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Fig.  l .  E l e c t r o n  d e n s i t y  in Ce~4C(h~ on t h e  m i r r o r  (x, 2x, z) 
p lane .  T h e  o u t e r  c o n t o u r  is 0 e .A  -a.  T h e  c o n t o u r  i n t e r w d  
a t  t h e  Co a t o m s  is lO  e . A  -~ a n d  a t  t he  Ce a t o m s  20 e .A-:L 

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

A project ion of the s t ructure  normal to the b axis 
is shown in Fig. 2. The in tera tomic  distances are listed 
in Table 2. The neighbors given are those which satisfy 
the defini t ion of F rank  & Kasper (1958). Some of the 
Ce-Co distances are exceptionally short.  The smallest 
known Ce-Ce distance is 3.09 /~ in CeCo2. The radius 
of Co is about  1.25 A so one might  expect a minimum 
Ce-Co distance of about  2.80 _~. Distances as short  
as 2.61 ~ are found in this compound. The s tandard  
deviat ions given in Table 2, aside from systematic  
errors, are overest imates because the fact t ha t  the 
atoms are in special positions has not  been taken into 
account.  
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Fig.  2. P r o j e c t i o n  of t he  s t r u c t u r e  of  Ce2~Co n 
on  a p l a n e  n o r m a l  to  t he  b axis .  

We are indebted to V. O. Struebing for the prepara- 
t ion and hea t  t r e a t me n t  of the alloy. 
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The structure of rhodanine has been determined by three-dimensional Fourier and least squares 
methods using an I.B.M. electronic computer. The crystals are monoclinic having the unit-cell 
dimensions a0=10.02 , b0=7.67 , c0=7.28 A; fl=102 ° 38'. There are four molecules per unit cell 
and the space group is P21/n. The molecule is planar. There are two strong N • • • O hydrogen bonds 
around the center of symmetry, binding the molecules in pairs. 

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

The crystal s t ructure  of rhodanine  

C H 2 - S - C ( = S ) - N H - C ( = O )  
I I 

is one of several invest igat ions being carried out in 
......... 
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this l abora tory  on chelate compounds and organic 
compounds forming chelates. An earlier communica- 
t ion with the uni t  cell dimensions has appeared 
(Merritt & Lessor, 1955). Rhodanine  has been long 
used as an in termediate  in the prepara t ion  of phenyl-  
alanine. The analyt ical  properties were not  discovered 
unt i l  Feigl (1926) reported the format ion  of the 
water- insoluble complex of rhodanine and  silver ion. 
He also found t ha t  similar complexes were formed in 
acidic solution with univalent  mercury and copper 
ions. In  basic solution almost  all metall ic ions give 
precipi tates containing rhodanine  which decompose 
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more or less rapidly to the sulfides. The silver a tom 
supposedly forms bonds with the ni t rogen and the 
sulfur a tom outside the ring (Feigl, 1949). 

E x p e r i m e n t a l  

Rhodanine  was recrystal l ized from ethyl  alcohol. 
When grown from this solvent the crystals  are 
elongated, hexagonal  plates. Oscillation photographs  
were taken  about  all three crystal lographic axes and 
the unit  cell dimensions were found to be 

a0 = 10.02 + 0.10, bo = 7.67 + 0.08, co = 7.28 + 0.07 A ; 
fl = 102 ° 38'. 

Cu K~ radia t ion was used ( 2 =  1.542 A). The densi ty  
was 1.549 g.cm. -3 (flotation) and  a direct calculation 
of the number  of molecules per unit  cell yields 3.8 
molecules, which m a y  be rounded off to 4.0. The three 
principal indices of refract ion were n~--1.77 (parallel 
to the b-axis of the crystal),  n~--1.59 (49 ° in obtuse 
fl with the a-axis) and n~,= 1.80. 

Systemat ic  extinctions were observed for (hO1) when 
h + 14 2n and  for (0/c0) when /c 4 2n. This determines 
the space group uniquely as P21/n. The multiple film 
technique was used to obtain X - r a y  in tensi ty  data .  
Intensi t ies  were es t imated  visually by comparison 
with a s t anda rd  intensi ty  strip. Three-dimensional 
da t a  were used for the s t ructure  determinat ion af ter  
being corrected in the usual way. 

D e t e r m i n a t i o n  of the  s t r u c t u r e  

The most  intense reflection was (211). The molecule 
was expected to be almost  flat.  A three-dimensional 
Pa t t e r son  synthesis was computed to find the posi- 
t.ions of the two sulfur a toms and possibly a reason- 
able tr ial  s t ructure.  In  order to get as much informa- 
tion as possible the ampli tudes were modified to 
sharpen the Pa t te r son  peaks. After  considering several 
modification functions (Pat terson,  1935; Lipson & 
Cochran, 1955; Shoemaker,  Barieau,  Donohue & Lu, 
1953), the function 

~ '  2 2 (~  Z~/.~ f~) exp [(-4~ '~/p)  + 2B] sin e 0/22 
i i 

was found to be the most  appropriate .  The value of 
p was t aken  to be 7.25. The functions proposed by 
Shoemaker  and  co-workers need an  accurate  value 
of the  t empera tu re  factor  so as not  to get d is turbing 
series te rmina t ion  errors or, on the other  hand,  so as 
not  to diminish the  high reflections too quickly. 
At  this stage only an inaccurate  value for the tem- 
pera ture  factor  was available,  which was used in the  
equat ion above. 

In  the H a r k e r  section P(u, ½, w) there were three 
high peaks. These are S-S peaks;  one of them is a 
non-Harker  peak.  The sulfur a toms therefore must  
have about  the  same y parameters .  This was proved 
by the Harke r  line P(½, v, ½). This, together  with the 
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real Pa t t e r son  peaks gave quite accurate  parameters  
for the sulfur atoms. 

