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I n t r o d u c t i o n  

The dimensions of the  oxalate ion have been de te rmined  
b y  a number  of workers  (Table 1), bu t  these results are 
not  sufficiently accurate  for a reliable comparison to be 
made  wi th  the  dimensions of the  oxamate  ion (Beagley 
& Small, 1963a). The ca rbon-ca rbon  bond of the oxamate  
ion was found to be ra the r  long (1.564 -+ 0.002 A) and  in 
addi t ion  residual electron densi ty  occurred at  its centre.  
I t  has been repor ted  (Beagley & Small, 1963b) t ha t  the  
ca rbon-ca rbon  in l i th ium oxalate  has similar propert ies  
and  this paper  describes the  s t ruc ture  de te rmina t ion  in 
detail .  The l i th ium salt was chosen for the  s tudy  because 
it has the  advan tage  t ha t  near ly  all the  scat ter ing which 
takes  place is from the oxalate ion. 

Crystal d a t a  

Li th ium oxalate crystallizes wi th  difficulty from wa te r  
and  forms p la tey  crystals e longated along the  [a] axis. 
Wyckoff  (1960) records t ha t  the  crystals are or thorhombic ,  
bu t  this was not  found to be so. F rom sys temat ic  
absences the  crystals were found to have the  monoclinic 
space group P21/n. 

Using approx imate  cell parameters  obta ined from 
Weissenberg photographs  as a guide, the  Bragg angles 

of the  h00, 0k0, 001, hOl and  h0/-reflexions were measured  
accura te ly  wi th  a three-circle goniometer  (Small & 
Travers,  1961) and  C u K a  radiat ion.  To el iminate the  
zero error of the 0-circle and  any  mis-set t ing of the  
~-circle when  measur ing a reciprocal lat t ice row, the  
observed in terplanar  spacings, dobs, were p lot ted  against  
cot 0, and  the  linear graph ex t rapola ted  by  least squares 
to cot 0 = 0 to give the corrected in terp lanar  spacing, d. 
The measurements  produced the  following unit-cell  
parameters  and  es t imated  s tandard  deviat ions:  

* Present address: Chemistry Department, ~niversity of 
Oslo, Oslo 3, Norway. 

a 0=3 .400±0 .001 ,  b 0=5 .156+0 .002 ,  c o =9.055 + 0 . 0 0 3 A  

f l=95  ° 36 '±  1' 

The densi ty,  Dx, calculated for two formula  uni ts  of 
Li2C20 4 in the  uni t  cell, is 2.142 g.cm -3. The Handbook of 
Chemistry and Physics (1962-1963) gives Dm=2"121 
g.cm -a a t  17-5 °C. Each  oxalate ion is therefore s i tua ted  
a t  a centre  of s y m m e t r y  and the possibility t ha t  the  two 
ends of the  ion are twis ted  wi th  respect to each other  is 
excluded.  

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

Three-dimensional  in tens i ty  data were collected by  the  
semi-automat ic  three-circle d i f f ractometer  developed by  
Small & Travers  (1961) which employs a xenon-filled 
proport ional  counter .  The details of the procedure adop ted  
for the  use of this ins t rument  are described elsewhere 
(Beagley & Small, 1963a), a l though one impor tan t  
modif icat ion to the  described system was in use dur ing 
the  s tudy  of l i th ium oxalate.  The improvement ,  which  
was possible because of the  acquisi t ion of a highly 
stabilized X- ray  generator ,  was t h a t  the  dura t ion  of the  
count ing periods was controlled by an oscillator producing 
a 600 c.p.s, square wave,  instead of by  a moni tor ing  
counter  operat ing from the  p r imary  :X-ray beam. One 
crystal  only (dimensions 0.02 x 0.02 × 0-02 cm) was used 
th roughou t  this s tudy  for both  the  measuremen t  of the  
cell parameters  and  the  in tens i ty  measurements .  The 
intensi ty  of every one of the  345 unique reflexions wi th  
0 < 80 ° was measured ;  it was necessary in only two cases 
(excluding those of the  sys temat ical ly  absent  reflexions) 
to adopt  a value of zero for an intensi ty.  

P re l iminary  a tomic coordinates for the  carbon and  
oxygen a toms were rapidly  de te rmined  from sharpened 
Pa t t e r son  project ions on (100) and  (010) and a value of 
1.2 A 2 was adopted  for the  overall isotropic t empera tu re  
constant ,  B. Using the  phases der ived from the  positions 
of the  oxygen and  carbon a toms only, an Fo Four ier  

