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ABSTRACT: The systematic modification of the molecular structure of nonlinear optical (NLO)-active materials is a very attrac-
tive approach to the improvement of NLO performance. In this study, one lutetium selenite compound 
Lu(SeO3)(HSeO3)(H2O)·(H2O) (1) was synthesized by hydrothermal means, while a further two lutetium selenites Lu3F(SeO3)4 (2) 
and Lu(SeO3)(NO3)(H2O) (3) were successfully synthesized by anion partial substitution (APS) of the parent structure 1 under hy-
drothermal conditions. Specifically, substitution of the [HSeO3]− anions in the noncentrosymmetric 1 by F− or [NO3]− anions with 
differing denticity leads to the formation of polar 2 and centrosymmetric 3. Our study reveals that the denticity of the secondary 
functional anions has a significant influence on the coordination environments of the rare-earth metal cation Lu3+ and consequently 
the molecular configuration and NLO performance of the resultant multidimensional selenites. In contrast to 1, which displays a 
weak second-harmonic generation (SHG) response (0.1 × KH2PO4 (KDP)), 2 exhibits a greatly improved NLO performance, in-
cluding a strong SHG signal (2.5 × KDP, the highest value among rare-earth-metal-based NLO selenites), a wide band gap (3.57 
eV) and optical transparency window (0.35−10.3 μm), high thermal stability (~550 °C), and a large laser damage threshold (36 × 
AgGaS2). These results suggest that 2, as the first example of a fluorinated lutetium selenite, is a strong NLO candidate crystal 
spanning a region from the near-ultraviolet to the mid-infrared. These APS studies highlight a new feasible approach towards high-
performance NLO crystals. 

INTRODUCTION  

Nonlinear optical (NLO) crystalline materials with second-
harmonic generation (SHG) properties play a crucial role in 
laser-based technologies because their frequency conversion 
ability can extend the output spectral ranges of laser sources.1-8 
Over the past decades, a series of state-of-the-art NLO crystals 
have been discovered, including KBe2B2O6F2 (KBBF),9 β-
BaB2O4 (BBO),10 LiB3O5 (LBO),11 KH2PO4 (KDP),12 KTi-
OPO4 (KTP),13 and AgGaS2.14 These materials, however, are 
unable to fully satisfy all requirements imposed by the various 
application wavelengths. New high-performance NLO materi-
als are consequently of enormous current academic and com-
mercial interest.1-8,15-22 

Inorganic metal selenites form an important category of 
NLO candidates.23-36 The lone pair electrons on [SeO3]2− ani-
ons favor the formation of noncentrosymmetric (NCS) materi-
als with excellent SHG properties.37 Many efforts have been 
focused on the introduction of d0 transition metal (TM) into 
metal selenite systems.23-29 Examples include 
A2(MoO3)3(SeO3) (A = Rb, Tl),23 Cs(TiOF)3(SeO3)2,24 TlSe-
VO5,25 ASe2V3O12 (A = Rb, Tl),26 NaNbO(SeO3)2,27 and 
Na2(WO3)3(SeO3)·2H2O.28 Recently, incorporating main-group 
cations (e.g. Bi3+ and Pb2+) with lone pair electrons into the 
selenite can furnish NCS materials with enhanced SHG re-
sponses,30-36 such as BiFSeO3

30 and Pb2GaF2(SeO3)2Cl.31 Tri-
valent rare-earth metal cations (e.g. Sc3+, Y3+, La3+, Gd3+, and 
Lu3+) without d-d or f-f electronic transitions have also been 
pursued as NLO materials that often possess wide optical 
transparency windows.38,39 However, all extant rare-earth-
metal-based NLO selenites suffer from centrosymmetric (CS) 

structures or weak SHG responses,40-42 in contrast to some 
other lone pair cation-containing selenites.30-36 

Herein, we report the first example of a NCS lutetium sel-
enite crystal, Lu(SeO3)(HSeO3)(H2O)·(H2O) (1), prepared via 
a hydrothermal synthesis, together with its crystal structure 
and NLO properties. Unfortunately, the lone pairs on the sele-
nite groups [SeO3]2− of 1 orient in an antiparallel fashion, re-
sulting in dipole moment elimination and thereby a very weak 
SHG response. Considering the affinity of rare-earth metal 
cations for diverse functional anions,43 we proposed that sub-
stitution of the [HSeO3]− units in 1 with monodentate anions 
(e.g. halides) is favorable for the formation of increased ionici-
ty of M−F bonds and lead to NCS materials with large SHG 
responses induced by the large hyperpolarizabilities of the 
distorted metal-oxygen/halogen polyhedra. In contrast, when 
[HSeO3]− units are substituted by polydentate anions (e.g. 
[NO3]−, [SO4]2−, [BO3]3−), the two distinct polydentate anions 
[SeO3]2−-[NO3]−/[SO4]2−/[BO3]3− within the one molecular 
structure may result in antiparallel arrangements to improve 
local electroneutrality (energetically favorable from Pauling’s 
Second Rule), affording centrosymmetric structures or weak 
SHG responses.44,45 



 

Figure 2. Schematic diagram of synthetic process of 1, 2, and 
3 via mild hydrothermal methods (Each small cell stands for a 
millimeter). 

