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Hydrogen Bonding in Thiosemicarbazide 
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The crystal structure of thiosemicarbazide, previously determined from photographic data, has been 
redetermined using intensity data collected by means of a four-circle Picker diffractometer at room 
temperature. The analysis has been valuable in giving a direct determination of the hydrogen atom posi- 
tions. The final R= 2.4%. Earlier hypotheses on the hydrogen bonding are confirmed. 

Introduction 

In a recent paper (Domiano, Fava Gasparri, Nardelli 
& Sgarabotto, 1969, DGNS) the crystal-structure 
analysis of thiosemicarbazide, carried out by photo- 
graphic methods, was reported (final R=9 .9%) .  The 
positions of the hydrogen atoms were postulated from 
consideration of the hybridization of the nitrogen 
atoms and the packing interactions, no direct deter- 
mination of position being possible from the final 
difference synthesis. In order to obtain a more accurate 
structure analysis, suitable for the location of the hy- 
drogen atoms, new data have been collected at room 
temperature with an automated Picker diffractometer. 

Experimental and refinement 

Cell parameters,* as determined by least-squares meth- 
ods from 19 20 values in the range 16-2°_<20<42.7 ° 
using Zr-filtered Mo Kel radiation, are (at 24.0 °C): 

a = 4 . 9 3 4 + l , b = 7 . 3 3 0 + l , c = 8 . 3 9 6 + l A  
= 44.39 + 1, f l= 83.23 + 1, ~,= 76-99 + I °, 

Z = 2, F(000) = 96, V= 206.5 A 3, 
Dz = 1.49 g.cm-3; p = 1.44 cm -I (Mo Ke) 

Space group" PT (from structure determination). 

It must be pointed out that these improved cell param- 
eters show some relevant differences with respect to 
those given by DGNS, particularly for the b constant. 

A very well developed crystal approximately 
0.20x0.10 x0-10 mm 3 was mounted on a Picker dif- 
fractometer equipped with a pulse-height analyser and 
the intensity data were collected using Mo K0c (2= 
0.71069 A) radiation and the o9-20 scan method. Of a 
total of 936 measured reflexions (20max=55°), 100 
were coded as 'unobserved', having Ihkt < 2ai (aI from 
counting statistics) and were not used in the structure 
refinement. No corrections were made for absorption 
or for anomalous dispersion. 

* The same orientat ion used in the previous paper (DGNS)  
is maintained.  The t ransformat ion matrix f rom our  cell to the 
Buerger's all acute 'reduced cell' is T00/0T1/0T0. 

Starting with the DGNS set of parameters for non- 
hydrogen atoms, the structure was refined first by 
means of three cycles of full-matrix least squares (all 
unit weights) with isotropic temperature factors to 
R =  10.7%, then by means of two cycles with aniso- 
tropic thermal parameters to R = 5 . 7 % .  Then from a 
AF map five well defined peaks with heights between 
0.69 and 0.54 e.A-3 over a maximum background of 
0.3 e. A-3, were found, giving good values for the N-H  
bond distances. The refinement was then carried out 
with all the atoms but refining only the heavy ones, and 
after two cycles the R index was 3.7%. A further im- 
provement was obtained after two more cycles using 
weights (w = 1/a~) and refining also the hydrogen atoms 
isotropically; the final R value achieved in this way 
was 2-4% (Rw=2.3%). The function minimized was 
~wAF 2 and the expressions used for R and Rw were: 
R= Y~ IAFI/Y I f  ol and Rw= {~ wAF2/~wF2} I/2. The av- 
erage shift/error ratio in the final cycle was 0.10 and 
the maximum value 0.54; the final value of the good- 
ness of fit was 0.79. In Table 1 the final atomic param- 
eters obtained in the present refinement are compared 
with those reported by DGNS. Table 2 gives the root- 
mean-square displacements and their orientations with 
respect to an orthogonal cartesian system of axes 
referred to the crystal axes by the matrix (0.2027, 
-0.0468,  -0"0132/0, 0"1400, -0"1416/0,0, 0.1706). 
The thermal ellipsoids in the plane of the molecule are 
shown in Fig. 1. It must be pointed out that, in spite of 
the different methods followed in data collection and 
refinement, the agreement between corresponding 
parameters is quite good, as is also shown in Table 1. 
In Table 3 observed and calculated structure factors 
are compared. The atomic scattering factors used are 
those of Cromer & Waber (1965) for S, N, C, and those 
of Stewart, Davidson & Simpson (1965) for hydrogen. 
All the calculations were carried out on an IBM 
7094-7040 direct coupled system, using the programs 
written or adapted by Stewart (1964). 

