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ABsrxAgr

Tho crystal structure of LiScSirOs c
9.S033(7), t S95S1(7), c 535$(a).4, p 110.281(4)0,
CZlc - has been refined to an R bdex of 2.4Vo
fot 799 observed reflections. The strusrure is simi-
lar to that of spodumene (LiAlSirOJ, but the tetra-
hedral chain element is in au O-rotated configura-
tion in Ltsdiros whereas it assumes an S-rotated
configuration in spodumene. The geometrical changes
in the alkali pyroxen€s are discussed as functions of
site chemistry.

SourvrernB

La structure cri5talline de LiScSizOo - a 9.8033(7),
D 8.9581(7), c 5.3515(4)4, p ]j:L.28l(4)", C2/c -
est affin6e jusqu'i un r€sidu de 2.4Vo pour 799 16-
flexions observ6es. La structure ressemble i celle du
spodum0no (LiAlSirOs), mais le maillon de la chai-
ne t6tra6drique est en configuration rotation O
dans LiScSirO6, tandis qu'il pr6sente une configura-
tion rotation J dans le spodumdne. I.es changements
g6om6triques observds dans les pyroxdnes alcalins
sont fonctions de la chimie de site.

(Iraduit par la R6daction)

INrnooucttoN

The pyroxene structure is one of extreme
chemical compliance and will accept a wide va-
riety of cations rn the M (and tetrahedral) sites.
Because of this, strucfural changes may be stu-
died in great detail over a vadety of chemistries
that are not represented in the naturally occur-
ring minsrals. The alkali-metal [ryroxenes are
exbemely attractive in this respect; compositions
of the form M+Iuf+SizO. will accept trivalent
cations from Al 1r - 0.535A) to In (r = 0.80A),
a very large variation in cation size that encom-
passes both closed- and open-shell cations. The
effect of tetrahedral substitutions mav also be
examined by comparison with homotypic germa-
nates, and metavanadates and meta-arsenates of
the form M+)(+Os.

The structure of jadeite was refined by Pre-
witt & Burnham (1966); refinements of spodu-
mene, LiFes+SigOe, ureyite, acmite, NaInSizOe
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and NaScSiO' have been presented by Clark er
aL. (1969), Christensen & Hazell (1967) and
Hawthorne & Grundy (L973, 1974). The struc-
ture of LiScSieOo has been refined here in order
to fucilitate a comparison of structural variations
in the Li and Na pyroxenes.

ExpsnrMENilr-
The crystals used in this investigation were

synthesized by Dr. Jun Ito of Harvard Univer-
sity; details of the method of synthesis and
physical propertles are given by Ito & Frondel
(1968). Precession photographs exhibited mono-
clinic sy.mmetry with systematic absences con-
sistent with the space group C2/c. Exposure
times of up to 300 hours showed no reflectiors
violating either the c glide-plane criterion, as
was found with LiAlSizOo (Appleman & Stewart
1966; Clark et al. L969) and LiFeSi:Os (Clark
et al. 7969) or the C-centring criterion, as was
found with LiAlGeeOo and LiGaGegOe Glahn &
Behruzi 1968). Numerous crystals were exam-
ined by the precession rnethod and all were
twinned with (1@) as the twin plane; the crystal
showing the least amount of twinning was chosen
for the collection of intensities. Cell dimensions
were determined by least-squares refinement of
15 reflections automatimlly aligned on a 4-circle
diffractometer (fable 1).
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CRYSTAL STRUCTI,,RE ON LiSCSizOo 5 1

was used to collect the intensity data using
MoKa radiation and a Svntex PT automatic dif-
fractometer according to the experimental pro-
cedure of Hawthorne & Ferguson (1975). A to-
tal of 940 reflections was collected over one
asymmetric unit out to a value af 65"20, T}.e
data were corrected for absorption (for polyhe-
dral crystal shape), Lorentz, polarization and
background efifects, and subsequently reduced to
structure factors. A reflection was considered
as observed if its mapitude exceeded that of
four standard deviations based on counting sta-
tistics. This resulted in 94O unique reflections
of which 799 were classed as observed.