Guided by the above design ideas, two lutetium selenites 
with two distinct anions, polar Lu3F(SeO3)4 (2) and CS 
Lu(SeO3)(NO3)(H2O) (3), were successfully synthesized 
through substitution of [HSeO3]− in 1 by either the monoden-
tate F− anion or the polydentate [NO3]− anion, respectively 
(Figure 1). 2 features a three-dimensional (3D) honeycomb-
like framework and exhibits excellent NLO properties, includ-
ing a strong SHG response (2.5 × KH2PO4 (KDP)), a wide 
band gap (3.57 eV) and optical transparency window 
(0.35−10.3 μm), high thermal stability (~550 °C), and a large 
laser damage threshold (36 × AgGaS2). In sharp contrast to 2, 
3 exhibits a layered structure similar to that of 1 and displays 
no SHG response because of its intrinsic CS structure. Struc-
ture evolution analysis reveals that the denticity of the second-
ary functional anions has a significant influence on the coordi-
nation environments of the metal cation Lu3+, and consequent-
ly the molecular configuration of the resultant multidimen-
sional selenites, which influences the NLO performance. The 
results confirm that crystal 2 may have potential application as 
an NLO material in the region between the near-ultraviolet 
and the mid-infrared (mid-IR), and that anion partial substitu-
tion (APS) is a feasible strategy for the preparation of NLO 
crystalline materials. 

EXPERIMENTAL SECTION  
Reagents. Lu(NO3)3

.6H2O (99.99%), CuO (99.0%), and 
SeO2 (99.8%) (Tansoole Chemical Reagent Co., Ltd), 
NH4NO3 (Tianjin Fuchen Reagent Company, 99.0%) and HF 
(Tansoole Chemical Reagent Co., Ltd., 40%) were obtained 
commercially and used as received. Caution! Hydrofluoric 
acid is toxic and corrosive! It must be handled with extreme 
caution and with the appropriate protective equipment and 
training. 

Synthesis of 1. A mixture of Lu(NO3)3
.6H2O (0.720 g, 

1.50 mmol), CuO (0.040 g, 0.50 mmol), SeO2 (0.110 g, 1.00 
mmol), and deionized water (3 mL) was sealed in a 20 mL 
autoclave equipped with a Teflon liner. The autoclave was 

heated at 210 oC for 72 h, and then slowly cooled to 30 oC at 4 
oC/h. After washing with deionized water, colorless plate-like 
crystals of 1 (Figure 2) were isolated using a microscope 
(0.247 g, 53% based on Se). 

Synthesis of 2. A small amount of HF and a relatively 
high temperature were employed to synthesize the fluorinated 
rare-earth lutetium selenite 2. The detailed synthetic route, 
adapted from the synthesis of 1, is as follows: Lu(NO3)3

.6H2O 
(0.720 g, 1.50 mmol), CuO (0.040 g, 0.50 mmol), SeO2 (0.110 
g, 1.00 mmol), HF (300 µL), and deionized water (3 mL) were 
sealed in the same autoclave as above, and the mixture was 
heated at 230 oC for 72 h with the other steps the same as de-
scribed above, affording colorless rod-like crystals of 2 (Fig-
ure 2) (0.071 g, 27% based on Se). 

Synthesis of 3. In order to introduce [NO3]− into the rare-
earth lutetium selenite, NH4NO3 was employed to increase the 
concentration of nitrate in aqueous solution. The synthetic 
details, adapted from the synthesis of 1, are as follows: A mix-
ture of Lu(NO3)3

.6H2O (0.720 g, 1.50 mmol), CuO (0.040 g, 
0.50 mmol), SeO2 (0.110 g, 1.00 mmol), and NH4NO3 (0.320 
g, 4.00 mmol) in deionized water (3 mL) was sealed in a 20 
mL Teflon-lined stainless steel autoclave. The autoclave was 
heated at 180 oC for 72 h and then cooled to room temperature 
at a rate of 3 oC/h. Colorless brick-shaped crystals of 3 (Figure 
2) were obtained (0.175 g, 46% based on Se). 

Structural determination. Single-crystal X-ray diffrac-
tion data of three crystals with dimensions of 0.17 × 0.14 × 
0.08 mm3 1, 0.22 × 0.10 × 0.08 mm3 2, and 0.20 × 0.12 × 0.07 
mm3 3 were collected at room temperature on a Bruker D8 
VENTURE CMOS X-ray diffractometer using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å). Data col-
lection and reduction were performed using APEX II software. 
Multi-scan absorption corrections were applied to data sets 
using the APEX II program. All three structures were solved 
by direct methods and refined on F2 by full-matrix least-
squares methods using SHELXTL.46,47 All non-hydrogen at-
oms were refined anisotropically. O(1W) and O(2W) in 1 and 
O(1W) in 3 were assigned as H2O molecules, and O(6) in 1 
was assigned as a hydroxyl group on the basis of the require-
ments of charge balance and bond valence calculations. The 
structures were verified using PLATON program, and no other 
higher symmetries were found.48 Table 1 summarizes the crys-
tal data and structure refinement parameters of crystals 1−3. 
Selected bond distances (Å) and angles (°) of crystals 1−3 are 
collected in Tables S1−S3.  

Powder XRD. Powder XRD data of 1−3 were recorded on 
a Bruker D8 Advance diffractometer using Cu Kα (λ = 1.5418 
Å) radiation, with a step size of 0.02° in 2θ over a range of 
5−70°, which confirmed the purities of the products (Figure 
S1). 

