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ANALYSIS OF THE ]NFRARED ABSORPTION SPECTRUM
OF DIOPSIDE

Knrrcnr Ouou, Institute of Mineralogy, Petrology, and Economic Geology,
T ohohu U ni.aersit^t. S end.ai. J aban

e"r"*o"t

Frequencies of the normal modes of vibration for a long chain (Si:Oo)" molecule in
both infrared and far infrared absorption spectra of diopside were calculated on the basis of
the Urey-Bradley force field and compared withthose measured. The wave numbers cal-
culated were found to be in good agreement with those measured. The force constants ob-
tained for the Si:Oo moiecule were Ka 5.0, K" 4.5, I1o 0.4, .F-narsis;y 0.4, Fas166; 0.1, 4,0.1,
Fn" 0.05, Faa -0.9 and Fa, -0.9 md /A.

INrnooucrron

Infrared absorption spectra of inosilicates have been studied in the
wave number regions from 4000 to 650 cm-l by Lariner (1952) and from
900 to 400 cm-1 by Omori (1964). Saksena (1961) has calculated the
wave numbers of the absorption bands from 1250 to 650 cm-r for the
inosilicates including diopside, by using three common force constants,
such as stretching K1:5, deformation K2:4, and. K2/r2:0.7 md/4.
Omori (1970) has calculated the infrared active frequencies of sulfo-
halite by using Wilson's GF matrices method (Wilson, Decius, and Cross,
1955) and obtained the force constants.

In the present paper the author has calculated the wave numbers of
the infrared active normal modes of vibration for the long chain (SirOu)"
molecule in diopside and has compared them with those measured.

hqrnenpr Assonprrot{ Spncrnuu oF DropsrDE

Diopside used for the study was collected by the author in August,
1934, from the Posu phlogopite mine in the Archaean dolomite formation
in northeastern Korea. Axial ratio and axial angle of diopside determined
by using a two-c i rc le goniometer  were a:b:c--1.092' .1:0.589 and

0: 105' 56', respectively (Ito, 1935).
Infrared absorption spectra of diopside were studied by the usual

methods (Omori and Kerr, 1964; Omori, 1970), where observations in
the wave number regions from 4000 to 400 cm-l and from 500 to 60 cm-l
were obtained by infrared spectrophotometers of both Perkin-Elmer
Type 125 and Hitachi Type FIS-I. The infrared spectrum obtained
is shown in the wave number region from 1500 to 60 cm-l in Figure 1
with peaks of the absorption bands indicated on the spectrum. Both

Dedicated to Paul F. Kerr, Newberry Professor Em. of Columbia University, r,r'ho has
encouraged study of the infrared spectra of minerals.
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Frc. 1. Infrared absorption spectrum of diopside from the Posu mine, Korea.

wave numbers of the bands measured and calculated are shown with the
absorptions measured and the assignments obtained in Table 1.

The space group of diopside is C2/c:Cr,6 (Warren and Bragg, 1928)
and the Bravais unit cell consists of twenty atoms,2(MgCaSizO). The
result of the factor group analysis shows that each twenty vibrations be-
longing to A,, and B, species are expected to appear in the infrared
spectrum, where the former couples to become six vibrations. Thus, the
total eighteen vibrations calculated are similar to the numbers of the
absorption bands observed.
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Taer,t 1. Wavn Nuunrns, Ansonre.ncrs, AND AssTcNMENTS
or tnn AssonprtoN Balqos or Dropsrnt

Wave numbers
measured

[070 cm-r
965
920
865
670
630
510

470
395

220

Absorbances
measured

0 . 6 0
0 . 5 2
0 . 4 5
0 .  5 5
0 .  1 8
0 . 2 3
0 . 5 1

Wave numbers
calculated

366
335
310
292
245

150
140

/ J

1101 cm-r
969
936
849

609

I
1486
)

4t5

348
305
26r
248

i ros
l
| 18e

Assignments

Si-O(br) stretching (S)

Si-O(br) stretching (Sn)

Si-O(nbr) stretching (Sr)

Si O(nbr) stretching (516)

O(nbr)-Si-O(nbr) bending (S)

Chain deformation

[O(nbr)-Mg-O (nbr) bending]

Chain deformation

[O(nbr)-Ca .O(nbr,) bending j

O(nbr)-Si-O(nbr) wagging (Sp)

O(nbr)-Si-O(nbr) rocking (Sr)

Si=O(br) Si bending (Srs)

Si-O(br)-Si bending (S13)

Chain deformation

[O(nbr) Mg-O(nbr) stretching]

lO(nbr)-Ca O(nbr) stretchingl

INrnnNar CoonnrNarus

The (SizOo)" chain in diopside runs parallel to the c-axis in a slightly
zigzag way, whose two non-bridging oxvgens (O(nbr)) strongly repulse
each. other. Thus, the angle O(nbr)-Si-O(nbr) is 115-118", which is
wider than the similar angle 109.4o of the tetraheflral SiOr molecule.
And the distance between two non-bridging oxygens is 2.725-2.773 h,
which is also larger than that of 2.535-2.614 A between the non-bridging
and the bridging oxygens.

