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Equivalent cation-tuning to realize a new Ce(iv)
fluoride with excellent comprehensive nonlinear
optical performancest

Bei-Bei Zhang,{ Wen-Ye Gao,{ Wei Xu, Liang Ma, Wenlong Liu, Ru-Ling Tang ‘2 *

and Sheng-Ping Guo

Exploring nonlinear optical (NLO) halide materials has become a hot research field owing to their diverse
structures and excellent optical properties. In this paper, a new inorganic tetravalent cerium fluoride

NH4CezF13 was obtained. It crystallizes in the polar space group of Pmc2; and exhibits a three-dimen-
sional {[CesF13] }o framework, which is composed of {[CeFg]*7}., chains and {[CeFel? ) layers formed by
CeFq polyhedra, with the NH4* cation balancing the charge. NH,CesF,3 exhibits a strong second-harmo-
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Introduction

Metal halides play an important role in the field of photoelec-
tronic functional materials. They are widely used in photovol-
taics, light-emitting diodes (LEDs), nonlinear optical (NLO)
materials, and laser technology on account of their diverse
structural features and excellent photoelectric properties.'™ In
the past several years, several NLO metal halides, including
K,SbF,Cl;, Pb,F,,Cl,, BaCIBF,, Ag,Hgl,, HgBr,, CsHgBr;,
Cs,HgI,Cl,, Rb,CdBr,I,, Rb,CdBrl;, and Rb,Sn;Cl,Brg, have
been reported. Some of them exhibit strong SHG effects and
high laser-induced damage thresholds (LIDTs), such as
Pb,F;,Cl,, HgBr,, and Rb,CdBrl;.>** In addition, some metal
halides with stereochemically active lone-pair electrons (LPEs)
exhibit excellent optical anisotropy. For example, A;SnCls,
ASn,Cls (A = NH,; and Rb), A,Sn,FsCl, and ASnFCl, (A = Rb
and Cs) exhibit outstanding birefringence and a wide transpar-
ent region.">'®

In recent years, NLO metal fluoride crystals have attracted
more attention. The combination of the strongest electronega-
tive F atom and metal cations can form compounds with excel-
lent optical performances. Many NLO fluorides have been
investigated, such as SbF;, NaSb;F;,, BaZnF,, KBi,F3, SrAlFs,
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nic generation (SHG) response among inorganic metal fluorides of about 1.2 times greater than that of
KH,PO,4 (KDP) and a high laser-induced damage threshold (LIDT), which is 39 times more than that of
AgGas,. Besides, NH4CesF,3 possesses the largest band gap among Ce(iv)-containing NLO materials. This
work provides a good case for exploring high-performance NLO fluoride materials.

