
Journal Pre-proofs

Coordination properties of diethylenetriamine in relation to zinc phthalocyanine

Jan Janczak

PII: S0277-5387(19)30758-2
DOI: https://doi.org/10.1016/j.poly.2019.114313
Reference: POLY 114313

To appear in: Polyhedron

Received Date: 5 November 2019
Revised Date: 14 December 2019
Accepted Date: 16 December 2019

Please cite this article as: J. Janczak, Coordination properties of diethylenetriamine in relation to zinc phthalocyanine,
Polyhedron (2019), doi: https://doi.org/10.1016/j.poly.2019.114313

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version will
undergo additional copyediting, typesetting and review before it is published in its final form, but we are providing
this version to give early visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2019 The Author(s). Published by Elsevier Ltd.

https://doi.org/10.1016/j.poly.2019.114313
https://doi.org/10.1016/j.poly.2019.114313


1

Coordination properties of diethylenetriamine in relation to zinc 

phthalocyanine

Jan Janczak

Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Okólna 2 
str., P.O.Box 1410, 50-950 Wrocław, Poland 

Abstract

The coordination properties of diethylenetriamine (DETA) as a ligand containing three donor nitrogen 

atoms, two terminal primary amino groups and one secondary central amino group, with respect to 

divalent zinc ion in ZnPc were examined. The ZnPcDETA complex in the powder form was obtained 

by the solvothermal reaction of ZnPc with DETA. Recrystallization of the crude product from 3,4-

lutidine yields non-centrosymmetric monoclinic solvated crystals (ZnPcDETA)3
.3,4-lut (1) with the 

space group of Cc. As show the X-ray single crystal analysis in ZnPcDETA complex, the DETA 

coordinates via terminal amine group to the divalent zinc ion of a planar ZnPc molecule in axial position. 

Interaction of the N atom of DETA containing a lone electron pair with divalent zinc ion of ZnPc and 

the formation of the Zn-N coordination bond leads to deviation of the Zn from the N4-isoindole plane 

of Pc by ~0.5 Å toward the  N-atom of the axial DETA ligand as well as to saucer-shaped distortion of 

the Pc macrocycle. Arrangement of ZnPcDETA molecules in the 3,4-lutidine solvate crystal with the 

composition of (ZnPcDETA)3
.(3,4-lutidine) – (1) is determined by the van der Waals forces and by the 

weak N-H…N hydrogen bonds. The lack of the π… π interaction between the phthalocyaninate(2-) 

macrocycles in the crystals (1) is clearly evidenced by the Hirshfeld surface analysis, and increases 

significantly their solubility in most common solvents, even in water, when comparing to the parent 

ZnPc pigment with limited solubility in solvents and insoluble in water. This feature together with the 

strong absorption in the therapeutic window within the 600-900 nm makes it a potentially good 

photosensitizer. DFT calculations performed for the ZnPc-derivatives with DETA, coordinated via 

terminal or central amine group of DETA as well as for the bridged complex (through the terminal amino 

groups of the DETA ligand of two ZnPc molecules) show the possibility to obtain all three of these 

complexes. UV-Vis absorption spectra ZnPcDETA complex (1) in solutions as well as the diffuse 

reflectance spectroscopy (DSR) supported by the TD-DFT calculations were used for the 

characterization of the spectroscopic properties. SHG efficiency of 1 is ~10 % in relation to that of KDP.
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1. Introduction

After the discovery of metallophthalocyanines (MPc’s), initially, the interest in them resulted 

from their deep colour, therefore they began to be used as dyes and pigments [1]. The colour of 

the metallophthalocyanines results from their chemical structure and their strong absorption in 

the UV-Vis-NIR range [2]. The MPc’s are compounds that contain highly conjugated aromatic 

macrocycles, consisting of four isoindole units connected together by azamethine nitrogen 

atoms. Most of metal(II) phthalocyanines have, as a general characteristic, a flat and 

symmetrical molecular structure, and also exhibit polymorphism [3]. The chemical structure of 

the metallophthalocyanines as aromatic compounds determine their high thermal and chemical 

stability, and their flat structure together with the aromatic nature of the Pc-macrocycle 

determine their poor solubility due to the strong π- π interactions between MPc molecules 

forming stacking structure in solid [4]. Modification of the substituents attached to the 

peripheral rings allows for the tuning of the absorption and emission properties of 

metallophthalocyanines to yield differently coloured dyes and pigments [5]. A large number of 

phthalocyanines with the majority of metals and some non-metals like as Si or P from the 

periodic system were obtained and characterized [6]. Besides to their widespread use as dyes 

and pigments, metallophthalocyanines exhibit many other special properties that are very 

interesting and therefore there is still interest in this group of compounds. The MPc’s have been 

extensively applied in electronic devices such as gas sensors, nonlinear optics, diodes, 

transistors, solar cells and photodetectors [7]. For instance, MPc’s have been tested in p-n 

junctions for applications in solar cells, leading to excellent conversion efficiency [8]. It must 

be also mentioned the role played by different metallic atoms at the center of the Pc ring, which 

leads to a broad range of absorption and emission of these materials within the UV-visible-NIR 

spectrum [9], besides distinct electrochemical properties when applied as modifier electrodes 

in electrical catalysis [10], which is of great interest for applications in technological devices. 

The MPc’s have also been applied as dyes for textile shading processes [11], ink jet and laser 

printing [12] or as materials for CD recordable discs [13]. Furthermore, MPcs have been used 

as catalysts for the oxidation of methane, phenols, alcohols, polysaccharides, olefins and can 

also be used to catalyze the transformation of cyano groups in organic cyano compounds [14]. 

In addition, the metallophthalocyanines, especially the zinc(II) phthalocyanine and its 

derivatives due to their non-toxicity, are also of prime interest for photodynamic therapy [15]. 

Their solubility in biological environment is of great importance for application in the 
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biomedical area. This has led to considerable effort to modify the metallophthalocyanines to 

improve their solubility. The well-known way to tune the application properties of metal(II) 

phthalocyanine complexes is modify the phthalocyaninato(2-) macroring by the aryl, alkyl, 

amino, carboxylic, and sulfonic and other substituents [16] or by additive metal center 

complexation [17]. Both methods improve the solubility of the M(II)Pc-complexes due to the 

steric hindrance of axial ligands or substituents of hydrogen atoms on phthalocyaninate(2-) 

macrocycle that lowers the π-π interactions as well as the aggregation in solutions [18]. Several 

amines, alcohols and other organic compounds containing various donor atoms capable to 

formation of a donor-acceptor coordinating bond with a metal center of metallophthalocyanines 

that improve significantly their solubility were investigated [19]. 

In the present work, diethylenetriamine was selected as the N-donor ligand to investigate its 

coordination properties towards the central zinc atom in ZnPc. Since the diethylenetriamine 

contains two different N-donor atoms in the molecule, one central secondary and two terminal 

primary amine groups, the aim of the work was also to determine the preferences for the 

coordination of the central divalent zinc in ZnPc by these groups, and to examine its bridging 

properties with respect to ZnPc with the possibility of the H-type molecules formation as was 

observed in the case of bipyridine or pyrazine ligands containing two aromatic donor nitrogen 

atoms in molecule [20].

