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We have shown that Sc(lll) in aqueous perchlorate solution occurs as a hexaaqua cation. The weak, polarized
Raman band assigned to thga;g)(ScQ) mode of the hexaaqua Sc(lll) ion has been studied as a function

of concentration. Besides the isotropic component at 442 ctwo weak depolarized modes at 295 and 410
cm~t were measured in the Raman effect. These two modes of the BtOwere assigned tos(f,g) and

va(ey), respectively. The infrared active modsfi,), was found at 460 cnt. The Raman spectroscopic data
suggest that the hexaaqua Sc(lll) ion is stable in perchlorate solution within the concentration range measured.
Furthermore, the frequency data confirm the centrosymmetry of the Sc(lll) aqua complex, contrary to earlier
Raman results. The SgQ@nit possesse®, symmetry (water seen as point mass). These findings are in
contrast to ScGlsolutions, where chloride replaces water in the first hydration sphere and forms one or more
chloro complexes. Gas-phase structures, binding energies, and enthalpies are reported for sma)[Sc(OH
clusters, with one to nine water molecules in the first sphere. Ab initio molecular orbital calculations were
performed at the HF and MP2 levels of theory using different basis sets up t&-6*3The water molecules

in these clusters coordinate the®Sdin highly symmetric arrangements that tend to enhance electrostatic
charge-dipole interactions while minimizing liganeligand repulsion. The SeO bond length for the [Sc-
(OHy)g]3* cluster reproduces the experimentally determined bond length (EXAFS) of 2.18 A. The theoretical
binding energy for the [Sc(O4t]3" ion was calculated and accounts for ca—59% of the experimental

single ion hydration enthalpy of Sc(lll). The stability of the hexaaquascandium(lll) cluster could be
demonstrated by comparing the stability of the [Scfial@H,)]*" cluster with the [Sc(Ob}]3" cluster, resulting

in the stability of the former. The frequenciesia{ScQ;) of the [Sc(OH)g]*" cluster are ca. 11% lower than

the experimental frequency. The reason for this discrepancy was discussed and found to lie in the lack of the
second hydration sphere which was subsequently modeled as the [$g[®Htluster, denoted Scf612].
Frequencies of the Se@nit for the Sc[6-12] cluster were calculated and agree with the experimental values.
The binding enthalpy resembles that of the single ion hydration enthalpy.

1. Introduction coordination. The results of a recent crystal structure of

In the last 2 decades, many experimental studies using ><_r‘,iyscandium(lll) tr;fluoromethansqlfonate enneahyplrate, Sc-
and neutron scattering have been carried out to describe thelOH2)o(CFsSOy)3" reveal that St' is surrounded by nine water
hydration structure of nearly all stable metal ions. Despite great Molecules (tricapped trigonal prism) with six short*SeO
research effort and its fundamental importance, the first hydra- 20nds (2.171 A) and three longer bonds (2.47 A).NMR
tion number of Sc(lll) in aqueous solution is still a subject of measurementson Sc(lll) perchlorate and nitrate in water/
controversy (cf. data in refs 1 and 2). Raman spectroscopic acetong mlxtures.were carried out, but the coordmaﬂon number
result§ and a recent X-ray absorption fine structure measure- of the flrst_ hydration sphere could not be determined be_cause
ment proposed a probable first hydration number of 7. It is ©f the rapid proton exchange between bulk and water in the
known that Sc(lll) is quite similar to Al(lIl) because of its small  first coordination sphere, even at100 °C for perchlorate
ionic radius (0.73 A)5 In the solid state, oxygen-coordinated solutions. In nitrate solutlong, unusual!y Ipw hydration valuqs
Sc(lll) compounds occur in coordination numbers equal to 3, of 3.9-5.1 were detected, which clearly indicated that hydrolysis
6,7, 8, and 9, with the six coordination being the most common and nitrato complex formation were important in this solution.
(octahedral or trigonal prism), while the next common type is Kanno and co-workef8measured the Raman spectra of aqueous
the eight coordination (cubic, square antiprism and dodecahedralS¢" and AF* chloride solutions in vitreous state in order to
coordination polyhedrorf) The average Sc(l1t)O bond length avoid the interference of the strong quasielastic Rayleigh wing,
is 2.11 A for the six coordination and 2.24 A for the eight Which extends well over 500 cr.

. . . Raman spectroscopy has been extensively used to elucidate
de; gg”eSpO“d'”g author. E-mail: Wolfram.Rudolph@mailbox.tu-dres-  the spectroscopic characteristics of cations in agueous solutions.
T Universitasklinikum Carl Gustav Carus. However, in solution, the strong quasielastic Rayleigh wing
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of the metal aqua ionsTo circumvent this difficulty, Raman  chloride content was determined with a standardized AgNO

difference spectroscopy has been develdfétThe subtraction solution after the method by FajafsThe solution densities

of a synthetic background has also been employed to obtainwere determined with a pycnometer (5 mL) at°Zl The stock

baseline corrected Raman specééd? solution was 2.550 mol/L (2.801 mol/kg) and contained an
It is known that dissolved ions (especially anions) alter the excess of 10% HCI to prevent hydrolysis. With the Sc@bck

low-frequency Raman spectrum of watérTherefore, the solution and a LiCl stock solution, we prepared a S&lution

Raman difference spectra obtained by subtracting the spectrumwith excess chloride (as LiCl) by weight. The mole ratio in the

of pure water from the spectrum of an aqueous solution must solution was found to be ScfLiCI/H 0 = 0.01428:0.10594:

be viewed with caution as pointed out in previous papéfs.  0.8798, for example, a mole ratio of Sc(lll)/CI@# 1:10.4.

On the other hand, it is not necessary to employ Raman Great care was taken to characterize the solutions in order to

difference spectroscopy or to subtract a synthetic Rayleigh wing account for possible processes occurring in the solutions, such

from the aqueous electrolyte spectra in order to obtain baselineas complexation, hydrolysis, and precipitation of basicZ&t.

corrected spectra. It has been shéithat for accurate relative All solutions were filtered through a 0.22n Millipore filter
intensity measurements it is essential to normalize the low- into a 150 mm ID quartz tube before Raman spectroscopic
frequency Raman data (R spectra) for the BelBmstein measurement.

temperature factoB, and a frequency factor in order to present Raman spectra were obtained with a Coderg PHO Raman
the data in a spectral form that is directly related to the relative spectrometer using the 488.0 and 514.5 nm argon ion laser line
molar scattering factoo(¥7) O (d0/0Q;)?, whereQ is the mass- with a power level at the sample about 0.9 W. The mechanical
weighted normal coordinate. slit of the double monochromator was normally set to give a
In this study, Raman spectra of scandium perchlorate and spectral slit width of 1.8 cm. The scattered light was detected
chloride solutions were obtained as a function of concentration With a PMT cooled to-20 °C, integrated with a photon counter
in order to draw conclusions about the stability of its aqua and processed with a boxcar averager interfaced to a personal
complex. It is known that perchlorate does not penetrate the computer. Two data points were collected per wavenumber. To
first hydration sphere, which allows a vibrational characteriza- increase the signal-to-noise ratio, six data sets were collected
tion of the aqua scandium species. In scandium chloride for each scattering geometry; @ndlp). A quarter wave plate
solutions, the situation is not so clear, because of possible chlorobefore the slit served to compensate for grating prefereice.
complex formatiort8 though Kanno et al.stated that chloride  andlg spectra were obtained with fixed polarization of the laser
does not penetrate the first hydration sphere of scandium(lil). beam by changing the polaroid film at 9between the sample
Additionally, we modeled the vibrational spectra of aqua Sc- and the entrance slit to give the scattering geometries
(111) ions using ab initio molecular orbital calculations. Ab initio

calculations, whose utility for predicting structural and vibra- L =1(M24X) = 450/% + 4ﬂ'2 1)
tional characteristics are already well-establish&° were B o2
performed on Sc(lll) water clusters in order to support our In=1(Y[ZY]X) = 36 )

spectroscopic data. For this purpose, Hartiéeck and second- ) .

order Mgller- Plesset levels of theory were employed with TN€ isotropic spectrury, was constructed as follows:
several different basis sets. The aim of our spectroscopic studies 4

and ab initio molecular orbital calculations is to establish the le =1 = 3lg 3)
coordination number of the first hydration sphere of Sc(lll) in ~
aqueous perchlorate solutions. The reduced oRg(7) spectrum was constructed after eq 4,
2. Experimental Section, Data Treatment, and ab Initio Ro(?) = 1(#)(7, — ) 7B (4)

