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Abstract

A novel Dy-Hg compound [Dy(HIA);(H,0),],, - 2nHgCl, - nHgCl; - nH;0 - 3nH,0 (1; HIA = isonicotinic acid) was pre-
pared through a hydrothermal reaction and characterized by X-ray diffraction. The compound crystallizes in the space
group of C2/c of the monoclinic system. The crystal structure of compound 1 has one-dimensional (1-D) chain-like cat-
ions. A photoluminescence experiment with a solid-state sample revealed that this compound exhibits a yellow emission
band at 575 nm and, this emission band shall come from the 4f electron *Fy/, > °H, 3/, characteristic transfer of Dy** ions.
The compound features CIE chromaticity coordinates of 0.5168 and 0.4824 in the yellow region. A UV-visible diffuse
reflectance spectrum with a solid-state sample unveiled that this compound possesses a wide optical band gap of 3.39 eV.
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1. Introduction

It is well-known that most of lanthanide(III) ions
(not including La** and Lu3* ions) can usually show fine
photoluminescence performances and, in recent years,
new lanthanide materials with interesting photolumines-
cence properties have drawn more and more attention
from the researchers in chemical, physical, material and
other domains.!~® As of today, a large number of research-
ers have been devoting themselves to the preparation,
structures, physical and chemical characterization of new
lanthanide materials, in order to explore their various po-
tential applications in luminescent probes, cell imaging,
catalysts, magnetic materials, electrochemical displays,
sensors, light-emitting diodes, and so forth.5-!2 Relative to
the large number of investigations on the photolumines-
cence behavior of new lanthanide materials, only very few

investigations on the semiconductor properties of lantha-
nide materials have been explored so far and, therefore,
more studies are still necessary.!

Many transition metal-containing compounds gen-
erally possess attractive properties that enable them to dis-
play potential applications in the areas of chemistry, mate-
rials, physics, biology and other fields. As a result, new
transition metal-containing materials with novel properties
also have attracted more and more interest since many
years ago.'*%’ In recent years, a large amount of effort has
been carried out to explore new transition metal-contain-
ing materials.?-4 As a member of transition metal-con-
taining compounds, group 12 (IIB) metal-containing com-
pounds are also attractive.*!~*> Moreover, isonicotinic acid
is an attractive and important organic molecule, because it
can be applied as a useful synthetic ligand. This is due to the
fact that it features two carboxyl oxygen chelating atoms at
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one end and one nitrogen atom at the other end. It is known
that oxygen atoms are favorable to coordinate to lanthanide
metals, while nitrogen atoms are favorable to coordinate to
transition metals. So, it is believed that the isonicotinic acid
is able to simultaneously bind to lanthanide and transition
metals and form an extended motif. Over these years, the
investigations on new materials with novel photolumines-
cence and semiconductor behavior, especially lantha-
nide-mercury-containing compounds, have become one of
my research topics. In present paper, a novel Dy-Hg mate-
rial [Dy(HIA);(H,0),],,-2nHgCl,-nHgCls-nH;0-3nH,0
(1; HIA = isonicotinic acid) is reported with its hydrother-
mal synthesis, X-ray structure, photophysical behaviors as
well as thermogravimetry. This compound is characterized
by one-dimensional (1-D) chain-like cations.

2. Experimental Section

2. 1. Materials and Characterization

In this study all of the chemicals applied for the
preparation of 1 were AR grade purity and commercially
available. Elemental microanalyses of carbon, hydrogen
and nitrogen were carried out on an Elementar Vario EL
elemental analyzer. The FT-IR data set was measured on a
PE Spectrum-One FT-IR spectrophotometer with a KBr
pellet. The photoluminescence spectrum was carried out
with a solid-state sample of 1 on a F97XP spectrometer.
The UV-visible diffuse reflectance spectrum was carried
out with a solid-state sample of 1 on a TU1901 spectrome-
ter. A thermogravimetry (TG) diagram was measured on a
NETZSCH TG 209F3 TG analyzer under nitrogen atmos-
phere.

