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1163. The Crystal and Molecular Structure of Aspirin. 

By P. J. WHEATLEY. 

The crystal structure of aspirin (acetylsalicylic acid) has been determined 
by three-dimensional X-ray diffraction methods. The crystals are monoclinic, 
space group P21/c, with a = 11.446, b = 6.596, G = 11.388 A, p = 95" 33'. The 
final parameters were obtained by a least-squares refinement of 2055 intensities 
collected with a Hilger-Watts linear diffractometer. The eight hydrogen atoms 
were located from a three-dimensional difference synthesis and included in the 
refinement. The finall? factor, including 267 planes of zero intensity, was 10.8%. 

THE crystal structure of aspirin (I) has not previously been determined, although it is known 
that a number of attempts have been made.1 This investigation was undertaken to provide 

adequate structural knowledge which might form a basis for an interpretation of the mode 
of operation of this remarkable drug. 

ExperimentaZ.-CsH804. M = 180-2. Monoclinic. a = 11.446 f 0-013, b = 6.596 f 0.006, 
c = 11.388 0.009 A, p = 95" 33'f 2'. U = 855.7 A3. Dm = 1.40. 2 = 4. 0, = 1.398. F(000) = 
376. Space group P21/c (Cah5, No. 14). 

Excellent crystals (m. p. 143") can be obtained from many common organic solvents with [b] 
as the axis of elongation. Those used in the present analysis were grown from benzene. The cell 
dimensions, obtained from oscillation photographs (Cu-K,, A = 1.5418 A), yield the axial ratio: 
a : b : c : : 1.7533 : 1 : 1.7265, /3 = 95" 33'. They may be compared with the optical results of Niini: 2 

a : b : e : : 1-7322 : 1 : 1.7322, p = 95" 42.5', and with those of Nitta and Watanabe obtained by 
X-rays:3 a = 11.37, b = 6-54, c = 11.37 kX, a: b : c :  : 1.7385: 1: 1.7385, @ = 95" 27'. 

The intensities were collected round [b] withMo-K, radiation on a Hilger-Watts linear diffracto- 

1 Private communication from Dr. J.,H. Robertson. 
2 R. Niini, 2. Krist., 1931, 79, 532. 
3 I. Nitta and T. Watanabe, Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 1937, 31, 125. 
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[ 19641 Molecular Structure of Aspirin. 6037 
meter equipped with SrO-ZrO2 balanced filters.4 On the hOdh21 layers, each reflexion was 
measured three times, and on h3Z-h91 five times, with each filter. The hOZ-h5Z intensities were 
collected with a 3", and the hGdh91 with a 4" oscillation angle. About thirty reflexions had to be 
hand-measured. For these, a 4" oscillation was used. The maximum recording angle was 8 = 30". 
A half-minute motor was used. The scale of the intensities so obtained was such that, when 
corrected for Lorentz and polarization factors, the resulting observed structure factors were on a 
scale slightly greater than absolute. In  these circumstances it was felt justified to include all 
planes with the actual corrected count obtained, except when such a count was negative, in which 
case the reflexion was allotted zero intensity. In this manner 2055 independent reflexions (ex- 
cluding OkO) were obtained, of which 267 (13%) were zero. The analysis is based on these 2055 
planes, and all values of R and R' include the zero reflexions. 

The The structure was solved from a sharpened three-dimensional Patterson synthesis. 

TABLE 1. 

Final atomic co-ordinates in A. Standard deviations are given as units in the last place. 

X 
0.1209 (27) 
1.3764 (26) 
3,2639 (23) 
4.6127 (29) 
1.7513 (31) 
2-8180 (33) 
3.4249 (36) 
2.9845 (39) 
1.9428 (39) 
1.3357 (34) 
1.0279 (82) 
4.1795 (33) 
4-5424 (45) 
0.8160 (690) 
4.1336 (446) 
3.4349 (446) 
1.6477 446) 
0.6357 1444) 
3.5432 (572) 
4.9306 (572) 
4.9193 (566) 

Y 
1,2377 (28) 
0.9148 (28) 
2-7176 (26) 
1.4508 (33) 
2.8796 (34) 
3.3762 (34) 
4.5825 (39) 
5.3062 (40) 
4.8260 (40) 
3.6315 (37) 
1-6944 (34) 
1.7226 (39) 
1.0675 (52) - 0.0133 (794) 
4.8674 (491) 
6.1985 (501) 
5.3156 (498) 
3-3448 (494) 
0.7956 (657) 
0.2440 (646) 
1.5189 (643) 

z 
1.1004 (28) 

-0.5786 (27) 
-1*0070 (23) 

0.3906 (27) 
0.7679 (33) 
0.1047 (33) 
0-4774 (40) 
1-5338 (43) 
2.2077 (40) 
1.8242 (36) 
0.4241 (33) 

-0.7189 (36) 
-1.9791 (42) - 0.9209 (687) 

0.0158 (447) 
1.8538 (446) 
2.9276 (446) 
2.2671 (443) 

- 2.6885 (574) 
- 1.9332 (573) 
- 2.4623 (573) 

TABLE 2. 
Thermal parameters in A2. Standard deviations are given as units in the last place. 

u11 
0.0501 (16) 
0.0465 (14) 
0.0392 (12) 
0.0589 (17) 
0.0292 (15) 
0.0366 (16) 
0-0398 (18) 
0.0471 (20) 
0-0483 (21) 
0.0341 (16) 
0.0335 (16) 
0,0309 (16) 
0.0582 (25) 
0.12 (6) 
0-04 (3) 
0.04 (3) 
0.04 (3) 
0.04 (3) 
0.08 (5) 
0.08 (5) 
0.08 (5) 

u22 

0.0458 (15) 
0-0480 (15) 
0.0416 (13) 
0.0729 (21) 
0.0332 (16) 
0.0322 (16) 
0.0394 (19) 
0.0380 (19) 
0.0403 (19) 
0,0396 (18) 
0.0339 (16) 
0.0476 (20) 
0.0721 (30) 

