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The crystal structure of trimethylenethiourea, 

S = C-NH-CH~-CH2-CH~-NH, 
I I 

at 140-150 °K, has been determined by three-dimensional methods. In  an orthorhombic unit cell, 

a -- 9-240 i 0.006, b = 14.793 ± 0.012, c -- 8.276 i 0.005 ~ ,  

space group Abam, there are eight molectfles which lie with the S = C bonds and the central methylene 
groups in mirror planes at z/c = 0 or z/c = ½-. Refinement has been carried out by the method of least 
squares with allowance for anisotropic vibration for sulphur, carbon, and nitrogen atoms and 
isotropie vibration for hydrogen atoms. The final R value is 0.108. From coordinates corrected for ro- 
tat ional  oscillation the bond lengths are S =C 1-722 ± 0.007/~, C-N 1.334 ± 0.006 A, N-C(methylene) 
1.452 ±0.007/~ and C--C 1.518 ±0.007 A, and the angles are S-C-N 119.8 ±0.4 °, N-C-N 120.5 ±0.5 °, 
C-N-C 122.9 i 0 . 5  °, N-C-C 109.0 i 0 . 5  ° and C-C-C 109.7 ±0.6 °. The N - H  and C--H bond lengths 
range from 0.91 to 1.03/~, but, with standard deviations of 0.08 to 0.17/~, none differs significantly 
from 1.0/~. 

thioamide group S = C ~  N is planar, but the methylene carbon atoms do not lie in this The plane 

so tha t  the six-membered ring approximates to the chair form. The molecules are held in chains 
approximately parallel to the c axis by hydrogen bonds; each nitrogen atom is 3.30/~ from a sulphur 
atom, and each sulphur atom has two hydrogen bonds from nitrogen. The hydrogen atom does not 
lie along this bond, the N- I t  • • • S angle being 161 ± 8 °. 

Introduction 

An accurate  de te rmina t ion  of the  dimensions of 
t r imethy lene th iourea  (I) was under t aken  as par t  of 
a programme of s tudy  of sulphur  compounds and  is 
of par t icu lar  interest  for comparison with th iourea  (II) 
and  e thylene th iourea  (III).  The number ing  of the  
a toms is also shown in (I). 
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Experimental  

A sample of the  compound was supplied by Prof. 
Kumler .  Recrys ta l l iza t ion  from methanol ,  or from 
ethanol ,  produced specimens suitable for X- ray  work. 
The colourless crystals  showed cleavage parallel  to  
(010) and  were biaxial  negat ive  with the  min imum 
refract ive index paral lel  to the  b axis. 

C u / g ~  rad ia t ion  was used for all diffract ion 
measurements .  At  room tempera tu re  the  unit-cel l  
dimensions, measured approx imate ly  from oscillation 
photographs,  are:  

a--- 9.23 ± 0.02, b = 14.93 ± 0.03, c = 8.39 ± 0.03 ~ .  

Sys temat ic  absences (hkl with k+l  odd, Okl with 
k odd and hOl with h odd) corresponded to the  space 
groups Aba or Abam. With  8 molecules in the  un i t  
cell the  calculated densi ty  is 1.34 g.cm -~ compared 
1.33 g.cm -3 measured by f lotat ion.  

:For in tens i ty  measurements  the crystal  was cooled 
in a stream of nitrogen with an apparatus adapted 
from that described by Robertson (1960). It was 
necessary to keep the crystal in a glass capillary to 
prevent it from being blown off in the gas stream. 
No phase transformation took place on cooling. 
Periodically the temperature at the site of the crystal 
was measured and found to lie in the range 140 to 
150 °K. 
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Unit-cell dimensions were obtained from Weissen- 
berg photographs  on which were superimposed 
pa t te rns  from a copper wire for cal ibrat ion;  the 
values obtained were: 

a = 9-240 _+ 0.006, b = 14.79~ _ 0.01, c =  8.276 _+ 0.005/~.  

Equi-incl inat ion Weissenberg photographs  were 
t aken  about  the three principal  axes;  the layers 
Okl . . . 5k l  were obtained from a crysta l  0"36 m m  long 
and 0 .18×0-54 mm in cross section, hOl.. .h61 from 
a crysta l  0.2 mm long and 0.36 x 0.54 m m  in cross- 
section and hkO. . . hk5  from a crystal  0.40 m m  long 
and 0.27 x 0.27 mm in cross-section. A multiple-fi lm 
technique was used and intensities es t imated visually 
with the aid of a calibration strip. Lorentz and polariza- 
t ion factors were applied on the Leeds Univers i ty  
Fer ran t i  Pegasus computer  (which will now be called 
the computer)  with a program wri t ten  by Mr J .  G. F. 
Smith. The same program also enabled us to apply  an  
absorpt ion correction as for a cylinder wi th  d iameter  
equal  to the average cross-section of the crystal ,  
# = 3 9 . 1  cm-L and to apply  Phill ips 's  (1954) correc- 
tions to the layers 3kl, h41, hk2, and all higher ones for 
which only the elongated spots had  been measured.  

Pa r t i a l  three-dimensional  da t a  were obtained by  
correlation of hkO. . . hk5  with Okl and  lkl.  Later ,  
a p rogram wr i t ten  by Mr Smith was used to carry  
out a correlation for all the layer  lines by the least- 
squares procedure of Rol le t t  & Sparks  (1960) and 
gave the complete set (660 out of a possible 671) of 
hkl s t ruc ture  ampli tudes  on an a rb i t r a ry  scale. 

S t r u c t u r e  d e t e r m i n a t i o n  

There were two possible space groups, Aba, for which 
no molecular s y m m e t r y  was required,  or Abam, 
in which the molecules would have to occupy special 
positions on centres of symmet ry ,  twofold axes, 
or mirror  planes. The dis t r ibut ion test  on the Okl 
intensities showed dominance by a heavy  a tom and 
not  whether  the projection was centrosymmetr ic .  
Wilson's method gave a t empera tu re  factor,  B = 2.5 A e, 
and the scale factor  for 0kl. 

