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ABSTRACT 

The present work is dedicated to the investigation of the linear and nonlinear optical 

properties of triple stranded metallohelicates in both solid state and in solution. The studied 

metallohelicates are obtained by a self-assembly process involving three ligands (strands) and 

“octahedral” like transition metal cations such as iron(II), cobalt(II), nickel(II) and zinc(II),  

The use of diverse metal cation is motivated by the study of their influence on the linear and 
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the nonlinear optical properties. The morphology of the thin films of the resulting 

metallohelicates obtained by spin coating deposition were examined by means of Atomic 

Force Microscopy (AFM). The properties of these thin films were examined by means of 

Photoluminescence, Second and Third Harmonic Generation techniques and Z-scan method. 

The experimental studies allowed us to determine the optical constants. The nonlinear optical 

susceptibilities of the studied supramolecular metallohelicates were determined by using 

theoretical models. In this study we have used density functional theory (DFT) to calculate 

linear and nonlinear optical properties of the investigated molecule. The influence of the 

interligand π→π* transmetallic charge-transfer, energy gap  and multipole  moments  at the 

linear and nonlinear optical properties were discussed. 

Keywords: Supramolecular Chemistry, Triple Stranded Metallohelicates, Second Harmonic 

Generation, Third Harmonic Generation, Z-scan, Nonlinear Absorption, Nonlinear Refractive 

Index, Atomic Force Microscopy, Luminescence. 

INTRODUCTION 

Supramolecular chemistry is the chemistry of 21st century. It finds applications in various 

areas of science: conversion of light by energy transfer [1], conductors of electricity [2], 

optical sensing [3] and others. Modern supramolecular systems are refined and complex, and 

some of them are molecular machines modelled on biomolecules such as motor proteins or 

cancer system cells [4-5]. Therefore, there is an increasingly frequent applications of the 

achievements of chemistry for the design of new supramolecular systems [6]. Processes of 

self-assembly of matter have been successfully used to create new materials: supramolecular 

polymers composed of organic molecules or new porous materials made of small molecules 

connected by weak noncovalent forces [7-8]. Supramolecular materials play a very important 

role in medicine. Assemblies are used, for example, to study the interactions of ligands with 

biomolecules, such as proteins or nucleic acids [9]. The knowledge about these interactions is 
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currently of great importance in the design of drug delivery [10] like in the treatment of 

cancer [11]. One of the statutory tasks of supramolecular chemistry is the use of matter to 

perform calculations at the atomic scale. The storage of the information in supramolecular 

systems is usually done through the use of molecular switches. Many publications reported 

data storage in supramolecular systems, such as two-photon induced data storage in 

supramolecular azopolymers [12] or in thin films formed by supramolecular assembly [13]. 

Due to their unique properties, supramolecular complexes are promising in nonlinear optics 

as well as in nanophotonics. Studies of the second order nonlinearity in supramolecular 

polymers were previously described [14], while some other studies reported the third order 

optical nonlinearity of metallo-supramolecular complexes based on phthalocyanine [15], 

fullerenes connected with rotaxanes [16] or of ammonium picrates [17]. Most of the 

nonlinear optical responses were investigated using Z-scan technique [18-19], although other 

studies of supramolecular systems were performed for light up-conversion [20]. Note that 

some low yield luminescent ruthenium(II) triple stranded helicates and their potential 

applications in medicine have been reported [21]. 

The main objectives of this work lies on the design and elaboration of new multifunctional 

supramolecular architectures for NLO applications [22-23]. In this respect, dynamic metal-

ligand (M-L) interaction is continuously emerging as a powerful tool for the design and the 

development of various types of multi-responsive material properties. Such materials can 

therefore be classified to the kind of stimuli that they respond to, such as thermo-, photo-, 

chemo-, electro-, mechano-, and offer applications in diverse fields, including biomedicine, 

nanoelectronics and catalysis [24-27]. Recently a huge interest has been devoted to the 

preparation of different supramolecular assemblies by the use of suitable ligands that leads to 

the formation through self-assembly processes to self-assembled metal complexes and/or 

(metallo)supramolecular networks.  
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The work reported herein was devoted to study linear, photoluminescent and nonlinear 

optical properties of some selected metallo-supramolecular triple-stranded helicates and in 

particular to evaluate the influence of the metal cations used during the self-assembly process 

such as iron(II), cobalt(II), nickel(II), zinc(II), on such physical properties. 

