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octahedral distortion in titanium to generate an
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Acentric crystalline materials are the cornerstone of numerous cutting-edge technologies and have been
highly sought-after, but they are difficult to construct controllably. Herein, by introducing a new p-block
element to break the symmetrical environment of the d° transition metal in the centric matrix TiTezOg,
a novel acentric tellurite sulfate, namely Ti(TeO3)(SO4), was successfully constructed. In its structure, two
types of p-block element-centered oxo-anionic groups, i.e. [TeOs| and [SO,4], endow [TiOg] with an out-
of-center distortion along the local C3[111] direction, which is rare in titanium oxides containing a lone-
pair cation. The synergy of the distorted [TiOg] octahedron, lone-pair [TeOs] pyramid and rigid [SO4]
tetrahedron within its structure induces a strong second harmonic generation (SHG) response of 11.6 x
KDP (KH,POy), the largest value among mercury-free sulfates. Additionally, Ti(TeO3)(SO,) also shows the

largest birefringence (0.145) among sulfates possessing an SHG response that is more than ten times
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Accepted 14th January 2025 that of KDP, showing huge potential as a nonlinear optical material. The successful implementation of
the strategy of inducing intra-octahedral distortion in a d° transition metal by different p-block elements

DOI: 10.1039/d4sc06620k provides new opportunities for constructing acentric structures and exploiting outstanding nonlinear
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Introduction

Crystalline materials featuring a non-centrosymmetric (NCS)
structure are the cornerstone of some crucial properties such as
piezoelectricity, ferroelectricity, second-order nonlinear optical
(NLO) phenomena, and dielectric behavior."* Among these
properties, the second-order NLO effect is the key to the
frequency conversion of solid-state laser devices.*** Though
acentric crystals are highly sought after for their fascinating
versatility, the vast majority of inorganic compounds have
a tendency to crystallize in the centric space groups. Over the
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past few decades, numerous strategies have been proposed to
facilitate the construction of NCS structures, e.g., the combi-
nation of multiple anionic groups,*>™* cation compensation,*>*®
multi-component modification,'” heterovalent substitution,'®>*
the condensation of anionic units,”?* etc.>*>" Their imple-
mentation gave rise to the discovery of plentiful NLO crystals
that demonstrate outstanding performance. However, the
application of these strategies does not always ensure the
formation of an NCS structure. Generally, the symmetric
arrangement of anionic groups within the structure still leads to
a centric space group. The crucial step in constructing NCS
structures lies in designing more practical and feasible strate-
gies to directly disrupt the spatially symmetric alignment.
According to the anionic group theory,**** the macroscopic
second harmonic generation (SHG) effect of NLO crystals stems
from the geometric addition of the microscopic second-order
susceptibility tensor of the NLO-active basic building units
(BBUs) within the structure. Distorted octahedra consisting of
a d° transition metal (M?’) bonded to six O atoms (M%Oy)
represent a category of NLO-active BBUs with spontaneous
polarization; the introduction of these units facilitates the
formation of NCS structures and may potentially lead to
a strong SHG response.***” Therefore, the combination of dis-
torted [M%°04] with other NLO-active BBUs has been widely
applied to construct NLO crystals, including iodate, selenite,
tellurite, and germanate.’*** For [M%0g4] octahedra, most of
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their out-of-center distortion can be ascribed to the second-
order Jahn-Teller (SOJT) electronic effect,*** which is catego-
rized as a primary distortive effect and occurs when the empty d-
orbitals of the metal mix with the filled p-orbitals of the
ligands.* Further, the intra-octahedral distortion of [M%°0q]
can also be influenced by the bond networks and lattice stresses
from other directly connected oxo-anionic groups, which is
called secondary distortion.*® Normally, the secondary distor-
tion is weaker and serves to enhance the primary distortion, as
reflected by the M?-oxides containing a lone-pair cation. When
an [M?°0g4] octahedron bridges both the lone-pair cation and
other [M%°0,] octahedra simultaneously, an intra-distortion is
highly likely to occur (Fig. 1a). Nevertheless, the secondary
distortion can sometimes override the primary distortion, as
exemplified by the [TiO¢] octahedron in the winstanleyite
TiTe;0g,* and its out-of-center distortion is inhibited due to the
coordination with six identical [TeO,] polyhedra. This
symmetric configuration is unfavorable to the formation of
acentric structures.