To get reliable information about  the positions of 
the other  atoms,  a Pa t t e r son  superposition method 
in three dimensions using seven of the possible ten 
S-S peaks was carried out (Shoemaker et al., 1953; 
Donohue & Bryden,  1955). This gave unambiguously  
the positions of three other  atoms. I t  also indicated 
two other  probable positions which were reasonable 
as far  as the form of the molecule is concerned. All the 
Pa t t e r son  peaks of one of these la t te r  a toms lay near  
S-S peaks and  several of the Pa t t e r son  peaks of the 
other  a tom were considerably distorted by the two- 
fold axis. In  the first  three-dimensional Fourier  syn- 
thesis these last two probable positions were left out. 
The R, R=Z(Fc-kFo)/Z/CFo, of this first  calculation 
was 0.35 and gave the positions of the two remaining 
a toms (which agreed well with the probable positions 
obtained from the superposition of the Pa t t e r son  
maps). New three-dimensional s t ructure  factors were 
calculated (R--0.23),  using an overall isotropic tem- 
pera ture  factor.  A difference Fourier  indicated only 
small shifts in parameters .  The molecule thus  found 
lay near  the (211) plane. 

R e f i n e m e n t  of the  s t r u c t u r e  

I t  was decided to refine the s t ructure  with least- 
squares calculations on the paramete rs  and the 
individual isotropic t empera ture  factor  of each atom. 
The pa ramete r  corrections were calculated from a diag- 
onal matr ix ,  except for cross-terms ~ (~F /8x i )  (SF/~zi). 
After  four cycles of s t ructure  factor  and least-square 
calculations the R was reduced to 0.17. The weighting 
factor  in the least-squares calculation was t aken  as 
liFo, and for Fo's lying between Fo minimum and 
3Fo minimum, as 1/(3Fo min.). The function minim- 
ized was ~'w(lFo[- ]Fc[) 2. After  the fourth t ime there 

q 
were only a few small shifts. A three-dimensional 
difference Fourier  gave indications of the positions 
of the three hydrogen atoms. These were included in 
all the following s t ructure  factor calculations, assigning 
them arbi t rar i ly  a value of B of 1.00 in the t empera ture  
factor  expression. The Fourier  section a t  (251) showed 

/ - ~ - -  = -  ; - : _ - -  + - -  T ' - ~ ~ L - " V  
. \  ' / \ .~', J ( " - -  ~ ' , ~  : . . . .  

/. 

/ .... . .  - , ,  ........... . . - . . , /  
" . , ,  " " " I /  . ~;. " ,  '~/ 

/ _ .  " , :  . . . . .  • . . . . .  , : . g ' L ~ . L  .... , ; : ; ~ _ ~ - . . :  . , . : "  

0 . 0  . . . . .  : ,,, ,~ .~  " . .  
I / '  2 • + c ., . 

Fig. 1. Difference Fourier of the section (2h). Contours at 
0-5 e.A -a. Dotted contours are negative. The maximum 
electron density at the centers of the sulfur atoms on the 
Fourier synthesis was 42 e.A -a. 
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Fig. 2. Final Fourier electron density projection on (010). 
Contours at 2 e.A -2, except around the sulfur atoms where 
the contours are at 2, 4, 8, 12, 16, 20 and 24 e.A -2. Zero 
line is dotted. 

t h a t  the  two sulfur  a toms  a n d  the  o x y g e n  a toms ,  
especial ly,  have  s t rong  an iso t rop ic  movemen t s .  The  
d i rec t ions  a n d  l eng ths  of the  axes  of the  v i b r a t i o n  
el l ipsoids for these  th ree  a toms  were ca lcu la ted  from 
the  difference Four ie r  (Cochran,  1951; R o l l e t t  & 
Davies ,  1955; Dav ies  & Blum,  1955; Leung ,  Marsh  & 
Schomaker ,  1957). New s t ruc tu re  fac tors  were cal- 
cu la ted  w i th  an iso t rop ic  t e m p e r a t u r e  fac tor  pa ram-  
e ters  for t he  sulfur  a n d  o x y g e n  a toms  a n d  isotropic  
t e m p e r a t u r e  fac tor  p a r a m e t e r s  for the  r ema in ing  
a toms .  The  n e x t  difference Four ie r  t h r o u g h  the  sect ion 
(211) showed on ly  a smal l  i m p r o v e m e n t ,  a l t h o u g h  
the  R was reduced  to  0.15. A leas t - squares  ca lcu la t ion  
showed on ly  smal l  shif ts .  N e w l y  ca lcu la ted  s t ruc tu re  
factors ,  op t ima l i zed  as well as possible w i t h  respect  
to  the  an iso t rop ic  t e m p e r a t u r e  pa rame te r s ,  gave  the  
va lues  for the  f ina l  difference Four ie r  t h r o u g h  the  
sec t ion  (211), (Fig. 1). A few ref lect ions w i th  h igh  
in tens i t ies ,  which  were obv ious ly  unre l iab le  because  
of ex t inc t ion ,  were left  ou t  of th i s  calcula t ion.  A l t h o u g h  
a fa i r  i m p r o v e m e n t  could be seen, the  a n i s o t r o p y  is 

Tab le  1. Atomic coordinates 

x/a y/b z/c 
S 1 0.410 0.043 0-173 
S 2 0.248 0.036 0.473 
C 1 0.366 0.129 0.358 
C 2 0.871 0. I64 0.096 
C a 0-770 0.291 0.148 
N 1 0-417 0.283 0.440 
O 1 0"909 0.030 0.184 
H 1 0-510 0.354 0.440 
/-I~. 0.817 0.339 0.289 
H a 0.676 0.258 0.195 

st i l l  p resent .  A f inal  leas t - squares  ca lcu la t ion  d id  no t  
give a n y  s ign i f ican t  shif ts  and  fu r the r  r e f inemen t  was 
considered to  be w i t h o u t  a n y  value,  t a k i n g  in to  
accoun t  the  o ther  possible errors.  The  f ina l  R for all  
t he  observed  ref lect ions was 0.14. A pro jec t ion  on 
(010) is shown  in Fig.  2. The  f ina l  p a r a m e t e r s  are 
g iven  in Table  1, the  t e m p e r a t u r e  fac tors  in  Tab le  2 
a n d  d i rec t ion  cosines of the  axes  of the  v i b r a t i o n  
el l ipsoids for the  sulfur  a n d  the  oxygen  a toms  are 
g iven  in  Table  3. The  observed  a n d  ca lcu la ted  struc-  
tu re  factors  are p r e sen t ed  in  Tab le  4. 