2. Experimental

2.1. Materials and methods. 

Crystalline form of ZnPc was obtained from directly by the reaction of the pure powdered 

zinc with phthalonitrile as described previously [21]. Diethylenetriamine and 3,4-lutidine were 

obtained from Aldrich and used without further purification. The composition of the obtained 

crystals was checked with a Perkin-Elmer 2400 elemental analyser and with energy dispersive 

spectroscopy (EDS). EDS spectra were acquired and analysed using an EDAX Pegasus XM4 

spectrometer with SDD Apollo 4D detector mounted on a FEI Nova NanoSEM 230 microscope. 

In addition the elemental analysis was carried out also with a Perkin-Elmer 240 elemental 

analyzer. The Fourier transform infrared spectrum was recorded between 4000 and 450 cm-1 on 

a Bruker IFS 113 V FTIR in a KBr pellets. Thermal analysis was carried out on a Linseis L81 

thermobalance apparatus with Pt crucibles. The initial sample mass was about 22 mg. Powder 

Al2O3 was used as a reference. The measurements were performed under static air on heating 
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from room temperature to 300oC at the heating rate of 5oC min-1. The rest of the samples after 

TG analyses were checked on a PANanalytical X’Pert diffractometer equipped with a  Cu-K 

radiation source (=1.54182 Å) at room temperature. 

2.2. Synthesis of [ZnPc(dietylenetriamine)]3·3,4-lutidine  (1). 

Freshly obtained crystalline ZnPc (0.12 g) was added to the diethylenetriamine (15 mL). The 

suspension of ZnPc in diethylenetriamine was degassed and sealed under reduced pressure in a 

glass ampoule. Next the ampoule was heated at 160oC for two days and then it was cooled to 

the room temperature. After such processing the ampoule was opened and filtered.  The  crude 

powdered product was added to  25 ml 3,4-lutidine and the suspension was degassed and sealed 

under reduced pressure in a glass ampoule, and then it was heated for one day at 160oC. Next, 

the ampoule was cooled to room temperature. After such processes well-developed single 

crystals of 1 suitable for the single-crystal X-ray analysis were obtained. The crystals of 1 were 

separated by filtration and dried in air. Yield: 0.106 g (70.5%). Analysis: found: Zn, 8.98; C, 

64.41; N, 22.21 and H, 4.40 %. Calculated for C115H96N34Zn3: Zn, 9.12; C, 64.23; N, 22.15 and 

H, 4.50%. IR (cm-1): 3514w; 3477vw; 3215w; 3197w; 3096w
; 3060w; 3028vw; 2961w; 2930w; 

1607w; 1579w; 1486s; 1456m; 1339m; 1409m; 1329vs; 1288m; 1084vw; 1162m; 1117s; 1091vs; 

1061s; 1023m; 1005w; 949w; 887m; 778m; 750s; 730vs; 633w; 568m; 504w.

2.3. X-ray crystallography 

The obtained single crystal of 1 was used for data collection on a four-circle KUMA KM4 

diffractometer equipped with two-dimensional CCD area detector. The graphite 

monochromatized Mo-Kα radiation (λ=0.71073 Å) and the ω-scan technique (=1o) were 

used for data collection. Lattice parameters were refined by the least-squares methods on all 

reflections positions. One image was monitored as a standard after every 40 images for a control 

of stability of the crystal. Data collection and reduction along with absorption correction were 

performed using CrysAlis software package [22]. The structure was solved by direct methods 

using SHELXT [23] giving positions of almost all non-hydrogen atoms. Initially, the structures 

were refined using SHELXL-2018/3 [23] with the anisotropic thermal displacement parameters. 

Hydrogen atoms of the phthalocyanine moiety and 3,4-lutidine were introduced into their 

geometrical positions and refined as rigid. The H atoms of diethylenetriamine were located on 

difference Fourier maps, but in the final refinement their positions were constrained (C–H = 

0.99 Å for CH2 groups and N–H = 0.91 Å for coordinated NH2 and 0.87 Å for central NH and 
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non-coordinated NH2). Visualizations of the structure was made with the Diamond 3.0 program 

[24]. Details of the data collection parameters, crystallographic data and final agreement 

parameters are collected in Table 1. 

2.4. Hirshfeld surface analysis

Hirshfield surface analyses, and 2D fingerprint plots as well as  percentage contributions 

for various intermolecular contacts in the investigated crystals were calculated using the Crystal 

Explorer Ver. 3.1 program package [25]. 

2.5. Theoretical calculations

Molecular orbital calculations with full geometry optimization of zinc phthalocyanine 

axially coordinated by diethylenetriamine was performed with the Gaussian16 program 

package [26]. All calculations were carried out using DFT method (Becke3-Lee-Yang-Parr 

exchange correlation functional B3LYP) [27] with the 6-31G basis set [28] assuming the 

geometry resulting from the X-ray diffraction study as the starting structure. The calculations 

were also performed for the substrates ZnPc,  diethylenetriamine and 3,4-lutidine molecules.  

As convergence criterions the threshold limits of 0.00025 and 0.0012 a.u. were applied for the 

maximum force and the displacement, respectively.  The three-dimensional molecular 

electrostatic potential (3D MESP) maps are obtained on the basis of the DFT (B3LYP/6-31G) 

optimized geometries of reacted molecules as well as for the reaction product molecules. The 

calculated 3D MESP is mapped onto the total electron density isosurface (0.008 eÅ-3) for each 

molecule. The colour code of MESP maps is in the range of  -0.05 (red) to 0.05 eÅ-1 (blue).  

After the geometry optimization, the time-dependent (TD) DFT calculations [29] were 

performed to evaluate the absorption spectrum employing the same level and basis sets. All 

stationary points were optimized without any symmetry assumptions and characterized by 

normal coordinate analysis at the same level of theory.

2.6. UV-Vis spectroscopy

Measurements of the UV-Vis spectra were carried out at room temperature using an Agilent 

UV-Vis/NIR Cary 5000 spectrometer. The UV-Vis spectra were recorded diethylenetriamine 

and 3,4-lutidine solutions (c = 10-6 mol/l) whereas in ethanol (c = 5.10-7 mol/l) and in saturated 

aqueous solution (~10-8 mol/l). Diffuse Reflectance Spectroscopy (DRS) experiments were 

conducted on Cary-Agilent 5000 spectrometer with the Praying Mantis diffuse reflectance 
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attachment. The powder samples were loaded in a holder with a quartz window and were 

measured in the region of 200-1100 nm. A powder Al2O3 reflectance standard was used as the 

baseline. To minimize the effects of regular reflection and particle size, the sample was diluted 

with non- or weak absorbing colorless standard of  Al2O3. The ratio of the studied ZnPc-

derivative complex 1 to the used Al2O3 diluent was 1:20, 1:40 and 1:60. The corresponding 

diluent was also used as the baseline standard. In addition, the same support was also used as 

diluent as well as standard to examine the effect of the oxide support contribution to the overall 

DRS spectra. The DRS spectra of the samples were recorded under ambient conditions.

