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SUMMARY

The IR and Raman spectra of a number of alums were
recorded at both room temperature and LNT. In order to
maKe a reliable assignment of the librational bands of
the water molecules, special attention was paid to
CsAl(SO4) 2. 12H0 and its partly deuterated analogues
Assuming that the hindered rotations of the water mole-
cules are of the rocKing, wageging and twisting type, the
bands were assigned in line with the criteria given Dby
EriKksson and Lindgren [1]. It was found that the frequ-
ency of the librational bands decreases in the order w >
T > P, for the water molecules coordinated to the tri-
valent cation and Tt > w > p, for the water molecules co-
ordinated to the univalent cation. The wagging libration
of the water molecules coordinated to Al shifts, on deu-
teration, by a factor close to 1.5, Some of the possible
reasons for this high isotopic ratio are discussed.

INTRODUCTION

Alums are compounds with a general formuta MIMIII(RO,),. 12HZ0
(4! is a univalent metal such as Na, X, Rb, Cs etc., MIII i5 a
trivalent metal : Al, Ga, In, Fe, Cr, Ir etc. and R is S or Se).

According to the crystallographic data (see [2] and the refe-
rences therein), all alums are cubic and crystallize in the space
group Pad with Z = 4. The site symmetry for both the univalent and
trivalent cation is JSg, the tetrahedral anions occupy C3 sites and
the site symmetry of the two crystallographically distinct types of
water molecules is Cy. The water molecules coordinated to MIII (w3
hereafter) form, in all Known cases, almost perfect MIIIWG octahed-
ra and are strongly hydrogen bonded (Oy...0O distances close to 260
pm) . The other type of water molecules (wi - these are ’‘coocrdina-
ted’ to MI) are more weakKly hydrogen bonded, the geometry around Ml
being dependent on the alum type. There are, namely, three types of
alums, denoted by Lipson {3] as «-, B- and y-alums. A clear-cut

distinction between the three types can be made, as shown by BReat-
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tie et al. [{2] on the basis of the details in their crystal struc-
ture.

The vibrational spectra of alums have been extensively studied
(see [4] and the references therein). Despite that, no definite as-
signment of the water librational bands exists so far. The aim of
the present paper is to give a reliable assignment of the HyO lib-
rations, based on the study of the IR and Raman spectra of proti-
ated and partly deuterated alums, recorded at both room temperature
and LNT.

EXPERIMENTAL

A number of different alums were prepared by standard methods,
i.e. by slow crystallization from water solution of the correspon-
ding MI,RO, and MIII,(RO4) 3. xH0 salts taKen in equimolar amounts.
Deuterated samples were prepared by recrystallization of the alums
from Hz0/D;0 mixtures of appropriate composition, The IR spectra
(KBr pellets) were recorded on a Perkin-Elmer 580 spectrophoto-
meter. For LNT IR studies a VLT-2 low-temperature cell was used
Raman spectra were recorded on CARRY 81 Raman spectirophotometer
The light source was a Spectra-Physics Ar-ion laser operating at

514. 52 nm.

RESULTS AND DISCUSSION

CsAl(SOy) 3. 12H 0 (CASD) and RbAlSeOy),. 12Hp0 (RASeD) were cho-
sen as case examples because these compounds are very stable (no
loss of water or any reaction with KBr could be detected). The IR
spectra of CASD are shown at Fig. 1. All temperature-sensitive
bands are in some way connected to motions of the water molecules
{librational or +translational modes). The application of group
theory shows that as a result of correlation-field splitting, up to
three components of each librational mode could be expected in the
IR spectra. However, one should expect doublets rather than tri-
rlets if the interactions of the four equivalent Mwg groups in the
unit cell are neglected. As seen in PFig. 1, this is what is in fact
observed.

Both theoretical [1] and experimental [5] studies suggest that
if a water molecule occupies a site of (s, symmetry, one should

expect almost equal frequencies of the wagging (w) and twisting (T)



Hy0 or D30 librations, but the related
librations for the HDO isotopomer can
best Dbe described as H and D out-of-
plane motions. Furthermore, the frequen-
cies of these H and D motions should
fall around the mean-values of the fre-
quencies of w(H30) and T (Hp0) i.e.
w(Dy0) and T(Dp0) respectively. The
frequency of p(HDO) should be roughly an
arithmetic mean of the frequencies of
p (Hp0) and p(Dy0). According to the
model calculations of ErikKsson and Lind-
gren [1] p(HZ0) should have the highest
frequency for trigonally coordinated
water molecules, whilst the opposite is
expected 1f the water molecules are
tetrahedrally coordinated. On the other
hand, Lutz and Christian [6] have found
examples where the hindered rotations of
all three water isotopomers can be des-
c¢ribed as w-, T- and p-type librations.
Our working assumption was that the
effective symmetry of the water mole-
cules in CASD does not deviate appreci-
ably from (74,  After a careful inspect-
ion of the IR spectira of both protiated
and partly deuterated samples (c¢f. Figs.
1 and 2) it appeared possible to assign
the librational bands in CASD in line
with the criteria given by ErikKsson and
Lindgren [11. We started with the as-
signment of the resonant doublet at
around 975/945 cm~!, There is no doubt
that these bands should be attributed to
librations of +the strongly hydrogen-
ponded water molecules W3, as done in
all previous assignments (see [4] and
the references therein). The study of
the partly deuterated compounds shows
that this pair of bands is not due +to