Discussion 

As shown in Table 4, bond distances and angles in the 
molecule agree quite well with those of the previous 
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analysis (DGNS),  the m a x i m u m  differences being 4a 
for the C-S bond and 7a for the S-C-N(1)  angle. 
These differences are main ly  due to the unit-cell 
parameters used in the analyses, since the fractional  
coordinates do not differ significantly. 

The assumptions about  the positions of  the hydrogen 
atoms made by D G N S  are confirmed. In Table 5, 

Table 1. Final atomic fractional coordinates 

N - H  bond distances and angles involving hydrogen 
atoms are listed together with N - H  values corrected 
for thermal mot ion following Busing & Levy (1964); 
these last values agree quite well with those listed by 
Hami l ton  & Ibers (1968). As postulated by D G N S ,  
H(3,1) and H(3,2) are practically symmetrical  with 
respect to the mean  molecular  plane, so that the lone 

z/c (~) 
0-8212 (1) 
0.7391 (4) 
0.4604 (5) 
0.3283 (4) 
0.6616 (4) 

Present work Previous work (DGNS) 

x/a (cr) y/b (~r) z/c (a) x/a (a) y/b (tr) 
S -0.00142 (8) -0.12576 (8) 0.82102 (6) -0.0013 (3) -0.1260 (1) 
N(1) 0.25952 ( 2 7 )  0.21177 ( 2 7 )  0.73844 (21) 0.2607 (10) 0.2119 (2) 
N(2) 0.26454 (24) 0.22024 ( 2 3 )  0.46188 (18) 0.2646 (10) 0.2203 (2) 
N(3) 0.42506 ( 3 0 )  0 .41955 ( 2 7 )  0.32852 (21) 0.4259 (11) 0.4193 (3) 
C 0.18558 ( 2 5 )  0.12088 ( 2 5 )  0.66364 (20) 0.1836 (10) 0.1211 (3) 
H(1,1) 0-1943 (30) 0.1578 (28) 0.8659 (26) 
H(1,2) 0-3609 (31) 0.3293 (29) 0.6581 (24) 
H(2,1) 0.2090 (28) 0.1735 (27) 0.4082 (23) 
H(3,1) 0-3315 (34) 0.5584 (35) 0.1938 (30) 
H(3,2) 0.5742 (37) 0.3539 (34) 0.3072 (28) 

N(1) 

Table 2. Root-mean-square displacements and direction cosines of  the principal axes of  the vibration ellipsoids 

N(2) 

N(3) 

Data given in parentheses refer to the analysis by DGNS. 

(~ S 

Axis U~ g :  gi b 

f 1 0.1595 (0.1614) A 0.9848 (-0.9916) -0.1727 (-0.0385) 
/ 2 0.1846 (0.1789) -0.1417 (0.1116)  0-7372 (-0.7390) 

3 0.2715 (0.2679) 0.1004 ( 0.0658) 0.6532 ( 0.6726) 
1 0.1617 (0.1565) 0.9828 (0 .9332)  -0.1259 (-0.4490) 
2 0.1900 (0.1999) -0.0222 ( 0.3257) 0.8073 (-0.6860) 
3 0.2793 (0.2757) 0.1835 (0.3102)  0.5765 (0 .5726)  
1 0.1578 (0.1674) 0"9700 (-0.8311) -0.2412 (0.5342)  
2 0.1908 (0.1807) -0.1476 (-0.2800) -0.6829 (-0.6425) 
3 0.2416 (0.2422) 0.1931 (0 .4806)  0.6896 (0 .5494)  
1 0.1835 (0.1752) -0.8224 (-0.7515) 0.5657 (0 .6196)  
2 0.2051 (0.1964) -0.3999 (-0.2908) -0.4992 (-0.6193) 