For those [M0g] octahedra with repressed distortion,
introducing an additional BBU to break their symmetric coor-
dination may be a viable route to activate their secondary
distortion. In order to explore the feasibility of this assumption,
the aforementioned centric TiTe;Og was selected as the matrix.
In terms of the selection of appropriate BBUs, the tetrahedral
[PO,], [SO,), and [SiO,] came into our sight for the following
reasons: (1) tetrahedral BBUs can also exert a profound influ-
ence on the intra-octahedral distortion of [M°0g], as exempli-
fied by KTiOPO,.*® Additionally, we systematically examined the
distortion characteristics of the [M%04] octahedra in phos-
phates, sulfates, and silicates containing M and the result
showed that inside the [M°0g] octahedra, the length of the
M-0 bonds connecting to the tetrahedral groups differed
greatly from that connecting to other [M%°0;] octahedra, which
induced universal distortion inside the [M04] octahedra
(Fig. 1b and S1t), just as the situation of the intra-octahedral
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[M?%0,] distortion in M%-oxides containing a lone-pair
cation.? (2) The introduced tetrahedral groups are expected to
induce a symmetry-breaking of the [TiO¢] coordination (Fig. 1a),
and the subsequently distorted [TiOg] unit can act as an NLO-
active BBU to participate in the SHG response contribution of
the target crystals. (3) The introduction of tetrahedral groups
may also break the symmetric arrangement of the [TeO,] poly-
hedra in the TiTe;Og structure and give rise to a surprisingly
strong SHG in the resulting phosphates, sulfates, or silicates, as
most of them are beset with low SHG intensities owing to the
small polarizability of [PO,], [SO,], and [SiO,] tetrahedra.

Following the strategy of introducing a tetrahedral unit into
the structure of TiTe;Og, a novel tellurite-sulfate, namely
Ti(TeO;)(S0O,4), was synthesized. It represents a rare M%°-con-
taining acentric crystal where the [M°0g] octahedron directly
connects to both the tetrahedral anionic group and lone-pair
cation, and it is also a rare titanium oxide in which the [TiOg]
octahedron is linked to lone-pair cations but features C3[111]
(face) distortion, which results from its simultaneous connec-
tion with two types of p-block elements, Te and S. Furthermore,
experimental and calculational investigations suggest that the
unique distorted [TiOs] octahedron collaborates with the [TeOj;]
and [SO,] groups, giving rise to an intense SHG response of 11.6
x KDP for Ti(TeO3)(SO,), which is the maximum among
mercury-free sulfates.

Results and discussion

Pure Ti(TeO;)(SO,) crystals were prepared via a hydrothermal
process at 230 °C with raw materials of TiO,, TeO,, and sulfuric
acid solution. The purity of the synthetic samples was
confirmed by powder X-ray diffraction (XRD) analysis (Fig. S27).
Energy-dispersive X-ray spectroscopy (EDS) performed on
Ti(TeO;)(SO,) crystals suggests an average molar ratio of 1.08:
1.16:1:7.15 for Ti, Te, S, and O elements (Fig. S31), matching
well with the chemical formula determined by single-crystal
XRD. The IR spectrum of Ti(TeO3)(SO,) powder shows no
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Fig. 1 (a) Schematic diagram of [M%°Og] octahedral distortion induced by different connections. (b) Length distribution of M®°—0 bonds in the
IM?°Og] octahedron connected to other [M9°0Og¢] octahedra and tetrahedral units simultaneously in phosphates, sulfates, and silicates containing

M.
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obvious absorption in the range of 4000-1370 cm ™" (Fig. S47),
and the absorption peaks between 1200 and 950 cm ™" can be
attributed to the stretching vibrations of S-O bonds, accurately
proving the existence of the [SO,] tetrahedron, while these
peaks between 900 and 620 em™" are assigned to the stretching
vibration of Te-O and Ti-O bonds. These assignments are
consistent with the reported articles.