Tab le  2. Temperature-factor coefficients 

$1 0.693 0-635 0.498 0-025 -0.260 0.485 
S 2 0.578 0.483 0.533 -0-265 --0-073 0.523 
O~ 0.818 0.580 0.578 -0.293 - 0.413 0.790 
C 1 1.48 
C 2 1.38 
C a 2"13 
N l 1.55 
H 1 1-00 
H 2 1.00 
H 3 1.00 

Table  3. Axes of vibration ellipsoids 

Atom i gil g~2 gia Bi 

S 1 1 -- 0.292l 0.3946 0.7889 1.4 l 
2 0.5507 0 -8021  --0-0782 2-75 
3 0-776!} --0.4271 0.6038 3.01 

S 2 1 0.0000 0.7312 0.6648 1-88 
2 0.6269 0.5415 --0.4109 1.33 
3 0.7769 --0.4271 0.6038 2.(.}6 

O 1 l -- 0.2921 0.3946 0.7889 1.24 
2 0.5507 0.8021 --0.0782 2-13 
3 0.7769 --0.4271 0.6038 4.17 

C o m p u t a t i o n s  

All c o m p u t a t i o n s  were m a d e  on an  I .B.M. 650 elee- 
t ron ie  computer .  All the  p rog rams  used  were w r i t t e n  
in  th i s  l abo ra to ry .  A general  p rogram,  w i t h o u t  l imi ta-  
t ions  as to  the  n u m b e r  of amp l i t udes  was w r i t t e n  for 
P a t t e r s o n  a n d  Four ie r  summat ions .  The  speed is 
di f f icul t  to  define.  An  ac tua l  example  w i th  600 
amp l i t udes  took  20 hr.  of mach ine  t ime  to compu te  
31,250 po in t s  in space. The  s t ruc tu re  factor ,  Four i e r  
a n d  leas t - squares  p rog rams  used in  th is  ana lys i s  are 
now superseded  by fas te r  p rograms .  

The  sca t t e r ing  factors  for carbon,  n i t r o g e n  a n d  
o x y g e n  were the  values  of Berghu i s  et al. (1955). 
The  sca t t e r ing  fac tors  of sulfur  were based  on the  
values  g iven  b y  Tomiie  & Stare  (1958). 

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

All of the  a toms  lie v e r y  n e a r l y  in  a plane.  The  least-  
s q u a r e s - b e s t  p lane  is g iven  b y  the  e q u a t i o n  
2 . 1 2 7 x -  1 .302y+  1.087z = 1, a n d  the  average  dev ia t i on  
of the  a toms  f rom th is  p lane  is 0.012 A, the  m a x i m u m  
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10 0 ~9 -31 ~ - I  
12 0 176 167 5 

5 - I  
- I  165 25~ 6 

318 399 6 - I  
3 1 ~03 -~30 7 
3 - I  177 157 7 -1 
5 I 1~5 -129 8 
5 - I  65 -~5 8 - I  
7 I 17~ 17~ 9 
7 -I 6O -58 9 -1 
9 I I02 97 10 
9 -I 63 -6~ 10 -I 
11 I 19" -27 11 
11 -I 119 -99 11 -I 

12 

T a b l e  4. Table of structure factors of rhodanine 
The star indicates an unobserved reflection. The listed value of -~'o in that  ease is the minimal structure factor amplitude 

w h i c h  is  o b s e r v a b l e  a t  t h e  p o s i t i o n  o f  t h e  r e f l e c t i o n  

h t Fo F c h t Fo F, h ~ Fo F~ h [ Fo F, h ~ Fo Fc h ¢ Fo Fc h £ Fo F, h t Fo Fc 
-31 62 -6 t  k = ~ -~ -28  

2 0 247 -304 3 6 132 -131 2 -3 228 -220 ~ )55 Jg& 
211 

, o .  _ .  i _  ' " - ' "  " 3 - 6 2 6 1  289 3 -~ 306178 -275'62 ~ 0 165 12. 27 303 
6 O 8 2 8 - 7 5 3  3 - 1  ~6 ~ _~ ~9 _~.~ ~ 1 5 3 - I 0 5  5 18~ -5 2 O 2 - 1 8 ,  ~ - 3  55 -58 , -157 

-158 -~ 157 150 - ]  132~ i I11 -31 
_,~, -5 ~ ; i |  ~ _ ~  ,,,o 

7 . - 9 0 .  5 6 25, 23~ ~ - 3  2 , 5 - 2 1 ~  
~ -59 5 - ~  5~ -5~ 5 , , 3 5 - 1 2 2  i o .1 , 0 : ~  , ~  ,2,  , , .  -|~-" 
98 -6~ 6 -6  1~8 120 6 3 2~* I 9 0 21* -8 

255 272 ~ -6  202 186 6 -3 89 56 10 0 70 -k3 ? 6 26 -21 9 - 1  78 
-6  61 -68 12 I I  0 32 25 1 2 6 - , 3 3  7 3  23- 78 -78 6 1 0 8  1~5 ~ - ]  1 ~  -53 , 0 1  

! 161 12~ -150 127 -172 10 - 1 1 2 6  ,O 159 -1 .3  9 - 6 1 5 1  -156 - i  1 -6  
3 5 . - 3 6 7  1 0 - 6  23- 22 1 ~  -3~ ? 1 7 6 - 2 1 2  2 6 68 66 8 - 3 1 9 k  216 1 1 - 1 1 6 3 - 1 7 I  

~3 -~2 I1 -6  6~ 58 -3 215 21k 226 2 -6  270 316 9 3 15" 3 
26* 32 9 3 69 -63 I - I  15" -8  3 6 115 -75 9 -3 45 30 0 ~ 13~ -17k 
87 100 ? 7 9~ - I0~  9 -3 206 217 2 ~11 k5B 3 -6  2~* -6  10 -3 ~ 39 I 16~ -21 

151 1~2 7 lOb. 102 10 3 121 i l l  2 - I  15 ¢ 8 G 6 235 21~ I I  -3 -33 -2  102 108 
266 286 1 -7 ~5 -~2 10 -3 22* 29 3 318 -352 ~ -6  23* 12 2 2 239 -275 

