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β-CsHg2I5, a compound with rare [Hg2I5] dimers
and large optical anisotropy†

Yingying Kong,‡a,b Hongshan Wang,‡b Wang Zhao,b Qi Sun,b Junjie Li *b and
Shilie Pan *a,b

Hg-based compounds show abundant structural diversity and distinguished properties. Herein, a new

phase transition compound CsHg2I5 was reported. The high-temperature phase β-CsHg2I5 with rare

[Hg2I5] dimers was synthesized by the flux method at 573 K, and it shows a reversible phase transition at a

low temperature of ∼100 K to form the low-temperature phase α-CsHg2I5. The two phases crystallize in

the same P21/c space group, with different crystal structures. β-CsHg2I5 is composed of rare [Hg2I5]

dimers and [CsI11] polyhedral units, while α-CsHg2I5 is composed of [Hg4I11] and [CsI10] units. The experi-

mental band gap of β-CsHg2I5 was found to be 2.58 eV. Owing to the presence of [Hg2I5]∞ pseudo-

layers, β-CsHg2I5 exhibits large optical anisotropy with a calculated birefringence of 0.132@1064 nm.

Meanwhile, β-CsHg2I5 is a congruent compound and the congruent point is ∼481 K. Theoretical calcu-

lations indicate that the rare [Hg2I5] dimer is a nonlinear active unit, which can be used as a new funda-

mental building block for the design of advanced nonlinear optical materials. Moreover, a CsI–HgI2
pseudo-binary diagram was drawn. The results enrich the structural diversity of Hg-based halides and give

some insights into the development of new functional materials based on rare [Hg2I5] dimers.

Introduction

The development of both new functional materials and struc-
tural chemistry is highly dependent on the discovery of new
compounds with distinctive structures and physiochemical
properties.1–6 Metal halides, with abundant structural diversi-
ties and adjustable optical performances,7,8 are an important
class of photoelectronic functional materials that are applied
in the fields of photoelectric detection,9,10 nonlinear optics
(NLO),11–14 infrared window materials,15–17 new energy
materials18 and so on. Over the past decades, many metal
halides with multiple structures and distinguished properties
like CsGeQ3 (Q = Br and I),19,20 NaSb3F10,

21 and K2SbF2Cl3
22

were rationally designed and fabricated experimentally by the
high-temperature solid state/solution method or wet chemistry
routes.20–24

Recently, Hg-based halides have received considerable
attention because of their potential applications in advanced
optoelectronic fields, and several Hg-based halides have been
developed.25–29 For example, Wu and coworkers reported the
syntheses of Ag2HgI4 and NH4HgBr3·H2O by wet chemical
routes in 2021.25–27 Among them, NH4HgBr3·H2O shows a
quasi-one-dimensional (1D) crystal structure composed of
[HgBr3] chains and aligned [HgBr4] tetrahedral units, resulting
in excellent optical properties, including a strong SHG (28 ×
KDP), a large birefringence (0.183 at 1064 nm) and a high
laser-induced damage threshold (52.7 × AgGaS2).

25

Remarkably, the 6s and 6p orbital energies of Hg with a
unique d10 electronic configuration are close to each other,30,31

giving rise to various coordination modes between Hg and
halides, such as linear [HgQ2] (Q = halide elements), planar
[HgQ3] and tetrahedral [HgQ4] units.32,33 Similar to borates,
the basic structural units can be further linked with each other
to build new fundamental building block (FBB) groups
theoretically.34–37 Nevertheless, the [HgxQy] units (Q = halide
elements; x and y = integers and ≥2) are quite rare in the
known Hg-based compounds, far less than the number of
[BxOy] units (x and y = integers and ≥2) in the borates.38–40

In this work, an experimental investigation was carried out
in the Cs–Hg–I system, and a high-temperature phase ternary
Hg-based halide β-CsHg2I5 was successfully synthesized by a
high-temperature solution reaction. Interestingly, the
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compound exhibits a reversible phase transition at a low temp-
erature of ∼100 K during single crystal X-ray diffraction
measurements, resulting in a low-temperature phase structure
(α-CsHg2I5). Based on the structural investigations in the
Inorganic Crystal Structure Database (ICSD version 5.0.0 (build
20230418–1517)), β-CsHg2I5 contains an unprecedented
[Hg2I5] dimer and is composed of [Hg2I5] pseudo-layers and a
Cs–I framework built by [CsI11] polyhedral units, different
from the [CsI10] and [Hg4I11] containing three-dimensional
(3D) crystal structure in α-CsHg2I5. Notably, β-CsHg2I5 is a con-
gruent compound with a melting point of ∼481 K. The experi-
mental and calculated results show that β-CsHg2I5 is a direct
band gap compound with an experimental optical band gap of
2.58 eV, and it has a large birefringence of 0.132@1064 nm.
Theoretical calculations unveil that the band gap and birefrin-
gence in the compound mainly originate from the [Hg2I5]
dimers.