The determination of first and second-order hyperpolarizability of a molecule is often used 

to understand the affinity between the molecular structure and NLO properties. Therefore we 

present also the quantum chemical calculation of electronic delocalization through a π-

conjugated molecular system. To explain the origin of the NLO phenomena occurring in the 

investigated supramolecular systems - calculations predicting: HOMO (Highest Occupied 

Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital), first and second-

order hyperpolarizabilities were performed. The calculations of HOMO and LUMO are very 

important aspects to consider the molecular reactivity. 

MATERIALS AND METHOD 

Triple stranded helicates 

The metal complexes in this research are triple stranded helicates which are resulting from 

the self-assembly process of three ligands based on iminopyridine fragments and two metal 

cations, as previously reported [28]. The metal cations being Fe2+ (HelFe), Co2+ (HelCo), 

Ni2+ (HelNi) and Zn2+ (HelZn). Fig. 1 presents iminopyridine-based ligand and fig. 2 shows 

the studied triple stranded  metallo-helicates. Hel-M guest-host polymeric thin films were 

prepared using well-known spin coating method from solutions with acetonitrile (ACN) 

solvent and poly(methyl methacrylate) (PMMA). The concentration of the prepared 

composition was 10 wt%. Deposition were carried out on strictly cleaned 1 mm glass 

substrates using spin-coater (Spin200i, POLOS) at speed 2000 rpm.  
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Figure 1: Iminopyridine based ligand used in synthesis of supramolecular triple stranded  

helicates. 

 

 

Figure 2: Schematic representation of the studied metallo-supramolecular assemblies. 

Characterization techniques of Triple Stranded Helicates 

A total of 4 films were collected and their surfaces were analyzed by Bioscope II AFM – 

Nanoscope V controller (Veeco) [29] with phosphorous n-doped Si cantilever in scanning 

area 10 × 10 µm2. UV-Vis spectra of studied thin films were achieved by using UV-1800 

spectrometer (Shimadzu) at room temperature. Photoluminescence measurements were 

recorded on FluoroMax-4 spectrofluorometer (Horiba), while luminescence decay-times were 

obtained by pulse diode in Single Photon Counting Controller FluoroHub linked to this 

instrument. 
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Second- and third harmonic generation measurements were performed on well-known 

Maker fringe setup [30-32], which is schematically illustrated in fig. 3. Experiment was 

carried out in transmission manner by rotating sample from -60° to 60° on rotary table. 

Pulsed Nd:YAG laser (PL2250, Ekspla) generating 1064 nm wavelength was used as a light 

source and intensities of generated harmonics as a function of rotation angle have been 

obtained. Measurements were achieved in vertical (P) and horizontal (S) polarized 

fundamental beam. Interference filter were placed in alignment to cut main wavelength from 

residual generated harmonics. Parameters of setup used in this experiment are gathered in tab. 

1. 

 

Figure 3: Experimental apparatus for SHG and THG measurements. 

SHG measurements were possible by creating macroscopic noncentrosymmetry in studied 

samples using corona poling technique [33]. Thin films were poled by external electric filed 

to change the orientation of molecules towards to electric field line. High voltage 6 kV and 

temperature 100°C, which is close to glass transition temperature Tg of PMMA, were applied 

for 10 minutes. After this time, the electric field was still applied until the system cooled 

down. When high voltage is turned off, orientation remains suspended for particular time, 

depended on the chemical properties of the guest-host system. 
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Figure 4: Z-scan experimental setup. 

Nonlinear optical properties were investigated by Z-scan technique [30, 34] as well as by 

using frequency-doubled beam from pulsed Nd:YAG laser in transmission manner (fig. 4). 

Parameters of alignment used in Z-scan technique are placed in tab. 1. This renowned 

technique allows us to elucidate nonlinear optical properties, such as nonlinear absorption 

and nonlinear refractive index, which are measured at the same time. Open aperture Z-scan 

(OA), where all transmitted light is measured, allows to determine nonlinear absorption, 

while close aperture Z-scan (CA) involves collecting the small amount of light that is 

shrouded by the diaphragm (see fig. 4) and allows to determine nonlinear refractive index. 

We identify two types of nonlinear absorption: saturable absorption (SA) and reverse 

saturable absorption (RSA), which are determined during measurements in which we receive 

the transmission in the form of "peak" or "valley", respectively. In the case of close aperture 

Z-scan, the measured non-linear refractive index can be positive or negative, which 

corresponds to the "peak-valley" or "valley-peak" configuration, respectively. In this 

technique samples were investigated in solutions with concentration of about 2.3 mM. 

