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Abstract

Because of their important photonic applications, the curcumin molecules, which can easily
be found in nature, are interesting in the study of nonlinear optical (NLO) properties. Density
functional theory (DFT) calculations on ground state molecular geometries of [(bpy-
CH3)M(curc)] CI complexes, where M = Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Tc, Ru, Rh, Pd,
Ag, Cd, W, Re, Os, Ir, Pt, Au and Hg, have been performed at B3LYP level. Most complexes
have a pyramidal geometry with square base, with a few exceptions well understood from the
electronic structure of the metal atom. Although the pyramid geometry with square base of the
[(bpy-CH3)Zn(curc)] Cl complex is preserved in solution, our DFT calculations show that the
Zn lying above the square plane becomes closer and closer to that plane when the solvent is
more and more polar, whereas the dipole moment increases in the mean time. The calculated
IR spectra for the Zn complex show an increase in the intensity of the peaks of solvated
complexes. The effect of solvent on excitation transition types and electronic spectra of the
transition metal complexes simulated using DFT-CPCM model shows intra-ligand charge
transfer from HOMO to LUMO in polar solvents, but from HOMO to LUMO+1 in apolar
solvents. Among a full set of properties of transition metal series complexes with 21 elements,

it appears that the Mn, Ag and Re complexes are the best candidates to NLO materials.
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Finally, an excellent correlation between the magnetic moments per atom and the number of

valence electron of the central metals is obtained.

Introduction

During the past few decades, a wide number of works have been achieved and published for
materials with remarkable Nonlinear Optical (NLO) properties.!'#! This interest is due to their
technological potentials as well as their vast applications in various domains such as electro-

5.6]

optic (EO) switches and modulators,! the generation of ultrashort laser pulses,

7,8] [9-11]

telecommunications and signal processing,! optical devices and other potential
applications.!'>"!”) Numerous organic NLO materials are excellent candidates for study, hence
their increased attraction and special attention given by researchers following their outstanding
advantages in relation to classic inorganic materials. Such advantages are, for instance, a small
cost of production, low absorption loss, easiness when adjusting and manipulating, decreased

dielectric constants and increased photoelectric coefficients.!* 22!

Curcumin, derived from the dried rhizome of curcuma longa L is famous for its diverse
applications in cosmetics and pharmaceuticals, and its yellow orange pigment is well known.
On the other hand, turmeric (Curcuma Longa) is an Indian spice present in Ayurveda, an
inflammatory medicine known by different names in several cultures. The active principle is

surnamed curcumin or diferuloylmethane.*’]

Curcumin[1,7-bis (4-hydroxy-3-methoxy
phenyl)-1,6-hepta-diene-3,5-dione] has drawn much attention recently, probably because of its
wide uses in biological, pharmaceuticals and cosmetics, which include antiviral, antibacterial,

anticoagulant activities, antifungal,[*¥ antioxidant,'*! anti-inflammatory!?¢! and antitumor.*

In addition to this, curcumin molecules have important photonic applications.?”?%! They are
very interesting in the study of nonlinear optical (NLO) properties considering that they can
easily be found in nature. Organic materials have accentuated it importance recently in the field

(2] because they possess

of optical data storage, telecommunications optical signal processing,
a purely electrical origin of polarizability, coupled with large first hyperpolarizability () with
respect to inorganic materials. In the course of development of second order organic NLO
materials, D-n-A molecules, that are n-conjugate systems attached by a donor (D) and acceptor
(A) group, are the first choice.**?] Excellent linear and nonlinear optical characteristics of

these chromophores and the relative orientation of donor and acceptor cores ameliorate their
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first hyperpolarizability (8) values.**2* It is customary to experimentally measure NLO
properties through hyper-Rayleigh scattering (HRS) in the near infrared, and electric-field

induced second harmonic generation (EFISHG), with femtosecond laser pulses.>-3¢!

Theoretical research and studies of coordination and organometallic compounds are essential
to understand the structure and dynamics of electronic excited states in photochemistry,

37381 By virtue of their rich excited-state behavior and

photophysics, and spectroscopy.
fundamental importance, these researches are pushed more and more by applications of
transition metals (TM) complexes as luminescence based sensors, nonlinear optical materials,
organic lightemitting diodes (OLED), photoinitiators, molecular devices (molectronics),

photocatalysts, solar energy conversions, or triggers of electron transfer in biomolecules.

Presently, density functional theory (DFT) and time dependent DFT (TD-DFT) are becoming
the most advanced tools for the understanding of photophysical properties of organic molecules.
The present study concentrates on DFT calculations of complexes of curcumin [(bpy-
R)M(curc)] Cl where M=Zn and R=CoH9, developed by Pucci et al.**) The computational
study is achieved in order to fathom the effect of the nature of TMs on geometries, electronic
parameters, magnetic moment, thermodynamic characteristics, optical and NLO properties,

aside from finding a correlation between these parameters.

This paper is organized as follow: After a description of the computational details applied to
the experimental molecular structure of the Zn complex, the results are analyzed and then

discussed in detail. The final Section presents our conclusion.
Computational Methods

Starting from the X-ray crystallographic molecular structure of the [(bpy-R)M(curc)] Cl where

[39:40] The calculations have been

M= Zn and R=CoH9, are reported by Pucci and co-workers
performed using Gaussian09,*!l where the R is replaced by CH3 and M = Cr, Mn, Fe, Co, Ni,
Cu, Zn, Mo, Tc, Ru, Rh, Pd, Ag, Cd, W, Re, Os, Ir, Pt, Au and Hg. The DFT method at B3LYP
level and LANL2DZ basis set is used to obtain optimized molecular structure of [(bpy-
R)M(curc)] Cl complexes in the ground state and to calculate thermodynamic parameters, with
no symmetry restrictions. All the optimized structures have been obtained with no imaginary
frequencies through harmonic vibrational frequency calculations. The 0.9614 scaling factor has

been applied to the obtained vibration frequencies, in order to roughly reduce the well know

difference between B3LYP harmonic vibration frequencies and anharmonic experimental



