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Raman and infrared spectra of aqueous In31-perchlorate, -nitrate and -sulfate solutions were measured as a
function of concentration and temperature. Raman spectra of In31 perchlorate solutions reveal a strongly
polarized mode of medium to strong intensity at 487 cm�1 and two broad, depolarized modes at 420 cm�1 and
306 cm�1 of much lesser intensity. These modes have been assigned to n1(a1g), n2(eg) and n5(f2g) of the
hexaaquaindium(III) ion, [In(OH2)6

31] (Oh symmetry), respectively. The infrared active mode at 472 cm�1 has
been assigned to n3(f1u). The Raman spectra suggest that [In(OH2)6

31] is stable in acidified perchlorate solutions,
with no inner-sphere complex formation or hydroxo species formed over the concentration range measured. In
concentrated In(NO3)3 solutions, In

31 can exist in form of both an inner-sphere complex, [In(OH2)5ONO2]
21 and

an outer-sphere complex [In(OH2)6
31 �NO3

�]. Upon dilution the inner-sphere complex dissociates and the
amount of the outer-sphere complex increases. In dilute solutions the cation, [In(OH2)6

31], exists together with
free nitrate. In indium sulfate solutions, a stable In31 sulfato complex could be detected using Raman
spectroscopy and 115-In NMR. Sulfato complex formation is favoured with increase in temperature and thus is
entropically driven. At temperatures above 100 1C a basic In31 sulfate, In(OH)SO4 is precipitated and
characterised by wet chemical analysis and X-ray diffraction. Ab initio geometry optimizations and frequency
calculations of [In(OH2)n

31] clusters (n ¼ 1–6) were carried out at the Hartree–Fock and second order Møller–
Plesset levels of theory, using various basis sets up to 6-31þG*. The global minimum structure of the aqua In31

species was reported. The unscaled vibrational frequencies of the [In(OH2)6
31] cluster do not correspond well

with experimental values because of the missing second hydration sphere. The theoretical binding enthalpy for
[In(OH2)6

31] accounts for ca. 60% of the experimental single ion hydration enthalpy for In31. Calculations are
reported for the [In(OH2)18

31] cluster (In[6 þ 12]) with two full hydration spheres (T symmetry), for which
the calculated n1(InO6) mode occurs at 483 cm�1 (HF/6-31G*), which is in good agreement with the experimental
value at 487 cm�1, as are the other frequencies. The theoretical binding enthalpy for [In(OH2)18

31] was
calculated and underestimates by about 15% the experimental single ion hydration enthalpy of In31.

1 Introduction

Recently, we have studied the vibrational spectra of some
trivalent hexaaqua cations (Al31,1 Ga31,2 Sc31 3,4). In addi-
tion, ab initio molecular orbital calculations have been carried
out to determine their vibrational spectra in order to verify the
spectroscopic results.5 In this paper we extend our studies to
the hexaaqua cation In31 in order to contribute to the under-
standing of indium speciation.5

Industrial uses of indium include the low melting alloys with
Cd, Zn, Cu, Pb, and Bi (melting point 50–100 1C) used in
security switches, thermostats and for soldering. Its main use is
in the semiconductor industry as a component of AIIIBV

compounds (InP, InAs and InSb).6 The solid state chemistry

of indium is quite well studied. On the other hand, the aqueous
solution chemistry of In31 has not drawn much attention.
Indium speciation is complex. Firstly, indium species easily

hydrolyze to form both mono- and polynuclear hydroxo
species such as [InOH]21, In2(OH)2

41 7 and In4(OH)6
61.8 In

so-called basic or under-stoichiometric solutions (solutions
with an OH/In ratio 40), polynuclear hydroxo complexes
could be identified.8,9 In an earlier potentiometric investigation
of the hydrolysis of the In31 ion in aqueous perchlorate
solution, the data were explained by the formation of the
mononuclear complexes InOH21 and In(OH)2

1 and an infinite
series of polynuclear complexes, In[(OH)2In]n

(31n)1.9 Large
angle X-ray scattering measurements on hydrolyzed In31

nitrate solution showed the presence of polynuclear hydrolysis
complexes with In–In distances of 3.89 Å, indicating single
hydroxo bridges between the In atoms. The data are consistent
with a dominant four-nuclear complex, In4(OH)6

61.8

Secondly, stable complexes with most common anions can
be observed. In aqueous InCl3 and InBr3 solutions for instance,
stable In31-chloro or -bromo complexes [InXn(OH2)6�n]

(3�n)1

are formed,10–12 although there is some dispute about the exact
nature of these species.13

w A preliminary account of this and other work has been published
(see ref. 55).
z Electronic supplementary information (ESI) available: Spectroscopic
data for In(III)-nitrate and In(III)-sulfate solutions (Tables S1–S7); the
O–H bond length and the H–O–H angle of the first sphere waters
in In(III)–water clusters as a function of the coordination number
(Figs. S1 and S2). See http://www.rsc.org/suppdata/cp/b4/b407419j/
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The hydrolysis and complex formation prevent easy char-
acterization of the hexaaquaindium(III) ion and so it is not
surprising that the hydration structure of In(III) has only
recently been determined (cf. ref. 14). A combined large angle
X-ray scattering and EXAFS study shed light on the nature of
the first and second hydration shells of In31 in aqueous
In(ClO4)3 solutions.

15

In this paper we present Raman, infrared and 115-In NMR
results on aqueous In(ClO4)3, In(NO3)3, and In2(SO4)3 solu-
tions under acidic conditions in order to characterize the
hexaaquaindium(III). Perchlorate was chosen because as a
weak Lewis base it is unlikely to penetrate the first hydration
sphere of In31. A slight excess of acid has been used to prevent
hydrolysis. Nitrate and sulfate solutions were selected because
they show the effects of increased association.

Additionally, ab initio molecular orbital calculations of
In31–water clusters modelling the inner-sphere, denoted as
In[n þ 0], with n equal to 1–6 are presented. The cluster
[In(OH2)6

31] constitutes the species with the full first coordina-
tion sphere (denoted In[6 þ 0]). A cluster with the complete
inner-sphere and an outer-sphere of twelve water molecules
(In[6 þ 12]) has also been modelled and included in our
discussion. The main aim of these ab initio calculations has been
to verify the vibrational modes of the InO6 unit. Calculations on
indium(III) aqua complexes with either nitrate or sulfate are
more complex and will be considered in a future publication.

2 Experimental details and data analysis

In(ClO4)3 solutions were prepared by dissolving In2O3 with a
stoichiometric amount of HClO4. Three solutions were pre-
pared: solution (A) was 1.650 mol l�1 In(ClO4)3 with a slight
excess of perchloric acid (ca. 0.015 mol/l) , solution (B) was
1.246 mol l�1 In(ClO4)3 with 0.05 mol l�1 HClO4 excess, and
solution (C) was 1.105 mol l�1 In(ClO4)3 with 1.310 mol l�1

HClO4 in excess.
An In(NO3)3 stock solution 2.800 mol l�1 (3.725 mol kg�1)

was prepared by dissolving In2O3 with a stoichiometric amount
of HNO3 and in addition a slight excess of HNO3 (approxi-
mately 0.1 mol) was added to the stock solutions to prevent
hydrolysis. A further three solutions were prepared by weight:
1.117 mol l�1 (1.213 mol kg�1); 0.534 mol l�1 (0.561 mol kg�1);
and 0.312 mol l�1 (0.320 mol kg�1).