0.04 (3) 
0.04 (3) 
0.04 (3) 
0-04 (3) 

0.08 (5) 
0.08 (5) 

0.12 (7) 

0.08 (5) 

u33 

0-0562 (16) 
0.0518 (15) 
0.0359 (12) 
0.0413 (14) 
0.0384 (16) 
0.0375 (17) 
0.0547 (22) 
0.0609 (24) 
0.0510 (21) 
0-0436 (18) 
0.0366 (16) 
0.0431 (19) 
0.0481 (22) 
0.12 (6) 
0.04 (3) 
0.04 (3) 
0-04 (3) 
0.04 (3) 
0.08 (5) 
0.08 (5 )  
0.08 (5 )  

2 u12 
-0.0372 (25) 
-0.0169 (25) 

0.0016 (21) 
0.0562 (32) 
0.0005 (25) 
0.0127 (27) 

-0.0131 (31) 
-0.0040 (33) 

0*0080 (33) 
-0.0022 (29) 

0.0057 (26) 
-0.0029 (30) 

0.0157 (45) 
0.0 (1) 
0.0 (5) 
0.0 ( 5 )  
0.0 (5) 
0.0 (5) 
0.0 (8) 
0-0 (8) 
0.0 (8) 

2 u23 
-0.0190 (26) 
-0.0285 (26) 

0.0094 (21) 
0-0125 (29) 
0.0082 (27) 
0.0084 (27) 
0.0127 (34) 

-0.0036 (36) 
-0.0164 (34) 
-0.0030 (30) 

0-0078 (27) 
0-0057 (32) 

-0-0199 (43) 
0.0 (1) 

0.0 (5) 
0.0 (5) 
0.0 (5) 

0.0 (6)  

0.0 (8) 
0.0 (8) 
0.0 (8) 

2 u13 
0.0416 (25) 
0-0253 (24) 
0.0136 (19) 
0-0040 (25) 
0-0032 (25) 
0.0020 (26) 
0.0119 (32) 
0-0058 (35) 
0.0124 (33) 
0.0128 (28) 
0-0027 (26) 
0-0112 (27) 
0.0236 (38) 
0.023 (99) 
0.008 (50) 
0-008 (50) 
0.008 (50) 
0.008 (50) 
0.015 (75) 
0.015 (75) 
0.015 (75) 

4 U. Arndt and D. C. Phillips, Acta Cryst.. 1961,14, 807. 
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6038 Wheatley: The Crystal and 
TABLE 3. 

h k f  Fo Fc A h A F O  Fc A FC Fo A 
-26 
55 

-32 -1 

0 0 9-d 
b O B  
8 0 6  
8 0 4  
8 0 2. 
5 0 0  
8 0 -2 

0 0 -6 
ti 0 -8 
8 0 -10 
6 0 -12 
8 0 -14 
9 0 12 
9 0 10 

9 0 4  
9 0 2  

9 0 -4 
9 0 -6 
9 0 -8 
9 0 -10 
10 0 

10 0 4 
10 0 2 
10 0 0 
10 0 -2 
10 0 -4 
10 0 -6 
10 0 -6 
10 0 -10 
1 1  0 

11 0 4 
11 0 2 
11 0 0 
11 0 -2 
11 0 -4 
11 0 -6 
11 0 -0 
11 0 -10 
12 0 8 
12 0 6 
12 0 4 
12 0 2 
12 0 0 
12 0 -2 
12 0 -4 
12 o -6 
12 0 -8 
12 0 -10 
13 0 4 
13 0 2 
13 0 0 
13 0 -2 
13 0 -4 
13 0 -6 
14 0 4 
14 0 2 
14 0 0 
14 0 -2 

a o -4 

; : :  
; : -: 

10 0 t 

11 0 2 

-84 1 
-11 1 
21 1 
71 1 
-28 
106 4 
131 1 
25 1 
17 1 
-56 1 
-230 1 
-109 1 
146 1 

-170 -68 2 
-58 2 
'144 2 
-2 2 
39 2 
15 2 
5 2  
67 2 
-7 2 

-11 2 
47 2 
-8 2 
-55 2 
-105 2 
-114 2 
-67 2 
-19 2 
44 2 

-26 2 
-10 

:73 2 
-11 2 

-3 1 
-6 $ 

-58 22 

224 : 

U 

0 
0 
0 
0 
0 
0 
1 
1 
1 

0 i d  
0 12 
0 10 
0 8  
0 6  

-285 
125 

-259 
66 

-721 
-2585 
-621 
-1 41 
10804 
156 
-216 

-1 135 
-2470 
-2519 
-251 

-1 62 1 
3628 
3151 
-3164 
-23 7 
1991 
142d 
204 
-98 

-1 45 
1263 
666 
142 

2506 
-6650 
-4605 
3913 
-3723 
-942 
-1218 
-1942 
-317 
-256 
-160 

-1727 
-31 12 
2903 
2573 
25b6 
-41 

-1834 
118 

2:; 

1 -2 
1 -3 
1 -4 
1 -5 
1 -6 
1 -7 
I -8 
1 -9 
1 -10 
1 -11 
1 -12 
1 -13 
1 -14 
1 -15 
1 14 
1 13 
1 12 
1 11 

'f 
1 = 7  
1 6  
1 5  
1 4  

1 1  
1 0  
1 -1 
1 -2 
1 -3 
1 -4 

1 -7 
1 -8 
1 -9 
1 -10 
1 -11 
1 -12 

1 14 
1 13 
't 12 
1 11 
1 10 
1 9  

: ?  