Table 1. Results of some 

Compound C-C 

Sodium oxalate 1.54/~ 
e.s.d. 0.04 

earlier 

Mean 
C-O 

1.23 A 
0.02 

Ammonium oxalate 
monohydrate (i) 1.58 1.24 

e.s.d. 0.01 0.02 
(ii) 1-56 1.24 

e.s.d. 0-02 - -  
(iii) 1.569 1.258 

e.s.d. 0-014 0.014 
Silver oxalate 1.53 1.20 

e.s.d. - -  - -  

Cu(NHa)2(C204) 2. 2tt20 1.58, 1.61 1"28 
e.s.d. 0.02 0.02 

CuK2(C204) 2. 2tt20 1.56, 1.57 1.29 
e . s . d .  ~ - -  

investigations of the oxalate ion 

OCO Twist 

124 ° 0 ° 

Reference 

Jeffrey & Parry (1954) 

129 28 
2 

125 28 

- -  26.6 
- -  0.4 

118 0 

120 11, 15 
2 

124 12, 24 

Hendricks & Jefferson (1936) 

Jeffrey & Parry (1952) 

Robertson (1961) 

Griffith (1943) 

Viswamitra (1962a) 

Viswamitra (1962b) 

AC17--51 
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Fig. 1. Three-dimensional  difference Fourier  synthesis.  2'o-Fc matr ix  weighted as in the  least-squares ref inement .  
All a toms subtracted.  Plane of project ion (100). 

s y n t h e s i s  for  each  p r o j e c t i o n  was  ca lcu la ted•  T h e  F o u r i e r  
s y n t h e s e s  i n d i c a t e d  t h e  p o s i t i o n  of t h e  l i t h i u m  a tom•  

T h e  a t o m i c  p a r a m e t e r s  were  re f ined ,  u s i n g  t h e  who le  
of t h e  t h r e e - d i m e n s i o n a l  d a t a ,  on  t h e  M E R C U R Y  
e lec t ron ic  c o m p u t e r  of t h e  U n i v e r s i t y  of Oxford ,  b y  
m e a n s  of t h e  l ea s t - squa re s  p r o g r a m  w r i t t e n  b y  Dr .  J .  S. 
R o l l e t t  (1960) w h i c h  p r o d u c e s  e l l ipso ida l ly  an i so t rop i c  
v i b r a t i o n a l  p a r a m e t e r s .  T h e  w e i g h t i n g  s c h e m e  u s e d  
t h r o u g h o u t  t h e  r e f i n e m e n t  was  

Vw = i + [(IFoJ - 4K)/4K] 2 

w h e r e  K ,  t h e  scale fac to r ,  is a p p r o x i m a t e l y  0.68. F o r  
c a rbon ,  t h e  a t o m i c  s c a t t e r i n g  f ac to r s  of Be rghu i s ,  
H a a n a p p e l ,  P o t t e r s ,  L o o p s t r a ,  MacGi l l av ry  & V e e n e n d a a l  
(1955) were  u s e d ;  for  o x y g e n ,  as O½-, s c a t t e r i n g  f ac to r s  
were  d e r i v e d  f r o m  t h o s e  of F r e e m a n  (1959); a n d  for  
l i t h i u m ,  as Li  +, t h o s e  of W o m a c k ,  S i l v e r m a n  & M a t s e n  
(1961) were  used•  

R e f i n e m e n t  ceased  a t  Rh~l = 0.060, w h e n  ~ ,  t h e  m e a n  
of t h e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  of t h e  a t o m i c  
c o o r d i n a t e s  of t h e  c a r b o n  a n d  o x y g e n  a t o m s  was  

16•7 x 10 -¢ /~ .  
A t h r e e - d i m e n s i o n a l  F o - F c  F o u r i e r  s y n t h e s i s  was  

c o m p u t e d  a t  t h i s  p o i n t ;  t h e  coeff ic ients  were  w e i g h t e d  as 
in  t h e  l e a s t - squa re s  r e f i n e m e n t .  A su i t ab l e  p r o j e c t i o n  of 

th i s  is s h o w n  in F ig .  1. C o n t o u r s  are  d r a w n  a t  i n t e r v a l s  
of 3a, w h e r e  a is t h e  r o o t  m e a n  s q u a r e  d e v i a t i o n  of  
e l e c t r o n  d e n s i t y  a v e r a g e d  ove r  t h e  who le  cell;  t h e  ze ro  
c o n t o u r  is o m i t t e d  a n d  t h e  d o t t e d  c o n t o u r  is - 3a. A p e a k  
of e l ec t ron  d e n s i t y ,  of h e i g h t  a b o u t  10a, can  be  seen  a t  
t h e  cen t r e  of t h e  c a r b o n - c a r b o n  bond•  A s imi la r  p e a k  w a s  
o b s e r v e d  in t h e  case of a m m o n i u m  o x a m a t e  (Beag ley  & 
Smal l ,  1963a) a n d  t h u s ,  a l t h o u g h  t h e  l i t h i u m  o x a l a t e  
p e a k  lies a t  a c en t r e  of s y m m e t r y ,  t h e r e  is a s t r o n g  ind ica -  
t i on  t h a t  a s ign i f ican t  r eg ion  of e l ec t ron  d e n s i t y  ex i s t s  
a t  t h e  cen t r e  of t h e  c a r b o n - c a r b o n  b o n d .  Smal l e r  p e a k s  
( < 4.5a) can  be  seen,  n o t a b l y  a t  or  n e a r  t h e  cen t r e s  of t h e  
c a r b o n - o x y g e n  b o n d s ,  a n d  n e g a t i v e  reg ions  as  low a s  
- 5 a  occur ,  b u t  t h e r e  is d o u b t  as  t o  t h e  s igni f icance  o f  

