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Abstract. Several types of differently coloured crystals (light blue, blue and red) were obtained in the synthesis
of assembled complex of mixed crystals with three metals by using solvent diffusion method. The mechanism of
obtaining the assembled complexes is discussed based on the structure and colour change. The red crystal has 2D
interpenetrated structure. The light-blue samples were [H2(bpp)][M(NCS)4] and they were built up spirally. The
blue samples were M(NCS)2(bpp) and they formed 1D chain. [H2(bpp)][M(NCS)4] changed to 1D chain polymer
(M(NCS)2(bpp)) by releasing HNCS from the cation and anion in a reaction vessel. Inductively Coupled Plasma
Atomic Emission Spectroscopy, Electrospray Ionization Mass Spectrometry and X-Ray diffraction were used for
characterization of the obtained complexes.
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Introduction
Self-assembled coordination polymers containing transition metal ions and organic bridging ligands have attracted
intensive interest in virtue of their potential abilities for selective inclusion and transformation of ions and molecules
[1]. Up to now various assembled structures have been reported [2-8]. We have studied iron complexes bridged by
1,3–bis(4–pyridyl)propane (bpp), containing three methylene groups, by using single crystal X–ray diffraction analysis,
Mössbauer spectroscopy and Superconducting Quantum Interference Device (SQUID) measurements. Fe(NCX)2(bpp)2
(X = S, Se and BH3) had a 2D interpenetrated structure and the NCBH3 complex showed a spin–crossover phenomenon
[9]. When the benzene is enclathrated, the structure becomes 1D chain [10]. Recently, we discussed the spin state of the
mixed crystals of iron with zinc or cobalt ion in the 2D interpenetrated structure for the assembled complexes bridged
by bpp, and we revealed that NCSe complex had a lowered spin state, in comparison with pure Fe complex, because iron
atom is forced to reduce its radius in the zinc or cobalt complexes having smaller unit cell [11].
Herein we report on the synthesis of mixed crystals including zinc, cobalt, and iron atoms. Several types of
crystals appeared and the colour changed in the reaction medium. The mechanism of obtaining the assembled complexes
is put into discussion on the basis of structure and colour modification.
Experimental
Synthesis
Mixed crystals including three metals were obtained by solvent diffusion method. Solvent diffusion method- 1)
bottom layer: metal salts ((FeSO4·7H2O (0.33 mmol) + ZnSO4·6H2O (0.33 mmol) + CoSO4·7H2O (0.33 mmol)), NaNCS
(2 mmol) and L-ascorbic acid to avoid oxidation in H2O (20 mL); 2) middle layer: H2O (20 mL) and cyclohexane (20 mL);
3) top layer: bpp (2 mmol) in EtOH (1 mL) and cyclohexane (19 mL). Light-blue crystals appeared about 4 hours after
the setting and they decreased time to time because of dissolution. Precipitates were mixtures of light-blue crystals, blue
crystals, and red crystals. Light-blue crystals were dissolved in acetone and they could be isolated. Anal. found (calc.)%:
for {[H2(bpp)][M(NCS)4]}n , C, 41.67 (41.08); H, 3.21 (3.24); N 16.74 (16.91); S, 24.76 (25.81)(M = Fe0.06Zn0.87Co0.07).
Single crystals of blue crystals were picked up from the reaction vessel. Anal. found (calc.)%: for {M(NCS)2(bpp)}n
(blue crystal), C, 47.79 (47.43); H, 3.64 (3.72); N 14.80 (14.75); S, 16.89 (16.89)(M = Fe0.01Zn0.95Co0.04). Anal. found
(calc.)%: for red crystal, C, 58.65 (58.47); H, 4.67 (4.91); N 14.72 (14.62); S, 11.20 (11.15) (M = Fe0.20Zn0.63Co0.17).
Light-blue crystals were selectively obtained when the diluted HNO3 (0.16 M, 20 mL) was added to the water
phase. Single crystals appeared in the bottom.
Zn complex was obtained by solvent diffusion method. Solvent diffusion method: bottom layer; ZnSO4·6H2O
(0.2 mmol), NaNCS (or KNCS) (0.4 mmol) in H2O (20 mL), middle layer; H2O (20 mL) and EtOH (20 mL), top layer;
bpp (0.2 mmol) in EtOH (20 mL). Crystals appeared about 1 week after the setting.
ICP-AES analyses
The metal fraction, Fe:Zn:Co was determined by Inductively Coupled Plasma Atomic Emission Spectroscopy
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(ICP-AES) at SPS3510 spectrometer (SII NanoTechnology Inc.). Calibration curves were drawn by measuring intensity
of 1, 0.5, 0.1, and 0.01 ppm for iron and zinc standard solution and 0.994, 0.497, 0.099, and 0.050 ppm for cobalt
standard solution and ultrapure water. Scan range of iron, zinc, and cobalt was around 238.204, 202.548, and 228.616
nm, respectively.
ESI-MS measurements
Electrospray Ionization Mass Spectrometry (ESI-MS) was performed using LTQ Orbitrap XL spectrometer
(Thermo Fisher Scientific).
X-ray diffraction measurements
The powder X-ray diffraction patterns were measured on a Rigaku RAD-X system using Cu-Kα radiation and
employing a scan rate of 5.0 °/min, step of 0.02°, and region from 5.0 to 60.0°. All measurements were performed under
air at room temperature (RT).
Zn complex and light-blue crystals were obtained as a single crystal, and the structures were determined by single
crystal X–ray structural analysis. The crystal data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. (CCDC:1433079 and 1455350).
Results and discussion
Figure 1 shows powder X-ray diffraction patterns of pure iron complex and mixed metal complexes. They
revealed that the red crystals has 2D interpenetrated structure, which is similar to the structure of Fe(NCS)2(bpp)2. The
light-blue and blue crystals showed new structure and structural change in the reaction vessel.
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Figure 1. Powder X-ray diffraction patterns of Fe(NCS)2(bpp)2, red, blue and light-blue mixed crystals.
Figure 2 shows ESI mass spectra of the light-blue crystals measured in the positive and negative ion modes
(measurements and simulations). These results along with elemental analysis data prove the composition [H2(bpp)]
[M(NCS)4]. Figure 3 shows Oak Ridge Thermal-Ellipsoid Plot Program (ORTEP) drawing and packing view of lightblue crystal. Crystal data are shown in Table 1. Selected bond lengths and angles are shown in Table 2.