Table 1: Parameters of setup used in SHG/THG and Z-scan measurements 

 SHG/THG Z-scan 

Laser Wavelength 1064 nm 532 nm 

Laser Energy 80 µJ 0,5–2,0 µJ 

Pulse duration 30 ps 30 ps 

Repetition rate 10 Hz 10 Hz 
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Focal length 25 cm  20 cm 

Sample thin film liquid 

 

THEORETICAL MODELS 

Comparative model of Lee 

Model of Lee is to determine the second-order nonlinear optical susceptibility [35]. Y-

cut quartz glass is the most commonly material used as a reference. Second-order nonlinear 

optical susceptibility �(�) of sample with thickness d is calculated from: 

 �(�) = ����	
�(�) �2�� �����	
����
� � � �������	
���  (1) 

where ��� and ����	
���  are the maximum amplitudes of SHG of the investigated material and 

quartz, respectively, ����	
�(�) = 1.0 �� ∙ !"# [36] is nonlinear optical susceptibility of quartz 

and ����	
���� = 21$� is the coherent length of the reference material: 

 ����	
���� = %�4 ∙ |(�� − (�| (2) 

where %� is the wavelength of the fundamental beam, while (�� and (� are refractive 

indexes of the reference material for the fundamental beam and the generated second 

harmonic, respectively. In the case where the optical absorption of the material is not 

negligible, the formula (1) includes optical absorption coefficient α: 

 �(�) = ����	
�(�) �2�� �����	
����
� � � �������	
��� × + ,�21 − -.� /− ,�2 0 1 (3) 

Comparative model of Kubodera and Kobayashi 

The Kubodera-Kobayashi model [37] was used to calculate �(2) . This model consist 

in directly comparing the maximum amplitude of the light intensity generated third harmonic 
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by diagnosed medium with the maximum amplitude of the light intensity obtained 

in the measurement of 1 mm of silica which is used as a reference material: 

 �(2) = �3454��(2) �2�� ��3454������ � � �2��3454��2�  (4) 

where d is a film thickness, �2� and �3454��2�  are THG intensities of the sample and the silica, 

respectively, �3454��(2) = 2 ∙ 10"���� ∙ !"� [38], �3454����� = 6,7$� is the coherent length 

of silica: 

 �3454����� = %�6 ∙ |(2� − (�| (5) 

where %� is the wavelength of the fundamental beam, while (2� and (� are refractive 

indexes of the reference material for the fundamental beam and the generated third harmonic, 

respectively. When the optical absorption is not negligible, the relation (4) includes the linear 

absorption coefficient α and takes the form: 

 �(2) = �3454��(2) �2�� ��3454������ � � �2��3454��2� × + ,�21 − -.� /− ,�2 0 1 (6) 

RESULTS AND DISCUSSION 

Surface characterization 
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Figure 5: Photographs from optical microscope; a) HelFe; b) HelCo; c) HelNi; d) HelZn. 

The first order thickness of obtained thin films have been measured using profilometer 

(Dektak 6M, Veeco). Layers are thinner than 1 micron, and their exact values are given in 

tab. 2. Afterwards, the photographs of the samples were taken with an optical microscope 

(fig. 5). In addition to the different colors, some defects in the structure of the layer can also 

be seen, which were examined in detail using AFM microscope. Typical AFM images 

analyzed by Gwyddion software are presented in fig. 6. Measurements were carried out in the 

range  

10 µm × 10 µm. It was observed that films are quite homogenous and smooth, although some 

surface irregularities have been observed. The surface roughness was then measured and 

calculated. However, the unevenness is not significant - it is at the level of several hundred 

picometers, in the case of the HelFe sample almost one nanometer. This is important when 

measuring the second and third harmonics to obtain a periodic signal. The obtained values are 

located in tab. 2. 
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Figure 6: a) Typical 2-D AFM image of triple stranded helicates in the range 10 µm × 10 µm 

(left) and 3-D view of obtained AFM image (right). b) Typical roughness of studied triple 

stranded helicates. 

 

Table 2: Thickness and roughness of studied samples. 

 Thickness [nm] Roughness [nm] 

HelFe (820 ± 14) (0,984 ± 0,162) 

HelCo (820 ± 11) (0,154 ± 0,019) 

HelNi (660 ± 23) (0,157 ± 0,006) 

HelZn (680 ± 26) (0,061 ± 0,006) 

 

Absorption spectra 

a) 

b) 
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Figure 7: Absorption spectra of studied triple stranded helicates. 