t he se  f ea tu res .  As  in t h e  case of a m m o n i u m  o x a m a t e ,  
an  empi r i ca l  co r r ec t i on  was  a p p l i e d  m a k i n g  a l l o w a n c e  
for  t h e  e l e c t r o n  d e n s i t y  in t h e  c a r b o n - c a r b o n  b o n d .  
E x p e r i e n c e  w i t h  a m m o n i u m  o x a m a t e  s u g g e s t e d  t h a t  a 
s o m e w h a t  l a rger  p r o p o r t i o n  of a h y d r o g e n  a t o m  t h a n  o n o  

Tab l e  2. Final f rac t iona l  atomic coordinates 

Atom x/% y/b o z/c o 

C 0.10582 0.13418 0.00738 
O(1) 0.13313 0.23698 0.13379 
0(2) 0.23847 0.22028 -- 0.10649 
Li + -- 0.05670 -- 0.01344 0.29179 

Tab l e  3. Fina l  vibrational parameters 
f = fo [ 2"-(h2bll+k2b22+12baa+klb23+lhbal+hkb12)] 

Atom bl~ b22 b3a bs3 
C 0-04370 0.01649 0.00560 0.00124 
O(1) 0.07504 0.02191 0.00553 -- 0.00414 
0(2) 0.06320 0.02119 0-00608 0.00200 
Li+ 0.10810 0.02654 0.00693 -- 0.00285 

bal b12 
0.00564 -- 0-00200 
0.00848 -- 0.01896 
0.01508 --0.00832 
0.00312 0.03937 
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T a b l e  4. Observed structure amplitudes and calculated structure factors 

hk l  501Fol 50 F3 hk l  501Fol 50 F c hk l  501Fol 50F¢ hkl  501Fol 

0 0 2 721 877 1 i ? 695 ~03 1 4 ~ 419 -431 2 2 ~ 373 
0 0 4 1102 -1052 I I 1 2049 -2212 1 4 • 312 -321 2 2 ~ 235 
0 0 6 183 201 i 1 2 114 137 1 4 ~ 631 -634 2 2 ~ 155 
0 0 8 810 807 1 1 3 283 266 1 4 ~ 18 -6 2 2 7 404 
0010 375 399 114 417 450 14~ 170 166 22~ 72 

115 a6 697 14~ 11~ 121 2 ~  188 
0 i i 794 890 1 1 6 54 41 1 4 ~ 40 41 2 2 ~'~ ~2 
0•2 •26 -124 117 365 -367 
0 1 3 513 565 1 1 8 23 19 1 5 0 104 95 2 3 0 238 
0 • 4  526 ~44 1 1 9  644 -642 1 5 1  185 -212 2 3 1  269 
015 82 -95 1110 119 116 152 52 -5~ 232 lO4 
016 27 22 11~ 13~3 -1277 1 5 3  216 222 2 3 3  117 
o17 432 445 1 1 ~  44 81 1 5 4  46 51 2 3 4  364 
0 1 8 538 -545 1 1 ~ 1162 1035 1 5 5 509 5C2 2 3 5 270 
019 114 116 11T 24~ 239 156 lO7 -121 2 3 6  216 
0110 ~03 -209 11~ 451 4~3 15~ 58 -55 2 3 7  1~2 
01~1 136 129 11~ 3~2 368 1 5 ~  308 -315 2 3 8  32 

llV 488 -481 1 5 ;  4os 414 23r 5~ 
o2o 1737 -1836 1 1 ~  146 153 1 5 ~  26~ -260 2 3 ~  469 
021 129 132 11~ 194 -200 15~ 207 200 23~ 94 
o22 413 -419 1 1 =  235 222 1 ~  39 39 23~ 757 
0 2 3 106 105 1 I TT 50 46 1 5 7 132 - 1 3 2 2 3  ~ .  344 
024 •393 1409 2 3 ~  128 
0 2 5  41 -41 I ~ 0  705 -824 1 6 0  198 -190 2 3 v  3~ 
0 2 6 131 116 1 2 1 466 -455 1 6 1 17 -4 2 3 ~ 322 
o 2 ~  212 -222 1 2 2  4 2 ,  -436 1 6 2  47 56 2 ~  32 
0 2 ~  590 -~05 1 2 3  198 193 1 6 3  lV8 171 
o2s •~ -181 1 2 4  28 23 1 6 ~  133 - n o  2 4 o  ~oo 
0 2 l 0  30 - 1 6  1 2 5 196 -207 1 6 T 173 152 2 4 i 261 