REFTNEMENT

As a consequence of the twinning, reflections
of the type ft&O overlap with equivalent reflec-
tions of the type ito from the corresponding
twinned part of the crystal; for I*0, there is no
overlap. Consequently, the data were divided
into two sets ,(one with /=0 and the other with
I+O) with separate scale factors. Scattering fac-
tors for O'1 and fully ionized cations were taken
from Cromer & Mann (1968) and coefficients
for anomalous dispersion were taken from Cro-
mer (1965). The final atomic coordinates and
equivalent isotropic temperature faotors for
LiFes*Sisoe (Clark et aI. 1969) were used as in-
put parameters to the least-squares program
RFINE (Finger 1969). After several cycles of
least-squares refinement, gradually increasing
the number of variables, the structure con-
verged at a conventional R ot 3,2%. The tem-
perature factors were then converted to aniso-
tropic of the form grven in Table 1 and a cor-
rection was made for isotropic extinction with
the extinction coefficient being included as a
variable in the refinement @achariasen 1968).
Futher cycles of refinement rezulted in conver-
gence at conventional R of.2,4Vo (observed re-
flections) and 3.2Vo (all reflections) and weighted
R, (unit weights) of. 2.8Vo (observed reflections)
and, 3.7Vo (all reflections).l ComFarison of the
final scale factors indioated a twin ratio of
1:4.O22. Final positional parameters and ani-
sotropic temperature factor coefficients are pre-
sented in Tables 2 and 3, Interatomic distances
and angles were calculated with tthe program
ERRORS (L. W. Finger, pers. comm.) and are
presented in Tables 4 and 5 respectively. The

magnitudes and orientations of the principal
axes of the thermal ellipsoids were calculated
with the program ERRORS and are gven in
Table 6.

Tsu 2. ATdIc PARN'EmS IoR LlscgI2O6

Begulv

0tA1 0 .1209 ( r )

02A1 0 .3709 (2 )

03Ar. 0. 3545 (2 )
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Ml 0

M 2 0
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Sl Tslrahealrod

5tA1-01A1 1 .638 (3 )

a tA l -o2A1 l - .598(2)

stAl-03A1 L.628(2)

s lA t -o3M r .632 (3 )

l lee L.624

01AI-02AI 2t738(41

otA l -03A1 2 .62r (31

o lA l -o3M 2 .65717t

02Al-03A1 2.636(2')
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o3At--03A2 2.6781r1

Moe 2 .65L

M2 AntLPrls

M2-0 l-Al

M2-02C2
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raean [o]
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!,11-01A1. 81 2,2L1121

Ml -o lA2,  82  2 .102 (5 )
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0 lAl-01BI
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01A1-02Cr

0 lA1-0 LAz
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3 .  l o 9  ( 2  )
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s l -s lA2 3 ,095 (1 )

! rL - ! , r l ( l )  3 .271( r )
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rstructure factor tables are available, at a nominal
charge, from the Depository of Unpublished Data,
CISTT, National , Research Council of Canada,
Ottawa, Canada, KIA 0S2.
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TABI.E 5. SEI,ECTED INTERATo}TIC A!{GI;ES FoR I,iscsJ.,o<

Si ?etrahedron Ml Octahedron

01AL-s i -02A1 1r5 .6  (1 )  OLAL- !41-0181 80 .6  (1 ,

0 lAL-S l -o3A1 1 ,06 .7(2 \  01AI -1 . r1 -o2CI  90 .5(1)  x2

0LAL-s i -o3A2 108.7(2)  OLAt - ! .41-01A2 90.5(1)  x2

02AL-s i -03AL l -09 .6( r )  0 tA t -Ml -o182 s1 .5(1)  x2

0241-s1-03A2 105.9(1" )  01A2-MI - -02C1 98. j (1 )  x2

03Al -s t -o3A2 110.4(1)  01A2-M1-02D1 gg.C( ] - )  x2

l{ean !] lg:-i_ 02c1-ut-o2Dl 99.6 0.)

