. All the six coordinating N
atoms were spatially equivalent with one value of each of 6™*N, 8N and the 6 contributing terms. All these
complexes contained four types of stereo chemically different H; each type possessing six equivalent protons to
give four different series of values of 6'H, 8'H and the 6 contributing terms. The complexes also contained six
types of spatially different C atoms; each type having six equivalents C to give six different series of values of
6"°C and §"*C and 6 contributing terms (Tables:4B).

4.3. IR and Raman Studies of Complexes

IR and Raman spectra of the four complexes gave definite vibration symmetry symbols of all the
fundamental bands and represented a complex by a Vibration Symmetry Class (38). Bands were classified
according to their IR and Raman activities (Tables: 6 A-B).Contrary to experimental determination (39-41),
Raman intensities of the complexes were calculated from their polarizabilities (42-46).

4.3.1. [BipysM] {where, M=Fe(ll) and Co(l11)} Complexes

Their 177 fundamental bands were divided into symmetry symbols: A;, A,, E containing 30, 29 and
118 bands respectively with Vibration Symmetry Class: {30A; + 29A, + 59E}. They were divided into their IR
{A2(29), E (59)}, Raman {A; (30), A, (29), E (59)}, both IR/Raman {A; (29), E (59)} activities and 30 A; bands
were IR inactive. 29 A, Raman active bands might not be observed in the Raman spectra because of their
negligible Raman intensity {102 %} (Table: 6A).
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4.3.2. [PhensM] {where, M=Fe(l1) and Co(l11)} Complexes
All the normal modes of the195 fundamental bands of both the complexes were found to be singly
degenerate having “A” symmetry with Vibration Symmetry Class [195 A]. All these bands were both IR and
Raman active (Table: 6B).

4.4. MLCT Phenomenon from NMR and IR studies

MLCT would result from the shift of electron charge density from molecular orbitals lie mainly metal
in character to those with predominantly of ligand character to cause an increase the electron density on the
ligand. As o of any nucleus was directly related to its electron density, any change in its ¢ value should serve as
an indicator to the change in electron density on it. Unlike the paramagnetic complexes (19-22) where all the
o™N, 6™C, and o'H values were observed to be higher and the §*N, 5"°C, and &'H values were found to be
lower than their corresponding ¢ and & values in the uncoordinated ligands (19, 20), here the ¢ and & values of
the four diamagnetic complexes showed a slightly different behavior. The 6N and §"N values of the N-
coordinating sites of these four tris complexes showed changes in the right direction with the ¢'*N values
showing an increase (Tables: 7A-B) and "N values exhibiting a decrease to indicate the presence of MLCT
phenomenon in these complexes which showed appreciable increase in o™*N values to confirm the shift of
charge density from the molecular orbitals mainly metal in character to those having predominantly ligands
character and, thereby, cause an increase in the electron density on the ligands despite their 6**C, o*H, §'°C, and
8H, values were found to be comparable to those of the uncoordinated ligands. It was due to the fact that both
these metal ions possessing stable filled tzge set of d orbitals with three sets of paired electrons {Fe(ll) and
Co(111) =3d°®} would be reluctant to transfer their electron cloud to poorly electronegative carbon and hydrogen.

V. Conclusions

(i) NMR technique supported the presence of MLCT phenomenon in the four diamagnetic complexes;
analogous to those of our previous studies for 22 paramagnetic complexes as all of them possessed higher 6**N
values relative to those of the uncoordinated ligand which confirmed an increase in electron density on their
ligands i.e. electron cloud gets transferred from the metal into ligand orbitals in both the ligands as per MLCT
definition.

(ii) We could, also, justify that these four tris complexes having D3 symmetry point group possessed similar
stereochemistry as all the 60 and 66 constituents in the tris(Bipy) and tris(Phen) complexes respectively were
found to occupy the same relative positions around each one of the central metal ion.