But, it was assumed for ease of calculation that the form of each SiO,{
is tetrahedral and that its two foims on opposite sides combine by
bridging oxygens, after Saksena (1961) whose SizOe chain is shown in
Figure 2.

In Figure 2, Ry R2, R1', and Rrl denote the equilibrium distances of
the Si-O bond in the chain; ry 12, t1t, and rzt show the equilibrium dis-
tancris of another Si-O bond; 6t,62,6t,6,,,,6r', er',4r', aid {a/ indicate
the equil ibrium angles O-Si-O for the Si cation; and 'y' i l , tL*l ' , and{11
are the equilibrium angles Si-O-Si for the bridging oxygen in the chain,
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Fro. 2. The long chain (SirO6). molecule in diopside.

whose sumxes, ll and I, mean that the angles are taken, respectively,
in the plane and perpendicular to the plane of the paper.

The g matrix constructed from the internal coordinates and the

corresponding / matrix in terms of the general valence force field for the
Iong chain (SiO6)" molecule can be indicated similarly by the matrix
shown in Table 2.

T.q.sre 2. Trrr g euo / Mlrmx loR THE (SrzOs)" Nlolncutn rN Dtopstor

Qr
c a r
O  i h a r
d r O  c  a r
i l z 0  O  d z a z
d z 0  O  d 2 d 3 a z
0  d e d z  0  0  0  a :
0  i l z d . z O  O  O  d t a z
h , i  0  j 1  h z j z 0  0  b
h , i 0 j ' j z h z 0 0 f i b
j r  O'  h hz jz  0 O l ,  e b SYmmetr ical
j t O i  h j z h z 0 0 e f z f i b
i  h j i  0  0  0  h z j z  g  g  0  0  b

i  h h  0 0 0 j z h z g  s 0 0 i b
0  j t  h i  O  0  h z j z  0  O  g  g  J z  e  b

0  j t  h ,  i  0  0  j z  hz |  0  g  g  e  I z  h  b

h h kz kz ks hr ks ks h lr 0 0 I't h 0 0 m

k z  h z  h  h  h t  k t  k s  k s O  O  h  h  0  0  r '  h  n t r n

kt h kz kz kq k+ kE k+ lz l, 0 0 trz lz 0 O 0 nzm

- k 2 k 2 h h k E k a k r k t 0  0  l z k 0  0  l z l z n z O  n 1 m
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R"
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Qr'

Q2'
ga'

Q4

Yll
r/il
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Tanrr, 3. Snr.nc,roN Rur.n l'on tsr Loro Cn,q;N (SizOo)" Mor-rcur-r rN Dropsrnr

Cu and Czn Active
Numbers of the normal

modes ol vibration

Raman
Infrared
Raman

Raman

Infrared
Raman

Infrared

2
3
1
2
2
J

2
3

Since both silicon and oxygen atoms lie on general positions in the

diopside structure' the SizOo molecule has no symmetry at all' It be-

longs to the point group Cr. But the simplified chain shown in Figure 2

has the symmetries of both point groups Cz, and Cz, which refers to

pseudo-symmetries introduced to sirnplify the calculations. In the point

group C2o the rotation axis Cz passes through the Si cation and in the

point group C27, it passes through the bridging oxygen anion. Thus, the

selection rule obtained is shown in Table 3, where Cz and o refer to both

point groups Czo a\d Cza, while i refers to the point group Crr, and the

degrees of freedom of the normal modes of vibration for the infrared

active At*, Br,, arrd /2, species are all three shown in Table 3.

These degrees of freedom are obtained from only the vibrations of a

single Si2O6 molecule when in fact there are two such groupings in the

Bravais unit cell. This immediately doubles the number of chain vibra-

tions active in the infrared from 9 to 18, of which some modes of group-

ing will be discussed below.