KNa,ZrF,, K3Ba,ZrsF31, K,BaM,Fy,, and Li,CaMFg (M = Zr and
Hf)."”">® Evidently, Zr- and Hf-based fluorides show large
optical band gaps and high LIDTs, such as KNa,ZrF;.
Attractively, K3Ba,Zr¢F3;, K,BaM,F;, and Li,CaMFg (M = Zr
and Hf) possess a wide transparency window below 200 nm.
However, although fluorides have advantages in generating
compounds with large band gaps, most acentric fluoride crys-
tals show weaker SHG intensity than commercial NLO crystal
KH,PO, (KDP). Apart from group IVB metal fluorides, our
group studied cerium(wv) fluorides owing to their similar ionic
radii and valence states. Based on these studies, highly electro-
positive cations (Zr**, Ti*, Hf*', Ce*', etc.) could lead to
diverse asymmetric structural units and thus produce many
interesting crystal structures and promising NLO properties.
To date, except for lone pair electronic metal fluorides, only
Na,CeF, exhibits an SHG intensity stronger than KDP (2.1 x
KDP).?® Clearly, tetravalent cerium fluorides have great poten-
tial for NLO performance. To date, among Ce(v)-containing
fluorides, only Na,CeFs has been reported to show SHG
effects. Hence, exploring new fluorides containing Ce(v) is a
meaningful task not just for exploring new NLO materials, but
also for enriching the structural diversity of rare earth fluor-
ides. Designing new acentric fluorides is the prerequisite for
obtaining new NLO Ce(wv) fluoride materials. In current
popular design strategies, the synthesis of new NLO materials
using isovalent ion substitution based on non-centro-
symmetric (NCS) or centrosymmetric (CS) parent compounds
is an effective approach. Generally, different ionic radii may
cause structural changes and variations in SHG activity. In
recent years, several new NLO compounds have been discov-
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ered through equivalent ion regulation strategies. For instance,
the NCS compounds CsNaTaF; were obtained from CS com-
pound CsKTaF; by substituting the alkali-metal cation. CS-to-
NCS structural transformation can be achieved from
Cs,M;(P,05), (M = Zn and Mg) to Rb,Zn;(P,0,),, as well as
from K,YB3;OgF, to A;YB;O6F, (A = Cs, Rb), achieving CS to
NCS structural transformation. The substitution of Li" to K"
results in optimizing the optical properties of a-AZnPO, (A =
Li, K). The physical properties vary due to the different cations
based on the AB,O¢F (A = NHy, Na, K, Rb, and Cs) family. The
NLO carbonates ABCO;F (A = K, Rb, Cs; B = Ca, Sr, Ba) were
designed by adjusting the metal cations. A series of NLO rare-
earth borates, K;MRE,B;503, (M = Zn, Cd, Pb; RE = Sc, Y, Gd,
Lu), were also obtained by the substitution of isovalent
cations.”’*® Obviously, isovalent cation regulation is a pre-
ferred method for developing new NLO materials.

According to the above thoughts, a new ammonium
cerium(v) fluoride crystal, NH,Ces;F,3, was obtained by a
hydrothermal reaction. It adopts the acentric space group of
Pmc2, and shows a phase-matching SHG effect. Synthesis,
crystal structure, and the relationship between structure and
performance based on theoretical calculations are presented
in this work.

Experimental section
Synthesis

All commercial reagents of CeO, (Tansoole, 99.99%), NH,F
(Sinopharm, AR), ZnF, (Sinopharm, AR), and HF solution (40%
in water, by weight) were used as received. Caution! Hydrofluoric
acid is toxic and volatile. Proper precautions and extreme caution
must be exercised during the experiment. The single crystals of
NH,Ce;F,; were obtained by applying the hydrothermal method.
A mixture of NH,F (0.9 mmol), CeO, (1.8 mmol), and ZnF,
(0.3 mmol) was put into the 23 mL Teflon liners with adding
1.5 mL of HF and 3 mL of deionized water solution. Then, the
sealed Teflon liners in the oven were heated to 230 °C for 1 day
and cooled to room temperature for 2 days. Finally, colourless
single crystals (inset of Fig. 3) of NH,CesF,; were obtained with
yields of 28-35% based on CeO,.

Single crystal structure determination

The crystal data of NH,Ce;F,; were collected by applying a
Bruker D8 QUEST X-ray diffractometer with graphite-mono-
chromated Mo-Ka radiation (1 = 0.71073 A). The structures
were solved using direct methods refined by full-matrix least-
squares techniques on F* with anisotropic displacement para-
meters for all atoms. The PLATON program was used to check
the correctness of the structure, and no errors were found.?**°
The crystallographic data and refinement parameters of
NH,Ce;F;; are shown in Table 1. Bond lengths, bond angles,
atomic coordinates and equivalent isotropic displacement
parameters are summarized in Tables S1-S4,T respectively.
CCDC number 23714431 was assigned to the deposition of
NH,Ce;F,;.
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Table 1 Crystal data and structure refinement parameters for
NH4CesFi3

Empirical formula NH,Ce;F;;

Mr (g mol™) 685.40

Cryst syst. Orthorhombic
T (K) 296(2)

Space group Pmc2,

a(A) 7.9167(8)

b (A) 7.2697(7)

c(Ad) 8.3413(7)