Figure 1. Schematic diagrams of asymmetric unit evolution among 1, 2, 
and 3. 



 

IR Spectroscopy. The IR spectra of 1−3 were measured 
on a Nicolet 360 FT-IR instrument covering the wavenumber 
range 500−4000 cm-1. The samples were mixed thoroughly 
with dried KBr at a mass ratio of about 1:100 and were then 
pressed into transparent sheets for measurements. 

UV-Vis-NIR Diffuse Reflectance Spectra. Optical dif-
fuse reflectance spectra of 1−3 were measured at room tem-
perature with a Cary 5000 UV-Vis-NIR spectrophotometer in 
the wavelength range 200−2500 nm at room temperature. Ba-
SO4 was used as a standard. Reflectance spectra were convert-
ed into absorbance using the Kubelka-Munk function.49 

Thermal Analysis. The thermal behavior of 1−3 were in-
vestigated using a Netzsch STA 409PC thermal analyzer in-
strument at a heating rate of 15 oC/min under nitrogen protec-
tion. 

Second-Order NLO Measurements. The powder SHG 
responses of samples 1 and 2 were investigated using the 
Kurtz and Perry method.50 A 1064 nm Nd:YAG Q-switched 
laser was chosen as the light source. Because the SHG effi-
ciency depends on particle size, crystalline compounds 1 and 2 
were ground and sieved into several particle sizes (<26, 
26−50, 50−74, 74−105, 105−150, 150−200 and 200−280 μm), 
which were pressed into disks with diameters of 6 mm that 
were placed between glass microscope slides and secured with 
tape in a 1 mm thick aluminum holder. Crystalline KDP was 
also ground and sieved into the same particle size ranges and 
used as the reference. 

Laser Damage Threshold (LDT) Measurement. The 
LDT tests51 were performed on powder samples of 1 and 2 
with the particle size range of 105−150 μm, which were ob-
tained by grinding single crystals. The radiation source was a 
laser of 1064 nm (10 ns, 1 Hz). The energy of the laser emis-
sion was gradually increased until the color of the samples 
changed. AgGaS2 with the same particle size range (105−150 
μm) was chosen as the standard to test under the same condi-
tions. 

Calculation Details. All electronic structure calculations 
were performed using the VASP code52 within the framework 
of density functional theory (DFT). The generalized gradient 
approximation  

(GGA) function of Perdew-Burke-Ernzerhof (PBE)53 was 
employed. A plane-wave basis set with a frozen-core projec-
tor-augmented wave (PAW)54,55 potential and a plane-wave 
cutoff energy of 400 eV was used. A grid of 5 × 5 × 4 Monk-
hurst-Pack k-points was used for the self-consistent-field con-
vergence of the total electronic energy. The Fermi level was 
set at zero as the energy reference. The contributions to the 
SHG susceptibility are the intraband transitions χintra(-2ω; ω, 
ω), the interband transitions χinter(-2ω; ω, ω), and the modula-
tion terms χmod(-2ω; ω, ω). These terms are calculated accord-
ing to Eqns. (1)–(3) in Ref. 56, and then the SHG susceptibil-
ity tensors can be obtained by summing over these terms, 
where Wk is the weight of the k point, n denotes the valence 
states, m the conduction states, and l denotes all states (l ≠ m, 
n). 

Table 1 Crystal data and structure refinement parameters for 1−3a 
formula Lu(SeO3)(HSeO3)(H2O)·(H2O) Lu3F(SeO3)4 Lu(SeO3)(NO3)(H2O) 

formula weight  931.86 1051.75 381.96 
temperature (K) 293(2) 293(2) 293(2) 
crystal system orthorhombic trigonal orthorhombic 
space group P212121 P63 Pbcn 

a (Å) 6.4728(4)  9.883(3) 16.151(8) 
b (Å) 6.8453(5) 9.883(3) 11.854(5) 
c (Å) 16.2422(11) 7.066(2) 6.795(4) 
α (°) 90 90 90 
β (°) 90 90 90 
γ (°) 90 120 90 

V (Å3) 719.66(8) 597.7(3) 1300.9(11) 
Z 2 2 8 

ρcalc (g cm-3) 4.300 5.844 3.900 
µ (mm-1) 23.835 36.835 20.760 
F (000) 832 908 1360  
θ (deg.) 3.23–27.07  3.74–27.11 3.68–26.42  

limiting indices 
-6 ≤ h ≤ 8,  
-8 ≤ k ≤ 7, 

-20 ≤ l ≤ 20 

-10 ≤ h ≤ 12,  
-12 ≤ k ≤ 11, 

-9 ≤ l ≤ 9 

-19 ≤ h ≤ 20,  
-14 ≤ k ≤ 14, 

-7 ≤ l ≤ 8 
Rint 0.0478 0.0388 0.0537 

no. of reflections  
(collected/unique) 3658/1567 3017/877 6179/1324 

goodness of fit on F2 1.076 1.066 1.133 
Flack factor 0.00 0.00 - 

R1, wR2 [I > 2σ(I)]a 0.0377, 0.0954 0.0238, 0.0550 0.0485, 0.1377 
R1, wR2 (all data) 0.0416, 0.0970 0.0245, 0.0554 0.0586, 0.1438 

largest difference peak and hole (e 
Å-3) 2.227 and -2.049 3.156 and -0.962 2.039 and -4.404 

aR1=∑||Fo| – |Fc||/∑|Fo|; wR2 = [∑w(Fo
2 – Fc

2)2]/∑w(Fo
2)2]1/2  



 