M e &  8 9 . 8

Chal-n ApgLes

s iA ] . -o3A1-S iA2 143.3(1)

0 3 A 2 - 0 3 A 1 - 0 3 A 2  1 ? 5 . 5 ( L )

siAl-olAL-M1 120.5 (].)

s iA2-01A2- ! !1  123.0  (2 )

s ic l -02c1-M1 r43 .6  ( ] . )

s iA l -01Ar - -u2  120.2  (1 )

s lc2-02c2-M2 90.3  (2 )

DrscusstoN

The basic structure of the pyroxenes has been
adegua.tely described by Prewitt & Burnham
(1966\, Zussman (1968), and a detailed consider-
ation of pyroxene topologies is given by papike
et al, (1973). The structure is shown in Figuie f
which adheres to the site nomenclature proposed
by Burnham et al. (1967). Ionis radii used in the
following discussion are from Shannon & Prewitt
(L969, t97O).

The variation in strucfural parameters across
the lithium pyroxene series is strongly dependent
on the ionic radius of. the ML cation. Figure 2
shows the variation irr the mean cation-anion
distances with the ionic radius of the M1 cation;
a marked positive linear correlation is observed
in each case. The octahedra of the Ml chain
are edge-sharing and consequently form a much
more rigid unit than the corner-sharing tetra-
hedra of the silicate chain. Thus the various dis-
tortions in the pyroxenes are partly the result
of the articulation requirements between these
two basic units. The variation in the cdimension
is controlled largely by the ML cation radius in

TABIJ 6, ELLIpsorDs OF VIBmrfoN IN LiScSl2O5

_ R.U.S. Angl6 to Angle to
Diaplac@elt a-aLs b-sL6

Angle to
c-qi9

the alkali pyroxenes (except for NaInStOo where
additional constraints occur); the type of alkali
cation occupying the M2 site has only minor in-
fluence (Iable 7). In addition, distortions are also
imposed by the coordination requirements of
the M2 cation. Lithium is six-coordinate but so-
dium is eight-coordinate (Clark et al. L969). This
coordination-number change is effected by a
relative displacement of the 'back-to-back' te-
trahedral chains in the c direction. The separa-
tion of the mid-points of the O3-O3 tetrahedral
edges projected onto the b-c plane provides a
measure of this chain displacement. Chain dis-
placements for the monoclinic pyroxenes are
shown in Table 8. They fall into three groups,
corresponding to the M2 site occupancy and,
as such, reflect the major changes in the value of
the B angle. The calcic pyroxenes with the small-
est chain-displacements have the more regular
M2 sile; the sodic pyroxenes exhibit greater
chain-displacements with the concomitant larger
distortions of the M2 site. The lithium pyrox-
enes show by far the largest chain-dispkicements
which cause the change in M2 coordination num-
ber from t8l to [6]. This is illustrated in Figure
3 where the variation h M2 distortionl with
chain-displacement is shown; this effect is com-
pounded if the size of. the Ml cation is increased
due to an expansion of the octahedral chain. The
extreme distortions exhibited bv the M2 site n
the Li pyroxenes (when considered as eight-
coordinate) indicate the coordination number
change from eight to six.

As the back-to-back tetrahedral chains link
in the D-direction to the octahedral chains via
the 02{2 edge of the M\. octahedron, the rela-
tive displacement of the 02 atoms in the c-direc-
tion is an important factor in controlling the te-
trahedral chain displacement. Superimposed

0lA1

0 2At

0 3A1

slAl

Ml.

M2

g t  ( t ) o'18 (L2',t
r 5  ( 1 1 )

3 8 ( s )

u 7  ( 4 )

6 t  ( 2 )
8 8 ( 7 )
2 9  ( 2 )

6 2  ( 5 )
97 tL2t
28(4)

g z ( t a ) o
161 (L2)

7 6 l L 2 ' t

e 6  ( 6 1
r44 (6 )
5 s  ( 6 )

3 6  ( 8 )
69  (11)

r I 8  ( 2 )

r14  (25)
rs6  (24  )
8 5 ( 5 )

2  ( 1 1 )
9 0
8 8  ( 1 1 )

4  ( r 0 )
0 6 ( t 0 )

o . o e s ( a ) R  r o ( t o ) o
0 . 0 7 6 ( 3 )  7 9 1 L 4 )
0 . 0 8 7 ( 3 )  1 0 r ( ? )

'o .o7 t  
(4 )  52161

0 . 0 9 3  (  3 )  4 9  1 6 )
0 . 1 1 5 ( 3 )  6 4 ( 5 )