Calculations. . . . "
Equation 1 is valid under the condition that the normal

The Sc(ClQ)s stock solution was prepared by dissolving coordinates are taken to be harmonic and the polarizability
S¢:03 with a stoichiometric amount of HCUD The solution  expansion is terminated after the first-order term (i.e., the double
contains an excess of ca. 10% HGI@ order to prevent harmonic approximation). Theo(v) spectrum has been related
hydrolysis of Sc(lll). The density of the solution was determined to the vibrational density of states spectrum and may also be

with a standardized 5 mL pycnometer at 20. The Sc(lll) considered as the energy absorbed in a scattering process (see
content of the solution was determined by colorimetric titration ref 17 and references therein). The corresponding specia in
with standard EDTA and xylenol orange as an indicatdrhe format are constructed in a similar fashion according to e¢f. 1

solution’s pH was measured with a glass electrode and was caFurther spectroscopic details about the high-temperature mea-

0.8. The perchlorate concentration was determined by passingsurement, the band fit procedure, and details aBmdrmalized

a portion of the solution through a column with a strong cation Raman spectra are described in previous publicafi®ns.

exchanger (Dowex 50W-X8) and titrating the eluate with For quantitative measurements, the perchlorate ba(@QO,")

standardized NaOH solution. The Sc(G)&stock solution was at 935 cnt! was used as an internal standard. From Rkg

1.65 mol/L (1.905 mol/kg) with an excess of 10% HGI® spectra, the relative isotropic scattering coeffici(ScQy))

deuterated solution was prepared by dissolving the Sc)elO  was obtained. The use &values instead of values has the

in DO (Cambridge Isotope Laboratories, 99.9%) and evaporat- advantage that these relative scattering coefficients can be put

ing the water off in a vacuum distillation apparatus. This process on an absolute scale if an absolute standard reference is

was repeated three times. The deuteration grade, checked byonsidered. For further details abdivalues cfl6a

Raman spectroscopy (in the OD and OH region), was better Ab initio Hartree-Fock calculations with the STO-38,

than 99.0%. 3-21G2 and 6-313G?7 basis sets were employed. Huzinaga’s
The ScC4 stock solution was prepared by dissolvingSg (533321/5211*/41) basis set was used for scandium

with an excess amount of HCI. The solution was analyzed for conjunction with the 6-31G* water basis set. All geometries

scandium by colorimetric titration with standard EDFAThe were optimized with the GAUSSIAN 92 prograthand the
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nature of the stationary points was confirmed by analytic 1000
frequency calculation where possible. A diffuse sp shell was
added to the oxygen to give the standard HF/8-GT basis

set (no diffuse functions were added to scandium because its 89
cationic nature renders them unnecessary). Finally, Mgller
Plesset perturbation theory was used to approximate correlation
effects (as MP2/6-31G* and MP2/6-3G*). The frozen core
approximation was used throughout. The shorthand notation L/B
will be used to denote a calculation L/B//L/B, where an energy
calculation is done at L/B, the same level as the geometry
optimization.

For a given stoichiometry, there may be several corresponding 200 -
local minima. This is known as the multiple minimum problem
and is difficult to avoid. Our approach is to optimize structures
in the highest reasonable symmetry unless better choices are
previously available. Our initial choices we@,, D2g, D3, S, B
Couy Thy Co,y Dan andDog, andDa, for the [SC(OH)n]3+ (with n WAVENUMBER (cm )
=1-9).

Forn = 2, two lower energy structures were found which
were isoenergetic and possessed symn@sgndC,. Forn = 1000
3, the MP2 calculations indicated that a slight out of plane 900
desymmetrization t&€z was preferred. 200

Forn =7, theC,, structure gave imaginary frequencies which

x 20

400 -
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were rectified by desymmetrization @. For the octa and ennea E’ 700
structures, a total of four and eight structures were initially tried, & 6%
corresponding to rotation about various wat8c axes and to & 500
eclipsed and staggered-S© bonds. To minimize the compu- E 400

tational cost, a “stepping stone” approach was utilized, whereby
the STO-3G, 3-21G, and 6-31G* geometry optimizations within

the chosen symmetry were carried out, each using the analytic =~ 2
force constant matrix calculated from the previous level. The 100
preferred structures had staggered bonds and exhibited an 0 N e S S R sitticresepo ]
imaginary frequency corresponding to water twisting. Desym- 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
metrization of these gave structures of symmegsyand D3,

respectively. All structures thus obtained were energy minima Figure 1. (a) Polarized Raman spectrum in R format of a 1.65 M

except then = 9 case. ThisDs structure could not be  gceg) solution in the wavenumber region between 55 and 1300
desymmetrized further without eliminating water from the first 1 at 25°C. (b) Raman spectraRfo), Ruepor aNdRso) 0f a 1.65 M

sphere. The final symmetries found were tits, Cs, D3 (or Sc(CIQy)s solution in the wavenumber region between 55 and 75Gtcm

Ca), S, Coy, Thy Cy, S, @andDs. at 25°C. Note the isotropic component at 442 cwhich has been
The NBO (natural bond orbital) analysis of the water clusters assigned ton(ag(ScQ), and the depolarized band at 295 crhas

is also given. The NBO methdf as implemented in Gaussian been assigned ta;(f2g)(ScQ;). The very weak depolarized band at 410

) .
92, was used to determine the atomic charges. cm has been assigned to(e)(ScQ).

300

WAVENUMBER (cm™))

4104 5 cnTL. These spectroscopic findings are consistent with
a hexaaqua Sc(lll) ion. The assignment of the Se@des were
3.1. Raman Spectroscopic Result8.1.1 Sc(CIQy)z Solution. done on the basis @, symmetry (HO taken as point mass).
Raman spectra of a 1.65 M Sc(G)@solution were analyzed  The 15 normal modes of the Sg@nit span the representation
between 60 and 1300 crh The “free” CIQ,~ ion possessely Liib (On) = aug(R) + gy(R) + 2f1(IR) + f2¢(R) + fay(n.a.). The
symmetry and has nine modes of internal vibrations spanning modesyi(ag) (polarized),v(ey), andvs(fag) (both depolarized)
the representatiomip(Tg) = a + e + 2f,. All modes of are Raman active, and the mode1,) andv,(f,,) are IR active,
vibration are Raman active, but in IR only therhodes are while the modevg(f2,) is not observable in solution spectra.
active. The spectrum of a 1.65 M Sc(G)@solution shows the ~ The isotropic band at 442 crhcan be assigned ta(ayg ScQs,
predicted four Raman-active bands for the tetrahedral;CIO  and the depolarized bands at 295 and 410%ane assigned to
A polarized overview Raman spectrum in R format at’@5is vs(fag) ScQy and va(ey)(ScQy). The infrared active mode;s-
given in Figure la. In Figure 1b, the expanded wavenumber (f;), was found to be at 460 cm¥? and confirms the
region from 60 to 700 crit for the two scattering geometries  centrosymmetry of Sc©The frequencies of the Sg@nit and
and the pure isotropic spectrum is given. ThéCIO,~) band the assignments of the modes are presented in Table 1. The

3. Results and Discussion

centered at 935 cni is totally polarized, whereasg(f,)(ClO4) Raman spectrum of the crystalline powder of Sc(§4®H,0
centered at 1114 cm is depolarized as are the deformation at 25 °C reveals a mode at ca. 445 chand both weak
modesvy(f 5)(ClO47) at 630 cm! andvy(e)(CIO, ™) at 463 cnt depolarized modes as well. The coincidence of the Raman
[cf. ref 31 and references therein]. modes in aqueous solution and in the crystalline powder of Sc-
In the isotropic Raman scattering, a mode at 442 cnr! (Cl04)3+6H,0 reinforces the existence of the hexaaqua Sc(lll)!