RESULTS AND DISCUSSION 
Syntheses and Thermal Stabilities. Crystalline com-

pounds 1 and 3 were prepared from the same reactants (ratio: 
Lu(NO3)3

.6H2O:CuO:SeO2 = 3 : 1 : 2) and conditions, except 
that on proceeding from 1 to 3 the reaction temperature was 
reduced from 210 oC to 180 oC and the nitrate concentration 
was increased by addition of a further 2.67 weight equivalent 
NH4NO3 (vs Lu(NO3)3) in aqueous solution. The [HSeO3]− 
groups in 1 and the H2O molecules in both 1 and 3 may be the 
cause of their poor  
thermal stabilities (see below). The free H2O molecules in 1 
afford hydrogen-bonding interactions between adjacent layers, 
which may be the reason why a “tight” 3D structure is ob-
served for 1. No OH− group or H2O molecules exist in the 
structure of 2; the synthesis employs a higher temperature 
(230 °C) and more reaction media (3 mL of distilled water and 
300 µL of HF), disfavoring the incorporation of these units 
and giving the highly polymeric honeycomb-like framework 
of 2. It is noteworthy that using a small amount of CuO can 
increase the yield of the target compounds. In order to under-
stand the influence of the reaction temperature and the sec-
ondary functional anions on the syntheses of 1−3 (and while 
maintaining the amount and nature of the reaction media (de-
ionized water and HF)), the reaction temperatures used for 1 
and 3 (210 oC and 180 oC, respectively) were employed in an 
attempt to synthesize 2, but no crystal of 2 was obtained. We 
also explored the use of the synthesis temperature for 2 (but 
without HF) in an attempt to prepare 1 and 3, but only a small 
amount of 1 and no 3 were achieved. In addition, our synthesis 
attempts with three types of NLO-active anions in the Lu-
SeO3-NO3-F ternary system at three different temperatures 
were also unsuccessful, only 1 (180 oC, 210 oC, 230 oC) and 3 
(180 oC, 210 oC) being isolated. These results indicate that F− 
and [NO3]− anions exhibit competition in lutetium selenite 
reactions, higher temperatures favoring introduction of fluo-
rine into lutetium selenite and lower temperatures being con-
ducive to the introduction of nitrate. 

Thermogravimetric analysis indicates that 1, 2, and 3 ex-
hibit completely different thermal behavior. 1 is thermally 

stable to 90 °C only (Figure S2a), understandable because of 
the presence of one bound-water molecule. Above this tem-
perature, the thermal decomposition of 1 involves two weight-
loss steps. An initial weight loss of 9.42% is observed between 
90 °C and 300 °C, which corresponds to the removal of 5 H2O 
molecules (calculated value: 9.67%). The second weight loss 
(46.93%) occurs between 480 °C and 860 °C, which is at-
tributable to the elimination of 4 SeO2 (calculated value: 
47.63%). The TGA curve (Figure S2c) of 3 also exhibits a 
two-step weight loss; the minor weight loss of 4.65% (calcu-
lated value 4.72%) in the range 200−300 °C is due to the loss 
of H2O, while in the second stage (350−880 °C), the weight 
loss is tentatively attributed to the release of NO, O2 and SeO2. 
The observed weight loss of 44.56% for 3 matches the calcu-
lated value (45.28%). In sharp contrast to 1 and 3, 2 is ther-
mally stable up to 550 °C (Figure S2b), which is significantly 
higher than most reported metal selenites, (e.g. Pb3(SeO3)Br4 
(230 °C),33 BiFSeO3 (300 °C),30 BaBi(SeO3)2Cl (300 °C),34 
Rb2SeOCl4

.H2O (80 °C),57 and Bi(SeO3)(HSeO3)58). 2 quickly 
loses weight in the temperature region 560−840 °C, showing 
one sharp weight-loss step that corresponds to the removal of 
F2 and SeO2 (calculated value 44.01%). 

Structure Description. Crystal Structure of 1. Single-
crystal X-ray structure analysis reveals that 1 crystallizes in 
the orthorhombic crystal system in the chiral space group 
P212121 (No. 19), which is isostructural to 
(Ln(SeO3)(HSeO3)(H2O)·(H2O) (Ln = Nd,59 Y,60 Sm61). With-
in the asymmetric unit of 1, Lu, Se, O and H atoms occupy 
one, two, eight and five unique sites, respectively (Figure 1). 
The eight-coordinate Lu3+ cation is attached to eight oxygen 
atoms (one selenite group in a bidentate chelating fashion, five 
selenite groups in a unidentate chelating mode, and one H2O 
molecule), forming a LuO8 polyhedron (Figure S3a). The 
Lu−O distances range from 2.222(8) to 2.392(9) Å. Each Se4+ 
cation is coordinated by three O atoms, resulting in a trigonal 
pyramidal geometry with angles of 92.3(4)−104.1(4)°. The 
Se−O bond lengths are in the range 1.663(8)−1.755(10) Å. 
The [Se(1)O3]2− group exhibits bidentate chelation to one Lu 
(O(4) and O(5)) atom and bridges three other Lu atoms. The 
[HSe(2)O3]− group bridges two Lu atoms (Figure S3e). In the 
structure of 1, all of the lone pairs of electrons of the [SeO3]2− 
groups are aligned antiparallel, resulting in a macroscopic 
dipole moment that is not favorable for the generation of sig-
nificant SHG response (Figure S3b). Bond valence sum (BVS) 
calculations62 yield 3.09, 4.16 and 4.00 for Lu(1), Se(1) and 
Se(2), respectively. 