; 3 

i -13 

; 'i 
; 5 4  
1 3  
1 2  
1 1  
1 0  
1 -1 
1 -2 
1 -3 
1 -4 
1 -5 
1 -6 
1 -7 
1 -8 
1 -5 
1 -10 
1 -11 
1 -12 

1 12 
1 11 
1 10 

1 -13 

; 2  ; : i  
: ? I  
1 3  
1 2  
1 1  
1 0  
1 -1 
1 -2 
1 -3 
1 -4 
1 -5 
1 -6 
1 -7 

1 -9 
1 -10 
1 -11 
1 -12 
1 -13 
1 12 
1 1 1  
1 10 

i -a 

; :  ; z  
: ? l  
1 3  
1 2  

-1330 
2502 
461 

-2371 
1114 

-2 90 4 
1 b5 

-110 

-1270 
2438 
495 

-23b2 

-3 B 
64 

-3 4 
11 
126 
-166 
13 
61 
43 

-43 
-73 
-3 6 
-49 
43 
16 

-65 
-1 5 
37 

-152 
56 
.76 
-46 
91 

-1 43 
-13 
365 
-209 
-7 
135 

58 
16 
69 

-165 
17 

-19 

-56 
-30 
-5 4 
-9 
52 

-1 50 
23 
-20 

-1 5 
26 
54 
67 
133 
117 
-180 

-34; 

2 

67 

- -  
-7?3 
-25~2 
-597 
-32 4 
9561 
2 49 

36 466 
-2738 
112 

0 4  
0 2  
0 14 

-153 
-1243 

43 
-1 36 
33 
-96 
-54 
-22 

-61 
-153 

170 168 
-191 -203 -160 -118 

-43 
119 
65 ias 

.77 
284 
-355 
: 75 
576 
,714 

-3120 
5374 
-4211 
7653 
2841 
2840 
2655 
-1510 
2539 

222 264; 

0 12 
.o 10 
0 8  
0 6  
0 4  
0 2  
0 0  
0 -2 
0 -4 
0 -6 
0 -8 
0 -10 
0 -12 
0 -14 
0 12 
0 10 
0 0  
0 6  

-354 
-1096 
-256d 
-2578 
-319 
-16bl 
3517 
3242 
-3033 
-27Y 
1521 
1467 

88 
- 9  1; 
1224 
611 
0 

2654 
-6 04 
-4231 
402 3 
-3897 
-1000 

1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
2 
2 
2 

L 

-60 
a3 
91 
131 
-42 
-10 
33 

-116 

0 
135 

174 
114 
132 

-259 
151 
530 
805 

-3263 
5361 
-8846 
7444 
2834 
2975 
2753 

-1 494 
2626 
-2422 -2257 
1322 1305 
-1386 -1367 
-742 -760 
552 641 
S13 b63 
1264 1294 

405 353 o 150 
365 342 

-620 -600 
964 933 
-792 -835 
1208 1223 
312 286 
-515 -569 
-499 -566 

0 -133 
554 437 

-5101 -4513 
4017 3970 
-8607 -9133 
-2927 -2884 
-3931 -3659 
-3749 -3590 
-2866 -2685 
1008 980 

-1084 -1070 
211 246 

1459 1461 
533 903 
1464 1411 

23: 23; 
0 -76 

297 Sr;: 

;:; ?% 

z; 24% 
;:; 94:: 
1769 696 

-1302 -1160 

-4340 1060 -4159 1005 
-268 -447 
-2524 -2843 

- 7 1  -134 
-459 -531 

-1050 -1116 
2640 2670 

263 290 
-1l4d -983 
1116 1155 . -632 -518 
-662 -705 
-1142 -1132 
-1929 -1330 
-446 -451 
-244 -23; 
93 270 

-278 b5O -56 503 
-617 r>23 
266 345 

,607 'l?; 
-514 -456 
-r59 -532 
-3336 -3317 
-3157 -3155 
-1032 -364 

-74 
145 
-3 9 
-55 

-1 42 
1.448 
146 
-22 
110 

-1 74 
-58 

76 
31 
-53 

-1 2 
-156 
-5 0 
26 
71 
85 

-i62 
-5d 
11 
4-2 8 
11 
119 
-174 
-50 - 42 
112 
-59 
210 
-91 
-37 
-235 
-1 5 
-89 
103 
57 
110 
122 
0 

* 71 
24 
-17 
-104 
-6 9 
-55 
116 
81 
-1 

-1 1 
-1 1 

3: 

2 
2 

2 

2 
2 
2 
2 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

L 

z 
a 

0 4  
0 2  
0 0  
0 -2 
0 -4 
0 -6 
0 -6 
0 -10 
0 -12 
0 -14 
0 12 
0 10 
O G  
0 6  
0 4  
0 2  

-1163 
-1940 
-301 

-266 
325 
815 

-1883 
-3222 

-225 

2934 0 2  
-7 3 

-167 7 
0 0  
0 -2 
0 -4 
0 -6 
0 -8 
0 -10 
0 -12 
0 -14 

2624 
2671 
-203 

-1 b52 
169 
7Oi 
6 46 
321 
271 
1144 
1311 

. -p 
35 202 

0 12 
0 10 : :  
0 4  
0 2  

445 

-180 

1194 
1413 
-3 45 

-216 
-4057 
-1694 
-4058 
-la07 
4165 
2759 
5 43 
229 
.14 

-121 
-72 4 
308 

-1156 
-1 as5 
-1045 
-996 
1780 
820 

1115 
1887 
113 

-200 
-277 

-1600 
-2514 
-1 450 
-1764 
-1119 
53s 

-2330 
-2200 

599 
' 720 
41 3 
355 
956 
547 -1376 

;El 

4 
4 
4 
4 
4 
4 
4 
A 
4 
4 
a 
5 
5 

5 
5 
3 
5 
5 
5 
5 
5 
5 

; 

