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Degenerate four-wave mixing (DFWM) experiments have been performed to determine the third-order
nonlinear optical (NLO) susceptibilities (»'*)) of gold(Ill) maleimide dithiolate tetraphenylphosphonium,
(PPhy)[Au(midt),], (Au-P) and gold(Ill) maleimide dithiolate melamine melaminium hybrid solvate, (Cs.
NgHg)(C5NgH; )[Au(midt),] -2DMF-2H,0, (Au-Mel). Ab-initio quantum mechanical calculations (time-
dependent Hartree-Fock (TDHF) method) of Au-P and Au-Mel have been carried out to compute the elec-
tric dipole moment (u), the dispersion-free and frequency-dependent dipole polarizability (o) and the
second hyperpolarizability (y) values. These theoretical calculations are in good agreement with the
experimentally obtained results by the DFWM technique. All the investigations show clearly the effect

played by the counter ion on the resulting NLO properties of the two gold complexes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nonlinear optical (NLO) materials play a major role as active
components in a large range of applications such as optical com-
munications, optical storage, optical computing, harmonic light
generation, optical power limiting, optical rectifying devices, dis-
plays, printers, dynamic holography, frequency mixing and optical
switching [1-6]. Bis-1,2-dithiolene complexes of transition metals
have been widely investigated due to their combination of func-
tional properties, specific geometries and intermolecular interac-
tions. Due to their resulting interesting electronic properties,
they have been used for the preparation of single component
molecular metals [7,8] and molecular conductors and supercon-
ductors [9,10]. These properties result from the extended delocal-
ized m-system which makes them valuable candidates for photonic
applications [11-18]. In addition, the resulting NLO properties can
be modulated by changing the chemical structure of the dithiolate
ligands, using different transition metals, modifying the oxidation
state of the metal or even by changing the nature of the counter
ion for the charged metal complexes. The incorporation of a heavy
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6200, Laboratoire MOLTECH-Anjou, 2 bd Lavoisier, 49045 Angers Cedex, France.
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atom introduces more sublevels into the energy hierarchy as com-
pared to organic molecules with the same number of skeletal
atoms, and this permits a greater number of allowed electronic
transitions and hence enhances the NLO response. The central me-
tal atom of a metal complex can readily be coordinated to conju-
gated ligands and undergo m-orbital overlap facilitating effective
electronic communication. Since the potential of organic materials
and metal complexes for NLO devices have been proven, the NLO
properties of many of these compounds have been investigated
by both experimental and theoretical methods [19,20]. We have
recently reported the preparation of two gold dithiolene metal
complexes which differ by the nature of the counter cations be
they a phosphonium (Au-P) or melaminium (Au-Mel) [21]. In
these complexes, we have structurally shown in the case of the
melaminium (Au-Mel) the presence of charge-assisted hydrogen-
bonded cation-anion interaction in the solid state. The investiga-
tion of the NLO properties of the two gold dithiolene metal com-
plexes by means of Z-scan showed a significant modification of
the NLO response suggesting a clear effect of the counter ion on
the NLO properties. More specifically, we have demonstrated an
enhancement of the second order hyperpolarizability (by about a
factor of 2.5) in the case of the hydrogen bonded melaminium
counter cation [22].

In this work, we report the experimental and theoretical inves-
tigation of the third-order NLO properties for the two gold(III)
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dithiolene complexes Au-P and Au-Mel (Fig. 1). The third-order
NLO susceptibilities of these materials in tetrahydrofuran (THF)
have been determined experimentally by the DFWM technique
and the measured nonlinear susceptibilities and the electronic
absorption behavior are compared by quantum mechanical calcu-
lations. Moreover our findings are compared with our previous re-
sults [22] as well as other previously published reports.

2. Experimental

The Au-P and Au-Mel metal complexes have been prepared as
previously reported [21]. The transmission spectra were measured
using a Perkin-Elmer UV/Vis Lambda 2 spectrometer in the 300-
1000 nm spectral region at room temperature.