I 
3 0.2362 (0.2408) 0.4047 (0 .5921)  0.6563 (0-4823) 
1 0.1659 (0.1677) 0.9845 (0 .8801)  0.0904 (-0.3390) 
2 0-1832 (0.1823) -0.1459 (-0.4692) 0.8980 (-0.5139) 
3 0.2013 (0.2029) 0.0976 (0 .0726)  0.4307 (0 .7881)  

g~c 

0-0185 (0-1237) 
0"6607 (0"6644) 
0"7505 ( 0"7370) 

-0"1353 (-0"0263) 
0"5897 ( 0"6506) 
0-7962 (0-7589) 

-0.0301 (0.1550)  
0.7155 (0 .7133)  
0.6980 (0.6835)  

-0.0604( 0-2265) 
0-7687 (0-7293) 
0.6368 (0 .6456)  

-0.1505 (0.3324)  
-0.4152 (0 .7182)  

0.8972 (0 .6113)  

~ H(3,2) 

H(1.2) N (3) ~__~,,....~ 

.H(1.1} ~ ~ H(2.1} 
N(1) 

N(3) 

2] 
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(a) (b) 
Fig. 1. Thermal ellipsoids as seen in the plane of the molecule: (a) present work, (b) determination by DGNS. 
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-716 ) ? C Ic22 -1)79  4 C Y' 997 1011 
26 ) ) I (99 -521 4 D I 82 ,57 
55 ) ) ( 4ZI 45J 4 C i I)0 136 

-61 ) 2 2 I~,~ 116 4 0 2 240 -220 
- ' & 9  ~ 723 72) 4 0 ~ 420 --415 
-26"  ? ? 2 9C4 692 4 0 3 600 -597 
-56 i ¢65 461 • i 726 -727 
IC34 ) ) 4 •2~ ••~ 4 4 104 88 
-164 ! i ~ . . . .  594 4 ~ 123- 26 
-2~.6 .: 3 • 16. ~ lC)~ 4 5 163 194 
~26 ~ ~ 6 609 -616 4 ~ 329 320 

-171 2 2 T 664 -66)  • ~ ) 4 )  )44  
-522 ~ ~ ~ 792 260 • 0 878 898 

62 2 ~ C 97 121 4 1 547 -553 
-445 3 2 I 96-  93 4 ~ 726 750 

.74• 2 ~ '~ 972 -990 4 2 519 -908  
792 ? ~ _2 112 99 4 2 384 -403  

-399 '~ 3 2 66- -73  4 3 294 -287  
-=c~ ; ~ ? l O I  1Ol 4 ~ 6'~- lS  
-272 2 ~ ~ 1046 1050 4 4 87- 76 
-200 3 ~ Z ~•~, 233 4 ~ 565 -583 
-56 ) ~ ~ 16,) -157 4 5 407 404 
-14 ) ) ~ , 2 ,  -52)  4 ) ,58 -173 
189 ~ 256 -266 4 1 277 257 
29)  ) ~ "~ 76 55 4 I 0 367 354 
- 6 7  3 4 0 7)4 -724 4 - 1_ 99 92 

-57•  ) 4 1 281 -.512 4 1 1 223 217 
-425 3 • ~ 37~ -376 4 1 2 265 263 

T" 3 4 2 316 214 4 " 2 740 -748 
29 :  3 4 ~ 321 220 4 ~ 3 258 - 2 6 0  
529 2 4 2 2262 2266 4 1 ~ 847 -852 

-32~ 2 4 ~ 479 466 4 - 4 259 --250 
-29Z 3 4 4 576 -576 .4 ~ ~ 951 955 
-47/: 3 4 5 1101 -1099 4 1 i 330 329 

A15 -369 4 '~ g 81 43 
201 23 : 67 227 C" 4 2  0 540 -534  

" "  28 -~.4 4 8 91 ; 4 2 1 436 .-429 
-38  ~ 4 9 576 '577 4 2 ~ 812 839 
230 3 ~ 0 7• 52 4 2 2 605 -619  