Figure 2. ESI mass spectra of the light-blue crystal measured in the positive and negative ion modes
(measurements and simulations).
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Table 1
Crystal data of light-blue crystal ([H2(bpp)][Fe0.06Zn0.87Co0.07(NCS)4]).
Parameter
Value
Formula

C13 H16 N2+ C4 N4 S4 Zn

Temperature
Crystal system

RT
Orthorhombic

Space Group

P21212

Z
a/Å
b/Å
c/Å
Volume/Å3
R
wR
Goodness of Fit

4
21.7042 (7)
22.002 (3)
4.639 (3)
2215.3 (16)
0.0316
0.0749
1.042

Table 2
Selected bond lengths and angles of light-blue crystal ([H2(bpp)][Fe0.06Zn0.87Co0.07(NCS)4]).
[H2(bpp)][Zn(NCS)4]

Bond lengths or angles

Zn-N1(NCS) /Å
Zn-N2(NCS) /Å
Zn-N3(NCS) /Å
Zn-N4(NCS) /Å
S1-S3’ /Å
S2-S4’ /Å
S2’-N5(bpp) /Å
S4-N5’(bpp) /Å
S3’-N6(bpp) /Å
S1-N6(bpp) /Å
N1-Zn-N2 /°
N1-Zn-N3 /°
N1-Zn-N4 /°
N2-Zn-N3 /°
N2-Zn-N4 /°
N3-Zn-N4 /°

1.951 (4)
1.954 (4)
1.960 (4)
1.971 (3)
3.4550 (16)
3.5058 (14)
3.407 (4)
3.403 (4)
3.405 (4)
3.423 (4)
107.72(14)
115.57(18)
104.93(14)
107.91(15)
115.56(17)
105.42(14)