Absorption spectra (fig. 7) of the studied thin films were measured by using UV-Visible 

spectrophotometer in the range 300-1000 nm. Cobalt(II), nickel(II) and zinc(II) exhibit one 

strong absorption band located at λmax = 355 nm that can be assigned to the π�π* and n�π* 

interligand charge transfer (1ILCT) transitions. In the case of  HelFe helicate, in addition to 

the band located at λmax = 331 nm, the absorption spectrum exhibits a band located in the 

visible region which is assigned to metal to ligand charge transfer transition (3MLCT) as 

commonly observed for iron(II) N-heterocyclic ligands [39, 40]. Note that the absorbance at 

1064 nm, that constitutes the fundamental wavelength of laser beam at SHG and THG 

measurements, is negligible. We also noted, that at wavelength corresponding to THG, which 

is 355 nm, the absorbance is significant which means that simultaneous THG generation is 

somewhat absorbed. For this reason, the calculations associated with THG experiment have 

included the absorption coefficient. On the other hand, in case of SHG wavelength, which is 

532 nm, absorbance is not negligible for HelFe helicate, therefore for this material the 

calculations was performed by including the absorption coefficient as for THG. Moreover, 

with the appearance of linear absorption for a wavelength of 532 nm, we should also expect 
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nonlinear absorption. The exact λmax with absorption coefficients for 532 nm (which 

corresponds to SHG) and 355 nm (which corresponds to THG) are presented in tab. 3. 

Table 3: Absorption peaks and values of absorption coefficients. 

 λabs [nm] 
α [103 cm-1] 

532 nm 355 nm 

HelFe 331,  531,  577 4.49 8.49 

HelCo 327 0.35 11.22 

HelNi 328 0.50 8.40 

HelZn 348 0.12 10.94 

 

Photoluminescence properties 

Typical photoluminescence spectra of the studied triple stranded helicates thin films on 

glass substrates are presented in fig. 8. It was observed that for all samples PL spectra 

indicate one maximal PL peak in violet wavelength range positioned around 380-410 nm, 

which are result of ILCT transitions. During excitation at 532 nm and 577 nm sample 

containing iron(II) HelFe, no emission signal was recorded. This is due to the fact that the 

photoluminescence was carried on thin films containing only 10% of the studied material 

with the result that both absorption and emission for these compounds are not high intense. 

3D photoluminescence spectra shows the intensity for a given emission wavelength as a 

function of the excitation wavelength. These PL spectra were carried out in the excitation 

wavelength range 310 nm to 340 nm and emission wavelength range from 350 nm to 500 nm 

for HelFe, HelCo and HelNi, sample containing zinc(II) was measured in excitation 

wavelength range from 310 nm to 390 nm and emission wavelength range from 400 nm to 

500 nm. As we observed, the strongest enhancement of PL intensity was located near 

resonant region during excitation by UV light. However it was noted, that PL spectra is 

determined by asymmetrical shape which is caused by concentration of the samples. By 
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determining the excitation and emission wavelengths for which the highest intensity occurs, 

the luminescence decay time was then measured using additional pulse diodes with 

wavelengths close to excitation wavelengths, which are presented on fig. 9. The lifetime was 

measured in room temperature, and achieved results were fitted by double-exponential 

function 9 = 9: + <:-"
 =>⁄ + <#-"
 =@⁄  [41], which implies two time decays T1 and T2. The 

estimated values of decay times are given in tab. 4. The recorded decay times are very short, 

first around 1.5-2.0 ns and second around 20-40 ns, which signifies that these samples show 

fluorescent properties. 

  

Figure 8: Typical photoluminescence spectra and 3D photoluminescence image of triple 

stranded helicates. 

Table 4: Excitation, emission peaks and luminescence lifetimes of studied thin films. 

λExcitation [nm] λEmission [nm] T1Decay [ns] T2Decay [ns] 

HelFe 320 380 (1,562 ± 0,012) (22,546 ± 0,226) 

HelCo 325 400 (1,473 ± 0,011) (37,872 ± 0,257) 

HelNi 328 393 (1,408 ± 0,026) (23,726 ± 0,242) 

HelZn 380 410 (2,005 ± 0,052) (24,420 ± 0,202) 
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Figure 9: Typical luminescence lifetime decays of studied thin films. 