Single-crystal XRD determination shows that Ti(TeO3)(SO.)
crystallizes into the NCS space group P2, (Table S1}). There are
crystallographically independent one Te atom, one S atom, one Ti
atom, and seven O atoms in its asymmetric unit (Table S2). Bond
valence sum (BVS) calculation® yields values of 4.34, 6.07 and 3.96
for Ti, S and Te atoms, respectively (Table S2t), matching well
with their oxidation states. All these atoms are located in ordinary
positions (Fig. S5). As shown in Fig. 2a, the Te atom is bonded
with three O atoms to form a [TeOs] pyramid containing lone-pair
electrons, with the Te-O bond lengths ranging from 1.858 A to
1.897 A (Table S37). The S atom coordinates with four O atoms to
form a typical [SO,] tetrahedron with the S-O bond lengths in the
range of 1.459-1.476 A. The Ti atom is coordinated by six O atoms
to compose a typical [TiOg] octahedron with three long (2.018-
2.072 A) and three short (1.813-1.876 A) Ti-O bonds. According to
the classification proposed by Halasyamani,* the out-of-center
distortion of the [TiOg] octahedron in this structure belongs to the
Cs[111] direction. To our knowledge, this C;[111] distortion is rare
in Ti"" oxides containing a lone-pair cation. Further structural
analysis indicates that the three long Ti-O bonds are linked by
[SO,] groups, while the three short ones are connected by [TeOs]
groups (Fig. S61). This implies that the C;[111] distortion in the
[TiOs] octahedron in this structure results from the connection of
Ti-O bonds to different types of p-block element-centered oxo-
anionic groups. It breaks the existing view that, for the M
oxides containing a lone-pair cation, the intra-octahedral
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distortion of [M?Og] only occurs when it directly connects with
at least one other M%° cation or contains at least one terminal O
atom.* The [TiO¢] octahedron links with three [SO,] groups and
three [TeO;] groups (Fig. 2b), and both the [TeO;] pyramid and
[SO,4] tetrahedron are three-connected by [TiOg] octahedra, with
the remaining O atom in the [SO,] group being pensile alone (Fig.
S671). The [TiOg] octahedra and [TeO;] pyramids are interlaced to
form a [(TiO303,,)(Te0s,,)] layer parallel to the ab-plane (Fig. 2d).
The [(Ti0303/,)(TeO3,,)] layers are stacked along the c-axis through
the connection of [SO,] tetrahedra to build the final three-
dimensional structure of Ti(TeO;)(SO,4) (Fig. 2¢c). In the connec-
tion mode, it can be characterized to [(TiOg/,)(TeOs3/,)(SO3,20)].
A detailed structural comparison suggests that the intro-
duction of the [SO,] group leads to obvious structural changes
in contrast to the matrix TiTe;Og. Firstly, the introduced [SO,]
groups substitute three of the six [TeO,] groups surrounding the
[TiOs] octahedron (Fig. 2e, b), and the remaining three [TeO,]
groups with relatively small local dipole moment (LDM, u. =
11.5 D) are also converted to [TeO;] groups with larger LDM (u.
= 12.2 D) (Fig. 2a). Secondly, the [SO,] groups combined with
the [TeO;] groups induce the C3[111] distortion of the [TiOg]
octahedron in Ti(TeOs)(SO,) (Fig. 2b), which is different from
the undistorted [TiO¢] octahedron in TiTe;Og (Fig. 2e). The
magnitude of out-of-center distortion (Ad) calculated by the
method proposed by Halasyamani®® gives a value of Ad = 0.62
for the [TiOg] octahedron in Ti(TeO;)(SO,), which can be
quantified as moderate distortion. This value is much larger
than the average magnitude of Ti** (Ad = 0.34), which is often
considered to be a weak distorter and is the weakest distorted
M cation among Mo®", V*', W', Nb®', Ta®" and Ti*".*® A
reasonable spatial arrangement of such distorted [TiO¢] octa-
hedra within the structure is expected to enhance the NLO effect
of the resultant Ti(TeO;)(SO,). Thirdly, the introduction of [SO,]