O ~J o Ul W

OO UUTUUTUIUTUTOTOT S DB DB DDEDEDAEDWWWWWWWWWWNNNNNNNNNNRE R R R PR PR e
GO WNPFRPFOWOWOJOUDd WNREFPOOWOIOYUOUDd WNRPFPOWOJOYUIDd WNRFP OWOOLO-JdJOYUd WNEFE OWOWJoY U WNEFE O

ones.[*>*] Starting from the ground-state geometry and in different solvents phase, the
optimized structures, the harmonic vibrational frequencies and the molecular orbital spectra
have been calculated, as well as the electronic optical spectra by using the time-dependent DFT
(TD-DFT) method. Besides, the conductor-like-polarizable continuum model (CPCM)#4-4¢]
has also been used to consider solvent effects. Finally, the linear and nonlinear optical properties
of [(bpy-R)M(curc)] Cl complexes have also been investigated by the calculation of dipole
moment (W), polarizability (&), anisotropy of polarizability (Aa) and first hyperpolarizability(f).

Results and discussion

Structural analyses

The molecular structure of the Zn(II) complex with the atom labels and ground state geometry
optimized by B3LYP level is presented in Scheme 1. The experimental and theoretical

interatomic distances and angles are gathered in Table S-1.

As shown in Scheme 1, the [(bpy-CH3)Zn(curc)] Cl complex has a pyramidal geometry with a
square base, the chlorine atom located at the top of the pyramid and the basal plane is formed
by 2 oxygen and 2 nitrogen. Some calculated bond lengths and angles of the complex, are
compared to their experimental counterparts. The distance between Zn and the centroid of the
NNOO atoms basal plane is equal to 0.697A and it is very comparable to the experimental
results.[*”) The experimental bond lengths of M-Oo. and M-Op were observed respectively at
2.015 A and 2.030 A for M = Zn,"** 2.083 A and 2.073 A for M =Rh,*"1 1.917 A and 1.934 A
for M = Cu.[*®! These bond lengths are calculated as 2.046 A and 2.057 A, 2.056 A and 2.057
A, 1.947 A and 2.114 A, respectively for M = Zn, Rh, Cu.

The M-CI bond length experimentally amounting 2.292A for M = Zn and 2.463 A for M = Rh
is calculated at 2.348 A and 2.597 A, respectively.

The bond angles of Noa-Zn-Nf, Oa-Zn-Of, Noa-Zn-Oo and NB-Zn-Of which are
experimentally found at 76 deg, 99 deg., 86 deg. and 91 deg., respectively, are calculated at 74
deg., 88 deg., 88 deg. and 88 deg.. The largest bond angle Oa-Zn-Of was experimentally
observed at 150 deg., and the bond angle of OB-M-Na is calculated at 152 deg.. The torsion
angle Na-NB-OB-Oa found experimentally at -2 deg. is theoretically calculated at 15 deg..
These results indicate that this level of theory lets reproduce satisfactorily the experimental

results.
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Scheme 1. Geometry and structure with atomic numbering of [(bpy-R)Zn(curc)]Cl complex.

Figure 1 shows an excellent linear correlation between Mulliken charge and Pauling

electronegativity!*>>% with R2 = 0.916 for the third row transition metals.
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Electronegativity

Figure 1. The correlation between Mulliken charge and electronegativity of the central metal

of [(bpy-CH3)M(curc)]Cl complexes, with a margin of error £0.1 on electronegativity.

As shown in Figure 2, Mulliken charges vary linearly with the inverse of the atomic number Z
for the first four columns starting from column 6 (which contains Cr, Mo and W) up to the
column 9. This indicates that when Z increases within a column, the metal-ligand bond becomes
more ionic, whereas, within a row, the ionicity decreases. On the other hand, a good linear
correlation with the atomic number Z is obtained for the column 10 (Ni, Pd and Pt) with R? =
0.998. For the last two columns, there is no correlation, one reason being that the corresponding
complexes differ in geometry and possess the largest values of the dipole moment when
compared to the values of the elements of the previous columns. Let us recall that the elements
of the 11th and 12th column of the periodic table have a saturated d valence shell, being so-

called complexes with 19 and 20 electrons, a well-known feature of weak stability.!]
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Figure 2. The correlation between Mulliken charge and the atomic number of the central metal
of [(bpy-CH3)M(curc)]Cl complexes.

There is a global trend of increase of the dipole moment with respect to the atomic number of
the central metal of [(bpy-CH3)M(curc)]CIl complexes: Indeed a good correlation between
dipole moment and atomic number can be observed for 4d and 5d elements (Figure 3), Au
excepted. This is less true for 3d elements, even when excluding Cu from the correlation. This
may be connected to the propensity of the elements from the middle of the 4th row (3d) to make
(magnetic) complexes of different spin states. As is well known, Au and Cu exhibit a propensity

to prefer monovalency in complexes. Besides, these atoms from column 11 are among the most

electronegative.
14 -
= 1%row R2=0.618
cu™ e 2" row R=0.917
121 A 3" row R?=0.970
Cd Hg
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Figure 3. The correlation between dipole moment and atomic number of the central metal of
[(bpy-CH3)M(curc)]CIl complexes for the elements of the first, second and third rows of the
TMs in the periodic table. (The correlation for the 3rd row is made by excluding Au)

Mulliken charge
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Figure 4. Plot of Mulliken charge of metals of [(bpy-CH3)M(curc)]Cl complexes as function
of their position in the periodic table.

The plot of Mulliken charge of the metals as function of their position in the periodic table is
given in Figure 4, and this variation is similar for the three rows, Cu, Ag and Au excepted, and
the Mulliken charge of the TMs follows the trend: 1% row < 2" row < 3" row. Indeed, this

feature matches what that was said above.

All complexes have a pyramidal geometry with square base, as it is illustrated in Figure S-1 in

Supplementary Info, with some exceptions for:

- The column of Cr, Mo and W that shares the trigonal bipyramid geometry. Indeed,
they have the same electronic configuration of the metal atoms (n-1)d°ns', and their structures
are predicted by VSEPR model so that they are characterized by AXsEo trigonal bipyramid.>?!