Table: 1A. Thermal Parameters of [BipysM]™

Thermal Parameters
Zero
Point e P Constant Volume Capacity
M | Energy Entropy (cal mol' K-} Internal Energy (Kcal mol) Keal mot' K-)
V) |Tran |Rot. |Vib. |Total |Trans. |Rot. |Vib. |Total | Trans |Rot. |Vib. |Total
Fe{ll) | 12528 4463 | 327 | 698 | 14714 | 0889 | 0889 | 301.7 | 3034 | 2981 | 2981 101.0 107.0
Co(llly | 12551 -do- -do- | 693 | 14663 | -do- -do- | 3022 | 3039 | -do- -do- 1007 1067
Table: 1B. Thermal Parameters of [Phen;M]"
Thermal Parameters
Zero
Point t -t ' ConstantVolume Capacity
M | Energy ‘Enuopy(calmol K') ‘lnternaI_Energy!Kcalmol) Keal mol K-')
(eV) Tran Rot |Vib. |Total | Trans. Rot Vib. Total | Trans | Rot. | Vib. Total
|
Fe(ll) 12528 44 63 327 698 | 14714 0B80 | 0B8B9 | 3017 | 3034 | 2981 | 2981 1010 107 1
Cotllly | 1255 do do 69 146 63 dgo oo 3022 | 3039 do do 100.7 106.7
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Table: 2A. Optimization Parameters (kimol™), [Mg,], {M} & (Ms) of [BipysM]™

M+ [Mg,.], {M;} Total bonding Total Energy : Xc~ Nucleus
(Ds) (8) energy™™ LDA(Exchange; Correlation)
Fe(ll) [0.181246], 522234 68 &7
{0.5} (0} ~38930.08 STT7474 62, 4476007 Fe
[1.3220], £31694.02 53,
Col) 1135100 -37678.63 586640.77,-45053.25 co

Table: 2B. Optimization parameters (kJmole™) of [PhensM]™ Complexes

[M]"+ [Mg,.] {M;} Total bonding | Total Energy : Xc© Nucleus
(D) (8) energy”™” LDA(Exchange; Correlation)
[0 181246] 69667417 .
Fel) |51 00) |4°891:30 646056 22, -50617.95 Fe
[ 3220] 706133 68 -
Colll 135 00y |4465393 65522252 50011 15 Co

*Xc is made up of LDA and GGA components; here all have zero GGA
**Bonding energy is computed as an energy difference between molecule and fragments.

Table: 3A. § and o values of M™, N, C

H? in Diamagnetic [Bipy;M]"* Complexes*

M1 |bENDT  |dBHIN  [SBHIT  |9gMIN  |dBHIN  [cgCEl  |sgcm | cgc@m  [egcr  [<acia
M amn o"“N la'H a'H o'H a'H o'iC o alC ai’C a'*C
Fig1 2 74727, |8,1828, |9.19,29, (10,2030 | 11,2131 [3.13,23, 4,14,24, [51525 |6,1626 |2,12,22
37,4757 |38.48.48 394959 |4050,60 |41,51,61 |33,4353 |344454 | 354555 |36 46,56 | 32,4252
Foqy | 940279 | 1820|807 750 6589 an 11853 |11653 [10204 |13496 [16550
8 1o40270 [-1820 |2363 |2411 2481 |27@0 6257 |e457 |7818 4614 [ 1551
conmn | 897690 |-2774 |876 833 752 272 12500 |12401 [10710 [12084 |16188
~Ol | so7600 (2774  |2294 2337|2428 28 58 5601 5708 |7400 |5146 |1022
Table: 3B. sM™, 6N, oH and §H in Diamagnetic [Phen;M]™ Complexes ®
3T e SENPI | §HY SH BHM BHI sCH scm scm sce 5w scr
M oM oN oM oM oH oH oC oC oC oC oC oC
mg2 | 747.29, 91831, [10,2.23, |11,21,33, |203242, (41426, 51525, |6.1628. (81830, |3,13.25 [212.24,
39,5161 41,5363 | 44,4566 |43, 55,65 |54,64,67 |36,48.55 | 37,4959 [38,60.60 [40,52,62 |35,47,57 |36.46,56
Feun | 101297 |1275 |815 827 894 747 |1150 108 |-1315 [170  [11594 [1268
e | jo1207 |4275 |2355 |2343  |za78 2423 6610 |7r020 |40861 |Ba10 6516 | s447
Colll 107748 2915 B85 877 689 80t 12235 115355 12792 1167 11824 12554
oM | 107740 | 2015 |2285 2203 |248 2350 |5875 |6555 |5318 |6140 |6286 |5556

4ADF Numbers in parentheses[Fig.2]; "standard zero; ‘standard 181.1; %standard 31.7; Apply Relations [1, 2, 3]

Table: 4A. Sum of Diamagnetic and Paramagnetic contributions in ¢ of M™, N, C, and H of [BipysM]™