0 . 0 7 0  ( 4 )  8 8  ( r 3 )
0 . 0 8 3 ( 3 )  r 7 8 ( 1 0 )
0 . r 4 1 ( 2 )  8 8 ( 2 )

0 . 0 6 6 ( 1 )  2 8 ( 5 )
0 . 0 6 s ( 1 )  9 3 ( 2 2 ' )
o . o 8 o  ( 1 )  1 1 8  ( 4 )

0 . 0 6 9 ( 1 )  1 1 2 ( 1 1 )
0 . 0 7 2  ( 1 )  9 0
0.0?3( I )  22 l t l )

0 . r .06  (12)
0 .152 (9  )
0 . r 5 5  ( 9 )

r07  (10  )
163 (10  )
9 0

9 0

9 0

9 0
9 0

0 lDistortion 5 : ) [(/; - l")/1"]2/n, where /o :
t : 1

mean bond length and /r : individual bond lengths.
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Frc. L. a'! axis projection of the clinopyroxene structure.
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upon this is the mechanism of O-rotation
(Ihompson 1970; Papike et al. t973) which de-
creases the amount of tetrahedral chain displace-
ment. These parameters are given in Table 8 for
the A/ c pyroxenes. The O2-a2 displacement is
primarily controlled by M2-O2 interaction, as the
02 anion is formal,ly underbonded (Shannon &
Calvo 1973) and requires very short anion-cation
distances. The relative variation h M2-O2 as the
ionic radius of the ML cation increases is con-
sistent in the Li and the Na pyroxenes. When
ML=N, M2-O2 is the longest M2-O bond
length, when M1=Fe it is intermediate and
when ML=Sc it is the shortest bond length. This
seems to be the result of the articulation con-
straints between the octahedral and tetrahedral
chains. When a small cation occupies Ml, the
octahedral chain is undersized with respect to
the tetrahedral chain. Thus the cation-cation re-
pulsion across the O1-O1 shared edge of the MI
chain produces a large displacement of the ca-
tions away from each other, extending the octa'
hedral chain and promoting inter-chain linkage.
This also results in an increase in the MI-OI
bond lengths and a decrease in the Ml-O2 bond
lengths, and thus M2-Ol is considerably shorter
than M2-O2. As the size of thLe Ml cation in-

creases, this effect is gradually reduced as the
octahedral chain becomes larger and the tetra-
hedral chain begins to exert a ssasfi"ining effect
on c-axis expansion, reducing the 'amount of ca-
tion repulsion relaxation and decreasing the
relative difference between MI-OI and Ml-O2.
Thus the relative bond strength requirements of
01 and 02 change with Mz-Ol lengthening and
M2-O2 shortening relative to each other. Hence
with Ml=Sc, the amount of cation repulsion
relaxation is small and M2-O2 is shorter than
M2-OI. It.is rather interesting to examine Na-
Cf+SioOu in the light of this proposed mechan-
ism. This pyroxene shows a very short ML-MI
distance that has been taken to indicate weak
metal-metal bonding across the shared edge of
the Ml octahedra (Ilawthorne & Grundy 1973).
The rnechanism suggested above would indicate
that'this pyroxene should show an anomalously
short M[52 bond length, and in fact'NaCr3+
Si,Oe exhibits the shortest M2-O2 bonil length
of any of the sodic pyroxenes examined so far.
This relative change in the M2-O2 boncl length
with increasingMl cation radius is accomplished
o-y a rotation and expansion of.theO2-O2 edge of
the Ml octahedron. This rotation and extension
of. O2-O2 increases the c-axis separation of the
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placement and O-rotation act in a complemen-
tary manner to produce the tetrahedral chain
displacement required by the structure flable
8).