(fwhh = 74 £ 2 cnm1) becomes visible (Figure 1). In the Finally, we do emphasize that we did not find a polarized mode
depolarized scattering geometry, two modes are to be observedat 306 cnt! in Sc(CIQy); solutions but that this mode does occur
a weak broad mode at 2955 cn ! and a very weak mode at  in ScCk solutions.
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TABLE 1: ScOg Skeleton Modes (Sc@ Unit Possesse©y 1000
Symmetry) and Raman and IR Spectroscopic Frequencies in
Aqueous Sc(ClQ)s (In ScCls, Sc(NGy)3, and Se(SOy)3
Solutions, Complex Formation Occurs) 800
assignment and activity exptl frequencies (@in H,O
v1(aug) Raman 442+ 1(0.003) )
v2(g;) Raman 410+ 5 (0.75) e
va(fiy) IR 4604+ 52 =
va(f1y) IR not observed &
vs(f2g) Raman 295k 5 (0.75) B 400
ve(fau) --- not active =
2 Adams, D. M.Metal—-Ligand vibrations and relatedvibrations 200

E. Arnold: London, 1967.

R

iso

Kanno et af have interpreted their Raman spectroscopic data e e
by taking into account a heptaaqua Sc(lll) cluster. A heptaaqua 50 100 150 200 250 300 350 400 450 500 550 €00 650 700 750
Sc(lll) cluster with its Sc@ unit possesseS, symmetry. The
18 normal modes span the representaligfC,) = 9a (Ra, IR)
+ 9b (Ra,IR). All doubly and triply degenerate modes would Figure 2. Raman spectrafo, Riepoy andRso) of & 2.55 M ScG-
lose their degeneracy and split. Certainly, this is not the case! Solution in the wavenumber region between 55 and 750" an 25
Furthermore, all modes would have to be Raman and infrared ~
active, which is also not observable. We could show, that the 700
mode at 295 cmt is depolarized in Sc(Clgs solution and

appears polarized in Scg¥olution at 306 cm! (weak chloro 600 -
complex formation) obscuring the depolarized mode at 295
cmL. The spectra of SceWwill be dealt with in the next section.
The isotropic mode shifts with deuteration of the Sc(g4O
solution to 417 cm? in accordance with the expected isotope r /\J\w
shift:

WAVENUMBER (cm’))

£ g

INTENSITY (R)
]
=]
T

1,[(Sc(0OD,)s> ] = +/18.02/20.08,[(Sc(OH,)s° ] =
0.948x 442 cmt=419cm’ (5)

g

100
Relative intensity measurements for three different ScgzlO
solutions as a function of concentration (1.65 mol/L, 1.00 mL/ 0 ‘ ‘ | ‘ |
L, and 0.5 mol/L) yield a relative scattering coefficient for the 0 100 200 300 400 500 600 700
11(Sc—0) mode,S, = 0.034+ 0.002. The perchlorate band, WAVENUMBER (cm™))

vi(@)(ClO4") at 935 e served as a reference band. The Figure 3. Isotropic Raman spectra in R format of a Sg@ilution

value is defined as the corrected relative scattering efficiency ¢gyies: 2.55, 1.55, and 0.255 M SgCholutions from top to bottom

of the [M(OH)]™" aqueous metal hydrates. Furthermdse, at 25°C.

is defined in the pure isotropiR spectrum. For the;(M—0O)

modes,$, values of 0.02 (Al), 0.12 (Ga), and 0.18 (In) were 3a? The answer can be found by inspecting the Ss@lution

found, reflecting the increase in the softness of these group llla spectra, which is given below.

metal ions with an increase in the periodic number. Sc(lll), as  3.1.2. ScCG Solution.The Raman spectra of a 2.55 M SgClI

the first representative of group Illb metal ions, shows a slightly stock solution at 28C is presented in Figure 2. In the isotropic

higher relative molar scattering coefficient than Al(lll). This Raman spectrum three bands are observable: at 436(6whh

means, in the terminology of inorganic chemistry, Sc(lll) is a =804+ 2 cnT?), at 306 cni! (fwhh 304 2 cnY), and a weak

hard cation. broad band at 200 cr (fwhh ca. 120 cm?) representing the
The Sé" hexaaqua ion may be compared with the well intermolecular mode of H-bonded Cions of the form H-O—

characterized Ai* hexaaqua ioff in aqueous perchlorate H---Cl~ (cf. ref 9 and references therein). In addition, the mode

solution. In this solution, the only Al(lll) species observable is at 436 cnT! reveals a shoulder at ca. 420 thWith dilution

the [AI(OH,)g]®".23 A complete vibrational analysis of the [Al-  of ScCk the band at 306 cni disappears gradually and in the

(OHy,)g]3 ion, which can be seen as an “archetypal example of 0.255 M Sc solution it is almost gone as can be seen in Figure

regular octahedral six coordination” (ref 51c, page 143, and 3. Therefore, we conclude that the band at 306 tis due to

section 3.1.), is given in parts a and b of ref 33. The vibrational a S&*—CI~ stretching mode of [Sc(Of-nCl]*@ ™. The

analysis was carried out taking water as a point mass, so themode at 436 cm! and the shoulder at ca. 425 chrepresent

symmetry of the AlQ unit become®,. (The true symmetry of  the Sc aqua mode of unligated and ligated Sc(lll), respectively.

[AI(OH)¢]3t cluster isT,.) These spectroscopic findings reveal That the stretching mode at 306 chiis due to S&"—ClI-

the structural and spectroscopic similarities between the Al- becomes clear by inspecting a Sg&blution with an excess of

(1M and Sc(ll) hexaaqua ions. LiCl (Sc(ll)/CI(I) = 1:10.4). The isotropic mode at 306 cin
These findings are in contrast with the results reported by is now dominant, and the mode of the Sc hexaaqua ign,
Kanno et aP2 who reported four Raman bands in Sg@hd (ScQy), disappeared completely, while a medium strong band

Sc(ClQy); solutions and vitreous state at liquid nitrogen tem- at 425 cn1! appears, which can be assigned to the vibrations
perature. In light of these findings, the question arises: why of the remaining water ligands in the mixed Sc chloro water
are there four Raman bands in vitreous S quoted in ref complex, most likely to a mono- or dichloro complex. In the
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ScCk—LiCl mixture with its high chloride content, the Sc-

ClI~ stretching mode is not frequency shifted compared to the
ScCk solution series, which suggests that the excess in chloride
did not result in formation of a Sc(lll) complex higher in a
chloride/scandium ratio (like Scgf, which is known in
crystalline form; e.g. GScCk* or ScCh and ScCf™).

The same principal findings were made during the course of

J. Phys. Chem. A, Vol. 104, No. 8, 2000631

Information. Sc(lll) water clusters with equal to 5, 6, and 7
were described by Akesson et “4lWhile our results for
pentaaqua and hexaaqua Sc(lll) confirm the results in ref 44,
the symmetry found for the heptaaqua Sc(lll) structu®e) (
deviates from theC,, structure published in ref 44. The,
structure for the heptaaqua cluster was also reported by
Rotzinger*®

our Raman spectroscopic studies on electrolyte systems, namely, The optimized geometries are similar to those structures

Al(II, Ga(lll), and In(lll) perchlorate and chloride aqueous

anticipated on the basis of chargdipole attractions and water

solution. When the counterion is perchlorate, all of the hexaaquaWater repulsions. The single water complex RBassymmetry

ions are stable. However, when the counterion is chloride, only
the Al(Ill) hexaaqua ion is stable. In Ga(lll) and In(lll) solutions,
chloro complexes are forméélt is known that excess chloride

in GaCk solution results in formation of Gagl from species
[Ga(OH)e—n Clo] TG~M (n =1, 2, 3)32 The modey1(GaCly™),

is distinct from the modes,{(Ga&*—Cl,"), in the [Ga(OH)e—n-
Cl]*@= unit (n = 1, 2, 3) specied® Obviously, in Scd
solutions (even with excess of Glno species such as SegCl
ScCl~, or ScCk3 is formed.

The coordination of Sc(lIl) with chloride in aqueous solution
was also studied with nonspectroscopic methods initially by
Pauf® and the species Sc&land ScCi" were invoked. For
25°C and an ionic strength of 0.5 M, the equilibrium quotients
for the reactions S¢ + CI~ == ScCP+ and ScCl™ + CI- =
ScChL* were found to be 11.7 and 10.9. Later investigatiéi’s

indicated the presence of these species, although the stabilityt

constant derived differs considerably from those reported by
Paul. Scandium(lll) is slightly adsorbed by an anion exchanger
column from 7 to 12 M HCI, indicating the presence of an
anionic species at high chloride concentra@i®riz-rom an
ionophoretic investigation, rBirous et al? invoked the electro
neutral ScCG species and Scgl in ScCk solutions with an
excess of Cl. It should be mentioned that these physicochemical
methods detect besides the inner-sphere complex also complex
of an outer-sphere type. Raman spectroscopy, on the other han
allows a separate characterization of the inner-sphere complexe
In recent publications by Rudolph et &lit was shown that in
transition metatsulfate solutions the majority of the complexes
are of the outer-sphere type. A recent EXAFS study revealed
that chromochloroaqua complexes, [GOH2)s—n] GV (n =

1-3) form outer-sphere complexes with chlort#elhe same
situation can be invoked in Scg¥olution (inner-spherarans
[ScCh(OH,)4]™; outer-sphere complexes, most probably [$¢Cl
(OH2)4]"CI= and [ScC}(OH,)4] Cl27). These inner-sphere/
outer-sphere complexes would explain the above quoted adsorp
tion experiments on anion exchanger resins quite easily, without
invoking negatively charged scandium complexes with a high
chloride-to-scandium ratio of the inner-sphere type!