1 2 6  18o - lV6 1 6 ~  ~37 228 2 4 2  402 
0 3 •  817 -836 1 2 ~  133 132 1 6 ~  2~3 2~1 2 4 3  71 
o32 34 39 1 2 ~  299 -302 2 4 4  312 
0 3 3. 127 122 1 2 9 80 77 2 0 0 528 -460 2 4 5 43 
034 305 -310 1210 22~ -22~ ~02 ~3~ -762 246 2~2 
0 3 5 136 -145 1 2 T 630 -594 2 0 4 800 765 2 4 T 34 
0 3 6 204 -201 1 2 ~ 213 -226 2 0 6 382 379 2 4 ~ 78 
0 3 ~ 142 -153 1 2 ~ 1026 950 2 0 B 338 -295 2 4 ~ 236 
0 3 ~ 299 3 0 3 1 2  ~ 40 46 2 0 ~  504 4 8 8 2 4  T 37 
00393 10 336 58 -351 68 11 2 ~ ~ 2 2 276 242 2 0 586 54% 2 4 70 

55 - 5 3 2  0 196 189 4 123 
1 2 ~ 414 -416 2 0 ~ 30 -21 2 4 7 225 

0 4 0 654 686 1 2 ~ 172 -175 2 0 I'~ 183 171 
0 4 i 34 -21 1 2 ~ 427 -433 2 5 0 87 
0 4 2 403 -420 1 2 TU 84 -91 2 1 0 1083 -i051 2 5 1 216 
0 4 3 201 -218 2 1 1 42 23 2 5 2 100 
0 4 4 796 -808 I 3 0 157 -142 2 1 2 748 -706 2 5 3 97 
0 4 5 25 -28 1 3 1 821 865 2 1 3 123 89 2 5 4 287 
0 4 6 290 -289 1 3 2 521 -586 2 1 ~ 40 39 2 5 Y 215 
0 4 7 194 208 1 3 3 478 -506 2 1 5 76 22 2 5 T 379 
0 4 8 84 87 1 3 4 83 -95 2 1 6 80 -70 2 5 ~ 187 
0 4 9 87 I01 1 3 5 748 -781 2 1 7 126 79 2 5 ~ 454 

1 3 6  lO2 -11o 2 1 8  1~6 -193 25~ 48 
0 5 • 140 141 1 3 7 10 6 2 1 9 147 -146 
0 5 2 i04 -112 1 3 8 i0 3 2 1 T 209 -164 3 0 1 692 
0 5 3  235 -247 1 ~  26~ ~5~ 2 1 ~  31v 3~5 3 0 3  312 
0 5 4 200 213 1 3 T 283 265 2 1 ~ 420 387 3 0 5 146 
o55 444 -~29 13~ 19o -195 2 1 ~  63~ 5~o 3 o 7  lO 
0 5 6 119 122 1 3 ~ 785 -800 2 1 ~ 36 19 3 0 Y 24 
0 5 7 59 70 1 3 T 33 20 2 1 F 560 -568 3 0 ~ 742 

1 3 ~ 363 -342 2 1 T 180 160 3 0 ~ 148 
0 6 C 167 -159 1 3 E 284 -252 2 1 ~ 737 -72~ 3 0 7 479 
0 6 1 86 97 1 3 7 186 187 2 1 ~ 64 51 3 0 ~ 20 
0 6 2 9 -1 1 3 ~ 439 -457 2 1 TU 5e 48 
0 6 3 128 126 1 39" 96 95 3 1 0 72 
0 6 4 370 352 i 3 TU 72 -32 2 2 0 676 695 3 1 1 99 

221 499 -~5 31~ 247 
1 0 1 1372 1376 1 4 0 412 417 2 2 2 319 319 3 1 3 77 
1 0 3 451 457 1 4 1 32 -31 2 2 3 425 -39~ 3 1 ~ 0 
1 0 5 108 106 1 4 2 151 150 2 2 4 303 -300 3 1 5 404 
l O 7  322 n 9  1 4 3  2 1 6 .  - 2 n  2 2 5  1~9 -2o2 ~ 1 6  n 9  
1 0 9 205 -200 1 4 4 246 -252 2 2 6 437 -463 3 1 7 211 
I 0 T •082 1076 1 4 5 210 -216 2 2 7 195 -186 3 1 T 194 
10~ 285 -212 1 4 6 1CO -97  2 2 ~ 262 261 3 i i 17 
i 0 450 -432 i 4 7 26 21 2 2 149 -145 3 i 301 
I C 1172 1127 I 4 8 219 230 2 2 348 -323 3 1 37 
I C V 592 610 I 4 T 91 -96 2 2 ~ 394 -392 3 i ~ 207 
I O'IY[ " 144 -151 i 4 ~ 66 74 2 2 ~ 120 -i13 3 i ~ 0 

