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In order to tune the intrinsic third-order nonlinear optical (NLO) properties of polyoxometalates (POMs),
we adopted a strategy of substituting addenda atoms of POMs to obtain a class of polyoxomolybdovana-
dates, [TBAI3s[VMosOi0] (ViMos), [TBAI4[VgM0,O,5]-2CH3CN (VgMoy) and [TBA]4[HVgMoO,g]-2CH3CN
(VoMo,) (TBA = tetrabutylammonium). Their structures were determined by single crystal X-ray diffraction
and further characterized by FT-IR, Raman, UV-vis, diffuse reflection, HR MS, XPS, ICP-MS, CHN analysis
and so on. The Z-scan curves of all compounds in a suspension of propanetriol demonstrate typical non-
linear absorption (NLA) irradiated by a laser at 532 nm and 1064 nm, which can be tuned by the substi-
tution of addenda atoms in POMs. Among those, VgMo; possesses the smallest transmittance and largest
nonlinear absorption coefficient. VoMos-doped organically modified silica (ORMOSIL) gel glasses have
NLA and optical limiting (OL) properties that could be tuned by changing the doping concentration of
VgoMo;. In particular, VgMo; exhibits an unusual superbroadband OL performance in the visible and long-
wavelength near-infrared regions (532-2150 nm). To the best of our knowledge, this is the first example
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of a superbroadband optical limiter based on crystalline metal cluster compounds. Our current work not
only provides a series of polyoxomolybdovanadates and VgMo;-doped gel glasses with tunable third-
order NLO properties and superbroadband OL performance but also affords a feasible strategy to tune
rsc.li/frontiers-inorganic the third-order NLO properties of POMs via the substitution of addenda atoms.
their widespread application in optical devices with optical
limiting (OL) and shaping features, optical switches, electro-

Introduction

With the rapid development of laser techniques and the
coming of the photon era, third-order nonlinear optical (NLO)
materials have drawn increasing research attention because of
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optical signal processing, optical information processing and
so on."* Up to now, many non-crystalline materials including
semiconductors, carbon-based materials, black phosphorus,
conjugated organic molecules or polymers, metal oxides and
so on have been reported to exhibit different third-order NLO
properties, such as saturable absorption (SA), reverse saturable
absorption (RSA),> optical Kerr effect,’ nonlinear scattering
(NLS), and nonlinear refraction (NLR).? Recently, Zhang et al.
reported that 2D graphdiyne,® few-layer tin sulphide,” and few-
layer bismuthene,® which exhibit giant Kerr nonlinearity, can
be used as passive photonic diodes in all optical switching
and wavelength conversion. Among those materials, only a few
(mainly carbon-based, two dimensional,® especially graphene)
exhibit a broadband optical limiting response. The broadband
optical limiters are of importance for laser protection because
they can protect the eyes or costly instruments from damage
due to a laser in a wide range of wavelengths. Hitherto, gra-
phene has been undoubtedly the best broadband optical
limiter due to its excellent broadband optical limiting per-
formance' and lowest OL threshold. However, the self-aggre-
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gation property of graphene requires modification by suitable
functional groups for better dispersion in solution or solid
matrices."’ Moreover, the strong light absorption ability of
carbon materials not only restricts their doping level in solid
matrices'” but also lowers the transparence of the corres-
ponding devices. Therefore, it is still very significant to
develop non-carbon materials with broadband OL.

To date, only a small amount of effort has been devoted to
third-order NLO crystalline compounds like molecular
clusters.”>'* Heterometallic clusters of Mo/W/Cu/S™ with
cubane-like,'® nest, twin-nest and planar open shape, have
been found to demonstrate excellent NLO response with a
large third-order NLO susceptibility and low laser limiting
threshold to a nanosecond laser at 532 nm."” Recently, a series
of Alz,-oxo clusters with hydrotalcite-like structure has been
reported to exhibit NLA and OL to a nanosecond laser at
532 nm."® To the best of our knowledge, no molecular clusters
with broadband OL have been reported up to now.

Polyoxometalates (POMs) are a large class of isolated metal-
oxygen clusters consisting of early-transition metal (V, Mo, W,
Nb, Ta) ions in their highest oxidation state (+5 or +6) and oxo
ligands."®?° POMs have tremendous structural diversity (the
metal nuclearities ranging from 6 to 368), large cluster-size
span (ranging from 0.8 nm to 6.0 nm)** and unmatched com-
position variability (many transition metal ions and non-metal
cations can be incorporated in polyoxometalates).?* POMs
demonstrate interesting super acidity, biological activity, and
magnetic, chiral, reversible redox, electronic and photoactive
properties depending on their various structures and compo-
sitions. Therefore, POMs have been drawing increasing
research attention due to their attractive potential
applications in catalysis,**™* chirality,**>® water oxidation,*
POM-MOF,**? self-assembly®® and self-recognition,** and so
on. Moreover, many POMs with large delocalized n electrons
are potential NLO materials®**~” in terms of the consensus
that delocalized m-conjugated systems possess a strong NLO
response. However, only a very small amount of effort has
been made to investigate their NLO properties.*®*° Recently,
two strategies have been developed to prepare POM-based
third-order NLO materials. The first one is to introduce
organic components with excellent NLO properties (i.e. por-
phyrin,*® phthalocyanine,** or tetrathiafulvalene) via a nonco-
valent bond*>*® or a covalent bond,***® which can efficiently
enhance third-order NLO properties of the hybrids by the
introduction of such organic components. The second one is
to construct POM-based coordination polymers using POMs as
anion templates or linkers.?”*® Nonetheless, it is still a great
challenge to improve the intrinsic NLO properties of POMs
without the assistance of organic components possessing
excellent third-order NLO properties.