As seen in Figure S3c, the LuO8 and Se(2)O3 polyhedra 
share their edges and corners and generate an infinite chain 
along the b-axis. The [Se(2)O3]2− groups link two Lu atoms 
via bonds to O atoms, while the third O atom (O(6)) remains 
non-coordinated. The infinite chains are further linked by 
[Se(1)O3]2− groups, affording a lamellar structure with 4-
membered-rings (4-MRs) in the ab plane (Figure 3a). The 
Lu…Lu and Se…Se distances in the 4-MR are 6.05 Å and 4.01 
Å (Figure S3d), respectively. The layers are parallel stacked 
along the c-axis and linked to each other by O−H…O H-bonds 
(Table S4), which eventually leads to a 3D framework struc-
ture with H2O molecules located between the interlayers (Fig-
ure 3c). 

Crystal Structure of 2. 2 is the first example of a fluori-
nated lutetium selenite: it crystallizes in the polar and chiral 
hexagonal space group P63 (No. 173) with Z = 2, which re-
veals a partially similar structure to those of Ln3F(SeO3)4 (Ln 

Figure 3. Comparison of crystal structures between 1 and 3. 
(a) View of the lutetium selenite layers containing 4-MR in 1. 
(b) View of the 2D lutetium selenite nitrate layer containing 4-
MR in 3. (c) View of the 3D supramolecular framework of 1 
along the a-axis. (d) Perspective view of the 3D structure of 3 
projected along the c-axis. 



 

= Gd,63 Dy,64 and Ho65). In the crystal structure of 2, the pri-
mary building unit (PBU) Lu3(μ3-F)(SeO3)4 is composed of 
four [SeO3]2− anions and a trinuclear Lu3F unit (Figure 4a). 
Each Lu3(μ3-F)(SeO3)4 PBU is attached to six adjacent PBUs 
via O−Se−O and Lu−O linkages (Figure 4b). Further connec-
tivity of the Lu3(μ3-F)(SeO3)4 PBUs through their edges and 
vertices yields a 3D framework with 12-MR channels along 
the c-axis (Figures 4c and 4d). 2 can be reduced to an acs net 
topology (49.66) with each Lu3(μ3-F)(SeO3)4 PBU acting as a 
six-connected node (Figure 4e). 

The asymmetric unit of 2 contains 1 Lu, 2 Se, 1 F and 4 O 
atoms (Figure 1). Each Lu3+ cation is coordinated by one F 
atom, five O atoms from five selenite groups in a unidentate 
fashion, and two O atoms from one selenite group in a biden-
tate manner, forming a LuO7F distorted bicapped trigonal 
prism (Figure S4a). The Lu−O bond distances vary from 
2.185(7) to 2.871(8) Å, while the Lu−F bond distance is 
2.2713(13) Å. The two Se atoms are found in highly asymmet-
ric coordination environments that are attributable to their 
stereochemically-active lone pairs, each of them being bonded 
to three O atoms with Se−O bond distances of 
1.664(7)−1.710(6) Å. The [Se(1)O3]2− group bridges six Lu(1) 
atoms, while the [Se(2)O3]2− group chelates to one Lu(1) atom 
and bridges three other Lu(1) atoms (Figure S4c). The lone 
pairs on the [Se(1)O3]2− groups in 2 are aligned parallel to the 
c-axis, which is very beneficial for enhancing NLO suscepti-
bilities (indeed, it is close to the maximum possible contribu-
tion to the macroscopic SHG effect: Figure S4b). BVS calcu-
lations afford values of 3.10, 4.00, and 4.21 for Lu(1), Se(1) 
and Se(2), respectively. 

We also compared the structure of 2 with that of 
Gd3(SeO3)4F.63 Each Lu atom in 2 is coordinated with 1 F and 
7 O atoms, while every Gd atom in Gd3(SeO3)4F is coordinat-
ed with 1 F and 8 O atoms (Figures S5a and S5b). With re-
spect to the coordination environments of [SeO3]2− groups, the 
[Se(2)O3]2− group in 2 chelates to one Lu(1) atom and bridges 
three other Lu(1) atoms, while the [Se(2)O3]2− group in 
Gd3(SeO3)4F differs from that in 2, chelating in a bidentate 
manner with two Ln(1) atoms and bridging two Ln(1) atoms 
(Figures S5c and S5d). Unlike the Gd3(μ3-F)(SeO3)4 cluster 
unit, the configuration of Lu3(μ3-F)(SeO3)4 cluster unit is more 

distorted owing to the different coordination environments 
between metal cations and [Se(2)O3]2− anionic groups (Figures 
S5e and S5f). Close structural investigations indicate that the 
size of rare-earth cations strongly influences the coordination 
modes of the [SeO3]2− groups and the subsequent configura-
tions of the cluster units Ln3(μ3-F)(SeO3)4. 