A t t empt s  to solve the s t ruc ture  in projection were 
unsuccessful and so the par t i a l  three-dimensional  
da t a  were used for a three-dimensional  Pa t t e r son  
synthesis ;  this was computed with a program wr i t ten  
by Pilling, Lovell & Bujosa (Cruickshank, Pilling, 
Bujosa,  Lovell  & Truter ,  1961). Vectors for S-S, S-C 
and S - N  showed clearly and there were two peaks 
on the line 0, 0, w corresponding to N - N '  and 
C(2)-C(2') for a toms of the same molecule re la ted to 
one another  by  a mirror  plane a t  w = 0 .  The space 
group was thus  established as Abam with the a toms 
S, C(1), C(3) (and H(4) and I-I(5)) lying in the mirror  
plane a t  x, y, 0. The coordinates from the Pa t t e r son  
synthesis were not sufficiently accurate  for immedia te  
ref inement ;  two cycles were a t t emp ted  but  R remained 
a t  0.40. I t  was necessary to carry  out two cycles of 
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Fig. l. Projection of the structure down [001]. Molecules 
shown with broken lines lie on the mirror plane at z/c---½, 
those with full lines at z/c----O. 
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Fig. 2. Projection of the struct~ure down [100]. Full lines and 
broken lines denote the same molecules as in Fig. 1. The 
dotted lines show hydrogen bonds with N . . .  S----3-30 A. 
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Fig. 3. Projection down [010] of half a unit cell, from y/b=O 
to y/b=½. The dotted lines show hydrogen bonds with 
N . - . S = 3 - 3 0  A. 
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o o 2 1o74 1~3~ 
o o 4 39 ° 373 
o o 6 987 1144 
0 o 8 7oo 744 
o o Xo 163 139 
0 2 o 527 589 
0 2 2 554 573 
o z 4 405 4~3 

6 352 342 2 
2 8 28o 2 6 8  

o 2 lO 222 201 
o 4 0 1229  - I 4 0 2  
o 4 2 512 475  
0 4 4 759  771 
o 4 6 3o1 - 2 2 6  
0 4 8 120  "121  
o 4 zo 246  2 2 o  
o 6 o 452 - 4 8 7  
o 6 • 395 " 4 1 4  
o 6 4 3z4 - 3 0 9  
o 6 6 218 - 1 9 3  
o 6 8 2 1 o  - I 7 o  
o 6 zo 115 " 1 3 5  
0 8 0 139 - -114 
o 8 a 632 - 6 3 9  
o 8 4 736 " 8 3 7  
o 8 6 2oo - a o 8  
o 8 8 193 - x 6 z  
o 1 o  o 22x - X 8 4  
o 1o 2 2 4 8  - a a  3 
o Xo 4 189 - I 9 4  
o 10 6 2 2 8  - a X I  
o Zo 8 135 - X a o  
o 12 o 418 - 3 8 3  
o 12 2 28x - 2 2 4  
o Z2 4 98  - 8 7  
o 12 6 336 - 2 o  9 
o 12 8 2o4 - X 7 8  
o 14 o Xo 5 - 9 3  
o X4 2 117 - 7 6  
o I 4  4 73 -55 
o x4 6 29 " 3 3  
o 16 o 73 66  
o 16 2 6~ 52 
o 16 4 43 31 
0 18  o XI7  I 1 7  
o 18 2 x x 7  1o2 
x x z 6 1 5  - 6 7 7  
x x 3 802 831 
• z 5 2 0 4  169  
x x 7 199  - 1 8 6  
1 ! 9 101 108 
1 z o 6 4 0  - 7 2 4  
x 2 2 637  - 6 7 8  
X 2 4 41o  - 4 1 2  
X 2 6 284 - 2 9 3  
x 2 8 280 - a 6 6  
% 2 I o  %88 - z 7 4  
X 3 X 1029 1102 
z 3 3 3x6  - 3 z l  
1 3 5 166 166 
1 3 7 4 2 8  4 ° 6  

3 9 8 8  47 
4 o x421 - z 5 6 x  

z 4 2 881 - 9 6 2  
X 4 4 6 5 9  - 7 0 3  
1 4 6 546  - 5 9 I  
X 4 8 434 - 4 2 2  
1 4 xo 2 4 8  - a z 8  
x 5 z 386 393  
x 5 3 4 8 8  - 4 7 5  
I 5 5 94  - I o 6  
• 5 7 194  188  
X 5 9 62  - 2 4  
x 6 o 275 - 3 1 8  
z 6 2 3 8 0  - 3 7 6  
z 6 4 370  - 3 6 7  
x 6 6 320 - 2 9 2  
z 6 8 185  - I 8 6  
• 6 1o 127  - Z 5 O  
z 7 x 2 6 3  - 2 5 7  
z 7 3 33 ° 303 
x 7 5 56 2x 
z 7 7 196 - z 9 6  
1 7 9 46  2 4  
z 8 o 32 23 
1 8 2 299  " 2 4  ° 
1 8 4 2 4 7  " 2 7 5  
% 8 6 107  - 6 ~  
x 8 8 59 - 5 7  
1 9 x 434 " 4 3 4  
1 9 3 6 5  - 6 4  
X 9 5 X52 - 1 2 7  
• 9 7 2 7 2  - a 4 2  
1 9 9 122 - 1 1 1  
1 10 O 37 14 
X Zo Z 6 7  76 
1 t o  4 zo2 93 
z xo 6 56 39 
X 1'3 8 69 14 
1 zZ 1 177 - 1 5 3  

T a b l e  1. Observed and ~lcul~ted structure factors ( x 10) 

n k t I F o i  F c 

z 21 3 35,~ -3  °8  
z 1z 5 184 - 1 8 5  
x x !  7 72 -51  
z r z  o 93 79 
x 12 2 254  2x8  
x Xa 4 284 267 
Z Za 6 94 8Z 
1 Za 8 67  74 
x X 3 X 5 x 43 
! Z3 3 42 -52  
x I3  5 46 - 4 3  
z X 3 7 24  24  
Z 14 0 217 I 9 4  
x x4 z 187 xSa 
1 14 4 xz9  Zxo 
x 14 6 175 x3x 
r x 5 z 48 a 3 
z x 5 3 37 4 a 
1 15 5 36 27 
1 z6 o 351 260 
z 1O z 24~ x68  
1 16 4 x27  1o8  
1 17 1 1x 3 78 
z x7 3 88 83 
z 18 o 78 67 
x z8 2 zxz  85 
2 o o x95 2x4 
2 o 2 805 - 8 9 7  
z o 4 899 - 9 5 8  
2 o 6 194  - 1 8 5  
z o 8 147  - 1 5 o  
2 o 1o 299  - 3 0 7  
2 X 1 432  - 4 4 5  
z z 3 2 5 5  -225 
z 1 5 263 -261 