Second and Third Harmonic Generation 

 
Figure 10: Typical SHG signal of triple stranded helicates before and after corona poling 

(left); histogram presenting values of second-order nonlinear susceptibility in P- and S-

polarized beam (right). 
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Figure 11: Typical THG intensity as a function of incident angle in P-polarized beam of triple 

stranded helicates (left); histogram presenting values of third-order nonlinear susceptibility in 

P- and S-polarized beam (right) 

Second and third harmonic generation measurements (fig. 10, 11) were carried out using 

experimental setup presented in fig. 3. Y-cut quartz plate and silica glass were used as 

reference materials, respectively. Measurements were performed for vertical (P) and 

horizontal (S) polarization of fundamental laser beam. On fig. 10a we observe the lack of 

SHG signal, however after applying the corona poling method, the signal appears. The 

second order nonlinear optical susceptibilities calculated from the Lee model show that the 

samples polarize the light in a vertical direction, because the differences between the values 

depend on the polarization (see tab. 5, fig. 10b). Moreover, outstanding differences were not 

noticed between the χ(2) values depending on the metal cation. Basically, THG response is 

independent from polarization of fundamental beam, however slight differences between 

calculated values of χ(3) calculated by using Kubodera-Kobayashi model have been observed 

(see tab. 5, fig. 11b). This is due to small changes in the laser energy when changing 

polarization with a half-wave plate. Likewise SHG measurements, there was no significant 

difference observed for THG with the included metal cation. Nonetheless, the highest values 

in both experiments have been obtained for triple stranded helicate with nickel cation HelNi. 

Moreover, a comparison between studied triple stranded helicates with previously reported 

organometallic and supramolecular assemblies has been included. From tab. 5 we can 

distinctly notice that values of χ(2) and χ(3) are approximately higher for triple stranded 

helicates than the other shown supramolecular and organometallic compounds. It should also 

be emphasized that these compounds were selected by the method of their preparation and the 

SHG / THG experimental method. 
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Table 5: Comparison of total values of second- and third-order nonlinear susceptibility of 

studied triple stranded helicates thin films with selected compounds in literature. 

 
χ(2),  pmV-1 χ(3),  10-22 m2V-2 

P S P S 

HelFe 0.444 0.306 15.38 15.02 

HelCo 0.381 0.274 15.45 15.85 

HelNi 0.472 0.356 17.28 16.84 

HelZn 0.449 0.325 14.98 14.74 

Benzidofuran-based  

derivatives S1, S4 [30] 

0.12 0.09 5.9 5.1 

0.37 0.13 13.4 13.4 

Penta(TMS)C60 [42] 0.19 - - 9.8 

L2Re(CO)3Cl [43] 0.16 0.07 - 8.19 

 

Nonlinear Absorption and Nonlinear Refraction 

Analysis of nonlinear absorption and nonlinear refraction have been performed using 

experimental setup presented in fig. 4. The helicates were dissolved in acetonitrile forming 

2.3 mM solution. The measurements were carried out for different laser energies from 0,5 to 

2,0 µJ. Only the HelFe sample allowed for obtaining nonlinear absorption because it absorbs 

at 532 nm. Furthermore, HelFe sample showed no response in close aperture Z-scan. 

Achieved responses from OA and CA Z-scan are presented in fig. 11. 

Nonlinear absorption coefficient (β) and nonlinear refractive index (n2) have been 

calculated from OA and CA graphs using following equations [44-45]: 

 A(B, C = 1) = D E−F�:�GHHIJ
�1 + / BB:0��J (� + 1)2 �K

L
JM:  (7) 

 A(B, C < 1) = 1 − 4∆Φ: BB:�/ BB:0� + 9� �/ BB:0� + 1� (8) 
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where: T(z, S) is normalized transmittance for OA and CA curves, �: – intensity in the center 

of the beam, B: – Rayleigh range, �GHH – effective thickness of the sample and is calculated 

as follows: 

 �GHH = 1 − -"RST,:  (9) 

Moreover  ∆U: describes nonlinear phase change on the focus and is determined by: 

 ΔΦ: = 2�% (��:�GHH (10) 

 

Figure 11: CA Z-scan (left) and OA Z-scan (right) characteristics for triple stranded helicate 

complexes at concentration 2.3 mM in acetonitrile and laser energy 2.0 µJ. 

Values of nonlinear absorption coefficient and nonlinear refractive index are presented in tab. 

6. Acetonitrile is characterized by relatively low nonlinearity [46] and its impact on the 
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obtained results was taken into account during the calculations. Calculated values of W and 

XY, are presented in fig. 12 as a function of laser energy. Calculated values of n2 correspond 

to self-focusing behavior. Triple stranded helicate HelNi is characterized by the highest total 

value of refractive index. Moreover, as previously mentioned, absorption coefficient β have 

been calculated only for HelFe complex from saturable absorption response. 