In these bipyramids, the basal plane contains one oxygen, one nitrogen, and the chlorine.

- The same trigonal bipyramid structure is that of the Cu complex. One knows that the
atomic preferred configuration of Cu is 3d'%4s! and that exchanges between bipyramid and
square plane pyramid are driven from a strong Jahn-Teller contribution, as explained in the

detailed study of Reinen et al.[53-4!

The trigonal bipyramid geometry of the Hg complex is related to the spin-orbit interaction, as

it has been shown in several complexes (see, e.g. refsi>>57)),
Dipole moment

Dipole moment (u) is an important tool for studying the intermolecular interactions because it
reflects the molecular charge distribution. Therefore, it may be considered as a descriptor to
represent the charge movement across the molecule. The high charge mobility in the system is
explained by the high values of dipole moment which are at the origin of NLO properties of

investigated systems (see, e.g.l>%)).

All complexes exhibit a strong dipole moment and some trend can be observed from column 6
to column 12 (3.40 for W up to 12.83 Debye for Cd, see Figure S-2 in Supplementary
Information). The highest values of u parameter are found to be 12.84 (D), 11.20 (D) and 11.20
(D) for Cu, Cd and Hg complexes, respectively, whereas the smallest value is found to be 3.404
(D) for W complex that has also the largest value of isotropic polarizability at 1013 x1023esu.

(see below).
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Solvent effect

The effect of solvation has been studied on the Zn complex. Both the geometric structure and
the optical properties have been calculated at CPCM: B3LYP/LANL2DZ level of theory for
selected solvents besides gas phase: Water, DMSO, Ethanol, Chloroform, Cyclohexane, and
Benzene. The results are gathered in Table 1. Although the pyramid geometry with square base
of the [(bpy-CH3)Zn(curc)] Cl complex is preserved in solution, our DFT calculations show
significant effects. The Zn lying above the square plane becomes closer and closer to that plane
when the solvent is more and more polar. Then, the distance varies from 0.54 A in water to 0.62
A inbenzene and 0.70 A in gas phase. In gas phase, the average distance of Zn to the O, N, CI
atoms is reduced thanks to a distortion of the basal plane (from 3.6 deg. to 15 deg.). The Zn-Cl
bond length amounts 2.35 A in gas phase, and it increases from apolar to polar solvents, varying

from 2.40 A in benzene to 2.45 A in water.

Similarly, the dipole moment and energy gap are maximum in polar solvent phases, and lower

for the less polar solvents, and even more for the gas phase (see Table 1).

Table 1. Average interatomic distances (A) between M, Cl, N and O atoms, distance (A)
between Zn and the centroid between the oxygen and nitrogen atoms, average of angles (°),Na-
Np-Op-Oa torsion angle (°), energy gap (eV) and dipole moment (Debye) of [(bpy-

CH3)Zn(curc)]Cl complex in gas and different solutions.

Phase Average Zn  — | Zn-Cl | Average | Na-Ng-Op-Oa | Gap | Dipole
distance Cnt(R) | (A) of angles | torsion angle | (eV) | moment
(4) ©) ©) (Debye)
Gas 2.201 0.697 | 2.348 105 15 2.874 9.89
Water 2.489 0.538 | 2.451 106.5 3.6 3.090 15.50
DMSO 2.489 0.540 | 2.449 106.5 3.6 3.092 15.43
Ethanol 2.488 0.544 | 2.446 106.4 3.6 3.095 15.28
Chloroform 2.485 0.576 | 2.422 106.2 3.7 3.119 13.92
Cyclohexane 2.480 0.626 | 2.390 105.8 6.6 3.096 12.02
Benzene 2481 0.616 | 2.395 105.9 6 3.117 12.35

Reactivity indices

The DFT provides several indices characterizing the reactivity.[**) The most used, global (i.e.

characterizing the whole molecule) are the electronic chemical potential (i) and global hardness
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(n), which can be approximated from the frontier orbital energies HOMO and LUMO (en and
eLrespectively). Electronic chemical potential (n) is the tendency of an atom or molecule to not

let escape its electrons, it is given by the following equation:

= e+ e1) (1)

The absolute hardness (n) expresses the resistance of a system to change its number of electrons;

it is given by following the equation:

n=(en-er) (2)

The softness is just the inverse of the hardness S=1/ . Therefore, a good nucleophile is

characterized by low value of u, and a good electrophile is characterized by high value of .

Table 2. Global reactivity descriptors: chemical potential (i, eV), chemical hardness (1, eV)
and electrophilicity index (w, eV) of [(bpy-CH3)M(curc)]Cl complexes calculated at
B3LYP/LANL2DZ level.

1 n ®

Cr -3.327 2.056 2.691
Mn -3.756 2.806 2.514
Fe -3.544 2.680 2.344
Co -3.483 2.462 2.464
Ni -3.324 1.643 2.844
Cu -3.832 2.674 2.745
Zn -3.830 2.902 2.508
Mo -3.270 1.780 3.003
Te -3.530 2.444 2.549
Ru -3.444 2.495 2.376
Rh 3.377 2.152 2.650
Pd -3.607 1.831 3.552
Ag -3.750 3.175 2215
cd -3.842 2.753 2.680
w -3.274 1.719 3.119
Re -3.478 2.199 2.750
Os -3.347 2.206 2.540
Ir -3.306 2.111 2.588
Pt -3.626 1.787 3.670
Au 3.57 2.685 2.373
Hg -3.804 2.787 2.597

Table 2 contains the computed chemical potential (i, €V) and chemical hardness (1, eV) values
for the TM [(bpy-CH3)M(curc)] Cl complexes. It is important to note that the chemical potential

follows the same trend that the softness by rows from the periodic table, except for the TMs

from the first and second rows that share the electronic configuration (n-1)d'’ns®2. For the third



row, it is verified only for the TMs that have the electronic configuration 5d%6s* where x=4,5,10

(Figures 5 and 6 and S-3). The results of (i) and (1) indicate that [(bpy-CH3)Ag(curc)] Cl is
the most harder, [(bpy-CH3)Cd(curc)] Cl is the least reactive and [(bpy-CH3)Mo(curc)] CI and
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[(bpy-CH3)W(curc)] Cl are the most reactive.
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Figure 5. Plot of the chemical potential (eV) of [(bpy-CH3)M(curc)]CI complexes as function

of the position of the metals in the periodic table.

