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The present study focuses on probing the extent to which
nonlinear optical effects act as a guide to protonation sites of
¡-Keggin heteropolyanions [SiW12O40]4¹ and [SiV3W9O40]7¹.
The second-harmonic generation (SHG) values of differently
protonated forms predict that the molecular nonlinear optical
activity has a close relationship with protonation sites and
provides a new potential experimental probe.

Polyoxometalates (POMs) are a rich class of inorganic
cluster systems and exhibit remarkable chemical and physical
properties, which have been applied to a variety of fields, such as
medicine, catalysis, biology, analytical chemistry, and materials
science. The applications of POMs are often related to their
ability to be protonated. During the past two decades, the
locations of protons have been determined by nuclear magnetic
resonance (NMR) measurements, spectroscopic measurements,
and density functional theory (DFT) calculations, and large
amount of work focuses on the most common and thermally
stable Keggin structure.18 Despite this, the results remain
ambiguous. More recently, some experiments and theoretical
investigations reveal that the protonation strongly affects the
molecular second-order polarizability,911 and the nonlinear
optical (NLO) properties of Keggin POMs have been reported
based on many experiments and theories.12,13 Herein, the extent
to which nonlinear optical effects act as a guide to protonation
sites of ¡-Keggin POMs is explored.

DFT calculations were carried out using the ADF pro-
gram.14 Geometry optimizations have been carried out using the
BP8615,16 density functional approach with triple-²-plus-polar-
ization quality (TZP) Slater orbital basis sets and incorporating
frozen cores (O 1s, Si 2p, W 4d, and V 3p) and ZORA
relativistic correction.17,18 Time-dependent density functional
theory (TDDFT) calculations were pursued using the asymptoti-
cally correct functional of van Leeuwen and Baerends (LB94).19

The linear response equation of TDDFTwas adopted to compute
linear polarizability, ¡, and the (2n + 1) theorem was used for
obtaining the second-order polarizability ¢. The ¡-Keggin
[SiW12O40]4¹ and trisubstituted [SiV3W9O40]7¹ are chosen, and
the structures are identified in Figure 1. There are four types of
oxygen atoms in [SiW12O40]4¹: four in the central tetrahedron
(Oa), twelve that bridge two W atoms sharing the same central
oxygen atom (edge-sharing, Ob), twelve that bridge two Watoms
not sharing the same central oxygen atom (corner-sharing, Oc),
and twelve terminal oxygen atoms (Od) associated with a single
W atom. The systems with protonated positions at Ob, Oc, and
Od are expressed as IOb, IOc, and IOd in set I. There are nine
types of oxygen atoms in [SiV3W9O40]7¹ except four oxygen
atoms (Oa) in the central tetrahedron: three types of oxygen

atoms bridge two metal atoms sharing the same central oxygen
atom (Ob1 (VOWbelt), Ob2 (WbeltOWbelt), and Ob3 (WcapO
Wcap)), three types of oxygen atoms bridge two metal atoms not
sharing the same central oxygen atom (Oc1 (VOV), Oc2 (Wbelt
OWbelt), and Oc3 (WbeltOWcap)), and three types of terminal
oxygen atoms (Od1 (VO), Od2 (WbeltO), and Od3 (WcapO)).
The systems with protonated positions at the nine types of
oxygen atoms are expressed as IIOb1, IIOb2, IIOb3, IIOc1,
IIOc2, IIOc3, IIOd1, IIOd2, and IIOd3 in set II.