5 
6 
6 
6 

6 
6 
6 
6 
6 

. 7  
'7 
.-I 

7 
7 
7 
7 
7 
7 
7 

.7 
7 

-233 
-839 

0 
0 0  
0 -2 
0 -4 
0 -6 

0 -10 
0 -12 
0 -14 
0 12 
0 10 

0 4  
0 2  
0 0  
0 -2 
0 -4 
0 -6 
0 -6 
0 -10 
0 -12 
0 -14 
0 12 
0 10 

0 4  
0 2  
0 0  
0 -2 
0 -4 
0 -6 
0 -8 

o -a 

: :  

: 6 "  

-41 48 
-1731 
-4253 
-1 822 
4056 
2862 

53; 
-43 
-32 
-155 
-181 
28 

6 40 
334 
156 

-121 
-653 
332 

-1215 

-1 4 
-35 
-1 3 
17 -2 

14 0 -4 
14 0 -6 
15 0 4 
15 Q 2 
15 0 0 

16 0 0 
16 0 -2 
16 0 -4 
0 1 15 
0 1 14 
0 1 13 
0 1 12 
0 1 11 
0 1 10 
0 1 5  
0 1  

;g : r', 

2 ; :  
2 : :  
0 1 3  
0 1 2  
0 1 1  
1 1 15 
7 1 14 
1 1 13 
1 1 12 
1 1 11 
1 1 70 
1 1 9  : ; .i 
1 1 5  

30 

55 
-59 
* 76 
-64 
-78 

-1569 
-1114 
-1051 
1696 
901 
1114 
1 a76 
162 

-213 
-33 4 

0 

-44 '1. 

-119 4 
-132 4 
-81 4 
27 4 
-49 4 

115 
29 : 

-28 A 

5: 
13 

-1 42 
: 75 

-181 
I59 
-2 5 
57 

a 72 

7: 
-2 7 

'73 
-5 7 
-115 44 4 

29 4 
83 
'128 : 
-48 

-36 4 
10 4 

9' 4 

40 

-150 4 

80 a 

-114 
-1 3 -1811 

-2459 
-1605 
'1134 
-2025 
3 40 

-2358 
-22 62 
1009 

70 2 
40 6 
310 
939 
385 

-1 32 5 
-1309 

40 4 
43 43 
1695 

-1308 
-51 3 

-1622 
-787 
193 
-51 1 
523 

1 5  
-155 
30 

-306 
-198 
-2 8 
-62 

-7 
-45 
-17 

-:: 
-165 
-3 9 
-114 
43 

-1 0 
1 

0 -10 
0 -12 
0 -14 
0 12 
0 10 

0 4  
0 2  

: :  5 
-13 

-1 83 
-220 
-13 
46 

-74 
127 
94 

-58 
-77 
-1 3 
-2 

-124 

-1 62 
51 
-9 
112 
82 
116 

-102 

-1300 
252 
4261 
1779 

-1206 

0 0  
0 -2 
0 -4 
o -6 
0 -E 
0 -10 
0 -12 

1 1 2  
1 1 3  
1 1 2  

-441 
-1660 
-774 
243 

-22 
38 

-1 3 
-56 
-5 

-1 1 

1 1 1  
1 1 0  
1 1 -1 

0 -14 
0 12 

-506 
5: 4 
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L 

/r 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 

6 
6 
6 
6 

6 

6 

6 

6 

6 

6 
6 
6 
6 

6 

1 
7 
7 
1 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

7 
7 
7 
7 
7 
7 
7 
7 
7 

: 

z 
8 
8 
11 
b 
8 
8 
5 
8 
0 
0 
0 

8 
G 
8 
b 
8 
B 
b 
8 
c 
a 
lj 

5; 
9 
3 
5 

9 
5 
9 

9 
5 
5 
5 

0 

; 

r19641 

k 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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125 
1775 1759 

954 9a3 

-566 -522 
-694 -b38 
-263 -297 

* 72 72 
-1769 -1648 
-1814 -16 1 
-211Y -2Oz9 

1336 1195 
-1198 -1173 
2307 2342 
-102 -115 
1292 1247 
121 221 
480 479 

-258 -150 
245 218 
391 435 

-193 -7 
0 101 

-339 -326 

-823 -704 -768 -645 

362 384 

'1494 1487 

-r7 -?52 

-1443 '1415 
-65 -116 

-237 -326 
874 830 

-313 -307 
10136 1120 
2887 2627 

-41 -81 
4051 3354 
994 364 
326 442 

1600 1503 
-476 -3t5 

-51 -131 
-227 -184 

0 -75 
* l o o  8771  
-862 -b3d 

0 
-527 
-3 46 

0 
-2 16 
-310 
-1007 
-1583 
-2007 

-888 
276 

-393 
1135 
-223 
-422 
969 
-41 

-3m 
-1331 

674 -764 
1932 
b96 

-573 
673 

1 3  

15 
108 

16 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
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261 40 

42 
16 

-64 
- 8  

53 
-1 
20 

151 

-a5 

-47b 
49 4 
8 42 

24 
-28 

31 
-36 
-60 

10 
26 

10 
286 

251 
-352 
1749 -2 

169 
68 

-78 

36 
1327 
670 

1135 
171 
919 

-1938 . 
-2338 
-2543 

-673 

-804 
2721 

118 
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-214 
3 
1 

20 
-46 
-2 ti 

82 

30 
47 

-111 
35 

115 
-1 6 
-3 4 

-2 
-12 
-46 
i 19 
-3 2 
-80 

2 

-155 
-85 

-124 
-1 87 
-48 

-2 1 
-1 5 

37 
126 
-1 1 
23 

-Y2 
146 

51 
-140 

-36 

-125 
16 

-2 4 
.7 -4d 

5! 