I 7 132 - 1 3 4  
1 9 34 - 4  ° 

2 2 o 6 5 7  - 7 0 3  
2 2 500 - S a t  
2 4 405  - 4 1 3  

2 a 6 3 °2 " 3 1 5  
2 8 2 1 7  - 2 1 6  
2 1o 156 - I 4 7  
3 z x62 166 
3 3 199 - 2 o 7  

2 3 5 165 - 1 7 o  
2 3 7 44 - 3 4  
2 3 9 39 - 6 3  
2 4 o 784  - 8 1 7  
2 4 2 6 7  26 
2 4 4 303  279  
2 4 6 2 4 9  - 2 2 8  
2 4 8 XTa " 1 5 7  
z 4 1o 70 62 
a 5 1 417 - 3 8 8  
2 5 3 54Z - 5 6 6  

5 5 3zo  - 2 8 9  
5 7 197 - 1 7 3  

2 5 9 2 4 o  - 2 2 8  
z 6 o 242  2 5 7  
2 6 z 146 163 

6 4 188 172 
6 6 X50 xsx  

2 6 8 75 80 
2 6 xo 32 52 

7 x 796  - 7 8 8  
7 3 282  - 2 5 4  

2 7 5 304 - 3 2 0  
2 7 7 365  - 3 9 4  

7 9 2 o 8  - I 8 6  
8 0 641  642  
8 Z 293 283 
8 4 95  82 

z 8 6 300 306 
8 8 2 3 7  23o 
9 1 158  - Z 4 3  

z 9 3 74 71 
z 9 5 72 - 4 6  
2 9 7 XaZ -X18 
2 10 0 3X1 3Z2 
Z xo z 320 307 
z xo 4 229  254  
2 1o 6 2 0 8  187 

z xo 8 x94 175 
2 11 x 242  236  
2 11 3 143 --XoZ 
2 xz 5 51 32 
2 11 7 2o1 179  
2 12 O 107  71 
2 12 2 213 171 
2 12 4 229  2 o 7  
2 I 2  6 119 86 
2 12 8 62 52 
2 13 x 351 35 ° 
2 13 3 231 193 
2 13  5 261 2X8 
z 13 7 253 228 
z 14 o 56 27  
2 Z4 2 60  32 
2 14 4 51 42 
2 14 6 64  37 

h ~ t irol F e 

2 r S 1 XZZ 95 
2 x5 3 35 ° 2 8 0  
2 15 5 17~ 164 
2 16 0 53 - 4 4  
2 16 2 65 - 5 7  
2 X6 4 65  - 6 3  
2 17 Z 37 -aX 
2 17 3 46 43 
2 18 o 91 - 8 0  
2 z8 2 98 - 8 8  
3 z 1 563 - 5 5  ° 
3 z 3 363 - 3 5 7  
3 z 5 3 2 7  - 3 0 9  
3 z 7 318 " 3 x 9  
3 z 9 197. - 2 o o  
3 2 0 1XO I 9 3  
3 a a 138 z39 
3 2 4 292 aTx 
3 z 6 161 158  
3 2 8 39 17 
3 a zo 37 39 
3 3 z 568  -51o 

3 3 3 557 - 5 3 5  
3 3 5 397 " 3 6 z  
3 3 7 230 " 2 o 9  
3 3 9 2o4 " 1 7 9  
3 4 o 4 1 5  - 4 0 3  
3 4 2 2 6 4  228 
3 4 4 2 6 5  2 4 7  
3 4 6 57 - z 5  
3 4 8 59 12 
3 4 zo 95  123 
3 5 1 47 39 
3 5 3 60 " 5 4  
3 5 5 54 - 4 2  
3 5 7 55 33 
3 5 9 5 o 4 
3 6 o 5S9 593 
3 6 2 370  378 
3 6 4 zZ8 230 
3 6 6 223  2 1 7  
3 6 8 282  231 
3 7 I 157  X63 
3 7 3 z44 256  
3 7 5 178  Z7z 
3 7 7 121 1X8 
3 7 9 76 I I 2  
3 8 o 356 560 
3 8 2 54 37 
3 8 4 zz9  - z z 8  
3 8 6 X9X 234  
3 8 8 z 4 z  141 
3 9 z 453  456  
3 9 ~ 463  469  
3 9 5 336  38z  
3 9 7 2 4 9  2 4 9  
3 9 9 129  188 
3 ZO 0 1 5 8  - 1 2 7  
3 zo 4 62 61 
3 XO 6 5 z --Z6 
3 1o 8 61 - 4 9  
3 xz Z 406  419 
3 11 3 337 337 
3 11 5 261 3 0 5  
3 11 7 243  24  ° 
3 12 o 325 - 3 5 3  
3 Z2 2 61 - 4 2  
3 z2 4 95 zo5 
3 12 6 z96 - 1 8 9  
3 13 z 11o 98 
3 13 3 72 57 
3 13 5 64  51 
3 Z3 7 6 5  66 
3 Z4 o 112 - 1 1 5  
3 Z4 2 2 0 8  " 1 7 7  
3 1 4  4 1~7 - 2 o 4  
3 14 6 zo2 " 9 7  
3 ZS Z 48 -78 
3 15 3 47  " 6 4  
3 15 5 52 - 6 0  
3 16 o 1~4 Z04 
3 16 2 80 - 6 7  
3 16  4 z13 -14 ° 
3 17 Z 136 - 1 5 o  
3 17 3 z x 7  - z 2 3  
3 x8 o 55 - 4 4  
4 0 0 817 .--841 
4 o 2 %66 --154 
4 o 4 84 . -81 
4 o 6 219  --229 
4 o 8 15 a " 1 3 7  
4 o xo 18 9 
4 1 x" 2 2 o  185 
4 z 3 113 118 
4 z 5 41 4 3  
4 z 7 11o 94  
4 x 9 IS8  z x 7  
4 2 o 144  z38 
4 2 2 115  z l I  
4 2 4 80 81 
4 2 6 55 62 