....407 3 ! I  6.2, -83  4 2 2 656 63 i 
- 153  ~ i )56 -366 4 2 3 332 31 
694 3 ~ 431 408 4 ~ ~ 69- 

- 1 . .  3 ~ "2 262 27s • 2 • 32o 3,7 
1375 3 ~ ~ 242 221 4 2 ~" 6(~  -683  
-2..~ 2 ~ ~ 272 -271 4 2 5 3%9 393 
-74~ 3 ~ ~' 514 -499 4 2 6 100-  - 9 6  
-612 3 '~ "7 230 -219 4 2 7 173 -360 

-1~7e ~ ~ "~ 669 679 4 2 0 265 -271 
-202 3 5 0 276 - 2 5 |  4 2 1 421 49'4 

~72 "~ 5 1 66-- 2 4 ~ ~ 245 --241 
5 ) '  3 5 ~ 462 -459 2 2 8' 101 
415 3 5 2 972 962 4 2 2 169 -204  

411 4 ~41 -545  4 2 O0 -76  
14.43 5 5 1172 -1178  4 ~ ~ 374 383 
-7 •4  2 5 6 )98 -399 4 2 5 476 476 

?94 5 7 946 959 4 2 ~ 9 6 -  - 8 4  
-1~2 5 6: 46C 436 4 ~ ~ 609 - 593  

322 5 9 92-  79 4 s 0 d~O -31N~ 

536 3 ~ - 6 2  1 if,(:~ ~$05 
22 3 5 '5 615 -603  2~3 ~ ' r /  
72 " ~ 16e 155 ) 4 ;)47 ~ 3  

A C 2 6 B  - 9 *  
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h k I 1GOlf ° 100Ir c h k I lCX)r O 1Cx)qr c h ~' 

4 3 6 304 - 2 9 6  a~ ; ; 123 - 1 4 0  4 6 

4 466 -461 4 4 282 -273  
4 I 230 247 4 ~ " 101 82 4 7 
4 ~ "~ 164 -148 4 5 0 199 -186 4 7 
4 ~ ~ 89 94 4 ~ I 440 446 4 7 

4 1̀ 4 17U 1"1"1 4 ~ 2 448  43  ~) 4 7 

4 i i 2211 229 4 ~ 1̀ 88-  51 4 7  
4 ")65 -55'~ 4 4 2q6 302 4 
4 ~ ~ 119 -1'1t1 4 5 5 1152 -1161 4 '1 
4 4 (] 531 -491 . 4 "~ (, ~"1 -;~2fl 4 8 
4 4 1 ").;~ o5'1;' 4 '~ 7 ~ ,~  55'3 4 
4 4 ~ V i i "1  -~tt4 4 c) I, 461 474 4 U 
4 4 ~ r, o l "~') 4 ~, ~ ."14 ;'29 4 8 
4 4 ~ 351 "114 4 5 ~ 75 40 ~, 0 
4 4 '3 b04 Iq17 4 ~ ~ 124 126 9 0 
4 4 4 192 3q~ 4 ~ 7~ 127 134 5 0 
4 4 ~ Ist )1~ .'lq(* 4 ~ ~, l t ~  98 5 O 
4 4 t, 7txf. -f ,  qtt 4 ~ ~ HS-- 42 5 0 
4 4 "7 dbtJ ;,'/t ! 4 h 1 ~IU ~)6t) 5 O 
4 4 I~ ;,qt, ,,1~o 4 t, ~ 519 516 $ t) 
4 4 tl q4-  - ; 'a  4 6 I 431q -427 5 O 
4 ~ ~ P41 -k'e)5 4 b 4 " l te~ "714 5 O 

4 4 ~ ,1~7 4;'1 4 6 6 ~4~ 141 9 1 

I 1UOr 0 IIX}F c 

7 322 '325 
8 412 439 

398 - 4 0 3  
88 94 

3 473 -470  
4 981 -989 
$ 36'3 372 
6 98Is 397 

939 921 
~96 -~91 

9 621 -581 
5 401 4U8 
6 44'3 421~ 
7 94-  66 
8 96~ -~93 
O 519 947 
1 6 9 -  - 2  
; 189 186 
2 146 -151 

'~4u -99'3 
3 129 -116 

.o-  24 
4 159 -190  
; 269 -244 
0 b2- 74 
1 71-  25 

Table 

5 t 
5 ! 
5 
5 5 
5 
5 4 
9 ; 
5 9 
9 u 
5 1 

2 

5 5 

5 2 ~ 

5 ~ 2 
5 2 3 
5 2 ~ 
5 2 4 
5 2 5 
9 ~ 0 

3 (cont.) 