 Parts of third order nonlinear optical susceptibility have been calculated as follows [47-48]: 

 Z-E�(2)I = 4(:�[:\3 (� 
(11) 

 ��E�(2)I = (:�[:\%3� F 
(12) 

where c is speed of light in m/s. Obtained NLO parameters are shown in tab. 6. Real part of 

cubic nonlinear optical susceptibility is for about 3 times higher than χ(3) obtained by THG 

technique. We have to take into account that χ(3) calculated from THG has only electronic 

contribution, as well as in Z-scan molecular. Besides, aforementioned, measurements were 

provided for different type of samples - in third harmonic generation experiments were 

carried out on thin films and in Z-scan technique we used liquid solutions. Furthermore, 

experiments were carried out in different laser wavelength (1064 nm for THG and 532 nm for 

Z-scan). However, as in the case of THG studies, the parameters obtained using Z-scan 

proved to be the best for the HelNi sample, although they are not significantly different from 

the other  helicates.  

Table 6: Calculated values of NLO refractive index, NLO absorption coefficient, real and 

imaginary part of third order NLO susceptibility for triple stranded helicates at concentration 

2.3 mM in ACN. 

 n2,  

10-19 m2W-1 
β,  

10-12 mW-1 

Re(χ(3)),  

10-21 m2V-2 

Im(χ(3)),  

10-21 m2V-2 

HelFe - -3.52 - -0.95 
HelCo 10.0 - 6.35 - 
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HelNi 10.15 - 6.45 - 
HelZn 9.9 - 6.29 - 

 

 

Figure 12: W and XY values as a function of laser energy of HelFe, HelCo, HelNi and HelZn 

complexes in acetonitrile. 

Quantum Chemical Calculations  

The initial geometrical parameters of the metallohelicates were obtained from Single Crystal 

X-ray Diffraction refinement data [49]. The optimization of the molecular geometries leading 

to energy minima was achieved by using density functional dispersion-corrected DFT-D3 

theory calculations using B3LYP/6-31+G(d,p) basis set and the UV-vis absorption spectra 

were computed applying b3lyp/6-31++g(d,p) methodology without dispersion-correction 

implemented in the GAUSSIAN 09 program package [50] in C1 symmetry. The geometry 

optimization was performed in gas-phase. Though density functional theory (DFT) is good 

enough for systems more than 200 atoms, standard semilocal (hybrid) density functional 

approximations do not describe well the London dispersion energy which is essential for 

accurate predictions of inter- and intramolecular noncovalent interactions. Therefore 

dispersion-corrected DFT provides a unique tool for the analysis of complex aromatic 

systems [51]. The modelled structures were used to calculate HOMO-LUMO energies, 

frequency-dependent first and second hyperpolarizabilities. It should be mentioned that the 

empirical dispersion correction mainly affects the geometry of the molecule but is not 
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effective for the other calculated parameters. The frequency-dependent β(-2ω,ω,ω) and γ(-

3ω,ω,ω,ω) parameters at considered ω = 0.04282 a.u. (λ=1064 nm wavelength) were 

calculated using GAMESS [52] program by B3LYP/lanl2DZ basis set. 

Analyzing the values of the position of the absorption maximum λmax calculated theoretically 

and determined experimentally presented in table 7, one can notice a bathochromic shift of 

the experimental spectra in relation to the theoretical ones. Which may be related to both the 

calculation method and the fact that the experimental spectra were made in the solid phase.   

Table 7. The computed quantum chemical parameters including: HOMO, LUMO, energy gap 

(Eg) HOMO–LUMO, UV-VIS absorption peak position spectra computed applying b3lyp/6-

31++g(d,p) methodology and measured for of studied thin films. 

 HOMO  

[eV] 

LUMO 

[eV] 

(Eg)HOMO–LUMO 

[eV] 
λabs exp[nm] λabs th [nm] 

HelFe -3.50 -2.18 1.32 331,  531,  577 272 
HelCo -2.82 -2.57 0.25 327  - 
HelNi -3.12 -1.71 1.41 328  280 
HelZn -4.96 -1.02 3.94 348  278 