The reactivity of the complexes of the TMs [(bpy-CH3)M(curc)] ClI follows the order:

13t row: Ni> Cr > Co > Fe > Mn > Zn > Cu

2™ row: Mo > Rh >Ru > Tc>Pd > Ag > Cd

3" row: W > Ir > Os > Re > Au > Pt >Hg

0.60

0.55
0.50
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0.35
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T T T T T
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Figure 6. Plot of the softness (eV) of [(bpy-CH3z)M(curc)]CI complexes as function of the

position of the metals in the periodic table.
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As shown in Figure S-3, the hardness of the TMs complexes varies in the same manner for the
three rows with respect to the position of the metal in the periodic table, except for Ru et Cd,

and the classification of their values follows: 1% row > 2™ row > 3™ row.
Vibration frequencies

The calculated IR spectra of 21 optimized molecules of [(bpy-CH3z)M(curc)] Cl complexes have
been presented in Figure S-4. Generally, on accounting on anharmonicity and basis set
deficiencies, it is known that harmonic DFT frequencies overestimate the experimental
(anharmonic) vibration wavenumbers. Therefore, the calculated vibration wavenumbers have
been scaled down by, in case of the B3LYP functional, a factor equal to 0.9614.131 The spectra
exhibit three bands: (a) a high frequency near 1400-1550 cm™ related to the C=O stretching,
(b) an intermediate band of C-H deformation between 1100-1250 cm™ (c) a large bunch of
frequencies (2900-3200 cm™) related to CH3 stretching.

The CO symmetrical stretching vibrations for Zn complex have been shifted from 1625 cm™ to
1605 cm™.*1 The theoretical corresponding peaks are also calculated at 1490 for Zn complex
and in the region of 1353-1466 cm™ for the other TMs complexes. The H-bonded enol proton
stretching of [(bpy-CH3)Zn(curc)] CI complex observed experimentally in the region of 2600-
3800 cm’!, has been calculated theoretically to be 3506 cm™.

In the following part, we propose to inspect the effect of the central metal on the frequencies of
the functions. Table S-2 presents the calculated frequencies of C=0, M-O1, M-O2, M-N1 and
M-N2 of the 21 TMs complexes. The frequency of C=O function increases from left to right
through from the periodic table for W and Rh excepted. One has also a general decrease of the
frequencies from the first row (3d) towards the third row (5d). On the whole, the C=0 varies
from 1353 cm™ (W) to 1466 cm™'(Cd). The M-Cl elongation has been shifted from 160 cm
(for Pd) to 356 cm™! (for Fe). The M-O vibrations are calculated in the region of 550-588 cm™!
and the M-N vibrations in the region of 504-576 cm™.

In order to examine the solvent effect on the HOMO-LUMO energy and electronic spectrum
(Table 1 and Figure 7), six different solvents (water, ethanol, DMSO, chloroform, cyclohexane
and benzene) are used. The calculated IR spectra for the Zn complex at B3LYP/LANLD2Z
presented in Figure 7 show an increase in the intensity of the peaks of solvated complexes
compared with the results of gas phase, and the peaks found in polar solvents are more intense

than those in apolar solvents, as expected.
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Figure 7. Calculated IR spectra for the Zn complex in gas and different solutions phases.

Electronic absorption and emission spectra

For the first time, TD-DFT restricted calculations of the electronic absorption transition of
[(bpy-CH3)Zn(curc)] Cl complex have been attempted. The results of the calculated electronic
absorption spectrum of Zn complex recorded in gas phase at room temperature is given in
Figure 8. The maximum absorption wavelength is found to be 425 nm. The experimental and
theoretical emission spectra of Zn complex in DMSO are also reported in Figure 8. They give
a maximum emission wavelength at 495 nm which is not far from the experimental value (543
nm).*”1 A better agreement of the emission spectrum with experiment would require a choice

of a more adapted functional, but the trends would not be functional dependent.
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Figure 8 Absorption and emission spectra of [(bpy-CH3)Zn(curc)]Cl complex at room
temperature (Blue: Calculated absorption spectra in gas phase, Black: calculated emission
spectra in DMSO, Red: experimental emission spectra in DMSO from [39])

The influence of the nature of central metal and the solvent on the electronic spectra

For the study of the nature of frontier orbitals of TMs complexes in gas phase, Table S-3 reports
the frontier orbitals of 21 complexes. As can be seen in Table S-3, the largest energy gap in
each row is for Zn, Cd and Hg complexes, their central atom belonging to the periodic column
12, with their d shell filled: Accordingly, their HOMO-LUMO orbitals have a curc-curc
character. For Cr, Mo and W that share the same electronic configuration according to
Klechkowski’s filling, their HOMO-LUMO are as byp-curc. Ir and Pt from the third row have
the smallest energy gap values, and have a HOMO-LUMO of byp-byp character. The largest
metal Mulliken charges in the second and third row are for Ag and Au complexes, and their

frontier orbitals are in the byp-curc form.

The molecular orbital diagrams of [(bpy-CH3)M(curc)] Cl complexes where M=Fe, Ni, Cu
and Zn, shows the different character of the frontier orbitals among the various complexes of

the study (see Figure S-5).