In view of generality, all of the possible protonated models
were investigated. This is different from the previous computa-
tional studies based on proton affinity and molecular electro-
static potential.68 The proton on each type of oxygen has several
orientations including toward and away from the M3O3 (M = W
or V) ring. Much computation is required to determine the
orientation of protons on each type of oxygen atom, especially
for possible protonated models of [SiV3W9O40]7¹ which has
nine types of oxygen atoms. Protonation removes all symmetry
elements and the calculations are performed without symmetry
restrictions. The relative energies (in kcalmol¹1) are listed
in Table S1 (see Supporting Information).20 The most stable
protonation state in set I is IOc in which the proton is attached to
Oc. The next preferred site is Ob with a relative energy of only
2.6 kcalmol¹1. Od is the least stable site and IOd lies at
15 kcalmol¹1. The difference in the proton affinity between the
most and least basic sites being ca. 15 kcalmol¹1 in set I. In
set II, the IIOc1 is the most stable isomer, and the stability
decreases in the following order: IIOc1 > IIOb1 > IIOc2 >
IIOb2 > IIOc3 > IIOb3 > IIOd1 > IIOd2 > IIOd3. The differ-
ence between IIOc1 and IIOd3 is ca. 30 kcalmol¹1, which is
ca. 15 kcalmol¹1 larger than that of set I. It can be concluded
that the substitution by three V atoms affects the relative basicity
and nucleophilicity of the substituted region.

A measurement of the second-order polarizability ¢(¹2½;
½, ½) is related to second-harmonic generation (SHG). Based on
the optimized structures, TDDFT calculations were carried out to
investigate the second-order polarizabilities of the protonation

Figure 1. The Keggin structures of [SiW12O40]4¹ and [SiV3-
W9O40]7¹, identifying the all types of oxygen atoms.
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states in sets I and II. The second-order polarizabilities
calculated under the static electronic field and the laser
frequency of ½ = 0.65 eV ( = 1907 nm) are listed in Table 1.
It can be seen that the SHG values are larger than the static
values for all the systems and present an enlarged discrepancy
between each other. The smallest discrepancy in set I is about
25 au, found between systems IOb and IOc. The SHG values
decrease as the protonation site changes in the order Ob > Oc >
Od. The SHG value of system IIOb3 is 1572.9 au, which is four
times larger than that of system IIOd1 (418.3 au), and the
discrepancy between them is the largest in set II. The smallest
discrepancy is found between systems IIOc1 and IIOd2, which is
about 40 au. For the proton location of the same type of oxygen
atoms, the SHG values increase in the order 1 < 2 < 3
(IIOb1 < IIOb2 < IIOb3, IIOc1 < IIOc2 < IIOc3, and IIOd1 <
IIOd2 < IIOd3), and for the proton location of different types of
oxygen atoms, the SHG values decrease in the order b > c > d
(IIOb1 > IIOc1 > IIOd1, IIOb2 > IIOc2 > IIOd2, and IIOb3 >
IIOc3 > IIOd3). Namely, the systems with the protonation site
away from vanadium atoms generate larger SHG values than the
systems with the protonation site near vanadium atoms, and the
systems with protonation site at the bridging oxygen atoms
appear to generate larger SHG values than the systems with the
protonation site at terminal oxygen atoms. To understand the
position effect of proton on the NLO response, the two-level
model of second-order polarizability is considered (see Support-
ing Information).20 It is obvious that the great influence on the
transition energy, which is a decisive factor to determine the
NLO response, is provided by position effects of protons. Thus,
different protonation sites cause significant changes in the
second-order NLO activity. From these results, it can be
concluded that protonation sites can probe SHG values
indirectly.

In summary, the relationship between the protonation sites

and NLO properties of ¡-Keggins structures [SiW12O40]4¹ and
[SiV3W9O40]7¹ has been studied by TDDFT calculation for the
first time. The SHG values under the optical frequency
(ħ½ = 0.65 eV) predict that the NLO activities of the title
models are intimately associated with protonation sites, and the
second-order polarizability can be a guide to the localization of
proton. It is hoped that the results presented in this paper will
provide a new way to determine the protonation sites for
experimentalists.
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Table 1. The second-order polarizabilities at ½ = 0.0 eV
(¢0

Static) and ½ = 0.65 eV (¢0
SHG) for studied systems in set I

and II (au)

¢0
Static ¢0

SHG

IOb 263.8 318.7
IOc 247.3 293.8
IOd 214.7 226.2
IIOb1 810.4 1189.7
IIOb2 991.3 1396.2
IIOb3 1131.9 1572.9
IIOc1 509.4 718.8
IIOc2 698.6 1016.7
IIOc3 1040.1 1470.3
IIOd1 313.2 418.3
IIOd2 599.3 758.2
IIOd3 985.0 1328.7
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