V(A% 480.06(8)

z 2

D, (gem™) 4.742

u(mm™) 14.161

F(000) 604.0

Crystal size/mm’® 0.12 % 0.11 x 0.1
Radiation MoKa (4 = 0.71073)

26 range for data collection/® 5.146 to 54.952

Index ranges —6<h<10,-9<k<9,-10<I/<9
Reflns collected 2327

Independent reflections 1046 [Ripne = 0.0287, Rgigma = 0.0393]
Data/restraints/parameters 1046/10/99

Goodness-of-fit on F* 1.047

Final R indexes [I > 26(I)]“? R, =0.0178, wR, = 0.0380

Final R indexes [all data]*” R, =0.0182, WR, = 0.0382

Largest diff. peak/hole/e A~ 0.76/-1.35

Flack parameter 0.030(19)

Ry = ||Fo| = |Fell/|Fo]. * WRy = [W(Fo® — F)YW(F?)].

Energy-dispersive X-ray spectroscopy (EDS)

EDS analysis of selected several crystals was performed using a
Bruker quantum dispersive X-ray spectroscope, which confirms
the presence of N, Ce and F in the crystals. The EDS elemental
analysis images for the single crystals and the molar ratios of
N/Ce/F are shown in Fig. S2 and Table S5, respectively.

Powder X-ray diffraction (PXRD) analysis

The PXRD characterization for the NH,Ce;F;; sample was col-
lected using a Smart Lab powder X-ray diffractometer for Cu Ka
radiation (1 = 1.5406 A), with the 26 range of 10-70° and a scan
speed of 0.1 s per step. The simulated patterns were generated on
the Mercury v3.8 program using the single-crystal structure data
of NH,Ce;F;;. The experimental and simulated PXRD patterns
match well, suggesting that the obtained sample is pure (Fig. 1).

Thermogravimetric analysis

Thermogravimetric characterization was performed on
Netzsch STA 449 F3 in flowing N, gas. The powder sample was
placed in an alumina crucible with a heating procedure
ranging from 20 to 1000 °C at a rate of 15 °C per minute.

Optical properties

The IR spectrum was measured using a Magna 750 FI-IR spectro-
meter with a wavelength of 4000-400 cm ™" with pure KBr as the
background. The pure BaSO, sample was used as the standard
reference. The UV-vis-NIR diffuse reflectance spectrum of
NH,Ce;F;; was collected using a Carry 5000 spectrometer in the
range of 200-800 nm. The reflection spectrum was calculated
using the Kubelka-Munk function to calculate the band gap.

Inorg. Chem. Front,, 2024, 1, 8130-8138 | 8131
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Fig. 1 Simulated and experimental powder X-ray diffraction patterns of
NH4Ce3F13.

Second-harmonic generation and laser-induced damage
threshold (LIDT) measurements

The SHG response of the NH,Ce;F;; powder sample was
measured by applying the Kurtz and Perry method using a
Q-switched Nd:YAG laser under 1064 nm. The frequency-dou-
bling effect depended largely on the granular size, so the sample
was sieved into six consecutive sizes (25-45, 45-75, 75-105,
105-150, 150-200 and 200-250 pm), with KDP samples of the
same size used as the reference. The single-pulse measurement
method was used to measure the LIDTs of NH,Ce;F,;, with
AgGaS, (AGS) selected for comparison under the same con-
ditions. The samples were radiated with a 1064 nm laser with a
pulse width 7, of 10 ns in a 1 Hz repetition. The laser emission
energy was adjusted by a Nova II sensor display with a PE50-
DIT-C energy sensor until the damaged spot was observed.

Theoretical calculation

The theoretical calculations of electronic structure, optical pro-
perties and the density of states (DOS) were carried out on the
CASTEP mode based on the density functional theory (DFT)
method. The generalized gradient approximation (GGA) and
the Perdew-Burke-Ernzerhof (PBE) function were applied for
the exchange-correlation energy.*'** The orbital electrons of
each atom as valence electrons were H 1s', N 2s*2p?, F 2s%2p°
and Ce 4f'5d'6s’. The cut-off kinetic energy of 410 eV was
adopted, and the Brillouin zone numerical integration was
implemented by employing 4 x 3 x 3 for Monkhorst-Pack
k-point sampling to determine the numbers of plane waves,
with the Fermi level setting at zero as the energy reference.