 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) are validity parameters to study the specific movements of electron transfer in 

molecules (see tab. 7). The HOMO-LUMO gaps of HelFe, HelCo and HelNi are 

significantly smaller than the energy gap value for HelZn. A small energy gap suggested that 

these molecules are relatively more reactive and less stable than HelZn. The connection 

between the electric dipole moments of an organic molecule having donor – acceptor 

substituent and first order hyperpolarizability is also very important. In the present case, the 

dipole moments, μ (measured in Debye units) for investigated complexes are very small 

which is due to the geometry of the molecule.  The obtained results, both experimental and 

theoretical, suggest quite a good second-order nonlinear response (tab. 9). All atoms and 

molecules (except S-state atoms) have one or more not disappearing permanent multipole 
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moments. In the case of microcircuits with octahedral symmetry, there is a need to define 

higher-order multipoles and a hexadecapole system, the moment of which is determined by 

the fourth-rank tensor. The Table 7 shows the diagonal components of mulipole moments for 

the tested molecules. With the high octahedral symmetry all other, except hexadecapole 

moment, mullipole moments should be zero. In this case the also quadrupole moments- 

second rank tensor (determined by the charge distribution (see Figure 13 ) have high values 

for all molecules and can play a crucial role in the obtained high hyperpolarizabilities. The 

figure 13 shows the charge distribution for HelZn resulting from the natural electrical 

properties of the system from which we can notice a positive and negative regions of the 

potential. The positive charges lie closer to the metal cationic center  (blue region) the 

potential becomes positive in this region and their influence on the potential is greater while 

negative charges (orange region) is located at the ends and in the center of the molecule.  

It is known that even in symmetrical systems, the process of polarization occurs under the 

influence of an external electric field, which gives rise to induced dipoles or dipoles of higher 

order. In the first approximation, the induced dipole moment Dind is proportional to the 

external electric field E. In our case molecules have an asymmetric charge distribution and 

then the components of the dipole moment induced in different directions are different. The 

total moment induced in the system by the E field is the sum of the linear DL moment and the 

non-linear moments DNL . 

 4̂4_` = 4̂T + 4̂aT (13) 

Where: 4̂a = ,4bcdeb,  4̂aT = #� F4bfcdebcdef #g h4bf5cdebcdefcde5, ,4blinear polarizability, F4bf, h4bf5cdeb 

hyperpolarizabilities. 
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Figure 13: Electrostatic charge distribuition for HelZn - positive (blue)  

and negative (orange) regions. (b3lyp/6-31++g(d,p)). 

 

Table 7: The computed several components of multipole  moment (b3lyp/6-31++g(d,p)) 

HelFe,  HelNi,  HelZn, HelCo. 

 
 Dipole 

moment [D] 

Quadrupole 

moment  [D·A2] 

Octapole moment 

[D·A3] 

Hexadecapole moment 

[D·A4] 

HelFe   X=-0.0018    
Y=0.0015     
 Z=-0.0015 

XX= 385.2520    
YY= -372.7489    
ZZ= -372.7515 

XXX=-0.2499   
YYY=-64.3741   
ZZZ=-48.0822 

XXXX=-38918.5639  
YYYY=-14408.8966 
ZZZZ=-14406.8236 

HelNi X= 0.0010     
Y= 0.0007     
Z= -0.0005 

XX= 395.2342   
YY= 369.9974    
ZZ= -370.0073 

XXX= 0.1302   
YYY= -37.8839 
 ZZZ= 99.7292 

XXXX=-38367.2839 
YYYY=-14643.4441 
ZZZZ=-14642.8189 

HelCo X= -0.0626    
Y= 0.1127    
Z= -0.3155 

XX= 374.4975   
YY=-424.3843   
ZZ=-426.5068 

XXX= -3.6572  
YYY=-86.5759  
ZZZ= -35.5395 

XXXX=45707.3996 
YYYY=-15038.9663 
ZZZZ=-15080.8357 

HelZn X= 0.0011     
Y= 0.0002     
Z= -0.0004 

XX= 394.2931    
YY= -369.7264    
ZZ=-369.7332 

XXX=0.1446   
YYY=-103.6304   
ZZZ=-44.5298 

XXXX=-38363.2180  
YYYY=-14593.7580  
ZZZZ=-14592.9995 

In this case origin of second-order nonlinear optical properties comes from induced non-

centrosymmetricity in the charge density distribution. Table 8 shows the visualized structures 

of HelFe, HelCo, HelNi, HelZn compounds and depicts the intramolecular transfer of 

electron density. The maps clearly indicate interligand π→π* transmetallic charge-transfer 
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(ITCT). The metal cation moiety has a donor nature and mostly there the HOMO orbital is 

located. Therefore we can observe the shift of electronic clouds from metal towards the 

iminopyridine fragment for all the investigated compounds. The first molecular 

hyperpolarizability β depends not only on the strength of the donor and acceptor groups but 

also on the nature of the π-conjugated spacer connecting these two groups [53]. 