Svuurnrnv Coonotxerns AND THE ErBuBNrs ol
T H E G A N D F M E T N T C B S

A matrix [/ shown in Table 4 was formed by the coemcients of the sym-

metry coordinates for the long chain (SirO6)" molecule. From the matrix

multiplications [JgU':G and UfU':F, where the [/ '  matrix is the

transpose of the LI matrix, and by using Decius' general formulae
(Decius, 1948) for obtaining the G matrix elements, and the general

equation to represent the potential energy in the Urey-Bradley force

field (Shimanouti, 1949), the G and F matrices of the long chain (SizOo)"

molecule in diopside were obtained.
The elements obtained of the G and F matrices for three infrared

active species Ae, Bs, and Bz* are as follows.

1
1

- 1
1

1
1
1

A t c

A t ,

A z o

4""
Bu
Bu
Bzs
Bz"
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T,tBln 4. Trrn [/ Marnrx FoR rHE Loxc CrrarN (Si:Oo)" Mor,uculr rN Dropsrte

Rr R2 Ri nj 11 .2 "i, 4 yt g2 !3 lu ft f z gz g'u V, Vi, v'vi
1 1 ] 1
2 2 2 2

0 0 0 0

0 0 0 0

I  1 - 1 - l

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1 - 1  t - 1
2 2 2 2

0 0 0 0

1 - 1 - 1  1
2 2 2 2

0 0 0 0

0 0 0 0

r6t2

0 0 0 0 0 0 0 0 0 0 0 0

I 1 t 1 1 1 t l
z { z  z r ' z  z l z  z f z  z { z  a { z  z y ' z  z l z

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0
- 1 - 1 - 1 - 1 1 1 1 1 ^ ^
2n 2,/2 2/Z 2'/Z 2"/Z 2,/7 2n 2/2 " " v v
r - 1 - 1 1 1 - r - 1 1 ^

,E ,nZfr Ttr rnzhvn iE' u u u
r  - 1  - r  I  - 1  I  1  - 1  n  ^  ^  ^

2,/2 2,/T 2n 2./T 2,/T 2,/T 2/T 2/T " - 
: ;

o  o  o  o  o  o  o  o  o  l f r f t
0 0 0 0 0 0 0 0 0 0 0 0
1 l _ 1 - l t t - 1 - 1 ^ ^

z { z  z r ' z  1 { z  z l a  z y ' z  z ! 1  z { z  1 { z

0 0 0 0 0 0 0 0 0 0 0 0

I  1  - 1  - 1  - l  - 1  r  1  
"  "  

^  n-  - -c ' : -87-E- : -E. t z  z ( z  z f z  . { z  z r z  . ! . 2 / Z  2 ' / Z  
-  "

o  o  o  o  o  o  o  o f r f t  o  o
0 0 0 0 0 0 0 0 0 0 0 0
1 - 1 1 - 1 1 - 1 1 - I ^ ^ ^ ^

; -F:;  v v
a { a  < { 1  a { <  a { a  z { z  z { z  z { 1  z y ' l

0 0 0 0 0 0 0 0 0 0 0 0

1 - r 1 - t - 1 1 - 1 1 ^
zGZtr VtrZhm ,ft zn z,E u ' : Y

o  o  o  o  o  o  o  o  ,  o * i

0 0 0 0

0 0 0 0

2 2 2 2

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

z z z z

0 0 0 0
1 - 1  1 - L

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

r S rot* 
1.,
r S r
l '

Alul s4
I' s 5

- 2 8  " b

t - 7
Azu J' s 8

B ' - l '' o  t  s ro

r  s t t
I

Btr{ st '
I(  s r3

-  t " I q
"2s'l o. " 1 5

/  s r5
I

Br , J  S ,  
"- - l - '

t  s t 8

z
G z z :  ^  / r s i * p o

.t

+
G z z :  -  

^  t t s i p
.t

1 9
Gss : -: 

ltoP2,
9

where psr and trr6 are the reciprocal mass of the Si and O atoms, respec-
tively, and p is the reciprocal length of the Si-O bond.

4
L

,41, species: Gtt :  ;( , .r . i  I  2po)
J

t 7
Ft  :  Ka  -  

15  
Foo, t t t i r  *  Fan<oo l

L 9
I - F n "

1 5

1 9
Fzz  :  K t  *  F , I  

GF^,

a
L

G r : :  -  
J p s i

4/  r  \
Gu :  - ; ( r s r  -  

eu ' )o
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F n :  
r F n ,  

F z a : -  
S F r " ' t

3 / 2 \
F . : : -  

S F r u ' t  
F m : ( E t l  - F n .  