Results and discussion
Crystal structure

NH,Ce;F,; crystallizes in the orthorhombic space group Pmc2;,
which includes two kinds of Ce, one unique N, and nine types of
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F atoms in the asymmetric unit. The crystal structure of
NH,Ce;F,; consists of NH," cations and the 3D {[CesFy;3] }oo
anion framework. Both Ce(1) and Ce(2) atoms are connected with
nine F atoms to construct the CeFy polyhedra (Fig. S1t). The Ce(1)
Fo polyhedra are linked together via corner-sharing F(2) atoms
along the ¢ axis to form {[Ce(1)Fg]* } chains (Fig. 2a), whereas
the Ce(2)Fy polyhedra are bonded together via edge-sharing to
make up {[Ce(2)F¢]* }o layers in the ac plane (Fig. 2b).
Furthermore, the {[Ce(1)Fs]' }., chains are corner- and edge-
shared with {{Ce(2)Fc]* } layers to construct the 3D {[CesF13] }oo
framework, with NH," distributed in the cavity to balance the
charge (Fig. 2c). The Ce-F and N-H bond distances are in the
ranges of 2.197(6)-2.455(4) A and 0.847(7)-0.851(1) A, respectively.

The reported inorganic monovalent cation Ce(wv)-based flu-
orides are summarized in Table S61 for comparison with
NH,Ce;F;;. In Na,CeF¢ (P62m) and LiCeF5 (I44/a), Ce atoms
also form CeF, polyhedra.>®** Cs;CeF, (Fm3m) and Rb;CeF,
(Fm3m) feature 3D frameworks composed of CeFg polyhedra.
CsCeFs (P24/c), NazCeF, (I4/mmm), Li,CeFg (Pnma),
(NH,),CegF3; (R3), (NH,),CeFs (Pbcn) and (NH,),CeFg (C2/c)
comprised CeFg polyhedra to display 3D frameworks.*>™° In
the structure of LiCeFs, the distorted CeFy polyhedra form
{[CeF¢]* }oo chains by edge-sharing along the ¢ axis. Then,
these chains are linked together via corner sharing to build a
3D {[CeFs]}. framework. To date, only Na,CeFs has been
reported as an NLO material. Although the two compounds are
composed of CeF, polyhedra, it is noteworthy that the arrange-
ments of CeFy polyhedra have transformed. Na,CeF¢ only con-
tains one Ce atom, which forms {[CeF¢]’ "}, chains, with the
3D {[NagF;4]"* }o framework to build the whole structure

Fig. 2 Crystal structure of NH,CesFi3. The arrangements of {[Ce(1)
Fal*}o chains along the c axis (a). {[CeFsl* }., layers in the ac plane (b).
The whole three-dimensional crystal structure viewed along the c direc-
tion (c). Unit-cell structures of Na,CeFg (d) and NH4CesFy3 (e).

This journal is © the Partner Organisations 2024
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(Fig. S31). However, there are two kinds of Ce atoms in
NH,Ce;F,3, showing two different structural parts, {[CeFg]" }oo
chains and {[CeFs]* }o, layers, and then further to build a 3D
{[CesFi3] }o framework. Besides, the Na-F bond distances are in
the range of 2.2748(11)-2.6453(6) A, which are close to the bond
distances of Ce-F in the range of 2.182(2)-2.370(2) A, so it can be
observed that the structure of Na,CeF; is composed of MFy (M =
Na, Ce) polyhedra. When the Na* cation is substituted by an NH,"
cation with a larger ionic radius, NH," cations are further away
from CeF, polyhedra, resulting in the CeF, polyhedra adopting
different configurations to fit different cations, from 1D chains in
Na,CeFg to a 3D framework in NH,Ce;F;3, which further leads to
structural transformation. On the other hand, fluorides with the
same number of fluorine atoms in the formulae are summarized
in Table S7,T including KBi,Fy; (/4), NH,Sb,F;3 (/4), KSb,Fy3 (14),
RbUF,; (Pmc2,), NH,UF,; (Pmc2;), RbThyF; (Pmc2;) and
[(CsHgN,),H](Sb,F;3) (P1).>%*'°° RbU,F;3, NH,UF,; and RbTh,F;;
are isotypes with the title compound, but these compounds are
radioactive and have only been reported on their structures
without studying the SHG effects. The structures of the three com-
pounds also feature a combination of layers and chains consisting
of edge- and corner-shared MF, (M = U and Th) polyhedra.