On the other hand, NLO properties can be well studied in
solution, but it is essential to incorporate NLO materials into a
solid-state matrix for further practical application.”*® One
attractive approach is the sol-gel glasses technique, especially,
organically modified silica (ORMOSIL) gel glasses.’® It is an
ideal matrix for a solid device due to its advantages including
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a high threshold of laser damage, good transparency in the
UV-LW NIR region, and excellent optical, thermal and mechan-
ical properties.>>** Moreover, such hybrid glass materials have
multiple solid forms (coatings, films, nanoparticles, fibers,
and aerogel monoliths) and the gel itself can also be coated on
different substrates such as ceramics, metals and common
glasses.”™*> However, no POMs have been introduced into gel
glasses up to now.

Inspired by the fact that the doping of some materials by
hetero atoms (i.e. VO, doped by a hetero metal atom,>® gra-
phene doped by B or N atoms>**®) can improve their nonlinear
optical properties, we choose two classic POMs, hexamolybdate
(Mog) and decavanadate (Vi) (Scheme 1), with delocalized =
electrons as a platform for POMs to prepare their addenda
metal atom substituted POMs (Mog by vanadium, V,;, by mol-
ybdenum), namely, polyoxomolybdovanadates, and further
investigate their NLO properties. Three polyoxomolybdovana-
dates, [TBA]3[VMo050;5] (ViMo0s), [TBA],[Mo0,VgO,s] (VsMo,),
and [TBA],[HVoM0O,;] (VsMo,) (TBA = tetrabutylammonium),
have been prepared through a general procedure of acidifica-
tion-precipitation-crystallization in modest to high yields.
They have been characterized by single crystal X-ray diffraction,
HR MS, FT-IR, Raman, UV-vis, XPS, ICP-MS and CHN analysis.
Interestingly, these polyoxomolybdovanadates exhibit modu-
lated third-order NLO properties through controlling the sub-
stitution of addenda atoms. Moreover, we prepared the VoMo,-
doped gel glasses with different concentrations and measured
their NLO properties and optical limiting (OL) behaviors. In
this paper, we report the preparation, structures, characteriz-
ation, NLO properties and OL behaviors of [TBA];[VMo050;s]
(ViMos), [TBA],[M0,VgO,z] (VsMO0,), [TBA],[HVoM0O,s] (VoMo,)
and VoMo,-doped gel glasses.

Experimental
General

All chemicals and reagents were of analytical grade and
obtained commercially from Aladdin Reagent Co., Ltd, Ji’nan
Henghua Reagent Co., Ltd or Sinopharm Chemical Reagent
Co., Ltd, which were used as received without further purifi-
cations except as otherwise noted. Fourier transform infrared
(FT-IR) spectra were obtained on an Excalibur HE 3100

Hexamolybdates

Decavanadates

Scheme 1 Ball-stick diagrams of hexamolybdates and decavanadates.
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(Varian) using a pressed KBr pellet in the wavenumber range
of 400-4000 cm™'. Raman spectra were measured on an
XpolRA PLUS confocal Raman microscope (Horiba) by adher-
ing these finely ground sample powders on double faced
adhesive tape in the wavenumber range of 400-4000 cm™.
UV-Vis absorption spectra and transmission spectra were
obtained on a Varian Cary 5000 UV-visible-near infrared
absorption spectrophotometer. Diffuse reflection spectra were
obtained on a UV-7000 spectrometer in the wavenumber range
of 200-2500 cm™". Gas chromatography high resolution mass
spectra (HR MS) were obtained with a Thermo Scientific Q
ExactiveTM GC Orbitrap system using their acetonitrile solu-
tions. X-ray photoelectron spectroscopy (XPS) was performed
on an ESCALAB 250Xi (Thermo Scientific, UK) using mono-
chromatic Al Ka as the excitation source. A pass energy of 25
eV was used in the XPS measurement. The base pressure of
the analysis chamber was less than 6.7 x 10~% Pa. All spectra
were calibrated using the binding energy of C 1s (285.0 eV) as
a reference. Inductively coupled plasma emission spectroscopy
(ICP MS) was performed using a Varian 710-OES (USA).
Scanning electron microscope (SEM) images were obtained on
a Hitachi SU8010 scanning electron microscope. Transmission
electron microscope (TEM) images were obtained on a Thermo
Scientific Talos F200X transmission electron microscope.
Measurements of their third-order nonlinear optical properties
were obtained on a Lab170 Nd:YAG (Spectra-Physics, USA)
pulsed laser system employed as the light source with a wave-
length of 532 and 1064 nm (beam size: 5-6 mm), pulse dur-
ation of 10 ns and repetition rate of 10 Hz. The waist radius of
532 and 1064 nm was 13.5 pm and 27 pm, respectively. Optical
limiting tests of the gel glasses were carried out using two
laser systems: the Lab170 Nd:YAG pulsed laser was used to
measure the nonlinear optical properties at 532 and 1064 nm
and the PremiScan/240/MB-ULD (Spectra-Physics, USA) optical
parametric oscillator was used to measure the optical limiting
properties at 2150 nm.

These samples were dispersed beforehand in glycerol to
form a suspension, which was placed in a quartz cuvette with a
thickness of 1 mm and fixed to a stepper motor controlled by a
computer. The quartz cuvette was moved along the Z axis based
on the focus. In the closed-aperture measurement, the self-lim-
iting effect is demonstrated by the beam translation to achieve
self-focusing or self-defocusing. When the sample is moved
from —Z to +Z, the normalized transmittance peaks and valleys
appear in turn, indicating self-focusing whereas self-defocusing
is observed vice versa. Further, the OL tests are carried out with
an open aperture Z-scan equipment. The solid glass devices
doped with different percentages are fixed on the stepper
motor, and the stepper motor is moved to the laser focus.