4 • 8 55 47 
4 • zo  z5 aa 
4 3 z 8o1 745 
4 3 3 z8z  287 
4 3 5 3zz 327 
4 3 7 37~ 378  
4 3 9 21.9 234 
4 4 o 492 4oz  
4 4 2 31 25 
4 4 4 77  - 4 7  
4 4 6 95 2 3 5  
4 4 8 6~  77 
4 5 z 683 6 4 4  
4 5 3 4 t 7  392 
4 5 5 4 5 7  4 6 3  
4 5 7 3 5 2  3 8 8  
4 5 9 z 6 4  174 
4 6 0 67 64 
4 6 a 59 55 
4 6 4 78 66  
4 6 6 5z 25 
4 6 8 44  z3 
4 7 I 2X7 207 
4 7 3 572 6 z 5  
4 7 5 35 z 359  
4 7 7 94  z o o  
4 7 9 98  Z72 
4 8 o 40  - 2 8  
4 8 2 81 50 
4 8 4 ZZ4 XZO 

8 6 55 " 2 3  
8 8 38  - 7  

4 9 Z 5 o 41 
4 9 3 232  J 4 z  
4 9 5 74 79 
4 zo o 193 - 2 o 4  
4 zo 2 194 - x 8 5  
4 IO 4 177  - Z 8 4  
4 ZO 6 XO0 - X l l  
4 Zo 8 60 - 8 o  
4 zz  x 53 - 2 7  
4 zz 3 329 - 3 5 2  
4 z1 5 213 -178 
4 XI 7 36  2 0  
4 Xz o 5 o - Z 8  
4 x2 a 49  - 2 9  
4 x2 4 59 - 4 7  
4 12 6 6 I  - I 2  
4 z3 z z 7 8  - 1 9 o  
4 x3 3 323 - 3 1 o  
4 x3 5 z9o - x � x  
4 x3 7 5 ° - 9 3  
4 14 o 42 a2 
4 x4 a 44 26 
4 x4 4 44  3 3  
4 z4 6 2 5  z2 
4 15 ! 288  - 2 9 3  
4 I 5  3 68 - 7 1  
4 z 5  5 88  - x 3 5  
4 16 o 37  43 
4 16 a 33 3 5  
4 16 4 24 27 
4 17 x 95 - Z 1 2  
4 17 3 23 - 3 7  
4 18 o z4 34 
5 z z 927  9o1 
5 1 3 294 299  
5 z 5 434  4 3 3  
5 Z 7 4 5 7  502 
5 1 9 228 219 
5 2 o 97  74 
5 2 2 211  I 8 0  
5 2 4 329  2 7 z  
5 2 6 137 x3x  
5 2 8 44  23 
S 3 z So - a 7  
5 3 3 489  4 5 7  
5 3 5 223 182 
S 3 9 136 x3a 
5 4 o 155  139 
5 4 2 4z3 336 
5 4 4 391 3 5 0  
5 4 6 x48  zx4 
5 4 8 13o xo 4 
S 5 x x 2 1  - 1 2 4  
5 5 3 az3 z9 o 
5 5 5 56 47  
5 5 7 xo5  - x o x  
5 5 9 33 2o 
5 6 o 186 147  
5 6 2 48 35 
5 6 4 62  - 4 5  
5 6 6 46 28 
5 6 8 94  82 
5 7 Z 2 7 o  - 2 5 o  
5 7 3 512  - 5 o z  
5 7 5 304 - 2 9 9  
5 7 7 94 - I o 4  
5 8 o 24 ° x7x  
5 ~ 2 88 - 8 7  
5 8 4 18o  - z 6 8  
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Table 1 (cont.) 

h k l F o F¢ h k t IFol  F c h ~ t IFol  F c h k t IFol  F c 

S 8 6 46 7o 6 8 * $61 -4S8 7 z •  : 148 146 9 4 ~ $$8 $ :S  
$ 8 8 $$ 19 6 8 • 159 "153 7 I s  I o 5  xz5 9 4 193 z9a 
$ 9 $ o x  - j $ 6  6 8 4 46 18 7 X• 4 74 83 9 4 4 z4S 133 
$ 9 ~ $8o -358 6 9 z 96 -71 7 13 z 45 33 9 4 6 147 •o7 
$ 9 $ •$3 -568  6 9 3 44 -37 7 z$ 3 68 8$ 9 $ ; z18 -98  
$ 9 7 148 - 1 4 4  6 9 $ $6 -65  7 14 o IS8  184 9 S 7o 3$ 
$ zo o 118 -99  6 zo o 154 -156 7 14 5 z?z 173 9 6 o •74 •64 z $ zo • 46 - • z  6 zo ~ • z o  I -183  7 z$ • 7  35 9 6 ~ •7z  • 6 •  
$ 1o 4 4~ 31 6 zo 155 -167 8 o o 454 -556  9 6 •85 •41 
$ 1o 6 49 - , 5  6 xx 1 x48 z5,  8 o • 185 - I g 5  9 6 6 z9I  199 
$ z• z •71 -560 6 11 3 S 6 44 8 "o 4 4 ° 9 9 7 x 9 ° x16 
S 11 3 116 -131 6 zz 5 74 64 8 o 6 344 -3  o6 9 7 3 3$ 18 

8 I I 1 1 4  Z l ~  9 7 $ 63 58 
$ ZZ $ 1 5 8  - I $ 7  6 1~  o 41  ~ 3  8 Z 3 45 48 9 8 o 7 4  51 
$ I x  7 I 4 I  -184 6 15 ~ 1o9 "74 8 Z 5 74 61 9 8 = 1 I=  •o3 
$ 15 o =09 -183 6 11 75 -1=o  
$ 15 5 44 xz 6 13 x 84 93 8 x 7 79 69 9 8 4 168 •4  ° 
$ Z= 4 69 86 6 13 3 54 $8 8 • o 31X -3X8 9 9 z 70 75 
$ 15 6 97 -91 6 13 5 $8 71 8 ~ ~ 354 "3 I6  9 9 3 19 - I 3  
$ I3  1 141 -155 6 14 o 34 "36 8 580 -~69 9 zo o 74 -= 
$ 13 3 1o8 -114 6 14 ~ 46 -57  8 ~ 6 176 - s z i  9 zo 5 56 -~8 