18" 21 2 7 1 9 5  193 1 1 - 3  26 -6  3 - 1  2 5 0 - 2 6 1  5 6 50 49 ? ~ 138 ~ 2 -2  16~ 0 
115 -96 2 -7 90 -88 12 -3 107 -113 ~ 20*' -3 5 -6 2 ~  -~1 18k - 3 2 19" -32 
I 1 " - 1 2  3 7  9 8 - 1 0 7  ~ - 1  383-~73 6 6  6 3 - 5 2  1 - '  I BO 6 ! - i  {! 27 

2 110 115 12 -1 99 -93 3 -7 104 -85 ? ~ 185 19~ 5 19" -33 6 -6  86 -56 2 ~ 279 -323 85 
2 77 -~2 ~ 7 9~ 86 ~ 58 -56 5 - I  I~8 129 ~ -6  203 198 2 -~ 158 15k -2  2 -270 

2 -2 799 -835 0 2 108 -121 ~ -7 267 -226 I -~ 28 I~ 6 171 157 -6  19~ -186 3 k 197 193 5 2 I00 -56 
2 559 538 1 2 2#~ 277 5 7 61 -56 ~ ~ ~ 2  -~73 6 - I  5~ 61 9 -6  91 -90 3 -~ 266 301 5 -2  51 -26 

-2 2~2 266 I -2 33 12 5 -7 12~ 82 -~ 62 -~0 7 75 -99 10 -6  29 -3 k ~ 95 -105 ~ i 93 92 
~ 126 -II0 ~ 2 135 153 6 -7 120 86 3 ~ I~2 118 7 -I 5~ -28 ~ -~ 189 18k - 78 -69 

- 79 -81 -2 9~ -79 7 -7 26 -5 3 -~ 12~ 108 8 271 -31~ 0 7 51 66 5 ~ 23@ -5 7 17~ -2  
8 2 2 5 * - 1 8  3 2 2 ~ 7 - 2 1 7  8 - 7  92 68 ~ ~ 80 75 8 - 1  55 52 ~ 7 58 66 5 - ~  3 2 2 - 3 3 1  ~ - i  ~ -51 
8 -2 ~,36 ~76 3 -2 136 123 9 -7 98 73 ~ -~ 351 ~61 ~ 252 212 -7 ~8 -22 6 k 20~ 19 2 I 122 

I0 2 180 - IbO ~ 2 5~ 30 10 -7 135 182 5 ~ 231 3 - I  !~0 1~7 2 7 203 176 7 ~ lOb, 121 8 -2 51 k5 
10 -2 202 -220 ~ -2 113 88 5 -~ 137 -130 I0 18 20 2 -7 167 -161 6 -~ 115 -I13 9 2 k7 22 
12 -2 z.5 ~1 5 2 169 -128 0 8 21. 32 6 ~ 23* -5 I0 - !  2 ~  229 3 7 17 ~ 13 7 -G 16¢ -13 9 .2  55 -22 

~ _ i  21. f f  I 8 117 91 6 - ~  255-2~6 11 -3~ 3 - 7  2o. 7 8 ~ 186 162 1 0 - 2  9~ ~7 
I 3 5~ -68 23* -8 23* -~5 7 ~ 23* 28 !1 - I  55 -~7 4 7 15" 5 8 -4 31 -3 I I  -2  27 23 

-3 321 ~21 6 -2 87 -b8 2 8 36 -~1 7 -~ 22 I I  12 - I  82 _c~O 4 -7 235 -217 9 -~ 163 -137 
~ 1~3 131 ~ ~ 65 -56 2 -~ 23- -26 ~ ~ 162 161 5 7 ~ -~5 10 -~ 131 -126 ? 3 1 3 3  -1~0 

- 88 93 - 43 -43 3 158 -137 - 69 69 ? 2 !17 -128 5 -7 78 60 11 -4  19~ 202 3 283 323 
5 3 327 -318 8 2 25* -22 3 -8 23h 223 9 ~ ~9 -46 2 ~ -7~ 6 -7 117 96 ! -3 201 25k 
5 -3 2~, 1~ 8 -2 6~ 52 ~ -8 33 ~ - ~3 9 -~ 62 -~3 I -2 63 -79 7 -7 18~ 7 ? 5 ~1 ~1 ~ 3 ~9 -63 
7 3 60 -37 ~ 2 222 203 5 -8 169 -1~3 10 -~ 258 -221 2 2 ~72 -515 8 -7 1~9 122 5 170 -153 -3 I ~  103 
7 -3 269 -257 -2 151 -16~ 6 -8 55 -3~ I i  -~ ~7 53 2 -2  35 37 9 -7  37 32 I -5 137 165 3 3 2~@ 18 
9 3 2~ -23 I0 2 56 -39 8 -8 15" -5 12 -~ 93 107 3 2 165 -211 ~ 5 237 275 3 -3 GI 39 
9 -3 71 -35 10 -2 25* -1~ 3 -2 285 313 ? 8 16 36 -5 72 71 ~ 3 z~O -31 

11 -3 112 97 11 -2 21 3~ 0 9 103 -98 0 5 I11 108 b 2 77 73 8 1~9 150 3 5 20 31 ~ -3 116 113 
12 -2 16" -16 I -9 15" -28 1 5 k9 -22 ~ -2  357 -~10 I -8  3~ ~ -37 3 -5 88 - I1~  5 3 75 71 

~ 1#5 -100 2 -9 15" -3 1 -5 29 Ik 5 2 181 186 2 8 I0~ -122 ~ 5 56 -35 5 -3 231 227 
:. z ,86 -501 0 3 76~ -72& 3 -9 50 ~0 2 5 175 187 5 -2 23~ -215 2 -8 102 103 ~ -5 252 290 6 3 78 39 

2 _t. 218 189 I 3 5~ 26 ~ -9 126 115 2 -5 125 -131 6 2 I~5 lld~ 3 -8 II~ 132 5 5 16@ -31 6 -3 77 86 
~ 2~,¢ -9 -3 IS8 -lh5 5 -9 13 ~ I 3 5 201 213 6 -2 163 -133 ~ -8 165 -165 5 -5 118 81 7 3 189 -152 

