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Abstract
Crystals of a new organometallic nonlinear optical (NLO) compound, di-μ-chloro-bis[chlorotri(thiourea)bismuth(III)]-
pentachloro(thiourea)bismuth-ate(III) (DCBPB), have been successfully grown from formic acid aqueous solutions of thio-
urea and bismuth chloride by a slow evaporation technique. The crystal structure and atomic composition of DCBPB have 
been confirmed by single crystal X-ray diffraction (SCXRD), Fourier transform infrared spectra, and elemental analysis. The 
SCXRD results proved that DCBPB crystallizes in triclinic space group P1 with unit cell dimensions of a = 7.0606(2) Å, 
b = 8.8106(4) Å, c = 16.3247(8) Å, α = 99.242(4)°, β = 95.309(3)°, γ  = 105.856(3)°, and Z = 2. DCBPB crystal exhibits excel-
lent transmittance from 500 to 2500 nm and green fluorescence with maximum emission at 508 nm. The thermogravimetric-
differential scanning calorimetry (TG-DSC) analysis indicates that a solid-phase reaction took place at 170.1 °C, whereas 
the decomposition temperature of the crystal material was 189 °C. The NLO property obtained by the Kurtz powder test 
showed that the second harmonic generation efficiency of DCBPB crystal is two-seventh of KDP crystal.
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Introduction

After Franken et al. [1] first discovered the nonlinear opti-
cal (NLO) phenomenon in 1961, NLO crystal has attracted 
growing attention due to its outstanding applications in 
optical communications, optical storage devices, optical 
limiting, laser frequency conversion, and optical switching 
devices [2–4].

Compared to inorganic NLO materials, organic NLO 
compounds, which show a great nonlinear coefficient, 
are easy to design and synthesize; however, they exhibit 
mechanical properties and stability not as good as inorganic 

NLO materials. Semi-organic systems were, therefore, 
introduced to balance the NLO properties and mechanical 
performance. In particular, organometallic complexes were 
demonstrated to be promising NLO materials with favorable 
hardness, bandgap, melting point, and growth habit [5–7] 
due to coordination and chemical bonding [8–10].

Among coordination compounds, thiourea possesses a 
strong coordinating capability with metals because of its 
lone pair electrons of nitrogen and sulfur atoms [11, 12]. 
Besides, coordinating thiourea with metal halide can provide 
acentric symmetrical structure, which is required to produce 
a high-optical transparent NLO crystal with a large nonlinear 
coefficient [13]. In the past 20 years, several thiourea-based 
semi-organic NLO compounds have been discovered, such 
as bis-thiourea cadmium chloride (BTCC) [14], zinc thio-
urea chloride (ZTC) [15], zinc thiourea sulfate (ZTS) [16], 
α-bismuth thiourea chloride (α-BTC) [17], β-bismuth thio-
urea chloride (β-BTC) [18], and bismuth thiourea chloride 
dihydrate (TBNTNC) [19].

In this paper, we report the synthesis, growth, and 
characterization of di-μ-chloro-bis[chlorotri(thiourea)
bismuth(III)]-pentachloro(thiourea)-bismuth-ate(III) 
(DCBPB), a new NLO crystal composed of thiourea and 
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bismuth chloride. The single crystals were harvested by a 
slow evaporation technique. The optical properties were 
characterized, and the thermostability was investigated, as 
well.