6 14 55 -57 8 1 54 4= 9 zo 4 45 -38 
5 13 $ 73 -96 6 15 z 39 73 8 3 3 zo6 81 9 11 3 18 33 
$ 14 o 41 47 6 15 3 95 Z~5 8 3 5 8~ 45 9 z= o =S - 1 8  
$ 14 4 37 -33 8 ~6 z= ~ 77 "15 ° 
$ 15 1 69 48 6 16 o a t  =o 3 7 33 9 
$ 15 3 34 • 8  7 Z x Zz9 -XZ6 8 4 o Zx6 z18 zo o =40 •o9 
$ 16 o 33 35 7 Z 3 545 "$59 8 4 ~ 114 -177 xo o ~ = I=  =04 
$ I 6  2 76 -71 7 Z S 304 _578 8 4 317 "599 zo o 109 197 
$ 17 37 65 7 Z 7 38 "14 8 4 6 61 17 zo Z z 74 3S 
6 o ~ 577 - , 6 1  7 • o 333 -33 x 8 5 z 76 5z 1o z 3 38 z9 
6 o Sz7 459 7 5 • 576 -51~ 8 5 3 159 z56 zo z 5 46 47 
6 o ~ 609 637 .7 ~ 4 194 "179 8 5 5 60 55 zo a o 145 11o 
6 o 6 7I  54 7 6 25~ -184 8 6 o 80 91 zo • ~ 148 131 
6 o 8 56 41 7 = 8 181 -165 8 6 a 1o1 zo9 1o ; I43 zso 
6 z z 54 -59 7 3 z ~9o -566 8 6 4 80 79 zo 1 z61 138 
6 I 3 147 -159 7 3 3 508 175 8 6 6 48 5• zo 3 3 •48 198 
6 z S 133 -zz4  7 3 5 53 "31 8 7 1 59 61 zo 3 S I8o  ZS6 
6 z 7 36 -41 7 3 7 546 -5o8 8 7 3 5 o -45  zo 4 o z~1 ZlO 
6 a o 395 374 7 4 o ~35 -5o~ 8 7 $ 48 13 1o 4 z 115 93 
6 • 337 59 ° 7 4 a 307 _•69 8 8 o 63 43 zo 4 4 96 70 
6 ~ 4 579 56o 7 4 4 553 -53o 8 8 = ~31 •55 zo 5 z 135 1z4 
6 6 •55  517 7 4 6 ~o7 -17o 8 8 4 =69 ~89 1o 5 3 •oz 18o 
6 : 8 ~95 zSl  7 4 8 164 _133 8 9 3 I ° 4  -90  1o $ 5 89 99 

8 9 5 39 -~9 zo 6 o 4z -9  
6 3 x 4=4 -4az 7 5 1 93 -66 
6 3 3 $18 "497 7 5 3 =49 =37 8 zo o 591 311 1o 6 = 34 -37 

8 1o = 306 587 Zo 6 4 41 -46 
6 3 5 4o5 -391 7 5 $ Z•Z ZO3 
6 3 7 571 -a16 7 5 7 1o6 -85 8 1o 4 191 570 zo 7 Z 95 85 
6 3 9 x77 -173 7 6 o 349 "353 8 I1  1 47 -14 zo 7 3 36 "49 
6 4 o 555 468 7 6 ~ 4 ° 8  -359  8 11 3 69 87 zo 8 o 147 -x74  
6 4 z 94 -9X 7 6 333 "35 = 8 1• o 171 I99 1o 9 1 3• $1 
6 4 4 304 - 595  7 6 6 304 " • 4 9  8 z= ~ z=S zs9 zo zo o z IS  -159 
6 4 6 531 z83 7 6 8 89 .167 8 15 •8  65 zz z z 187 174 
6 4 8 z57 zsz 7 7 z 573 =75 8 x3 z 34 "34 x l  ~ 3 •$7 =3• 
6 5 1 411 -404 7 7 3 44 - • 7  8 14 o so : zz o 33 - z •  
6 5 3 363 "~55 7 7 5 1~5 zoo 9 1 z $9 -54 I x  • • •6  -36 
6 S $ =77 -=67 7 8 o z75 "z64 9 1 3 186 -165 zz ~ 4 41 "69 
6 $ 7 •49 - • 5 7  7 8 = 113 -ZOO 9 z $ zoz -89 z• ; 13:  zx4 
6 6 o 55$ -509 7 8 4 74 "77 9 z 7 14 ~ Ix  3 •4  •s  • o z36 z= zz 4 o 9= "93 
6 6 xzz - z z 5  7 9 z 148 z8= 9 
6 6 ~ 1=3 - I x •  7 9 5 5 ° 48 9 • 5 144 i43  IX 4 = 147 -Z$O 
6 6 6 155 - 1 3 I  7 zo o 45 •5 9 = 4 10• 115 11 $ ~ 37 "$9 

38 31 9 • 6 73 79 11 S 37 -7~ 
6 6 8 73 -71 7 1o 
6 7 1 155 -163 7 1o 71 46 9 3 z 69 -36 I x  6 o 85 -91 
6 7 3 45 - 3 •  7 11 3 1°5 1o7 9 3 3 78 89 11 6 : 47 "69 
6 7 $ 6z -60 7 11 5 39 38 9 3 $ 44 •4 ZZ 7 8• -133 

refinement for the sulphur position only, followed by factor of Tomiie & Stam (1958) was used, for carbon 
a three-dimensional Fourier syathesis. This showed and nitrogen those of Berghuis, Haanappel, Potters,  
the sulphur, carbon and nitrogen positions, close to Loopstra, MacGillavry & Veenendaal (1955). 
those deduced from the Patterson synthesis. The Two cycles of anisotropic refinement reduced R to 
coordinates of the atomic centres were found by the 0.18 (from 0.32) and at this stage the most significant 
parabola method and used to calculate structure shift in a coordinate was 2.8 times the corresponding 
factors for the full three-dimensional data. An R standard deviation. The hydrogen atoms, H(2), H(3), 
value of 0.32 was obtained and subsequent refinement H(4) and H(5) were now added in positions calculated 
proceeded smoothly. The structure is shown in to make the C-H bond lengths 1.0 A and to complete 
Figs. 1, 2 and 3. te t rahedra around the methylene carbon atoms. 