General synthetic procedure

Stoichiometric Na;VO, and NaMoO,-2H,0 were dissolved in
20.0 mL of deionized water to form a colorless solution, which
was acidified using HCI (3 mol L") to form a yellow solution.
To this yellow solution, a solution of TBA in 7.0 ml of de-
ionized water was added slowly. Lots of yellow precipitation

This journal is © the Partner Organisations 2022

View Article Online

Research Article

appeared rapidly, which was stirred for another 2 hours and
filtered to yield lots of yellow solids. The obtained yellow
solids were successively washed with water, ethanol, and
diethyl ether, and dried for 12 hours in a vacuum drying oven.
The crude products were dissolved in 10 mL of acetonitrile
and diffused by diethyl ether.

(TBA);[VMo050,5] (VMos). 1.25 g of Na;VO, (6.8 mmol), 8.23 g
of NaMoO,4-2H,0 (34.0 mmol), and 7.0 g of TBA (21.0 mmol)
are used to prepare VMos Light yellow block crystals were
obtained that were collected by filtration and washed with
diethyl ether. 4.13 g, 39%. CHN analysis found (%): C, 37.20; H,
6.99; N, 2.67; calc. for C,gH;0sN30:9Mo05V: C, 36.91; H, 6.97; N,
2.69%. UV-ViS Ama(CH3CN): 231 (¢/dm® mol™ em™, 47 500),
264 (32500), 331 (14 400). FT-IR (KBr pellet, cm™): 2960 (vs),
2874 (s), 1636 (vs), 1482 (vs), 1384 (m), 1152 (s), 977 (w), 935 (s,
sh), 887 (w), 793 (vs), 736 (m), 572 (w). Raman (irradiated by
532 nm laser, cm™): 2928, 2876, 1462, 1318, 1135, 1055, 974,
939, 806, 595. HR MS mjzz [M + H] caled for
CusH100MOsN;0,0V, 1563.2467, found 1563.2407; [M + TBAJ
caled for Cg,H;44M05N,O;4V, 1804.5164, found 1804.5240.

(TBA)4[VsMO0,0,5]-2CH;CN (VsMo,). 3.75 g of
Na;zVO, (20.4 mmol), 2.11 g of NaM0O,-2H,0 (8.7 mmol), and
6.0 g of TBA (18.7 mmol) are used to prepare VgMo,. Light
yellow block crystals appeared on the wall of the test tube,
which were filtered and washed with diethyl ether. 5.08 g, 96%.
CHN analysis found: C, 38.02; H, 7.08; N, 2.88; calc. for
CesH114MO,N,O5Ve: C, 38.10; H, 7.19; N, 2.78%. UV-Vis
Jmax(CH3CN): 231 nm (¢/dm® mol ™ em™, 54 900), 352 (12 100).
FT-IR (KBr pellet, cm™): 2961 (vs), 2872 (s), 1636 (m), 1481 (vs),
1384 (s), 1151 (s), 1029 (w), 982 (W), 966 (s, sh), 938 (m), 842 (s),
757 (m), (m). Raman (irradiated by 532 nm laser, cm™): 2967,
2928, 2879, 1454, 1326, 1112, 1059, 986, 831, 775, 724, 596, 441.
HR MS m/z: [M + 2TBAP" caled for CogH,16M0,NgOs5Vs,
1250.9656, found 1250.9719; [M + H]" caled for
CesH145M0,N,0,5Vs, 2018.3765, found 2018.3716; [M + TBAJ"
caled for CgoH;goM0,N50,5Vg, 2261.6596, found 2261.6541.

(TBA)4JHVoM0O,3]-2CH;CN  (VoMo,). 3.75 g  of
NazVO, (20.4 mmol), 0.55 g of NaM0O,-2H,0 (2.3mmol), and
6.0 g of TBA (18.7 mmol) are used to prepare VoMo,. Light
yellow block crystals were formed, which were filtered and
washed with diethyl ether. 2.04 g, 40.5%. CHN analysis found:
C, 38.87; H, 7.50; N; calc. 2.80 for Cg,H;,5MON,Oy5Vo: C, 38.95;
H, 7.41; N, 2.84%. UV-Vis Apa(CH3CN): 230 (¢/dm® mol™
em™, 57 600), 347 (13 300). FT-IR (KBr pellet, cm™"): 2961 (s),
2933 (w), 2872 (m), 1638 (W), 1618 (W), 1481 (s), 1384 (m), 1151
(w), 1108 (w), 982 (W), 966 (vs, sh), 939 (m), 843 (s), 757(m),
587(m). Raman (irradiated by 532 nm laser, cm™"): 2931, 2882,
1458, 1318, 1131, 993, 824, 727, 591, 531. HR MS m/z: [M +
2TBAP" caled for CogHy1eMONGO,5Vs, 1229.1961, found
1229.4815; [M + H]" caled. for CgyH;46MON,0,5Vs, 1975.4231,
found 1975.4501; [M + TBA]' caled. for CgoHyg1MON5O,5Vo,
2216.7005, found 2216.6776.

Preparation of ORMOSIL gel glass

VoMo;-doped ORMOSIL gel glasses were prepared by adding
the fine-ground samples into the gel that had been pre-pre-
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pared by the hydrolysis and polycondensation reaction of
methyltriethoxysilane (MTES) in an acidic solution (H,O,
acetic acid, pH = 2.5) according to a published procedure.
The mixture of MTES/ethanol/water in the molecular ratio of
1:3:3 was stirred overnight until half of the solvent was left
after evaporation, and the mixture was stirred for another 3
days to obtain a silica gel. Then, VoMo, was added into the
silica gel in different concentrations to prepare 0.01%-1%
VyMo;-doped gel glasses. Finally, the gel was transferred to a
polypropylene cell and dried at room temperature for 4 weeks,
and the final VoMo,-doped gel glasses were obtained. The
blank ORMOSIL gel glass was prepared by a similar procedure
without the addition of VoMo;.