Our spectroscopic results show clearly inner-sphere chloro
complex formation in Sc@lsolutions. From Raman data and

stoichiometric considerations, inner-sphere/outer-sphere com-

plexes can be invoked. These findings are in direct contrast to
the findings by Kanno et &l.concerning the Scglsolution

S.

with the water dipole directed toward the Sc(lll) to enhance
the charge-dipole interaction. The water molecules in the larger
clusters have their dipoles directed toward the Sc(lll) and are
distributed in highly symmetrical arrangements that tend to
minimize water-water repulsion. The SeO bond lengthens
significantly with increasing hydration of the Sc(lll). In Figure
5, the calculated SeO bond lengths are plotted as a function
of number of ligands located in the first coordination sphere.
The geometry of the water ligands changes only slightly with
increasing hydration, the OH bond lengths are shortening by
about 0.02 A or less and the HOH bond angles are increasing
of about 1.0. The optimized geometry of monomeric water is
given in Table 2 for comparison.

The linear D,g) and trigonal planar¥s) arrangements of two
or three waters around scandium(lll) are not necessarily the most
hermodynamically stable. For diaqua scandium, the minimum
energy structure is bent, witl@s symmetry, although &,
structure was nearly isoenergetic (0.1 kJ) with this structure.
These structures are about 13 kJ more stable than the linear
Dog structure. The main difference between tBe and Cg
structures is manifested in the change of &—0 angle (cf.
results given in parts a and b of Table 2S of the Supporting
Information). In theC, structure, this angle is around 150

hereas in th&; structure, the angle is around 20h Table

igs of the Supporting Information, the optimized results for the

triaqua Sc(lll) cluster @3) are given. For these, the MP2
calculations favor (0.03 kJ) a slightly pyramidé&lsj geometry
(deviations of 8 and 7, respectively, for the angle between
O—Sc andC; axis). This has been noted beftfreand is
attributed to the effect of core polarization.

The tetraaqua Sc(lll) cluster possesSesymmetry, and the
results are given in Table 4S of the Supporting Information.
The pentaaqua and hexaaqua Sc(lll) clusters l@yeand Ty
symmetry, and their optimized structural parameters are given
in Tables 5S and 6S of the Supporting Information. These
structures are described in the literature and shall be discussed
only briefly. Stable structures for heptaaqua and octaqua Sc-
(1) water clusters could be found. [Sc(QH]®*" possesses,
symmetry, [Sc(Ok)g]*" possesseS symmetry. We could not
find a stable structure for enneaaqua Sc(lll), [Sc(gH, but
we could find a structure with an imaginary e mode corre-
sponding to water elimination. The structural parameters and
the HF/MP2 energies are given in Tables—&% of the
Supporting Information. The SeO bond lengths in the struc-

spectra and the Sc aqua ion assignment. From our spectroscopig,res withn > 7 widen considerably and are, by far, greater

findings in ScC} solution and the findings in Sc(lll) perchlorate
solution it follows that in the perchlorate solution a hexaaqua
Sc(lll) exists. A detailed discussion about the aqueous solution
chemistry of Sc(lll), its hydration, and complex formation with
chloride and sulfate can be found in a recent publication by
Rudolph?3

3.2. Ab initio Molecular Orbital Results. 3.2.1. Structure.
Figure 4 presents the optimized geometries for [Sc{g]f
(n = 1-9) clusters. The structural parameters, including the
HF/MP2 energies, are given in Tables-1%S of the Supporting

than tAhe recently reported experimentat-&xbond length with
2.18 A#

The results for the ab initio molecular orbital calculations of
the hexacoordinated scandium show that the model describes
the geometry for aqueous scandium ion. Considering the penta-
and heptacoordinated structures, the following conclusions can
be drawn. For the pentacoordinated species, the HF/6-31G* and
higher levels all give very similar SO distances, with average
Sc—0 distances of 2.1462.152 A, and a standard deviation
of 0.019-0.020 A, which are too small when compared with
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Figure 4. Optimized geometries of SOH,), (n = 1—9) clusters: St (OH,) (Cy, sym.); SE+(OHy,), (D2g, Cs, and G sym.); Sé+(OH,); (D3 and
Cs sym.); SE€"(OHy)4 (Sy sym.); SEH(OHy)s (Cz, sym.); SET(OHy)s (Th sym.); SET(OHy); (Cz sym.); SEH(OHy)s (Ss sym.); SET(OHy)g (D3 sym.).

the result in ref 4 of 2.18@ 0.007 A. These levels of theory  of the calculated in vacuo Za0O bond length with the
also give average SeO distances of 2.2342.242 A, and a experimental observed values in aqueous solution should lead
standard deviation of 0.0270.029 A, for the heptacoordinated  to agreement. Furthermore, we could show for a variety of aqua
species, which are too large when compared with the experi- metal ions (M= Li*+ 1 Cd?+,20a Mg2+ 200 Zn2+ 20c gnd BéT,
mental Se-O bond length. Al3T, Ga&T', In®" 48) that the in vacuo M-O bond lengths
The equilibrium scandiumoxygen distancer,e, of 2.181 A reproduce the measured values well. If Sc(lll) occurs as an
at the HF/6-31G* level for the [Sc (Of]3" (cf. results for hexaaqua ion, then it follows that the in vacuo—$z bond
hexaaqua Sc(lll) in Table 6S of the Supporting Information) is length for the hexaaqua species should be comparable with the
in agreement with the diffraction result of 2.1800.007 A4 EXAFS result, which is true. Therefore, our ab initio calculations
(It has to be noted that diffraction measurements giyehe demonstrate that the scandium hexaaqua compigxig the
averaged position of atoms at temperature of experiment, andstable species (see Figure 4).
notre.) These results suggest that the hexaaqua species is the 3.2.2. Binding Energies and EnthalpieBhe total binding
one observed in solution. energies (at 0 K) according to: 8c+ nH,O == [Sc(OHy)n) 3"
It was stated recently that the gas-phase geometries for theare listed in Table 3. These values were calculated at the HF
[Zn(OH,)e)?" cluster arealmostindependent of the solvent and MP2 level at the optimized cluster geometries. Table 3 also
effects (second hydration sphet&)*’Therefore, the comparison  presents the corresponding binding enthalpies and free energies
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r (Sc-0) as a function of n TABLE 3: Binding Energies (at 0 K), Enthalpies (298.15 K),
230 - and Free Energies (at 298.15 K) in kJ/mol of Sc(Ok),3" (n
= 1-9) Clusters

225,. A —— HF/6-31G* - - - -
. .. HF/6-3 1 4G+ n HF/6-31G MP2/6-31G HF/6-31G MP2/6-31+G
PO MP2/6-31G* Binding Energie$
= 1 —557.99 —596.44 —542.51 —567.50
S [ e .
3 MP2/6-31+G 2 -1021.82 -1079.87  -99120  —1024.27
Y 3 —1426.55 —1499.17 —1381.18 —1418.78
4 —1778.57 —1865.10 —1720.67 —1763.51
5 —2047.12 —2146.67 —1979.70 —2031.90
6 —2292.45 —2406.03 —2217.64 —2281.35
7 —2428.65 —2558.48 —2343.43 —2423.95
8 —2558.76 —2705.92 —2466.30 —2567.07
‘ 9 —2629.49 —2793.52 —2530.73 —2649.42
,,,,, : i | Enthalpies
! : 3 N ’ 6 ! 8 1 —550.67 —590.26 —535.00 —560.84
coordination number, n 2 —1010.47 —1067.17 —976.97 —1010.71
Figure 5. Sc—O bond lengthr(Sc—0) as a function of the coordination Z :i;ﬁigg :ig?ég :ﬁgggi :gg;gé
number,n (n = 1-8). 5 -199335 -2101.64  —1924.94  —198515
TABLE 2: Predicted Geometry and HF/MP2 Energy for ? :ggﬁgg :gigggg :g;gigi ;ggiigg)
: a . . . .
Monomeric Water 8 —245450  (2611.42) —2356.60 {2466.46)
H—0 bond length (A) HO—H (deg) energy (au) 9 —2515.80 2689.59) —2411.78 2539.56)
HF/6-31G* 0.9473 105.50 —76.0107465 Free Energies
HF/6-31+G* 0.9476 106.52 —76.0177432 1 —519.84 —559.42 —504.18 —530.03
MP2/6-31G* 0.9687 103.97 —76.1968478 2 —941.76 —1008.83 —916.05 —950.78
MP2/6-3H-G* 0.9709 105.47 —76.2097766 3 —1304.66 —1381.20 —1259.98 —1297.87
2 Geometrical parameters of water determined by microwave spec- g :ggggi :igsﬁgg :ggg?g :53111513:23
troscopy: O-H = 0.95724 0.0003 A; HOH= 104°31' + 3 (taken 6 —1980.17 —2103.46 —1902.60 _1975'35
from: Benedict, W. S.; Gailar, N.; Plyler, E. K. Chem. Physl956 7 _2059'33 _2200'35 —1973.48 62064-52)
24, 1139). 8 212422  (228257) —2026.46 (2137.75)
9 -2139.91  (2315.13) —2035.68 £2164.89)