50 F hkl  ~OIFol 50 F o c 
-348 3 1 ~ 293 -291 
-215 3 1 ~ 108 -121 

141 
-407 3 2 0 138 -150 
-68 3 2 1 578 565 

-192 3 2 2 126 -127 
71 3 2 3 104 105 

3 2 4 273 -267 
237 3 2 5 279 -259 
269 3 2 6 208 -200 
114 3 2 I 172 -186 
-87 3 2 ~ 229 -231 

-361 3 2 ~ 468 -468 
-273 3 2 T 334 -308 
-212 3 2 ~ 43 -30 
113 3 2 ~ 268 -260 
730 3 2 449 455 
-46 3 2 144 -155 

-462 
- 100  3-3 0 198 204 
-721 3 3 1 263 -280  
-337 3 3 2 151 '146 
128 3 3 3 194 -193 
-19 3 3 4 137 133 
333 3 3 5 134 131 
-32 3 3 ~ 87 -76 

3 3 ~ 102 -102 
-214 3 3 ~ 121 -i15 
256 3 3 ~ lIE -121 

-415 3 3 ~ 99 -89 
80 3 3 ~ 208 197 

307 3 3 7 34 -23 
32 

217 3 4 0 ii0 -115 
25 3 4 1 167 -172 
70 3 4 2 16 -12 

-231 3 4 ~ 39 28 
35 3 4 T 62 66 
46 3 4 T 87 77 

-121 3 4 ~ 497 462 
228 3 4 ~ 125 127 

3 4 26 -15 
-102 
-214 4 0 0 150 -142 

97 4 0 2 162 -156 
79 4 0 T 59 -55 

298 4 0 ~ 166 -164 
-204 
355 4 1 0 11 17 
181 4 1 1 41 -44 
419 4 1 2 245 263 
21 4 1 i 109 -131 

4 1 • 127 -141 
-612 4 1 T 363 -422 
-294 4.1 ~ 60 -7• 
149 4 1 ~ 206 -220 
-3 4 1 ~ 113 -130 

-85 
721 4 2 0 30 20 

-142 4 2 1 23 -3 
-519 4 2 T Ii0 -116 

- 2 5 4 2  T 34 -46 
4 2  ~ 190 -211 

-52 
8~ 

-226 
-70 
"14 

-399 
-114 
-216 
-193 

19 
-274 
-33 

-206 
-3 

ha l f  s h o u l d  b e  p l a c e d  a t  t h e  p o s i t i o n  of  t h e  p e a k  a n d  
a c c o r d i n g l y ,  t w o - t h i r d s  of  M c W e e n y ' s  (1951) s c a t t e r i n g  
f a c t o r s  fo r  h y d r o g e n  w e r e  u s e d .  T h e  a n i s o t r o p i c  v i b r a -  
t i o n a l  p a r a m e t e r s  of  t h e  c a r b o n  a t o m  w e r e  a l so  a p p l i e d .  
T h e  r e s u l t  of  m a k i n g  t h e  c o r r e c t i o n  w a s  t h a t  f u r t h e r  
r e f i n e m e n t  r e d u c e d  t h e  v a l u e  of  Rhk~ t o  0"057 a n d  ~ t o  

15.9 × 10 - 4 / ~ ;  t h e r e  w a s  n o  s i g n i f i c a n t  c h a n g e  in  t h e  
l e n g t h  of  t h e  c a r b o n - c a r b o n  b o n d  b u t  t h e r e  w e r e  c h a n g e s  
in  t h e  v i b r a t i o n a l  p a r a m e t e r s .  A n  a t t e m p t  w a s  m a d e  t o  
c o r r e c t  fo r  t h e  s m a l l e r  p e a k s  in t h e  c a r b o n - o x y g e n  b o n d s ,  
b u t  t h i s  r e s u l t e d  in i n c r e a s e s  of  Rhgt a n d  ~ .  

T a b l e s  2 a n d  3 l is t  t h e  f ina l  f r a c t i o n a l  a t o m i c  coo rd i -  
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Atom 

C 
0(1) 
0(2) 
Li + 
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Table 5(a). The r .m.s ,  displacements (A) of the atoms along the directions of their ellipsoid axes 

After allowing for Before allowing for 
interatomic electron density interatomic electron density 

, ^ , . 

0.1350 0.1283 0.1181 0.1365 0.1311 0.1191 
0.1824 0.1366 0.1182 0.1817 0.1371 0.1211 
0.1683 0.1435 0.1113 0.1696 0.1447 0-1116 
0.2233 O. 1457 O. 1309 0.2243 O. 1434 O-1331 

Atom 

Table 5(b). Direction cosines, g~j, relating the ellipsoid axes, i, to orthogonal axes (a, b, c*), j 

Key g'11 g'12 g'la 
g'el g'22 g'2a 
g'31 g'3~ g'aa 

After allowing for Before allowing for 
interatomie electron density interatomie electron density 

^ 

0.844 - 0 . 0 2 0  0 . 5 3 i  0.~83 0.009 0.475 
c 0.339 - 0 7 5 6  - 0 5 6 1  0.154 - 0 9 5 0  - 0 2 7 0  