Single crystal X-ray diffraction

Suitable crystals were covered with an inert oil, mounted on
glass fibers and transferred onto the diffractometer rapidly. All
X-ray diffraction data were collected on a Bruker SMART APEX
CCD diffractometer using graphite-monochromatized Mo Ko
radiation (1 = 0.71073 A) at a low temperature (150 + 2 K). Data
collection and data reduction, cell refinement and experiential
absorption correction for all compounds were performed
using the software packages SMART and SAINT. Structures of
all compounds were solved by direct methods or heavy atom
methods and refined against F> by full matrix least squares. All
non-hydrogen atoms, except some disordered atoms, were
refined anisotropically. The occupancy ratios of vanadium and
molybdenum were refined using a free variable with a
restrained occupancy sum (Mo occupancy ratio was restrained
to 2.5 for V;Mos, 0.5 for VgMo,, and 1.0 for VoMo, ), and sites
with very low occupancies or negative occupancies of molyb-
denum are defined as fully occupied by a vanadium atom, or
else they were confirmed as position-disordered sites.
Hydrogen atoms of all carbon atoms were generated geometri-
cally. All calculations were performed using the SHELXS-97
and SHELXL-97 program packages.’®>®

Results and discussion
Syntheses of polyoxomolybdovanadates

Although some simple polyoxomolybdovanadates (i.e.
[VM0501o]*~, [VaM04010]° 7, [VoM0O,]~, [VgM0,0,5]* ™ and so
on) had been observed in the aqueous solution of stoichio-
metric vanadates/molybdates by NMR spectroscopy and
potentiometry,”®® their preparation and isolation are still
faced with significant difficulty due to the coexistence of mul-
tiple polyanions in their aqueous solutions. To date, only a few
polyoxomolybdovanadates, such as K;[VsMogO4]-8H,0,%"
Nag[Vo,M00,616H,0,%>  and  K¢[VsM0,056]-12H,0,%®  have
been isolated as crystals. The direct reaction of metal oxide
(MoO; or V,05) with molybdates or vanadates in a non-
aqueous solvent can yield some polyoxomolybdovanadates in a
low yield. For example, [TBA];[VMo050,o] was prepared by the
refluxing of [N(C4Hy),4]4[M05O,¢], V205 and the methanol solu-
tion of [(n-C4Hy),N]-OH in acetonitrile with a yield of ca.
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22%.%* [(CH3),N]4[H,M0V40,5]Cl-6H,0 was obtained through
the reaction of MoO; and NH,VO, in a yield of ca. 0.83%.°°
Recently, Ritchie et al. developed a microwave-assisted method
to afford (TBA);[V;M030,5] and (TBA),[V3M030;6(CsH03)] in a
non-aqueous solvent.’® Therefore, it is still very valuable to
develop a convenient and common method to prepare polyoxo-
molybdovanadates for further applications.

Herein, we developed a convenient method towards
polyoxomolybdovanadates ([TBA]5[VMo050;5] (VMos),
[TBA]4[M0,VgO,5] (VgMo,), and [TBAJ,[HVoM0O,g] (VoMo,))
with modest to high yields. They were obtained by a general
procedure of acidification-precipitation—-crystallization,
namely, acidification of stoichiometric Naz;VO, and Na,MoO,
in an aqueous solution by HCI, precipitation by a quaternary
ammonium salt of TBA, then crystallization through the
diffusion of Et,O into their acetonitrile solution. VMo5; and
VgMo, can be obtained as block crystals (yellow for VMo and
orange for VoMo,) in a high yield through the corresponding
stoichiometric reaction of NazVO,/Na,MoO, (1:5 for VMos,
9:1 for VoMo, ). Interestingly, the reaction of Na;VO,/Na,MoO,
in the ratio of 7 : 3 affords VgMo, rather than [TBA];[V;M030,5]
(VsMo3).

Crystal structure

Single crystal X-ray diffraction (XRD) structural analysis reveals
that VMo; with the molecular formula (TBA);[VMo05044] pos-
sesses an anion cluster similar to Lindqvist POMs. It crystal-
lizes in the monoclinic system, C2/c space group. There are
two half anion clusters of [VM05040]*~ and three TBA cations
in their asymmetric unit. As shown in Fig. 1(a and b), the
anion clusters possess the typical Lindqvist structure with a
symmetric center on the central oxo ligand. It can be viewed as
one molybdenum atom in the hexamolybdate substituted by
one vanadium atom. However, the position of the vanadium in
the anion cluster is not determinate owing to the crystallogra-
phically imposed symmetry of Oy. The refined occupancy of
molybdenum atoms shows that the occupancy of Mo1, Mo2,
Mo3, Mo4, Mo5 and Mo6 in VMo; is 0.88003, 0.87851,
0.74087, 0.86230, 0.82888 and 0.80860, respectively. The occu-
pation ratios of molybdenum atoms are close to the random
distribution (0.8333 for VMos) in those positions, indicating
that the distribution of molybdenum atoms in these positions
is random. All metal atoms are six-coordinated with one term-
inal oxygen atom (Oy), four bridged oxygen atoms (O},) and one
central oxygen atom (O) to form a distorted octahedron. The
bond lengths of M-O; (1.664(3)-1.683(3) A), M-O,, (1.875(2)-
1.957(3) A) and M-O, (2.296(2)-2.3088(5) A), and the separ-
ation between adjacent metal atoms in VMos are slightly
shorter than those of hexamolybdates as a consequence of one
molybdenum atom being substituted by vanadium. The anion
cluster skeleton of VMos; demonstrates a slight shrinkage rela-
tive to its parent POMs of hexamolybdates after the substi-
tution of a vanadium atom because V" has a shorter ion radius
(0.53 A) compared to Mo"" (0.59 A) and short V-0 bonds.
Single crystal XRD structural analyses reveal that VgMo,
((TBA),[VsM0,0,3]) and VgMo; ((TBA),/[HVoMo0O,s]) are iso-
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Fig. 1 ORTEP drawing and polyhedron diagram of [VMosO15]*>~ (a and
b), [Mo,VgO26]*~ (c and d), and [HVsMoO,g]*~ (e and f).