A 1.659 mol l�1 In2(SO4)3 stock solution (1.976 mol kg�1)
was prepared by dissolving In2O3 with sulfuric acid. A total of
5 solutions including the stock solution were prepared by
weight: 1.659 mol l�1 (1.976 mol kg�1); 0.627 mol l�1 (0.657
mol kg�1); 0.237 mol l�1 (0.241 mol kg�1); 0.0986 mol l�1

(0.0994 mol kg�1); and 0.0329 mol l�1 (0.0330 mol kg�1). The
In(III) content of the solutions was determined complexome-
trically with xylenol orange as indicator.16 Solution densities
were determined with a pycnometer (5 ml) at 25 1C.

CsIn alum, CsIn(SO4)2 � 12H2O, was prepared by standard
procedures and re-crystallized twice from its aqueous solu-
tion.17

Raman spectra were measured with equipment at the TU
Freiberg Mining Academy. The spectra were excited with a
514.5 nm line of an Ar1 laser at power levels ranging from 0.8
to 1.2 W. After passing the Zeiss double monochromator
GDM 1000, with gratings with 1300 grooves per mm, the
scattered light was detected with a cooled photo multiplier tube
ITT 130 in the photon counting mode. A scrambler before the
slit served to compensate for grating preference. IVV and IVH
spectra were obtained with fixed polarisation of the laser beam
by rotating the polarisor at 901 between the sample and the
entrance slit to give the scattering geometries:

IVV ¼ I(Y[ZZ]X) ¼ 45a02 þ 4g02 (1)

IVH ¼ I(Y[ZY]X) ¼ 3g02 (2)

The isotropic spectrum, Iiso or Ia is then constructed:

Iiso ¼ IVV � 4/3 � IVH. (3)

In order to get spectra defined as I(�n) which are independent
of the excitation frequency nL, the measured Stokes intensity
should be corrected for the scattering factor (nL � (�n)).4 In the
case of counting methods used, the measured count rates have
to be corrected with the factor (nL � (�n)).3 The spectra were
further corrected for the Bose–Einstein temperature factor,
B ¼ [1 � exp(�h�nc/kT], and the frequency factor, �n, to give
the so called reduced or RQ(�n) spectrum, which is directly
proportional to the point-by-point relative scattering activity,
SQ(�n), in terms of mass-weighted normal coordinates, Q, in the
double harmonic approximation. RQ(�n) is the form of the
Raman spectrum that most closely approaches the vibrational
density of states.18 The relationship between the I(�n) and RQ(�n)
forms of the spectra is given by eqn. (4).

SQ(�n) p RQ(�n) ¼ I(�n) � �n �B (4)

The normalized isotropic R-spectra were constructed by
subtraction:

RQ(�n)iso ¼ RQ(�n)VV � 4/3RQ(�n)VH (5)

In the low frequency region the I(�n) and RQ(�n) spectra are
significantly different and only the R-format spectra are pre-
sented. It should be noted that one of the advantages of using
isotropic spectra is that the baseline is almost flat in the
50–700 cm�1 frequency region allowing relatively unperturbed
observation of any weak modes present.
For quantitative measurements, the perchlorate band, n1-

ClO4
� at 935 cm�1 was used as an internal standard. The

relative isotropic scattering coefficient S(n1-InO6) was obtained
from the Riso spectra. The advantage of S values over J values is
that S values can be put on an absolute scale.19 Further spectro-
scopic details about the high temperature measurements, the
band fit procedure and the procedure about R normalized
Raman spectra are given in previous publications.20

The solution spectra were measured with the FT-IR spectro-
meter IFS66v (BRUKER OPTICS, Germany) applying an
ATR-Overhead accessory (SPECAC, UK) with a diamond
crystal in the wavelength range from 600 to 4000 cm�1 with
a spectral resolution of 2 cm�1.
The solid, CsIn(SO4)2 � 12 H2O, was measured in nujol

between KBr discs, which where coated with polyethylene films
with the FT-IR spectrometer IFS66v (BRUKER OPTICS,
Germany) employing a Mylar beamsplitter. The spectral re-
solution was 4 cm�1. 50 scans were taken in the wavelength
range from 100 to 4000 cm�1. All measurements were carried
out at 23 1C.
Variable temperature 115-In NMR spectra were obtained

with a General Electric NMR spectrometer GN-300, operating
at 66.097 MHz, using a 10 mm broad band probe and working
with an external lock. A 1.00 M In(NO3)3 solution in D2O was
used as a reference and the signal was set at 0 ppm. Sixteen
spectra were usually accumulated. The data were processed
with the software package NUTS from NMR Data Processing
Software, Fremont, Ca.
Ab initio calculations with the STO-3G,21 3-21G,22 and

6-31G*23 basis sets were employed. Gaussian 92 was used for
most calculations.24 Huzinaga’s (433321/43321/431*) basis set
was used for indium in conjunction with the 6-31G* water
basis set.25 All structures were confirmed to be a local mini-
mum (unless otherwise indicated) by analytic frequency eva-
luation. A diffuse sp-shell was added to the oxygen atoms to
give the standard 6-31þG* basis. Møller-Plesset perturbation
theory (with frozen cores) was used to approximate correlation
effects (as MP2/6-31G* and MP2/6-31þG*). For the octade-
caaquaindium(III) ion, the level of theory was restricted to
the Hartree–Fock.
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In addition to the above calculations, some geometry opti-
mizations and analytical frequency calculations were carried
out with Gaussian 9826a using some built-in effective core
potential basis sets and pseudopotentials.26b

3 Results and discussion

3.1 General remarks

Both 1-H- and 115-In NMR have been employed to confirm
the presence of [In(OH2)6

31] in aqueous perchloric acid solu-
tion.27 XRD studies in an aqueous solution of 1.7 M In(III)(aq.)
quote the In–O bond length as 2.15 Å.28 A recent combined
EXAFS and LAXS study,15 quoting a mean value for the In–O
bond length as 2.121(2) Å in aqueous solution, confirms the
older data. This value is significantly shorter than the sum of
the effective size of In(III) and H2O. The existence of the
[In(OH2)6

31] cation has also been confirmed in the solid state,
in cesium indium alums.28 Aqueous indium(III) solutions are
very acidic and a wide range of �logQ11 values (formation of
In(OH)21(aq.)) have been quoted, ranging from 3.7 to 4.4.9,29

A pK11 value of 4.31 at 25 1C at zero ionic strength has been
reported more recently by Sylva and co-workers.9 Rapid water
exchange of the water molecules of the first hydration sphere
with the bulk water has been measured recently: k1 Z 1 �
107 s�1 at 25 1C.30 The exchange mechanism of the water at
Inaq is A compared to the D mechanism at Alaq. and Gaaq.

30

The aqua indium(III) cation has a somewhat labile first hydra-
tion sphere. With favorable thermodynamics, most common
anions can easily exchange with water in the first coordination
sphere of this d10 cation (except perchlorate).30

3.2 Spectroscopic considerations on the In(OH2)6
31 ion

The In(OH2)6
31 ion (in the gas phase) possesses Th symmetry

(see Fig. 1) and its 19 atoms give rise to 3N-6 ¼ 51 normal
modes (n.m.).31–33 The irreducible representation is as follows:

Gv(Th)¼ 3ag(Ra, t.p.)þ au(n.a.)þ 3eg(Ra, dp)þ eu(n.a.)

þ 5fg(Ra, dp) þ 8fu.(IR). (6)

The InO6 subunit possesses Oh symmetry. For the 15 n.m. the
irreducible representation is:

Gv(Oh) ¼ a1g(Ra, t.p.) þ eg(Ra, dp) þ 2f1u(i.r.)

þ f2g(Ra, dp) þ f2u(n.a.) (7)

Due to the mutual exclusion rule, the Raman active modes are
infrared forbidden and vice versa.