-,. 700 810 2 3 ~7 ~7 3 -5 287 -320 7 2 21" -17 5 -8  165 -1~5 6 5 55 -52 ~ -} 213 -25? 
6 z) 88 -78 2 -3 96 92 k : Z ~ "5 156 -143 7 -2  2o. -26 6 -8  15 ~ 7 6 -5 34 -46 15" - 
6 - .  118 -110 3 3 132 125 4 -5 309 314 8 2 2~1 202 7 -8 51 51 7 5 105 106 8 -3 133 -129 

~. 255 208 3 -3 ~9 18 0 0 516 586 5 5 23* ~ 8 -2 35 6 7 -5 65 -~9 9 3 3~ 36 
-:, 269 -276 ~ 3 120 -92 I 0 255 -363 5 -5 8~ 69 9 ~ 19" -7 ~ = ~ 8 -5 61 -39 9 -3 66 53 

10 ~ 22 57 ~ -3 93 79 2 0 89 -83 6 5 2o. 18 9 - ~8 -9 9 -5 125 112 I0 -3 32 -13 
I0 -~ 323 -311 ~ 3 3~ 28 3 0 193 178 6 -5 60 ~0 I0 2 77 -75 0 0 ~05 ~38 10 -5 128 -135 
12 -~ 180 180 -3 177 176 ~ 0 67 67 7 5 18- 31 I0 -2 20~ 183 ~ 0 350 -3~8 0 ~ 359 kS~ 

6 3 ~15 3~5 5 0 162 -159 7 -5 ~1 27 ! I  2 9* -28 0 76 -87 0 6 139 )~5 ~ ~ 19 ~8 
1 5 317 -309 6 -3 531 630 6 0 421 -~16 8 5 25 -60 11 -2  102 91 3 0 109 -118 I 6 103 -77 - 116 - I 00  
1 -5 2~,* 5 7 3 85 -74 7 0 158 I~1 8 -5 41 -22 12 -2  78 58 4 0 1~5 155 -6  31 -27 2 k 20* -20 
3 5 363 3r9 7 -3 38 31 8 0 125 121 9 -5 220 198 5 0 179 -187 2 6 ~3 -~1 2 -~ 20Q 18 
3 - 5  279 -273 8 3 25" -8 9 0 67 -53 10 -5 1G5 -133 ? 3 5 9 4  -6~5 6 0 3 5 2  -38~ ~ -~  61 ~ ~ ~ 2o. -64 
5 5 9~ -100 8 -3 188 -200 I0 20*" -16 I I  -5 82 -90 3 183 179 7 0 250 250 29 ~ - 122 146 
5 -5 37 z, :,11 9 3 I01 -9~ I I  63 56 I -3 252 303 8 0 20* 2 3 -6  3~ -1~ ~ ~ I01 -116 
7 5 29 h8 9 -3 ~9 -~8 12 155 138 ? 6 298 332 ~ 3 17" -16 9 0 29 -10 4 6 67 ~8 4 -~ 53 42 
7 -5 113 -99 I0 -3 I0~ -7~ 6 i15 -93 -3 237 251 10 0 16- 17 4 -6  2O* -19 5 ~ 73 35 

~ 8~ -7~ I1 ~ 1 3 6 - 1 1 0  ? 3 0 9 - ~ 0 5  1 - 6  1 9 7 - 2 ~  3 3 1 3 3 - 1 3 3  11 0 76 82 5 6 1 5 " - 1 7  5 -~ 23" 17 
- 79 12 ~ 203 -199 ~ 3  -5~3 2 6 1~5 16~ 3 -3 1~5 -12~ 5 -6  217 -180 6 ~ 295 -260 

11 -5 I l t ,  -12o 1 - I  22 -16 2 -6 108 -100 ~ 3 20* -8 0 ~05 -~33 6 6 92 -67 6 -~ 250 242 
? ~ 202 23' ~ 100 91 } ~ 1 , 7 - 1 1 1  ' -3 1 8 " - 1 9  I 20 -15 6 - 6  1 5 , - 1 3 7  7 ' 59 -79 

6 365 35- 32~ 33~ -1 258 316 - 5~ -32 5 3 215 23~ -1 13 ~ -9 7 -6  132 11~ 7 -~ 16~ 0 
2 ~ . - , ~  ~ - ~  17~ _1~1 ~ 108 125 ~ 6 2 0 . - 2 ~  5 - 3  20~ 191 2 15. -~ 8 _ 6  88 8o 8 ~ 98 117 

2 - 130 -123 13E -138 - I  13" I ~ -6  228 -201 6 3 367 379 2 - t  80 87 9 -6 13~ I I  8 -~ 16" I I  
6 6~ 36 2 -~ 185 -196 ~ 356 369 5 6 26 -50 6 -3 305 325 3 2~ 19 9 -~ !17 -9~ 

-6 27* -33 3 ~ 75 -76 ~ -1 157 -156 5 -6  29 21 7 3 97 -78 ~ - I  89 98 0 7 212 -291 10 -~ 32 22 
6 G 226 -192 3 -  37 38 ~ 57 '7  ~ ~ 170 -1h8 ~ - }  2.7 -255 59 70 1 7 1 2 0  -127 
6 -6 269 -287 ~ ~ 61 62 -1 228 220 - 275 -295 120 -115 ~ - I  56 -~8 1 -7 62 33 0 5 20* -21 
8 -6 79 92, h - 21- -1~ 6 99 68 7 6 112 106 8 -3 119 - !17  5 36 -2~ 2 7 115 I1~ I 5 55 73 

I0 -6 56 27 5 ~ 108 103 6 -1 161 - I~1 7 -6 101 I01 9 3 16. 6 5 - I  105 78 2 -7 58 50 I -5 126 14~ 
5 -~ 29~ -275 7 205 216 8 -6 178 161 9 -3 50 15 6 317 307 3 7 ~0 ~0 2 5 61 53 