A

o

Fig. 2 Structural diagram of Ti(TeOs3)(SO4) and TiTezOg. (a) The anionic groups; Ti(TeO3)(SO,4) structure: (b) the Ti(TeO3)3(SO4)s unit, (c) the
structure viewed along the [100] direction, (d) the [(TiOsO3,,)(TeOs3,,)] layer viewed along the [001] direction; TiTesOg structure: (e) the coor-
dination environment of [TiOg], (f) the structure viewed along the [100] direction, (g) the [(TiO,04,2)(TeOy4,2),] layer viewed along the [001]

direction.
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groups also changes the arrangement of the lone-pair anionic
groups. As shown in Fig. 2f and g, the structure of TiTe;O0g can
be seen as the stacking of [(Ti0,0,,)(TeO.,,),] layers along the c-
axis through the interlayer connection of [TeO,] groups, while
the structure of Ti(TeO;)(SO,) can be approximately regarded as
a derivation of the TiTe;Og structure, obtained by replacing the
interlayer [TeO,] groups with the [SO,] groups, and the [TeO,]
groups within the layer are replaced by the [TeO;] groups
(Fig. 2c). All the [TeO,] groups are anti-parallelly oriented in the
TiTe;04 structure (Fig. 2f and g). Combined with the symmetric
[TiOg] octahedron, it crystallizes in the cubic /a3 space group.*’
However, the introduced [SO,] groups break the highly
symmetric arrangement of the [TeO,] groups, leading to a non-
antiparallel orientation of the [TeOj3] groups (Fig. 2c and d), and
ultimately result in symmetry-breaking in the structure of
Ti(TeOj3)(SO,4). The [TeOs] groups in its structure have a distinct
net polarization vector on the b-axis. This will undoubtedly lead
to a drastic change in the optical properties of Ti(TeO3)(SO,)
compared to TiTe;Og. In addition, the composition of
Ti(TeO3)(SO,) implies its possible similarities to TiO, poly-
morphs. Comparative analysis of structures suggests that
Ti(TeO3)(SO,4) can be regarded as a derived product of rutile
TiO,, which is obtained by replacing half of the O atoms of the
[TiOg] octahedron with [TeO;] units and the other half of the O
atoms with [SO,] units in its structure (Fig. S77).

Powder SHG measurement shows that the SHG intensity of
Ti(TeO3)(SO4) enhances gradually as the particle size increases
under 1064 nm laser irradiation, implying that it is type-I phase-
matching at 1064 nm (Fig. 3a).” Furthermore, it exhibits a strong
SHG intensity that is about 11.6 times that of the reference KDP
(Fig. 3b). The calculated SHG tensors (Table S4t) taking into
account the constraints of Kleinman's symmetry and the space
group (P2,) also afford a large value (d,,, = 3.16 pm V), in rough
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agreement with the measured value. As is known, due to the
small microscopic second-order susceptibility tensor of the
tetrahedral [SO,4] unit, the majority of sulfates suffer from the
issue of weak SHG intensity, despite several tactics having been
implemented recently to enhance the SHG response of sulfate,
such as introducing lone-pair and lanthanide-polyhedron anionic
groups, which leads to the finding of improved SHG response of
CeF,(S0,) (8 x KDP),** Te,045(S0,) (6 x KDP),” K,Bi,(S0O,),Cl,
(5.5 x KDP),” Rb,Bi,(S04),Cl; (5.3 x KDP),”® and Nb,O5(I05),(-
SO,) (6 x KDP).* Only two age-old mercury-based acentric crys-
tals were lately found to possess SHG responses stronger than 10
x KDP, including HgSO, (11 x KDP)* and Hg;0,S0; (14 X
KDP).>®> However, the presence of recognized highly toxic mercury
will greatly limit their application expansion as NLO materials. By
contrast, the application expansion of Ti(TeO3)(SO,) only suffers
from the concern about the suspected hazards of tellurium
compounds such as teratogenicity.*>*” Partial density of states
(DOS) calculation reveals that the top of the valence band is
dominated by the non-bonding O-2p and Te-5p orbitals from
—7 eV to 0 eV, and the bottom of the conduction band is
composed of the unoccupied Ti-3d and Te-5p orbitals located
from +2 eV to +8 eV (Fig. S87), suggesting that the Ti-O and Te-O
interactions determine the strong SHG response of Ti(TeO3)(SO,).
The SHG-weighted electron density maps also show that the
occupied and unoccupied states are mostly concentrated on the
[TiOs] and [TeO;] units in the virtual electron process, but are
nearly absent in the [SO,] groups (Fig. 3c and d), implying the
predominant contribution of [TiO¢] and [TeOs;] groups to the
strong SHG response of Ti(TeO3)(SO,). This result is also sup-
ported by the local dipole moment (LDM) calculation.