2. 2. Synthesis of [Dy(HIA);(H,0),]5, ¢
2nHgCl, - nHgCl; - nH;0 - 3nH,0 (1)

A mixture of 3.5 mmol HgCl, (952 mg), 3 mmol
isonicotinic acid (369 mg), 1 mmol DyCl;-6H,0 (377 mg)
and 10 mL distilled water was added into a 25 mL Tef-
lon-lined stainless steel vessel and the vessel was heated at
433 K for two weeks under autogenous pressure, then
powered off. Colorless block crystals can be found when
the vessel temperature was cooled down. The yield was
33% calculated on HgCl,. Anal. Calcd. For C;4H,,Cl,;Dy-
,Hg;N(O,: C, 19.04; H, 2.09; N, 3.70. Found: C, 19.11; H,
2.12; N, 3.75. FTIR peaks (cm™'): 3450(vs), 3143(w),
3072(m), 2889(w), 1691(m), 1592(vs), 1410(vs), 1233(m),
1077(w), 1050(w), 999(w), 848(m), 759(s), 681(s), 540(m)
and 410(m).

2. 3. Crystal Structure Determination and
Refinement

A carefully selected single crystal with dimensions
0.10 mm x 0.07 mm x 0.04 mm was adhered on the top

of a glass fiber, then mounted to a SuperNova CCD dif-
fractometer with the X-ray source being of a graphite
monochromatic Mo-Ka radiation (A = 0.71073 A). The
X-ray intensity data set was measured with an w scan
mode. The CrystalClear software was used for data re-
duction and absorption correction. The single crystal
molecular structure of the title compound was solved by
means of the direct methods and the structure was final-
ly refined on F? with full-matrix least-squares and the
Siemens SHELXTL™ V5 program. All of the non-hy-
drogen atoms were set on their difference Fourier peaks
and anisotropically refined. Hydrogen atoms were theo-
retically generated, except for several on water mole-
cules were generated on difference Fourier peaks. Hy-
drogen atoms at O1W and O4W were not found. Some
bad equivalents were cut off in order to obtain more rea-
sonable structure. 14 distance or angle restraints were
used, in order to get more accurate results. Important
crystal data and refinement details are depicted in Table
1 and some important bond lengths and angles are
shown in Table 2.

Table 1. Crystal data of 1.

Formula C36H,4,Cl;3Dy,HgsNO,
M, 2271.42
color colorless
Crystal system monoclinic
Space group C2/c

a(A) 24.2350(4)
b (A) 20.8170(4)
c(A) 15.3597(2)
B ) 127.925(2)
V (A3%) 6112.51(17)
VA 4
Reflections collected 16912

Independent, observed 5296, 4646 (0.0196)

reflections (Ryy,)

dcalcd. (g/cmS) 2.468

p (mm!) 10.564

F(000) 4232

T (K) 293(2)

RY, wR? 0.0330, 0.0848
S 1.053

Largest and Mean A/o 0.001,0

Ap (max, min) (e/A%) 3.145, -1.346

Table 2. Some bond lengths (A) and angles (°)

Hgl-Cl1 2.474(5)  Cl4-Hg2-Cl7 105.78(7)
Hgl-CI2 2.463(4)  04#2-Dyl-Ol1 145.78(17)
Hgl-CI3 2.262(4)  O4#2-Dyl-02#3  78.05(16)
Hgl-CI3#1 2.633(3)  Ol1-Dyl-02#3 76.60(16)
Hgl-Hgl#1 1.2373(14) O4#2-Dyl1-03 103.56(15)
Hg2-Cl4 2477(2)  O1-Dyl-03 81.75(16)
Hg2-Cl5 2.4502(19) 02#3-Dyl-03 139.23(16)
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Hg2-Cl6 2.4628(19) 04#2-Dyl-06#3  138.03(16)
Hg2-Cl7 2.5641(17) O1-Dyl-06#3 76.09(16)
Dy1-01 2.382(4)  02#3-Dyl-06#3  126.09(16)
Dyl-04#2 2.378(4)  03-Dyl-06#3 80.04(16)
Dy1-03 2.404(4)  04#2-Dyl-05 80.99(16)
Dy1-02#3 2.384(4)  O1-Dyl-05 113.47(16)
Dy1-05 2.421(4)  02#3-Dyl-05 74.59(16)
Dy1-06#3 2411(4)  03-Dyl-05 146.17(17)
Dyl-O1W 2.529(4)  O6#3-Dyl-05 75.16(16)
Dyl-02W 2489(5)  O4#2-Dyl-02W  71.39(15)