- 0 . 4 1 6  - 0 . 6 5 5  0.631 - 0 . 4 4 4  - 0 . 3 1 1  0.840 
0.870 - 0 . 4 3 5  0.234 0.869 - 0 . 4 3 7  0.233 

0(1) --0"494 --0"775 0"394 --0"494 --0"797 0"348 
0.010 - 0 . 4 5 8  - 0 . 8 8 9  0.034 - 0 . 4 1 7  - 0 . 9 0 8  
0.861 - 0 . 1 8 3  0.475 0.850 - 0 . 1 5 ~  0.~04 

0(2)  0.028 - 0 9 1 4  - 0 4 0 4  0-065 - 0 9 1 8  - 0 3 9 1  
- 0 . 5 0 9  - 0 . 3 6 ,  0.782 - 0 . 5 2 3  - 0 . 3 6 5  0.770 

0.895 0.445 - 0 0 4 2  0.896 0.437 - 0 - 0 8 4  
Li+ 0"302 -0"533 0"790 0"321 -0"503 0"803 

- 0 . 3 2 9  0.7~0 0.611 - 0 . 3 0 8  0.746 0.591 

nares and anisotropic vibrational parameters of each 
atom. Table 4 lists the values of the observed structure 
amplitudes, corrected with the refined scale factor, and 
the corresponding calculated structure factors. 

A n a l y s i s  of t he  a n i s o t r o p i c  v i b r a t i o n a l  p a r a m e t e r s  

Wi th  the  use of the computer  p rogram wr i t ten  by 
R.  Sparks, which  follows the  procedure  of Rol le t t  & 
Davies (1955), the final anisotropic vibrat ional  parameters  
produced by  the  ref inement  were conver ted  to give the  

root  mean  square displacements,  (u~)½, of the  a toms 
along the  directions of their  principal  ellipsoid axes and  
the  direction cosines, g~j, relat ing the ellipsoid axes, i, 
to the or thogonal  axes (a, b, c*), j .  For  comparison, similar 
calculations were performed wi th  the  vibrat ional  
parameters  from the  point  in the  ref inement  before the  
correction was made  for the  electron densi ty  in the  bond. 
The results of these calculations are given in Table 5. 
The most  striking changes caused by making  the  correc- 
t ion occur in the  parameters  for the carbon a tom;  these 
changes are fur ther  considered below. 

As the oxalate ion proved to be planar,  the  following 

'molecular '  axes were chosen: L, along the carbon- 
carbon bond;  M,  perpendicular  to L and  in the best 
least-squares plane of the  ion; N,  perpendicular  to L and  
M. The mean-square  displacements of the a toms in the 
directions of these axes were calculated and  are listed in 
Table 6(a); the  analysis of the  mot ion  of the  ion was 
based on these displacements.  In  addi t ion it was possible 
to calculate the displacements of the carbon atom in the 
bond directions, both before and after the peak in the 
bond had been considered; these parameters are given in 
Table 6(b). It can be seen from Table 6(b) that with the 
correction for the peak in the bond included in the 
refinement, the carbon atom appears to be vibrating less 

along the  ca rbon-ca rbon  bond. Considered in conjunc- 
t ion wi th  the  results obta ined for a m m o n i u m  oxamate ,  
where the  ca rbon-carbon  bond length increased from 
1.561 to 1-564 ~ when  the  peak in the  b o n d w a s  consid- 
ered, it appears,  as would be expected,  t ha t  the  a tomic  
parameters  of the  carbon a toms t end  to assimilate the  
electron densi ty  in the  carbon-carbon  bond during the  
least-squares ref inement .  These mat te r s  have  been 
discussed elsewhere (Beagley & Small, 1963b). 

Table 6(a). Mean square displacements (fk ~) of atoms in 
the direction,s of the axes L , M , N  

After allowing for 
interatomic electron 
density 

Before allowing for 
interatomic electron 
density 

Atom u~ ~ ~ v  
C 0.0153 0-0153 0-0177 
O(1) 0.0173 0-0148 0.0332 
O(2) 0.0181 0"0138 0.0269 

C 0-0169 0-0147 0.0182 

Table 6(b). Mean square displacements (A 2) of the carbon 
atom along the directions of the bonds 

After allowing Before allowing 
for interatomic Bond for interatomic 
electron density direction electron density 

0.0153 C-C 0.0169 
0.0165 C-O(1) 0-0160 
0.0142 C-O(2) 0.0142 

Detai led vibrat ional  mot ion  can be invest igated by  the  
sett ing up of groups of equat ions describing the  mot ion  in 
the  directions of the three 'molecular '  axes (Beagley, 
1962). The mot ion of the  oxalate ion can be described in 
terms of mean-square  t ransla t ional  displacements ,  
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T a b l e  7(a).  Interatomic distances 