Experimental Section

DCBPB compound was synthesized according to Scheme 1 
in a stoichiometric ratio of 3:7. Bismuth chloride (3.784 g, 
12 mmol, ≥ 98 wt%) was dissolved in 20-mL formic acid 
aqueous solutions (3:2, V/V) in a 50-mL jacketed crystal-
lizer. A solution of thiourea (2.131 g, 28 mmol, ≥ 99.0 wt%) 
and 20-mL formic acid aqueous solutions (3:2, V/V) was 
added into the bismuth chloride solution at a rate of 21 mL/h 
below 40 °C with a stirring rate of 200 r/min. As the reaction 
started, the color of the solution turned into yellow from 
colorless, and a yellowish solid precipitated. The reaction 
was maintained for 10 h at a constant temperature of 40 °C. 
The precipitate was recrystallized three times using water-
formic acid mixture (2:3, V/V); then, the saturated liquid of 
DCBPB in formic acid aqueous solutions (3:2, V/V) at 25 °C 
was slowly filtered in a rinsed beaker using the filter paper 
and kept for slow evaporation at room temperature. Yellow 
single crystals were harvested in 10 days.

Crystals with the size of 0.16 mm × 0.14 mm × 0.10 mm 
were subjected to an single crystal X-ray diffraction 
(SCXRD) study at room temperature using a Rigaku-Rapid 
II diffractometer (Agilent, USA) with Mercury2 CCD area 
detector and graphite-monochromatized Mo Kα radiation 
(λ = 0.71073 Å). The structure of DCBPB was solved with 
the SHELXS and SHELXL packages. Powder X-ray dif-
fractions were performed on a Rigaku D/max 2500 (Rigaku, 
Japan) using Cu Kα radiation (1.5405 Å) over the 2θ range 
from 2° to 50° at a scanning rate of 8°/min. Fourier trans-
form infrared (FTIR) spectra of the DCBPB crystal were 
measured using a Nicolet 6700 FTIR spectrometer (Bruker, 
Germany) in the range of 400–4000 cm−1. Thermogravi-
metric (TG) analysis was carried out via TGA/DSC 1/500 
(Mettler Toledo, Co., Switzerland) in the temperature range 
of 25–800 °C under the protection of nitrogen. Hot Stage 
Microscope (HSM, Olympus UMAD3) was used to observe 
the solid-state phase transition behavior from 25 to 170 °C 
at a heating rate of 5 °C/min. Differential scanning calorim-
etry (DSC) was performed by DSC 1/500 (Mettler Toledo, 
Co., Switzerland) under the protection of nitrogen. The 

diffuse reflection spectra in the range of 400–2500 nm were 
measured with a Lambda 750 UV–visible-near IR spectro-
photometer (Perkin Elmer, USA). The fluorescence excita-
tion and emission spectra were recorded with excitation at 
368 nm using a Fluorolog-3 spectrophotometer (HORIBA 
Jobin–Yvon, USA). The second harmonic generation (SHG) 
test was performed via the Kurtz–Perry powder method [20], 
which uses the Q-switched Nd:YAG laser (1064 nm, 10 Hz, 
6 ns) to deliver the input energy of 5.4 mJ/pulse. The crystals 
of DCBPB and KDP were milled and sieved into a homoge-
neous particle size of 95–150 μm for the SHG test.

Results and Discussion

Crystal Structure

The detailed crystallographic parameters of a DCBPB crys-
tal are listed in Table 1. DCBPB belongs to a triclinic system, 
with the P1 space group, which is different from the reported 
bismuth thiourea chlorides α-BTC (monoclinic, Cc) [17] 
and β-BTC (hexagonal, P3) [18]. The unit cell of DCBPB 
crystal (Fig. 1) contains three crystallographically different 
 Bi3+ ions, which are in two coordination modes. In mode I, 
one  Bi3+ ion coordinates five  Cl− and one thiourea molecule 
(1 + 5), which forms a mononuclear  [BiCl5SC(NH2)]2− ani-
onic group. In mode II, the other two  Bi3+ ions share three 
 Cl− and each of them coordinates three thiourea molecules 
(3 + 3), which forms a dinuclear  [Bi2Cl4(SC(NH2)2)6]2+ cati-
onic group. The two ionic groups are of the octahedral struc-
ture with a  Bi3+ ion at the center,  Cl−, and thiourea molecule 
at the vertex. The positive ions consist of two octahedrons, 
which share the same chlorine-bridge bond (Cl(2)–Cl(2)). 

