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ABSTRACT

The free energy functions and entropy of alkali metal sulfates were calculated and are
reported in this paper. The IR and Raman spectra of Li,SO, were explored in the range
30-1200 cm™! while the far IR (below 600 cm™') was investigated for all the other
molecules. A theoretical model was employed to estimate the molecular parameters needed in
the calculation of the thermodynamic functions.

INTRODUCTION

In the course of recent years, the results of spectroscopic [1-3] and
electron diffraction studies [4] have been used almost exclusively for eluci-
dating the molecular geometries of stable inorganic molecules in the vapour
phase. In particular, the studies on gaseous sulfates have proved that
molecules of the type M,SO, have bidentate binding.

Work already published on the alkali metal sulfates does not provide
complete data to calculate accurate free energy functions and entropies for
these molecules. Electron diffraction data are complete for K,SO, and
Cs,S0, only; spectroscopic studies have been limited, up to now, to the
investigation of the vibrational frequencies of the SO~ group. Nothing is
known about the low frequencies of the vibrational modes of the metal with
respect to the rest of the molecule. These data are particularly important
because the low vibrational frequencies represent an important contribution
to the thermodynamic function values. Therefore we extended the IR and
Raman investigation of Me,SO, type molecules (Me = Na, K, Rb, Cs) to
the low frequency range of the IR spectrum. In addition, we employed the
results of the electrostatic model to correctly assign the far IR spectra of the
molecules and to estimate unobserved frequencies as well as bond distances
and angles not available in the literature.
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RESULTS AND DISCUSSION

The procedure adopted in this study concerning the calculation of the
thermodynamic functions of a molecule in the vapour phase [5] was de-
scribed in detail in a previous work [6]. These calculations provide reliable
entropy and free energy function values when the vibrational frequencies are
determined and structural information defined. Parameters not experimen-
tally available can be obtained from theoretical models.

As concerns the gaseous sulfates, spectroscopic data were available, from
recent IR and Raman studies, for Na,SO, [2], K,SO, [2] and Cs,SO, [3,7].

The vibrational spectra were, however, incomplete because a systematic
far IR investigation has never been carried out.

We explored the IR spectrum in the range below 600 cm™! for all the
alkali sulfates while IR and Raman spectra of Rb,S0, were studied over the
whole frequency range from 1200 to 30 cm ™.

The experimental bands observed in the course of this study were as-
signed on the basis of augmentations, such as metal dependence of the
interionic modes resulting in measurable frequency shifts, and doubling of
the degenerate vibrations due to the matrix-effect [2,7]. The results of the
electrostatic model calculations, performed for all the molecules of this
study, confirmed the preliminary assignments. In the high frequency region,
regarding the vibrations of the SO?~ group, the assignment was performed
in previous works [2,3,7]. A summary of the observed and calculated
frequencies is given in Table 1.

Due to the extensive decomposition of the Li,SO, molecule, no IR and
Raman spectra could be obtained. This fact is indicated in the spectra by the
presence of SO, [8] and lithium peroxide bands [9]. The vibrational frequen-
cies and the geometry of this molecule were obtained with the aid of the
electrostatic model.

The model describes the potential function in terms of interaction be-
tween the SO;~ group and the metal cations Me*. The calculations were
performed assuming a D,; symmetry configuration. The potential function
used in the model is in the form

-1
ZZ (ro+r)" GN—6)
— J 2Mk Ty 1 2
U= Z r + Z kaBOZ n + Z 7}\nQnu
1>y 1 k#p Tkp n=1
TABLE 2
Calculated bond distances and angles of gaseous alkali metal sulfates ®
Molecular parameters Li,SO, Na,SO, K,SO, Rb,S0, Cs,S0,
R(M-0) (A) 1.88 2.14 245 (2.45) 2.55 272 (2.80)
R(S-0) (A) 1.47 1.47 147 (1.47) 1.47 1.47 (1.471)
£ (0-8-0) (°®) 108 108 108  (108) 108 108  (108)

? Experimental values are given in parentheses (see text for references).



54

v'v0S  $'SE9 6S8y €919 6'LSY  vL8S 69ch  8P9S €86 971TS 00S1
v's6v  L'YT9 69Ly  L'S09 06y 89LS STy THSS 6'68¢ OTIS 00¥1
668y P'€I9 S'LOY  €'P6S 9'6Er  P'S9S 68y 6°THS 018 866V 00€1
LSLy  TT09 LSy 1TSS L'6Tr  TESS 060  LOES 9ILE LLSP 00zl
6oy 0°88¢ L9r 6895 0'61r  00VS 9'86€  9'LIS 919  9pLp 0011
£Est 9ELS I'SEy  9bSS 9LOF  L'STS vL8E  €£E0S 0ISE  S09% 0001
goby  0°8sS LTI 6'8€S £'S6E  101S £6LE  LL8Y L'6EE  T'Skb 006
€Lk 90pS €60y  9°1TS 1'28€ 86V p'79€  SOLY 9°LZE  TSTY 008
$IEE €Ty £61E  L'E6E 9067 P'S9€ OpLT  SHYE T6VT  980€ S1'867
(o —t0)- s L/H -40)~ s L/($H -itp)-- s L/(PH -+9)- s L/(8H -{D)- Y oD
*OSs*sD YOS ay *OS* *OsteN *Os?r1 I

({_X [_[oW [) SBJNS [BIOW I[BY[E SNOISET JO SUONIUNJ INUBUAPOUIANY T,

£ d14vVL



55

where the first two terms are the electrostatic interaction energy of the Me™
ion with the SO; ™ rigid group [10]. The third term is the potential energy of
the S-O vibrations [11]. The minimization of the potential energy was
performed assuming the D,; symmetry model, that is the stable equilibrium
configuration of the gaseous molecules.

The bond distances and angles of the alkali sulfates obtained from the
theoretical model are given in Table 2. For potassium and caesium sulfates,
the calculated geometrical parameters are compared with the experimental
ones [1,4] derived from electron diffraction techniques.

Subsequently, the force constants were obtained as second derivatives of
the potential function with respect to the atomic cartesian coordinates [12].
The force constants and the kinetic matrices [13] were employed to calculate
the (3N — 6) vibrational frequencies through the usual methods [13].

The data reported in Tables 1 and 2 were used to calculate the thermody-
namic functions listed in Table 3.

As is evident from Table 1, the electrostatic model calculations provide
frequencies and geometrical parameters which compare very well with the
experimental values. This fact supports the vibrational assignments of the
observed frequencies and assures that the uncertainty on the thermodynamic
functions due to estimated values can be considered negligible. A further
consideration arising from the data reported in Table 2 is that the geometry
of the SO?~ group is not affected when it undergoes coordination with
different metals.
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