-1;: 

0 
-496 -3 

30 
65 

-122, 

0 
4 74 

-205 
0 

-391 

2 -1812 
1 -1437 

-1225 
-621 
-974 
1010 

'1350 
1115 

0 

-2; 

3 -835 

-90 i 
497 

2292 -5 9 
-153 

-5 a 
2 
2 
2. 

1200 
1300 

99 
-371 
-565 

-85 
-76 
-48 
-$7  

-1 3 
12 
11 
10 : 

2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
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2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 

2 
2 
2 

2 

2 
2 
2 
a 
2 
2 
2 

2 
2 
2 
2 
2 
3 
3 

3 
3 
3 
3 

3 
3 
3 

3 

1 
1 
1 

0 
-1 
-2 
-3 
-4 
-5 
-6 
'7 0 
-8 423 
-9 .  213 

-10 97 
-I1 -205 

30 7 i ;i: 
54 

;74 
-2 4 

-2 44 
-1 46 
-264 

ji 
-68 
-82 

1 
1 10 

10 
10 
10 
10 
10 

'2 
54 
3 
1 
0 

-1 
-2 
-3 
-4 

-7 -8 
-9 

-10 
-1 1 
-12 
-13 

12 
11 
10 
9 

:z 

~- 
a 14 1 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3. 
3 
3 
3 
3 
3 
34 

-35 
-2 7 
-73 
29 
83 

26 
-134 

5 
46 
38 

-326 
2 

181 
6 

10 
8 

$ 7  
6 
5 

3 

10 
10 
10 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
.ll 
11 
11 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

5 3  
-1 60 
218 

85 
31 

101 

4 
34  

-121 
-1 43 

5?l 
0 

-1 
62 

-3 9 
12 

-15 
-13 

-187 
800 

-369 
-304 

-1100 
-9 83 
-529 
-2 42 

483 
-960 
2 83 

-132 

343 
'15: 
52 
' 73 
-2 6 

1 
0 

-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 

-10 
-11 
-12 
-1 3 

12 
11 
10 

9, 

3 
1 -50 

1 4 1  
-2 5 
-35 

13 
45 

-1 00 
1 

-108 
27 

-44 
-186 
-101 

0 
-1 
-2 
-3 
-4 -5 

2 

-7 -8 
-9 

6 

55 
-89 
137 

-165 
-3 8 

32 
-98. 

-44 
-2 3 

0 
0 

385 
13; 

82 
2 6. 

'75 
-3 9 

5;: 
14  
-9 -d7 I 

j 
1 
0 

-1 
-2 
-3 
-4 

156 

0 

2 49 
625 
2 90 

-3 41 

374 - 5 i  
-?3 

7 
147 

49 

34: 
- i 3  
-55 
-59 
-2 h 

51 
91 
a4 
-6 

3 
1 62 

58 

8 16 
-44 

- 3 i  
238 
102 
23 
35 
-9 
06 

0 
-1 
-2 
-3 
-4 
-5 
-6 
-7 -8 

-9 
4 
3 
1 
0 

-1 
-2 
-3 
-4 
-5 
-6 
-7 
1 
0 

-1 
-2 
-3 
-4 
-5 
15 
14 
13 
12 
11 
10 
9 

' 7  

5 
3 

'2 : 
.3 

1 
0 

-1 

-221 
340 

-318 
499 
42 1 

-2 6 
27 

-44 
121 
52 

-60 
-2 5 
18 

-34 
260 

40 0 
3 92 
348 

174 

a 3 1  
107 
24 
64 

-30 
-56 
8 75 
27 

-168 

15; 

57 
30 

-44 
177 -9 1 

-7 
-8 
-9 

-10 
-1 1 
-12 
-13 

10 

9s 

-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 

-10 
-1 I 
-12 
-13 

12 
11 
10 

2 
'67 

54 
3 
0 

-1 
-2 
-3 
-4 
-5 
-6 
-7 -8 
-a 

-10 

13 
13 
13 
13 
13 
13 
13 
13 
13 
13 

0 
481 8 

-60 
.75 
-20 
58 

-1 72 
139 

Eld 
-43 

75 
-71 
.-24 

116 

-10: 

-123 
'1: 

-79 

-64 

21  
-3 

-274 
-135 
- 4 7  
-271 

93 

474 -415 
205 

-102 
-97 

200 
-405 
2 49 
0 
0 

8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  

165 
-535 
-462 

r 79 
z 
54 
3 

-117 
90 
-8 

-44 
19 

-62 
46 

-58 
117 
-1 7 -6 1 
'4 1 
-77 -114 
-50 
30 

-33 
-75 -44 
66 
-6 

-3 4 
-56 
120 
-9 1 
40 

-61 

13 
13 
1 4  
1 4  
14 
1 4  
1 4  
14 
1 4  
14 

9 
25 

-30 
62 

-247 

-1 69 
-301 
-943 

'1511 
-2006 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
a 

1 
0 

-1 
-2 
-3 
-4 
-5 
-6 
-7 -8 

-9 
-1 0 
-1 1 
-12 
-13 

10 
9 

i 

-40 
53 

-48 
11 

-5 7 
% 

._ 
-909 
279 

-356 
1063 
-1 42 

-35 
66 

-81 
-2 7 
93 
-6 
28 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
683 

-217 
530 -3 48 
45 7 
215 

135 
189 

1539 

2;; 
qz 

8 2  

a 2  
8 2  
8 2  
8 2  

n 2  
-395 

876 
-35 46 

-60 
-9 
32 

-52 
69 

166 
-55 

57 
-5 7 
-3 8 

-416 
-1 320 

666 
-6a8 
1907 
917 

-1 73 
13d4 

_. 
-61 

8 2  
8 2  
9 2  
Y 2  
9 2  
9 2  
9 2  

-76 
25 

-2 1 
.76 
-3 6 
126 - 
-73 

0 
0 
0 

- i i o i  
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TABLE 3-continued. 
A h k f  Fo Fc A h k f  EC A FO h h /  