2.6. Second Harmonic Generation measurements

In this study we applied Kurtz-Perry-type technique for semi-quantitative estimation of the 

SHG efficiency [30]. Prior to measurements compound ZnPcDETA and KDP (potassium 

dihydrogen phosphate, used as a reference material) were manually crushed and sieved through 

a mini-sieve set (Aldrich) to a size of 125-177 μm. Prepared in this manner ZnPcDETA and 

KDP samples were placed between microscope glass slides. Laser pulses were obtained from a 

laser system consisting of a Quantronix Integra-C regenerative amplifier operating as an 800 

nm pump and a Quantronix-Palitra-FS BIBO crystal-based optical parametric amplifier that 

provides wavelength-tunable pulses of ∼130 fs length at the repetition rate of 1 kHz. In this 

study the output wavelength was set to 1050 nm (mean power of 69 mW), in order to minimize 

self-absorption effects [31] of pumping and of harmonic radiation (525 nm) by the ZnPcDETA 

sample. The incident beam was directed onto the plane of sample at about 45 degrees while the 

detector was placed in front of the sample. Scattered fundamental beam was optically removed 

with the use of 850 nm shortpass dielectric filter (FESH0850, Thorlabs). The spectra of the 

emitted second harmonic were recorded by an Ocean Optics 2000 fiber-coupled CCD 

spectrograph. The geometry of the experimental setup and intensity of the laser beam were the 

same for ZnPcDETA and KDP. Collection times of 10000 ms and 5000 ms were used for 

ZnPcDETA and KDP, respectively.

3. Results and Discussion

3.1. Synthesis
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Freshly obtained crystalline zinc pthalocyanine by thermal reaction of metal powders with 

phthalonitrile at 220oC was added diethylenetriamine. The suspension od ZnPc in 

diethylenetriamine  was degassed and sealed under reduced pressure in a glass ampoule. The 

ampoule was heated at 160oC until a homogeneous solution was obtained (about two days), and 

next it was slowly cooled to the room temperature at the cooling rate of 5oC h-1. After cooling 

the powdered product was separated by filtration washed with diethyl ether and dried in air. 

The elemental analysis of the crude product points on the zinc phthalocyanine with the 

diethylenetriamine complex with the molar ratio of 1:1. Since the diethylenetriamine contains 

two different N-donor atoms in the molecule, the question which of amine groups (primary or  

secondary) forms a coordination bond with central zinc in ZnPc to form a complex with a molar 

ratio of 1: 1 (Scheme 1), is still opened. 
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Scheme 1. Two types of ZnPc-complexes formed between the ZnPc and diethylenetriamine with a molar 

ratio of 1:1.

Therefore, for better understanding  the nature of the interaction between the reacted molecules, 

the three-dimensional molecular electrostatic potential have been calculated [32]. The 

molecular electrostatic potential (MESP) is related to the electronic density in molecule and is 

a very useful tool in determining sites for electrophilic and nucleophilic reactions as well as for 

intermolecular interactions and organisation of molecules in solid-state [33]. The MESP maps 

of the reacted molecules as well as for the reaction product molecules (Fig. 1) were calculated. 

The MESP map of ZnPc molecule displays the electrophilic region near the Zn center on both 

sides of planar ZnPc molecule and the nucleophilic regions near the four bridged azamethine 

nitrogen atoms. In addition less positive value of MESP than that near the metal center and less 

negative value of MESP comparing to that of azamethine N atoms are observed on both side of 

planar molecules across the extended 18 electron conjugation in the Pc(2-) macrocycle (Fig. 

1a). The 3D MESP map for diethylenetriamine molecule displays the negative value of MESP 
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near the amine groups pointing the lone electron pair on the N atoms (Fig. 1b). However, the 

negative region on the MESP for secondary amine group due to the substitution effect of the 

two ethylene groups is slightly less than that at the primary terminal amino groups. Therefore, 

the interaction between the ZnPc and diethylenetriamine molecules takes place between the Zn 

center and one of the amine group. As a result of this interaction, it is possible to form two 

different types of complexes with a molar ration of 1:1. One of them is a ZnPc complex with a 

coordinated dietylenetriamine via a central secondary amine group, and other type is a complex 

with the coordinated one of two terminal amino group. Which of the two types of complexes, 

or perhaps a mixture of both types of complexes, is formed in the above reaction, further 

structural investigations are needed, the best, on a single crystal using the X-ray diffraction. 

However, the reaction product of ZnPc with diethylenetriamine has a very fine form of powder, 

therefore it was recrystallized from various solvents like as pyridine, 3- and 4-methypyridine 

and 3,4- and 3,5-lutidine, but only from the 3,4-lutidine solution good quality well-developed 

single crystals suitable for X-ray analysis were obtained. The elemental analysis of the crystals 

points that the crystals contain, besides the 1:1 complex also solvent molecules. X-ray single 

crystal analysis revealed that the crystals consist of a ZnPc complex with DETA with a 1:1 

molar ratio and additionally contain one solvent molecule (3,4-lutidine) per three molecules of 

complex. The vibrational spectrum of the obtained crystalline sample performed as KBr pellets 

exhibits the characteristic bands of Pc macrocycle as well as of the DETA coordinated to Zn 

center of ZnPc (Fig. S1a in SI). The calculated spectrum for the ZnPcDETA complex (Fig. S1b) 

is consistent with the experimental spectrum.  Moreover, X-ray analysis also showed that during 

the synthesis, under the conditions used, the ZnPc complex with diethylenetriamine was 

obtained, in which the coordination bond is formed between the zinc atom ZnPc and one of two 

terminal amino group of diethylenetriamine. As shown by the MESP maps of ZnPc molecules 

and diethylenetriamine, it is also possible to form a complex between the ZnPc and a nitrogen 

atom of the central amino group with a 1: 1 ratio as well as a 2: 1 complex where 

diethylenetriamine acts as a bridge linking two ZnPc molecules. Therefore, several attempts 

have been made to obtain ZnPc complex with coordinated diethylenetriamine through the N 

atom of the central secondary amine group (Scheme 1a)  under various temperature and time 

conditions as well as using different concentration of ZnPc in diethylenetriamine. Additionally, 

several attempts have also been made to obtain a bridging H-type zinc phthalocyanine complex 

(scheme 2). The reactions products in all cases were obtained in the powder forms, however, 

the X-ray diffraction patterns indicated the formation of a mixture of ZnPc-derivatives with 

DETA. Attempts to their separation and purification still require further investigations.
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Scheme 2. ZnPc complex bridged by terminal amine groups of diethylenetriamine.