Crystal Structure of 3. 3 is the first lutetium selenite con-
taining π-conjugated planar triangular anions. It crystallizes in 
the ortho rhombic crystal system in the centrosymmetric space 
group Pbcn (No. 60). The asymmetric unit of 3 contains one 
Lu3+ cation, one [SeO3]2− anion, one [NO3]− anion and one 
H2O molecule (Figure 1). The Lu(1)3+ cation is coordinated 
with 8 O atoms, forming a LuO8 dodecahedron with the Lu−O 
distances ranging from 2.172(10) to 2.481(12) Å (Figure S6a). 
Each Lu(1)3+ cation is connected to three [SeO3]2− anions that 
are bound in a unidentate fashion, one [SeO3]2− and one 
[NO3]− anion attached in a bidentate chelating mode, and one 
H2O molecule. The Se(1) atom is bonded to three O atoms and 
possesses a trigonal pyramidal geometry. The [Se(1)O3]2− 
group exhibits bidentate chelation to one Lu (O(4) and O(5)) 
atom and bridges three other Lu atoms (Figure S6e). The 
Se−O distances range from 1.641(10) to 1.753(10) Å and the 
O−Se−O bond angles are 91.0(5)−104.2(5)° for the SeO3 trig-
onal pyramids, while the N−O bond lengths are in the range 
1.22(3) to 1.27(2) Å and the O−N−O bond angles are 
116.4(15)−123(2)° for the NO3 triangles. The local dipole 
moments of the [SeO3]2− groups and [NO3]− groups point in 
opposite direction, which leads to a nonpolar centrosymmetric 
structure for 3. BVS calculations for Lu(1), Se(1), and N(1) 
are 3.23, 4.24, and 4.91, respectively.  

Each LuO6(NO3) unit shares an edge with the adjacent 
LuO6(NO3) units, forming a novel infinite chain along the c-
axis (Figure S6b). Each [N(1)O3]− group in 3 is bidentate, 
ligating with one Lu atom via two of its O atoms while the 
third O atom (O(2)) remains non-coordinated. The adjacent 
chains are further bridged by [Se(1)O3]2− groups to give two-
dimensional (2D) lutetium selenite nitrate layers with 4-MR 
parallel to the bc plane (Figure 3b and Figure S6c). As a result, 
the structure of 3 can also be described as the stacking of lute-
tium selenite nitrate lamellas along the c-axis (Figure 3d). 
There are weak hydrogen bonds between the [NO3]− groups 

Figure 4. (a) Lu3(μ3-F)(SeO3)4 cluster unit. (b) View of the linkage of Lu3F(SeO3)4 cluster units. (c) View of the 12-MR channel in 
2. (d) Framework structure of 2 viewed along the c-axis showing the 12-MR channels. (e) View of the topology network in 2. 



 

and the coordinated H2O molecules, with O…O distances of 
2.7913 Å (Figure S6d and Table S5). 

IR Measurements. The IR spectra of the three crystalline 
compounds 1−3 are shown in Figure S7, and the infrared vi-
brations and assignments are listed in Table S6. The IR ab-
sorption bands of 1−3 at 500−520 and 692−850 cm-1 are at-
tributable to the Lu−O and Se−O vibrations, respectively. The 
broad absorption bands for 1 at ca. 3519, 3122, 1641, and 
1384 cm-1 confirm the presence of [OH]− groups and H2O 
molecules. The characteristic band at 1220 cm-1 is ascribed to 
the Se−O bond in the [HSeO3]− group. Similar to 1, the bands 
at 3380, 1644 and 1500 cm-1 in the IR spectrum of 3 strongly 
suggest the presence of H2O molecules. The asymmetric and 
symmetric stretching vibrations of the [NO3]− groups are ob-
served at 1396−808 cm-1. The Lu−F vibrations for 2 overlap 
with those of the Se−O bond at 744 cm-1. 2 is transparent in 
the region 2.5−10.3 μm (4000−970 cm-1: Figure 5). 

UV-Vis-NIR Diffuse Reflectance Spectra. The UV-Vis-
NIR diffuse reflectance spectra for the three crystalline com-
pounds are shown in Figure S8. Absorption data were calcu-
lated employing the Kubelka-Munk function: F(R) = 
(1−R)2/2R = K/S. 1, 2, and 3 have wide band-gap energies of 
3.88, 3.57 and 4.03 eV, respectively. These are larger band 
gaps than that of the commercially available IR NLO crystal 
AgGaS2 (2.56 eV), implying that the above three NLO crystals 
may possess larger LDTs than that of AgGaS2. UV cutoff edg-
es of 320, 347 and 308 nm are observed for 1, 2, and 3, respec-

tively. Thus, 1 and 3 are transparent in the regions 0.32−2.7 
and 0.31−2.7 μm, while 2 is transparent in the region 
0.35−10.3 μm (Figure 5), covering the near-UV to mid-IR.  

LDT Measurements. As crystalline 1 and 2 possess large 
band gaps, LDT measurements were performed using AgGaS2 
as the reference. The results reveal powder LDT values of 81 
and 66 MW/cm2 for 1 and 2, respectively, which are 45 and 36 
times larger than that of AgGaS2 (1.8 MW/cm2). Under the 
same measurement conditions, the powder LDT value of 79 
MW/cm2 for BiFSeO3

30 was also obtained, which is slightly 
weaker than that of 1 but larger than that of 2, consistent with 
their observed band gaps. 