I 7 2~3 -251 6 ~ 113 -113 7 - I  20* -6 9 -6  62 -~8 I0 3 12" -3h 6 -1 217 -233 3 -7 23* -18 2 -5 93 99 
1 -7 17~ 18t 6 -~ 311 281 8 !~5 - I~0  10 -6  89 75 I0 -3 68 70 7 87 -61 ~ 7 36 42 3 5 130 -138 
3 ~ 65 -58 7 ~ 169 -177 8 - I  52 -27 !1 -6  58 57 11 -3 5~ - ~  7 - I  150 -135 ~ -7 18@ 9 3 -5 I I I  -126 
3 - 28" -2:, 7 -~ 162 172 9 ~ -52 12 -3 I~0 -1~9 8 76 -62 5 -7  175 172 ~ 5 139 -106 
5 7 16" -20 8 ~ 21" -19 9 - I  62 -63 0 7 106 -106 8 - I  132 -118 6 -7 268 -257 h -5 39 26 
5 - 7  237 286 8 -  103 80 10 2 O . - ~ 0  1 7 1 6 1 - I ~  0 ~ 183 201 9 76 36 7 - 7  I I I - 1 0 1  5 5 65 28 
~ - 7  1 6 2 - 1 7 9  ~ ~ 15" 38 1 0 - 1  26" - '  1 - 7  183 172 I ' 167 18, 9 -1 ' '  -59 8 -7 11" 22 5 -5 23" -8 

-7 77 67 - 25* -1 I I  16" -~ 2 7 37 -37 -~ 122 - I1~  !0 k~ -53 6 5 1G¢ 3 
I0 ~ 28 -3~ I I  - I  52 -33 2 -7 88 -85 2 ~ 153 -125 10 - I  I0~ 89 ? 8 80 -98 6 -5 22* -16 

8 86 -113 10 - 136 -128 12 -1 15. 10 3 7 63 77 2 -~ 119 -120 11 36 ~3 8 65 52 7 -5 177 - I~9  
8 92 -95 11 -~ 9~ 87 3 -7 76 -80 3 ~ 51 20 I I  - I  13* 2 I -8 24 4 8 -5 91 -94 

2 -8  22~ -168 12 -~ 61 -62 0 2 91 -82 ~ 7 18 -15 3 -~ 17" -2 2 -8 137 -129 9 -5 191 177 
8 1 1 0  108 I 2 2O.-29 ~ -7 82 71 ~ ~ 52 -~6 ? ~ 66 58 3 -8 66 65 
~ I10 71 ? 5 65 62 -2 ~9" 0 5 7 112 -125 - 61 -6~ 13~ -137 4 -8  118 115 0 6 91 97 

: 105 85 5 6~ -41 ~ 2 156 -157 5 -7 173 158 5 ~ 91 67 I -2 289 -373 5 -8 95 66 I 6 17" 27 
8 -8 23~ 239 I -5 56 -59 -2 873 -968 6 -7 156 -112 5 -4  224 -225 2 ~ 37 -~5 6 -8 137 112 -6  68 -103 

5 25* -5 3 2 328 365 7 -7 152 -1~3 6 ~ 110 -69 2 - 271 -359 ~ ~ 16. 18 
I -9 157 16~ -5 ~85 558 3 -2 1~2 109 8 -7 18. -6  6 -~ 2~1 268 3 2 1~8 158 ~ = ~ - 283 305 
3 -9 88 -91 3 5 64 -75 4 2 628 728 9 -7 15. 22 7 W 105 -89 3 -2 251 292 3 6 108 -71 
5 -9 63 -38 3 -5 176 -172 ~ -2 181 169 7 -4 149 135 4 2 216 210 ~ 0 132 129 3 -6 160 120 

5 301 -311 5 -2 173 -133 0 8 62 -68 8 & 55 45 ~ -2 220 155 0 171 197 ~ 6 191 163 
k = I h -5 129 -12~ 5 2 135 -93 I 8 34 20 8 -4  21- -15 5 2 264 -259 3 0 17 -25 4 -6  I°~ -17 

5 5 85 68 6 2 62 -&7 -8 9~ -7~ 9 h 17 -31 5 -2 52 -39 ~ 0 26h 287 5 -6 22* -32 
0 Ih8 -176 5 -5 59 3~ 6 -2 107 89 2 8 30 &O 9 -~ 20* 23 6 2 103 -88 5 0 167 -128 6 -6 17" 28 
0 h75 68~ 6 5 26 29 7 2 I~G -151 2 -8 172 -1~4 I0 -~ 17" -17 6 -2 20* -30 6 0 20* 18 7 -6 I00 92 
0 87 68 6 -5 182 -1~2 7 -2 239 2~7 3 8 13" -6  I1 -a 129 115 7 2 131 13~ ~ 0 97 47 8 -6  210 -222 
0 17~ 151 7 5 ~3 -52 8 2 29 29 3 -8 5~ 38 7 -2 125 121 0 160 -189 9 -6  I1~ -113 

5 0 122 128 7 -5 126 122 8 -2 392 ~17 ~ -8 23 15 ? 5 I0~ 115 8 ~ ~3 29 9 0 26 -3~ 
6 0 129 - I I 1  8 5 17- -16 9 2 ~9 -6~ 5 -8 5~ ~0 5 119 -107 8 - la8 167 10 0 171 -1~4 ~ 7 89 -93 

0 78 60 8 -5 300 -329 9 -2 112 -108 6 -8 152 117 1 -5 227 229 9 2 87 -89 -7 59 -h7 
0 126 -128 9 -5 25* 7 I0 2 279 -270 7 -8  8~ 60 2 5 129 126 9 -2 199 -168 ? I ~6 2~ 2 -7  16. 5 

9 0 25* -2~ 10 -5 119 151 10 -2 80 -80 8 -8  6~ 72 2 -5 258 277 10 2 87 ~59 286 288 3 -7  158 -133 
I0 0 25* 27 11 -5 56 -~5 I I  2 107 112 3 5 50 -60 10 -2 136 -120 I - I  53 ~1 ~ -7 6~ -60 
11 0 68 -60 12 -5 50 36 11 -2 50 -~9 1 -9 127 175 3 -5 183 -217 II -2  76 62 ~ I 192 233 5 -7 1~3 !19 
12 0 33 -38 12 -2 52 -~5 2 -9 76 -87 ~ 5 2~5 -235 - I  126 160 6 -7 122 IO0 

0 6 103 102 3 -9 132 -133 ~ -5 233 -227 ~ 3 73 -85 3 1 276 -315 
0 I 108 -130 I 6 5~ -28 0 3 12~ -123 4 -9 ~9 -33 5 5 170 I~0 3 51 10 3 -I 260 -31~ 2 -8 26 -10 
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Table 4 (cont.) 

k - ~  , - 2  2 , .  1o 2 - ~  1 2 o - 1 , o  . ~ - I  . - 1 1 6  -~ 1~, 1o~ 1 1 o - 1 , 2  ~ o , ,6  -80 
2 . - , 8  ~ - ~  ,,0 , 1 8 , - 1 , ~  ~, , 6 .  ] ?, ~,~ 20 0 ~ 8 8 - 1 .  