The ¥’ was measured by means of the DFWM method using a
Nd:YAG laser (Quantel Model YG472) working at 532 nm with
30 ps pulses duration and 1 Hz repetition rate. We used the stan-
dard backward DFWM geometry described elsewhere [23,24].

The DFWM method can provide the absolute value of the third
order nonlinear susceptibility, which in general consists of a real
and imaginary part, which are related to the nonlinear refraction
and absorption respectively.

The DFWM reflectivity (R) was calculated from the propagation
equations of the interacted beams, which were deduced from Max-
well’s equations using the slowly varying amplitude approxima-
tion, taking into account only the linear absorption coefficient.
The DFWM reflectivity (R), defined as the total DFWM signal inten-
sity divided by the incident probe-pulse intensity, is found as a
function of the pump-pulse intensity. The probe intensity I3 was
adjusted to be approximately 6 x 1072[;. The DFWM reflectivity
(R) can be expressed as follows [23,24]:

g la0) <487‘c3 ) (3)>21] (0)L,(0) exp(—TI'L) a
L0)  \n?ci [pcoth(pL) +1L)°
where
2 /48m ,\°
= (e %) hOR(0)

The parameters I', L, 4, n and c are the linear absorption coeffi-
cient, the thickness of the sample, the laser wavelength used, the
linear refractive index of the considered material and the velocity
of light in vacuum, respectively. I;(0) and I,(0) are the intensity
of the pumping beams, I3(0) is the probe beam, and I4(0) is the
phase-conjugated beam. Carbon disulfide (CS,) was used as a refer-
ence material during the measurements.

3. Theoretical calculations

The theoretical computations involve the determination of elec-
tric dipole moments (), dispersion-free and frequency-dependent
dipole polarizability () and second hyperpolarizability () tensor
components. The molecular geometries of Au-P and Au-Mel have
been firstly optimized in the restricted close-shell Hartree-Fock
(RHF) level. Actually, the optimized geometries through ab initio

calculations closely match the geometries obtained from the
X-ray analysis. The geometry optimization has been followed by
the calculations of electric dipole moments and (hyper)polarizabil-
ities with SBKJC (Stevens/Basch/Krauss/Jasien/Cundari) valence ba-
sis set. In transition metals, the ab initio effective core potentials
(ECPs) usually include the semicore ns and np electrons in the va-
lence set, necessitating a correspondingly larger basis set. The
SBK]JC basis set is appropriate for the calculations of (hyper)polar-
izabilities of the examined complexes with rather heavy gold(III)
ions. u, static and dynamic « and y computations have been
performed using the SBKJC valence basis set with corresponding
ECPs. The theoretical understanding of the NLO properties is
growing during the last years and several tested computational
codes are important as valuable theoretical tools used for the
computation of the (hyper)polarizabilities. Frequency-dependent
(hyper)polarizabilities have been frequently implemented at the
self-consistent field level of theory (known as TDHF) [25]. «(0;0),
7(0;0,0,0) at w =0 and a(—w; w), Y(—3w; W, w, ®) calculations at
o =0.0856252 atomic units (a.u.) (i.e. at 4 = 532 nm wavelength)
according to the laser frequency used in the DFWM measurements
have been carried out using the TDHF method with the SBKJC basis
set implemented in the GAMESS [26] program. The «(0; 0) and
7(0; 0,0,0) definitions mentioned above describe the static dipole
polarizability and third-order hyperpolarizability, respectively.
The calculations of y(—3w; w,w,®) were carried out by the
third-harmonic generation (THG) group of the TDHF procedure.
The TDHF procedure gives useful predictive values and can be of
direct interest for understanding both static and dynamic
(hyper)polarizabilities of organic molecules and transition metal
complexes.