structural, and both compounds crystallize in the triclinic
system, P1 space group with an anion structure similar to V.
There are two half anion clusters ([VsM0,0,5]*” for VgMo,,
[HVsMo0O,5]*~ for VsMo,), four TBA cations and two aceto-
nitrile solvent molecules in their asymmetric unit. As shown in
Fig. 1(c and e), the whole anion cluster consisted of two octa-
hedral metal skeleton cages via edge-sharing. Both compounds
can be viewed as one or two vanadium atoms of the parent
decavanadates being substituted by one or two molybdenum
atoms. In contrast to the random distribution of vanadium
atoms in the anion cluster of VMos, the distribution of molyb-
denum atoms in the anion cluster of VgMo, and VoMo, has
some preference for some sites. It is well known that there are
three kinds of sites in the decavanadate anion cluster accord-
ing to their coordination environment (as shown in
Scheme 1). Two sites A are sited on the common edge of both
metal octahedral skeleton and six-coordinated with two p,-Op,
two p3-O and two pe-O atoms; four sites B stand on the equa-
torial plane with two sites A and are six-coordinated with one
terminal Oy, four p,-O, and one pe-O atoms; four sites C lay
above/below the equatorial plane and are six-coordinated with
one terminal O, two p,-Op, two p3-O and one pe-O atom.
According to the refinement result of the occupancy ratio with
a free variable, site B and site C in VgMo, resist the substi-
tution of molybdenum and are designated as fully occupied
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vanadium; sites C were substituted by molybdenum atoms
with the occupancy of Mo ranging from 0.19311 to 0.30689. It
is notable that the occupancy of molybdenum in sites C
(0.19311) for VgMo, cannot be ignored although it had been
thought that only sites B can be substituted by molybdenum
atom in other studies.®® But in VsMo,, only sites B resist the
substitution of molybdenum. Sites C (Mo occupancies ranging
from 0.37807 to 0.48547) are preferentially substituted by mol-
ybdenum compared to sites A (Mo occupancies ranging from
0.13505 to 0.13643). Because the bond lengths of Mo-O are
generally longer than that of the corresponding V-O, the bond
lengths of M-O in these molybdenum substituted sites are
slightly longer than those of V-O bonds (Table S21).

Bond valence sum (BVS) is used to judge the oxidation state
of metal ions in the title compounds.®”®® As shown in
Table S3,1 BVS of Mo/V sites in VMos (5.64, 5.75, 5.57 for
anion A; 5.71, 5.63, 5.66 for anion B) are close to the theore-
tical value of 5.83 derived from the random distribution of one
vanadium atom in the hexamolybdate cluster. BVS for these
sites fully occupied by vanadium in VgMo, and VoMo, are all
close to 5.0, while BVS for these Mo/V disordered sites in
VgMo, is 5.64, 5.67, 5.65 and 5.60 for sites C, and 5.23 and
5.17 for sites A, which is consistent with the preferential sub-
stitution of sites C compared with sites B. BVS for the Mo/V
disordered sites in VoMo, is 5.29, 5.32, 5.31 and 5.20 for sites
B, in accordance with the random distribution (5.25) of one
vanadium atom at sites C of decavanadates.

Spectral characterization

FT-IR spectra of VMos, VgMo, and VoMo, are shown in Fig. 2a-
c. Generally, the substitution of hexamolybdates by vanadium
would split the IR peak of hexamolybdates: one peak shifts to
higher wave-numbers because the vanadium atom possesses a
smaller ion radius and shorter V-O bond than the molyb-
denum atom.®™®® Vice versa, the substitution by molybdenum
in decavanadates would result in the IR peak shifting to lower
wave-numbers. Hexamolybdates, the parent POMs of VMos,
have a strong peak ca. 954 cm™" associated with the stretching
vibration of v(Mo-O; and a medium peak ca. 750 cm™'

ascribed as »(Mo-0,,).”° VMos shows a weak peak at 977 cm ™"

—
-
-
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Fig. 2 FT-IR ((a), VMos; (b), VgMo,, (c), VgMo;) and UV-Vis (d) spectra of
VM05, V3M02 and VgMOj_.
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attributed to v(V-0O,) and a stronger peak ca. 934 cm ™" ascribed
to v(Mo-0,), indicating the splitting of v(Mo-O,) owing to the
substitution of vanadium. As for VgMo, and VyMo,, whose
parent POMs of decavanadates have two peaks ca. 999 and
957 cm™ " associated with v(V-0,), are shifted to ca. 981 and
938 cm™! in VgMo, and to ca. 966 and 938 cm™" in VoMo, as a
result of one or two vanadium atoms in V;, being substituted
by molybdenum atoms.”*

In the Raman spectra of VMos, VgMo, and VoMo, (Fig. S1-
S3%), besides the symmetrical and unsymmetrical stretching
vibration of methyl and methylene, (2870-2960 cm™"), defor-
mation vibration of methyl (ca. 1460 cm™'), the twisting
vibration of methylene (ca. 1320 cm™"),”* and the split peak of
the stretching vibration of V=0 and Mo=0 are found at ca.
974 and 939 cm™" for VMos. The stretching vibration of M=—0
appeared at ca. 986 cm ™" for VgMo, and 993 cm ™" for VoMo;.