the p-libration, whereas their intensity
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eliminates +the possibility that they are due to T-librations eit-
ner. Therefore, they must originate from the w-librations of the
water molecules coordinated to Al. The shoulder at 920 and the very
weakK band at 890 cm~! were assigned to the T-modes of the same type
of water molecules. If this is c¢orrect, then in the IR spectrum of
the compound deuterated to highest degree (around 80% D) a band (or
pair of bands, because the protons are not crystallographically
equivalent) due to the H-motions of the HDO molecules should appear
at around 930 cm~l. The doublet at 955/925 cm~! seen in the deute-
rated compound (c¢f. spectrum no. 4 of Fig. 2) is in a very good
agreement with these expectations.

By similar reasoning, the doublet at 715/686 em~! in the LNT
IR spectrum of the protiated compound was assigned to the w-1lib-
rations, whilst the shoulders at 770/730 cm~! must be due to the T-
librations of the water molecules ’‘coordinated’ to Cs. The deutera-
tion behaviour 1is, again, in line with this assignment. The w(Dy0)
librations of the W3 and w! molecules lie at 645 and 500 cm~1 res-
pectively. The high-frequency shoulders of the 500 cm~! band may
correspond to the t1(D30) of wi; the corresponding bands of w3 fail
in the region where v4(SOy) bands appear and hence could not be
identified with certainty

The doublet at around 495/4%5% cm~! was assigned to p(HZ0) of
wl, Its HDO analog 1s found around 405 cm~1 {spectrum { of Fig. 2),
in a fair agreement with the model of EriKsson and Lindgren [11.

The p(Dy0) band is obscured by the window-absorption of the LNT

cell. It was not quite clear where should the p(H30) librations of
w3 fall. We assumed that they are in the region around 600 cm~1,
However, in the same region strong absorptions of v3(SO4) and
v3(AlWg) exist, the latter being deuteration-sensitive. So, 1n the

IR spectra of CASD the p(Hp0) bands could not be identified. For
this reason we turned our attention to the Raman spectra of RASeD

The vy (SeOy) mode 1is, namely, found around 430 cm~! and the
v3(AlWg) 1s Raman inactive. Thus the band at around 625 cm~! in the
LNT Raman spectrum of RASeD (Fig. 3) proves that, really, there is
a HpO libration in this region, Keeping this in mind, the kands at
630/580 cm™! in the IR spectrum of CASD were assigned to p(H30) of
w3, The probable D20 analogs of these bands were found at around
460 cm™ 1. The complete assignment of the librational bands is given
in Table 1. Somewhat unexpectedly [1], the p(Hy;0) mode appears at
the lowest frequency, although the water molecules are trigonally

coordinated
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TABLE { : Assignment of the librational bands in the LNT-IR spec-

trum of CASD (frequencies in em-1; pairs of numbers refer to corre-

lation-field components; Hgop and Dyop denote H and D out-of-plane
motions respectively)

w(Hy0) w{Dy0) T(Hy0) T(Dy0) p(H0)

p(Dz0) p(HDO) Hoop Doop

wi
715 500 TT0 560 495
685 - 730 535 455

w3
975 645 920 K¢ 630
945 - 890 - 580

? 405 750 510

- - 710 -
460 5007 955 ?

- - 925 -

On deuteration, very high frequency

shifts for the w-libration

of W?J was found, the isotopic ratio being 1.49. According to van

der ElskKen and Robinson [7] this may in-
dicate a rather high degree of anharmo-
nicity for this libration. Another pos-
sibility 1is that, due to the isotopic
effect on the Oy...0 distances [8,91],
after deuteration the hydrogen bonds of
w3 become weaker. Since the librations
are sensitive to the hydrogen-bond
strength [10], this c¢ould also be an
explanation for the rather high isotopic
ratio. Unfortunatelly, the structure
refinements [8,9] were made more than 20
years ago and no accurate neutron dqdif-
fraction data are available for Dboth
protiated and deuterated CASD (or, for
that matter, any other alum). Thus, it
seems desirable to have the structures

—m= RAMAN INTENSITY

@
Q
o
o
0]
o
o
o]
Q
o

Fig. 3 : Raman spectra
of RASeD recorded at RT
(1) and LNT (2)

of CASD and CASD-d deter-

mined Dy neutron diffraction in order to be sure that a c¢onsider-

able isotopic effect really exists,
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