0 0 97 129 6 -2  65 ~.~. ~. -5 290 297 3 - I  16~. -258 6 -3 52 39 00 _ ~  I 3 53 -82  0 1 20* - I 0  
] 0 2 2 0 - 2 7 -  s -s 8~ ,,~ ,, , ,,8 ~8 ~ ~7 , -~ 62 -62 , , ,,,0 , ~  

,~  - . ~  0 ,  ,~ . , _ ~  20. ,0  , _ 1  88 , 0  0 , 2 , ,  2 .  , 0 , 0 0 - , .  , ,  ~8 - ~ ,  , - ,  8~ 6,  
, 6  - 1 ,  1 - ,  88 - , 6  0 6 2 , .  - ,  ~ - I  , , 0  _~ - ~  ~ 1 ~  ~,  , 8 ~ - 2 1 ,  i - ,  ,0  ~,  

2.~ _~ 6, 0 1 8 . - 2 .  ~0 ~" - ' i  , 1 1 1 , - 1 , 2  
-6  ~.8 -~2 59 53 23* -20  I 50 35 ~. 3 i06 -97 ] -1 

~2 
0 1 133 -165 3 -3 76 -57 ~ -6  ~ ? 0 2 13 b, -186 i ~ - ~  1 ° ~ - 1 9  2 1 30 38 5 3 1b,1 108 k . - 1  157 139 

1 87 8.:3 l, 3 268 -260 -6  ! -12 I 2 96 82 17- - I 0  2 - 61 68 S -3 75 55 5 -1 69 73 
-1 23 ~' 7 b, -3 26" -16  6 -6  16 -26  I -2  135 -193 k _b, 23 t -38 3 I 20* 19 6 -3 67 -t~8 

~ , 82 ,~ ~ , ,0  , ~ ~ 1 6 2 _ ~ 0 ,  ~ _ ~  26. , , _ 1  6, _6~ ? 2 ~ .  ~, 
2 - 1  2~0 , ~  ~ - ,  1 , ,  10~ ? , , 1 2 - . ,  2 - 2  , . .  11 6 - .  2,6 2, ,  , : 6~ . ? . 16. 11 i - 
`1 1 23" 16 6 ] 122 98 -7  72 k l  ,t 2 128 89 ~ - 62 -79 b 191 -201 I - 25 18 
3 - I  123 -123 6 -3 135 128 2 -7  12,~ -23 ) -2  73 -95 ? 5 17* -3 5 1 z,2 36 I _1~ b,7 -35 ~ 2 130 - I l t5  
b, I 173 197 3 -7  31 -13 J, 2 110 112 -5 73 83 S - I  25* -66 2 ~. ~.9 70 -2  25 23 
5 - ,  52 ~ ? ~ 23" 15 ~ -7  11,* 6 / ~ - 2  235 -288 2 5 5 b, 49 6 1 1 1 9  106 i -~  17" -22 ~ ~ 86 66 
S I 2 ~  -15 150 -Ib,5 5 -7  53 -21 .5 2 26~' 28 2 -5 21 -30 6 -1 221 -165 92 109 - 21 -38 
5 - I  37 -2  I _it b,b, _z~ 9 5 -2  2 ~  16 3 -5 133 -lb,2 3 _it 86 105 b, -2 1k5 -125 
6 I I IS  99 2 b, 23" I I  k = 7 6 2 63 k6 zt -5 79 -78 0 2 28 -17 b, _b, t~8 -51 

-~ -~7 -71 t~5 2 156-1~.7 5 -~. 2 2 7 - 1 8 5  3 I ~  1~5~ 6 - I  2 1 5 - 2 1 3  2 ~9 6 - 2  I0~ . 5 - S  .57 0 
~ 18,o 123 ~ o 25- i 6 -S ~ -zo 1 - z  ,os -11o I 3 83 

? i 23* 18 - 99 105 171 20 0 3 2~.~' ~ 2 2 61 -78 1 -5 15* -8 -3 98 100 
33 ~.6 ~. ~. 67 51 3 0 31" 9 I 3 150 1~ 0 6 50 7~ 2 -2 162 157 3 -5 61 ~6 i 3 60 -80 

I - 2  257 -320 z~ _~. 60 61 4 0 112 134 I -3 231 22~5 I -6  75 ,'1 2 161 170 J~ -5 126 163 -3 16" .12 
2 2 23* -2  5 -~' I1~. -96  S 0 27* 3 2 3 101 I I I  2 -6  177 201 3 -2  103 105 1̀ -`1 86 -87 
2 - 11~} -128 6 -~  23* -19 6 0 61 -51~ 2 -~ t~  -38 3 -6  lS* - I I  tt ~ 25 -35 ~, = c) 
` 1 2  1~3 178 3 3  23" ~. 5 - 6  78 -56 z~ , 28 -10 
. 1 - 2  271 .170 ? 5 52 -17 ? I ~.0 -51 ~ -3 8.5 _Sb,. 5 2 1 5 1 - 1 2 7  ~ 0 29 50 
i¢ 2 65 5k 5 71 -2  b, 16b, 205 h 3 7k -57 k = 8 5 -2 17G -139 115 111 
k -2  26- 31 I -5 23* -2  I - I  127 lb, I b, -3 56 -75 6 2 28 ~0 3 0 73 60 
5 2 251 -190 2 5 201 290 2 I b,O -10 5 1̀ 18~. 130 0 0 75 -100 6 -2  17- -b,S ~, 68 57 

deviation being 0.024 )~ for the Ca atom. This latter 
atom is the only one with two attached hydrogen 
atoms and does not seem to be involved in any 
resonating structure in the molecule. 