It is of considerable interest to examine how the
linkage is maintainEd between the tetrahedral
and octahedral shains as the ionis radius of the
Ml calion increases, as this can be seen as
exerting a limiting effect on possible pyroxene
compositions. From Mt = N to Sc, the octa-
hedral chain expands linearly in the c-direction
for both the Li and Na pyroxenes. However, the
way in which the tetrahedral chain expands dif-
fers with the M2 ocsupancy. In the Li pyrox-
enes, the O3-O3 tetrahedral edge expands and

TAALE 7. CEII, DTMENSIONS FOR TBD ITTSIUM PYROXENES

AIID TITXIR SODIII!,I ANAIOGUES

a (8) n t8l c rB) /A" l  astnpt t )

r, ielsirou I

NaalSirOU 2

r,!.reSirOal

NaIeSirOU I

riScSirOU 3

NaScSirOU 4

I  c l -a rk  e t  aL .  (1969) .  2  p rewi t t  a  Burnha (1965) .
3 thls study. 4 Bawthorne & credy 0.973).

TAAIIE 8. VARIATION II{ DIS?ORTIONAI PARAMETERS
IN rBE C2,/c PYROXANES

r  (R )  z  tB t  3  ( o )  4  ( o )  5  ( o )

9 , 4 4 9  8 . 3 8 6  5 . 2 1 5  L l 0 . t 0  8 . 8 7 4

9 . 4 1 8  A . 5 6 2  5 . 2 L 9  I  O  7 . 5 8  8 . 9 7 8

9 . 6 6 6  8 . 6 6 9  5 . 2 9 4  1 1 0 . 1 5  9 . 0 7 4

9 . 5 5 8  8 . 7 9 5  5 . 2 9 4  L 0 7 . 4 2  9 . 2 L 5

9 . 8 0 3  8 . 9 5 8  5 . 3 5 2  L 1 0 . 2 8  9 . 1 9 6

9 . 8 4 4  9 . 0 4 4  5 . 3 5 4  I 0 7 , 2 2  9 . 4 0 3

Al Fc Sc

lMt +

Frc. 2. Variation in mean cation-oxygetr distances
vith the ionic radius of tbe Ml cation for the
Li pyroxenes.

symmetry-related 02 anions, leading to sn in-
crease in the tetrahedral chain displacement.

AIso contributing to the tetrahedial chain dis-
placcment is the anount of O-rotation of the
tetrahedral chains. This effect may be envisaged
as being zuperimposed on the effipt of the 02-
02 displacement to produce the chain displace-
r_nent required by the M2 cation. Figure 4 shows
the variation in O-rotation with Ml iation radftrs
for the alkali pyroxenes. The Li pyroxenes show
a much greater range of rotation which exhibits
a positive correlation with the radius of the ca-
tion of the MI slte. The Na pyroxenes show a
much smalter range; however,ilalnSi:Os shows
a much larger O-rotation than the other Na py-
I9x9!es and the slope of the graph between
NaScSiOo and NaInSi:Oo besomes-sub-parallel
to the trend in the Li pyroxenes. This correlates
with the variation in M2-O2 acros$ each pyrox-
ene series. In the Li pyroxenes, M2-OZ desreases
with incteasing MI cation size; in the Na py-
roxene, M2-O2 is constant across the series to
NaInSisOo, wherc M2-O2 decreases. The varia-
tion in Grotation vilh O2-OZ displacement for
the alka.li pyxoxenes is shown in Figure 5. It is
apparent that the mechanisms of O2-O2 dis-

LiAlsi2OS

LlFeSi2o6

LiScSl2O6

NaAIsi2O6

NaCrSl205

NaPeSl-2O6

liaScSi206

NaXnSi206

CaMgSi206

Cal'eS12O6

C:ltns1206

1 . 5 3 5  1 . 4 1 0

A . J J I  L . I z L

1 . 6 0 9  \ . A 9 2

0 . 8 9 5  I . 2 4 0

0 . 9 L 1  t .  3 6 8

0 . 9 8 2  1 . 3 5 0

1 . 0 6 3  1 . . 4 3 3

I . U ' J  L . ' I L

0 . 7 3 6  I . 4 4 4

0 , 8 2 2  L . 4 5 2

0 . 7 6 3  1 . 5 7 0

4 . 8  - 9 . 5

- 0 . 3  0 . 0

- 3 . 3  4 . 4

d . v  5 - l

7 . I  7 . 9

8 . 0  6 . 0

6  . 9  6 . 4

5 . 0  9 . 2

6 . 3  1 3 . 6

4 . 4  L 6 . 2

t .  d

I t

2 . L

2 . 0

2 . 6

L -- Back-to-back tetlahedlal chaln displacemot
2 -- o(2)-0 (2) dlsplacenent aJ.ong c
3  - -  0 ( 2 ) - 0 ( 2 )  s h e a r
4 -- feCrahedlal o-rotatLo!
5 -- c-axl-s t€tlatredral rotatton
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the O3.Si-O3 angle increases, thus increasing
the chain length without greatly increasing the
(Si0(br)> distance. In the Na pyroxenes, from
MI = N to Sc the tetrahedral chain expands by