3.3 Vibrational spectroscopic results of In(ClO4)3 solutions

The In(ClO4)3 solution spectra reveal the Raman modes for
both the perchlorate anion, discussed first, and the InO6 unit of
the [In(OH2)6

31] species, as shown in the overview spectrum
(see Fig. 2).

3.3.1 The ClO4
�
modes. The ClO4

� ion possesses Td-sym-
metry and the nine modes of internal vibrations (Gvib(Td) ¼

a1(Ra, t.p.) þ e(Ra, dp) þ 2f2(Ra, dp, i.r.)) have been described
in detail.34 The spectrum of an In(ClO4)3 solution shows the
predicted four Raman-active bands for the tetrahedral ClO4

�.
The n1(a1) ClO4

� mode centred at 935 cm�1 is totally polarised
(r ¼ 0.003), whereas n3(f2) ClO4

� centred at 1112 cm�1 is
depolarised, as are the deformation modes n4(f2) ClO4

� at 630
cm�1 and n2(e) ClO4

� at 463 cm�1. In infrared only the f modes
are active, namely n3-ClO4 at 1112 cm�1, and n4-ClO4

� at 630
cm�1 (Fig. 2, top spectrum). The n1(a1) ClO4

� mode, formally
infrared-forbidden, shows as an extremely weak mode at
935 cm�1.

3.3.2 The InO6 modes. Raman spectra of In(ClO4)3 solu-
tions show all three predicted Raman-active InO6 modes. As
their positions do not coincide with the i.r. active mode(s) it
may be concluded that the [In(OH2)6

31] species is centrosym-
metric. The strongly polarized n1(a1g) InO6 mode at 487 �
1 cm�1 (Fig. 3a) is independent of the acidity and perchlorate
concentration. This indicates the absence of hydroxo com-
plexes and of penetration of ClO4

� into the coordination
sphere of [In(OH2)6]

31. The full width at half maximum height
(fwhh) in solution A (61 cm�1) is slightly larger than in
solutions B and C (55 cm�1).
Earlier reports on aqueous indium(III) perchlorate solutions

quoted much lower values for n1(InO6): 400
14c and 420 cm�1,35

but only the isotropic spectrum allows undisturbed detection of
the n1(InO6) mode. This is because in the polarised spectrum,
n2(e) ClO4

� at 464 cm�1 partially overlaps n1 and leads to an
incorrect peak position (see Fig. 3a). Values of 475 cm�1 36 and
485 cm�1 37) given recently for n1(InO6) from spectra of nitrate
solutions are also incorrect because, as will be shown below,
nitrate penetrates the first coordination sphere of In31 and
shifts the n1 peak position to lower frequencies.
In the solid caesium alum, CsIn(SO4)2 � 12H2O, the n1(InO6)

mode occurs at slightly higher frequencies, namely at 492 cm�1

at 296 K. This mode is strongly temperature dependent and
shifts to 505 cm�1 at 80 K, due to the strong hydrogen bonds in
the Cs alum.17,38 This is also true for the other modes and must
be kept in mind if one wants to compare the results from solid
state Raman spectroscopy at 77 K with the results for aqueous
In31 solutions at 298 K. For other metal ions the solution
frequency values are equal or a bit smaller than the solid state
values.1–3,17 The static hydrogen bonds in a solid may be
stronger than the dynamic hydrogen bonds in a liquid. The
fact that at room temperature the n1(InO6) mode in the CsIn
alum and the aqueous solutions are comparable allows us to
take the n3 InO6 frequency from the CsIn alum infraredFig. 1 Structural model of In(OH2)6

31 (symmetry Th).

Fig. 2 Overview spectra: Infrared (top) and Raman spectrum, Ipol,
Idepol, and Iiso scattering (bottom) of a 1.246 mol l�1 In(ClO4)3 plus
0.05 mol l�1 HClO4 solution at 23 1C in the frequency range from 50 to
1800 cm�1. Note that the infrared spectrum starts from 600 cm�1.
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spectra. In the infrared spectrum of CsIn alum at room
temperature the n3(f1u) InO6 mode is assigned to 472 cm�1

significantly distinct from the Raman active mode, n1(a1g)InO6

at 487 cm�1.
In the depolarized Raman spectrum a mode at 306 � 2 cm�1

(see Fig. 3b) is assigned to n5(f2g). The weak mode at ca. 420 �
5 cm�1 is obscured by the strong n2(e) ClO4

�mode at 464 cm�1

but can be observed in dilute In(NO3)3 solutions (see below).
The i.r. active mode n3(f1u) was observed at 472 cm�1, while the
second i.r. active mode could not be observed. The assignment
of the InO6 modes together with the values of [In(OH2)6

31] in

solution (our values), and in caesium alum17 are given in
Table 1. Upon deuteration the InO6 mode of the [(In(OD2)6

31]
species shifts by the factor of 0.949 and values for n1 InO6 and
n5 InO6 of In(ClO4)3 in D2O are also given in Table 1.
Mink et al.39 in a recent paper assigned not only n1 InO6 ¼

475 cm�1 but also n2 InO6 ¼ 401 cm�1 and n5 InO6 ¼ 145 cm�1

which are significantly different from our Raman values (cf.
our Raman data in Table 1). Together with their infrared data
(cf. Table 3 in ref. 39) they postulated that the indium(III)
hexaaqua complex should possess Th symmetry. Critically
evaluating their experimental values leads us to the con-
clusion that these data and their subsequent assignments seem
doubtful.
Hydrolysis effect: In both solutions, B (4% excess HClO4)

and C (120% excess HClO4) the fwhh remains the same at
54 cm�1. In these acidic solutions the hydrolysis is negligible.
In solution A (1% excess HClO4) the fwhh is only slightly
bigger (10–12%). This is clear proof that the hydrolysis does
not affect the n1(a1g) InO6 modes unless only a slight excess of
HClO4 is present.
Temperature effect on n1(InO6): The position of the sym-

metric stretching mode of [In(OH2)6
31], n1(a1g) InO6, for

solution (B) is virtually unchanged at 486 � 1 cm�1 between
25 and 75 1C. However, the fwhh increases from 55 cm�1 (at
25 1C), to 60 cm�1 (at 50 1C), to 68 cm�1 (at 75 1C), whilst the
symmetry of the band profile persists. The latter is consistent
with perchlorate not penetrating into the inner sphere of the
[In(OH2)6

31]. The broadening is possibly due to the strong
interactions between the first and second hydration shells
or perhaps between cations in this relatively concentrated
solution.
Comparison with other trivalent cations: It is noteworthy that

the group 13 [M(OH2)6
31] ions do not follow the relation n1 p

1/(rM�O)
2 as also reported by Kanno,36 derived from the Born

model since: n1(AlO6) ¼ 525 cm�1,1 n1(GaO6) ¼ 526 cm�1,2,40

n1(InO6) ¼ 487 cm�1 [this work] and n1(TlO6) ¼ 450 cm�1.41

The simple Born model, although useful in many situations, is
not appropriate in this case, as it demands a more rigorous
treatment as shown below. In31 is a much softer cation than
Al31 or Ga31 and this is reflected by its scattering intensity.
The relative molar scattering intensities, Sh for the symmetric
stretching modes n1 MO6 (M ¼ In31, Ga31, and Al31) of the
group 13 metal ions follows the order: Sh(In

31) ¼ 0.22 [this
work] 4Sh(Ga31) ¼ 0.142 4Sh(Al31) ¼ 0.033.1

A very weak and broad mode centred on 190 � 10 cm�1 can
also be observed in In(ClO4)3 solutions (Fig. 2). This mode
may also be observed in pure water (centred around 195 cm�1),
for which it is moderately intense but slightly polarized. It has
been assigned to a restricted translational mode of H-bonded
water molecules. This mode is strongly anion and concentra-
tion dependent.14d

Fig. 3 (a) Raman spectrum, Rpol, Rdepol, and Riso scattering of a 1.246
mol l�1 In(ClO4)3 plus 0.05 mol l�1 HClO4 solution at 23 1C in the
frequency range from 200 to 700 cm�1. (b) Raman spectrum, Rpol, and
Rdepol scattering of a 1.246 mol l�1 In(ClO4)3 plus 0.05 mol l�1 HClO4

solution at 23 1C in the frequency range from 200 to 400 cm�1. The
broad mode at 306 cm�1 represents the n5(InO6) mode of the InO6

skeleton.