3.2. Thermal properties

In order to determine the thermal stability of obtained compound in crystalline form,  the 

thermal analysis was carried out on the sample of about 25 mg with the heating rate of 5 oC/min. 

Crystals of the investigated compound, (ZnPcDETA)3
.3,4-lut, are stable up to ~215oC (See Fig. 2). 

Above this temperature point, the mass loss of sample indicates the release of the solvated 3,4-lutidine 

molecule as well as the coordinated diethylenetriamine molecules.  Weight loss 19.33% is in agreement 

with  the calculated value of 19.38% associated with a loss of 3,4-lutidine and diethylenetriamine 

molecules from the sample. Above this temperature the axial Zn‒N bond breaks and the 

diethylenetriamine is release s simultaneously with 3,4-lutidine as a solvent molecule. Finally, 

the sample gives free ZnPc in the -form that was confirmed by the X-ray powder diffraction 

experiment.

3.3. X-ray structural study

The molecular structure of the investigated zinc phthalocyanine derivative was clearly established 

by the X-ray single crystal analysis.  Single crystals suitable for the X-ray diffraction were obtained by 

recrystallization of a crude product of the reaction of ZnPc and diethylenetriamine from 3,4-lutidine 

solution. The compound crystallizes in the non-centrosymmetric space group Cc of the monoclinic 

system. The asymmetric unit of 1 consists of three ZnPcDETA molecules and one 3,4-lutidine solvent 

molecule (Fig. 3). All independent ZnPcDETA molecules exhibit a similar conformation, in which the 

divalent zinc ion is coordinated with the four isoindole nitrogen atoms of the phthalocyaninate(2-) 

macrocycle, and in addition, with the nitrogen atom of one of two terminal amine group of 

diethylenetriamine as illustrate for the molecule A the Fig. 4. Thus, the coordination polyhedron of the 

zinc ion exhibits a slightly distorted square pyramid. However, due to the interaction between the zinc 

of ZnPc and the N atom of amine group of diethylenetriamine and formation of an axial Zn‒N bond, the 

divalent central zinc ion does not lies in the central hole of Pc(2-) as observed in pure ZnPc [34], but is 

deviated by ~0.54 Å from the plane defined by the four isoindole N atoms of Pc(2-) macrocycle toward 

to the N atom of axial ligand. The deviation of Zn from the N4-isoindole plane is very similar in all 
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independent ZnPcDETA molecules (Table 2). As a result of the interaction of the divalent zinc ion of 

ZnPc with the axial N atom of amine group of diethylenetriamine the planar phthalocyanine macrocycle 

as found in the β-ZnPc [32] adopts a conformation that is saucer-shaped with a base towards the zinc(II) 

cation. The deformation of the Pc ring form planarity can be determined by the inclination of  the four  

planar isoindole units to the N4-plane is ranging from 4.7(2) to 8.8(2), 4.1(2) to 9.6(2) and 4.7(2) to 

8.7(2)o in the independent molecules A, B and C, respectively. The four equatorial Zn‒N bonds with 

Pc(2-) macrocycle are very similar in all independent molecules, but they are longer by ~0.08 Å than 

those in the β-ZnPc. However, they are still slightly shorter than the axial bond linking the central zinc 

to diethylenetriamine (Table 2).  A search of the Cambridge Structural Database (CSD, Version 

5.39) show a similar correlation between the equatorial and axial Zn‒N bonds is observed in other 4+1-

coordinated ZnPc-derivatives that have been structurally characterized [35].

Arrangement of ZnPcDETA molecules in the crystal depends mainly on the van der Waals forces 

and the weak hydrogen bonds N-H...N formed between the coordinated amino group (as a donor) and 

the terminal primary amine group (as an acceptor) of the neighbouring ZnPcDETA molecule (Table 3). 

The independent molecules A and C are interconnected by weak N‒H...N hydrogen bonds with donor-

acceptor  distances of 3.161(9) and 3.159(8) Å forming chains along the [110] and [-110] directions, 

whereas the molecules B are interconnected each other via N‒H...N hydrogen bonds with a donor-

acceptor distance of 3.134(9) Å forming chains along the [001] direction (Fig. S2 in the SI). The voids 

between the chains  that are running along [110], [-110] and [001] directions are occupied 3,4-lutidine 

as  solvent molecules. Figure 5 illustrate the packing arrangement of the chains in the unit cell, in which 

one of the N‒H...N hydrogen bonded chain of molecules A and C is marked in red and the N‒H...N 

hydrogen bonded chain of molecules B is marked in blue and the solvent 3,4-lutidine molecules are 

marked in yellow. The π…π interaction between the phthalocyaninate macrocycles, which is common  

force determining the arrangement of unsubstituted  metallophthalocyanine molecules in the solid-state 

(crystal) as well as responsible for their limited solubility, in the present structure is absent because the 

Pc macrocycles are far away from each other.

3.4. Hirshfeld surface analysis

Hirshfeld surface and the analysis of 2D fingerprint plots [36,37] has been used to higher 

assist the understanding of the numerous intermolecular interactions between the molecules 

constituting the crystal. The Hirshfeld surface mapped over dnorm  together with its 2D-

fingerprint plot is illustrated in the Figure S3 (in SI) for each independent A, B and C molecules, 

whereas for whole asymmetric unit of 1 is shown in Figure 6a, in which the blue areas 

correspond to the contact distance between atoms that are inside (di) and outside (de) the surface 

is longer than the sum of the respective van der Waals radii, whereas the red areas correspond 
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to shorter contact distance between atoms that are inside and outside the surface than the sum 

of the respective van der Waals radii and the white areas of the surface correspond to the contact 

distance equal to sum of can der Waals radii [38], which identify the regions of the 

intermolecular interactions.  The same interactions display the plot between the di vs de, which 

referred as 2D-fingerprint plot (Fig. 6b) and the respective fingerprint plot corresponding to the 

respective interactions (Fig. 6c). The interaction of individual molecules (A, B and C) within 

the crystal is almost the same as confirmed by the HS and 2D-fingerprint of individual 

molecules (See Fig. 3a, b and c in SI). The interaction of solvent molecule (3,4-lutidine) present 

in the crystal has been encompassed in the Crystal Explorer calculations and is illustrated by 

the HS and its 2D fingerprint plot (see Fig. 3d in SI).   The Hirshfeld surface, in particular the 

2D fingerprint of the whole asymmetric unit in crystal, is very similar to the 2D-fingerprint of 

the respective molecules A, B and C (compare the Fig. 6b with the Fig. S2 in SI) what indicates 

similar types of interactions between individual molecules (A, B and C) as well as between the 

whole asymmetric units in the crystal. As shown in Figure 6 (as well as Figure S3) the main 

interactions between whole asymmetric units and between molecules in crystals are the van der 

Waals interactions, mainly dispersion forces (H...H) with a contribution over 43%, the N…H + 

H…N  with a contribution of 17.0 % resulting from the N‒H...N hydrogen bonds and the C…H 

+ H…C interactions with a contribution of 37.8 %. The π…π interaction between the 

phthalocyaninate(2-) macrocycles are absent between the ZnPcDETA molecules in the 

investigated crystal. This is in contrast to the β-ZnPc crystal, in which the π…π interaction 

between planar ZnPc molecules with a contribution of 21.5% is, besides the dispersive forces 

(H…H), the main force responsible for the stacking arrangement of the ZnPc molecules in 

crystal (Fig. 7). The absence of the π…π interaction between the ZnPcDETA molecules in the 

investigated crystals is responsible for the significantly increases their solubility comparing to 

the parent ZnPc pigment.