The electronic absorption spectra of VMos, VgMo, and
VoMo, are studied by UV-Vis spectra in acetonitrile solvent
(Fig. 2d) at 230 nm, which are associated with the charge
transfer on the multiple bonds of M=0O (M = V, Mo). In
addition, in the UV-Vis spectra of VMos, there is a medium
absorption band (331 nm) associated with the charge transfer
of the n electrons on the delocalized Lindqvist cluster, which
has a slight bathochromic shift compared with the parent hex-
amolybdate (Amax & 324 nm) owing to the substitution of the
vanadium atom.®® As for VgMo, and VyMo,, the electronic
transition of n electrons on the anion skeleton appears at 352
and 347 nm with some bathochromic shifts compared to deca-
vanadates, owing to the substitution of vanadium by the mol-
ybdenum atom in the structure of VgMo, and VoMo;.

The high resolution mass spectra (HR MS) of VMos, VgMo,
and VgMo, are shown in Fig. S4-S9.1 In the positive region,
there are two major positive ion peaks of VMos: one peak
about m/z = 1561.2429 is well matched with [M + H]" (calcd:
1561.2394) and another peak around m/z = 1802.5153 can be
ascribed as the cation of [M + TBA]" (caled: 1802.5169). Three
ion peaks are found in the HR MS of VgMo,: the peak ca.
2261.6505 is associated with [M + TBA]" (caled. 2261.6475), the
peak centered at 2019.3696 is associated with [M + H]" (caled.
2019.3693), and the strongest ion peak of 1251.9697 is well
matched with [M + 2TBAJ** (caled. 1251.9697). Similarly, there
are three molecular ion peaks for the positive pattern in the
HR MS of VgMo,. The peak at ca. 1975.3902 is well matched
with [M + H]" (caled. 1975.4149), the molecular ion peak of [M
+ TBA]" (caled. 2216.7005) is found ca. 2216.6776, and the
molecular peak at ca. 1229.4815 is attributed to [M + 2TBA**
(caled: 1229.1961).

X-ray photoelectron spectroscopy (XPS) was performed to
further confirm the composition and oxidation state. The XPS
spectra of V;Mos, VsMo, and VoMo, reveal the presence of C,
N, O, Mo and V. The narrow XPS spectra (Fig. S10-S12}) show
the characteristic Mo(3d) doublet (M03q3/, M034s/2) around ca.
232.1, 235.3 eV for VMos, 232.2 eV, 235.3 eV for VgMo,, and
232.3, 235.5 eV for VoMo, in agreement with the literature
values of molybdenum(vi) (231.3 eV, 235.8 eV).”>’* The
doublet of V(2p) (Vzpi/2, Vapss) is found at ca. 516.6, 524.1 eV
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in V;Mos, 516.4, 523.9 eV in VgMo,, 517.0, 524.2 €V in VoMo,
respectively, in accordance with the literature values of
vanadium(v) (517.0 eV, 524.2 eV).”>”> The XPS results confirm
the presence of molybdenum and vanadium and their oxi-
dation state as +6 and +5, respectively. This is consistent with
the results of the crystal structure analysis and BVS. To further
validate their composition, inductively coupled plasma emis-
sion spectroscopy (ICP-MS) was conducted to determine the
atomic ratio of vanadium and molybdenum atom in the title
compounds. ICP-MS results indicate that the V/Mo atomic
ratio in VMos, VgMo, and VgMo, is 0.20 (1:5), 4.00 (4:1) and
9.25 (9:1), respectively, in agreement with the results of single
crystal structure analysis.

Diffuse reflection spectra were measured to obtain the band
gap (Eg) of the title compounds. E, was determined as the
intersection point between the energy axis and the line
extrapolated from the linear portion of the absorption edge in
a plot of the Kubelka-Munk function F against energy E. The
Kubelka-Munk function, F = (1 — R)?/2R, was converted from
the recorded diffuse reflectance data, where R is the reflec-
tance of an infinitely thick layer at a given wavelength.”®”®””
On the F versus E plot (Fig. 3), a steep absorption edge is dis-
played from which the E, of V;Moj;, VgMo,, VoMo, and V,, can
be assessed at 2.47 eV, 2.42 eV, 2.36 eV and 2.31 eV, respect-
ively. This means that the bandgap of the title compounds can
also be tuned by the substitution of addenda atom of POMs.

Nonlinear optical properties

In view of these compounds possessing delocalized = electrons
in their cluster skeletons, we decided to explore their third-
order NLO properties.

ViMos, VgsMo, and VoMo, can be dispersed into nano par-
ticles in n-hexane solvent via ultrasonication (10-15 min). The
samples for SEM and TEM are prepared through dropping
their suspensions on a single polished silicon wafer and
copper net (200 mesh), respectively, and those silicon wafers
and copper nets are vacuum dried after the evaporation of the
solvent.

——V1IMo5
V8Mo2

- VOMo2

—-=-V10

34 Eg(VMo5)=247eV ;¢

Eg(V8Mo2)=242eV |/
Eg(VOMo1)=2.36eV |J
24 Eg(V10)=231eV

Kubelka-Munk funtion

Fig. 3 Solid UV-Vis reflection spectra of VMos, VgMo,, VoMo, and V.
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According to the results of SEM (Fig. S13}), TEM and
HAADF (Fig. 4 and 5 and Fig. S14%), their sizes and mor-
phologies are not uniform: the particle size of V,;Mos varies
from 300 nm to 1700 nm, the particle size of VgMo, ranges
from 400 nm to 1500 nm, and the particle size of VoMo,
changes from 300 nm to 1000 nm. The energy dispersive X-ray
spectroscopy (EDX) mapping images of V;Mos, VgMo, and
VoMo, show the presence of V and Mo elements in those com-
pounds. In their composite image of V/Mo, VgMo, and VoMo,
possess more vanadium than molybdenum, but V;Mos has
less vanadium than molybdenum.

