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IR and polarized Raman spectra of K2Mg(S0& . 6H20 have been recorded and analyzed. From the 
spectra, the vibrations due to SO:- ion, the complex [Mg(H20),J2+ and the water molecules have been 
identified. The splitting of the nondegenerate Y, mode of the SO:- ion indicates the presence of a factor 
group interaction between vibrating ions in the crystal. It has been inferred that the angular distortion 
of SO:- is greater than the bond distortion. Separate bands for the three different water molecules have 
been observed. 0 1987 Academic Press, Inc. 

Introduction 

Tutton’s salts with the general formula 
M&P (SOJ2 * 6H20 [i%?’ = K, NH4, Rb, 
Cs, Na, or Tl, and &f” = Mg, Ca, Cu, Mn, 
Zn, Cd, Co, Fe, or Nil are one of the best- 
known series of isomorphous compounds. 
Different types of investigations have been 
carried out in various fields, including 
NMR, X-ray, and neutron diffraction (Z-3). 
Ananthanarayanan (4) and Ananthanaray- 
anan and Danti (5) were the first to investi- 
gate the IR and Raman spectra of certain 
single crystals of Tutton’s salts. Later, 
Brown and Ross (6) analyzed the IR spec- 
tra of a number of these hydrated double 
sulfates and interpreted the spectra in terms 
of the site group and factor group approxi- 
mation. Recently, Singh et al. (7) made vi- 
brational studies of some of these salts and 
pointed out the inconsistencies in Anan- 
thanrayanan’s assignment of the internal 
modes of SOf- ion. In this paper, the 

* To whom all correspondence should be addressed. 

Raman (polarized) and IR spectra of 
KzMg(SO& * 6H20 are analyzed in order 
to understand the vibrations of the SOi- ion 
and the complex [Mg(H20)J2+, and the na- 
ture of the hydrogen bonding in the crys- 
tals. 

Experimental 

Single crystals of K2Mg(SO& * 6H2O 
were grown by slow evaporation of equi- 
molar aqueous solutions of analar grade 
K2S04 and MgSO,+ . 7&O at room temper- 
ature (25°C). A parallelopiped with faces 
perpendicular to the a, b, and c axes was 
cut from a good single crystal well polished 
and used for Raman investigation. A SPEX 
RAMALOG 1401 double monochromator 
equipped with a Spectra Physics model 165 
Ar+ laser was used to record the spectra 
(Figs. l-3) for the six polarization geome- 
tries cu,, a,,,, (Y=, c”xy, ar,,, and +. The spec- 
tra were obtained in the Stokes region using 
the green line 5145 A. Laser power ranging 
from 200 to 300 mW was used for different 
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SO0 300 100 500 300 100 3300 3000 1600 3300 3000 1600 3300 3000 1600 

WAVENUMBER~cm“) WAVENUMBER 

FIG. 1. Raman spectrum of the K2Mg(SO& . 6H20 FIG. 3. Raman spectra of the K2Mg(S0& . 6H20 
single crystal in the 50- to 700-cm-’ region. single crystal in the 1500- to 34CKkm-’ region. 

regions of the spectrum. The IR spectrum 
(Fig. 4) of microcrystalline sample was re- 
corded on a Perk&Elmer 283 spectropho- 
tometer using the KBr pellet technique. 

Results and Discussion 

Factor Group Analysis 
&Mg(SO& * 6&O crystallizes in a 

monoclinic system with the space group 
P2lIa(C$J and has two molecules in the 
unit cell (3). All of the atoms except Mg are 
at general positions. The three water mole- 
cules occupy crystallographically non- 
equivalent Ci sites. The magnesium atom 

has an octahedral coordination of six water 
oxygens with a mean metal-oxygen dis- 
tance of 2.092 A. The sulfur-oxygen coor- 
dination is tetrahedral with a mean S-O 
bond length of 1.4745 A. Each of the six 
water oxygens is hydrogen bonded to two 
sulfate oxygens. One water and five sulfate 
oxygen atoms form the nearest neighbors of 
potassium atom with a mean distance -2.9 
A (3). 