Experimental section
Reagents

The raw materials CsI and HgI2 with a purity of 99.9% were
purchased from Aladdin Industrial Corporation. All the raw
reagents were stored in a dry Ar-filled glove box with controlled
oxygen and moisture levels below 0.1 ppm and used without
further purification.

Syntheses

The single crystal of high temperature phase β-CsHg2I5 for
single-crystal X-ray diffraction (XRD) measurement was syn-
thesized by the flux method.41–43 First, 0.5 g of starting
materials CsI and HgI2 with a molar ratio of 1 : 1 were
weighed and filled in a quartz tube with an inner diameter
of 10 mm, and the quartz tube was further sealed by a
hydroxide flame under a pressure of 10−3 Pa. Afterwards, the
quartz tube was placed in a programmable muffle furnace,
heated to 573 K over 10 h, held at this temperature for 36 h,
and then cooled to room temperature at a rate of 10 K h−1.
Finally, yellowish transparent β-CsHg2I5 single crystals were
harvested.

The pure phase polycrystalline powder samples of β-
CsHg2I5 were synthesized by the high-temperature solution
method. The stoichiometric ratio raw materials CsI and HgI2
were weighed and sealed in quartz tubes. The samples were
rapidly heated to 573 K from room temperature and main-
tained at this temperature for 10 h, cooled to 373 K at a rate of
20 K h−1, and then naturally cooled down to room tempera-
ture. Finally, yellow CsHg2I5 pure phase samples were
achieved.

Single crystal structure determination

The yellowish transparent single crystals were observed under
an optical microscope for structural determination with a
Bruker D8 Venture diffractometer using monochromatic Mo
Kα radiation (λ = 0.71073 Å). The diffraction data collection

was carried out at room temperature (∼300 K) for β-CsHg2I5
and 100 K for low-temperature phase α-CsHg2I5. The single
crystal structures were solved by direct methods and optimized
using the SHELXTL crystallographic software package.44,45

PLATON software was utilized to confirm the lack of higher
symmetry in the crystal structures.46

Powder X-ray diffraction

Powder XRD measurements of β-CsHg2I5 were carried out on a
Bruker D2 Phaser diffractometer equipped with a diffracted
beam monochromator set for Cu Kα radiation (λ = 1.5418 Å),
and the diffraction patterns were recorded from 10 to 70° (2θ).

Energy dispersive X-ray spectroscopy (EDS)

Elemental analysis of β-CsHg2I5 was performed using a field
emission scanning electron microscope (FE-SEM, JEOL
JSM-7610F Plus, Japan) at 298 K with an energy dispersive
X-ray spectrometer (Oxford, X-Max 50) operated at 5 kV.

Raman spectrum

The Raman spectrum of β-CsHg2I5 single crystals was recorded
using a LABRAM HR Evolution spectrometer equipped with a
CCD detector (cooling temperature: 218 K) under 532 nm radi-
ation (beam diameter: 35 μm; power: 60 mW) from a diode
laser and acquired from 500 to 50 cm−1 (20–200 μm). The inte-
gration time was set to 5 s.

UV-vis-NIR diffuse reflectance spectrum

The diffuse reflectance spectrum of pure phase β-CsHg2I5 was
recorded using a Shimadzu SolidSpec-3700DUV spectrophoto-
meter at room temperature, and the reflectance spectral data
were converted to absorption spectral data using the Kubelka–
Munk formula: α/S = (1 − R)2/(2R), (R = reflectance; α = absorp-
tion; and S = scattering).47–50

Thermal analysis

Differential scanning calorimetry (DSC) analysis of β-CsHg2I5
was performed using a NETZSCH STA 449F3 simultaneous
thermal analyzer. Before the measurement, 15 mg of powder
samples were sealed in a quartz tube. The samples were
heated to 573 K from room temperature and then
cooled down to room temperature with a heating/cooling
rate of 5 K min−1.