All samples for the solution NLO test are first dispersed in
propanetriol to form a suspension with a transmittance ca.
65-75%. The NLO properties of V;4, V;Mo05, VgMo, and VoMo,
were investigated using the Z-scan technique’® on a nano-
second laser at the wavelengths of 532 nm and 1064 nm,
respectively.

As shown in Fig. 6(a and c), the Z-scan curves of all com-
pounds in an open aperture configuration display a transmit-
tance valley for both lasers at 532 and 1064 nm, which means
a typical nonlinear absorption." Upon laser irradiation of

(b)

Fig. 4 TEM images of V;Mos: (a) and (b) TEM images, (c) HAADF-STEM
image; (d,e) corresponding EDX mapping of V and Mo distribution; (f)
composite of V/Mo.

Fig. 5 TEM images of VoMo;: (a) and (b) TEM images, (c) HAADF-STEM
image; (d) corresponding EDX mapping of V and Mo distribution; (f)
composite of V/Mo.
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Fig. 6 Z-Scan nonlinear absorption results (a and c), transmittance vs.
incident intensity (b and d), and nonlinear scattering results (f) of the
glycerol suspensions of polyoxomolybdovanadates at 532 and 1064 nm;
Z-scan non-linear refraction of VoMo, at 532 nm (e).

532 nm with a pulse energy of 15.9 pJ, Tiyin Was about 0.75 for
V;Mo;, 0.50 for VgMo,, 0.06 for VoMo, and 0.26 for Vi,
respectively. And T, was about 0.85 for V;Mos, 0.53 for
VgMo,, 0.22 for VoMo, and 0.80 for V,, for laser irradiation at
1064 nm with a pulse energy of 51.8 pJ. The small Ty, and
broad valley width in the Z-scan curves of V,4, VgMo, and
VoMo, mean that they are better candidates for NLO materials
compared to V;Mos, possibly because they possess a large
delocalized = electron system. VoMo, in particular exhibits the
smallest transmittance and the biggest valley width at both
wavelengths. The closed aperture Z-scan results of the title
compounds were obtained to detect their nonlinear refraction.
As shown in Fig. 6(e) and Fig. S14,} there is a valley-peak
pattern in their closed aperture Z-scan curves, implying the
positive sign of the refractive nonlinearity and the self-focusing
effect of VoMo,;. In addition, the nonlinear scattering signals
of the title compounds irradiated by the 532 nm laser were col-
lected when the detector was put in the direction with a devi-
ation of 5° from the laser beam (Fig. 6f). The scattering of
peaks of all compounds relative to the focal point can be
observed in their suspensions. Therefore, the third-order NLO
properties of the title compounds combined NLA and NLS
with NLR, which enhanced their NLO response efficiently. A
plot of normalized transmittance versus input fluence is pre-
sented in Fig. 6(b and d), in which the optical energy-limiting
onset fluence (F,,) is defined as the fluence where transmit-
tance starts to fall to 95% of its original value.”®*® Upon inci-
dent laser irradiation of 532 nm, the F,, values of V;Mos,
VsMo,, VoMo, and Vy, are 230, 38, 22 and 84 m] cm?, respect-
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Table 1 NLO coefficients of V4o, V1Mos, VgMo, and VgMo, suspensions
under laser irradiation of 532 and 1064 nm

ﬂeff ImXB)
Compounds A[nm] Tpin [cm GW™']  [esu] n,
V,Mos 532 0.75  60.16 29x10"%  1.08x107°
VgMo, 0.50 123.79 6.0x107% 8.9x107°
VoMo, 0.06 691.79 3.3x1077 9.95x107°
Vio 0.26 202.63 9.8x107®
V;Mos 1064 0.85  80.19 7.8x107°
VgMo, 0.53 127.98 1.24 x1077
VoMo, 0.22  292.52 2.8x1077
Vio 0.80  69.59 6.8x107°

ively; for the laser of 1064 nm, their F,, values are 16, 15, 20,
and 16 mJ cm?, respectively. VoMo, has the lowest F,, values
for the lasers at both wavelengths, implying its better NLO
properties.

The nonlinear absorption coefficient fS.¢ and the imaginary
part of the third-order NLO susceptibility Im y'*) of the title
compounds (Table 1) were obtained through fitting their NLA
curves.”®®! The calculated f.¢ values of V;o, ViMos, VgMo, and
VoMo, by the NLA curves for the 532 nm laser are 202.63 cm
GW™, 60.16 cm GW ™!, 123.79 cm GW ™! and 691.79 cm GW ™1,
respectively. According to the NLA curves obtained for the
1064 nm laser, the calculated f.¢ values for V;4, V;Mos, VgMo,
and VgMo, are 69.59 cm GW™ ', 80.19 cm GW™}, 127.98 cm
GW " and 292.52 cm GW ™', respectively. Similarly, their Im
8 esu at 532 nm,
6.8 x 107 esu at 1064 nm), V;Mo5 (2.9 x 10° esu at 532 nm,
7.8 x 107 esu at 1064 nm), VgMo, (6.0 x 10~° esu at 532 nm,
1.24 x 1077 esu at 1064 nm) and VoMo, (3.3 x 1077 esu at
532 nm, 2.8 x 10”7 esu at 1064 nm) by fitting their NLA curves.
Therefore, VoMo, has the largest nonlinear absorption coeffi-
cient S and the imaginary part of the third-order NLO sus-
ceptibility Im »® upon laser irradiation at both wavelengths,
meaning that VoMo, is the best candidates for OL materials in
these compounds.