SHG Properties. As 1 and 2 crystallize with NCS struc-
tures, SHG measurements were performed using a 1064 nm Q-
switched Nd:YAG laser. 1 displays a weak SHG response of 
ca. 0.1 times that of KDP (105−150 μm particle size range) 
(Figure 6a). Such a weak SHG response may be due to the 
cancellation of the polarizations from the [SeO3]2− groups 
(Figure S3b). 2 is a phase-matching NLO material according 
to Kurtz and Perry’s definition (Figure 6b).41 Comparison of 
the SHG responses generated by crystalline 2 and KDP with 
identical size particles (105−150 μm) reveals that 2 exhibits a 
strong SHG effect of about 2.5 × KDP (Figure 6a); to the best 
of our knowledge, this is the highest value among rare-earth-
metal-based NLO selenites (Table S7). Such a SHG efficiency 
of 2 is significantly larger than those of other metal selenites 
constructed with two types of anions (e.g. RbSe3B2O9(OH) 
(0.4 × KDP),66 CsSe3B2O9(OH) (0.8 × KDP),66 and 
Pb2(SeO3)(NO3)2 (2 × KDP)67). 

Anion Partial Substitution ([HSeO3]− with F− or 
[NO3]−) for the Modulation of Structures, Macroscopic 
Centricities, and SHG Effects. Compounds 1−3 have a simi-
lar composition, including rare-earth-based counter-cation 
Lu3+ and NLO-active anion [SeO3]2−, but they exhibit distinct 
centricities. The latter can be attributed to the different sec-
ondary functional anions and the flexible coordination modes 
of the rare-earth cation Lu3+. Interesting structural transfor-
mations occur in the lutetium selenite system with the substi-
tution of the anions, proceeding from H2O/[HSeO3]− to F− and 
[NO3]−. These three compounds crystallize in different space 
groups (1: P212121; 2: P63; 3: Pbcn), although all Lu atoms are 
eight-coordinate. With respect to their asymmetric units, the 
coordination environment of the Lu atom in 3 can be viewed 
as the replacement of the [HSeO3]− in 1 by the polydentate 
[NO3]− anion, while the environment of the Lu atom in 2 cor-
responds to the substitution of coordinated H2O/[HSeO3]− by 

Figure 5. Optical properties of 2. The insert shows the corre-
sponding band gap. 

Figure 6. (a) Oscilloscope traces of the SHG signals for powders of 1, 2, and KDP in the same particle size range of 105−150 μm. 
(b) Phase-matching curve of 2 with 1064 nm laser radiation. KDP was used as a reference for the SHG measurement at 1064 nm. 



 

F− anions (Figure 1). When the [HSe(2)O3]− anions are substi-
tuted by [NO3]− groups, the 3D framework of 1 transforms 
into the 2D-layered 3. Although 1 crystallizes in an NCS space 
group, the almost antiparallel arrangement of the lone pairs on 
the [SeO3]2− groups results in a very weak SHG response. 
With 3, the π-conjugated [NO3]− groups are arranged antipar-
allel, the lone pairs of the adjacent Se4+ cations being oriented 
in opposite directions, which leads to the formation of a CS 
structure. A smaller interlayer spacing of 8.08 Å in 3 than that 
of 8.12 Å in 1 is observed, due to the relatively small [NO3]− 
groups instead of [HSeO3]− anions filling the spaces between 
adjacent layers (Figure S9). The introduction of the μ3-linkage 
of the F− anions leads to the formation of the Lu3(μ3-F)(SeO3)4 
PBU in 2. The [Se(1)O3]2− groups in the Lu3(μ3-F)(SeO3)4 
PBU lie parallel to the c-axis (Figure 4a, top), resulting in the 
lone pairs of the [SeO3]2− groups being perfectly parallel-
aligned, highly favorable for the formation of an NCS struc-
ture. Compound 2 features a 3D honeycomb-like framework 
containing a tunnel with the diameter of about 9.88 Å. The 
structure analysis above demonstrates that [SeO3]2− anions, the 
secondary functional anions, and the flexibility of the rare-
earth-metal-based polyhedra all play key roles in determining 
the framework structures and the macroscopic centricities of 
crystals 1−3 (1 NCS, 2 polar, and 3 CS). In particular, mono-
dentate F− anions and tight-binding trinuclear Lu3(μ3-F) metal 
polyhedra may favor enhancement in the structure polarity and 
accordingly the NLO performance of 2.  

To better understand the great difference in SHG effects 
between 1 and 2, local dipole moment calculations on SeO3 
polyhedra have been performed (Table S8) by utilizing a re-
ported method.68 The lone electron pair is given a charge of −2 
and is localized 1.22 Å from the Se4+ cation for the lone elec-
tron pair-containing unit.69 For 1, the calculated dipole mo-
ments for the SeO3 polyhedra are 0.507−10.24 D. However, 
the x-, y- and z-components of the polarizations from the 
Se(1)O3 and Se(2)O3 polyhedra cancel completely, which is 
consistent with the weak SHG signal observed for 1. As 2 
crystallizes in the space group P63, the x- and y-components of 
the polarizations from the [SeO3]2− groups within a unit cell 
cancel completely, while the z-component adds to give a value 
of −12.496 D, which is in good agreement with the previously 
reported values.53 The polarizations constructively add to pro-
duce a large macroscopic polarization along the polar axis, 
resulting in the large observed SHG response of ca. 2.5 × KDP 
for 2. 