01-Dy1-O2W 140.56(16)
Cl3-Hgl-Cl2  108.81(13) 02#3-Dyl-O2W  140.46(16)
Cl3-Hgl-Cll ~ 122.95(9) 03-Dyl-O2W 73.66(16)
Cl2-Hgl-Cll ~ 91.49(10) O6#3-Dyl-O2W  69.72(15)
CI3-Hgl-CI3#1 111.45(15) 05-Dyl-O2W 76.34(16)
Cl2-Hgl-CI3#1 111.13(13) O4#2-Dyl-OIW  77.38(15)
Cl1-Hgl-CI3#1 109.15(8) O1-Dyl-O1W 72.50(15)
Cl5-Hg2-Cl6  117.08(7) 02#3-Dyl-OIW  69.72(14)
Cl5-Hg2-Cl4  113.82(7) 03-Dyl-O1W 70.99(15)
Cl6-Hg2-Cl4  109.83(7) 06#3-Dyl-OIW  139.63(15)
Cl5-Hg2-Cl7 ~ 104.21(6) 05-Dyl-O1W 141.24(15)
Cl6-Hg2-Cl7  104.91(6) O2W-Dyl-O1W  124.81(15)

Symmetry codes: #1 -x + 1, y, -z + 5/2; #2 -x + Y2, -y + Yo, -z + 1;
#3-x+1,y,-z+3/2

Table 3. Hydrogen bonding interactions

D-H-A D-H,A H-A,A DA, A D-H-A,°
N1-H1B--Cl7#1 0.86 236 3.151(10) 154
N2-H2B---Cl4#2 0.86 258  3.298(8) 141

N3-H3A--O4W#3 0.86 2.00 2.827(14) 162

O3W-H3WA --Cl4#3 0.85(11) 2.41(13) 3.211(11) 157(15)
O3W-H3WB--Cl5  0.86(11) 2.39(14) 3.215(10) 161(17)
02W-H2WB--Cl6  0.85(7) 2.37(7) 3.199(5)  166(8)

C7-H7A--Cl2#5 0.93 2.57  3.395(11) 148

Symmetry codes: #1: Y2 + x, V2 + y, z; #2: x, 1 -y, - Yo + z; #3 x, 1 - y,
itz #4 Vs -x, -y, 1 -z #5-Y2+x,% -y, -3/2 +z.

3. Results and Discussion

The FT-IR spectrum exhibits that the bands of com-
pound 1 are mainly in the frequency range of 410-1691
cmL. A very strong band at 3450 cm™! can be ascribed to
the vo_y stretching vibration mode of the coordinating
water. The middle intense peak at 3072 cm™! should be as-
cribed to the v¢_y stretching vibration mode of the pyridyl
ring of the isonicotinic acid ligand. The very strong bands
at 1592 and 1410 cm™! can be ascribed to the v_g stretch-
ing vibration mode of the coordinating carboxylic moie-
ties and, this means that all carboxylic moieties are coordi-
nated to the metal. The strong peak at 759 cm™! should be
ascribed to the v¢_y bending vibration mode of the pyridyl
rings.