-4 
-60 

14 
-6 

113 
63 

167 

-108 
-2 0 
24 

;; 

9 3 2  271 
189 

-296 

269 
,166 
-230 

-1121 
-1106 

-71 4 
-133 

325 
-707 

256 
-476 
-125 

377 
-77 
101 
116 

296 

234 
503 
-31 

-1793 
797 

-1 383 
62 9 

-1 16 

-2; 
2;; 

5% 

- f8  
2 3  
-6 

7 4 -6 
I 4 -7  
1 4 -8 
1 4 -9 
1 4 -10 
1 4 -11 
1 4 -12 
1 4 -13 
2' 4 12 
2 4 11 
2 4 10 
2 4 9  
2 4 8  
2 4 7  
2 4 6  
2 4 5  
2 4 4  
2 4  

2 4 1  
2 4 0  

2 4 3 2  

1458 
-651 

567 
330 
430 
146 
62 5 

-219 

0 

1539 
-719 

633 
389 
505 
.76 
593 

-265 
56 

-el 
68 

-64 
-51 
-75 
120 

-56 
-90 
134 

-151 
46 
-4 

$26 

58:: 
11 

-111 
-60 
-1 4 
-66 
-45 
131 

35 
-1 6 

22 
-44 
-55 
-43 

-5 7 
6 1  

6 
-65 

85 

-742 

I 7: 

4 3 -11 
0 3 -12 
4 3 -13 

11 
5 ; 12 

-467 
-162 
-216 
-1 7.2 
231 4s 4 
208 

-114 
132 

-114 

-463 
-102 
-315 
-166 

116 
42 6 

41 
-194 

43 
-66 

20 
978 
313 -804 

3 3 1  
9 3 0  
9 3 -1 
9 3 -2 
9 3 -3 
Y 3 -4 
9 3 -5 
9 3 -6 
Y 3 -7 
9 3 -8 
9 3 -9 
9 3 -10~ 
4 3 -11 

10 3 
;: ; i :oo 3 5s 

-1112 
-1085 

-717 
-335 

256 
-695 

140 
-457 
-129 

40 0 
-190 

130. 
213 
46 5 

-31 2 
231 
225 

470 

-1 760 
875 

-1 326 
647 

-193 
542 

491 
670 

-3 72 
-374 
-30 1 

0 
0 
0 

-125 

0 
260 

78: 

-32 i 

5 
2 1  
-3 

-136 
-69 
12 

-108 90 

-15; -?: 
-1905 -501 -1901 -627 

-15127 -19b5 
-955 -1035 

- lob9 -1100 
1842 15153 
-789 -729 

596 610 
-180 -114 

-1354 -1309 
-1040 1169 -1125 1058 

256 221 
-374 -350 

329 307 
253 297 

0 55 
302 345 

-310 -274 
-304 -350 
-141 -134 

0 -61 
'743 -751 

524 583 
-1070 '1140 

490 497 
-141 1 '1442 

731 608 
1004 1016 

894 922 
118 2 
470 462 

1523 1510 
-407 -400 

616 651 
0 250 

449 512 
217 233 
796 836 

-304 -406 
-375 -378 
-356 -322 

43 
-50 
463 

-190 
717 

-1240 
-170 

106 
2 40 
716 

-1 63 
101 
259 
987 

1135 
106 
42 5 

:I25 
3 49 
442 
132 
239 

57 
50 
3 1  

-227 
-420 
-406 
-672 
-119 
-658 
1232 

580 
517 

1097 
-1613 

81 0 

$2 "; 

27: -:;; 

-2 1 
-4 
31 

-121 
37 
57 

-53 
-45 
-65 

83 
29 

0 
1002 

376 
-503 
-2 96 

557 
-1516 

1903 
-927 
1444 
213 
732 

-448 
-430 
-401 
-750 
-415 

97 
-1 74 

135 

196 
-1152 

2012 
-986 
1360 

696 
978 

2003 
1100 
3100 

-1111 
1002 
-264 

A:;, 

3 
-93 
-1 b 

16 
-36 
232 
-9 1 
122 
-13 

27 
-22 

66 
80 
5 

56 
-124 

-2 78  
539 

-1078 
i 6 j i  
-036 
1322 

226 

TZ 
:oo 3 2 
10 3 1 
10 3 0 
10 3 -1 
10 3 -2 
10 3 -3 
10 3 -4 

5 j . - 5  
5 3 -6 
5 3 -7 
5 3 -8 

i: 3 -;ay 
; 3 

-11 
3 -1; 

-70 
-33 

3 1  
33 
70 

% 

2 4 -1 
2 4 -2 
2 4 -3 -51 4 

-510 
-410 
-01 4 
-291 

2 4 -4 
2 4 -5 

4 -6 
2 4 -7 
2 4 .-8 
2 4 -9 
2 4 -10 
2 4 -11 

4 11 
; 4 12 

10 3 -5 
10 3 -6 
10 3 -7 
10 3 -8 
10 

10 3 -11 
11 3 

11 3 5 

10 ; -2 
:: 3 i 

-17 
34 -2 6 

101 
-85 
124 
-45 
972 

-1 1 49 
1074 

-2800 

1368 
565 

1018 
2075 
1139 
3066 

-1023 
961 

-1 92 
101 
42 0 
-42 

-467 
- 1 l Y  
-423 

-16 

"973,: 