at 298.15 K. The incremental binding energy, enthalpy, and
Gibbs free energy values are given in Table 4. For the MP2/ _ *The binding energies are not corrected for BSSE. Calculating the
6-3LG* level he incremenal binding enfapies i 298.15_ BSSE SohUbn s ey ey o base s i Siee
K, as a function of coordlna}tlon number, z.are.presented !n Flgurg far from ihe nucleus, where B,SSE arises. Second, although cengt]ered
6. The trends seen for the incremental binding enthalpies are ingt particular nuclei, the diffuse function cannot be considered as
accordance with those anticipated from electrostatic consider-“belonging” to that nucleus since it primarily describes regions of space
ations. The Sc(ll-water interaction weakens with increasing that may actually be closer to other nuclei, and thus the usual
coordination of the metal. This trend arises from the repulsion partitioning of the atomic centers may be rendered invalid. The
of the dipoles between the water ligands and from unfavorable gfﬁgr?cemboest;’l"egﬂeﬂ:g g'gég* v?gﬂ:rﬁ* ;ﬁzuilrt]ilg‘s"’i‘é’nbgfr%gea][gfger
many body mter.acno.n S: Flgure 6 also shows th?‘t the Incre_mentalb Valuesg in pareyntheses derivea from vibrgtional corrections as obtained
binding entha}lp|es diminish rather smoothly with increasing  fom the corresponding Hartre&ock calculation.
the coordination number. Between 6 and 7, a rather sudden step
occurs, indicating the relative strength of the hexaaqua Sc(lll)  Scandium water clusters should undergo similar behavior,
cluster. although the H-bonds in this trivalent metal ion cluster should
For agueous clusters with> 2, several distinct equilibrium  be much stronger. In particular, the stability of the heptaaqua
structures for a fixed cluster size are possible. For example, for Sc(lll) cluster, [Sc(OH)7]®", denoted Sc[#0] proposed by
[K(OHJ)4] ™, three optimized structures were established having Yamaguchi et al., relative to the cluster [Sc(df+(OH,),
binding energies within about 4 kJ/mol of each otfeBesides denoted Sc[&1], where one of the waters is placed in the
two inner-sphere clusters (all four water ligands in the first second sphere, needs to be addressed. The optimized structure
coordination sphere; symmetr§, and C,), a third cluster, [6+1] demonstrates the formation of two strong H-bonds
denoted K[3-1], having only three inner-sphere waters and the between the first sphere and the second sphere water. The
fourth water in the second hydration sphere forming H-bonds calculated thermodynamics of the reaction [ScfBR™ — [Sc-
with water molecules in the first sphere. It was found that the (OH,)g]®"(OH,) is given in Table 5. For weaker interactions,
latter structure was more stable than feand C, structures basis set superposition error (BSSE) can become a problem for
by 1.7 and 3.8 kJ/mol, respectively (MP2/6-83G* level). In calculating the interaction energies. The effects of BSSE have
general it was found thatn*+ m” clusters with at least one  been investigated for the Sefd] and Sc[#0] clusters, and
water molecule in the second hydration sphere are more stablethe following points should be made (cf. Table 10S of the
than those with all waters in the first hydration sphere when Supporting Information). The BSSE content of the interaction
the incremental binding energy is less thar-50 kJ/mol. When between the second sphere water and the hexaaqua units of Sc-
the energy for placing an additional water in the first hydration [6+1] can be as large as 20 kJ/mol/water in the 16 structure,
sphere is less than this threshold, it becomes more favorablebut is even more important in the compact{0] cluster. The
for that molecule to remain in the second hydration shell, difference in BSSE content is about %5 kJ/mol. Because the
forming two hydrogen bonds worth about 25 kJ/mol. The difference in energy between thedfé] and [A0] is small, a
binding enthalpy of the hexaaqua cluster is between 54% andBSSE correction of ca. 10 kJ/mol makes a big difference. The
60% of the experimental hydration enthalpy ofSc BSSE correction strengthens our case for the hexacoordinated
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TABLE 4: Incremental Binding Energies (0 K), Enthalpies 0
(298.15 K), andAG® Values (298.15 K) for the Formation of
First-Sphere Sc(lll) Water Clusters (n = 1-9) o
AE(OK)  AH°(298.15K) AG°(298.15K)
SE* + H;0 = Sc(OH)** 200 L
HF/6-31G* —557.99 —550.67 —519.84 .
HF/6-31+G* —542.51 —535 —504.18 3
MP2/6-31G*  —596.44 ~590.26 —559.42 § 300 L
MP2/6-3HG* —567.5 —560.84 —530.03 E
Sc(OH)** + H,0 = Sc(OH)2* A a0 L
HF/6-31G* —463.83 —459.80 —421.92
HF/6-31+G* —448.69 —441.97 —411.87
MP2/6-31G* —483.43 —476.91 —449.41 500 F
MP2/6-3HG* —456.77 —449.87 —420.75
SC(OW)ZS-F + Hzo = SC(OF&)33+ 600 | | | 1 ! I L 1 L
HF/6-31G* —404.73 —394.91 —362.90 e 1 2 3 4 s s 7 8 9 10
HF/6-3H-G*  —389.98 —382.52 —343.93 _
MP2/6-31G*  —419.30 —411.98 —372.37 n (number of water ligands)
MP2/6-3H-G*  —394.51 —386.90 —347.09 Figure 6. Incremental binding enthalpies (MP2/6-B&* basis) at
Sc(OH)*+ + Hz0 = Sc(OH) 2+ 298.15 K as a function of, the number of water ligands, in the first
HF/6-31G* —352.02 —336.54 —293.83 hydration sphere.
HF/6-31+G*  —339.49 —323.82 —280.6 _ _
MP2/6-31G*  —365.93 —357.91 —311.85 TABLE 5: Difference in SCF Energy AE,; (0 K), AH®
MP2/6-31-G* —344.73 —336.37 —293.65 (298.15 K), andAG® (298.15 K) for Sc[6+1] and Sc[#0]
ot . When One Water Moves from First Hydration Sphere to
Sc(OH)4*" + H0 = SC(OHz)s Second Hydration Spheré
HF/6-31G* —268.55 —251. —204.82 - -
HF/6-3HG* —259.03 —241.63 -193.17 AE, AH AG
MP2/6-31G*  —281.57 —264.58 —-218.31 level (kd/imol)  (kd/mol)  (kJ/mol)
MP2/6-3HG*  —268.39 —251.17 —202.61 HF/6-31G(d) uncorrected -9.46 —10.44  —14.35
Sc(OH)s** + H,0 = Sc(OH)6>* corrected —16.36 —17.32 —21.23
HF/6-31G* —245.33 —228.97 —176.86 MP2/6-31G(d) uncorrected —-1858 —19.14 —20.45
HF/6-31+G* —237.94 —221.37 —168.85 corrected —31.81 —3298 —34.30
MP2/6-31G* —259.36 —243.31 —-192.1 HF/6-31+G(d) uncorrected —7.41 —8.76 —-13.84
MP2/6-3H-G*  —249.45 —233.25 —181.22 corre/cted . ) —11.37 —12.73) —17.80
HF/6-31G* SC(?E%)G; o ::I.fg(%m73+ 79.16 EAOF:rZeS{SfG( pneenece :iggg :%igg :%ggg
HF/6-31+G* —125:79 —108:63 —70:88 aThe values are BSSE uncorrected, and in the second line the
MP2/6-31G* —152.45 —135.73 —96.8 corrected values are givehVibrational contribution calculated from
MP2/6-31-G*  —142.6 —126.15 —89.17 additivity principle asAE hema (MP2/6-3HG*) = MP2/6-31G* +
Sc(OH)7* + Hz0 = Sc(OH)* HF/6-31+G* — HF/6-31G*
HF/6-31G* —130.11 —113.41 —64.89
HF/6-31+G* —122.87 —101.66 52.98
MP2/6-31G* —147.44 —130.74 —82.22
MP2/6-3HG* —143.12 —121.91 —73.23
Sc(OH)s* + H,0 = Sc;(on)93+
HF/6-31G* —-70.73 —61. —15.69
HF/6-31+G* —64.43 —55.18 —9.22
MP2/6-31G* —87.60 —78.17 —32.56
MP2/6-3HG* —82.35 —73.10 —27.14