The standard group theoretical analysis 
(8) has been carried out to find the active 
modes for each symmetry species of the 
crystal’s factor group at k = 0. The ex- 
pected 186 fundamentals including three 
acoustic modes split into 

IT,% = 45 A, -I- 45 B, + 48 A, + 48 B,. 

WAVENUMBERkm’) 

FIG. 2. Raman spectra of the K2Mg(SOJZ . 6HzO FIG. 4. IR spectrum of K2Mg(S0& * 6H20 in the 
single crystal in the 700- to 1500~cm-’ region. 200- to 4OO@cn1-~ region. 
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The species with subscripts g and u are Ra- 
man and IR active, respectively. 

The correlation scheme for different nor- 
mal modes of SO:-, [Mg(H20)#+, and the 
water molecule to the crystal’s factor group 
through their site symmetry is shown in Ta- 
ble I. The form of the Raman scattering ten- 
sors for a monoclinic system with CZh point 
group is given by Loudon (9). 

Internal Modes of the SOi- Ion 
Under free ion symmetry (TJ, the SO:- 

ion has four normal modes of vibration: 
q(A1) symmetric stretching, v&Y) symmet- 
ric bending, I#*) asymmetric stretching, 
and vq(F2) asymmetric bending. v3 and v4 
are active in both IR and Raman, whereas 

y1 and ~2 are active only in Raman. Since 
the SOf- ion occupies the general position, 
the IR inactive modes are likely to appear 
with weak intensity. The stretching and 
bending frequencies of the SOi- ion usually 
occur in the 950-1200 cm-i and 400-650 
cm-l regions (10). Though the librational 
modes of water (500-900 cm-i) fall within 
the ranges of the bending modes of the 
SO:- ion, one can easily distinguish the 
sharp well-defined bands due to the SOi- 
ion. 

In the Raman spectrum, the band due to 
the VI(AI) mode is expected to be the most 
intense. The strong band at 984 cm-l with a 
shoulder at 960 cm-i in all six polarization 
settings is assigned to this mode. The split- 

TABLE I 
CORRELATION SCHEME FOR THE VIBRATIONAL MODES OF SOi-,[Mg(H20),#+, 

AND Hz0 

Molecular symmetry 
so:- 

Td 

Site symmetry 
Cl 

Factor group 
symmetry 

Cih 

Molecular symmetry 
M.@W),1*+ 

Oh 

Site symmetry 
Cl 

Factor group 
symmetry 

c:h 

Molecular symmetry 
Hz0 
C2” 

Site symmetry 
Cl 

Factor group 
symmetry 

Cih 
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ting of this nondegenerate mode indicates 
the presence of a factor group interaction 
between vibrating SOi- ions. In the IR 
spectrum, a weak band at 981 cm-’ is ob- 
served for this mode. For the doubly degen- 
erate ~2 mode, a strong band at 454 cm-’ 
and a relatively weak one at 461 cm-l are 
observed in all polarizations. The splitting 
of this doubly degenerate mode is due to 
static field effect. A very weak band ob- 
served around 460 cm-l in the IR spectrum 
corresponds to this mode. Three bands in 
the 1090-1160 cm-l region (Raman) and 
two at 1100 and 1135 cm-’ (IR) have been 
assigned to the triply degenerate vJ(F2) 
mode. In the v4(F2) mode region, three 
bands with mean frequencies of 613, 620, 
and 626 cm-’ in the Raman spectrum and 
only one at 610 cm-’ in the IR spectrum 
have been observed. 

From the complete lifting of degeneracies 
of the bending modes and the slight shifting 
of the stretching modes from the free ion 
values, it can be inferred that the angular 
distortion of the SOi- ion is greater than the 
bond distortion (10). This result is consis- 
tent with the crystal structure daJa, as the 
mean S-O bond length (1.4745 A) is only 
slightly deviated from its free state value 
(1.4768 A). 