As analyzed by X-ray single crystal diffraction, com-
pound 1 crystallizes in the monoclinic system C2/c space
group. As depicted in Fig. 1, the asymmetric molecular
structure includes crystallographically independent Hgl

(in the C2 axis with 0.5 occupancies), Hg2, Dyl, Cl1 (in
the C2 axis with 0.5 occupancies), Cl2 to Cl7, three isonic-
otinic acid ligands, two coordinating water and two lattice
water molecules. So, most of the atoms reside at a general
position, but Hgl (in 0.5 occupancies) as well as Cl1 (in 0.5
occupancies) locate at a special position.

The ion Hgl is bound by five chloride ions and forms
a distorted HgCl; triangular bipyramidal coordination ge-
ometry with the bond angle Cl-Hg1-Cl in the range of
91.49(10)-122.95(9)° and the bond distance Hgl-Cl in the
span of 2.262(4)-2.633(3) A. The ion Hg? is bound by four
chloride ions and forms a distorted HgCl, tetrahedron
with the bond angle CI-Hg2-Cl in the range of 104.21(6)-
117.08(7)° and the bond distance Hg2-Cl in the span of
2.4502(19)-2.5641(17) A. The bond distances of Hg-Cl
are comparable with that previously reported in the refer-
ences.**” The dysprosium ion Dy1 is surrounded by eight
oxygen atoms of which two are water oxygen atoms and six
are isonicotinic acid oxygen atoms. The bond distances of
Dy-O are in the span of 2.378(4)-2.529(4) A with a mean
value of 2.424(5) A that is also in the normal region.*8 The
bond angles of O-Dy-O are in the range of 69.72(14)-
146.17(17)°. The neighbouring DyOg polyhedra connect
to each other through two or four isonicotinic acid moie-
ties to give a one-dimensional (1-D) Dy-(HIA),-Dy-
(HIA)4-Dy-(HIA),-Dy-(HIA),-Dy- chain running along
the a-axis, as shown in Fig. 2. In the title compound, there
are many hydrogen bonding interactions, i.e. N-H--Cl,
N-H..-O, O-H.--O, O-H--Cl and C-H---Cl (see Table 3,
please). These hydrogen bonding interactions link the
[Dy(HIA)3(H,0),],,%* chains, HgCl,>~ ions, HgCls>~ ions,
and lattice water molecules together to complete a three-di-
mensional (3-D) supramolecular network, as shown in
Fig. 3.

Up to date, some similar compounds have been re-
ported by our group.**->3 These compounds are prepared
under similar conditions. They have different lanthanides

Cl4 c17

c2 ‘kcw

Figure 1. An ORTEP figure of compound 1 at 30% thermal ellip-
soids. The lattice water molecules and H atoms have been omitted
for clarity.
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with nicotinic acid or isonicotinic acid as ligands. All of
these compounds show one-dimensional (1-D) chain-like
cations.

/ '\
)

Figure 2. A 1-D chain running along the g-axis with the polyhedra
representing the DyOg moieties

Figure 3. A packing view of 1 with the polyhedra representing the
DyOg moieties. The dashed lines are hydrogen bonding interactions
(see Table 3, please).

It is known that mercury compounds and dysprosi-
um compounds can generally show photoluminescence
performances. As a result, the photoluminescence behav-
ior of the title compound was measured with solid state
samples under room temperature. As given in Fig. 4, the
photoluminescence adsorption of the title compound lo-
cates in the span of 530-560 nm and the maximum peak
resides at 547 nm. When the title compound was excited
by the 547 nm wavelength, it exhibits one photolumines-
cence emission peak that locates at 575 nm (in yellow re-
gion). This emission band shall be attributed to the 4f elec-
trons “Fy, > ®H,3, characteristic transfer of the Dy**
ions.** With regard to compound 1, it features CIE chro-
maticity coordinates of 0.5168 and 0.4824 in the yellow
region, as shown in Fig. 5. As a result, compound 1 may be
a potential yellow photoluminescence emitting material.
Some similar compounds**->? reported by our group show
different luminescence properties, because they have dif-
ferent lanthanide ions, such as gadolinium, neodymium,
erbium, lanthanum and praseodymium.