As listed in Table S5,t the polarizations of the [TiOg], [TeOs],
and [SO,] units entirely neutralize each other on the x- and z-
components, while they are superimposed on the y-component,
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(a) SHG intensity versus particle size under laser irradiation at 1064 nm with KDP as the reference; (b) oscilloscope traces of the SHG

signals (at the sample size range of 200—-300 pum); SHG-weighted density map of (c) occupied and (d) unoccupied states in the virtual electron
process; calculated electron-density difference of (e) Ti(TeO3)(SO,4) (100) and (f) TiTesOg (100).
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giving a total dipole moment of 16.864 D within the unit cell (Fig.
S9+t). This indicates that the strong SHG response of Ti(TeO3)(SO,4)
can be ascribed to the synergy of the [TiOq] octahedron, [TeOs]
pyramid, and [SO,] tetrahedron. It is a compound with an excel-
lent SHG response obtained by the combination of three types of
NLO-active BBUs. Taking into account the unit cell volume, the
calculated density of dipole moment is 64.5 x 10~>" esu cm A~*
for Ti(TeO3)(SO,). Contrastively, the same calculation approach
gives the renowned NLO crystal KTiOPO, a dipole moment
density of 32.9 x 1072" esu cm A~ (Table S61). Additionally, the
net dipole moments of the isolated [TiO¢] and [TeO;] units were
calculated to be 2.224 D and 15.842 D, respectively, contributing
predominantly to the total dipole moment of Ti(TeOs)(SO,).
Besides, the electron density calculation results also reveal that
the electron densities around Ti and O in TiTe;Og are close
(Fig. 3f). In stark contrast, an apparent difference in electron
density is found around Ti and O in Ti(TeO5)(SO,) (Fig. 3e). This
implies that the introduction of an [SO,] tetrahedron enhances
the polarization of the Ti-O covalent bonds, consistent with the
high distortion and enhanced dipole moment of the [TiOg] octa-
hedron in Ti(TeO;)(SO,) compared to that in TiTe;Og. All the
above analyses imply that [TiOg] and [TeO;] units could be enor-
mously conducive to sulfates to generate a strong SHG response.
This provides a novel avenue to achieve large NLO coefficients in
sulfates.