Because the C-N-C angle was 122 °, we chose the 
position for H(1) on the assumption tha t  the bonds 

Ref inement  round nitrogen were planar and tha t  N - H  was 1.0 ~.  
Refinement was carried out by the method of least Isotropic temperature factors (U) of 0-06 A 2 were 
squares with a program writ ten by Cruickshank & assigned to the hydrogen atoms; in subsequent 
Pilling (Cruickshank et al., 1961). The function refinement both the coordinates and the isotropie 
minimized was R'=-~w(IFol-IFcl) ~ where the weight- temperature factors of the hydrogen atoms were 
ing factor w was 1/IFol. For sulphur the scattering refined. After three cycles of refinement R fell to 0-12; 
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t h e  l a rges t  sh i f t  was  equal  to  t he  cor responding  
s t a n d a r d  dev ia t ion ,  a n d  the  t e m p e r a t u r e  fac tors  of 
t h e  h y d r o g e n  a t o m s  were less t h a n  0.06 /~2. 

_Am empir ica l  e x t i n c t i o n  correc t ion  was  app l i ed  for 
re f lex ions  w i t h  s in  O _< 0.25; f rom t h e  e q u a t i o n  
Io = Itrue exp (-- c~Ic), t he  coeff ic ients  ~ were found  
g r a p h i c a l l y  as 6.6 × 10 -6, 1.0 × 10 -5 a n d  4.3 × 10 -6 for 
obse rva t ions  m a d e  a b o u t  t h e  a, b a n d  c axes  respec- 
t i v e l y ;  these  va lues  v a r y  r e a s o n a b l y  w i t h  t he  cross- 
sec t ions  of t he  c rys ta l s .  O n l y  for 002, 040, 140 a n d  131 
were t h e  correc t ions  large,  be ing  14, 16, 22 a n d  13% 
of t he  or ig ina l  ]Fol respec t ive ly .  

Three  more  cycles  c o m p l e t e d  the  r e f inemen t ,  t he  
l a rges t  sh i f t  in  a n y  p a r a m e t e r  ( U  for H(3)) be ing  0.25 
of t he  cor respond ing  s t a n d a r d  d e v i a t i o n  a n d  the  va lue  
of R 0.108. Tab le  1 shows the  f ina l  obse rved  a n d  
ca l cu l a t ed  s t r u c t u r e  factors .  

I n  Tab l e  2 t he  a tomic  coord ina tes  a n d  t h e i r  s t a n d a r d  
d e v i a t i o n s  are  given.  Tab le  3 shows the  f ina l  va lues  
for t h e  t enso r  c o m p o n e n t s  descr ib ing  the  an i so t rop ic  
v i b r a t i o n s  of t he  a t o m s ;  t he  s t a n d a r d  dev i a t i ons  
ca l cu l a t ed  in  t he  l eas t - squa res  r e f i n e m e n t  are  also 
shown.  The  t enso r  c o m p o n e n t s  Uij are  those  occur r ing  
in  t h e  t e m p e r a t u r e  f ac to r :  

exp  [ -  2 n  2 (hga .9 Ull + 2hka*b* UI~ + . . .  ) ] ,  

so t h a t ,  for i n s t ance ,  Ul l  is t he  m e a n  square  a m p l i t u d e  
of v i b r a t i o n  of t he  a t o m  para l le l  to  t he  a* axis.  

Tab l e  2. _Fractional coordinates and standard deviations 

a(x) a(y) a(z) 
x/a y/b z/c (A) (h) (A) 

S 0.1906 0.0521 0 0.002 0.002 - -  
:N 0.4287 0.1135 0.1391 0.004 0.005 0-005 
C(1) 0.3628 0.0962 0 0.007 0.006 - -  
C(3) 0.6139 0.1978 0 0.009 0.009 - -  
C(2) 0.5777 0.1436 0.1491 0.005 0.006 0.005 
H(1) 0.375 0.085 0.236 0-10 0-10 0-13 
H(2) 0.596 0.184 0.231 0.07 0.07 0.09 
H(3) 0.652 0.097 0.170 0.08 0.07 0.09 
H(4) 0.569 0.260 0 0.13 0.17 - -  
H(5) 0.710 0.213 0 0-14 0"14 - -  

Tab l e  3. Thermal parameters 
( × lO s _~2) 

U11 o" U2~ o" U33 o" U12 
S 30 0"9 43 1 22 0"9 - - 2  
N 36 2 49 2 27 2 2 
C(1) 37 3 28 3 33 3 8 
C(3) 40 4 56 4 37 4 - 1 4  
C(2) 35 2 53 3 25 2 1 

V (~ 
H(1) 64 28 
H(2) 25 18 
H(3) 31 20 
H(4) 71 52 
H(5) 56 41 

(~ U23 ~ U13 
0.6 0 - -  0 - -  
2 --4 2 --5 2 
2 0 - -  0 - -  
3 0 - -  0 
2 1 2 --4 2 

r e su l t s  showed  t h a t  t he  a s s u m p t i o n  t h a t  t h e  molecule  
m o v e d  as a r ig id  b o d y  was ju s t i f i ed  w i t h i n  exper imen-  
t a l  e r ror ;  t h e  roo t  m e a n  square  s t a n d a r d  d e v i a t i o n  
of t h e  r a d i a l  t ensors ,  for a l l  t he  a toms ,  was  0.003 J~% 
The  p r inc ipa l  axes  of t he  t r a n s l a t i o n a l  a n d  r o t a t i o n a l  
t ensors  are shown  in  Tab le  4 wi th ,  for  compar i son ,  
t he  d i r ec t i on  cosines of t he  S =  C bond  a n d  of t h e  
axis  w i t h  t he  m i n i m u m  m o m e n t  of ine r t i a .  A l t h o u g h  
the  sma l l e s t  r o t a t i o n a l  osc i l la t ion  is ca l cu la t ed  to  be 
nega t ive ,  i t  is no t  s i gn i f i can t ly  d i f fe ren t  f rom zero. 
The  l a rges t  osc i l la t ion  is a p p r o x i m a t e l y  a b o u t  the  
ax is  w i t h  t he  m i n i m u m  m o m e n t  of ine r t i a ,  close to  t h e  
d i rec t ion  of the  S = C bond,  a n d  the  zero osci l la t ion  