The orientationally averaged (isotropic) dipole polarizability (o)
and third-order hyperpolarizability (y) values have been calculated
using the following expressions, respectively [27]:

(o) = (Otxx + Otyy + 0z2) /3 (2)

<V> = (1 /5) [Vxxxx + yyyyy t Vezz + Z(Vxxyy + Vixzz T yyyzz)] (3)

We have also computed the y®(—w; w,—w, ®) susceptibility
tensors which represent the nonlinear interaction of third-order.
The frequency-dependent orientationally averaged (isotropic)
(73 (~w; , —w, w)) calculations at @ =0.0856252 a.u. were car-
ried out by the Optical Kerr Effect (OKE) group of the TDHF method
with the SBKJC basis set implemented in the GAMESS [26]
program.

To calculate all electric dipole moments, (hyper)polarizabilities
and susceptibilities, the origin of cartesian coordinate system
(x,y,z)=(0,0,0) has been chosen at the centers of mass of Au-P
and Au-Mel. All electric dipole moment, (hyper)polarizability and
susceptibility calculations have been performed on a PC with an In-
tel (R) core (TM) 17-2630QM operator, 5.8 GB RAM memory and
2 GHz frequency using Linux PC GAMESS version running under
Linux Fedora release 11 (Leonidas) environment.

Besides, the transition wavelengths (/) of the lowest lying
electronic transitions together with the corresponding excitation

1.
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Fig. 1. Chemical structures of the gold(Ill) dithiolene metal complexes.
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energies and oscillator strengths for the Au-P and Au-Mel dithio-
lene complexes have been determined theoretically by the TDHF
method with the CEP-4G basis set implemented in the GAUSS-
IANO3W [28] program. To understand the relationship of the NLO
properties with the molecular structure HOMOs, LUMOs and
HOMO-LUMO gaps have been also generated in the same theoret-
ical framework as the electronic transition wavelength calculations
using GAUSSIANO3W [28] program.

4. Results and discussion
4.1. UV-Vis spectroscopy and DFWM measurements

The electronic absorption spectra of Au-P and Au-Mel were re-
corded in THF solution (Fig. 2). These complexes exhibit a strong
electronic absorption band at A =288 nm which is assigned to the
ligand centered n — = transition. The broad band observed in the
visible region around /.x =447 nm is characteristic of d-p. The
measured linear absorption coefficients are listed in Table 1.

The NLO properties of Au-Mel and Au-P dissolved in THF were
investigated using the DFWM method at 532 nm. Typical plots of
the DFWM reflectivity (R) versus the input intensity (I;) of the
Au-Mel and Au-P are presented in Fig. 3. During the DFWM exper-
iments, the quadratic dependence of DFWM reflectivity on the in-
put intensity was verified for all samples. Fig. 3 also presents the
theoretical fitting results of the DFWM reflectivity (R) data re-
corded for the studied samples at 532 nm. From the dependencies
of the experimental data and Eq. (1), we derived the absolute val-
ues of x), which are presented in Table 2.

The % of Au-Mel was found to be larger than that of Au-P by a
factor of 1.7 (Table 2) and is consistent with the charge-assisted
hydrogen bonding interaction identified in the case of Au-Mel. This
result is in perfect agreement with the theoretical calculations pre-
sented in this work (see also Table 2) and in very good agreement
with our recent Z-scan findings [22], as the corresponding ratio of
the second order hyperpolarizabilities determined in Ref. [22] has
been found to be 2.5. The differences between the Z-scan and the
DFWM measurements can be attributed to the different solvent
utilized. Moreover with the Z-scan technique the real and imagi-
nary part of the nonlinearity can be separately measured, while
in the DFWM measurements the nonlinear absorption cannot be
determined. This can have a large impact in the different values
found in the two investigations as the nonlinear absorption has
been found to be as significant as the nonlinear refraction [22].

Table 1

Measured linear absorption coefficient I" (cm)~' values
of Au-Mel and Au-P at 532 nm, corresponding to a
concentration of 1.4 g/L.

Complex r
Au-Mel 24
Au-P 1.8
0.025
o Au-Mel .
|
0.020
2
Z 0.015-
©
2
—
) -
X 0.010 e
= /,»‘/l
; m
G
0.005
0.000 . .