Table 3. Absorption wavelength (nm), oscillator strengths (f), electronic transitions,
contribution percentage (%), transition type, energy gap (eV) of [(bpy-CH3)M(curc)]CI
complexes where M = Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Tc, Ru, Rh, Pd, Ag, Cd, W, Re, Os,
Ir, Pt, Au and Hg calculated at BALYP/LANL2DZ in gas phase.
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Aabs f  Electronic transitions  Contribution = Transition type Energy gap

(nm) percentage (eV)
(%)
Cr 402 1.006 H-2 — L+1 38 LLCT 0.594
Mn 441 0.701 H-2 —»L 30 LLCT 0.224
Fe 427 0.895 H-3 — L+I 45 LMCT 0.709
Co 431 0.592 H-2—-L+2 25 MLCT 0.523
Ni 437 1.105 H-3— L 87 LLCT 0.180
Cu 429 0.569 H — L+l 26 MLCT 0.490
Zn 425 1276 H— L+1 98 LLCT 1.942
Mo 419 1293 H-2— L 42 ICLT 0.884
H-3 — L (o 24 ICLT
Tc 423  0.384 1 o LJES)(B) 34 ICLT 0.230
Ru 426 0.694 H-3 — L+1 80 LMCT 0.150
Rh 431 0473 H-3 — L+1 26 ICLT 0.132
Pd 446 1.147 H-3—> L 92 LMCT 0.208
H — L(a 43 LLCT
Ag 421 1.276 o Lgrl)(B) 43 LLCT 0.779
Cd 423 1315 H—- L+l 99 LLCT 1.953
W 418 0994 H-1 — L+5 28 ICLT 0.848
H— L+2(a 21 ICLT
Re 429 0.549 1 — L(J%(B) 71 LLCT 0.306
Os 414 0.547 H-1 — L+3 35 LLCT 0.302
Ir 429 0.800 H-3—> L 40 LLCT 0.153
Pt 451 0965 H-3 —» L 86 LLCT 0.185
H-1 - L(o 39 LLCT
Au 440 0.835 0 — L+§([)3) A1 LLCT 0.604
Hg 424 1284 H — L+1 98 LLCT 1.977

Table 3 reports the result of the calculated electronic absorption of TMs complexes in gas phase.
As can be seen in this Table, the position of the maximum absorption band of the title complexes
depends modestly on the nature of central metal. The highest absorption wavelength lies in the
451 nm — 402 nm range. The highest values of contribution percentage on TMs complexes are:
87% for Ni, 98% for Zn, 80% for Ru, 92% for Pd, 99% for Cd, 86% for Pt and 98% for Hg,
characterizing ligand to another ligand charge transfer (LLCT) from curcumin to bipyridine
ligand. For the elements Mo, Tc, Rh and W, the highest values of contribution percentage of
absorption maxima are characterized as intra-ligand charge transfer (ICLT) bands. Besides, Re
complex exhibits combined charge transitions of ligand to same ligand (ICLT) and ligand to

another ligand (LLCT) with 21% of contribution percentage.

Additionally, the UV-Vis spectrum of the Zn complex has been calculated in different solvents

in order to examine the solvent effect on the electronic absorption (see Figure S-6). The Zn
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complex exhibits strong absorption in the UV-Vis region. The maximum absorption in DMSO

solution is found to be located at 454 nm, very close to the experimental value found in the

range of 408-450 nm.*°) The HOMO—LUMO transition is the major electronic transition in

polar solvents with 100% of contribution percentage, and it is characterized as intra-ligand

charge transfer (ILCT). However, in cyclohexane and benzene solutions, the highest absorption

wavelength comes from a HOMO — LUMO+1 contribution (100%) which corresponds to a

ligand to another ligand charge transfer (LLCT). This is seen in Figure 9 where the HOMO,

LUMO and LUMO+1 are depicted facing their eigenvalues and the dipole moment of the

solvent. The swap between LUMO and LUMO+1 is clearly apparent as soon as the dipole
exists, whereas the gaps between HOMO and LUMO (hardness) as well as LUMO and

LUMO+1 remain quasi-unchanged. A rather similar solvatochromism was observed by Larsen

et al. in a rhenium complex!®” : in both cases the ILCT is a shift of the density from the end of

the ligand (curcumin in our case) towards the atoms (of the same ligand) linked to the metal (O

here, N in*"1), although their ILCT is typically a left-right shift of the ligand density, whereas

it is more end-to-center of the curcumin ligand in our case.

solvent (gas) Benzene Cyclohexane Chloroform DMSO Ethanol water
Df;iztt"c 227 2.02 481 46.7 245 80.1
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energy
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Figure 9. Orbital energy level diagrams of the molecular orbitals involved (highlighted) in the
excitation transitions for Zn complex obtained at B3LYP/LANL2DZ in gas and different
solvent phases.
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The determination of molecular electric transport properties, the measurement of electronic
conductivity as well as the molecular chemical stability are mainly driven by the energy gap
(AE). Table 3 indicates that the highest HOMO-LUMO energy gap is in Hg, Cd and Zn
complexes (with values of 1.977 eV, 1.953 eV and 1.942 eV, respectively) pointing out that
they are the hardest molecules. Whereas the softest ones are Rh, Ru and Ir complexes with
energy gap values amounting 0.132 eV, 0.150eV and 0.153 eV, respectively. The ranking of
energy gap from high to low is:

AEy, > AEcy > AEgzy > AEy, > AEy > AEyy > AEp, > AEg, > AE¢, > AEg, > AE, >
AEg, > AEps > AEp. > AEy, > AEpy > AEp, > AEy; > AE,, > AEg, > AEg,

The solvent can affect, not only the equilibrium geometries of molecules but also their optical
activity, as it is well known. Six solvents with different polarities, namely water, DMSO,
ethanol, cyclohexane, chloroform and benzene are investigated for this purpose. The UV-Vis
electronic spectrum of Zn (II) complex calculated at PCM TD-B3LYP/LANL2DZ level of
theory are reported in FigureS-6. The highest wavelength absorption in DMSO solution,

experimentally observed in the 408-450 nm range!*” is calculated to be near 452 nm.