3.5. DFT studies

DFT calculations were carried out for the ZnPcDETA molecule in which the 

diethylenetriamine is coordinated to the zinc center of ZnPc via terminal amine group. Fully 

optimized ZnPcDETA molecule (Fig. 8a) exhibits conformation similar to that in the crystal. 

In general, the DFT optimised parameters are in good agreement with those observed in the 

crystals. Selected DFT parameters for the ZnPcDETA molecule is collected together with the 

X-ray values in the Table 2, whereas the detailed geometrical parameters are listed in Table S1 

(in SI).  It should be noted that the X-ray experimental results refer to the solid phase and DFT 
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calculated results refer to the conformation of the molecule in the gas phase. Thus, as seen in 

the Table 2, some differences between these values could be understand. The calculated four 

equatorial Zn‒N bond lengths are in good agreement with the X-ray values, however the axial Zn‒N 

bond is longer by ~0.05 Å that that in the crystal. Similar values of the equatorial N‒Zn‒N angles are 

observed for ZnPcDETA molecule in the gas and solid phase, but the X-ray values of the N‒Zn‒N 

angles involving the N atom of axial DETA ligand and N-isoindole atoms of Pc(2-) macrocycle have 

greater differences when compared to that obtained by DFT. The saucer-shape of the Pc ring is 

less but more regular distorted and the deviation of the divalent zin from the N4-isoindole plane of Pc 

macrocycle is smaller by ~0.05 A than those in the crystal due to the intermolecular interaction present 

in the crystal.

As mentioned in the introduction, the diethylenetriamine molecule contains two different amine 

groups: primary terminal and secondary central. Both groups with the lone electron pair are 

able interact with the electropositively polarised divalent zinc ion of ZnPc, as illustrate the 3D 

MESP maps (Fig. 1), and can form respective ZnPcDETA complexes,  in which the central zinc 

of ZnPc is axially coordinated with primary or secondary amine group of DETA. Additionally, 

the diethylenetriamine can interacts by its both primary terminal amine groups with two ZnPc molecules 

resulting the bridged ZnPcNH2C2H4NHC2H4NH2ZnPc complex. Therefore, the DFT calculation of 

geometries of the complexes have been performed and the results for all ZnPc-derivatives are 

summarised in the Table 4, and the detailed geometrical parameters for ZnPc-derivatives are 

listed in Table S2 and S3 (in SI), whereas a view of the molecular structures is illustrated in 

Fig. 8. As can be seen from the Table 4, for the ZnPc-derivative ligated by a central amine 

group of  DETA the values of equatorial and axial Zn‒N bonds are slightly longer than that for the 

ZnPc-derivative ligated by the terminal group. The equatorial N‒Zn‒N angles are similar in both ZnPc-

derivatives, whereas  the angles N-Zn-N involving Si the isoindole N atoms of Pc and the axial 

N atom of the central amine group of DETA have a greater distribution values than those in the 

ZnPc-derivative ligated by terminal amine group of DETA.  A small differences between the 

deviation of the divalent Zn ion from the N4-isondole plane of Pc(2-) macrocycles as well as in 

the distortion of the Pc(2-) macrocycle form planarity can be found between the ZnPc-

derivatives ligated by terminal and central amine group of DETA. For the third molecule, in 

which DETA acts as a bridge by ligation via terminal amino groups of two ZnPc molecules, the 

DFT calculated coordination environment of divalent Zn ion of both ZnPc molecules is very 

similar, and the axial Zn‒N bonds have an intermediate values (2.1680 and 2.1699 Å) between 

the Zn-N values of ZnPc-derivatives ligated by terminal (2.1403 Å)  or central (2,1901 Å) amine 

group of DETA (Table 4). These small differences in the lengths of bonds between divalent 
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zinc ion of ZnPc and the amine groups from DETA are also reflected in the differences between 

the energies of these bonds. The calculated energies of the axial Zn‒N bonds are 134.1 kJ/mol 

for the ZnPc-derivative ligated by N atom of terminal amine of DETA and 129.1 kJ/mol for the 

ZnPc-derivative ligated by N atom of central amine of DETA, whereas  the value of the sum  

energies of  two Zn‒N bonds of for the ZnPc-derivative bridged two ZnPc molecules by 

terminal amine groups of DETA is equal 239.2 kJ/mol (Zn1‒N9 = 120.1 kJ/mol and Zn1‒N11 

= 119.1 kJ/mol, for numbering of atoms see Fig.8c). The calculated energy of the axial Zn‒N 

bond in these ZnPc-derivatives with DETA is smaller than  the calculated binding energy of 

5.66 eV (~546.3 kJ/mol) between the divalent zinc center and the phthalocyaninate macrocycle 

[39]. The calculated energy of the molecule of ZnPc-derivative ligated by N atom of terminal 

amine of DETA is lower by ~28.1 kJ/mol than that of the molecule of ZnPc-derivative ligated 

by N atom of central amine of DETA. Furthermore, as shown by the DFT calculations, all three 

ZnPc-derived molecules ligated or bridged by DETA are possible to obtain.

3.6. UV-Vis spectroscopic characterization

To further characterize of ZnPc-derivative ligated by N atom of terminal amine of DETA , the 

electronic absorption spectra were recorded. Since the crystalline sample of 1 as shows single 

crystal analysis contains ZnPcDETA and 3,4-lutidine molecules, therefore the UV-Vis spectra 

were recorded in diethtlenetriamine and in 3,4-lutidine solutions (Fig. 9a). In addition, due to 

the relatively good solubility of the investigated ZnPc-derivative (1) in ethanol as well as in 

water, despite its limited solubility, the UV-Vis spectra in these solvents were measured (Fig. 