T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Intensity of I, [ GW/cm® ]

Fig. 3. DFWM reflectivity of Au-Mel and Au-P dissolved in THF (C=1.4¢g/L) as a
function of the intensity of the input pump beam I, at 532 nm. Solid lines show the
best fit of Eq. (2) to the experimental data.

Table 2
Measured x> and computed (y® (-m; @, -, w)) values at @ =0.0856252 a.u. for
the Au-P and Au-Mel dithiolene complexes, corresponding to a concentration of
14 ¢g/L.

Complex Au-P Au-Mel

%3(x10'* esu) (measured) 3.864 6.727

(x®)(x10713 esu) (calculated) 4.603 8.005
Table 3

The ab initio calculated electric dipole moments u (Debye) and dipole moment
components for Au-P and Au-Mel.

Complex Hx Uy Uz u
Au-P 2.128 0.026 2.889 3.588
Au-Mel —30.034 0.010 -0.707 30.043
1.0
Table 4
. 0.8 Some selected components of the static «(0; 0) and («)(0;) (x10~2* esu) values for Au-
3 P and Au-Mel.
8 J
< 08 Complex e Olyy Ozz (or)
§ ’ Au-P Au-P 125.664 46.524 47.641 73.276
= Au-Mel Au-Mel 276.847 30.658 25.976 111.160
E 044
[<]
2 s
0.2+ Table 5
] Some selected components of the frequency-dependent o(—w; w) and (&)(—w; ®)
a0 (x10724 esu) values at @ = 0.0856252 a.u. for Au-P and Au-Mel.
L T T T T T ! T
300 400 500 600 Complex Oxx oy [ (o)
Wavelength (nm) Au-P 120.377 67.513 52.711 80.200
Au-Mel 68.269 33.539 40.896 47.568

Fig. 2. UV-Vis absorption spectra of Au-Mel and Au-P in THF (C =10 mol/L).
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Table 6
Some selected components of the static y(0; 0,0,0) and (y) (0; 0,0,0) (x10~37 esu) values for Au-P and Au-Mel.
Vxxxx Vyyyy Vzzzz Vxxyy Vyyzz (V)]
Au-P 438325.653 1208.944 2350.623 17928.523 405.039 98008.398
Au-Mel 126160.445 568.202 112.984 1371.143 44.161 26305.268
Table 9

4.2. Computational results and discussion

Quantum chemical calculations have been shown to be useful in
the description of the relationship between the electronic structure
of the systems and its NLO response [29]. The computational ap-
proach allows the determination of molecular NLO properties as
an inexpensive way to design molecules by analyzing their poten-
tial before synthesis and to determine high-order hyperpolarizabil-
ity tensors of molecules. The hyperpolarizability tensors of the
molecules could be determined using a suitable computational ap-
proach. These tensors describe the response of molecules to an
external electric field. At the molecular level, the NLO properties
are determined by their dynamic hyperpolarizabilities. TDHF is a
procedure generally used to find out approximate values, and can
be a mean of understanding both the static and dynamic hyperpo-
larizabilities of organic molecules and transition metal complexes.
In this work, the orientationally averaged (isotropic) values of
third-order susceptibilities for Au-P and Au-Mel have been com-
puted. Both the measured »'*) and calculated (»**)) values show
that the third order nonlinear susceptibility is higher in the case
of the Au-Mel molecular system. In this sense it is obvious that
changing the cation from tetraphenylphosphonium to melamine
melaminium hybrid has generated almost a 100% increase on the
measured and calculated third-order susceptibilities (Table 2). In
this study, in addition to the static dipole polarizabilities «(0;0)

Calculated HOMO-LUMO energy (a.u.) and HOMO-LUMO band gap (Eg) values for
Au-P and Au-Mel.

