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Abstract

Density functional theory is used to calculate electronic, thermodynamic, and spectroscopic properties of bis(4-
dimethylaminodithiobenzil)M, (M=Ni, Pd, or Pt). These complexes can also be written as C3;H3oN>SsM (M=Ni, Pd, or Pt).
Calculated properties include energy gaps, UV-Vis spectra, bond lengths, atomic charges, vibrational reduced masses, vibrational
force constants, Raman spectra, Gibbs free energy, enthalpy, the entropy of atomization, and heat capacity. Our results show that
the energy gap of the Pd complex at 1016 nm is the closest to the Nd:YAG laser energy at 1064 nm. Electron affinity of the
metallic elements Ni, Pd, and Pt can interpret many properties. Pt, Ni, and Pd have the highest electron affinity in order,
respectively. This order is also followed by charges, energy gaps, vibrational frequency gaps, Gibbs free energy, enthalpy, and
entropy of atomization. Other quantities such as heat capacity do not follow this order indicating other factors affecting such
quantities. One of the distinctive features of these complexes is the Raman M-S breathing mode at 357, 364 and 383 cm™' for Ni,

Pd, and Pt respectively that can be used in identification of these complexes.
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1. Introduction

Bis(4-dimethylaminodithiobenzil)M, (M=Ni, Pd, or
Pt) is used as a dye for laser Q-switched saturable absorber
[1,2,11-18,3—-10]. The chemical formula of these complexes
is C3H30N2S4M (M=Ni, Pd, or Pt). In these complexes, the
central atom (Ni, Pd, or Pt) is attached to four sulfur atoms
(S) as in figure 1. Each one of the S atoms is connected to a
carbon atom that is attached to a phenyl group (C7Hs) or to a
carbon atom that is linked to phenyl group with
dimethylamine group (C;H4N(CHj3),). The usual central
atom is Ni. However, Ni being in group 10 of elements, it
can be interchangeable with both Pd and Pt
[19,20,29,30,21-28]. The three compounds can be
abbreviated as BDNi, BDPd, and BDPt for Ni, Pd, and Pt
complexes respectively. Experimental bond lengths between
Ni, Pd, or Pt atoms with S atoms and other useful data can
be found in other compounds in literature [31-35]. All
calculations will be performed using the Gaussian 09
program [36,37].

This work aims to analyze the -electronic
thermodynamic, and spectroscopic structure of bis(4-
dimethylaminodithiobenzil)M, (M=Ni, Pd, and Pt). This
includes energy gapes, UV-Vis, bond lengths, vibrational
reduced masses, force constants, and atomic charges.
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Thermodynamic quantities such as Gibb free energy,
enthalpy, and entropy of atomization in addition to heat
capacity is to be evaluated. Density functional theory (DFT)
can be used to produce accurately all the quantities
mentioned above and even quantities that are difficult to be
evaluated experimentally such as orbital electron occupation
as we shall see in results section.

2. Methods/Theory

Bis(4-dimethylaminodithiobenzil)Ni is shown in
figure 1. As we can see from this figure that two of the arms
that branch from the four S atoms connected to Ni atoms
(C7Hs) are shorter than the other two arms (C7H4sN(CHs),).
The shorter arms are abbreviated (Sh arms) while the longer
arms are abbreviated (L arms). As we shall see later that the
kind of arm that is connected to an S atom (figure 1) affects
the charge, bond length, force constant, and reduced mass of
vibration. Density functional theory (DFT) at the B3LYP
level will be used to analyze the present molecules. 6-
311G** basis functions will be used to represent the atomic
orbitals of C, N, S, and H. These functions cannot be used
for the heavier atoms Pd and Pt. The SDD basis states
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(Stuttgart/Dresden) effective core potentials are available for
all the three elements Ni, Pd, and Pt [37]. Vibrational scale
factors are used to correct frequencies so that theoretically
calculated vibrations are near experimental results. Scale
factors associated with B3LYP/6-311G** and B3LYP/SDD
are 0.967 and 0.961, respectively [37]. All the atom's
orbitals (68 atoms) are managed using B3LYP/6-311G**
theory except one atom (the metallic atom) in each complex.
An average scale factor of 0.967 is used in the present
calculations.

3. Results and Discussions

Fig 2 shows the calculated UV-Vis spectra of the Ni,
Pd, and Pt. Our results are in good agreement with the
experimental results of reference [3] for BDNi. The value of
the wavelength of the Nd:YAG laser at 1064 nm (1.165 eV
at the infrared region) is shown in figure 2. It can be seen
that BDPd spectrum peak is the closest to the Nd:YAG laser
at 1064 nm as predicted by present calculations. At 200-400
nm, a peak that corresponds to the phenyl group can be seen.
The three peaks 952, 1016, 944 nm corresponds to the
maximum peaks of Ni, Pd and Pt UV-Vis spectrum
respectively.

Figure 3 shows the reduced masses of Raman
vibrations of BDNi as calculated by present theory. The
masses of H and C are shown to distinguish between
vibrations of different atoms. The frequency gap boundaries
are also shown. The vibrations with reduced mass near 1 are
vibrations due to hydrogen. According to the frequency
proportionality rule:

- 1)

the frequency (v) is proportional to the force constant (k)
and inversely proportional to the mass (m). As a result, we
expect that Ni vibrations are in the beginning and H
vibrations are at the end. This is true as we can see in figure
3. The highest reduced masses are at v=357.181 cm-1,
which is called the Ni-S breathing mode [38]. H-C
vibrations are the last vibrations around 3000 cm-1. Since
the H mass is very smaller than other atoms, a frequency
gap is between H vibrations and the other vibrations. This
gap starts at 1593.704 cm-1 for C-C vibrations and ends at
2879.428 cm-1 for BDNi. Figure 4 shows vibrational force
constants of the different bonds in BDNi. The strongest
bonds are C-C bonds at the beginning of the frequency gap.
H vibrations also have high force constants while the
smallest force constants are for the heavy atoms at the
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beginning of the spectrum. Figure 5 shows the Raman
intensity spectrum of BDNi. All the vibrations mentioned
previously exist in this spectrum. However, the peak that
distinguishes this spectrum from many other materials is the
Ni-S breathing mode at 357.181 cm-1. The breathing mode
is characterized by the movement of S atoms simultaneously
towards or away from the Ni atom as in figure 6. Natural
bond orbital (NBO) analysis is performed to find the kind of
charges that exist on each atom in the three complexes as in
figure 7. The kind of charges at the central atoms is shown
in figure 7, while Table 1 summarizes all other charges that
include NBO analysis of the three complexes. Table 1 also
shows thermodynamic quantities that include Gibbs free
energy, enthalpy, the entropy of atomization and heat
capacity. These thermodynamic quantities are evaluated at
Standard Ambient Temperature and Pressure (SATP) that
are 298.150 Kelvin and a pressure of 1 atmosphere.

The electronic affinities (EA) of the three elements
Ni, Pd, and Pt are 1.156, 0.562, and 2.128 eV, respectively
[35]. Pt has the highest EA, followed by Ni and Pd. The
electronic charges on the three elements Ni, Pd, and Pt
follow the order imposed by the EA so that the highest
charge is at Pt followed by Ni and finally Pd. The most
affected charges by this order are electronic charges on S
atoms from which charges are absorbed according to the
electron affinity of the central metal. This effect on charges
decreases as we go far from the central metallic ions. As an
example, N and H are the least affected atoms by the
electron affinity of the metals as we can see in Table 1. The
effect of EA is not limited to charges; it can be extended to
energy gap, vibrational and thermodynamic properties. The
highest energy gap in Table (1) is for Pt followed by Ni ad
finally Pd. This order can be interpreted by EA by noting
that the element with high EA absorbs charges from the
levels inside the energy gap and as a result widens the
energy gap. The reverse effect can be found in the frequency
energy gap. The three thermodynamic quantities Gibbs free
energy, enthalpy, and entropy follow the order of EA.
However, other quantities such as the heat capacity don't
follow the order of EA that indicate other factors affecting
such quantities. Finally, the electron configuration of the
three elements Ni, Pd, and Pt is shown in Table (1). Orbitals
with less than 0.01 electrons are not shown in the Gaussian
09 program used for present calculations. The number of
orbitals with charges greater than 0.01 electron decreases as
the element charge increases. This indicates that elements
with smaller charges have their electronic charges
distributed on higher orbitals as in Table 1.
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Figure 1: bis(4-dimethylaminodithiobenzil)Ni after geometrical optimization.
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Figure 2: Calculated UV-Vis of the three complexes BDNi, BDPd, and BDPt. The experimental Nd:YAG laser at
1064 nm is also shown.
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Figure 3: Reduced masses of BDNi Raman vibrations. The masses of H and C are shown. The frequency gap
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Figure 7: (a) BDNi charges, (b) BDPd charges and (c) BDPt charges.
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Table 1: Comparison of different properties of the three complexes BDNi, BDPd, and BDPt. Abbreviations used in
the table are: M=metal (either Ni, Pd or Pt), L=Long arm, Sh=Short arm, a.u.=atomic units.

Property BDNi BDPd BDPt
Bond length M-S(L) (A) 2.1729 2.307 2.313
Bond length M-S(Sh) (A) 2.1666 2.301 2.305
HOMO-LUMO energy gap (eV) 1.386 1.183 1.407
Raman M-S breathing mode (cm™) 357.181 363.708 382.516
Raman last frequency before gap (cm™')  1593.704 1593.348 1594.626
Raman frequency gap (cm™) 1285.724 1286.879 1283.722
Charge on M (a.u.) -0.357 -0.308 -0.427
Charge on S(L) (a.u.) 0.203 0.186 0.228
Charge on S(Sh) (a.u.) 0.228 0.209 0.248
Charge on C(L) (a.u.) -0.167 -0.167 -0.170
Charge on C(Sh) (a.u.) -0.179 -0.178 -0.183
Charge on N (a.u.) -0.435 -0.434 -0.436
Charge on H (a.u.) 0.18-0.214 0.18-0.214 0.18-0.213
Gibbs energy of atomization (eV) -292.632 -292.294 -294.022
Enthalpy of atomization (eV) -318.286 -317.908 -319.686
Entropy of atomization (Cal/Mol-K) -1984.166 -1981.065 -1984.71
Heat capacity (Cal/Mol-K) 144.141 144.563 144.492
Natural electron configuration of M [core]4s46 [core]5s*# [core]6s"-%

389 4p09 4don2 5p20 5898 6p77

4d0.01 Sd0.0l 6d0.01

7p0.01
4. Conclusions
References

The electronic, vibrational, and thermodynamic properties
of the three complexes BDNi, BDPd, and BDPt are
calculated. Bonds that connect the central metallic atom to
surrounding S toms are affected by the structure of the
molecule. Raman M-S vibrational breathing mode increases
with the mass of the metal. Results show that the Pd
complex is more appropriate and closer than the other two
elements (Ni ant Pt) to the Nd:YAG laser energy at 1064
nm. Electron affinity of the central metallic elements
showed the ability to interpret many of the calculated
properties. Pt, Ni, and Pd have the highest electron affinity,
respectively. This order is also noticed in charges, energy
gaps, Vvibrational frequency gaps, Gibbs free energy,
enthalpy and entropy of atomization. Other quantities such
as heat capacity do not follow the order imposed by electron
affinity showing that they are affected by other factors.
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