species, since BSSE destabilizes theé (T structure relative to
the [6+1]. The uncorrected interaction energies of SeQT
relative to Sc[6-1] are—9.46,—18.58,—7.41,—12.14 kJ/mol
at the HF/6-31G*, HF/6-31G*, MP2/6-31G*, and MP2/6-
31+G* levels, respectively. The BSSE corrected values are
—16.36,—31.81,—11.37, and-19.99 kJ/mol, respectively. The
preferred hexacoordinated structure with the seventh water
molecule in the outer sphere is given in Figure 7. The BSSE Figure 7. Structural model (symmetr@,) of the [Sc(HO)s(OH2)]3*
uncorrected and corrected thermodynamic values of the reactiorcluster.
[Sc(OH)7]3 — [Sc(OH)e] 3T (OHy) are given together in Table
5. For the clusters Scf7f0] and Sc[6-1], the interaction, of water—water repulsion in the first hydration sphere. However,
deformation, uncorrected and corrected binding energies, anda water molecule in the second hydration sphere can form strong
BSSE contents are given along with the relevant energies for hydrogen bond(s) to the first hydration sphere because of the
the reaction in Table 10S of the Supporting Information. polarizing effect of the cation. Thus, eventually it is energetically
Clearly, the reaction Scf#f0] — Sc[6+1] is energetically preferable for water to remain in the second hydration sphere
favored and evidence for the stability of the hexaaqua Sc(lll). as opposed to squeezing into the first hydration sphere as the
A more general statement can be formulated. As the Se(lll) number of waters grows. For scandium, it appears as though
water complex grows in size, the SO interaction becomes the seventh water molecule prefers to stay in the second sphere.
weaker because of both decreasing net charge on scandium anRotzingef® has shown computationally that the Sc(l1l) hexaaqua
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TABLE 6: Sc—O Symmetric Stretching Frequency of because of the strong polarizing effect of the scandium ion.
ShC(%Fb)n;T C'_USte'{lS aSb a Fl]gnﬁtlolg_ of I;y(ératl_on guhmber, N, Obtaining a more accuratg(ScQy) frequency necessitates the
the Coordination Number of the First Hydration Sphere inclusion of an explicit second solvation sphere in the ab initio
n(COOfdti)natiOn HE/6.31G* MP2/6.31G* HE/ . MP2/6.31+ G calculation, as was shown recently for iCd?*,20a zn2+ 20c
number) 6-31G 6-31G 6-31G 6-31+G Mg2+20b and also for B&", AI3*, Ga&*, and IFt.48 The

1 611 613 607 605 existence of the second hydration sphere was established for

g 222 222 igg 45129 other trivalent metal ions, as was established recently by EXAFS

4 440 440 437 432 in Cr('“), Ga('“), and Rh(III) (and Zn(ll))5°

5 419 419 417 413 The S&7(OHp)1s Cluster. The calculated [Sc(Ohgl"

6 398 398 396 394 cluster, denoted Scf612], corresponds to the local minimum

7 385 394 389 ;

8 350 349 with T symmetry. Structural parameters calculated at the HF/

9 344 347 3-21G, HF/6-31G*, and HF/6-31G* are given in Table 9. The

. . _ _ . Sc—0 distances for Sc[60] are 2.126 A, 2.179 A, and 2.183
ion undergoes associative exchange (A), with the intermediate 5; iha HE/3-21G. HE/6-31G*. and HE/6-3G* levels respec-
possessing symmetg,. tively. For Sc[6t12], the corresponding distances (bond length

We have verified the existence of this intermediate (ou.r between Sc(lll) and the oxygen of the first- sphere water; Sc
ScAq7 [#0] structure). Our attempts to generate an intermedi- 5 herd are 2.101, 2.150, and 2.151 A, respectively, a
ate of higher symmetrydy,) gave a second-order saddle point, ", S o A L ' : '

ithouah thi d by Ak & at shortening of about 0.03 A. For the latter species, theGc
although this symmetry was proposed by Akesson a distances between Sc(lll) and the oxygen of the second sphere

minimum structure. Our energy difference between thedJ’ (Sc-0 .
. . i —Osecond-spherd are 4.098, 4.297, and 4.319 A, respectively.
and [6+1] is much greater than the value given by Rotzidger These Se-Osecond spherebond lengths are primarily determined

(0.5 kJd/mol) who did not include diffuse functions or correlation by the H-bond distances between water molecules of the first-
energy in his treatment. We used the more stable isomer for second-sphere of 1.652, 1.796, and 1.814 A, respectively.
the [6+1] Species i Wh'ch the second-sphere water bridges two These results illustrate the inadequacy of the HF/3-21G basis
waters of the first hydration _sphere. . set, which overestimates the strength of the H-bdfidhe
3.2.3. Frequency Calculations and the Modeling of the [Sc- H-bond in water dimers is 1.825 A (HF/3-21G), 2.026 A (HF/
(OHy)1¢] 3" Cluster. The tendency of the1(ScQ,) frequencies 6-31G*), and 2.014 A (HF/6-3H;G*).2°b The short H-bond

3+ = 1—
?r];theer[i%(;)gﬁ] Co\r’]\’:t;egﬂc'usﬁ]rs;(n 'nlc reggssehvai(;g?é':\g?on distances in the Scf6l2] cluster demonstrate further the
quenci y w : ; NAloON formation of strong H-bonds. The slight decrease in-6c

nrrﬂber,n. In Tab !e 6, we pre35+ent thes@(SpQ) fr;equlenlc:les distance in the first hydration sphere of the cluster arises because
ofthe corrgspondlng [SC(OB>". A comparison of caicu ated the water molecules in the second-sphere polarize the waters
and experimental bond lengths and binding enthalpies suggests, the first shell, so that the interaction of 3cand the first-

that the hexaaqua Sc(lll) water cluster, denoted SOJ6 will shell water molécules is enhanced. Although the HF/6-G1

be the preferred ion in aqueous solution. The frequencies forgeometries are very similar to tHe HF/6.31G* results, the

this hexaaqua Sc(lll) cluster are given in Table 7. For . . . ” K
: ) . energies are much improved, since the addition of diffuse
comparison, the frequencies for monomeric water for the four - . g . "
functions should partially eliminate basis set superposition error

rel_e\_/ant levels of theory/ba_3|s sets are given in -Eablgj, 8. The (BSSE). The results for the binding energies are shown in the
striking features by comparing the modes of the “free” water paragraph below

moleculesy,(OHO), v1(H»0), andvs(H,0) with the modes in o )
the hexaaqua Sc(lil) cluster ion are that the stretching vibrations __ The structural model of the [Sc¢®)¢]*" cluster is given in

of water shift to lower wavenumbers upon coordination, whilest Figure 8. The octadecaaqua scandium(ill) cluster (of symmetry
the deformation mode shifts to higher wavenumbers upon T) corre§ponds to our structure C_ln_ref_20b. It should be noted
coordination. The calculated(ScQy) frequency (HF/6-31G*) that during the course of our optimization of Mgf@2], two
however, is almost 45 cm (ca. 11%) smaller than the observed ~Other structures, denoted as A and B, with symm@&yvere
symmetric stretching modey(ScQy) at 442 cntl. We could found (cf. Pye and Rudolph, in ref 20Db). H(_)V\_/ever, neither of
show for Li(1),1° Cd(I1),2°2 Mg(l1),2% and Zr#° that this poor these structures represented an energy minimum. Our results
agreement was not due to a deficiency of the theory (such aspall, ther_efore, the structure of the similar octadecaaq.ua metal
an inadequate basis set or neglect of correlation). The HF/6-1on published recently by Siegbahn and co-workeisto
31G* basis set is usually sufficient for describing geometries duestion. The structure published by Siegbahn ét abrre-

and (scaled) frequencies. The extension of the basis set wasPonds with our nonequilibrium structure B.