Au-P Au-Mel
HOMO —0.30194 —-0.30935
LUMO —0.00442 —0.01986
Eg [HOMO-LUMO] 0.29752 0.28949
HOMO-1 —0.33207 —0.34460
LUMO +1 0.01562 -0.01778
Eg [(HOMO—1)—-(LUMO + 1)] 0.34769 0.32682

and second hyperpolarizabilities y(0; 0, 0, 0), the following pro-
cesses for dynamic (hyper)polarizabilities have been considered:
frequency-dependent dipole polarizabilities «(—w; w) and second
hyperpolarizabilities y(—3w; ®,®,w). The electric dipole mo-
ments, some significant calculated magnitudes of the static and dy-
namic dipole polarizabilities and second hyperpolarizabilities are
shown in Tables 3-7. The y values depend on a number of factors,
which include the extent of -electron conjugation, the dimension-
ality of the molecules and the nature of substituents. The introduc-
tion of transition metals with partially filled d-shells is known to
affect a number of charge transfer (CT) mechanisms such as me-
tal-ligand charge transfer (MLCT), ligand-metal charge transfer
(LMCT) and d-d charge transfer [30]. The metal ions of gold com-
plexes are best described as d®, as expected for a square planar

Table 7
Some selected components of the frequency-dependent y(—3w; w,w, ®) and (}) (—3w; w, ®, ) (x10~37 esu) values at = 0.0856252 a.u. for Au-P and Au-Mel.
Vxxxx Vyyyy Vazzz Vxxzz Vyyzz (v
Au-P —-5144.818 7657.435 —6203.664 35960.561 —4706.753 8784.124
Au-Mel 1065030.436 3371.988 —81041.707 375413.540 4206.268 519899.692
Table 8
Calculated maximum OPA wavelengths / (nm), excitation energies (eV) and oscillator strengths (f) for Au-P and Au-Mel.
A Excitation energies, assignment f A Excitation energies, assignment f
Au-P Excited state 1 517.10 2.3977 0.0002 Au-Mel Excited state 1 536.02 23131 0.0003
HOMO-19 - LUMO HOMO - LUMO + 1
HOMO - LUMO HOMO — LUMO + 2
Excited state 2 351.84 3.5239 0.3500 Excited state 2 347.71 3.5657 0.1786
HOMO-23 - LUMO + 1 HOMO-29 — LUMO + 2
HOMO-22 — LUMO + 11 HOMO-27 —» LUMO + 2
HOMO-18 - LUMO + 1 HOMO-5 - LUMO + 2
HOMO-18 —» LUMO + 3 HOMO-3 —» LUMO + 1
HOMO-16 — LUMO + 1 HOMO-3 - LUMO +2
HOMO-15 — LUMO + 1 HOMO-1 - LUMO
HOMO-1 - LUMO + 1
HOMO-1 - LUMO + 2
Excited state 3 349.52 3.5472 0.0004 Excited state 3 335.73 3.6930 0.0267

HOMO-4 - LUMO
HOMO-1 - LUMO

HOMO-29 - LUMO +2
HOMO-3 — LUMO +1
HOMO-3 — LUMO +2
HOMO-2 — LUMO +2
HOMO-1 - LUMO
HOMO-1 - LUMO + 1
HOMO-1 — LUMO +2
HOMO - LUMO

HOMO — LUMO + 1
HOMO — LUMO + 2
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gold(Ill) compound, and therefore the unpaired electron in the
molecule can reside largely on the ligands. The square planar
gold(Ill) dithiolene complexes Au-P and Au-Mel have partially
filled d-shells, which are also in favor of higher values of nonlinear
optical response. In addition, the involvements of Au(lll) ions with
d® electron structures for square planar Au(lll) complexes here re-
sult in obvious enhancement of all the molecular (hyper)polariz-
abilities. The p and dynamic (y(—3w; o, ®,w)) values have the
same enhancement in the order Au-P (Au-Mel as the ¥ and
(¢ values (see Tables 2, 3, and 7).