The obtained β values for molecules: HelFe and HelZn  have the same order values. A 

slightly higher value was obtained  for  HelZn (β (-2ω;ω,ω) = 276.785×10-30 esu) molecule 

comparing to  HelFe (β (-2ω;ω,ω) = 210.078×10-30 esu). Urea molecule is the most used 

reference material for comparison of second order nonlinear optical (NLO) properties of 

molecular systems. One can observe that the value of first hyperpolarizability β obtained for 

compound HelZn is four orders higher than the one for urea (static first hyperpolarizability 

for urea molecule β (-2ω;ω,ω) = 30.90 ×10-32 esu) [54]. 

We can easily find a correlation between the parameters characterizing the electronic 

properties presented in tab.: 7, 8  and the obtained second order hyperpolarizabilities (see 

tab.9).  

Table 8. Frontier molecular orbitals of  HelFe, HelCo, HelNi, HelZn,  calculated at 

DFT/B3LYP/6-31G+(d,p) basis set level. 

 HOMO   LUMO  

HelFe 
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HelCo 

 

 

HelNi 

 

 

HelZn 

 
 

 

 

Table 9. Frequency-dependent: βtot(-2ω;ω,ω) and γtot(-3ω;ω,ω,ω) values at ω= 0.042827 a.u., 

λ=1064 nm, for HelFe, HelZn, B3LYP/lanl2DZ and comparison with experimental data 

χ(2)and χ(3). 

 βtot ×10-30 esu χ(2),  pmV-1 γtot×10-36 esu χ(3),  10-22 m2V-2 
HelFe 210.078 0.444 -24167.288 15.38 
HelZn 276.785 0.449 -3855.040 14.98 

 

It is known that the relationship of energy gap on the third order nonlinear optical 

susceptibility is the inverse of the optical break raised to 6th power [55]. As mentioned earlier, 
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the HOMO-LUMO energy gap for HelFe is smallest than for HelZn hence the highest value 

of the second-order hyperpolarizability for HelFe is obtained. Decreasing the value of the 

energy gap increases the charge transfer within the molecule. As you can see from the tab. 9 

the second order hyperpolarizability of compound HelFe (γ=24167.288×10−36 esu) is one 

order higher than for HelZn (γ=3855.040×10−36 esu). We also compared our 

hyperpolarizabilities γ values with reported by Leupacher et al. [56] of methylene blue 

(γ=32.00×10−36 esu) employing THG measurements and the value of γ for HelFe is three 

order higher. The calculated theoretical values of β and γ  were found to be in good 

agreement with the experimental findings. 

CONCLUSIONS 

Triple stranded helicates: HelFe, HelCo, HelNi and HelZn were synthesized and their 

corresponding thin films were prepared successfully using well-known spin-coating 

technique. AFM analysis have shown that the obtained thin films are relatively smooth and 

homogeneous, as demonstrated by the studies of the surface roughness. UV-Visible 

absorption spectra of the studied complexes showed that their absorption has a large impact 

on the NLO response. Moreover, in spectroscopic studies ultraviolet emission was observed 

from photoluminescence studies, and the luminescence decay time is relatively fast, 

indicating fluorescence like emission. 

NLO response of the studied metallo-supramolecular triple stranded helicates have been 

performed using SHG and THG Maker fringe method and Z-scan technique. The highest 

quadratic and cubic nonlinear optical susceptibilities have been found for helicate containing 

nickel metal cations HelNi, even if these values for the other samples are not significantly 

different from each other. For Z-scan studies, only the HelFe complex exhibit nonlinear 

absorption, however, the NLO refraction for this sample has not been obtained. Finally, the 
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highest value of NLO refractive index have been found for complex HelNi, which is 

consistent with THG results. The theoretically evaluated energy gap of the compounds 

showing the high rate of electron transfer from the ground to the excited state. However, a 

significant reduction in the energy gap in the molecule investigated compounds causes a large 

increase in third-order nonlinear properties. The interligand π→π* transmetallic charge-

transfer (ITCT) supports noncentrosymmetric charge density distribution resulting in the 

molecules possessing second order NLO properties. 

The NLO properties obtained for the metallo-supramolecular triple stranded helicates, 

indicate that these assemblies can be promising candidates to be used in photonics and 

nonlinear optical devices applications. 
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