IOOW 0 lO01r c h k I 10(~' ° I001r¢ h k I lOOf' 0 IO01r c h k I IOOF 0 IOCW c 

5 2 0  9a4 9 5 S I 1 -  - 3 9  9 4 9 5a9 -976  6 0 ~ 91 t o  
46~ - 4 . ,  1 ~ ~ 9 "  " 6  1 4 6 , 9 7  -380 : 0 ~ ° 77-  - 3 3  
188 177 " 312 -319 4 7 76 70 I 27g 11119 

78- -29 9 ~ ] ~79 -199 9 ; 3 a3- a~ 6 1 I e5 - .  
311 317 5 2 4 671 663 5 ~ ][ 107- 9 6 1 ~' 146 136 

86-  37 5 ~; lJ 76-  0 9 5 0 482 -479 6 I 2 348 -347 
94'3 -920  5 ] o 289 -263 9 9 1 3OO 301 6 1 ~ 1~5 1;~7 
219 1 .  5 3 , 8~o -,6 ~ , 2 6~ 6 , ,  6 ~ ~ 7 , -  -sa .o .2 ~ ] ; 1o1 . 9 9 3 ,o -  74 6 ; ~ 313 -9o ,  
153 114 5 3 2 I12- - 4  5 9 4 482 -496  8 2 0 $8-  20 
194 -19b 5 3 2 4~9 472 5 5 5 230 -22~ 6 2 I 263 -277 

90 69 5 3 1̀ 3211 324 $ ') 8 94 -146 8 2 "{ 239 229 
"188 -'389 5 3 4 646 640 5 5 7 104 119 6 2 2 145 -197 

[9 -125  5 3 5 176 - l a 2  9 6 2 38; ) 375 6 2 1 105... - 8 3  
215 2;'8 9 .~ 6 419 -403  9 6 3 139 -139 6 3 O 283 -270  
;~54 249 9 a~ 1 99-  -91 9 6 4 691 -t. 94 6 3 ! 126 -114 
147 199 9 3 2 81- 13 5 6 9 72 -59  6 1 2 9 3 -  - 8 0  
954 -~,36 ~ ~ ~ '19- 42 ~ 6 6 92 100 6 3 :] 91 ~0 
308 114 5 '~ 4 217 2;;'2 9 6 7 956 944 6 3 4 412 42:) 
642 -632 5 "1 ;J 77- 14 5 7 4 532 -509 8 4 1 86 -66 
475 462 9 4 O 42;' -417 5 7 5 97 82 6 4 2 396 370 
521 496 9 4 1 990 41 5 7 6 4~'3 467 6 4 3 ~19 231 
114 -114 $ 4 ; 401 -'399 5 "/ 7 ~'1 322 6 4 4 124 -111 
283 262 5 4 2 233 218 6 O 0 133- 103 6 $ 1 190 200 

72-  -6  5 4 3 218 224 6 O 1 1"/1 172 6 ~, 4 190 -'364 
91 29 9 4 4 949 959 

Table 4. Bond distances and angles in the molecule of 
thiosemicarbazide 

Previous work 
Present work (DGNS) 