Optical measurements

The IR spectrum shows two distinct absorption peaks (Fig. 3).
The peaks at 3240 and 1417 cm™' are related to the N-H
vibrations of NH,", which is close to the reported compounds
containing NH,".>”*® As the UV-vis-NIR diffuse reflectance
spectrum shown in Fig. 4, the optical band gap of NH,Ce;F;3
is determined to be 4.26 eV, which is the largest among Ce(v)-
containing NLO materials, including Na,CeFs (3.89 eV),>
CeF,(S0,) (2.71 eV), Ce(10;),(S0,) (2.42 eV), CeF,(105), (2.17
eV), Ce(103),F,-H,O (2.60 €eV), CesF4(S04), (2.5 eV), Ba,Ce
(105)5(H,0) (2.44 eV), and Rb,Ce(105)5F (2.35 eV).>?®

Thermal properties

The TG-DTA curves of NH,Ce;F;; are presented in Fig. 5.
From the curves, we can observe that NH,Ce;F,; can be stable
at temperatures below about 260 °C.

100
80 - 3240 1417
60
a
s
=
40
20
1 mm
0 T T T T
4000 3200 2400 1600 800

Wavenumber (cm™)

Fig. 3 IR spectrum of NH,CeszFs.
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Fig. 4 UV-vis—NIR diffuse reflectance spectrum of NH,4CesF;3. Inset:
band gap of NH,4CeszFis.
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Fig. 5 TG-DTA curves of NH,CesFy3.

SHG activity and LIDT

Due to the acentric structure of NH,Ce;F;3, its SHG measure-
ment was performed using the Kurtz-Perry method under a
1064 nm laser. The result shows that NH,Ce;F,; exhibits an
SHG efficiency of about 1.2 times that of KDP and can achieve
phase-matching (Fig. 6), which is larger than most of the NLO
fluoride crystals, including BaZnF, (0.16 x KDP), KBi,F;3 (0.5 x
KDP), SrAlF; (0.65 x KDP), KNa,ZrF, (0.4 x KDP), K;Ba,Zr¢Fs,
(0.5 x KDP),"*">* CsNaTaF; (0.2 x KDP),”” and Na,SbF; (0.17 x
KDP).?® Since NH,Ce;F,; exhibits a large band gap and good
SHG effect, the LIDTs of NH,Ce;F;; and AgGaS, were
measured under the same conditions. The LIDT measurement
results show that NH,Ce;F,; possesses a large LIDT value of
169.4 MW cm™2, which is 39 times that of AGS (4.3 MW cm™?).
The LIDT value of NH,Ce;F;; is much enhanced compared to
other NLO halides (Table S8%), such as Na,CeFs (20 x AGS),
Pb,F;,Cl, (15.4 x AGS), and KBi,F;3 (24 x AGS). Although the
SHG signal is not stronger than Na,CeFs (2.1 x KDP),
NH,Ce;F;; shows a larger band gap and higher LIDT than

Inorg. Chem. Front,, 2024, 1, 8130-8138 | 8133
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Fig. 6 (a) Size-dependence SHG responses of NH,CeszFi3 and KDP
under 1064 nm radiation, and (b) SHG responses of 200—250 pm par-
ticles of NH4CezF;3 and KDP.

Na,CeFs. Hence, exhibits balanced NLO

performance.