Tab le  4. Principal axes of the translational and rotational 
tensors with respect to the crystallographic axes 

Mean square amplitude 
of translation Direction cosines 

0.037 _+ 0.004 A S 0.751 0.660 0.000 
0.028_+0.002 A 2 -0.660 0.751 0.000 
0.027 _+ 0.002/~2 0.000 0.000 1.000 

Root mean square angular 
oscillation 

6-2 _+ 1-2 ° 0-965 0.262 0.000 
3.1 _+ 1-0 ° 0.000 0.000 1.000 

- -  1.3 +_ 1.2 ° - 0.262 0.965 0.000 

S-C(1) 0.926 0.379 0.000 

Axis with minimum moment 
of inertia 0-910 0-414 0.000 

is a p p r o x i m a t e l y  a b o u t  t he  n o r m a l  to  t he  S, C(1), N , N '  
p lane .  

Correct ions  for t he  s y s t e m a t i c  er ror  caused  b y  
r o t a t i o n a l  osc i l la t ion  a b o u t  t he  two axes  w i t h  pos i t ive  
va lues  were ca l cu l a t ed  b y  h a n d  f rom C r u i c k s h a n k ' s  
(1961) fo rmulae ;  t he  mos t  s ign i f i can t  change  in  a n y  
coord ina te  was  1.7 t imes  t he  cor responding  s t a n d a r d  
d e v i a t i o n  ( - 0 . 0 0 2 9  • in  y for su lphur )  whi le  t h e  
l a rges t  change  in  a h e a v y  a t o m  coord ina te  was  
+ 0 . 0 0 6 8 / ~  in  z for C(2). The  cor rec ted  coord ina tes  
are g iven  in  Tab le  5. 

Tab le  5. Corrected atomic coordinates with respect to 
the crystal axes 

x y z 
s 1.759 A 0.768 A 0.000 A 
N 3-962 1.678 1.158 
C(1) 2.251 1.422 0.000 
C(3) 5.675 2.932 0.000 
C(2) 5.341 2-125 1.241 
I-I(1) 3-47 1.26 1.96 
I-I(2) 5.51 2-73 1.93 
I-I (3) 6.03 1.42 1-42 
H(4) 5-25 3.85 0.00 
H(5) 6.56 3.16 0.00 

A n  ana lys i s  of t h e  v i b r a t i o n a l  m o t i o n  was car r ied  
ou t  w i t h  a p r o g r a m  w r i t t e n  b y  Bu josa  & C r u i c k s h a n k  
(Cru ickshank ,  1956; C ru i ckshank  et al., 1961). The  

I n t e r a t o m i c  d i s t a n c e s  a n d  a n g l e s  

F r o m  t h e  cor rec ted  coord ina tes  (to 4 dec imal  places)  
t he  b o n d  l eng ths  a n d  angles  w i t h i n  t he  molecules  a n d  
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all intermolecular distances of less than 3.5 /~ were 
calculated with a program written by one of us 
(Cruickshank et al., 1961). A program written by 
Mr J. G. F. Smith was used to compute the standard 
deviations in all the distances and angles. 

I "452 
N ,, C (o.ooT) 

1-722 C 120"5 ° 109 .7o C 

122.9 ° 109.0 ° 
(0.s) N - - - - - - - _ _  c (0-s) 

Fig. 4. The bond lengths (A) and angles for the heavy  a toms;  
the  numbers  in parentheses are the  s tandard  deviations.  

For the heavy atoms the bond lengths and angles, 
together with their standard deviations, are shown 
in Fig. 4 while those involving hydrogen atoms are 
shown in Table 6. 

N-H(1) 1.03_+0.11 /~ 
C(2)-H(2) 0 .93_0 .08  
C(2)-H(3) 1.00+_0-08 
C(3)-H(4) 1.01+_0-17 
C(3)-H(5) 0-91_+0.14 

Table 6. Bond lengths and angles involving 
hydrogen atoms 

C(1)-N-H(1) 112__+6 ° 
C(2)-N-H(1) 122_+6 

N-C(2)-H(2) 115 __ 4 
N-C(2)-H(3) 117-+4 
C(3)-C(2)-H(2) 102_ 5 
C(3)-C(2)-H(3) 112-+5 
H(2)-C(2)-H(3) 102___ 7 

C(2)-C(3)-H(4) 113___4 
C(2)-C(3)-H(5) 110___4 
H(4)-C(3)-H(5) 100_+ 15 

From Fig. 1 it appears that  the atoms S, C(1), 
N, N', C(2) and C(2') might be coplanar. However, 
the deviations of these atoms from the best plane 
through them are -0.019, +0-046, +0.028 and 
-0.031 A for S, C(1), N and C(2) respectively and 
vary from 10 to 5 times the corresponding standard 
deviation. The plane of the thioamide group, S, C(1), N 
and N' was calculated; its equation is 

0.3816x- 0.9247y + 0"0390 = 0 

with the maximum deviation of 0"003 /~ for C(1). 
Distances of other atoms from this plane are 

0.20 A for H(1) (this is probably not significant), 
0-112 A for C(2) (this is highly significant, A/a= 20), 

and 

-0.507 A for C(3). 