Leng th  (A) E s t i m a t e d  s t anda rd  devia t ions  (/~) 
~ ~ ^ 

Uncor rec ted  for Corrected for Atomic  Cell L ib ra t iona l  
l ibra t ion l ibra t ion coordinates  p a r a m e t e r s  correct ion 

C-C* 1-559 1.561 0.0036 0.0005 0.0016 
C-0(1)  1.257 1.264 0.0023 0.0004 0-0013 
C-O(2) 1.247 1.252 0.0023 0.0003 0.0013 
Li + . . .  O(I) 2.076 2-071 0.0042 0.0005 0.0014 
Li +- • • 0(3)  2.033 2.030 0.0042 0-0005 0-0013 
Li+ • • • O( l ' )  1.999 1.996 0.0042 0.0005 0-0012 
Li + . . .  0 (2" )  1.935 1.931 0.0042 0.0005 0.0013 

Combined  
e.s.d. 

0.0040 
0.0027 
0.0027 
O-OO45 
0.0044 
0.0044 
0.0044 

* 1.559/i~ before  allowing for the  in te ra tomic  e lect ron densi ty .  

o ( 1 ) - c - o ( 2 )  

o(1)-c-c 
o(2)-c-~ 
O ( 1 ) . . . L i + . . O ( 2 )  
O ( 1 ) . . . L i + . . O ( 1 ' )  
O ( 1 ) . . . L i + . . 0 ( 2 " )  
0 ( 3 ) . . . L i + . . O ( 1 ' )  
O ( 2 ) . . . L i + . . O ( 2 " )  
O ( l ' ) . . . L i + . . O ( 2 - )  

T a b l e  7(b). Angles 
Angle 

Uncor rec t ed  for Corrected for 
l ibrat ion l ibrat ion 

127.1 ° 127.3 ° 

116.4 116.3 

116.5 116.4 
81.2 81.5 

111.8 111.6 
89.6 89.3 
95.3 95.1 

135.1 135.0 
128.6 128.8 

E s t i m a t e d  s t anda rd  devia t ions  

Atomic  Cell L ibra t iona l  Combined  
coordinates  p a r a m e t e r s  correct ion e.s.d. 

11' 5' 14' 18" 

12 4 14 19 

12 3 14 19 
l0  2 5 11 
12 3 6 14 
10 2 5 11 
11 3 5 12 
13 5 9 17 
13 4 6 15 

t~, t~ ,  t~v (/~2), in t h e  d i r e c t i o n s  L ,  M ,  N ,  a n d  m e a n -  
square angular displacements, (DL01,2 (OL02,2 w2g, W~V2 (ra- 
dians2), about the directions L,M,N; individual angular 
displacements about the L axis can be assigned for 
atoms 0(1) and 0(2). Solution of the equations by inspec- 
tion, and formally, led to the following results, to which 
estimated uncertainties have been assigned: 

t~ = 0.015 ± 0.001/~ ; o)~01 = 0-012 _+ 0.001 radians ~" 

t ~  = 0 .015 ± 0.001 A 2 ; O~o 2 = 0 .007 ± 0.001 

t ~ v = 0 " 0 1 8 ± 0 . 0 0 1 A 2 ;  w~[ = 0  

w~v = 0 .002 ± 0.002 

A number of factors contribute to the large uncertainty 
in ~o~v; not only is there uncertainty in the refined vibra- 
tional parameters and in the choice of the best 'molecular' 
axes, but also there are errors which arise because of the 
existence of interatomie electron density. The uncer- 
tainties in the case of the oxalate ion are increased even 
further by the small number of equations from which 
the unknown displacement must be obtained. 

Bond lengths and angles corrected for librational 
motion were calculated with the use of the angular 
displacements quoted above. 

R e s u l t s  a n d  d i s c u s s i o n  

Interatomic distances and angles and their estimated 
standard deviations are given in Table 7. As with am- 
monium oxamate, three sources of error were considered: 
errors due to uncertainties (i) in the fractional atomic 
coordinates produced by the refinement, (ii) in the cell 
parameters and (iii) in the ]ibrational correction. 

The equation of the plane through the six atoms of the 
oxalate ion was calculated by the method of least squares, 
using atomic coordinates which had been corrected for 

l i b r a t i o n .  T h e  e q u a t i o n ,  r e f e r r e d  t o  o r t h o g o n a l  a x e s  
a,  b, c* is :  

0 . 8 4 8 8 x '  - 0 -4698y '  + 0-2425z '  = 0. 

T h e  d e v i a t i o n s  of  t h e  a t o m s  f r o m  t h i  p l a n e  a r e  : C, 0 .009 ; 
O(1),  0 .002 ;  0 ( 2 ) ,  0 .002 ;  L i  +, 0 .288 A.. 