Given the excellent NLO property of VoMo,, it was chosen to
be doped into the matrix of ORMOSIL gel glasses to further
investigate its NLO and OL properties. VoMo;-doped gel
glasses were prepared through putting the finely ground
samples into the pre-prepared gel which was obtained by the
hydrolysis and polycondensation reaction of methyl-
triethoxysilane (MTES). Photos of VoMo;-doped gel glasses
with different doping levels (0.01 wt%-1 wt%) are shown in
Fig. 7(a). It can be seen that these gel glasses have a smooth
surface without cracks and can be directly used for further
optical measurement. From the low doping level (0.01 wt%-
0.1 wt%) to the medium doping level (0.5%), all gel glass
hybrids of VoMo, still maintain an excellent transparence.
However, when the doping level rises up to a high level (1.0%),
the gel glass becomes opaque to some extent possibly due to
the aggregation of VoMo,. Their transmission spectra (Fig. 7b)
show that the linear transmittance of these VoMo,-doped gel
glass reduced from 80% to 30-40% gradually accompanied by
the increase of the doping level of VoMo, from 0.01 wt% to
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Fig. 7 Photographs, transmittance spectra and Z-scan results of those
hybrid gel glasses with different doping level of VgMos: (a) photograph
of those hybrid gel glasses; (b) transmittance spectra of hybrid gel
glasses; (c) open aperture Z-scan results of hybrid gel glasses for the
laser of 532 nm.

1.0 wt%. The Z-scan results of VoMos-doped gel glasses upon
laser irradiation at 532 nm with the pulse energy of 8.62 pJ are
shown in Fig. 7(c). It can be seen that VoMo, in the solid
matrix of gel glass still maintained a NLA response similar to
that observed in its suspension in propanetriol. In addition,
the NLA response of VoMo,-doped gel glass hybrids with a low
doping level of 0.01% and 0.05% is very weak, but it enhanced
gradually with the increasing modulation depth along with the
increase of doping level in the gel glasses. Moreover, the nor-
malized absorption Ty, dropped to 19.1% at the doping level
of 1 wt%. Therefore, VoMo,-doped gel glasses demonstrate a
concentration-dependent NLA response.

OL behaviors of gel glass hybrids were studied using the
lasers with different wavelengths of 532, 1064 and 2150 nm.
The curves of output influence versus incident fluence of those
gel glass hybrids are plotted in Fig. 8. The blank gel glass at
532 nm and 1064 nm has no OL response because its output
fluence increases linearly at both low input fluence and high
input fluence. These gel glass hybrids with a low doping level
(0.01 wt% and 0.05 wt%) of VoMo, exhibit a very weak OL
effect owing to their weak NLA. But the gel glass hybrids with
a medium to high doping level (0.1%, 0.2%, 0.5%, 1.0 wt%) of
VoMo, demonstrate obvious OL behavior along with an
increase of the doping level of VoMo, because their output
influence increases linearly at low influence but deviated from
linearity at high influence. And 1.0 wt% VoMo,-doped gel glass
with the highest doping concentration exhibits the strongest
OL ability. The optical limiting threshold (F,,) of the VoMo;-
doped gel glasses upon the irradiation of a 532 nm laser was
2.51 J em™ for 0.01%, 1.22 ] cm™2 for 0.02%, 1.29 J cm™? for
0.05%, and 1.22 J ecm > for 1%, respectively. Under the
irradiation of the laser at 1064 nm, the optical limiting
threshold (F,y) of gel glasses was 2.92 ] cm™> for 0.01%, 1.12 ]
em™? for 0.02%, 0.91 J cm™2 for 0.05%, 0.67 ] cm™2 for 1%,
respectively. Therefore, the OL ability of these gel glasses can
be modulated easily by controlling the doping level of VoMo;.
Moreover, OL behaviors of these gel glass hybrids are also
observed for the laser of 2150 nm, indicating that these gel

This journal is © the Partner Organisations 2022
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Fig. 8 OL behaviors of gel glass hybrids containing 0.01, 0.05, 0.1, 0.2,
0.5, and 1.0 wt% VoMo, at the laser of 532 nm (a), 1064 nm (b) and
2150 nm (c).

glasses are a class of broadband solid-state optical limiters. To
the best of our knowledge, this is the first example of superb-
roadband optical limiter based on crystalline metal cluster
compounds.

Conclusions

In summary, we have developed a general procedure of acidifi-
cation—precipitation-crystallization to afford polyoxomolybdova-
nadates including [TBA];[VMo050,9] (ViMo0s), [TBA]4[VsM0,0,5]
(VsMo,) and [TBAJ,[HVoMo0O,g] (VoMo,) in modest to high
yields. Single crystal X-ray diffraction structural analysis reveals
that V;Mos; demonstrates a typical Lindqvist structure with a
random distribution of the vanadium atoms in the anion
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cluster. Although VgMo, and VoMo, exhibit a decavanadate-like
structure, the distribution of molybdenum atoms in their anion
clusters is not random. Their band gaps and NLO properties are
tuned by the substitution of addenda atoms in hexamolybdates
or decavanadates. According to the structural type of POMs,
VoMo, is the best candidate for optical limiting materials due to
its smallest transmittance, biggest valley width, largest non-
linear absorption coefficient f.¢ and the imaginary part of the
third-order NLO susceptibility Im 4 in all compounds. A series
of ORMOSIL gel glass hybrids with different doping levels (from
0.01% to 1 wt%) of VoMo, was prepared. Moreover, those gel
glass hybrids with medium to high doping levels of VoMo,
display obvious optical limiting behavior for lasers of 532 nm,
1064 nm and 2150 nm, which become strong gradually along
with the increase of the VoMo, concentration. Our current
research not only puts forward a simple strategy to modulate
the third-order NLO responses of POMs through the substi-
tution of the addenda metal atoms in POMs, but also provides
several polyoxomolybdovanadates as potential NLO materials,
especially VgMo,, which represents the first example of a
superbroadband optical limiter in the visible and long-wave-
length near-infrared regions based on crystalline metal cluster
compounds so far. Moreover, the successful preparation of
POM-doped gel glass would pave the way of POMs as NLO
materials in the applications of diverse optical devices.
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