Internal Modes of the Complex 
MdM%12+ 

The divalent metal cation Mg occupying 
the center of symmetry forms an octahe- 
dron with the six water molecules. A free 
octahedral molecule will have the six nor- 
mal modes of vibration: vl(Al,), v&Eg), 
v5( F2,)-Raman active; Y~( FrU), vq( Fr,)-IR 
active; and v&‘~~)-IR inactive. A strong 
line around 405 cm-l corresponding to the 
symmetric stretching vI(Alg) has been ob- 
served in all polarizations except cuXZ. The 
Raman active Y&?&J is observed as a single 
line in aXX, ~yyu, ax,,, and C+ in the 220-260 
cm-’ region (two lines appeared in (Y,, and 
CY~ settings). The appearance of three bands 

with mean frequencies of 204, 188, and 167 
cm-l in all polarizations reveals that the de- 
generacy of the v#‘zg) mode is completely 
lifted. 

The identification of the internal modes 
of the complex has become difficult as the 
external modes of the SOa- ion overlap 
with this. In the IR spectrum, the triply de- 
generate v#‘r,) mode appearsd as a weak 
band at 340 cm-‘. The band at 270 cm-l (IR) 
is assigned to the v@‘iJ mode. Observation 
of the IR active v#‘J mode in the Raman 
spectmm bxy, cll,,, and oY,) is due to the 
strain induced by the crystalline field. This 
feature has also been noticed in certain mo- 
lybdate and sulfate tellurate crystals (II, 
12). 

Internal Modes of Water 

The unit cell contains four sets of three 
different water molecules. The coordina- 
tion of water oxygen with metal cation is 
expected to distort the structure of the wa- 
ter molecules. The O-H * * * 0 distances 
(the hydrogen bonds made by the three dif- 
ferent water molecules are 2.746 A (Hz0 I), 
2.672 A (H20 II), and 2.646 A (Hz0 III). 
The longest distance (2.746 A), correspond- 
ing to the weakest hydrogen bond strength, 
will give rise to the highest stretching fre- 
quency whereas the one with distance 2.646 
A will give the lowest. The reverse will be 
the case for the bending mode. Broad bands 
with frequencies shifted considerably from 
the free ion values have been observed in 
most of the polarization settings. This is in- 
dicative of the effect of hydrogen bonding. 

The a,, aq, axz, and cr,, spectra contain 
as many as six bands due to the three differ- 
ent water molecules for the VI and ~3 
modes. The bands in the region 3200-3400 
cm-r and 3000-3180 cm-’ are assigned to 
the v3 and vl modes of the three different 
water molecules, respectively (Table II). 
Separate bands have been observed (in aXX, 
LYY, %z, and as,) for the v2 mode of the three 
different water molecules in the 1610-1700 
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cm-i region (Table II). In the IR spectrum, 
only a broad band covering the 3000-3500 
cm-’ region and a weak band at 1610 cm-i 
have been observed for the stretching and 
bending modes, respectively. 

Librational Modes of Water 

The librational modes of water fall in the 
range of 500-900 cm-l (13). These modes 
are more sensitive to interactions involving 
hydrogen bonds and less sensitive to those 
involving metal-oxygen coordination. The 
low polarizability of water molecules 
makes these bands appear weak. The fre- 
quency assignments can be made by con- 
sidering the hydrogen bond strengths and 
the fact that the rocking mode will have a 
greater frequency than the wagging mode. 
Hence the Raman bands in the 780-880 
cm-’ and 690-750 cm-i regions have been 
assigned to the rocking and twisting modes, 
respectively (Table II). The wagging modes 
have been observed in the 520-580 cm-i 
region (Table II). In the IR spectrum, only a 
broad band covering the 650-900 cm-l re- 
gion could be observed for these modes. 

External Modes 

Assignments of external modes of the 
SOi- ion and vK+ * * . 0 are given in 
Table II. As hydrogen bond vibrations vO- 
He. * 0 and 60-H * . * 0 occur below 200 
cm-i (M), the band around 100 cm-i in Ra- 
man may be due to vO-H * . * 0. 

Conclusions 

(i) The splitting of the nondegenerate vi 
mode of the SOi- ion into two components 
indicates the presence of factor group inter- 

action between the vibrating ions in the 
crystal. 

(ii) Angular distortions of the SOi- ion 
are greater than the bond distortions. 

(iii) Separate bands for the three different 
water molecules have been observed. 
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