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In this work, we present the third order nonlinear optical investigation of two gold complexes,

which differ by the nature of the counter cations. The impact of the different design in the

architecture through a set of hydrogen bonds in the case of Au-Mel of the systems on the

nonlinearity has been studied by means of the Z-scan setup under 532 nm, 30 ps laser excitation,

allowing for the determination of the nonlinear absorption and refraction of the samples.

Significant modification of the nonlinear optical response between the two metal complexes has

been found suggesting a clear effect of the counter cation. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4772476]

Nonlinear optical (NLO) materials are widely investi-

gated as promising candidates for a variety of applications

such as optical communications, optical storage, optical

computing, harmonic light generation, optical power limit-

ing, optical rectifying devices, displays, printers, dynamic

holography, frequency mixing, and optical switching1–3 for

which large second order and/or third order nonlinear optical

responses are a prerequisite. In the search for efficient NLO

molecular systems,4–7 dithiolene metal complexes have been

widely investigated. Due to their interesting electronic prop-

erties, they have been used for the preparation of single-

component molecular metals8,9 and molecular conductors

and superconductors.10,11 These properties are inherent to an

extended delocalized p system which, in addition, makes

them among the most promising candidates as efficient NLO

molecular systems.7,12–14 Another advantage of these sys-

tems is that the NLO response can be tailored to match

specific applications by changing their structure through the

modification of the ligands,12 the change of counter cati-

ons,14 or even the oxidation state of the core metal.14,15

In this work, we report on the nonlinear optical response

of [Au(midt)2]
–PPh4

þ, a gold(III) maleimide dithiolate tetra-

phenylphosphonium salt designated as Au-P, and a gold(III)

maleimide dithiolate melamine melaminium hybrid solvate,

(C3N6H6)(C3N6H7
þ)[Au(midt)2]

��2DMF�2H2O, designated

as Au-Mel (Scheme 1). These two salts, which differ mainly

by the nature of the counter cations were prepared as previ-

ously described.16 The counter cations were chosen in order

to have in the first case a simple electrostatic interaction

between the two molecular ions. In the second case, the use

of the melaminium cation (Melþ, Scheme 2) provides for a

charge-assisted set of hydrogen bond interactions involving

the hydrogen bond donor/acceptor metal dithiolene complex

anion which effectively directs an extended two-dimensional

crystalline structure. The NLO properties of these materials

have been investigated in order to elucidate the difference of

the response between the two metal complexes and to inves-

tigate the effect of the charge-assisted hydrogen bond net-

work on the nonlinearity, as it is likely to be effective

already in the liquid phase. The NLO measurements were

done employing the Z-scan technique,17 utilizing a diode

pumped passively mode-locked Nd:YVO4 laser with a repe-

tition rate of 10Hz delivering 30 ps laser pulses at 532 nm.

By means of this setup, the real (related with nonlinear

refraction) and imaginary (related with nonlinear absorption)

parts of the third order nonlinear susceptibility (v(3)), as well

as their signs, have been separately determined.

For the needs of the NLO measurements, different con-

centrations of the samples have been prepared and put into

1mm quartz cuvettes in order to be studied. Then “open

aperture” and “closed aperture” Z-scan curves have been

obtained by measuring the transmittance of the laser beam

after the sample. In the case of the “open aperture” Z-scan,

all the laser beam has been collected by a focusing lens and

then detected by a photomultiplier. In the second case, only

the part of the beam passing through a narrow aperture has

been detected. From the “open aperture” curves, the nonlin-

ear absorption coefficient b has been deduced by means of

the following equation:

T ¼
X1

m¼0

½�bI0Lef f=ð1þ z2=z20Þ�

ðmþ 1Þ3=2

m

; (1)

where T is the normalized transmittance, Lef f ¼ ð1� exp

ð�a0 LÞÞ=a0 is the effective thickness of the sample (a0 is

the linear absorption coefficient at the laser excitation wave-

length), and I0 is the on-axis irradiance at the focus.

By dividing the “closed aperture” Z-scan by the “open

aperture,” the “divided” Z-scan is obtained, which allows for

the determination of the nonlinear refraction. More specifi-

cally, the nonlinear refractive parameter c0 can be determined

by fitting the data according to the equation
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T ¼ 1þ
4DU0x

ðx2 þ 9Þðx2 þ 1Þ
; (2)

where DU0 ¼ kI0c
0Leff is the nonlinear phase shift.