As can be seen from Figure S-6, a bathochromic effect resulting from the solvent effect are
clearly noted; and the decreasing classification of the maximum wavelengths of absorption is
given as follows: DMSO > Water > Ethanol > Chloroform > Benzene > Cyclohexane. The
absorption maxima have been found at 452 nm in water and ethanol, 454 nm in DMSO, 447
nm in cyclohexane, 451 nm in chloroform and 449 nm in benzene. These shifts are rather small,
but they follow the polarity of the solvents, as expected. The ranking of the molar absorption

coefficient (&) from high to low is:

Benzene > Chloroform > Ethanol > Cyclohexane > DMSO > Water > Gas

Thermodynamic parameters

The different thermodynamic parameters like zero-point vibrational energy, Gibbs free energy
(G), entropy (S) and enthalpy (H) play an important role in the characterization of molecular

systems.

Our aim of this point is to make comparison between TMs and to yield extensive look-up
characteristics of thermodynamics. The thermodynamic calculations of [(bpy-CH3)M(curc)] Cl
complexes, where M = Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Tc, Ru, Rh, Pd, Ag, Cd, W, Re, Os, Ir,



Pt, Au and Hg, have been computed in gas phase, at 298.15 K and 1 atm for the optimized

1 ) ) .
> structures using B3LYP/LANL2DZ levels of theory. The obtained results are presented in
3 . ) . .
2 Table 4. By varying the central metal, the zero-point vibrational energy and thermal energy
Z change slightly, and their values lie between 361 kcal/mol and 364 kcal/mol, and between 388
7 kcal/mol and 390 kcal/ mol, respectively. This indicates that the vibrations of the ligands are
8
9 unchanged (i.e. the ligand is rather rigid), and the unique change is due to the metal-ligand
10
11 distances, greater as far as the cation is bigger
12
13
14
15
16 Table 4. Thermodynamic parameters of the [(bpy-CH3)M(curc)]Cl complexes.
17
18 - - - -
19 Thermal properties S Dipole Zero-point Total thermal & Rotational Constants
(Hartree Particle) (calMol- | moment vibrational energy (cal/ (GHz)
20 Sum of Sum of Kekin) | (@) energy KeldngalMo) [ Mol [X [ ¥
21 electronic and electronic and Kelvingalmol) Kekin)
thermal Free thermal
22 Enerzies Enthalpies
;Z Zn -1916.953 -1916.824 269817 | 9.89 362.783 389.785 157.835 | 0.061 | 0.035 | 0.024
25 Cu -2047.458 2047327 275429 | 1283 362.843 389.818 157.638 | 0.065 | 0.033 | 0.025
26
s Ni -2020.619 -2020.492 267472 | 895 363.989 390.504 156.508 | 0.066 | 0.035 | 0.024
28 Co -1996.419 -1996.293 265175 | 739 364.126 390.508 156.404 | 0.065 | 0.035 | 0.024
29
30 Fe -1974.765 -1974.639 265361 | 748 364.043 390.343 156241 | 0.065 | 0.035 | 0.023
31 Mn -1955254 -1955.128 265064 | 615 363.375 389.839 156.850 | 0.064 | 0.035 | 0.024
32
33 Cr -1937.628 -1937.504 260916 | 651 363.578 389.841 156.522 | 0.063 | 0.034 | 0.025
34 cd -1899.403 -1899.269 282224 | 1119 361937 389.409 158.413 | 0,055 | 0.034 | 0.023
35
36 Ag -1897.012 -1996.879 | 280747 | 9.93 361.589 389.099 158.603 | 0.056 | 0.034 | 0.023
37 Pd -1978.016 -1977.850 266319 | 738 363.567 390.200 157.038 | 0.057 | 0.036 | 0.022
38
39 Rh -1960.825 -1960.698 263234 | 809 363.650 390.191 156.705 | 0.059 | 0.036 | 0.023
40 Ru -1945.201 -1945.076 236765 | 597 363.589 389.944 156,519 | 0.059 | 0.036 | 0.023
41
42 He -1894.032 -1893.896 285994 | 1120 361.520 389.211 158.708 | 0.050 | 0.034 | 0.024
213; Au -1986.687 -1986.554 279649 | 498 361.810 389.273 158.432 [ 0,052 | 0.035 | 0.022
45 -1970.445 -1970319 266086 | 753 363.902 390.461 156.761 | 0.056 | 0.035 | 0.022
jg k -1956.011 -1955.884 267206 | 7.4 363.789 390.240 156.507 | 0.059 | 0.036 | 0.023
48 0s -1942352 -1942226 264676 | 597 363.385 389.720 156.551 | 0.059 | 0.035 | 0.023
ég Mo -1918.855 -1918.730 261656 | 472 362.717 389.055 157.151 | 0.067 | 0.033 | 0.025
51 Re 1930.408 -1930.283 263853 | 421 362.843 389.216 157.108 | 0.066 | 0.033 | 0.025
gg Te -1931.393 -1931.268 263706 | 5.09 363.103 389.482 156.944 | 0.066 | 0.033 | 0.025
54 W -1919.148 -1919.024 261032 | 340 362437 388.742 157383 | 0.067 | 0.033 | 0.025
55
56
o7 Figure S-7 (in Supplementary Information) presents an excellent linear correlation between sum
58
59 of electronic and thermal free energies and covalent radius of TMs for the columns 6, 7, §, 9
60
61
62
63
64

65
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and 10 of the periodic table. As can be seen in Figure S-7, the difference is strictly related to
the smaller size of the metals of the first transition series with respect to the metals of the second
and third series which are quasi-similar, thanks to the relativistic corrections in the heavy atoms

(third row), as 1s well known.
Nonlinear Optical Parameters

Presently, TMs materials are very interesting in the study of nonlinear optical properties (NLO),
especially that they have caught the attention of many specialists in the field of novel
technology developments in optics and photonics!®®! TMs materials can be used as