As  c a n  b e  s e e n  f r o m  t h e  r e s u l t s  w h i c h  h a v e  b e e n  
q u o t e d ,  e a c h  l i t h i u m  ion  is s u r r o u n d e d  b y  f o u r  o x y g e n  
atoms arranged at the corners of an irregular tetrahedron. 
The Li + .... O distances vary between 1.931 and 2.071 A, 
in approximate agreement with the range 1-86 to 2.05/~ 
given for a tetrahedrally coordinated lithium atom in 
International Tables for X-ray Crystallography (1962).  

I n  c o n t r a s t  w i t h  t h e  b e h a v i o u r  of  t h e  o x a l a t e  ion  in  
ammonium oxalate monohydrate where the two ends of 
the ion are twisted 27 ° with respect to each other (Table i), 
the ion in lithium oxalate is planar. Planar oxalate ions 
are also found in sodium and probably silver oxalates. 
Jeffrey & Parry (1954) explain the difference in configur- 
ation of the two oxalate ions in terms of their respective 
environments. 

The length of the carbon-carbon bond (1.561 ± 0.004 ~) 
is greater than any value which has yet been considered 
for a single bond between trigonally hybridized carbon 
atoms, although it compares very favourably with the 
bond in ammonium oxamate (1.564±0.002/~, Beagley 
& Small, 1963a). The lengthening suggests that the total 
bond order is less than unity. The origin of the lengthening 
is uncertain, but it is unlikely to be due to repulsion of 
the cis-related oxygen atoms because this would be more 
likely to result in a twist of 90 ° between the two ends of 
the ion. The lengthening may be due in some way to 
participation of lone pair electrons from the oxygen 
atoms in molecular orbitals embracing the whole ion; 
such a hypothesis would also explain the planarity. 

One  of us  (B.  B. )  a c k n o w l e d g e s  t h e  a w a r d  b y  t h e  D e p a r t -  
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m e n t  of Scientific and  Indus t r ia l  Research  of a Research  
Fellowship.  
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The photoelast ic behaviour  of magnes ium oxide was 
s tudied by West  & Makas (1948), Burste in  & Smith  (1948) 
and  Giardini & Poindexter  (1958). These da ta  show 
discrepancies wi th  regard to the  strain-optical  constants  
Pll and P12- Burste in  & Smith  repor ted  tha t  P m =  -0 -32  
and  p 1 2 = - 0 . 0 8 ,  whereas according to Giardini & 
Poindexter  p11=-0-21 and  p1~=+0 .04 .  Thus there  is 
d isagreement  wi th  regard even to the  sign of P12. Hence,  
in view of the  interest ing optical and  photoelast ic be- 
haviour  of magnes ium oxide, it is though t  desirable to 
redetermine the  photoelast ic constants  and  clear the  
discrepancy.  

The exper imenta l  technique used in this invest igat ion 
is the same as tha t  repor ted  earlier (Krishna Rao  & 
Kr ishna  Murty,  1961). The stress-optical constants  
(qn-q12) and  q4~ are de te rmined  by Filon's  me thod  and  
the ratio of the  strain-optical  constants,  P12/P11, is ob- 
ta ined by  Mueller's (1938) ultrasonic method.  Combining 
these results, the  absolute strain-optical  constants  PH 
and  P~2 have been evalua ted  using the elastic constants  
repor ted by Susse (1961). The results obtained in the 
present  invest igat ion along wi th  those repor ted earlier 
are shown in Table 1. 

I t  can be seen from Table 1 t ha t  there  is a good 

agreement  be tween the  values obta ined by  different 
investigators except  for the constants  q12 and  Ply.- The 
values of both  the constants  and the sign of P12 repor ted  
by Giardini & Poindex te r  differ from the values obta ined 
in the present  invest igat ion as well as from those repor ted 
by Burste in  & Smith.  The value of qle repor ted  by 
Giardini & Poindexter  is very  large and as a consequence 
P12, which is eva lua ted  from q12, becomes positive. The 
sign of P12/P11, obtained in the present  invest igat ion by  
the  ultrasonic method ,  is positive, whereas it should be 
negat ive if P~2 is positive. Hence,  it m a y  be concluded 
t ha t  the  value of q12 repor ted  by Giardini & Poindex te r  
is in error. 

The specimen used in this invest igat ion is a flawless 
synthet ic  crystal  k indly lent to us by Dr  T. S. N. Mur ty  
of our Labora tory .  
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Table 1. Photoelastic constants of magnesium oxide 

(qll -- q12) 
(units 

of 10 -is 
C.G.S.) qll ql~ (Pll -P12) Pl~/Pn Pll P12 

- 1.24 - -  - -  - 0.25* - -  - -  - -  
- -  - 1.11" +0.09* -0 .24  - -  -0 .32 -0 .08  

- 1.25 - 0.90 + 0.30 - 0.25 - -  - 0-21 + 0.04 
- 1.24 - 1.12 + 0" 12 - 0.25 + 0.21 - 0.31 - 0.07 

* Calculated by the authors from the elastic constants reported by Susse. 

q44 
(units 

of l0 -la 
C.G.S.) 
- -  0-62 

- -  0-66 
--0-68 