Complexes?®
U oM™ o'*N of each of six N | o'H of 4 types of H each with six H 0'°C of 6 types of C each with six C |
(Fig.1) 717,27, 37,47,67 8, 18, 28, 3B,46,48(9,19,29,39,49 49) 3,13, 23, 33,43,53(4,14, 24 3344 59)
1 [10,20,20,40,50,60) (11,21,31,41,61,61) |[5.15,25,35.45,65] (5,16,26,36,46,58)
(2,12,22,32,42,52)
Dia. Para. Dia. | Para. Dia. Para Dia. Para
Fell) 20433 32158 1-399 27 158 3524 255 1 4925
114461 (28 56T) (-4 456) (258 9) (-1822)
[29 905 [-5.095] [259 6] [-181.4]
{32 881) {-4 8839} (259 1) {212 9)
{{253.1} {{-237 &6}}
Collll) 215810 - 321.82 -2841 26.566 -3.647 255.0 -198.0
111349 (27 .883) (-4.517) (256 9) {-198.7)
[29.314] [-5.034] 1259 6] [-185 8]
132 815) -3831) {259 7) §-208 3}
{{253.3}} {{{-234.7}}
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Table: 4B. Sum of Diamagnetic and Paramagnetic, terms ® in ¢ values of M™, N, H, and C of [PhensM]™

Complexes®
M+ oM G'*N of each of four N | o'H of four types of H c'iC of six types of C
1 7.17,28, 38,5161 9,19,31,41,53,63(10, 22,23,44,4566) | 4,14,26,36,48,58(5,15,25,37,49,59)
(Fig.2) [11,21,33,43,45.65] {20,32,42.54,64,67 |[6,16,28, 38,50,60] {8,18,30.40.52,62}
{3.13,,25,35, 47,57} [2.12,24,36,46,56]
Dia. Para. Dia Para. Dia Para.
Fe(ll) |20379 |-121678 |32261 -3354 2537 -189.1
{256 6 (-186.4)
[236 4] [-206 8]
1255 1} -191.0}
1{253.3}) 18811
fi2539] [-198.5]]
Co(lll) |21521 |-129271 |32272 -2938 27973 5119 2538 -1971
(28086 5.154) {256 5j {-1
[28.832] 4018 [257.0] [-20:
{28 298] 4613} 1255.1} 19
11253.5]) {1908}
fl2542] [-198.7]]

®ADF Numbers. Dia. [Diamagnetic core & valence tensors] Para. [Paramagnetic b?, u®, s® &

gauge tensors]

Table: 5A. k, j and H*®" values of M™, N, C and H in Diamagnetic [BipysM]"* complexes (Fig.1)

Perturbing species® | Responding species® | k®and j9 values | H®P" (107 MHz mol)?
[BipysFe]*
Fe(lh{1) N{TA7 27374757 160834 51 13 582
N{7 17 27 337 47 57) Fe(ll)(1) —do-- -do-
Fe(ll)(1) Fourtypes of H atoms: | —— | —
(818,28 38 48 58) -0072, 0028 0045
(919,29 39 49 59) 0217 0084 0128
(10,20,30,40,50,60) 0282 0.109 0.166
(11,21,31,41.51 61) 1.649, 0.640 0.964
Same fourtypes of H atoms Felll1) —do— -do-
Fe(ll)(1) Fivetypes of C atoms: | ———— | ———
(212223242 52) -0.158 0015 0023
(313,23 334353) 2577 0251 0378
(4 14 24 34 44 54) -0447 0044 -0 066
(5,15,25,35,4555) 6.615, 0.645 0.971
{51626 36 46 56) 7144 0697 1.050
Same five types of C atoms Fe(h1) -do- -do-
[BipysCo]**
Co(lint) N{7 17,27 3374757} 330.20,67.70 1427150
N{7T 1727 3374757) Co(lll1) -do- -do-
Co(llly(1) Fourtypes of H atoms: | —w— | ——
(818,28 38 48 58) -0.145-0.400 4216
(919,29 39 49 59) -0 4851 390 14 631
{(10,20,30 40,50 60} 04751350 14 229
(11,21,31 41 51 61) 0.590 1 870 17 802
Same fourtypes of H atoms Colllly (1) -do- -do-
Co(ll{1) Fivetypes of C atoms: | —— | ——
(21222 3242 52) -19082-13612 143474
(313,23 334353) 5135, 3663 38609
(4 14 24 34 44 54) 2500 1783 18793
(515,25 3545 55) 6376, 4548 47 937
(5,16,26,36 46,56) 10.841,7.734 81518
Same five types of C atoms Co{llly (1) -do- -do-
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Table: 5B. k, j and H*" values of M™, N, C and H in Diamagnetic [PhensM]™ complexes (Fig.2)