Knowing the b and c0, the imaginary and real parts of

the third order nonlinear susceptibility can be determined

using the following equations:

Im vð3ÞðesuÞ ¼
10�7c2n20
ð96p2xÞ

bðcmW�1Þ

Re vð3ÞðesuÞ ¼
10�6cn20
480p2

c0ðcm2W�1Þ: (3)

In these equations, c is the speed of light in cm s�1 and x is

the fundamental frequency in cycles s�1. Finally, the second

order hyperpolarizability c, which is not concentration de-

pendent and depends only on the molecular system itself, has

been determined using the following equation:

c ¼
vð3Þ

NL4
; (4)

where N is the number density and L is the local field correc-

tion factor.

In Figure 1, characteristic electronic absorption spectra

of 1.2� 10�4M dimethylformamide (DMF) solutions of

complexes Au-P and Au-Mel are presented. They exhibit a

strong electronic absorption band in the UV region, which is

attributed to n-p transition and an electronic band in the visi-

ble region which is the characteristic of d-p interaction,

while there is no strong interaction in the NIR region since

these complexes are d8 type.18

Several different concentrations have been studied for

each system with the Z-scan technique, while for each one,

energy-dependent measurements have been done in order to

verify the third-order nonlinear character of the response and

that no saturation of the response was taking place during the

measurements. The solvent has been found to have signifi-

cant nonlinear refraction, so it has been in all cases sepa-

rately investigated and the contribution has been taken into

account in order to determine the nonlinear refraction

emanating from the samples. On the contrary, the “open

aperture” Z-scans of the solvent have been flat indicating

that there was no contribution of the solvent to the nonlinear

absorption, at least under the same experimental conditions.

Moreover, for the derivation of the nonlinear optical parame-

ters, the linear absorption of the samples at the laser excita-

tion wavelength (532 nm) has been taken into account.

The “open aperture” Z-scans of the samples having

concentrations 1.5-2.0mM have been found to exhibit

transmittance minima characteristic of the reverse saturable

absorption (RSA) character, while for lower concentrations

the nonlinear absorption has been found to be negligible.

Moreover, the “divided” Z-scans exhibited valley-peak con-

figuration indicative of self-focusing action of the materials,

while the contribution of the solvent has in all cases meas-

ured and removed in order to determine the Rev(3) of the sys-

tems. Characteristic “divided” and “open aperture” Z-scans

can be seen in Figure 2 corresponding to an AuM solution in

DMF (2.0mM). From a plethora of divided Z-scans obtained

for each concentration, the real part of the third order nonlin-

ear susceptibility has been obtained according to Eqs. (2)

and (3) and is presented in Figure 3 as a function of the con-

centration for the two investigated molecular systems. It is

obvious from this figure that no saturation of the nonlinear

optical response takes place within the utilized range of con-

centration. It should be noted that the linear absorption has

been taken into account in our calculations (through Eqs. (2)

and (3)), so the difference between the slopes corresponding

to the two molecules can be directly related with the differ-

ent NLO refraction, emanating from the two systems. From

SCHEME 1. Schematic drawing of the

studied complexes.

SCHEME 2. Hydrogen bond pattern within Au-Mel complex.

FIG. 1. Absorption spectra of the two complexes Au-P and Au-Mel

(1.2� 10�4M in DMF).
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the slopes of these linear fits and according to Eq. (4), the

real part of the second order hyperpolarizability has been

determined and has been found to be 0.72 � 10�32 esu and

1.9 � 10�32 esu for the systems Au-P and Au-Mel, respec-

tively (see also Table I).

Then, using the “open aperture” Z-scan recordings, the

nonlinear absorption of the molecules has been determined.