Table 1 The Raman and infrared data (frequencies and fwhh in cm�1, and band intensities) on InO6 skeleton modes (InO6 possess Oh symmetry)

from aqueous In(ClO4)3, and dilute In(NO3)3 solutions. (In In(ClO4)3 solutions the intensive ClO4
� mode at 461 cm�1 overlaps n2(eg)InO6).

Additionally, the InO6� modes from crystalline CsIn(SO4)2 � 12H2O (space group Pa3 (Th
6) (z ¼ 4)) are given

CsIn(SO4)2 � 12H2O

Assignments and

activities of InO6

Exper.a frequencies

in H2O

Exper.a frequencies

in D2O

Our data

(296 K) From Ref. 17 (80 K)

n1(a1g) Ra 487 � 1, (0.005) G1/2 ¼ 54, s 463 � 2, (0.005) G1/2 ¼ 52 492 505

n2(eg) Ra 420 � 5 (0.75) G1/2 ¼ 60, vw — 426, 430 425 (Eg), 430 (Fg), 458 (Fg), 468 (Eg), 476 (Fg)

n3(f1u) i.r. 472 � 2 — —

n4(f1u) i.r. n.o. — —

n5(f2g) Ra 306 � 4, (0.75) G1/2 ¼ 58, w 285 � 2, (0.75) 286, 296, 308 291 (Fg), 297 (Eg), 298 (Fg), 322 (Fg)

n6(f2u) - n.a. n.a. — —

a Depolarization ratio in brackets; underneath G1/2, the fwhh and intensity (s ¼ strong, w ¼ weak, vw ¼ very weak); n.o. ¼ mode not observed,

n.a. ¼ not active
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The feature at 3560 cm�1 in the Raman spectrum of solution
B (see Fig. 4) represents the stretching mode of OH weakly
hydrogen bonded to the perchlorate anion: O3ClO

�� � �H–O–H.
The broad shoulder at 2900 cm�1 in Fig. 4 reveals the OH
stretching mode of the water molecules in the first hydration
shell of [In(OH2)6]

31. This is quite distinct from the OH
stretching modes of bulk water at 3255 and 3385 cm�1. Weak
broad modes at 2045 and 2480 cm�1 may be assigned as
combination modes of a librational mode with the deformation
mode. A similar OH stretching profile was observed in
Al(ClO4)3 solutions.

32

To summarize, our Raman spectroscopic data on In(ClO4)3
solutions reveal that under the conditions studied, the hexaa-
quaindium(III) complex remains stable and no ion-pairing or
hydrolysis takes place. However, we shall see below that the
vibration spectra of In(NO3)3 and In2(SO4)3 solutions reveal
evidence of water ligand exchange, namely, differentiation of
the ligated and non-ligated anion modes, a shift and/or split-
ting of the metal aqua modes, and the appearance of a metal–
ligand mode at low frequencies.

3.4 Vibrational spectra of In(NO3)3 solutions

Overview infrared and Raman spectra of a 2.800 mol l�1

In(NO3)3 solution (Rw ¼ mole ratio H2O : In(NO3)3 ¼ 15 : 1)
from 700 to 1800 cm�1 are presented in Fig. 5. In addition, the
Raman spectrum from 100 to 800 cm�1 is presented in Fig. 6a
and from 1200 to 1800 cm�1 in Fig. 6b. The Raman and
infrared data of aqueous In(NO3)3 solutions as a function of
concentration are presented in Tables S1 and S2 respectively.z
In aqueous In(NO3)3 solutions, vibrational modes of the
In(III) aqua ions are observed in addition to the modes of the
NO3

� anion.
The ‘‘free’’ NO3

� anion has D3h symmetry and should
exhibit a four-band spectrum: n1(a10) ¼ 1048 cm�1, Raman
active only; n2(a20 0) ¼ 830 cm�1, infrared active only; n3(e0) ¼
1380 cm�1, Raman- and infrared active; n4(e0) ¼ 717 cm�1,
Raman- and infrared active. However, in dilute aqueous solu-
tion, the vibrational spectra of alkali metal nitrates indicate the
appearance of forbidden modes and doubling of the n3(e0)
mode, with broad depolarized components at 1348 and
1406 cm�1 (Raman) and 1347 and 1395 cm�1 (infrared).42,43

It seems unlikely that the doublet structure is due to ion-pair
formation, since the doublet has been found to be insensitive to
both the nature of the cation and further dilution (r0.5 mol
l�1).42–44 A specific NO3

�� � �H2O hydrogen-bonded species has
been proposed.43,44 The formation of inner-sphere species
results in more pronounced alterations in the nitrate spectrum.

Thus, for the M1 �ONO2
� ion pair the Raman band positions

can be summarized: 740 cm�1 (dp), 830 cm�1, 1040–1060 cm�1

(p), 1320–1450 cm�1 (dp). The shift of n1(InO6) from 487 cm�1

(unperturbed mode in perchlorate solution) to 475 cm�1 in the
nitrate stock solution (2.800 mol l�1) and the broad shoulder at
410 cm�1 of the mode reflects the presence of NO3

� in the
inner-coordination sphere.
Furthermore, upon dilution the isotropic mode n1(InO6)

shifts from 475 cm�1 (fwhh ¼ 70 cm�1) in a 2.80 mol l�1

solution (Rw ¼ 15 : 1) to 484 cm�1 (fwhh ¼ 66 cm�1) in a

Fig. 4 Overview spectra: Infrared (top) and Raman spectrum, Ipol,
Idepol, and Iiso scattering (bottom) of a 1.246 mol/l In(ClO4)3 plus
0.05 mol l�1 HClO4 solution at 23 1C in the frequency range from
1800 to 4000 cm�1.

Fig. 5 Overview spectra of a 2.800 mol l�1 In(NO3)3 solution at 23 1C:
Infrared (top) and Raman spectrum, Rpol, Rdepol, and Riso scattering,
(bottom) in the frequency range from 700 to 1800 cm�1.