The calculated wavelengths (1) and oscillator strengths (f) for
the maximum electronic absorption of Au-P and Au-Mel are
shown in Table 8. As can be seen, the optical spectra of Au-P and
Au-Mel, respectively, exhibit three weak bands centered between

349 and 517 nm for Au-P and between 335 and 536 nm for Au-
Mel. The transitions centered at 351.84nm for Au-P and
347.71 nm for Au-Mel of absorption maxima are relatively stron-
ger with 0.3500 and 0.1786 oscillator strengths, respectively, than
the others with almost zero values of oscillator strengths. Both
these intense bands theoretically obtained at 351.84 nm and
347.71 nm for Au-P and Au-Mel, respectively, while experimen-
tally observing at 288 nm in the UV region, are located in the UV
region assigning to n — 7 transitions. Theoretically above 517 nm
and 536 nm for Au-P and Au-Mel, respectively, and also experi-
mentally above 447 nm no additional absorption band is observed
in the visible region.

To understand the phenomenon in the context of the molecular
orbital picture, on the basis of optimized geometries, we examined

&
=
=)
= |
@
=
w2
(O]
2 gt
E
=

HOMD

(Ground State)

HOMO-1

Fig. 4. The frontier and second frontier molecular orbitals of Au-P and Au-Mel.
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the molecular HOMO and LUMO energies of the electronic struc-
tures. The calculated HOMO and LUMO energies and HOMO-LUMO
energy gaps of Au-P and Au-Mel are listed in Table 9. The frontier
molecular orbitals associated with the optical transitions are
shown in Fig. 4. The second and third-order NLO responses can
be dictated by CT excitations involving the HOMO and LUMO orbi-
tals in such a way that the larger values of first and second hyper-
polarizabilities should correspond to lower HOMO-LUMO gaps.
The hyperpolarizabilities are therefore directly related to the
HOMO-LUMO energy gap. It is evident that there should be an in-
verse relationship between the HOMO-LUMO gap and hyperpolar-
izability values [31]. The best values of hyperpolarizabilities can be
achieved with lower HOMO-LUMO gaps. Therefore, it could be ex-
pected that Au-Mel with a bit lower HOMO-LUMO gap than that of
Au-P might give much higher value for dynamic (y(-3w; o, w, w))
(see Tables 7 and 9). For Au-P, the electron density is located
mainly on the anion part in the HOMO and nearby occupied molec-
ular orbitals and also in the LUMO and nearby unoccupied molec-
ular orbitals. For Au-Mel, the electron density is located on the
anion part in the HOMO, whereas the electron density on the
LUMO and nearby unoccupied molecular orbitals is mainly local-
ized on the cation part (Fig. 4). These results are in good agreement
with the electronic delocalization occurring through the presence
of the charge-assisted hydrogen bonding interaction in Au-Mel,
while such interaction is absent in the Au-P complex. The
HOMO-LUMO gap may be decreased by the introduction of hydro-
gen-bonded interaction in the molecular structures as has been re-
ported by Liao [32] where he showed that the presence of
hydrogen bonding is controlled predominately by the HOMO-
LUMO gap. Our theoretical results on hydrogen bonding effect
and HOMO-LUMO gap (Table 9, Fig. 4) follow the same tendency
as observed by Liao. Au-Mel with charge-assisted hydrogen bond-
ing interaction has, thus, a slightly higher HOMO energy and a
slightly lower HOMO-LUMO band gap than that of Au-P.

5. Conclusions

The third-order optical nonlinearities of Au-P and Au-Mel have
been measured by the DFWM technique. The OPA characteriza-
tions of Au-P and Au-Mel have been obtained both experimentally
(UV-Vis spectroscopy) and theoretically (TDHF method). A com-
parison between theory and experiment for linear optical spectra
is straightforward as the regions of absorption and transparency
predicted by theory match with the experimental values well. This
confirms that, especially for the transition metal complexes, TDHF
is one of the best methods for estimating the electron absorption
spectra. To better understand the NLO enhancements in gold(III)
complexes here, we examined the frontier orbitals. Au-P and Au-
Mel show small HOMO-LUMO gaps, and thus produce the micro-
scopic second hyperpolarizabilities with non-zero values. The
third-order NLO properties have been also studied theoretically.
Theoretical results for the (hyper)polarizabilities and susceptibili-
ties derived from ab initio quantum mechanical calculations ex-
plain the experimental findings. The computed data in this work

have been compared with previous published results in the
literature.
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