BiCl3 +

S

NH2NH2

Bi3[CS(NH2)2]7Cl9
HCOOH solution

Scheme 1  Synthetic route for DCBPB

Table 1  Crystallographic data of DCBPB

DCBPB

Formula C3.5H14Bi1.5Cl4.5N7S3.5

M 739.42
Crystal system Triclinic
Space group P1
Temperature (K) 293(2)
a (Å) 7.0606(2)
b (Å) 8.8106(4)
c (Å) 16.3247(8)
α (°) 99.242(4)
β (°) 95.309(3)
γ (°) 105.856(3)
Cell vol. (Å3) 954.21(7)
Z 1
R1 0.0353
wR2 0.1019
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Compared to other complexes formed by thiourea and bis-
muth chloride, a chlorine-bridge bond exists only in the 
 [Bi2Cl4(SC(NH2)2)6]2+ cationic group of DCBPB crystal. 
Among those complexes with the same number of bismuth 
atoms, DCBPB crystals can form a distorted octahedron, 
which promotes the microcosmic NLO effect.

Such coordinating modes are different from those of α-
BTC [17] and β-BTC [18]. As a comparison, there is only 
one coordination mode in α-BTC, in which each  Bi3+ ion 
coordinates with three  Cl− ions and three thiourea mole-
cules. Moreover, in the β-BTC structure, one  Bi3+ ion coor-
dinates with six  Cl− ions, one  Bi3+ ion coordinates with six 
thiourea molecules, and the third  Bi3+ ion coordinates with 
three  Cl− ions and three thiourea molecules. For TBNTNC 
[19], the coordination modes are (4 + 2), (2 + 4), and (3 + 3).

FTIR Analysis

The FTIR spectra and characteristic peaks of thiourea and 
DCBPB are compared in Fig. 2 and Table 2. The peaks at 
3174, 3273, and 3376 cm−1 are assigned to the N–H stretch-
ing vibrations in thiourea molecule [21, 22], which shift to 
higher frequencies in DCBPB. It demonstrates that nitrogen-
bismuth bonds are not present [23]. Apart from N–H defor-
mation vibration (1614–1624 nm) and N–H stretching vibra-
tion (3193–3291 nm), other characteristic peaks all shift to 
lower frequencies. Compared to thiourea, the decreasing 
frequency of the peak corresponding to the C=S stretch-
ing vibration in DCBPB indicates that  Bi3+ ions coordinate 
with the sulfur atom of thiourea [21]. The main difference 
in FTIR spectrum between DCBPB and other known thio-
urea and bismuth chloride coordination compounds is that 

the N–H rocking vibrations shift to higher wavenumber in 
DCBPB, while do not substantially vary in the others, which 
may be due to a particular chlorine-bridge bond present in 
DCBPB.

Optical Transmittance Spectrum Analysis

Figure  3 shows the optical transmittance spectrum of 
DCBPB power crystal. The UV cut-off wavelength 
is ~ 517 nm, which is between the values of β-BTC (560 nm) 
and α-BTC (500 nm). In the range of 500–2500 nm, DCBPB 
crystal exhibits a relatively good transmittance, whereas, in 
the window of 500–1500 nm, DCBPB crystal shows excel-
lent transmittance. In contrast, α-BTC [17] has a distinguish 
absorption at ~ 800–1300 nm. The absorption peak around 
1542 nm in the transmittance spectrum may be attributed to 
the second harmonic peak of the N–H stretching vibrations. 
In the wavelength range from 500 to 1500 nm, the trans-
mittance of the grown powder crystal is ~ 85% on average, 
which is about two times greater than that of α-BTC [17] at 
the same wavelength range.

Fluorescence Analysis

The emission spectrum (Fig. 4) of DCBPB crystal shows 
a strong green photoluminescence emission at 508  nm 
(2.45 eV), indicating that the DCBPB crystal has potential 
optical quality needed for the material to be NLO active 
[24].