Theoretical calculations

First-principles calculations based on density functional
theory (DFT) for β-CsHg2I5 were carried out using the
CASTEP software package.51–54 The exchange–correlation
functional used was the Perdew–Burke–Ernzerhof (PBE) func-
tional within the generalized gradient approximation
(GGA).55 The kinetic energy cutoff was set to 500 eV. The
k-points of the Monkhorst–Pack grids in the Brillouin zone
were set to 5 × 3 × 3. The refractive index was investigated
using the Kramers–Kronig relation. In addition, the response
electron distribution anisotropy (REDA, ζ) index was utilized
to reflect the birefringence contribution of each unit, and
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the response charge density can be derived from the follow-
ing equation:56

ζ ¼
X
g

NcZaΔρb

n1Eo

� �
g

where Nc is the number of nearest-neighbor coordination
sites, Za represents the formal charge of the anion, Δρb =
ρbmax − ρbmin, where ρbmax and ρbmin are the maximum and
minimum values of the covalent electron density for covalent
bonding in the optical principal axis of the crystal, respect-
ively, n1 is the minimum refractive index, and Eo represents
the optical band gap. Moreover, based on the Voigt–Reuss–
Hill method, the bulk modulus of β-CsHg2I5 was calculated
using CASTEP.

Results and discussion

β-CsHg2I5 crystallizes in the monoclinic space group P21/c (no.
14) with cell parameters a = 8.8094(14) Å, b = 11.4931(17) Å, c =
14.075(2) Å, β = 107.073(6) °, and Z = 4. In the asymmetric unit
of β-CsHg2I5, there is one crystallographically independent Cs
atom, two Hg atoms, and five I atoms. Each Cs atom is linked
to eleven I atoms to form a [CsI11] polyhedron with bond
lengths of dCs-I = 3.915(2)–4.481(33) Å (Fig. 1a), and the Hg
atoms are three-coordinated with I to build planar [HgI3] units
with dHg-I = 2.465(2) to 3.122(3) Å (Fig. 1b and c). The Raman
spectrum confirms the Cs–I (114 cm−1) and Hg–I (138 cm−1)
chemical bonding in the compound (Fig. S1†). The [CsI11]
polyhedral units are interconnected by sharing I atoms to
build a tunnel-like 3D Cs–I structure framework (Fig. 1e). Each
of the two [HgI3] units are further connected with each other

by corner-sharing to construct a rare [Hg2I5] dimer (Fig. 1d).
The formed [Hg2I5] dimers are isolated from each other
(Fig. 1f), which are in the channels of the 3D Cs–I framework,
resulting in the final 3D crystal structure (Fig. 1g). The calcu-
lated bond valence sums (BVSs) (Cs: 0.84, Hg: 2.28–2.38, I:
0.85–1.19) verify the rationality of the crystal structure.

It is worth noting that when the measured temperature is
reduced to about 100 K, the β phase CsHg2I5 shows a reversible
phase transition to α phase CsHg2I5 (Fig. S2†). The two phases
crystallize in the same monoclinic space group P21/c (no. 14),
but with different cell parameters and structures. The cell
parameters of α-CsHg2I5 are a = 14.0019(16) Å, b = 11.4545(14)
Å, c = 19.067(3) Å, β = 117.911(4)°, and Z = 8. In the asymmetric
unit of α-CsHg2I5, there are two crystallographically indepen-
dent Cs atoms, four Hg atoms, and ten I atoms. Each Cs atom
is linked to ten I atoms to form a [CsI10] polyhedron with bond
lengths of dCs–I = 3.880(8)–4.509(9) Å (Fig. S3a†), while Hg
atoms form planar [HgI3] and tetrahedral [HgI4] units that are
different from the formed [Hg2I5] dimers in β-CsHg2I5.

57 The
[CsI10] polyhedral units are interconnected by sharing I atoms
to build a tunnel-like 3D Cs–I structure framework (Fig. S3e†).
Each of the two [HgI3] and two [HgI4] units is further con-
nected with each other by corner-sharing to construct a rare
[Hg4I11] group (Fig. S3d†). The formed [Hg4I11] groups are
interconnected, extended along the b direction (Fig. S3f†), and
located in the channels of the 3D Cs–I framework, resulting in
the final 3D crystal structure of α-CsHg2I5 (Fig. S3g†).