an increase in the (Si-O(br)) distance (Fig. 6);
for NaInSLOe tlere is no furttter increase in
Si-O(br) s1 signifisanf increase in the length of
the octahedral chain. Fresumably the tetrahedral

o L i

r No [8] - coordhorion

a C q

x Li [e] 
-coordinotion

A

I
g

6

1
C
0

E
E
I

o

, 
a a, 

l---ts-'

r .o l . l 1.2 t.5 1.4 1.5 1.6

Choin DisPtocement (A)+

3. M2bond length distortion versus tetahedral chain-displacement for the ordered clinopyroxenes.

Al F. 3a In

r u r +

Frc. 4. Variation in O-rotation with ionic radius of tfu Ml cation for the
ordered alkali pyroxenes

I No Pyroronar

a U Pyroraoar
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o Li Pyrorenes

E No Pyroroneg

I Co Pyrorenes

02- 02 Sheor (" ) -r
Frc. 5. variation in o-rotation with o2-o2 shear for the ordered clinopyroxenes.

1
:-
c
I
c,
o
G,

I

o

chain has expanded as far as it can for M2=\ls
and is exerting I sonsflnining effect on the c-
axis expansion of the octahedral chain.

As the Ml cation radius increases, the ML
octahedron also expands in the 6-direction. This

Al F. tc tn

r t t -_

Ffc. 6. Yariation in mean Si-OOr) bond lengtl
with ionic radius of the ML cation for the alkali
pyroxetred.

may be accommodated by the tetrahedral chain
in two ways:
(1) rotation of the tetrahedra round an axis
through the midpoints of the O3-O3 edges (c-
axis rotation). An anticlockwise rotation (when
viewed along c) of tle SiAl tetrahedron is de-
fined as positive, with the rotation defined as the
angular deviation of. O2Al from the plane pa-
rallel to D-c through O3AL and O3A2. This is
illustrated in Figure 7.
(2) Distortion of tetrahedral edges leading to an
increase in D-axis separation of glide-related 01
anions. Table 8 gives the c-axis rotations for the
C2/c pyroxenes. For the Li pyroxenes, octa-
hedral 6-axis expansion is accommodated by c-
axis rotation of the tetrahedral chain. For the
Na pyroxenes, the more important mechanism
of accommodation is by tetrahedral edge dis-
tortion. This is shown by Figure 8 which shows
the variation in selected tetrahedral edge lengths
with Ml cation radius for the Na pyroxenes.
Decrease nOLA|-AZAI and increase in O1z{1-
O3Al a\d, OtAl-O3Az produce an increase in
the 6-axis separation of the c-glide related 01
atoms. Note that this mechanism is not as promi-
nent befiveen Ml=fs and M|=Sc since an in-
crease in c-axis rotation of the tetrahedron
occurs in this range (Iable 7). It is interesting
to note that c-axis tetrahedral rotation will affect
the Si-O3-Si angle whereas tetrahedral edge
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Frc. 7. Part of the tetrahedral chain, showing the
various rotations us€d to describe the chain dis-
tortions.

Al F. 9c In

r M l  +

Frc. 8. Variation in selected tetrahedral edge lengths
with the ionic radius of tle M1 cation for the
sodic pyroxenes.

A l F o w l

' M l +

Frc. 9. Variation in chain angle Si-O3-Si with the
ionic radius of the Ml cation for the alkali pyrox'
enes.

length dislortion does not necessarily do. so. This
leads to a difference in behavior in Si-O3-Si with
increasing M1, cation radius (and 11e1s6ing -Si-
OOr) bond lengths) in the two pyroxene series'
This is shown in Figure 9, which indicates that
the Si-O3-Si angle is responsive to the mech'
anism of D-axis expansion.
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