examined in order to rule out this possibility for Sc(lll). The The v1(ScQy) frequency, equal to 447 cm! (HF/6-31G*
addition of diffuse functions to oxygen increases the-Sc level) reproduces the measured frequency much better. The
distance by almost 0.0013 A and slightly decreases the frequency(unscaled) predicted frequencies for the [ScéR#ft, Sc-

of v1(ScQ) to 396 cntl. The effect of correlation was then [6+12] cluster at the HF/6-31G* level are given in Table 10.
ascertained by performing MP2/6-31G* and MP2/6+&* The 159 normal modes span the representdiigyfT) = 13a
calculations. The SeO bond changes to 2.179 and 2.183 A, (R) +13e (R)+ 40f (IR, R). The assignments as well as the
respectively. Considering our best valuegScQ), the total normal modes are also given in Table 9. In some cases, the
symmetric stretching frequency of the hexaaqua complex is still Sc—0s modes [\in(T) ScG = a (R) + e (R) + 4f (IR, R))
underestimated. Anharmonicity of the bond is unlikely to couple strongly with either librational modes of the second-
account for such a big deviatidf Clearly, the theory is notto ~ sphere water molecules or restricted translational modes.
blame. The only conclusion reachable from the above data is Compared to our gas-phase cluster model, in real solutions the
that the cluster model used to calculate the frequencies issymmetry allowed coupling would not be as severe. In any case,
insufficient. The six water molecules represent only the first the stretching modeg;(ScQ;) at 447 cm! (a mode) and’s-
hydration shell. In solution, these water molecules form strong (ScQ;) at 495 cm! (f mode) and the modes,(ScQs) at 421
H-bonds with water molecules in the second hydration shell cm™ andvs(ScQ;) at 271 cn! (e and f mode) are unambigu-
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TABLE 7: Unscaled Frequencies (in cn1?), Intensities, and Force Constants of the Modes of the Hexaaqua Sc(lll) lonTy, =

3A¢(R,tp) + ay(n.a.) + 3E4(R,dp) + Ey (n.a.) + 5fy(R,dp) + 8f, (IR)?
HF/6—31-G*P HF/6-31+G* P MP2/6-31G*P MP2/6-3H-G* P
freq | f.c. freq | f.c. freq | f.c. freq | f.c. mode activity
88.6 0.98 0.021 91.5 0.775  0.022 88.2 1.266 0.0206 90.9 1.125 0.0210-Sc-O(f) IR
134.7 0.43 0.049 139.5 0.457 0.052 129.5 0.0455 134.5 0.048D—Sc-0O(fy) Raman
141.0 0.16  0.06 142.2 0.12 0.060 138.3 0.06  0.057 138.9 0.1134 0.0816—-Sc-O(fy) IR
216.4 0.028  236.9 0.033 2217 0.029 226.6 0.029r HOH(ey) n.a.
294.2 205 0.052 311.6 0.713  0.058 301.8 0.055 307.6 0.056610H(fy) Raman
348.8 0.027 0.425 348.3 0.0008 0.423 354.4 0.438 351.14 0.43RsSc—0(ey) Raman
397.1 0.71 0556  396.5 111 0.554 398 0.562 394.4 0.5535 Sc—O(ay) Raman
416.5 0.103 432.1 0.111 426.7 0.108 438.5 0.114HOH(a,) n.a.
435.2 7.26 0.720 433.1 9.62 0.722 438.5 1.435 0.628 433.4 4.369 0.644Sc-0(fy) IR
580.4 1.94 0.228 592.9 1.626 0.238 532.3 0.192 547.2 0.208HOH(fg) Raman
613.6 263 0.260 622 212 0.264 562.7 335 0.216 570.2 321 0.222HOH(fy) IR
689.4 0.363 0.322 693.6 0.137  0.327 6445 0.281 648.5 0.286HOH(fy) Raman
695.3 849 0.353 699.6 846 0.357 655.1 709 0.323 659.4 657 0.32HOH(f,) IR
18425 362 2.170 1839.5 362 2.164 1737.3 314 1.932 1728.6 320 1.98RIOH(fy) IR
1843.2 451 2172 1840.8 3.23 2.167 1738.4 1934 1730.3 1.918HOH(ey) Raman
1851.4 0.172 2.183 1848.1 0.017 2175 1746.4 1.942 1737.4 1.92HOH(ay) Raman
3887.8 41 9.31 383844 35 9.293 3618.7 8.060  3589.6 7.931:0H(gy) Raman
3891 675 9.327 3887.3 628 9.308 3621.6 634 8.074 35919 579 7.940H(fy) IR
3913.7 242 9.453 3908 287 9.424 37432 8.185 3610 8.036:0H(ay) Raman
3953.4 55.8 9.985 3954 45.4 9.988 3694.6 8.712 3670.8 8.60vaOH (fy) Raman
39545 768 9.992 3955 736 9.994 36955 665 8.717 36715 6445 8.6040H(fu) IR

2R = Raman active with tp= totally polarized and dg= depolarized; IR= infrared active; n.a= mode not allowed® For each individual basis
set/level of theory, the IR activities (km/mol) and the Raman intensitiég @} are given (because of the mutual exclusion rule only modes with
subscript g are Raman active and modes with subscript u are IR active). In the third column, the force constants (mdyn/A) are given. At the MP2
level, only the IR intensities are given (km/mol) together with the force constants (mdyn/A); no Raman activities were obtained at this level.

TABLE 8: Predicted Harmonic Frequencies (cnm?) and in Brackets the IR (km/mol) and Raman (A%amu)

Intensities of Water2

HF/6-31G* HF/6-3%G* MP2/6-31G* MP2/6-3%#G*
mode freq IR R f.c. freq IR R f.c. freq IR f.c. freq IR f.c.
va(by)  4188.7 51 39.1 1119 4190.2 58.1 39.1 11.21 3916.2 38.7 9.77 3893.6 705 9.67
v1(an) 4070.4 18.2 75.5 10.21 4071.1 23.4 74.8 10.20 3774.8 55 8.77 3747.9 11.6 8.64
vo(ay) 1826.5 107 5.7 213 1796.6 119 3.0 206 17355 886 192 16818 106 1.81

2 Note that the MP2 frequencies reproduce the harmonic experimental frequencies quite well, while the frequencies at the HF level are by ca.

10% too high. Experimental frequencies for water are 3756, 3657,

and 1595aaah their harmonic values are 3943, 3832, and 1649 cihe

data are taken from the following: Hoy, A. R.; Mills, I. M.; Strey, ®ol. Phys.1972 24, 1265.

TABLE 9: Structural Parameters, Energy (Hartree), and Thermodynamic Parameters (AEg, binding energy, & 0 K and AH®,
the enthalpy of the cluster formation at 298.15 K) Calculated for the Sc(OH);g®" Cluster Denoted Sc[6-12]

HF/3-21G HF/6-31G* HF/6-31G*
Bond Length (in A)
Sc-0 (first water sphere) 2.101 2.150 2.151
Sc-0 (second water sphere) 4.098 4.297 4.319
O—H (first water sphere) 0.993 0.971 0.970
O—H(A) (second water sphere) 0.968 0.953 0.953
O—H(B) (second water sphere) 0.982 0.955 0.955
HOZ1---H bond length 1.652 1.796 1.814
Angle © (deg)

HOH angle (first water sphere) 112.1 108.4 108.3
HOH angle (second water sphere) 112.0 106.9 106.9
energy (hartree) —2116.897313 —2127.553817 —2127.616197
AEg (0 K) (kJd/mol) —4821.64 —3579.31 —3412.43
AH?®595(kJ/mol) —4624.98 —3432.69 —3266.70

ously assigned. The symmetric stretch of the Sofiit at 447

convenient differentiation because the water modes are very

cmt corresponds very well with the experimental value, as broad and a differentiation is no longer possible (for electrolyte
already stated and shows, again, the importance of taking intosolution spectra cf., e.g., ref 16 and 20). The coordination of
account the second hydration sphere in the model calculations.water to a metal ion results in an increase of the frequency of
The inclusion of the second hydration sphere, denoted [Sc-the deformation mode compared to unligated water. The

(OH)6(OHy)17]3F, or more concisely, [612], raises the fre-
quency of thev1(ScQ;) mode by 50 cm! (11%), relative to
the [6+0] species (cf. the HF/6-31G* result for Sef6] in Table
7).

The internal modes of the water moleculeg(OHO), v;-

stretching modes on the other hand shift to lower frequencies
with coordination of water to a metal ion. This spectroscopic
behavior is correctly reproduced by our model.