The detailed crystallographic data of α-CsHg2I5 and β-
CsHg2I5, including structure and refinement parameters,
atomic coordinates, equivalent isotropic displacement para-
meters, atomic bond valences, bond lengths, and bond angles
are listed in Tables S1–S11.†

Fig. 1 (a–c) Coordination modes of Cs, Hg(1) and Hg(2); (d) the formed [Hg2I5] dimer; (e) the formed Cs-I framework; (f ) the resulting [Hg2I5]
pseudo-layer; and (g) the 3D crystal structure of β-CsHg2I5.
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It is worth noting that Wells et al. investigated the CsI–
HgI2–H2O system by a wet chemical route in 1892,58 and
described five Hg-based iodides, CsHg2I5, Cs2Hg3I8, CsHgI3
(possibly a hydrate), Cs2HgI4 and Cs3HgI5 in this system, but
the crystallographic data were lacking. After that, Kirilenko
et al. confirmed the existence of Cs2HgI4, CsHgI3 and CsHg2I5
based on the differential-thermal and X-ray phase analysis.59

In 1988, Christer and coworkers reinvestigated the system and
the crystal structures of Cs2Hg3I8·H2O (Cm), Cs2HgI4 (P21/m)
and Cs3HgI5 (Pbca) were first determined by diffractometer
data.60 Nevertheless, the crystal structures of CsHgI3 and
CsHg2I5 are still under investigation. In this work, the crystal-
lographic information of α/β-CsHg2I5 was obtained by single
crystal XRD. To clearly show the existent structures in the CsI–
HgI2 system, a CsI–HgI2 pseudo-binary diagram containing
seven cesium Hg iodides was drawn, as shown in Fig. 2a.
Based on the structural investigations in ICSD, it can be seen
that there are four types of coordination modes in the Hg-con-
tained iodides, corresponding to four FBBs, [Hg2I2],

61 [HgI2],
62

[HgI3], and [HgI4],
63 while the formed [Hg2I5] dimer composed

of two [HgI3] units in β-CsHg2I5 is first observed in the Hg-
based system. In addition, statistical analyses indicate that
most of the formed [HgxIy] units are isolated from each other
(named 0D in Fig. 2b) in the compounds.

The EDS spectrum (Fig. 3a) shows the presence of Cs, Hg
and I elements in the crystal with an atomic ratio of Cs : Hg : I
= 1 : 1.63 : 4.53 (Table S12†), close to the results in the chemi-
cal formula of β-CsHg2I5, confirming the results of single
crystal XRD. Meanwhile, the polycrystalline pure phase powder
samples of β-CsHg2I5 were synthesized by the high-tempera-
ture solution method (see the details in the Experimental
section). To check the structure and purity of the synthesized
samples, the powder XRD pattern was characterized, and it is
matched with the theoretical results that are derived from the
β-CsHg2I5 CIF file using Mercury software. Moreover, the
Rietveld refinement based on the powder XRD pattern was
carried out using GSAS software, and the refined Rp and Rwp
values were 5.33% and 6.99%, respectively, further confirming
the crystal structure and the purity of the obtained polycrystal-

line samples. The results indicate the high purity of the
obtained polycrystalline samples (Fig. 3b).

To detect the optical band gap, the UV-vis-NIR diffuse
reflectance spectrum of β-CsHg2I5 was recorded and the
absorption data were obtained using the Kubelka–Munk func-
tion.64 The experimental band gap was determined to be 2.58
eV (Fig. 3c), comparable to the ones in Cs2HgI4 (2.34 eV),63

Cs2Hg3I8·H2O (2.56 eV),24 and Hg2BrI3 (2.60 eV).65 To unveil
the thermal behavior of β-CsHg2I5, a differential scanning
calorimetry (DSC) test was conducted in a sealed system. As
shown in Fig. S4,† there is an evident endothermic peak at
481 K during the heating process. To investigate the origin of
the peak, the polycrystalline β-CsHg2I5 powder sample was
heated to 523 K, maintained at this temperature for 30 h, and
then cooled to room temperature in a muffle furnace. The XRD
pattern of β-CsHg2I5 after melting agrees with the one before
melting. To further confirm it, the powder XRD Rietveld refine-
ment based on polycrystalline samples after melting was con-
ducted. The refined Rp and Rwp values were 5.63% and 7.23%,
respectively, demonstrating the crystal structure of β-CsHg2I5
after melting. The results demonstrate that β-CsHg2I5 is a con-
gruent-melting compound (Fig. 3d), which is beneficial for
crystal growth by the melting method.66,67