Thermal Analysis

The thermostability of DCBPB crystal was investi-
gated by TGA. Combining with the TG and differential 
thermal analysis (DTA) heat-flow curves (Fig.  5), the 

Fig. 1  Unit cell of the DCBPB crystal, H atoms are omitted; inset: 
microscopic photograph of DCBPB single crystal
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Fig. 2  FTIR spectra of DCBPB crystal and thiourea
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thermostability of DCBPB crystal can be divided into 
two stages. In stage 1 (from 25 to 189 °C), only about 
0.5% weight loss occurred and was attributed to the mois-
ture. A solid–solid transition occurred, according to the 

endothermic peak at 170.1 °C. The DSC curve of DCBPB 
confirms that the peak at 40 °C in DTA heat-flow curve 
could be attributed to the instrumental deviation.

The sample heated on HSM started to gradually turn 
into black from light yellow (Fig. 5) at 165 °C. XRD pat-
terns (Fig. 6) confirm the occurrence of the solid-phase 
transition at 170  °C. FTIR spectrum analysis (Fig. 7) 
shows that, after the solid transition, peaks at 1384 and 
703 nm (C=S stretching vibration) of DCBPB crystal 
remained unchanged, indicating that the coordination of 
 Bi3+ ion with the sulfur atom was not damaged; however, 
the N–H stretching vibration peaks of DCBPB crystal 
are distinctly different, implying that the solid transition 
reaction may have generated ammonium ions. Stage 2 
(from 189 to 296 °C) corresponds to the decomposition 
of DCBPB crystals in two steps. In step 1, there was a 28% 
reduction in weight, which is mainly due to the release of 
some inorganic nonmetal gas produced by the decompo-
sition of DCBPB crystals, such as  CS2, COS, or  NH2CN 
[25, 26]. In step 2, the further weight loss at 536 °C is 
attributed to the volatilization and oxidation of remaining 
products including the carbon oxides, sulfide, or bismuth 
chloride [17].

Table 2  FTIR band frequencies 
for thiourea, DCBPB, α-BTC, 
β-BTC, and TBNTNC, and 
their corresponding vibrational 
modes

δ deformation vibration, ν stretching vibration, ρ rocking vibration

Thiourea DCBPB α-BTC [17] β-BTC [18] TBNTNC [19] Assignment

486 466 469 470 468 δ(C–N)
730 702 703 702 701 ν(C=S)
1085 1104 1100 1095 1097 ρ(N–H)
1415 1382 1382 1384 1382 ν(C=S)
1470 1413 – 1428 1419 ν(N–C–N)
1615 1624 1617 1619 1614 δ(N–H)
3174 3195 3192 3197 3197 ν(N–H)
3273 3281 3293 3193 3291
3376 3380 3880 3436 3387
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Fig. 3  Optical transmittance spectrum of DCBPB crystal
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SHG Test

The result of the SHG test showed that the effective SHG 
coefficient of DCBPB crystal was estimated to be about two-
seventh of  KH2PO4 (KDP) crystal, which is slightly higher 
than the value of α-BTC [17] but smaller than that of β-BTC 
[18].

Conclusion

A new single semi-organic crystal of DCBPB was grown 
from bismuth chloride and thiourea in formic aqueous solu-
tion via the slow evaporation method. DCBPB crystallizes 
in the triclinic system. The light transmittance of the crystal 
is two times higher than the value of α-BTC at a wavelength 

range of 500–1500 nm. The crystal shows green fluorescent 
emission at 508 nm. The second-order NLO efficiency is 
two-seventh of the standard KDP. DCBPB is thermally sta-
ble at temperatures below 165 °C. It undergoes a solid–solid 
reaction at 170 °C and decomposes at temperatures above 
189 °C. Therefore, the synthesized DCBPB exhibits struc-
tural and optical properties that render it a promising candi-
date for frequency conversion applications.
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