) t 2 ,

where K, H, and F are the stretching, bending, and repulsive force

constants in md/4, respectively, the suffi.xes used are shown in Figure

2, and r is the Si-O bond length.

B1a species: 82* species:

4
G r r : 1 0 ' s i * p o )

4 _
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3
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Gnouprnc ol rrrE (SirOu)" Cnerxs

Four SirOo chains in the unit cell of diopside are combined with each
other by the Mg and the Ca cations in coordination groups MgO6 and
CaO3 interposed in layers parallel to (100). All six oxygens in the MgO6
coordination group are the non-bridging oxygens.

From the similar calculation for the species Fs of the octahedral
molecule by using Wilson's GF matrices (Omori, 1970) the wave num-
bers calculated for the octahedral MgO6 coordination group in diopside
were 486 and 195 cm-l. The force constants obtained were K 0.8,
E 0.1, and F 0.001 md/4. The wave numbers calculated were similar
to those measured, such as the mean value 490 cm-1 between 510 and
470 cm-L, and 220 cm-I, respectively. These modes of vibration are the
deformation of the long chain grouped.

1614

Carcur,arroN oF TEE FnnqunNcros ol rnB LoNc
CnerN (Si2O6)" MorBcur,B rN DropsrDE

By using the numerical values of the force constants, such as Ka 5.0,
K,  +.5,  H60.4,  Fan(srs i )  0 .4,  Fp1.p61 0. t ,  F, ,0.1,  FR,0.05,  F6a -0.9,  and
F6, -0.9 md/4, the numerical values of the F matrices for the infrared
actle Ay, Bs, a,\d B2e species were obtained.

Then, from the secular equation l lGF-E\l] :0, the wave numbers
calculated for the normal modes of vibration were 1101,936, and 609
cm r for the Au species; 969, 348, and 248 cm-1 f or Ihe Bu species; and
849, 305, and 26I cm-1 for the Bzu species, all of which are found to be in
reasonable agreement with the wave numbers measured and shown in
Table 1.

The assignments shown in Table 1 were obtained from the potential
energv distributions calculated as follows, where some couplings were
found between the symmetry species.

^s3 [0.3096533 0. t270491 0.11006821

,41,  species s ,  l0^02i?3s4 0.213605i  o . t6477st l
I

i, il Silllli l iilllll l lliiilll
Br4 species sr, | 0^02276; 0.0803109 0.0000000 |

I

s13 Lo.ooooooo 0.0000000 0.0361599J

s,u l -0.5010959 0.0000007 0.00000001

-82, species sr.,l onll*trn 0.0546391 0.0000000 |
I

'Srs L0.0000000 0'0000000 0.03995511
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As the size of the Ca cation is larger than that of the Mg cation, the

Ca cation is surrounded by eight oxygen anions in site 2 of diopside,
where four oxygen anions are the non-bridging oxygen and four left over
are the bridging oxygen in the SizOo molecule.

The frequencies were calculated, assuming that the Ca cation is sur-
rounded octahedrally by six non-bridging oxvgens, similar to the MgO6
coordination group.

The wave numbers calculated were 415 and 189 cm-l, which are
similar to those measured: 395 and 220 cm-r, respectively. The force
constants obtained were K 0.8, 11 0.1, and F 0.001 rlrLd/4, which were
the same as those obtained for the MgO6 coordination group. These
modes of vibration also belong to the deformation of the long chain
SizOo molecule grouped.

CoNcrusroNs

The frequencies of the long chain (SizOo), molecules in diopside were
calculated, and the force constants obtained were Kn 5.0, K" 4.5,}J00.4,
Fna(s is i l  0 .4,  Faa166;  0.1,  F, ,0.1,  Fn"0.05,Faa -0.9,andF6,  -0.9 md/A.
Both wave numbers measured and calculated were similar as shown in
Table 1. The assignments obtained from the potential energy distribu-
tion calculated are also shown in Table 1.

The frequencies for the octahedral coordination groups MgO6 and
CaOo in diopside, which interpose in the long chains grouped, were calcu-
Iated, and the common force constants obtained were K 0.8, I/ 0.1, and
F 0.001 md/4. The wave numbers calculated, whose modes of vibration
belong to the deformation of the long chain grouped, were similar to those
measured as shown in Table 1.

Although the good agreement between the measured and the calcu-
Iated frequencies might be attributed to a circular argument, it is be-
Iieved that the results obtained in diopside are useful for the assign-
ments of the infrared absorption bands for the long chain (Si2O6), mole-
cule in pyroxene.
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