5,166.67]

amplifier and they are attractive in many optical applications as all-optical

=111 Nonlinear optical

switching,>6686%1 optical limiting!’%’! and also as optical devices.
phenomena may be produced by applying electromagnetic fields in various material systems in
order to get new electromagnetic fields altered in amplitude, phase, frequency and other
physical properties.!'"”?l The Nonlinear optical (NLO) properties like the isotropic
polarizability (a), the anisotropy of the polarizability (Aa) and the first order hyperpolarizability
(p) of the title molecules are calculated. The polarizability («) and first hyperpolarizability (/)
reveals the response of a system in an applied electromagnetic field. Six components of axx, oxy,
Oyy, Oxz, Olyz, and azz, and ten components of B as Luxx, Lyxxs Pxyys Byyys BrxxoPxyzs Pryys Pxzzs Pyzz and

P2z are provided from the Gaussian09 output file. The isotropic polarizability («) and the

anisotropy of the polarizability (Aa) have been computed using the following equations:

1
a = 3 (Cxx + Ayy + Azz) (3)

1
_ 2 _ 2 _ 272
Aa = [(axx ayy) +(“yy aZZ) +(@zz—xx) (4)

2
The magnitude of the first order hyperpolarizability tensor (), using the x, y and z components

are defined as:

B =B%+ B3 + Bz ©)

where:
Bx = Brxx + Bxyy + Bxzz (6)
By = Byyy + Bxxy + Byyz (7
Bz = Bzzz + Brxz + Byyz (8)



The results of calculations in gas phase are given in Tables 5 and 6.

Table 5. Anisotropy of polarizability (Aa)(esu), polarizability (a)(esu)[(bpy-CH3)M(curc)]Cl
complexes calculated at BALYP/LANL2DZ in gas phase, and their components.
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Ay X Axy X Ayy X Qyy X ay, X QAyy X a Aa
10723 10~23 10723 10723 10723 10-23 x 10723 | x 10723
Cr 1330.8 66.3 950.6 -51.7 26.7 481.9 921.1 736.4
Mn 1392.2 -33.7 1003.9 -37.6 -41.4 355.9 917.4 906.9
Fe 1337.9 -32.9 907 4.2 -17.1 306.6 850.5 897.2
Co 1328.3 -44.6 849.8 -17.3 -1.9 326.2 834.8 868.1
Ni 1363.7 -33.8 858.7 14.9 -42.3 330.7 851.1 894.7
Cu 1249.1 30 715.8 -30.9 1.9 472.6 812.5 687.9
Zn 1293.8 -39.9 697.9 -39.1 21.5 352.2 781.3 824.9
Mo 1419.5 100.9 1032.3 50.9 -30.1 534.8 995.5 768.1
Tc 1359.9 110.8 937.9 359 1.6 551 949.4 700.8
Ru 1361.7 -20.9 1051.5 -1.6 -18.1 314 909.1 932.1
Rh 1347.1 -34.2 947.9 -1.5 9.9 328.2 874.4 889.3
Pd 1400.3 -59.8 878.7 -3.9 11.9 344.4 874.5 914.4
Ag 1278.8 76.9 903 -41.3 339 391.9 857.9 771.1
Cd 1260.2 31.9 675.2 -52.4 -29.4 417.3 784.2 748.1
w 1453 111.7 1039.5 57.7 -25.6 545.1 1012.5 787.3
Re 1399.3 124.6 997.9 41.4 -0.1 560.5 985.9 726.6
Os 1412.9 -8.3 1185 -9.9 -12.2 322 973.3 996.7
Ir 1374.5 -25.1 1031.3 -2.9 -12.2 329.7 911.8 922.4
Pt 1409.3 -56.3 907.6 -3.2 15.5 347.7 888.2 919.9
Au 1293.7 4.7 841.7 -43.9 -38.8 3893 841.6 783.3
Hg 1208.4 23.8 699.2 46.5 51 487.4 798.4 641.9

Table 6. First hyperpolarizability (B) and their components (esu) of [(bpy-CH3z)M(curc)]ClI

complexes calculated at B3LYP/LANL2DZ in gas phase.
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Brxx X 10730 | Biry X 10730 | By X 10730 | By X 10730 | Bz X 10730 | Bryz X 10730 | Byyz X 10730 | Brzz X 10730 | 122 X 107%° | B2 % 10730 | B x 1072

Cr 293 674 -39 -56.9 24 27 16.1 0.8 9.7 132 45.7
Mn 205 1207 2213 61.3 -82 -89 -29.6 42 131 -118 112
Fe 27.6 27 -16.9 10.8 23 -1.7 -128 0.3 1.6 4.4 429
Co 252 5.7 -16.3 213 4.1 0.7 9.9 0.7 45 217 589
Ni 354 83.7 -138 238 13 -1.9 -122 0.1 79 -118 65.1
Cu 2 -49.9 -18.7 2322 42 233 44 18 0.3 74 826
Zn 4.6 58.8 6.3 52 55 0.5 27 0.6 19 4.9 298
Mo 2219 -41.8 122 59.9 -4 5.1 237 08 43 89 488
Te -51.6 -68.7 149 94.8 =57 212 -6.9 4.3 -10 11 84
Ru 309 75 2233 2258 31 -18 -13.7 0.1 0.5 -4 252
Rh 335 80.3 -18.1 233 28 -1.6 -10.9 02 135 18 589
Pd 402 923 -25.6 145 9.7 0.9 -1.9 02 -1.9 93 562
Ag 758 =579 -20.7 -48.7 -104 23 6.3 12 6.1x10 0.04 972
Cd 58 56.8 -1.9 73 -19 15 14 0.7 13 44 273
w -104 2234 103 493 43 -6.3 43 0.8 2.6 53 413
Re -36.9 -46.3 252 1176 6.6 -83 -112 3.6 212 35 104.1

234 56.3 2251 -61.6 235 2.1 -128 0.02 0.5 238 46.5
I 35512 84.870 -25.480 -17.803 -2.553 -1.763 -10.778 0.150 0.977 -6.243 31.045
Pt 42.949 97.015 -29.140 3522 -8.996 0.465 22179 -0.274 -2318 -8.732 49.849
Au 13.439 79.509 9.180 25.025 -9.960 1.998 -1.380 0.942 0322 -0.777 54.494
Hg -23.203 -36.323 11.004 9.732 -3.835 0.551 0.133 -0.606 0.186 2.690 34.630
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Figure 10 shows a good linear correlation between isotropic polarizability () and the atomic
number of elements by rows in periodic table. It is possible to sort the [(bpy-CH3)M(curc)] Cl

complexes according to the following order of decreasing the first order hyperpolarizability :
First row: Mn > Cu > Ni > Co > Cr>Fe > Zn

Second row: Ag > Tc> Rh>Pd > Mo > Cd > Ru

Third row: Re> Au>Pt>0Os>W >Hg>Ir

From these results, the computed S values are found that for each row, the largest value is more
than 3 times higher than the smallest value. Consequently, the Mn, Ag and Re complexes are

the best candidates to NLO properties.