9b). The spectrum of the investigated ZnPc-derivative (1) in all solvents shows two bands (Q 

and B) characteristic for the phthalocyaninate(2-) macrocycle [40]. The Q and B bands are 

observed at ~670 and ~350 nm in all used solvents (Fig. 9). The Q band corresponds to the 

excitation between the HOMO to LUMO level and the B band corresponds to the HOMO-1 to 

LUMO level. In addition, the vibrionic splitting of the Q band with a splitting value of ~60 nm 

is observed, what was mentioned in the literature [41]. Besides, the UV-Vis spectroscopic 

characterization of the investigated ZnPc-derivative (1) in solutions, the diffuse reflectance 

spectroscopic (DSR) characterization on solid of ZnPc-derivative (1) was performed. Due to 

the high diffuse reflectance of the ZnPc-derivative (1) and to minimize the effects of regular 

reflection and particle size, the sample was diluted with non- or weak absorbing colorless 

standard of  Al2O3. The ratio of the studied ZnPc-derivative complex (1) to the used Al2O3 

diluent was 1:20, 1:40 and 1:60.  As shown in Figure 10, DSR spectra of complex 1 independent 

of the concentration of the studied complex in Al2O3 exhibit quite similar bands with intensities 
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depending on the concentrations of the complex 1 in Al2O3. The λmax of the Q and B bands are 

observed at 671 and 348 nm, which are quite similar to that observed for the complex 1 in 

solutions. However, due to the interactions between molecules of ZnPc-derivative in solid, DSR 

bands are significantly much wider in relation to that for the UV-Vis bands of the complex 1 in 

solutions. The broadening of absorption bands in solid thin films a common feature of 

metallophthalocyanines, which was widely discussed in the literature [42].

To investigate further the optical properties of the ZnPcDETA complex 1 the time-dependent 

TD DFT calculations have been performed. Optical absorption spectrum was calculated for the 

ZnPcDETA with ligated by terminal amine group of DETA as well as for the parent ZnPc 

pigment, for a comparison. The results are summarized in Table 5 and the full details are listed 

in Tables S4 and S5 (SI). Partial molecular energy diagram, HOMO and LUMO frontiers 

orbitals and the calculated electronic absorption spectra for ZnPcDETA and ZnPc are shown in 

Figure 11. The calculated energy gap between HOMO and LUMO levels is 2.0251 eV (612 

nm) for the ZnPcDETA complex, whereas for the parent ZnPc complex is 2.0857 eV (594 nm). 

A small bathochromic shift of the maximum absorption wavelength (λmax) of the dye molecule 

was observed, as the DETA was bonded to the divalent zinc centre of ZnPc.   The blue-shift of 

18 nm is related with the slightly decreasing of the energy gap in relation to ZnPc that should 

be assigned to the ligation effect of the DETA molecule as well as to the saucer-shaped 

distortion of phthalocyaninate macrocycle. The TD DFT calculated HOMO-LUMO transition 

for the ZnPcDETA as well as for ZnPc complexes is shifted by ~60 nm in relation to that of the 

experimental values. Quite similar discrepancy between the experimental and theoretical results 

are found also for the other metallophthalocyanines [43]. There are large number of work 

reporting the DFT and TD DFT calculations performed on tetrapyrrole systems like as 

porphyrin, porphyrazin, phthalocyanine, naphthalocyanine and their metal complexes [44], the 

TD DFT reporting the unsubstituted zin phthalocyanine and its axially ligated derivative are 

relatively rare [45]. Aromatic macrocycles including metallophthtalocyanines, especially zin 

phthalocyanine and their derivatives due to their non-toxicity are extensively studied as 

photosensitizers in photodynamic therapy [46]. The photosensitizer should have a strong 

absorption in the therapeutic window of 600-900 nm. The ZnPcDETA complex investigated 

here, as shown the UV-Vis spectrum, due to its slightly solubility in water, can be used as 

photosensitizer for PDT, since it can be introduce do the tissue. In PDT, a photosensitizer in its 

ground state (S0) firstly absorbs energy and is excited to its short-lived first excited state (S1), 

than undergoes conversion to the first excited triplet state by intersystem crossing. The triplet 



15

state of photosensitizer can release its energy to the surrounding biological tissue exciting the 

oxygen  from its triplet ground state to the highly active singlet state, that will kill targeted cells. 

The investigated here ZnPcDETA complex have a strong absorption band in the therapeutic 

window and the HOMO-LUMO energy gap is sufficient to excite the ground state of oxygen 

and therefore it can be tested as potential photosensitizer in PDT. 

TD DFT calculations were also performed for ZnPc-derivatives ligated by the central 

secondary amino group of the DETA ligand as well as the bridge-complex, ZnPcDETAZnPc, 

and the results are listed in Table S6 and S7 (in SI), respectively. Partial molecular energy 

diagram, HOMO and LUMO frontiers orbitals and the calculated electronic absorption spectra 

for these two complexes are shown in Fig. S4 (SI). For the ZnPcDETA complex ligated by the 

central secondary amine group of DETA, the calculated energy gap between HOMO and 

LUMO levels is 2.1099 eV  (588 nm) and is slightly shifted in relation to the HOMO-LUMO 

gap  of the parent ZnPc complex (2.0857 eV, 594 nm), whereas for the bridge-complex, 

ZnPcDETAZnPc, the calculated gap between the HOMO and LUMO levels (2.0817 eV , 596 

nm) is almost compared with the gap between the HOMO-1 and LUMO+1 levels (2.0976 eV, 

591 nm). Additionally, in the TD-DFT UV-Vis spectrum of ZnPcDETA complex ligated by the 

central secondary amine group of DETA, the band associated with HOMO-2 and LUMO+1 

transition (3.2479 eV, 382 nm) is observed with intensity two times greater than that in the 

ZnPcDETA complex ligated by terminal amine. Concluding, the TD DFT calculations 

performed for these ZnPc-derivatives show bathochromic shift  of the Q band in the ZnPc-

derivative ligated by terminal amine group of DETA ligand  (612 nm ) and hypsochromic shift 

in the ZnPc-derivative ligated by central secondary amine group of DETA ligand (588 nm), 

whereas for the bridge-complex the position of Q band due to the overlap of two transitions 

(596 and 591 nm) is almost unchanged in relation to that in the calculated spectrum of the parent 

ZnPc (594 nm).

3.7. Nonlinear optical properties.

   As is known, only the non-centrosymmetric structures might have a second-order nonlinear 

optical effect [47]. Metallophthalocyanines (MPc’s), with their highly polarizable two-

dimensional 18π-electron system, are known for their good second-order NLO properties 

especially when unsymmetrically substituted [48]. Although the investigated ZnPcDETA 

complex contains the unsubstituted phthalocyaninate(2-) macrocycle, but it crystallizes in a 

non-centrosymmetric space group (Cc), therefore the SHG was measured using the laser pulses 
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at 1050 nm.  The spectra of the emitted second harmonic were recorded by an Ocean Optics 

2000 fiber-coupled CCD spectrograph. The result obtained from a powdered sample of the 

(ZnPcDETA)3
.3,4-lut crystals (1) in the form of a pellet (Kurtz powder test) were compared with 

those obtained for KDP (see Fig. S5 in SI) and confirms its non-centrosymmetric space group. 

The experimental results revealed that the sample of 1 display powder SHG efficiency of 

approximately 10% of that of potassium dihydrogen phosphate (KDP).

4. Conclusion

The coordination properties of dietylenetriamine toward to zinc of ZnPc were investigated. 