Fig. 6 (a) Concentration profile (isotropic Raman spectra (Riso)) of
four aqueous In(NO3)3 solutions (concentrations in mol/l as indicated)
from 100 to 800 cm�1 at 23 1C. (b) Concentration profile (isotropic
Raman spectra (Riso)) of four aqueous In(NO3)3 solutions (concentra-
tions in mol/l as indicated) from 1200 to 1800 cm�1 at 23 1C.
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1.117 mol l�1 (Rw ¼ 46 : 1) and to 487 cm�1 (53 cm�1) in a
0.312 mol l�1 (Rw ¼ 173 : 1) solution. The concentration profile
of the isotropic Raman spectra of the four In(NO3)3 solutions
(Fig. 6) demonstrates that upon dilution the inner-sphere
complex disappears. The isotropic mode at 284 cm�1 (Fig.
6a) is another clear indication of the presence of an indium–
nitrato complex, [In(OH2)5ONO2]

21 of likely C2v symmetry.
Raman spectroscopic data of the stock solution show the

following features for NO3
�: 720 cm�1 (dp); 748 cm�1 (p), 762

cm�1 (shoulder), 806 and 828 cm�1; 1048.5 cm�1 (p, depolar-
ization ratio ¼ 0.049) with shoulder at 1030 cm�1 and modes in
the n4 region at 1308 cm�1 (p), 1420 (dp), 1518 (p) and the
overtone 2n2 (a1

0) at 1616 cm�1 (p) and 1653 cm�1 (p). The
overtone at 1653 cm�1 overlaps with the deformation mode of
water, n2(HOH), at 1646 cm�1. Due to the big difference in
the polarization ratios 2n2 (a1

0) NO3
� and n2 (HOH) the

overtone 2n2 appears in the polarized scattering contribution
beside the deformation mode of water. In the anisotropic
scattering the weakly polarized mode n2(HOH) appears almost
free from the contribution of the overtone. These features are
depicted in Fig. 6b.

In the free ion approximation the mode n2 is Raman
forbidden, therefore its activity can be taken as a measure of
the strength of the interaction with the cation. For instance, in
molten CsNO3, KNO3, and NaNO3 the peak is barely detect-
able whereas it is easily observed in the Raman spectra of
LiNO3 and AgNO3. The mode n2 is a non-degenerate i.r. active
out-of-plane bending mode, therefore the appearance of a
doublet structure indicates the presence of two non-equivalent
sites. In aqueous solutions the variation of the two peaks
assigned to ion-pairs and free-ions has been used to measure
stability constants.14c The Raman overtone region (2n2 ca.
1656 cm�1, r ¼ 0.5) is also a useful region to study because
it is much more intense than the fundamental. Two modes have
been observed in this region, namely at 1616 cm�1 and 1653
cm�1, which also indicates the existence of the two nitrate
forms, bound and ‘‘free’’ nitrate.

The shift and the structure of the n1(InO6) mode (peak
maximum at 475 cm�1, broad shoulder at ca. 410 cm�1),
the isotropic contribution at 1315 cm�1 and the ligand mode,
In31-ONO2

� at 284 cm�1 are strong evidence of the existence
of an In(III)-nitrato complex, presumably [In(OH2)5ONO2]

21.
Approximately 60% of the indium is coordinated to NO3

� in
the stock solution. Upon dilution the thermodynamically
weak, inner-sphere nitrato complex disappears to form an
outer-sphere complex, [In(OH2)6NO3]

21 and/or free nitrate.
The situation in a concentrated In(NO3)3 solution is compar-
able to the situation in a concentrated Fe(NO3)3 solution,45

where the nitrato complex formation is also weak.

3.5 Aqueous In2(SO4)3 solutions

3.5.1 Raman spectra. A concentration profile of the iso-
tropic Raman spectra of four aqueous In2(SO4)3 solutions,
1.659, 0.627, 0.237, and 0.099 mol l�1 at 23 1C are presented in
Fig. 7a (50–800 cm�1) and in Fig. 7b (800–1300 cm�1). The
Raman data are presented in Table S3.z The Raman spectra
of the In2(SO4)3 solutions reveal, through comparison with
the modes of ‘‘free sulfate’’ (in (NH4)2SO4 solutions), that the
sulfate penetrates the first hydration sphere of In31. All
the expected features, which indicate sulfate ion pairing, can
be observed in the indium sulfate spectra. The shift of the
sulfate due to ligated sulfate, the appearance of a In(III)-
OSO3

2� ligand mode at 262 cm�1 and down shift of n1(InO6)
from 487 cm�1 in the unperturbed state to 475 cm �1 and the
occurrence of a broad shoulder at ca. 430 cm�1. Furthermore,
two modes at 430 cm�1 and 646 cm�1 are observed in the
isotropic spectrum. These modes stem from the ligated sulfate.
The n1(SO4

2�) mode of the unligated sulfate overlaps with the
mode of the ligated sulfate of the indium sulfato complex,

[In(OH2)6�x(OSO3)x]
13�2x at 1000 cm�1 resulting in a peak

maximum at ca. 984.5 cm�1. New polarized modes at 1043
cm�1, 1132 cm�1, and 1205 cm�1 are also assigned to ligated
sulfate.
The ‘‘free’’ sulfate, which can be observed in the spectra of

(NH4)2SO4 solution, was discussed by Rudolph and co-work-
ers.18,46 The spectrum of aqueous (NH4)2SO4-solutions shows
the ‘‘free’’, undistorted SO4

2� ion (Td-symmetry), and the nine
modes of internal vibrations having the representation Gvib

(Td) ¼ a1 þ e þ 2f2. The n1(a1)-SO4
2� mode at 981.4 cm�1 is

totally polarized (r ¼ 0.006), whereas n3(f2)-SO4
2�, centred at

1110 cm�1, and the deformation modes n4(f2)-SO4
2� at

617 cm�1 and n2(e)-SO4
2� at 452 cm�1, are depolarised. The

frequency at 1000 cm�1 (see Fig. 8) represents the sulfato
complex. The sulfato complex formation may be written
according to eqn. (8):

In31(H2O)6 � SO4
2� ! In31(H2O)5OSO3

2� þ H2O (8)

Reaction (8) is an endothermic process (increase in aqua-
indium(III)sulfato complex with enhancing temperature). The
broad weak mode at 905 cm�1 and the mode at 1054 cm�1 have
to be assigned to HSO4

�, the hydrolysis product [cf. vibra-
tional data on HSO4

� in ref. 19].
The hydrolysis of In31 becomes detectable at 23 1C and a

steady increase of the hydrolysis of [In(OH2)6
31] is observable

with increasing temperature. With temperature decrease the
opposite is true and both the hydrolysis is diminished as well as

Fig. 7 (a) Concentration profile of the isotropic Raman spectra of
aqueous In2(SO4)3 solutions (1.659, 0.627, 0.237, and 0.099 mol l�1) at
23 1C in the frequency range from 50 to 800 cm�1. The band maxima
are denoted. (b) Concentration profile of the isotropic Raman spectra
of aqueous In2(SO4)3 solutions (1.659, 0.627, 0.237, and 0.099 mol l�1)
at 23 1C in the frequency range from 800 to 1300 cm�1. The band
maxima of the sulfate modes (free and ligated) are denoted by arrows
and the modes of the hydrogen sulfate are denoted by double headed
arrows.
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the degree of sulfato complex formation. Fig. 9 presents the
temperature profile of the isotropic Raman spectrum of a 0.627
mol l�1 In2(SO4)3 solution at 23 and 0 1C and shows the two
effects: decrease in ligated sulfate (mode at 1000 cm�1) and the
decrease in hydrolysis and therefore in hydrogen sulfate con-
centration. The corresponding band fit results are presented
in Table S4.z

The following quantitative considerations can be made. The
two modes at ca. 905 cm�1 and at 1054 cm�1 are assigned to
the hydrolysis product HSO4

� (cf. ref. 10) and the slightly
temperature dependent mode at 983 cm�1 is assigned to
unperturbed sulfate and sulfate in the solvent separated ion
pair. The modes at 1000, 1044, 1132 and 1206 have to be
assigned to ligated sulfate (complexed to In31). The mode at
1044 cm�1 is severely overlapped with n1 HSO4

� and its origin
is less precise. However, from earlier Raman studies on aqu-
eous HSO4