\ \ ,  ,, o, , \ 

5 

Fig. 3. Project ion of the s t ruc ture  of rhodanine,  viewed along 
the b-axis. The b-axis is up. 

Table 5. Bond distances and angles 
Bond distances Bond angles 

Ci-S I 1.64 A S1-CI-S 2 124.1 ° 
CI-S 2 1.74 Sz-Cz-N 1 124.2 
C3-S., 1.82 N x-CI-S~. 111-8 
C2-C ~ 1-5l C1--N1-C 2 116"8 
C2-O 1 1"23 N1-C2-C 3 112"3 
N1-C 2 1"38 Nz-C2-O 1 123"3 
Cz--N 1 1"37 O1--C2--C a 124-3 

C2-C3-S 2 106"3 
Ca-S2-C 1 92" 7 

bond whose length, 1-82 /~, agrees very well with the 
expected single bond distance of 1.81 _~ (Pauling, 
1945), and with measured carbon-sulfur bond dis- 
tances found in compounds where no resonance is to 
be expected (1.81 A in 1,4-dithian, Marsh, 1955; 
1.82 A in dimethyl sulfide, Brockway & Jenkins, 1936 ; 
1-87 A in N,N'-diglycyl-l-cystine dihydrate, ¥akel & 
Hughes, 1954). 

Using Pauling's (1945) tables of bond radii and his 
table showing the relationship between bond distance 
and double-bond character, the following approximate 
double bond percentages can be derived from the 
experimentally observed bond distances: 

C2-O1 80% C1-$1 60% 
C2-Ca - Cz-Sz 25% 
C2-N1 20% C1-N1 25% 

A projection of the structure of rhodanine is shown Thus, a considerable positive charge would be 
in Fig. 3, viewed along the b-axis. Bond distances and expected to reside on the nitrogen atom making the 
angles are shown in Table 5. We estimate the error attached hydrogen atom acidic in nature. Likewise, 
in the coordinates of atoms as being less than 0.01 A a considerable negative change would reside on the 
and, therefore, the error in bond distances as being Sz atom while a smaller positive charge would be 
between 0.01 and 0-02 •. The error in bond angles found on $2 and a small negative charge on 02. 
is estimated as being less than 1 ° . These estimates are These findings would tend to indicate that the silver 
based upon the changes in bond distances observed rhodanine complex (Feigl, 1926, 1949) would have 
in the final stage of refinement. The maximum change silver atoms bonded to the NI and St atoms. I t  is not 
in bond distance was actually 0.005 A for the C2-C3 possible to predict the structure of silver rhodanine 
distance, complex, although a bimolecular complex with two 

The only bond which does not show some evidence linear N-Ag-St bonds would seem to be the most 
of involvement in a resonating system is the C3-$2 probable. 
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The internal  angle CI-$2-C3 is 92 ° 42' which is just  
sl ightly larger t h a n  the expected angle of 90 ° for a 
single bond but  the deviat ion is in the correct direction 
for some double-bond character  in the C1-$2 bond. 
Likewise the internal  angle C1-N1-C2 is found to be 
116 ° 45' which again tends to show the above-men- 
t ioned resonance effects. 

The molecule in the plane (211) forms a pair  with 
the related molecule by a center of s y m m e t r y  a t  
½, ½, ½ in the  same plane. The two molecules are 
bonded together  with two N - H  • • • O hydrogen bonds 
of length 2.85 J~ (Fig. 3). The other two molecules lie 
in the  s y m m e t r y  related plane (211). The planes (211) 
and (211) include an angle of 51 ° . The hydrogen bond 
angles are A C e - N i - 0 i = l l 3  ° 26' and  ± C2-OI -NI=  
122 ° 5'. 

The crosswise packing of the centrosymmetr ica l  
re la ted 'double'  molecules is similar to t h a t  found in 
m a n y  flat  organic molecules. Chains of a toms 0~-  
(3.6 -~)-0i-(3"3 A)-$2-(3"0 A)-$1-(3-5/~)-S;-(3"0 ~)-S._: 
etc. extend along [102]. The similari ty of distances 
in the chain causes all the S-O peaks in the Pa t te r son  
to fall on top of the S-S peaks. 

Table 6. Intermolecular distances between reference 
molecule and molecule related by 

Center of 
Screw axis Screw axis symmetry  

(¼, 0, ~) (.L 0, ¼) (~, ½, ½) 

$2-O 1" 3.27 C2-S 1' 3.45 C2-N 1' 3-63 
Ca-O 1' 3.01 :N1-S 1" 3"77 O1-C 2' 3-66 
Cs-C 3" 4.19 NI-S 2' 3-66 O1-C 1' 3.87 
Ca-S 2' 3.76 $1-() 1" 3-70 O1-S 1' 4-18 
C2-S z' 3"91 S1-S 2' 4.15 C2-S 1' 3-80 

N1-N 1' 3"90 
O1-O 1" 3.59 

The sulfur a toms of two molecules approach to 
within 3.47 /~ of each other. This verifies the finding 
of Yakel  & Hughes  (1954), Marsh (1955) and Donohue 
(1950) t ha t  the van  der Waals  radius of sulfur is less 
t h a n  the value 1.85 /~ given by Paul ing (1945) and  is 
closer to 1.72-1.73 A. Other  intermolecular distances 
are given in Table 6. The C3-O~ distance is r emarkab ly  
short.  

We do not feel tha t  the t empera ture  factor param-  
eters are highly accurate  due to the appearance of 
the difference Fourier,  Fig. 1. The two atoms outside 
the ring, $1 and  O1, have the highest t empera ture  
factors. The directions of the vibrat ion ellipsoids and 

also the fact  t h a t  the ring a toms have relat ively lower 
tempera ture  factors,  p robably  indicate t h a t  there 
exists a torsional vibrat ion around the center of 
g rav i ty  of the f ive-membered ring. 

The difference Fourier  m a y  also indicate t h a t  the 
electron distr ibution around the sulfur a toms is not  
spherically symmetr ica l  or t ha t  the atomic scat ter ing 
factors are not  absolutely correct. 
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