The only intermolecular distance of less than 3-5 J( 
between atoms other than hydrogen atoms is 3.30 /~ 
from N to S"; this and the corresponding separations 

for molecules related by the mirror planes and by the 
c-glide at x/a = ¼, are shown in Figs. 1, 2 and 3. This 
distance is characteristic for N • • • S hydrogen bonds 
and further support for this interpretation is the 
H(1) • • • S" distance of 2.31 A, which is much smaller 
than the sum of the van der Waals radii. As usual in 
hydrogen-bonded structures the hydrogen atom does 
not lie directly on the N . . .  S line, with the result 
that  the N-H • • • S" angle is 161 _+ 8 °. Each nitrogen 
atom has one hydrogen bond, the direction of which 
is not quite in the thioamide plane, S" being 0-421 A 
from this plane. Each sulphur atom takes part in two 
hydrogen bonds and these, with the S-C bond, form 
a pyramidal arrangement" the angle N " ' . .  S-C is 
101.7 _ 0.2 °, and N" • • • S • • • N'"  is 128.8 + 0.1 °, or 
in terms of the hydrogen atoms, H . . - S - C = 9 9  +_ 2 ° 
and H . . . S . . . H = 1 4 0 _ + 4  ° . The shortest inter- 
molecular contact of any kind (Fig. 3) is 2-23 /~ from 
H(3) to H(3()). 

D i s c u s s i o n  

The structure consists of molecules held in chains 
approximately parallel to the c axis by hydrogen 
bonds, as depicted in Figs. 1, 2 and 3. The existence 
of hydrogen bonding explains the comparatively 
high melting point (213-215 °C), while the orientation 
of the molecules (Fig. 1) is consistent with cleavage 
parallel to (010) and a minimum refractive index 
parallel to the b axis. In ethylenethiourea (Wheatley, 
1953) the individual molecules have a similar system 
of N . . .  S hydrogen bonds but the packing of the 
structure is different so that  the hydrogen bonding 
holds the molecules in puckered layers. 

The advantage of low temperature work is not 
immediately apparent in the quoted figures for the 
standard deviation; they are little better than those 
obtained recently for S-methylthiourea sulphate 
(Stam, 1962) and thiourea dioxide (Sullivan & Har- 
greaves, 1962) by partial anisotropic refinement on 
observations collected at room temperature. But the 
statistical standard deviation does not allow for 
systematic errors, and bond lengths determined at 
room temperature may require corrections for rota- 
tional oscillation of the order of 0.02 • (with some 
uncertainty in the correction) as found, for example, 
in thiourea (Kunchur & Truter, 1958) and thioacet- 
~mid0 (Truter, 1960). The correction in thi~ work i~ 
only one-third of that required for room temperature 
investigation, and the uncertainty in the correction 
is very small ( < 0.001 A) compared with the statistical 
standard deviation which should now be a true 
representation of the accuracy. 

The bond angles round the methylene carbon atoms 
C(2) and C(3) do not differ significantly from those 
of a regular tetrahedron; it is therefore reasonable 
to suppose that  the observed C-C bond length, 
1.518 + 0-007 J~, represents a single bond between two 
sp a hybridized carbon atoms. It  is, however, shorter 
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Table 7. Bond lengths and angles in other molecules 
All the s t ructures  were de te rmined  at  room tempera tu re  by three-dimensiona] methods  

Rotational 
Compound correction 

S=C(NH~) 2 * 
S = C(NH2)CH a * 

[CHa-S = C ( N H 2 ) 2 + ] 2 S O 4  = Jr 

O2S-C(NH2) 2 t 

N-C-~ ~ N-C C-S 

115.6_+1.1 ° 1.33 _+0.02 A 1.72 +0.02 
117.7-+0"6 1"324__+0"008 1"713____ 0"006 

(~,-~:-c) 
1"308-+ 0"009 } 1.74 + 0"007 

122.5____ 0"6 1-333-+ 0"009 . -- 
124"5-+0"7 1"310-+ 0"008 1-851 -+ 0"016 

Reference 

Kunchu r  & Truter ,  1958 
Truter ,  1960 

Stare, 1962 

Sullivan & Hargreaves,  
1962 

110.2_+ 1.4 1.322_+0.008 1.7()8_+ 0.008 Wheatley, 1953 

* Applied. t Not applied. 

than the accepted length by 0.022 /~, which, at three 
times the standard deviation, is statistically signif- 
icant at the 0"3% level. It  is improbable that  this 
has any chemical significance; it is another example of 
the caution required in the interpretation of molecular 
dimensions. 

Both the C-N-C angle and the position of the atom 
H(1) indicate that  the nitrogen atom is trigonally 
hybridized. The length N-C(2) represents a single 
bond, N(sp2)-C(spa), and is slightly but not signif- 
icantly shorter than the N(sp a)-C (sp 3) distance 
(1.472 _+ 0-005 /~) quoted in Tables of Interatomic 
Distances (1958). Round the carbon atom, C(1), the 
bond angles correspond to trigonal hybridization 
with the hybridization ratio the same for the carbon- 
sulphur and carbon-nitrogen bonds. Thioamide deriv- 
atives are known in which the angles range from 
N-C-X of 110.2 _+ 1.4 °, in ethylenethiourea, to 
124-5 +_ 0.7 ° in thiourea dioxide, as shown in Table 7. 
Bond angles are little affected by corrections for 
rotational oscillation so that  the quoted standard 
deviations in the bond angles are comparable whether 
corrections have or have not been applied. Although 
the bond angles differ from compound to compound 
by amounts which are highly significant statistically 
the C-N and C-S bond lengths are the same within 
experimental error; only a change in the oxidation 
state of the sulphur atom, to IV, in thiourea dioxide 
produces a significant change in the carbon-sulphur 
bond lengths. Before we can be certain whether the 
variation in angles is correlated with a change in 
hybridization ratio and hence bond length, it will be 
necessary to determine several structures at reduced 
temperatures. The difference in the N-C-N angle 
between ethylenethiourea and trimethylenethiourea 
is reflected in a measurable difference in their electric 
dipole moments (Loader & Sutton, 1962). 

We are grateful to Prof. Kumler for the crystals, 
Dr L. E. Sutton for informing us of his investigations 
on this compound and the Director and staff of the 
Leeds University Computing laboratory for computing 
facilities. One of us (H. W. D.) thanks the University of 
Ceylon (Peradeniya) for leave of absence during which 
this work was performed. Some of the equipment used 
was provided by the Royal Society and by Imperial 
Chemical Industries Ltd. 
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