� solutions10 we know that the ratio of n2(HSO4
�)

to n1(HSO4
�) is 1 : 2.65 and this is achieved in our band fits

(Table S4).z Consequently, the intensity of mode at 1044 cm�1

has to stem from ligated sulfate and not from n1(HSO4
�). It

should be pointed out that the contribution of n1(HSO4
�) is

already a bit overestimated (the actual mole ratio is 1 : 2.75).
From the above given quantitative results we can estimate the
degree of sulfato complex formation in aqueous In31 sulfate
solutions. The degree of sulfato complex formation is clearly
diminished at 0 1C compared to the solution at 23 1C. The
degree of complex formation of an 0.627 mol l�1 In31-sulfate
solution at 0 1C is 0.14, at 23 1C is 0.22, and at 50 1C, it rises to

0.29. Clearly, the sulfato complex formation is endothermic, a
feature shared with the other group 13 cations Al31 1 and
Ga31.2,40 The degree of sulfato complex formation at 23 1C as
a function of concentration is: 0.56 (1.659 mol l�1); 0.22 (0.627
mol l�1); 0.17 (0.237 mol l�1), 0.15 (0.099 mol l�1), and 0.12
(0.033 mol l�1). It is noteworthy that even at a concentration of
0.033 mol l�1, the sulfato complex formation persists (spec-
trum not shown).
The hydrogen sulfate ion is formed as a result of the

hydrolysis of [In(OH2)6
31]:

[In(OH2)6]
31 þ H2O ! [In(OH2)5(OH)]21 þ H3O

1 (9)

which is coupled with the sulfate ionization reaction:

H3O
1 þ SO4

2� ! HSO4
� þ H2O (10)

As a result, the degree of hydrolysis influences the equilibrium
concentrations of HSO4

� and ‘‘free’’ SO4
2�. In other words,

sulfate acts as a probe to detect the hydrolysis of indium(III) by
forming hydrogen sulfate.
At temperatures above 100 1C a basic indium sulfate (BIS)

precipitates from the stock solution. This phenomenon also
occurs at room temperature, if the indium sulfate stock solu-
tion is diluted below 0.005 mol l�1. The stoichiometry of
the solid product was determined (mole ratio In : sulfate ¼
1 : 1) and X-ray diffraction data showed that the salt is
In(OH)SO4.
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3.5.2 115-In NMR spectra. We have studied the tempera-
ture profile of a 1.659 M In(III)-sulfate solution from 21.4 1C to
�20 1C. The data are presented in Table 2. The experimental
setup was chosen because it was hoped to resolve two 115-In
resonance peaks reflecting the indium ligated with sulfate
(bound In(III)) and the free, the monomeric form,
[In(OH2)6

31]. We should expect one peak positioned at
0 ppm representing the hexaaqua indium complex ion and
the other upfield for the In31 sulfate complex. (The situation in
Al- and Ga-sulfate solutions is comparable to this one).41

However, the 115-In NMR spectrum of the 1.659 mol l�1

(1.95 molal) In2(SO4)3 solution as a function of temperature
contains only one resonance signal at �70 ppm. The very fast
water exchange causes the two resonance signals (hexaaquain-
dium(III) and the indium(III) sulfato complex) to coalesce. This
is consistent with recent results by Merbach and co-workers
who found a water exchange rate for k1 Z 1 � 107 s�1 at
25 1C.30 From the Raman data it follows that at 23 1C ca. 60%
of all In31 exists in the form of a sulfato complex. Because of
the very fast exchange only one resonance signal at �70 ppm
was observed. Decreasing temperature resulted in a downfield
shift of the resonance signal that means less negative ppm
values as a result of the decreasing of the amount of the
indium(III)–sulfato complex. It is noteworthy that for a 1.65
mol l�1 In(ClO4)3 solution the indium resonance signal is at 0
ppm and does not shift with temperature and the half width of
the resonance signal is much smaller compared with the In(III)-
sulfate solution. (The half width of the resonance signal is of
course also a function of viscosity and the quadrupole moment.
The viscosity increases with a decrease in temperature and also

Fig. 8 The isotropic Raman profile, the sum curve and the component
bands of the band fit for the 1.659 mol l�1 aqueous In2(SO4)3 solution
at 23 1C. The frequency range comprises 850–1200 cm�1. The very
weak mode at 1205 cm�1 was omitted for clarity. For the numerical
band fit results see Table 4.

Fig. 9 The isotropic Raman profiles, the sum curve and the compo-
nent bands of the band fit for a 0.627 mol l�1 aqueous In2(SO4)3
solution at 23 1C and at 0 1C. The frequency range comprises 850–
1200 cm�1. For the results of the numerical band fit see Table 5.

Table 2 Results of the 115 In NMR temperature dependence of a

1.659 mol l�1 In2(SO4)3 solution

Temperature/1C

Peak

frequency/Hz

Half

width/Hz

Peak

position/ppm

Half

width/ppm

�25 �1194 26,245 �18.20 396.93

�10 �4319 11,175 �65.32 169.01

0.0 �4390 8932 �66.39 135.09

9.7 �4731 7682 �71.55 116.18

21.4 �5119 6526 �77.42 98.67
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the In31 environment changes from less than octahedral in the
indium(III) sulfato complex to octahedral symmetry for the
hexaaquaindium (III) cation).

The observed resonance signal is due to an inner-sphere
indium–sulfato complex exchanging rapidly with a hexaa-
quaindium(III) ion. As the temperature is increased more of
the indium is present as the sulfato complex which occurs at
higher field, and therefore the averaged peak position moves to
higher field. The proportion of the coordinated indium
increases linearly from �20 to 21.4 1C.

3.5.3 Speciation in aqueous In2(SO4)3 solutions. The repla-
cement of water molecules by weak ligands in the hydration
sphere of non-transition metals may be explained by the Eigen
and Wilkins mechanism:48

I

InðOH2Þ
3þ
6 þ SO2-

4 Ð InðOH2Þ
3þ
6

II

�SO2-
4 Ð ðInðOH2Þ5OSO3Þþ

ð11Þ

The first step in reaction (11) is diffusion controlled and leads
to the outer-sphere complex. The second step is rate determin-
ing and leads to the inner-sphere complex. For InSO4

1 the
thermodynamics and kinetics of the reaction outer-sphere
complex 2 inner-sphere complex may be investigated with
the pressure-jump relaxation technique. The following equili-
bria may be stated (compare also the data for the similar
Ga2(SO4)3–water system

2):

Ko ¼ [InOH2SO4
1]/([In31] � [SO4

2�]) (12)

Ki ¼ [InOSO3
1]/[InOH2SO4

1] (13)

Ka ¼ ([InOSO3
1] þ [InOH2SO4

1])/([In31] � [SO4
2�])

¼ Ko(1 þ Ki). (14)

Ko, Ki and Ka are the equilibrium constants for the formation
of the outer-sphere complex, the inner-sphere complex and for
the overall association, respectively. In square brackets the
equilibrium concentrations are denoted. For the overall asso-
ciation constant a value of 1096.5 (I ¼ 0) at 25 1C49 was given
and is much bigger than our Ki value according to eqn. (13) is
approximately 1.2 at 23 1C. This big difference in the sulfato
complex constants reflects simply that the traditional methods
such as calorimetry49 measure the overall association constant
which means all 1 : 1 indium sulfato complex species such as
InOSO3

1, In(H2O)SO4
1 etc. are detected while Raman spec-

troscopy detects only the indium sulfato complex species,
InOSO3

1 and the ‘‘free’’ sulfate.1,2,40 A carefully executed
dielectric relaxation study, as recently carried out on aqueous
MgSO4 solutions50 should be carried out on the In2(SO4)3
solutions to obtain information about the speciation as a
function of concentration (contact ion pairs, respectively,
indium sulfato complex, outer-sphere complex etc.).