Metals are tetrahedrally coordinated by four NCS anions to become [M(NCS)4]2- and bpp is doubly protonated[H2(bpp)]2+. Thus, the whole composition becomes [H2(bpp)][M(NCS)4], and this is a mononuclear complex. This
structure organisation explains the better dissolution of this sample in the solvent, as compared with blue and red crystals,
respectively. The packing view in one plane is shown in Figure 3(b). [H2(bpp)]2+ is surrounded by four [M(NCS)4]2-,
[M(NCS)4]2- in turn, being also surrounded by four [H2(bpp)]2+ in the same plane. The fragments [H2(bpp)] are placed
almost perpendicular to each other. This plane is stacked to each other to form crystal (Figure 3(c)), the structure being
similar to [4,4’-bipyH2][Zn(NCS)4][13]. Each sulphur atom of the [Zn(NCS)4]2- anion has a weak S…S contact with a
sulphur atom from an adjacent [Zn(NCS)4]2- anion. The distances of these contacts being 3.4550(16) or 3.5058(14) Å,
they are slightly shorter than that in [4,4’-bipyH2][Zn(NCS)4][13](3.63 Å), and also slightly shorter than the sum of
the van der Waals radii of two sulphur atoms, indicating weak interaction [14]. The frame constructed by weak S…S
contact was built spirally. The sulphur atoms also form hydrogen bonds with the [H2(bpp)]2+ cations. The distances are
2.6591(14), 2.7601(13), 2.7224(13), or 2.6913(12) Å, which are slightly longer than that in [4,4’-bipyH2][Zn(NCS)4]
[13] (2.404(3) Å). This is due to the difference that [H2(bpp)]2+ is placed in centre between anion, while [4,4’-bipyH2]2+
approaches the one side of anion.
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Figure 3. Crystal structure of light-blue crystal ([H2(bpp)][Fe0.06Zn0.87Co0.07(NCS)4]).
(a)- ORTEP drawing, (b)- packing view in one plane, and (c)- packing view.
Blue sample could not be isolated as a single crystal, but as an aggregation of very small crystals. By comparing
the powder X-ray diffraction patterns (Figure 4) and on the basis of elemental analysis data, it was confirmed, that blue
crystals and pure zinc complex (Zn(NCS)2(bpp)) have identical structures. It can be considered that the structures are
controlled by the Zn metal. The structure of Zn(NCS)2(bpp) was determined by single X-ray structural analysis. Crystal
data are shown in Table 3. Selected bond lengths and angles are shown in Table 4. Figure 5(a) shows ORTEP drawing of
pure zinc complex. Zn is tetrahedrally coordinated by one bpp and two NCS to form 1D chain. The 1D chain is shown
in Figure 5 (b). This is not an ionic complex, but neutral 1D chain polymer.
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Figure 4. Comparison of powder X-ray diffraction patterns of Fe0.01Zn0.95Co0.04 (NCS)2(bpp)
and Zn(NCS)2(bpp).

(a)

(b)

Figure 5. Crystal structure of Zn(NCS)2(bpp).
(a)- ORTEP drawing and (b)- packing view.
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Table 3
Crystal data of Zn(NCS)2(bpp).
Parameter

Value
Formula
C15 H14 N4 S2 Zn

Temperature
Crystal system
Space Group
Z
a/Å
b/Å
c/Å
Volume/Å3
R
wR
Goodness of Fit

RT
Orthorhombic
Imm2
2
12.859 (6)
14.891 (7)
4.779 (2)
915.1 (7)
0.0533
0.1300
1.139

The light-blue crystals are easily dissolved in acetone. The light-blue crystals changed to blue in the reaction
vessel in acetone solution. Usually, metals and ligands gather to each other to form a stable assembled structure in the
synthetic process of assembling complexes. In the present study, it was shown that at the first stage the ionic crystals
are obtained and subsequently, the crystal changed to more stable assembled structure. It is considered that initially
[H2(bpp)]2+ and [M(NCS)4]2- are formed in water or EtOH, which then precipitate as [H2(bpp)][M(NCS)4]. This is not the
most stable structure in the reaction vessel. It undergoes modifications, to form 1D polymer chain structure by releasing
HNCS from the cation and anion.
Table 4
Selected bond lengths and angles of Zn(NCS)2(bpp).
Zn(NCS)2(bpp)
Zn-N1(NCS) /Å
Zn-N2(bpp) /Å
N1-Zn-N1’ /°
N1-Zn-N2 /°
N2-Zn-N2’ /°
Zn-N1(NCS) /Å
Zn-N2(bpp) /Å
N1-Zn-N1’ /°
N1-Zn-N2 /°

Bond lengths or angles
1.929 (11)
2.022 (9)
123.6 (7)
104.9 (2)
114.1 (5)
1.929 (11)
2.022 (9)
123.6 (7)
104.9 (2)

Conclusions
In conclusion, several types of crystals having different colour (light blue, blue and red) were obtained in
the synthesis of assembled complex of mixed crystals with three metals by solvent diffusion method. The formation
mechanism of the assembled complexes bridged by 1,3–bis(4–pyridyl)propane is proposed on the basis of structure and
colour modification. The red crystals have 2D interpenetrated structure. The samples of light-blue ionic crystals were
[H2(bpp)][M(NCS)4] and they were built up spirally. The blue samples were M(NCS)2(bpp) and they formed neutral
1D chain. [H2(bpp)][M(NCS)4] changed to 1D chain polymer (M(NCS)2(bpp)) by releasing HNCS from the cation and
anion in the reaction medium. The obtained complexes were characterized by ICP-AES, ESI-MS and X-Ray-diffraction
methods.
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