1050
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Figure 10. The correlation between isotropic polarizability (o) and the atomic number of
elements by rows in periodic table

The magnetic moment per atom was calculated investigate the magnetic properties of the [(bpy-
CH3)M(curc)] Cl complexes where M= Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Tc, Ru, Rh, Pd, Ag,
Cd, W, Re, Os, Ir, Pt, Au and Hg. The corresponding results are listed in Table 7.

Table 7. Magnetic moment per atom and electronic configurations of [(bpy-CH3)M(curc)]Cl
complexes calculated at BALYP/LANL2DZ in gas phase.

Magnetic moment | 4 ho4 | 4570|4257 |4243 |4230 |4216 | 4.189
per atom values

Cu, Ag, . Co, Rh, |Fe, Ru, | Mn, Re, | Cr, Mo, | Zn,
Element Au Ni, Pd, Pt Ir Os Te W CdHg
Electronic. 5110 S?dza d'’, 2d7, s'd® | 26, s'd7 | s2d° 2d 2d* | 2410
configuration s'd
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The complexes of TMs are classified according to their magnetic moment per atom as follows:
Cu =Ag=Au > Ni=Pd=Pt > Co=Rh=Ir > Fe=Ru=0s > Mn=Re=Tc¢ > Cr=Mo=W > Zn=Cd=Hg

As expected, there is an excellent correlation between the magnetic moments per atom and the
number of valence electron of the central metals, of which they increase in the same direction.
Except for the TMs, that have totally filled d and s shells, they exhibit the smallest values. The
results presented in Figure 11 confirm that there is a good correlation between magnetic
moment per atom and the sum of electronic and thermal free energies of the title compounds.
For each periodic table row, the correlation coefficient values are R*=0.966, 0.980, 0.996
respectively. It is important to note that Zn, Cd and Hg are totally off the trend and take the
smallest values of magnetic moment per atom. This result is in good agreement with the study
of Mahmood et al.l”*l | who showed that the value of the magnetic moment is reduced due to

the strong p-d mixing between metals (Zn, Cd and Hg) and oxygen and nitrogen orbitals.

4.30

= 1"row R?=0.966
o Au ® 2"row R?=0.980
4284 Cu A 3%row R2=0.996
£
[=]
o 4.26 4
o1
& 424 4
£
[=]
=
L
= 422 A
c
(=]
©
= 4.20
Hg
an Cde
4.18

— 77— T 77—

-2060 -2040 -2020 -2000 -1980 -1960 -1940 -1920 -1900 -1880

Sum of electronic and thermal free enregies
(Hartree/particle)

Figure 11 Plot of the Sum of electronic and thermal free energies (Hartree/particle) as
function of magnetic moment per atom of [(bpy-CH3)M(curc)]Cl complexes in gas phase.

Conclusion

In present work, [(bpy-CH3)M(curc)] Cl TMs complexes were modeled by using
B3LYP/LANL2DZ level to wunderstand and clarify their geometries, electronic,
thermodynamic, optical and nonlinear optical properties and to find correlation between these

parameters. The DFT calculation shows that all the [(bpy-CH3)M(curc)] Cl complexes have a
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pyramid geometry with square base except for metals from the column with atomic electronic
configuration n-1d>ns' and for Cu and Hg that have the largest values of the dipole moment.

These last complexes share trigonal bipyramid geometry.

A good linear correlation has been found between Mulliken charge and Pauling
electronegativity and atomic number of the central metal within each column from the periodic

table.

The TD-DFT calculation provides an assignment of the nature of the electronic transition
(LLCT, ICLT, LMCT, MLCT) in the TMs complexes in gas phase and six different solvents.
Additionally, the results of thermodynamic parameter indicate an excellent linear correlation
between sum of electronic and thermal free energies and covalent radius of TMs through
periodic table columns, with the exception of elements which have a saturated electronic d shell

with half or totally filled s shell in their valence shell.

Among the curcumin complexes, the nonlinear optical properties indicate that the Mn, Ag and
Re complexes are the best candidates to NLO materials. Moreover, our results show a good
linear correlation between isotropic polarizability () and the atomic number of elements by
rows in periodic table. Our results for magnetic moment per atom calculations indicate an
excellent correlation with electronic configuration of central metal, knowing that the elements
that have d and s shells totally filled takes the smallest values. Further, our results show an
excellent correlation between magnetic moment per atom and the Sum of electronic and thermal

free energies by periodic table rows.

Supporting Information Summary:

SI contains for [(bpy-CH3)M(curc)]Cl complexes: - Some interatomic distances and angles, -
Geometries, - Dipole moments, - Hardness, IR spectra, - Selected vibration frequencies, -
frontier orbitals, - Absorption spectra of [(bpy-CH3)Zn(curc)]Cl in gas and different solvents,
- Sum of electronic and thermal free energies as function of covalent radius of transition
metals.
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DFT and TD-DFT study of curcumin complexes based on transition metals

Most complexes have a pyramidal geometry with a square base. The isotropic polarizability
correlates well with the atomic number, and, among the investigated metals, the Mn, Ag and
Re complexes are the best candidates to NLO materials. A good linear correlation between the
magnetic moment per atom and the number of valence electron of the central metal is
obtained. On the other hand, the Mulliken charge correlates well with the Pauling
electronegativity and the atomic number of the transition metal.