In this case, the effect of the solvent has been negligible, so

all the response has been attributed to the investigated

molecular systems. The imaginary part of the second order

hyperpolarizability has been determined according to

Eqs. (1), (3), and (4) and it can be seen in Table I. The corre-

sponding Imv(3) values in the case of the 2.0mM solutions

have been found to be 0.224 � 10�13 esu and 0.471� 10�13

esu for the systems Au-P and Au-Mel, respectively. As it

can be seen from Table I, the Au-Mel system exhibits higher

nonlinear refraction and nonlinear absorption, which results

in a much higher hyperpolarizability c (by about a factor of

2.5), compared with the Au-P complex. Also, the nonlinear

absorption is lower than the refraction for both studied sys-

tems, which explains the fact that the nonlinear absorption

has been found to be negligible for the lower concentration

solutions studied during this work (up to 1.5mM concentra-

tion). The large difference of the c values for the two gold

dithiolene complexes can be explained by the presence of

two different counter cations in the two metal complexes. In

fact, in the case of the complex Au-P, there is no intermolec-

ular interaction between the tetraphenylphosphoinium

(C6H5)4 P
þ cation and the gold dithiolene complex. On the

contrary, in the case of Au-Mel, the precise, charge-assisted,

hydrogen-bonded cation-anion interaction identified in the

solid state16 is likely to be effective to some significant

extend in a DMF solution the gold(III) maleimide dithiolate

melamine melaminium hybrid solvate, (C3N6H6)(C3N6H7
þ)

[Au(midt)2]
��2DMF � 2H2O.

16

The effect of the counter ion on the nonlinear optical

response has been briefly investigated in the literature. In the

case of second order nonlinearities, in ferrocenyl complexes,

the differences in the response have been attributed to the

noncentrosymmetrical nature of the counter ion19 which can-

not be the case in the present study. Moreover, as it has been

stated in Ref. 19, the ion pairing is likely to contribute to the

NLO response of the complexes. We, therefore, believe that

in the case of Au-Mel in the current work, the charge assisted

hydrogen bonding is playing an important role in the NLO

response. Moreover, in another work by Cifuentes et al.,20

which was carried out by means of the Z-scan technique

using fs laser pulses, several molecular structures containing

different counter ions have been investigated. The authors

concluded that the relation between the third order nonlinear

susceptibility and the nature of the counter ion has not been

clear cut, probably because of the lack of any crystal struc-

ture characterization.

The magnitude of the third order nonlinear optical

response of the dithiolenes can be highly dependent upon the

structure of the molecules, the ligands employed to engineer

them, as well as their absorption spectrum features.12,14 The

order of magnitude of the c values (10�32 esu) found here for

the two dithiolene complexes is correlated with the fact that
FIG. 3. Concentration dependence of Rev(3) for the two dithiolene gold

metal complexes.

TABLE I. Nonlinear optical parameters of the systems Au-Mel and Au-P.

Z-scan

Sample Re c (10�32 esu) Im c (10�32 esu) c (10�32 esu)

Au-Mel 1.90 1.2 2.24

Au-P 0.72 0.56 0.91

FIG. 2. “Divided” (a) and “open aperture” (b) Z-scans corresponding to an

AuM solution in DMF (2.0mM) (E¼ 1.6lJ).
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there is no resonance enhancement of the nonlinear optical

response, however, higher values can be achieved when the

laser excitation wavelength is in resonance with an absorp-

tion band of the system. In the literature, few reported works

exist concerning the nonlinearity of gold dithiolene com-

plexes (see, for example, Refs. 13 and 14). Chatzikyriakos

et al.13 have investigated the nonlinearity of an Au(dpedt)2
complex and they reported a 1.53� 10�32 esu value for the

second hyperpolarizability at 532 nm, 35 ps laser excitation,

which is in very good agreement with our results obtained in

this work. Moreover, the nonlinear absorption is negligible

compared with the nonlinear refraction up to the maximum

concentration investigated (1.64mM), which is also in agree-

ment with our finding that no nonlinear absorption has been

found, up to 1.5mM concentration.

In conclusion, we have investigated the nonlinear opti-

cal response of two gold dithiolene complexes, which differ

by the nature of the counter cations that introduce different

type of hydrogen bonding interactions with the anionic com-

plex. This has been found to result in significant modification

of the nonlinear optical response. The possibility to modify

the nonlinear optical response of these systems by changing

their structural arrangement opens wide prospects for utiliz-

ing such molecules for photonic applications.
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sion and General Secretariat for Research and Technology

(Greece) for a National Strategic Reference Framework
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