For a potential NLO crystal, a large-enough birefringence
(usually >0.02) is a requisite to guarantee its phase-matching
character. Under a polarizing microscope, the observed interfer-
ence color for a crystal plate with a thickness of 7.6 um is II-order
blue, corresponding to an optical path difference of about 1.1 pm
(Fig. 4a),>® so the measured birefringence is 0.145@wvisible light
for Ti(TeO;)(SO,). This value is competitive to those of most re-
ported asymmetric sulfates (Table S7T). Among acentric sulfates
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possessing an SHG response stronger than 10 x KDP, Ti(TeO3)(-
S0,) exhibits the largest birefringence (Fig. 4b), ensuring phase
matchability of its crystal over a wide wavelength range. The DFT
calculation gave a refractive index relationship of ny; > nx, > nx;
between the three optical main axes, a birefringence of
0.137@1064 nm and the shortest phase-matchable wavelength of
413 nm (Fig. 4c), well consistent with the experimental results. As
is known, most sulfates suffer from small birefringences owing to
the weak optical anisotropy resulting from the nearly isotropic
configuration of the tetrahedral [SO4] group, hence hindering
their phase-matchability in the short wavelength region.*»*
Compared with the non-birefringence characteristics of the
matrix TiTe;Og (isotropic cubic space group), the birefringence of
Ti(TeO3)(SO,) has gained a great enhancement. This confirms the
superiority of the strategy of introducing the [SO,] unit to induce
symmetry-breaking in developing large birefringent sulfates. In
the structure of Ti(TeOs)(SO,), the [TiOg] features an obvious out-
of-center distortion (Ad = 0.62), while the [TeOs] possesses lone-
pair and a large local dipole moment (u. = 12.2 D), both of
which exhibit larger optical anisotropy than the [SO4] group,
hence the [TiOs] and [TeO;] groups contribute predominantly to
its large birefringence, consistent with the results of some other
sulfates.*>** The large birefrigence of some tellurites and TiO,
crystal can support this speculation as well.*>*
Thermogravimetric analysis reveals that Ti(TeO3)(SO,) can be
stable up to 560 °C (Fig. S107). The differential scanning calo-
rimetry curve also illustrates that there is no phase transition
prior to its decomposition, as verified by the powder XRD pattern
of the samples after thermal annealing at 500 °C (Fig. S117). Its
stability is superior to that of most tellurite sulfates, as exempli-
fied by Te,0;80, (540 °C),”> Te(OH);(SO,)-H;0 (110 °C),”* and
Y3(Te0;),(SO,),(OH)(H,0) (434 °C).** The powder XRD pattern of
the calcined product at 700 °C shows that it decomposes into
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TiTe;0g and TiO, (Fig. S12t). To find out the water, acid, and
alkali resistance of Ti(TeO3)(SO,), the morphological evolution of
its crystals in pure water, 0.1 M nitric acid and 0.1 M sodium
hydroxide solutions was recorded, respectively. The -crystals
preserve their full morphology and high transparency after being
immersed either in water for 15 days or in an acid/alkali solution
for 24 h (Fig. S13-S157), and the PXRD patterns also remain
unchanged (Fig. S16-S18t). This preliminarily result indicates
that it has outstanding resistance to water-solubility as well as
stability in acidic and alkaline environments. In addition, the
SHG intensity of the powder samples also confirms that the water/
acid/alkali environment will not weaken its NLO intensity (Fig.
S19 and S20t1), ensuring optical stability in multiple usage
scenarios. The UV-vis-NIR spectrum indicates a UV cut-off edge of
312 nm for Ti(TeO3)(SO,) (Fig. S211), and the fitted Tauc plot gives
a direct band gap of 3.61 eV and an indirect band gap of 3.07 eV
(Fig. S221). The calculated band structure diagram (Fig. S237)
shows that it is an indirect band gap (D — Y) crystal, and the
calculated value is 2.75 €V, a little lower than the experimental
indirect band gap value (3.07 eV) due to the limitation of the DFT
method. This band gap is clearly wider than that of the
commercial NLO crystals AgGaSe, (1.83 eV) and AgGaS, (2.6 eV),
and is comparable to some remarkable sulfates, such as
CeF,(S0,) (2.71 eV)** and Nb,05(105),(SO,) (3.25 eV).** A test on
powder samples gives a laser damage threshold of up to 50 MW
em ™~ for Ti(TeO;)(SO4), which is 12.5 times higher than that of
AgGasS, (4 MW cm™?), in line with its wide band gap.®*

Since Ti(TeO;)(SO,4) represents one of the NLO crystals with
potential application value, its NLO-related properties were
systematically compared with those of KH,PO,, one of the broadly
applied SHG materials. The comparison focused on several key
aspects: SHG intensity, birefringence, band gap, thermal stability,
and NLO coefficient (deg). The results show that Ti(TeO3)(SO,)
presents an outstanding comprehensive performance as a poten-
tial NLO crystal (Fig. 4d).

Conclusions

By introducing an [SO,] group into a centric titanium tellurate,
an acentric titanium-containing tellurate-sulfate, Ti(TeOj3)(-
SO,), was gained through a hydrothermal process. Within its
three-dimensional structure, the [TiO¢] octahedron is con-
nected to three lone-pair [TeO;] pyramids and three [SO,]
tetrahedra. The two types of p-block element-centered oxo-
anionic groups induce an out-of-center distortion in the [TiOg]
along the local C;[111] direction, which is rare in titanium
oxides containing lone-pair cation. This also proves that the
octahedral distortion of [TiO¢] in titanium oxides containing
a lone-pair cation can also be induced by the direct attachment
of two types of p-block elements, rather than by the requisite
involvement of a [TiO4] octahedron or terminal O atom as
previously thought. Ti(TeO3)(SO,) exhibits the strongest second
harmonic generation response (11.6 x KDP) among mercury-
free sulfates and a large birefringence (0.145) owing to the
favorable arrangement of the [TiO¢] octahedron, [TeOj;]
pyramid, and [SO,] tetrahedron within the structure, suggesting
its high application potential as an NLO material. This work

3334 | Chem. Sci., 2025, 16, 3329-3335
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also paves the way for the design of novel NLO materials by
introducing various p-block elements to induce distortion in
[M9°0,] units, thereby potentially achieving a strong SHG
response.
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