The ZnPc-derivative with dietylenetriamine coordinated to the divalent zinc ion via terminal 

primary amine group was obtain in the crystalline form as 3,4-lutidine solvate 

[ZnPc(DETA)]3
.3,4-lutidine. Single crystal analysis of the [ZnPc(DETA)]3

.3,4-lutidine 

compound shows that the there are no π…π interactions between the phthatlcyaninate(2-) 

macrocycles of ZnPc(DETA) molecules. The π…π interaction is common feature of 

metallophthalocyanines in solids. This feature was clearly evidenced by the HS analysis. The 

lack of π...π interaction between ZnPc(DETA) molecules in the solid state results in a significant 

increasing of  its solubility, even in water, compared to the parent ZnPc pigment, which is 

insoluble in water. This feature together with a strong absorption in the therapeutic window of 

600-900 nm make it a good photosensitizer. DFT calculations performed for the ZnPc-

derivatives with DETA, coordinated via terminal or central amine as well as for the bridged by 

terminal amine groups of DETA two ZnPc molecules show the possibility to obtain all three of 

these complexes. The ZnPcDETA complex with a coordinated terminal amino group of DETA 

is energetically more favorable (by ~28.1 kJ/mol) than in the complex with coordinated by the 

central secondary amine group. ZnPcDETA complex in the solid phase as shown by DSR as 

well as in solutions as shown by UV-Vis absorption spectra exhibits good color properties and 

can be used as a dye or pigment. The ZnPcDETA complex that crystallizes in the non-

centrosymmetric space group  of the monoclinic system (Cc) as 3,4-lutidine solvate 

(ZnPcDETA)3
.3,4-lut exhibits NLO properties with the SHG efficiency of approximately 10% 

of that of potassium dihydrogen phosphate (KDP).

5. Supplementary material

Additional material contains the experimental calculated IR spectra, additional figures 

illustrated the chains of ZnPcDETA molecules and HS for all independent ZnPcDETA 

molecules (A, B and C) and for the parent ZnPc, the comparison of the efficiency of the SHG 
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for ZnPcDETA with KDP, the partial molecular energy diagram, HOMO and LUMO frontiers 

orbitals and the calculated absorption spectra for the ZnPc(DETA) ligated via central amine 

group of DETA and bridged by terminal amine groups of DETA complex, ZnPc(DETA)ZnPc, 

as well as the DFT optimized parameters and the TD DFT output files for the ZnPcDETA 

derivatives. Full details of the X-ray data collection and final refinement parameters including 

anisotropic thermal parameters and full list of the bond lengths and angles for 

(ZnPcDETA)3
.3,4-lut (1). have been deposited with the Cambridge Crystallographic Data 

Center in the CIF format as supplementary publications no. CCDC 1962350. Copies of the data 

can be obtained free of charge on the application to CCDC, 12 Union Road, Cambridge, 

CB21EZ, UK, (fax: (+44) 1223-336-033; email: deposit@ccdc.cam.ac.uk ).
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Table 1. Crystallographic data for (ZnPcDETA)3
.3,4-lut (1).

1

Formula C115H96N34Zn3

Molecular weight 2150.43

Crystal system monoclinic

Space group Cc

a (Ǻ) 24.9997(9)

b (Ǻ) 23.5003(8)

c (Ǻ) 16.8698(7)

β (°) 95.285(5)

V (Ǻ3) 9868.9(6)

Z 4

F(000) 4456

Dcalc /Dexp [gcm-1] 1.379 / 1.375

µ (mm-1) 0.108

Crystal size (mm3) 0.38 × 0.30 × 0.24

Absorption correction multi-scan

Tmin/Tmax 0.7892 / 1.000

Total / Unique / Obs refls 100128 / 24483 / 19338

Rint 0.0624

R, wR  [F2>2σ(F2)]a 0.0612

R, wR [F2 all refls]b 0.1537

S 1.033

Flack parameter 0.017(9)

Δρmax,  Δρmin (e·Ǻ-3) 1.396, -0.960
a R=Σ ||Fo|–|Fc||/ΣFo; b wR={Σ [w(Fo

2–Fc
2)2]/ΣwFo

4}½; w–1=σ2(Fo
2) + (aP)2 +bP where P = (Fo

2 + 2Fc
2)/3. The a 

and b parameter are 0.0717 and 12.0351.
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Table 2. Selected geometrical parameter (Å,o) for (ZnPcDETA)3
.3,4-lut (1).

X-ray

Mol. A Mol. B Mol. C DFT

Zn1—N2

Zn1—N4

Zn1—N6

Zn1—N8

Zn1—N9

N2—Zn1—N4

N4—Zn1—N6

N6—Zn1—N8

N8—Zn1—N2

N2—Zn1—N9

N4—Zn1—N9

N6—Zn1—N9

N8—Zn1—N9

Deviation of Zn 
from N4-plane

ϕ1
*)

ϕ2

ϕ3

ϕ4

2.066(5)

2.058(5)

2.044(5)

2.051(5)

2.092(5)

85.9(2)

86.19(19)

86.84(19)

85.77(19)

98.1(2)

104.9(2)

111.6(2)

105.0(2)

                                    
0.531

5.1(2)

8.4(2)

4.7(2)

8.8(2)    

2.067(5)

2.055(5)

2.052(5)

2.056(5)

2.097(5)

86.2(2)

85.7(2)

87.1(2)

85.1(2)

98.1(2)

105.9(2)

112.2(2)

104.7(2)

                                  
0.542

4.5(2)

9.5(2)

4.1(2)

9.6(2)

2.069(5)

2.055(5)

2.045(5)

2.057(5)

2.098(5)

86.1(2)

85.7(2)

87.3(2)

85.1(2)

99.1(2)

105.7(2)

111.0(2)

104.8(2)

                                     
0.540

7.3(2)

8.7(2)

4.7(2)

8.0(2)

2.0595

2.0636

2.0572

2.0567

2.1403

87.01

86.53

87.15

86.94

101.88

99.90

104.30

106.63

                                    
0.469

5.10

5.09

6.12

6.19

*) ϕ1, ϕ2, ϕ3 and ϕ4 angles are is defined as the angle between the isoindole rings, (N2,C1÷C8),  (N4,C9÷C16),  
(N6,C17÷C24) and (N8,C25÷C32), and the N4-plane of the Pc that characterize the saucer-shape of Pc 
macrocycle.

Table 3. Hydrogen-bond geometry (Å, º).

D—H···A D—H H···A D···A D—H···A
N9A—H92···N11C  0.91 2.31 3.161(9) 155

N9B—H93···N11Bi  0.91 2.27 3.134(9) 158 

N9B—H94···N10B 0.91 2.53 2.970(9) 110 

N9C—H95···N11Aii 0.91 2.31 3.159(8) 155 

Symmetry codes: (i) x, −y+1, z−1/2; (ii) x+1/2, y+1/2, z.
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Table 4. Comparison of DFT selected geometrical parameter (Å,o) for ZnPc complexes with 
dietylenetriamine.