S C 1-707 (2) A 1.685 (5) A 
C r a N ( l )  1.316 (3) 1.313 (6) 
C raN(2) 1.326 (2) 1-337 (6) 
N(2)-N(3) 1.411 (2) 1-399 (6) 
S C - - N ( 1 )  122.0 (0.1) ° 119.7 (0-3) ° 
S .C - - N ( 2 )  119.2 (0.2) 121.5 (0.3) 
N(1)-C - - N ( 2 )  118-8 (0.2) 118.8 (0.4) 
C--N(2)-N(3)  121.1 (0.2) 122.5 (0.4) 

pair of  the N(3) atom must lie in it, and must interact 
with the H(1,2) and H(1,2 v) atoms in a double system 
of centrosymmetrical bifurcated hydrogen-bonds as 
shown in Fig. 2. This interpretation is supported also by 
a calculation carried out assuming the N(3) atom to 
have four snp m hybrid orbitals in such a way that three 
of them are directed towards N(2), H(3,1), H(3, 2) and 
the fourth is determined by the orthogonality condi- 
tion. The lone pair orbital is found to lie in the mole- 
cular plane making an angle of 109.7 ° with respect to 
the N(2)-N(3)  direction so that it points to the centre 
of the dimer formed by two centrosymmetrical mole- 
cules, and overlaps, to the same extent the two H(1,2) 
and H ( 1 , 2 0  hydrogen atoms. [The authors are indeb- 
ted to Professor L. Oleari (Istituto di Chimica Fisica, 
Universith di Parma) who kindly performed the cal- 
culation]. This is indicated also by the values of the two 
distances N ( 3 ) . . . H ( 1 , 2 ) = 2 . 3 4  tl, and N(3v). • -H(1,2) 
=2.39 A which are practically equal and significantly 
shorter than the sum of the van der Waals radii for 
H and N (2.70 A). Fig. 3 shows the N H . . .  S linkages: 

N(1) . -  .Sm 3.409 A N ( 2 ) - . . S  l 3.359 A 
H ( 1 , 1 ) . . .  S iu 2.55 H ( 2 , 1 ) . . .  S l 2.54 
SULN(1)-H(1,1)11.1  ° S L N ( 2 ~ H ( 2 , 1 ) 8 " 4  ° 

which form two-dimensional arrangements parallel to 
(110). These arrangements are joined together by hy- 
drogen bonds involving N(3): 

N ( 3 ) - - - S  u 3.816 A N ( 3 )  S iv 3.514/1, 
H(3, 2)-S u 2.97 H(3,1)-S iv 2-65 
H(3,2)-N(3)-S u 28.9 ° H(a,1)-N(3)-S Iv 11.1 ° 

Atoms belonging to different asymmetric units are 
labelled as follows" 

Superscripts Coordinates 

none x, y, z 
i ~, )7, 1 - z  
ii 1 - x ,  37, 1 - z  
iii ~, )7, 2 -  z 
iv x, 1 + y ,  z--  1 
v l - x ,  l - y ,  1 - z  

Table 5. Bond distances and angles involving H atoms in 
the molecule 

The corrected values are calculated following Busing & Levy 
(1964). 

Riding Upper 
Found model bound 

N(1) --H(1,1) 0.88/~ 0-92 A. 0.97 A 
N(1) --H(1,2) 0.86 0.88 0-93 
N(2) --H(2,1) 0-83 0-86 0.90 
N(3) --H(3,1) 0.89 0.91 0.97 
N(3) --H(3,2) 0.86 0.89 0-94 
C N(1)--H(1,1) 119"1 (1-5) ° 
C N(1) --H(1,2) 119.4 (1.4) 
H(1,1)-N(1) --n(1,2) 121.4 (2.1) 
C N(2) --H(2,1) 119-8 (1.0) 
N(3) --N(2) --n(2,1) 119.0 (1.0) 
N(2)--N(3)--H(3,1) 107.5 (1.5) 
N(2)--N(3)--H(3,2) 105-3 (1.7) 
H(3,1)-N(3)--H(3,2) 108.1 (1-7) 

The authors are greatly indebted to Professor E.C. 
Lingafelter of the University of Washington for help 
and advice. This investigation was supported in part 
by the Consiglio Nazionale delle Ricerche (Roma) and 
in part by the U. S. National Science Foundation under 
Grant GP-5795. 
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H(1.1) 

~X %-~" I \ J / '  / 
~XN( I~  . . '  \ I /  / ', / 

S 

\ . . . .  .109-30"~,, ~ . j  

~-~ -~, H(3,1) 
H(2,1) H(3,2) 

Fig.2. Arrangement of two centrosymmetrical molecules with respect to ]'(½½½). 

Fig. 3. Diagrammatic projection of the structure along [100]. 
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