The SCF binding energyt 8 K for the Sc[6t18] cluster was
calculated t0-4821.64,—3579.31, and-3412.43 kJ/mol (HF/

(H20), andv3(H20) occur as groups, as inner-sphere and outer- 3-21G, HF/6-31G*, and HF/6-3#G*, respectively). The hydra-
sphere waters. Real electrolyte solutions do not allow such ation enthalpy for the gas-phase reaction at 298.15 KT8
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TABLE 10: Unscaled HF/6-31G* Frequencies, Intensities
(IR, Raman), and Force Constants of the Octadecaaqua
Scandium (lll) (Tvip, = 13a (R) + 13e (R)+ 40f (IR, R), and
I'scos= a (R) + e (R) + 4f (IR,R))?

freq IR Raman f.c. char. assignment
30.1 0.088 0.066 0.0025 f @)z twist
383 0 0.01 0.004 a (D) twist
43 0 0.291 0.0057 e (D)strans
579 230 0.0106 0.011 f @@)strans
79.3 145 0.025 0.0217 f @d)trans
108.3 0.002 0.163 0.042 f translational moH&cQ; def.
111.7 153 0.129 0.039 f translational moteéScQ; def.
117.0 6.13 0.017 0.0336 f @@);H-bond, asym. str.
129.8 1.73 0.0.063 0.0413 e 4B)3;H-bond, asym. str.
137.8 279 0.0148 0.059 f @@)3H-bond, asym. str.
1689 7.76 0.08 0.075 f (@®)s; H-bond, sym.str.
1701 O 0.134 0.0756 a @@)3 H-bond, sym. str.
1786 O 0.044 0.108 a @d)3H-bond sym+ScQ; def
©® 179 0.477 0.0047 0.125 f Se@ef
181.7 O 0.08 0.106 e @D)srock
207.2 36.7 0.186 0.175 f Se@ef.
271.1 0.002 0.000 0.196 f Se@ef.
288.7 24.1 0.0046 0.148 f @)3rock+ScQ; def
3339 451 323 0078 f @ (2)lib.
3388 0 0.51 0.0776 e 49 (2)lib.
Figure 8. structural model (symmetr¥) of the [Sc(HO);g3t cluster. 3424 42143 0.200 0.082 f B (2)lib.
4213 034 325 0426 e SgGir.
_ ) _ 4467 0 0.37 0267 a Sglym.str.
SC’H -— [SC(Ol_b)lg]3+, fO”OWS. AHzgg— AE298_ ApV, Wh?re 459.2 0 0.315 0.14 e iﬂj (2) |Ib
ABEz0s = AE," + AE,? + A(AE,)*® + AE#% + AE#, with 4748 99 459 0147 f 40 (2)lib.
the following definitions: AE, is the computed difference in 4774 0 053 0177 a 4@ (2)lib.+ ScGstretch
; : ; . 4829 653 0.214 0.168 f 4@ (2)lib.
the electronic energies of reactants and product at 0 K, including 1934 0 114 0161 e #(2)lib
the BSSE correctioAE,C is the difference between the zero- 495 1952 026 025 f Sofasym. stretch.
point vibrational energies of reactants and products at 0 K. 5144 753 0.004 021 f 4O (2)lib.
A(AE,)?% is the change in the vibrational energy difference 236 150 0.55 0204 e (2)lib.
between 298.15 and 0 K. (This term arises primarily from 210 9 0.54 0225 e 4D (2)lib.
e 49 . primarily 1 544.0 0 0.965 0.193 e 40 (2)lib.
thermal population of new low-frequency modes, librations, 549.5 281.8 0577 022 f 4@(2)lib.
Sc—0 skeletal modes, and intermolecular modes which appear 248-9 14336 3-436 3-589 fa B (1) wag
in the cluster as already described)E2%8 is the change in 719 o 0'89 0'3173 . £ 8; m:g:
rotational energies of reactants and product. (Classically, this 7775 53 0.09 0382 f D (L)twist
is equal to -1/2)RT for each degree of rotational freedom lost 813.3 0 0.7 0418 a D (1)wag
due to cluster formation. So, this term is equal tGL/2)RT). 8(13‘5‘ 5 gg.z 8-365 g-fgi ff g 8; lri‘k’)"k
AE#%is the translational energy change due to the changes in 9253 1544 0166 0534 f 4@ (2)lib
the number of degrees of translational freedom. (In this reaction, 990.3 296.1 0.607 0.618 f 48 (1)rock+ H;O (1) lib
3 times 18 degrees of freedom are lost, so this term is equal toigig-“ gf-% 1332 %-igf ff :g'H" ggggiwgggttg:‘ssgg-
(—54/2_RT.) Finally, APVis t_hePVwork term. (Assuming |_deal 18191 0 75 2104 f HOH bending outer- Sph.'
behavior,APV = —18RT, since 18 mol of gas are lost in the  1823.3 299 1.28 2117 e HOH bending outer- sph.
hydration reaction.AH29s was calculated to be-3432.69 kJ/ 18259 0 0.107 2124 a HOH bending outer- sph.
mol (HF/6-31G* level) for the Sc[612] and is ca. 10% smaller  1898.1 0 0.754 2274 e HOH bending inner- sph.
. . . o for Sc(lll). Two 904.3 0.00 .288 OH ben ing inner- sph.
than the single ion hydration enthalpyHyq, for Sc(lll). 19241 0 0.0086 2.325 a HOH bending inner- sph.
different values for the single ion hydration enthalpy for Sc- 36732 0 30.6 8.303 e OHstr.-sym. inner- sph.
(1) are reported,—38972 and —3960 kJ/moF2>¢ The SCF g?ig El’i’g% 2;-28 g-ggg ; 8: st g’m inner :BE-
binding energy 80 K and the gas-phase hydr§t|on gnthalpy at 373783265 1232 8966 f OH str. _asyr'n_ inner- sb'h.
298.15 K for the cluster formation are also given in Table 9. sym. outer- sph.

It has to be noted that the experimental and calculated 37514 0 4725 8683 a gynftgdfesr{”gm']””er' sph.
are not strictly comparable, because the experimental value is3g78.2 81 11.2 9.788 f OH str. -asym. inner- sph.
a hydration enthalpy (aqueous phase) and the calculated value sym. outer- sph.
is a binding energy (gas phase). To relate these two values, 39786 0 5106~ 9791 a (gyms%df‘esr{’g‘br']n”er' sph.
one would have to include a Born correction and also a 40054 42.4 5.84  9.902 f OH str. -asym. inner- sph.
correction for the heat of vaporization of water. What the sym. outer- sph.
comparison shows here is that these terms roughly cancel, buf*0%® 0 333 990 e OS';rﬁtréﬁgﬁ’_”;b'ﬁ”er' sph.
more accurate calculations would necessitate their inclusion. A 42006 2755 3.656 9.901 f OH str. -asym. inner- sph.
similar statement was made for F1g2%? in which it was shown M032 152 333 10737 f Sﬁm-touter- sph t A

_ it . . . . str. asym. outer- sph.
that_one cannot use the bulk phas_e _water vaporization enthalpy4105 66.1 533 10733 e OH str. asym. outer- sph.
but instead must calculate an explicit 18-water cluster. Becauses104.8 937.4 0.007 10.743 e OH str. asym. outer- sph.
of the lack of symmetry, this would be very difficult. For a 4105 0 145 10.75 e OH str. asym. outer- sph.
given theoretical level, the calculated vaporization enthalpy 41055 0 94 10.732 a OHstr. asym. outer- sph.

(binding energy of water clusters) will not converge to the  apHarmonic frequencies in ¢ IR = infrared intensities in km/
experimental value as the number of waters increases, but to anol; Raman scattering activities in*Au; force constants in mdyne/
predicted value for that level. This is not the aim of this study. A.
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3.2.4. NBO Analysis of the Water Clustefbe NBO (natural
bond orbital) method was used to determine the atomic charges
In scandium hexahydrate, the calculations indicate that the
charge on Sc is approximately 2e84vhich suggests that 0.&1
have been transferred to each water of the first hydration sphere
The oxygens have a charge-6l.08, whereas each hydrogen

Rudolph and Pye

Plesset levels of theory, using various basis sets up tot6s31

The vibrational frequencies of the [Sc(Qf) cation were also
calculated. The theoretical binding energy for the hexaaqua Sc-
(1N ion was calculated and accounts for ca.-8D% of the

experimental hydration enthalpy of Sc(lll).

The stability of the hexaaqua scandium(lll) cluster could be

has a charge of 0.59. The polarization, taken as the differencedemonstrated by comparing the stability of the [ScfigH

of these two charges, and related to dipole moment, ise2.26
In the heptahydrate, the scandium has a charge o&2z31

the average water a charge of Gel@ith the oxygen bearing

an average charge of1.06e and the hydrogens 0.88The

(OH,)]3* cluster with the [Sc(Ok)7]3* cluster, resulting in the
stability of the former.

The frequency calculations and the thermodynamic param-
eters for the Sc[612] cluster are given, and the importance of

waters in the heptahydrate possess a smaller charge and are nohe second hydration sphere is stressed.

as polarized (2.23).

In the octadecahydrate, the scandium has a charge of,2.28
slightly smaller than in the hexahydrate. The first sphere waters
bear a charge of 0.@6also smaller than the hexahydrate, in
which oxygens bear a charge-6l..102 and hydrogens a charge
of 0.5&. The first sphere bears a total charge of @ _3%uch
reduced from the 0.@&6of the hexahydrate. The remaining
charge is taken up by the second sphere waters €0.3%e
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increase in length. However, the bond-dipoles of the water
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