To understand the origin of optical properties, the band
structure of β-CsHg2I5 was first computed using DFT
calculations.68–70 The optimized structure model and unit-cell
parameters of β-CsHg2I5 are shown in Fig. S6,† and the bulk
moduli (Table S13†) from the atomic model were calculated to
be 9.89422 (Voigt), 7.99758 (Reuss), and 8.94950 (Hill). The
band structure implies that β-CsHg2I5 is a direct band gap
compound. The calculated GGA band gap is 2.14 eV (Fig. 4a),
which is smaller than the experimental value (2.58 eV), due to
the discontinuity in the underestimation of the GGA band gap
caused by the exchange–correlation energy functional during
DFT calculations.71,72 The total and partial density of states
(DOS) show that the top of the valence band (VB) is mainly
dominated by the I-5p orbitals, and the bottom of the conduc-
tion band (CB) is occupied by the I-5s, I-5p and Hg-5s orbitals
(Fig. 4b), implying that the optical band gap of β-CsHg2I5 is

Fig. 2 (a) CsI–HgI2 pseudo-binary diagram; (b) statistical analyses showing the formed [HgxIy] units and the dimensional distribution (inset) of the
Hg-contained iodides in ICSD (ICSD version 5.0.0 (build 20230418–1517)).
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determined by the Hg–I bonding in the [Hg2I5] dimers.
Moreover, the planar unit usually exhibits large polarizability
anisotropy. In β-CsHg2I5, the isolated [Hg2I5] dimers are
arranged in the bc-plane to form a [Hg2I5] pseudo-layer
(Fig. 1f) in the structure, which is conducive to inducing

strong optical anisotropy. To check the optical anisotropy, the
refractive indices of β-CsHg2I5 were investigated, and the bire-
fringence Δn was calculated to be 0.132@1064 nm (Fig. 4c), far
larger than the ones in Cu2HgI4 with [HgI4]
(0.032@1064 nm),29 Ag2HgI4 with [HgI4] (0.031@1064 nm) and

Fig. 3 (a) EDS spectrum; (b) the Rietveld refinement PXRD pattern before melting; (c) experimental band gap; (d) the Rietveld refinement PXRD
pattern after melting of β-CsHg2I5.

Fig. 4 (a) Calculated band structure; (b) total and partial density of states; (c) calculated birefringence of β-CsHg2I5; (d) the HOMO–LUMO energy
gap, polarizability anisotropy and hyperpolarizability of [HgI2], [HgI3], [HgI4] and [Hg2I5] units.
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RbHgI3 with [HgI4] (0.08@1064 nm).28,29 To uncover the origin
of birefringence in β-CsHg2I5, the bonding electron density
difference (Δρ) values of [CsI11] polyhedral and [Hg2I5] units
were calculated by the REDA method.73 The results in Fig. S5†
imply that the large birefringence in the compound mainly
originates from the [Hg2I5] dimers in the pseudo-layers.

To illustrate the fluctuations in the optical properties
between the Hg–I units, the hyperpolarizability, HOMO–LUMO
energy gap and polarizability anisotropy of [HgI2], [HgI3],
[HgI4] and the [Hg2I5] dimer were investigated using the
Gaussian 09 software package.74 As shown in Fig. 4d, the
[Hg2I5] dimer exhibits strong polarizability anisotropy and
moderate hyperpolarizability. The results confirm that the
[Hg2I5] dimer can be used as a promising NLO-active unit for
the design of new NLO materials. Meanwhile, it implies that
the dimers or trimers of planar units can effectively enhance
the optical anisotropy of Hg-based compounds.

Conclusions

In summary, a new phase transition compound CsHg2I5 was
synthesized by the flux method. β-CsHg2I5 and α-CsHg2I5
phases crystallize in the same P21/c space group, but show
different structures. Owing to the presence of [Hg2I5] pseudo-
layers in β-CsHg2I5, a large birefringence (Δn(cal.) =
0.132@1064 nm) is achieved in the compound, indicating that
constructing a dimer or trimer of planar units is a feasible
strategy to enhance the optical anisotropy of Hg-based com-
pounds. Meanwhile, the study of thermal behavior indicates
that β-CsHg2I5 is a congruent compound with a relatively low
melting point of ∼481 K. Theoretical calculations show that β-
CsHg2I5 is a direct band gap compound with a GGA band gap
of 2.14 eV, close to the experimental value of 2.58 eV. In
addition, theoretical calculation indicates that the [Hg2I5]
dimer could be a promising NLO-active unit for the design of
new functional materials.
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