-4 
-89 

7 1  
45 2 4  

462 
615 

-208 
-31 5 -208 

43 
-73 

49 
-180 
-369 

38 
195 
176 -418 

29 
55 

-164 
-59 
-1 3 - 43 
'813 
-49 

-38 
65 

15 64 

54: 
-1 74 

-3 
23 

-60 
3 4 10 z : :  
3 : 2  : : z  
3 4 3  
3 4 2  
3 4 1  
3 4 0  
3 4 -1 
3 4 -2 
3 4 -3 
3 4 -4 
3 4 -5 
3 4 -6 < 9 :; 

3 i  
'40 
101 
-77 

68 
-2 B 
116 

5 

-35 
-258 

-63 
-16 
-3 6 
102 

-3 4 
58 

155 
45 -68 

6 3  6 3 :  

6 3  
6 3 0  
6 3 -1 
6 3 -2 
6 3 -3 
6 3 -4 

6 3 -7 
6 3 -8 
6 3 -9 

6 3 -11 

7 3 10 
7 3 9  

2 ; 12 

: 3 1:: 

$ 3 5 4  

.6 3 -10 

5 ; ;  
7 3 3  
7 3 2  
7 3 1  
7 3 0  
7 3 -1 
7 3 -2 
7 3 -3 
7 3 -4 
7 3 -5 
7 3 -6 
7 3 -7 
7 3 -0 
7 3 -9 
7 3 -10 
7 3 -11 
8 3 10 

11 3 4 
11 3 3 
11 3 2 
11 
11 37 0 

42 
-00 

41 
-72 

40 
-90 

-3 9 
11 3 -1 
11 3 -2 
11 3 -3 
11 3 -4 
11 3 -5 
11 3 -6 
11 
11 3 2 

0 
-416 

392 317 
-470 -534 

761 770 
442 470 
400 300 
193 138 
0 -3 

227 104 
-201 -303 

487 400 
-132 -215 

1 2  3 1 -185 -121 
1 2  3 0 260 345 
1 2  3 -1 -750 -771 
12 3 -2 520 510 
12 3 -3 -490 -445 
12 3 -4 -450 -478 
12 3 -5 445 443 
12 3 -6 -361 -366 
12 3 -7 -219 -72 
13 3 4 97 56 

245 149 
221 238 
167 98 

30; 3:; 
836 

-526 
260 

-263 
-296 
-207 

375 
-114 

0 
0 

367 
909 

1913 
1307 

878 
970 

-407. 
-1 32 

261 
0 

12 5 2 -53 -21 

141 
330 

-177 
-41 7 
-03 

-369 

-135 
50 
36 5; 

43 
22 
7 

83 
-72 -64 

11 5 -9 
12 3 6 

1 2  
1 2  

3 !j 
12 : 3 

22 
169 

3 4 -9 
3 4 -10 
3 4 -11 

304 
-93 

-331 
121 

135 
-49 

-454 
150 

-161 
-509 

6b- 
130 

-44 
123 
-2 Y 
161 
-2 0 
-2 9 
164 
-3 8 

-8 
-5 

-5 1 
2 1  
13 

-6 ; 
45 -00 

-3 8 
-10 
11 

4 4 12 
4 4 11 
4 4 10 
4 4 9  
4 4 8  : : z  
4 4 2  
4 4  

4 4 3  
4. 4 2 
4 4 1  
4 4 0  
4 4 -1 
4 4 -2 
4 4 -3 
4 4 -4 
4 A -5 
4 4 -6 
4 4 -7 
4 4 -8 
4 4 -9 
4 4 -10 
4 4 -11 

55 : :: 

-85 
13 

86 
-110 

718 

97 
233 
780 

185 
2 40 
979 

1056 
130 
45 1 
-65 
321 
447 
145 
153 
2 45 

5 4 9 -286 
5 4  -377 

5 4  

45; 

-2;;; 

5 A 10 0 

5 4 1 510 
5 4 0 1052 
5 4 -1 -1549 
5 4 -2 876 
5 4 -3 -1565 -1622 
5 4 -4 562 1015 

5 4 -7 570 726 
5 4 -a -172 -227 
5 4 -9 443 521 
5 4 -10 274 

6 4 5 -177 
6 4 b -427 

2 44 12 1;:; 12;: 

5 -4; 34; 

0 

302 
430 
264 

-735 
- 4  70 

-1 430 
235 

-1339 
' 740 
-167 

574 
1083 

83 8 
471 

138 
93 

798 
-657 

675 
159 

3 62 
-312 

-2067 
-1950 
-2000 

-052 
-072 

895 
-460 

42 7 
233 
43 7 

20 7 
-93 

316 
-231 

174 
208 

254 

-53 

4 1 9  

17; 