4 Ab initio results

Hydrated indium(III) ions of the general type [In(OH2)n
31], n ¼

1–6, where all waters are in the first-sphere, denoted as In[n þ
0], are considered first. Second, we model the modes of the
InO6 unit of the [In(OH2)6

31] cluster and include the results on
the much larger cluster, [In(OH2)6(OH2)12

31], containing an
explicit second hydration sphere. Addition of 12 water mole-
cules reduces the symmetry of the cluster to T. The energy
lowering comes from forming four water trimers in the second
hydration sphere on alternate faces of the octahedron (cf.
results in refs. 1–5).

The symmetries of the mono-through hexaaqua complexes
are C2v, D2d, D3, S4, C2v, and Th symmetry, respectively.
Structural parameters and thermodynamic data of the clusters

under consideration can be obtained from the corresponding
author. Schematic presentations of the In–O bond length and
the incremental binding enthalpy at 298 K as a function of n,
the coordination number, are given in Figs. 10 and 11,
respectively. Similar graphs for the OH bond length and the
HOH angle are found in Figs. S1 and S2.z There have only
been scattered reports30,51 dealing with the hydration of triva-
lent indium water clusters using ab initio calculations. A more
thorough exposition is warranted, therefore we present the
results of calculations on aquaindium(III) clusters using HF
and MP2 calculations in combination with a series of different
basis sets (STO-3G to 6-31þG*). For clarity only, the results
using the 6-31G* and 6-31þG* basis sets are presented. The
use of various effective core potentials gave a range of In–O
distances. Those containing minimal basis sets (CEP-4G,
LANL2MB) gave short distances, those containing unpolar-
ized split-valence basis sets (SDD, SDDAll, LANL2DZ) gave
intermediate distances, and those corresponding to polarized
split valence basis sets (CEP-31G* and CEP-121G*) gave the
longest distances, close to 6-31G*. Inadequacies in the basis set
construction may mask any relativistic effects that might be
present. The CEP-31G* results (all atoms) compares very
favourably with equivalent calculations in the literature
(CEP-31G* on In, 6-31G* on O,H),30 who also noted that
correlation and relativistic effects did not play a significant role
for hexaaquaindium.
In Fig. 10 the In–O bond lengths are plotted as a function of

the number of water molecules, n, in the first sphere. The bond
lengths generally increase with increasing n, a consequence of
the steric interactions within the first shell and the concomitant

Fig. 10 The In–O bond length (in Å), r(In–O) as a function of the
coordination number n for the In31(OH2)n cluster (at HF/6-31G*, HF/
6-31þG*, MP2/6-31G* and MP2/6-31þG* levels of theory/basis set).

Fig. 11 The incremental binding enthalpy (in kJ mol�1) as a function
of the coordination number, n of the In31(OH2)n inner-sphere clusters
(at HF/6-31G*, HF/6-31þG*, MP2/6-31G* and MP2/6-31þG* levels
of theory/basis set).
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decrease in indium–water interaction. Figs. S1 and S2 presents
the O–H bond length and H–O–H angle as a function of
coordination number.z The decrease in O–H bond length can
be explained by the increase in In–O distance, because the
farther away the indium is from the oxygen, the less it can
polarize and weaken the O–H bond.

The frequency of the symmetric stretching mode, n1 InOn, as
a function of n, the first coordination number, is presented in
Table 3. For increasing n, the frequency of the symmetric
stretching mode, n1 InOn drops monotonically. It is note-
worthy that the frequency n1(InO6) for [In(OH2)6

31] cluster is
underestimated, as illustrated by both our data and those of
Åkesson et al.51 The frequencies of the 51 normal modes of the
[In(OH2)6

31] cluster at the HF/6-31G*, the HF/6-31þG* and
the MP2/6-31G* level are listed in Table S5 (supplementary
section).z For hexaaquaindium(III), the HF and MP2 CEP-
31G* and CEP-121G* levels gave similar frequency values as
the 6-31G* results, whereas the LAND2DZ, SDD, and
SDDAll gave higher frequency values in that order.

The incremental gas phase hydration enthalpies for the
reaction: In31 þ nH2O - [In(OH2)n

31] as a function of n
are plotted in Fig. 11. As shown in the figure, as the coordina-
tion number increases, the hydration enthalpy becomes less
exothermic and, thus, the binding energy per water molecule
becomes smaller. This behaviour can be attributed to increas-
ing water–water repulsion when the first coordination sphere is
subsequently filled. The gas phase binding enthalpy for the
hexaaqua cluster (In[6 þ 0]) varies from �2295 to �2501 kJ
mol�1, depending on the level of theory.

Our ab initio calculations on the hexahydrated indium(III)
ion (Th symmetry) are in accord with literature values30,51 and
demonstrate the need for at least a split valence basis set for
geometry calculations. The Th structure of indium(III) hexahy-
drate is a minima on the potential energy surface and is thus
energetically stable. The structural model for this cluster was
already presented in Fig. 1. The calculated In–O distance of
2.203 Å (MP2/6-31þG* level) is in fair agreement with the
combined EXAFS and LAXS value of 2.131(7) Å, ref. 15 as
well as the XRD value of 2.15 Å (ref. 52) for hexahydrated
indium(III) in aqueous solution and with the value of 2.112(4)
Å in a caesium alum.17 The structural parameters, energies
(hartree) and selected thermodynamic parameters, such as
binding energy (at 0 K) and the enthalpy of the cluster
formation at 298.15 K were calculated for the [In(OH2)6

31]
cluster and are listed in Table 4.

A recent discussion on the effect of different representations
of the solvent medium upon the M-bond length is given in
ref. 53 and agrees with our observations of shortening upon
explicit incorporation of the second hydration sphere.
Although using a self-consistent reaction field approach
lengthened the analogous Al–O bond in [Al(OH2)6

31] by
around 0.02 Å, adding 12 explicit water molecules to form a
second hydration sphere in both the aluminum and scandium1

cases had the opposite effect of approximately the same
magnitude. The second sphere of the In[6 þ 12] cluster
(Fig. 12), although having a minor effect on the In–O distance
(lowering of ca. 0.02 Å), significantly increases the vibrational

frequencies of the InO6 unit and brings them closer to experi-
ment, as shown in Table 5. (The complete frequencies for the
159 normal modes for [In(OH2)18

31] at the HF/6-31G* and
HF/6-31þG* level are listed in Table S6 and S7, respectively.z)
Before adding a second hydration sphere, the n1 frequency is
underestimated compared with the experiment by 50–60 cm�1,
as mentioned above. Adding a second hydration sphere results
in a significant improvement of the description of the other
vibrational frequencies (especially the deformation modes).
The results of the CEP-X1G* frequency calculations are
similar to that of 6-31G*, whereas the other effective core
potentials give higher frequencies (as might be expected from
the shorter In–O distances predicted) and any agreement with
the experimental value is fortuitous. Compared with the ex-
periment, our best In–O distances are slightly too long and the
n1 frequency slightly too small. In light of the agreement of
other metal ions,5 the reason for this is not clear. The waters of
the second hydration sphere form strong hydrogen bonds
between themselves and with the first hydration sphere. The
calculated binding enthalpy of this cluster (�3394.59 kJ mol�1;
at HF/6-31þG* level) is predominantly due to the electronic
component (�3539.74 kJ mol�1; at HF/6-31þG* level)). The
single ion hydration enthalpy is �4108.7 kJ mol�1 and may be

Table 3 The In–O symmetric stretching frequency as a function of n,

the coordination number, of the aqua In(III) cluster ion for four

different basis sets/levels of theory

n HF/6-31G* HF/6-31þG* MP2/6-31G* MP2/6-31þG*

1 548.8 565.9 520.5 535.8

2 494.8 512.2 476.8 492.8

3 477.5 490.6 466.0 477.4

4 455.4 465.7 447.0 455.8

5 433.8 439.7 429.8 435.8

6 411.9 415.9 410.7 413.7

Fig. 12 The structural model of the [In31(OH2)18] species (T symme-
try) with the first hydration sphere (6 waters) and a complete second
hydration sphere (12 waters).