2 6
FM;;' H13/2

547
_ n
a \
o
.4 ’ )
=
2 |
c
!
®
E /

it
T T T T T T T
450 500 550 600 650

Wavelength (nm)

Figure 4. The solid state photoluminescence spectra of 1 measured
at room temperature. Green dashed lines represent excitation and
red solid lines represent emission.

0.9

0.8

(0.5168,0.4824).

0.8

04.. 05 06 07

X

Figure 5. A CIE figure of compound 1.

In general, dysprosium compounds and mercury
compounds can exhibit semiconductive behaviors. The ti-
tle compound consists of both dysprosium and mercury
elements; therefore, it can probably show semiconductive
properties. For the sake of further studying the photophys-
ical behaviors of compound 1, its solid state UV-visible
diffuse reflectance spectrum was measured at room tem-
perature with powder samples. Its solid state UV-visible
diffuse reflectance spectrum data set was converted with
the Kubelka-Munk formula /S = (1 - R)?/2R that is com-
monly used for related researches. With regard to the
Kubelka-Munk formula, the «, S and R indicate the ab-
sorption coefficient, scattering coefficient and the reflec-
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tion rate, respectively. By means of the linear epitaxy of the
maximum absorption edge on the a/S versus energy dia-
gram of compound 1, the semiconductor band gap value
can be ascertained. As a result, with the use of this method,
the semiconductor band gap value of compound 1 can be
found to be 3.39 eV that is shown in Fig. 6. On the a/S
versus energy curve, several small bands between 2.5 eV
and 3.3 eV can be found and they shall be attributed to the
Dy(III) ions. Based on this band gap value of 3.39 eV, it is
believed that compound 1 may be a wide optical band gap
semiconductor material. The maximum absorption edge
of the curve is steep, which means that it should undergo a
direct transition in the title compound.>®

E =3.39eV

g

a/S

T T
15 20 25 3.0

T T T T T T T
35 40 45 50 55 6.0 6.5

[l S VN

Figure 6. A solid-state diffuse reflectance spectrum of 1.

The thermogravimetry (TG) diagram of compound
1 was measured under nitrogen atmosphere. Complex 1
shows a four-step decomposition process with the mass
loss being of 3.19%, 32.87%, 31.88% and 13.15%, respec-
tively, as depicted in Fig. 7. The total mass loss of com-
pound 1 is 81.09%. At the first stage (until 90.1 °C), the
mass loss is 3.19% of the total mass loss; this is due to the

=—3.19%

TG (%)

13.15%

T " T L T L T X T
100 200 300 400 500
Temperature (°C)

Figure 7. A TG diagram of 1.

leave of all lattice water molecules (calculated 3.21%).
From 90.1 °C to 262.9 °C is the second stage and, at this
stage, the mass loss is 32.87% that can be assigned to the
leave of all coordination water molecules and HgCl, moie-
ties (calculated 33.32%). At the third stage (from 262.9 °C
to 421.6 °C), the mass loss is 31.88% which is probably be-
cause of the loss of all isonicotinic acid ligands (calculated
32.49%). The last step is from 421.6 °C to 600 °C and, at
this stage, the weight loss is 13.15% that is because of the
loss of some HgCl; moieties (calculated 16.64%).

4, Conclusions

A novel Dy-Hg compound was hydrothermally pre-
pared and the crystal structure was characterized. The
crystal structure has one-dimensional chain-like cations.
This compound exhibits a yellow photoluminescence
emission peak and this emission peak shall come from the
4f electrons *F,, > °H, 3/, characteristic transfer of Dy
ions. The compound is characteristic of a CIE chromaticity
coordinate of (0.5168, 0.4824) in the yellow region. A
UV-visible diffuse reflectance spectrum measured with a
solid-state sample unveiled that the compound possesses a
wide optical band gap of 3.39 eV. Therefore, the compound
may be a candidate of yellow photoluminescence emission
materials and wide optical band gap semiconductor mate-
rials.
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