NH,CezF,3

Theoretical studies

Based on the first principles calculations, we further study the
relationship between structures and optical performances.®” The
calculated results indicate that the theoretical band gap of
NH,Ce;F,; is 2.47 eV (Fig. 7a). Due to the derivative discontinuity
of the exchange-correlation function of GGA-PBE, the calculated
band gap is smaller than the measured band gap. From the
partial density of state (PDOS) graphs of NH,CesF;; shown in
Fig. 7b, the top of the valence band is mainly contributed by the
F-2p orbitals. The bottom of the conduction band is mainly com-
posed of Ce-4f and partial F-2p orbitals. Therefore, it can be
observed that the charge transfer between the valence and con-
duction bands is mainly determined by the Ce and F atoms.

We deeply explore the NLO properties of NH,Ce;F;; by cal-
culation. As crystallized in the mm2 point group and con-
sidered Kleinman symmetry, NH,Ce;F;3; has three indepen-
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Fig. 7 Calculated (a) band gap and (b) density of states (DOS) of
NH4CezF3. The Fermi level is set at 0 eV.

dent SHG tensors (y31, x32, and y33), which are calculated to be
0.50, 0.53, and 0.57 pm V~" under a 1064 nm laser, respectively
(Fig. 8a). The largest value is 0.7 times that of the KDP (d3q =
0.39 pm V1), which is relatively smaller than the experimental
value. The underestimation is a deviation between the experi-
ment and calculation, and similar cases have been reported in
other works.®®® As the calculated refractive index dispersion
curves of NH,Ce;F;; shown in Fig. 8b, the calculated birefrin-
gence is 0.03@1064 nm, which is suitable for the phase-
matching requirement. The phase-matching wavelength con-
dition was also calculated (Fig. 8c), indicating that the shortest
SHG phase-matching wavelength of NH,Ce;F;; is 685 nm,
which confirms the experimental results.

To further study the contribution of the groups in
NH,Ce;3F;; to optical properties, the calculation of the elec-
tronic density difference is carried out. As presented in Fig. 9,
the electron density of the F~ anion connected by the Ce**
cation is higher. Therefore, the electron density difference
map confirms that the CeF, polyhedra in NH,Ce;F;; are the
main contributors to NLO performance. Besides, the degree of
distortion of the total CeFy polyhedra is also calculated, as

This journal is © the Partner Organisations 2024
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Fig. 8 Energy-dependent SHG tensors (a), calculated refractive index
dispersion curves (b), and phase-matching conditions of NH4CesF33 (c).

shown in Table S9.7 The calculation results reveal that CeFy
polyhedra have a relatively large degree of distortion, which is
beneficial for NLO properties. The dipole moments of two
types of CeFy units and the total structure in one unit cell of
NH,Ce;F,; were calculated to analyse the contribution to the
NLO effects. The results are shown in Fig. 10 and Table S10,}
indicating that the dipole moments of CeF, units are arranged
in almost the same orientation ranging from 0.55 to 1.10 D
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Fig. 9 Electron-density difference map of NH,CesFy3.

Fig. 10 Calculated dipole moments of NH4CesFi3 (red: CeFg, blue:
total).

and the total dipole moment of CeFy units is 2.40 D, which
results in SHG performance for NH,Ce;F;;. Obviously, the
optical properties of NH,Ce;F,; are determined by CeF, units.

Conclusions

In conclusion, NH,CesF;3, a Ce(v)-based fluoride NLO crystal,
was synthesized using a hydrothermal reaction. It displays a
three-dimensional framework comprising corner- and edge-
shared CeF, polyhedra. NH,Ce;F;; exhibits a strong SHG
response and high LIDT. Besides, NH,Ce;F;3 possesses the
largest band gap among all the reported Ce(iv)-based NLO

Inorg. Chem. Front,, 2024, 11, 8130-8138 | 8135
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materials. This study provides a good route to explore Ce(iv)
halides with NLO effects. We will continue to develop more
new promising NLO rare earth halide compounds.
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