ZnPc coordinated by 

terminal amine of DETA

ZnPc coordinated by 

central amine of DETA

bridged by terminal amine 

groups of DETA of two ZnPc

Zn1—N2

Zn1—N4

Zn1—N6

Zn1—N8

Zn1—N9 

N2—Zn1—N4

N4—Zn1—N6

N6—Zn1—N8

N8—Zn1—N2

N2—Zn1—N9a)

N4—Zn1—N9

N6—Zn1—N9

N8—Zn1—N9

Deviation of Zn 
from N4-plane

ϕ1
b)

ϕ2

ϕ3
ϕ4

2.0595

2.0636

2.0572

2.0567

2.1403

87.01

86.53

87.15

86.94

101.88

99.90

104.30

106.63

                                         
0.469

5.10

5.09

6.12
6.19

2.0809

2.0723

2.0474

2.0542

2.1901 (N10) a)

86.07

86.75

87.38

86.50

94.81 (N10) a)

96.74 (N10)

113.76 (N10)

109.69 (N10)

                                          
0.479

5.50

5.79         

5.09                   
7.00         

2.0678    /     2.0575c)

2.0611    /     2.0605

2.0444    /     2.0528

2.0529    /     2.0517

2.1680    /     2.1699 (N11)

86.69    /     86.95

87.34    /     87.28

87.59    /     87.16

86.95    /     87.34

96.67    /     102.24 (N11)

99.26    /     99.84 (N11)

109.09    /    103.33 (N11)

106.48    /    105.71 (N11)
  

0.461    /     0.455

0.30    /      5.70

6.09    /      4.11

6.39    /      5.49
6.30    /      5.89

a) for ZnPc coordinated by central amine of DETA the axial N is N10 (see Fig. 8b);

b) ϕ1, ϕ2, ϕ3 and ϕ4 angles are is defined as the angle between the isoindole rings, (N2,C1÷C8),  (N4,C9÷C16),  
(N6,C17÷C24) and (N8,C25÷C32), and the N4-plane of the Pc that characterize the saucer-shape of Pc 
macrocycle;

c) for bridged the values are for respective Zn1 and Zn1’ atoms (se Fig. 8c).
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Table 5. TD-DFT results for the low-energy π-π states for ZnPc(DETA) and ZnPc for a comparison.

(a) ZnPc(DETA)
λ, nm E, eV f Contribution (weight, %)*)

606.58 
602.01
373.08 
372.99
369.89
368.66

2.0440
2.0595
3.3232
3.3241
3.3519
3.3631

0.4054
0.3977
0.0491
0.0502
0.0096
0.0043

176→177 (94.0), 174→178 (6.4)
174→177 (93.7), 176→178 (6.5)
173→178 (49.7), 174→178 (17.2), 173→177 (9.7), 172→177 (5.3) 
173→177 (46.3), 171→177 (10.8), 174→177 (10.4), 173→178 (9.4)
172→178 (84.4), 171→178 (5.2), 174→178 (2.2)
175→177 (84.4), 171→177 (10.4)

365.91 3.3884 0.0260 171→177 (58.0), 175→177 (13.4), 169→177 (9.2), 174→177 (4.9), 
173→177 (4.3)

363.55 3.4104 0.0004 176→179 (86.0), 172→177 (3.9)
*) HOMO (176), LUMO (177)

(b) ZnPc
λ, nm E, eV f Contribution (weight, %)*)

594.46
594.43
373.77
373.77

2.0857
2.0858
3.3171
3.3171

0.4084
0.4085
0.0137
0.0137

147→148 (93.8), 145→149 (6.6)
147→149 (93.8), 145→148 (6.6)
146→148 (90.6), 137→148 (6.7)
146→149 (90.5), 137→149 (6.7)

*) HOMO (147) and LUMO (148)
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(a)                              (b)                             (c)

  

(d)                                                   (e)                                                          (f)

Figure 1. The calculated 3D MESP is mapped onto the total electron density isosurface (0.008 eÅ-3) for 
ZnPc (a), diethylenetriamine (b), 3,4-lutidine (c) and ZnPc(DETA) coordinated by terminal (d) and central 
amine (e) and the bridged (f). The colour code of MESP is in the range of –0.05 (red) to 0.05 eÅ-1 (blue). 
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Figure 2. Thermogram for the [ZnPc(DETA)]3
.3,4-lut.

Figure 3. View of the asymmetric unit of 1.
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Figure 4. View of one of the three asymmetric unit of ZnPcDETA (Mol. A).
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Figure 5. Packing diagram of 1 showing N-H…N hydrogen boned chains consisting of molecules A and 
C (one of them parallel to [110] direction is marked in red) and of molecules B (blue chains parallel to 
[001] direction), and the solvated 3,4-lutidine molecules are marked in yellow.
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(a)                                                                            (b)

  

                                                                                  (c)

Figure 6. Hirshfeld surface (a) and the total fingerprint plot (b) for the asymmetric unit of 1, and the 
fingerprint plot corresponding to respective interactions and their percentage contributions in the 
total interactions. 
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(a)                                                                                (b)

Figure 7. Hirshfeld surface (a) and the total fingerprint plot (b) for the ZnPc in the crystal of β-form.
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                                              (a)                          

                                              (b)                          

                                              (c)

Figure 8. View of the DFT optimized structure of ZnPc coordinated by diethylenetriamine: (a) with 
terminal amine group, (b) with the central amine group and (c) bridged by terminal amine group.
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Figure 9. UV-Vis spectrum of (1) in diethylenetriamine and in 3,4-lutidine solutions (a) and in ethanol 
and in water solutions (b).
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Figure 11. Partial molecular energy diagram, HOMO and LUMO frontiers orbitals and the calculated           
absorption spectra for the ZnPc(DETA) and ZnPc for a comparison.
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Highlights

 Coordination properties of diethylenetriamine in relation to ZnPc have been investigated.

 ZnPcDETA complex was obtained in the crystalline form as 3,4-lutidine solvate.

 Ligation via terminal is energetically more favorable than through the central amino group of DETA.

 HS and the 2D-fingerprint plots were analysed in comparison to that of parent ZnPc.

 MO energy diagrams and the calculated absorption spectra of ZnPcDETA  are reported.

 Solubility of the ZnPcDETA is significantly greater than the parent ZnPc pigment.

 ZnPcDETA that crystallizes in non-centrosymetric space group exhibits SHG.

Graphical Abstract Picture



39

Graphical Abstract Text

The coordination properties of diethylenetriamine (DETA) as a ligand containing three donor nitrogen 

atoms, two terminal primary amino groups and one secondary central amino group, with respect to 

divalent zinc ion in ZnPc were examined. ZnPcDETA complex (1) in which the DETA coordinates via 

terminal amine group was characterized by X-ray single crystal analysis. The lack of π ... π interactions 

between phthalocyanine(2-) macrocycles in crystals 1 significantly increases their solubility in most 

common solvents, and even in water, compared to the parent ZnPc pigment with limited solubility in 

solvents and insoluble in water.