Table 4 Optimized geometries, and selected electronic binding en-

ergies, DEb
0, at 0 K and standard enthalpies DHb

298 (kJ mol�1) of

hexaaqua In(III) cation

In–O (A) O–H (A) H–O–H/1 �E/Eh

HF/6-31G* 2.207 0.963 106.49 6191.1081214

MP2/6-31G* 2.209 0.984 106.25 6192.2849235

HF/6-31þG* 2.202 0.962 106.61 6191.1277679

MP2/6-31þG* 2.203 0.986 106.26 6192.3256362

HF/CEP-4G 2.169 1.017 108.29 288.118431

HF/CEP-31G* 2.204 0.965 106.45 288.4624365

MP2/CEP-31G* 2.202 0.989 106.16 289.7542349

HF/CEP-121G* 2.205 0.961 106.68 288.4825902

MP2/CEP-121G* 2.204 0.983 106.56 289.8438253

HF/LANL2MB 2.010 0.977 104.13 451.0655363

HF/LANL2DZ 2.114 0.964 109.24 457.0831732

HF/SDD 2.128 0.964 109.44 457.0883355

HF/SDDAll 2.141 0.963 109.64 102.4152732

MP2/SDDAll 2.163 0.985 109.26 103.2003495

Basis set/level of theory DEb
0 DHb

298

HF/6-31G* �2393.82 �2354.79
HF/6-31þG* �2335.18 �2294.92
MP2/6-31G* �2537.84 �2500.77
MP2/6-31þG* �2441.06 (�2402.76)
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compared, after corrections, for water vaporization and re-
maining Born energy. About 83% of the energy is recovered.
The structural parameters, energies (hartree) and thermody-
namic parameters, calculated for the In[6 þ 12] cluster at the
HF/6-31G* and HF/6-31þG* level are presented in Table 6.

Recently, a novel S6 structure of Mg[6 þ 12] has been
proposed by the Philadelphia Group.54 This structure is also
a local minimum, as is our T structure, which they refer to as
PRC. Although their structure is slightly lower in energy, it is
not spherical. The degeneracy of the T modes is partially lifted
by this structure (a þ e modes), but this effect has not been
noted experimentally, for which the octahedral model (or its
subgroups retaining cubic symmetry, Oh, Th, and T) suffices.
Nonetheless, the structure is of interest and further work is
needed to clarify the nature of the second hydration sphere,
supplemented by as much experimental data as possible.

5 Conclusions

The medium strong, polarized Raman band assigned to n1(a1g)
InO6 mode of the hexaaqua In(III) has been studied in perchlo-
rate over the temperature range from 25 to 75 1C. The position
of the n1(a1g) InO6 mode shifts only about 2 cm�1 to lower
frequencies and broadens about 13 cm�1 for a 50 1C temperature
increase. Besides the strongly polarized mode at 487 cm�1, two
weak depolarized modes at 306 cm�1 and 420 cm�1 have been
assigned to n2(eg) and n5(f2g) of the indium hexaaqua ion. The
infrared active mode at 465 cm�1 has been assigned to n3(f1u).
The Raman spectroscopic data suggest that the hexaaquaindiu-
m(III) ion is thermodynamically stable in perchlorate solution
over the temperature and concentration range measured.

In a concentrated In(NO3)3 solution, indium exists signifi-
cantly in the form of both an outer-sphere ion pair, [In

(OH2)6
31NO3

�], and an inner-sphere complex, [In(OH2)5O-
NO2]

21. The nitrato complex is thermodynamically weak and
disappears completely upon dilution.
Indium sulfate solutions show a different picture and a

thermodynamically stable indium(III) sulfato complex could
be detected using Raman spectroscopy and 115-In NMR. The
formation of the sulfato complex is favoured with increase in
temperature and thus entropically driven. At higher tempera-
tures a basic indium(III) sulfate, In(OH)SO4 is formed and was
characterised by wet chemical analysis and X-ray diffraction
(XRD).
Ab initio geometry optimizations of [In(OH2)n

31] clusters,
with n ¼ 1–6 have been carried out at the Hartree–Fock and
second order Møller-Plesset levels of theory, using various
basis sets up to 6-31þG*. The global minimum structure of
the hexaaquaindium(III) species corresponds with symmetry
Th. The unscaled vibrational frequencies of the [In(OH2)6

31]
(In[6þ 0]) were reported, and the vibrational frequencies of the
InO6 unit are lower than the experimental frequencies
(ca. 20%). The theoretical binding enthalpy for [In(OH2)6

31]
was calculated and accounts for ca. 60% of the experimental
single ion hydration enthalpy for In(III). Ab initio geometry
optimizations and frequency calculations are reported for an
[In(OH2)18

31] (In[6 þ 12]) cluster with 6 water molecules in the
first sphere and 12 water molecules in the second sphere. The
minimum found corresponds with T symmetry. The calculated
frequencies of the indium [6 þ 12] cluster at the best levels are
still underestimated by 10%.
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[In(OH2)6
31] [In(OH2)6(OH2)12

31]

Level of theory/basis set Level of theory/basis set

HF/6-31G* HF/6-31þG* MP2/6-31G* HF/6-31G* HF/6-31þG* Exp.fr. Assignment (T)

81 89 74 127 116 — fu O–In–O

123 130 105 271 263 306 fg O–In–O

122 127 116 289 283 — fu O–In–O

340 338 347 415 410 410 eg In–O

400 402 398 460 457 472 fu In–O

412 416 411 482 487 487 ag In–O

Remark: Note that in solution the InO6 unit possessesOh symmetry (water as point masses seen), the symmetry of the [In(OH2)6
31] gas phase cluster

is Th and the symmetry of the [In(OH2)6(OH2)12
31] cluster is T. In cases where two modes of [In(OH2)6(OH2)12

31] correspond, because of mixing

with a second-sphere water libration, to a single mode of [In(OH2)6
31], the frequency has been averaged.

Table 6 Structural parameters, energy (Eh) and thermodynamic parameters (DEB, binding energy at 0 K, and DH0
298, the enthalpy of the cluster

formation at 298.15 K) calculated for the [In(OH2)18
31] cluster denoted In[6 þ 12]

Bond length/Å HF/3-21G HF/6-31G* HF/6-31þG*

In–O (first water sphere) 2.1167 2.1781 2.1746

In–O (second water sphere) 4.1090 4.3090 4.3326

O–H (first water sphere) 0.9918 0.9684 0.9690

O–H(A) (second water sphere) 0.9684 0.9526 0.9530

O–H(B) (second water sphere) 0.9820 0.9547 0.9546

HO1� � �H bond length 1.6505 1.7929 1.8093

Angle Y/1

HOH angle (first water sphere) 112.6104 109.3783 109.1686

HOH angle (second water sphere) 111.9978 106.9483 106.9710

Energy/hartree �7075.7627749 �7103.7294123 �7103.7994795
DEB (0 K)/kJ mol�1 �4896.49 �3686.44 �3539.74
DH�298/kJ mol�1 �4696.73 �3540.66 �3394.59
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