Theoretical Calculations. To gain further insight into the 
electronic structures, theoretical calculations on the com-

pounds 1 and 2 were performed using DFT. The band struc-
tures show that 1 and 2 are indirect band gap compounds (Fig-
ure S10) because the valence band maximum (VBM) and the 
conduction band minimum (CBM) are at different points (G 
and X for 1 and M and G for 2). The calculated band gaps 
were 4.70 eV for 1 and 4.89 eV for 2, and these values are 
larger than the experimental band gaps, which may be attribut-
ed to the strong excitonic effects as well as different binding 
energies of excitons in 1 and 2.70 To better understand the 
VBM and CBM of 1 and 2, the electron densities of the VBMs 
and CBMs are given in Figure S11. The VBM of 1 consists of 
O 2p states and Se 4p states, while the CBM is delocalized and 
largely composed of states from the [SeO3]2− groups. As for 2, 
the VBM consists mainly of 2p states from the O atoms to-
gether with a few states of the Se atoms, significantly different 
from the VBM of 1. The CBM of 2 is similar to that of 1. The 
charge-transfer from the CBM to the VBM in 2 is larger than 
that of 1, or in other words, the electronic polarization in 2 is 
larger than that of 1. Because the electronic polarizability has 
a significant influence on the nonlinear responses of materials, 
the DFT calculations are consistent with 2 showing a larger 
SHG efficiency than 1, which is borne out by the SHG meas-
urements. The optical behaviors are closely related to the elec-
tron transitions from valence bands (VBs) to conduction bands 
(CBs), so we have therefore examined the density of states 
(DOS) to identify the characteristics of the electronic states. 
As shown in Figure 7, the VB edges below the Fermi levels 
predominantly originate from O 2p states, while the bottoms 
of the CBs consist mainly of Lu3+, O 2p and Se 4p orbitals. 
Hybridization of the cations and the [SeO3]2− anions should 
therefore be responsible for the band gaps and optical proper-
ties of 1 and 2.  

In view of Kleinman’s symmetry restriction, there are 
three independent SHG tensors for 1 and four independent 
SHG tensors for 2. The SHG coefficients of d14, d25, and d36 
for 1 at 1064 nm (1.165 eV) are 1.05 × 10-9, 0.76 × 10-9, and 
1.88 × 10-9 esu, respectively (Figure S12a), while the SHG 
tensors d14, d15, d31, and d33 for 2 were calculated to be 4.18 × 
10-9, 1.87 × 10-9, 2.38 × 10-9, and 5.77 × 10-9 esu, respectively 
(Figure S12b). The mean SHG tensors of the two compounds 
were estimated to be 1.0 and 2.9 times that of KDP. These 

values are slightly different from the experimental values (0.1 
× KDP for 1 and 2.5 × KDP for 2), which may be attributed to 
the fact that the SHG calculations are based on single-crystal 
structures that may generate larger SHG effects. The disper-
sion curves of refractive indices calculated according to the 
formula n2(ω) = ε(ω) display strong anisotropy: nx > ny > nz for 
1 and nx = ny ˂ nz for 2 (Figure 8). The nx, ny, and nz values for 
1 at 1064 nm (1.165 eV) are calculated to be 1.813, 1.790, and 
1.748, respectively, while those for 2 are computed to be 
1.922, 1.922 and 1.886, respectively. The calculated birefrin-

Figure 8. Calculated frequency-dependent refractive indices 
of 1 (a) and 2 (b). 

Figure 7. Total density of states (DOS) and partial density of 
states (PDOS) of 1 (a) and 2 (b); Fermi levels (dotted lines) 
located at zero.  



 

gencies at 1064 nm are 0.065 and 0.036 for 1 and 2, respec-
tively, favorable for SHG phase-matchability.  

CONCLUSIONS 
In summary, we have synthesized NCS 1 by a hydrother-

mal reaction and successfully transformed the NCS 1 into 
polar 2 and CS 3 (as a comparison) by applying the APS strat-
egy. 2 features a 3D framework structure and is the first ex-
ample of a fluorinated lutetium selenite. In contrast to 1, which 
shows a very weak NLO response, and 3, which displays no 
SHG response, 2 exhibits a strong SHG response (2.5 times 
that of KDP), which is the highest value among all rare-earth-
metal-based NLO selenites. 2 additionally possesses a wide 
band gap (3.57 eV) and optical transparency window 
(0.35−10.3 μm), a large laser damage threshold (36 × Ag-
GaS2), and high thermal stability (~550 °C). These observa-
tions indicate that 2 is a potential NLO crystalline material in 
the near-ultraviolet to mid-IR region. Theoretical calculations 
further confirm that the enhanced SHG response in 2 origi-
nates from the [SeO3]2− anions and the inherent variability of 
rare-earth-metal-based polyhedra. The different coordination 
geometries, distinct centricities, and differing NLO perfor-
mance of these rare-earth lutetium-based selenites can be at-
tributed to the different denticities of the secondary functional 
anions. The discovery of rare-earth lutetium-based selenites 
with twofold-anions may enrich the family of selenites as 
NLO materials. The structure-manipulation achieved via the 
APS approach, modulating the macroscopic centricities and 
thereby the NLO performance of these rare-earth-metal-based 
selenite materials, provides insight into the future design and 
synthesis of novel NCS NLO materials. 
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