Perturbing Species=

| Responding Speci

es= [keand jévalues

[ H=Pin (1077 MHz mol)b

[Phen,Fe]2*
Fe(ll{1) MN(7,17.29, 39, 51.61) 160.8235.4 510 13.582
150.315 4215
MN(7.17.29.39, 51.61) Fe(l{1) --do-- -do-
Fe(ll){1) Fourtypes ofH atoms: | - | ——m-
(9,19,31,41,53.83) 0.228,0.088 -0.542
(10,22,23,44 45 88) 0.095 , 0.037 0.075
(11,21,33,43,55,85) 0.958 02372 -0.75
(20,32,42 54 64 67) 0.364 0141 0.437
Same four types of H atoms Felll){1) --do-- -do-
Fe(ll)(1} Sixtypes of C atoms: | - |-
(2,12,24 36,48 58) 6.659 | 0.650 097
(3,13,25,35,47.57) 3703, 0.361 0.544
(4,14 26 36 48 58) -0.323 . -0.031 -0.047
(5,15,25 37,49 59) 4823 0471 0.709
(6,16,28,38,50 80) 6.129 , 0598 0 900
(8,18,30,40,52 62) 0727, 0.071 0107
Same Six types of C atoms Felll){1)
[Phen;Co]3*
Coflll MN(7.,17.29,38, 51.61) 156.590, 32.106 §77.106
MN(7.17.29, 39, 51.81) Cofllh1) —-do-- -do-
Co(lll}1) Fourtypes of H atoms: | - | =
(9,19.31,41,53.83) 0.095,0.270 2.848
(10,22,23,44 45 68) 0.085,0.240 2.530
(11,21,33,43,55,65) 0968, 2745 28.986
(20,32,42 54 84 67) 04131171 12.279
Same four types of H atoms Coflll}1) --do-- -do-
Coa(lll}1) Sixtypes of C atoms: | - - | meeeeee
(212,24 36 46, 58) 7512 5359 56.485
(3,13,25,35,47.57) 3898 28637 27.795
(4,14,26,36,48 58) -0.436,-0.311 -3.27
(5,15,25,37 49 59) 4757 ,3393 35763
(6,16,26,38,50,60) 6527 , 4656 49075
(8,18,30,40,52 62) 0.740, 0.528 5.565

Same Six types of C atoms

Collll(1)

aADF Numbers in parentheses [Fig: 2]. "Apply Relation (6). °[10" kg m?s > A™]. “ppm

Tahla- AA DNacinnatinn nf IR/Raman Randc and Thair \/ihratinn Qummatrv Claceac

Complex Vibration IR Raman |BothIR and |IRinactive |Raman |Ramanbands | Vibration
[Ds] (Fig.1) | Symmetries |active active Raman bands inactive | not® observed | symmetry

of bands™ bands bands active bands bands Class
[BipysFe]?* | A;(30) Ax(29) Aq(30) Ax(29) Aq(30) Ay (29) [30A+29A,+59E]
BipysCol*™ | a,(20) EG9)  |A29F | E(59)

E(59) E(59)

Ax(29) E(59) Ax(29)F | E(59)

E(59) E(59)

Table: 6B. Designation of IR/Raman Bands and Their Vibration Symmetry Classes

Complex Vibration IR Raman Both IR and IR Raman Raman Vibration
[D4] (Fig.2) | Symmetries |Active |Active Raman active |inactive inactive not? Symmetry

of bands® bands |bands bands bands bands observed | Class
[PhensFe]?* | A{195) A(195) |A(195) A(195) [195A]
[Phen,;Co]**

*Numbers in parentheses indicate bands. Raman active; but intensity being 102°'*°; not observed.

Table: 7A. oN values of 2, 2 -Bipyridine ligand and its complexes

2, 2-Bipyridine

[BipysFe]”*

[BipysCo**

oN

(6) -124.7; (16) -132.4

-18.29 27.74

Table: 7B. oN values of 1,10-P

henanthroline ligand and its complexes

1,10-Phenanthroline

[PhensFe]**

[PhensCo]**

N

-138.4

-12.75 29.15
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\

Fig.2: Fe(ll) and Co(lll) are shown as number 1 atom.
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