-4a3 

-7 
190 

1 
-45 
20 
2 
5 

4 47 

3 
-4Y 

-9 
- 4; 
96 

-1 7 
6 9  

-43 
-12 

-7 
64 

163 

-1 9 

302 
-'13 43 

703 
-79 
612 

13 3 1 
13 3 0 
13 3 -1 
13 3 -2 
13 3 -3 
13 3 -4 

0 4 1 2  
0 4 11 
0 4 10 

34 3 

: : :  
" o l  
0 0 : 5  o o : ;  
0 4 1  
1 4 12 
1 A 11 
1 4 10 
1 4 9  
1 4 6  

? ' : ; I  
i 4 5 - ia5 
1 4  

1 4 3 1638 
1 4 2 -3103 
1 4 1 2473 
1 4 0 -254 
1 4 -1 1313 
1 4 -2 633 
1 4 -3 434 
1 4 -4 
I 4 -5 

-8 
-39 

32 
2 6  
60 

-28 

81 1 
-496 

30 4 
-159 
-105 
-206 

40 6 
-35 
-3 1 
-66 
361 

1039 
2065 
1400 
9 46 
965 

-520 
-207 

206 
121 

-1081 -1108 
-381 -404 

-2204 -2256 
-354 -433 
-312 -358 

-836 
1789 

-3036 
2539 
-274 
1289 

6 40 
420 
139 

-21 7 

2 5  
-30 
-44 

1101 
02 7 
4 i 6  
219 
117 

-1 i 
-219 

21 
49 

-1 1 

-104 
-111 

-1 
-31 
-79 
3 1  
66 

-50 
-152 
7101 

-68 

1; 
-06 
108 
-50. 

44 
809 

-672 
' 8  704 

0 

15 
-2 9 
159 
-1 9 
-1 7 
-74 -40 

47 
137 

36 
-70. 
-30 
-30 

-200 
-30 

-375 
154 

35 -68 
23 

441 
-51 
110 
-63 

-? 53 

-37 
-59 

51  
50 
27. 

119 
-20 

15 
-1 9 
-59 
-45 

64 
66 

19 
379 -238 

-2019 
-1997 
-2137 

-855 
-900 
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Molecular Structure of Aspirin. 6043 
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TABLE 3-continued. 
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fourteen peaks within 2.8 A of the origin due to the salicylic acid residue 5 were resolved and identi- 
fied. This gave the orientation of the molecule. It was then assumed that the molecules would be 
linked into dimers across centres of symmetry by hydrogen bonds of length 2-65 A. This assump- 
tion, which proved to be justified, yielded positions for ten of the thirteen heavier atoms, and the 
chosen co-ordinates gave R = 45% for the 182 h02 reflexions. A Fourier synthesis with the h02 
phased structure factors showed plausible positions for the three heavier atoms of the acetyl 
group, and this projection was then rapidly refined to R = 15% by Fourier and difference syn- 
theses. The y co-ordinates could be chosen from a model of the molecule, and immediately gave 
satisfactory agreement for the 300 planes with sin 0/h < 0.35. The structure was then refined by 
a least-squares procedure which uses the block diagonal approximation. At first only the nine 
carbon and four oxygen atoms were included until R for the 2055 planes fell to 13.3% and 
I?'[ = C w(lFol - C Z L J ~ F ~ ~ ~ ]  to 1.33%. A three-dimensional difference map was then cal- 
culated with the 300 low-order planes and yielded positions for all eight hydrogen atoms, though 
the hydrogen atom involved in the hydrogen bond was a low peak showing considerable elongation 
towards the oxygen atoms with which it interacts. The hydrogen atoms were included in the 
refinement until R finally dropped to 10.6% and R' to 0.75%. Refinement was concluded when 
the maximum value of A/o for a co-ordinate of a hydrogen atom had fallen to 0.3. By this time the 
heavier atoms had stopped moving completely. Constant weights were used, as we have found 
them more satisfactory for diffractometer intensities than a Cruickshank weighting scheme, which 
was devised for photographic intensities.6 In all twenty-one three-dimensional least-squares 
refinement cycles were performed. 

The least-squares programme necessarily refines the hydrogen atoms with anisotropic thermal 
factors if  the heavier atoms are SO refined. As might be expected, the thermal factors of the hydro- 
gen atoms were often meaningless, merely reflecting the inadequacy of the data. Consequently 
a final set of structure factors was calculated with anisotropic thermal factors for the carbon and 
oxygen atoms, and mean isotropic thermal factors for the three different types of hydrogen atoms, 
The final value of R was 10.8%. The scattering factors were taken from International Tables. All 

5 H. Lipson and W. Cochran, "The Determination of Crystal Structures," 1953, G. Bell and Sons 
Ltd., London, p. 189. 

6 D. W. J. Cruickshankst al., "Computing Methods and the Phase Problem inX-ray Crystal Analysis," 
1961, Pergamon Press, London, p. 45. 
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k 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
All 

TABLE 4. 

Analysis of observed and calculated structure factors as a function of the index of the 
layer line. All figures are on an absolute scale. 

W o l  
1957.35 
2843.60 
2474-82 
1890.09 
1327.80 
921.21 
711.04 
418.06 
163.78 

15-00 
12722.75 

c IFc I 
1959.25 
2868.88 
2400-10 
1873.04 
1405.83 
988.13 
649.85 
407.14 
157.69 
20.55 

12730.46 

Cl AI 
142.02 
229.90 
221.04 
179.53 
165.09 
154.60 
132.69 
91-04 
48-87 
8-19 

1372.97 

N 
182 
332 
328 
304 
269 
231 
181 
140 
73 
15 

2055 

R 
0.073 
0-081 
0.089 
0.095 
0.124 
0.168 
0-187 
0-218 
0.298 
0.546 
0.108 

m I / N  
0.780 
0-693 
0.674 
0.591 
0.614 
0.669 
0.733 
0-650 
0.670 
0.546 
0.668 

calculations were carried out on an Elliott 803 computer with the programmes of Daly, Stephens, 
and Wheatley.7 

Results.-The final atomic co-ordinates are given in Table 1, and the final thermal parameters 
in Table 2. Table 3 gives the observed and calculated structure factors obtained from the para- 
meters given in Tables 1 and 2. In  Table 4 an analysis is given of the structure factors in terms of 
the index of the layer. It will be seen that, although R increases substantially at higher equi- 
inclination angles, the absolute error in a structure factor remains approximately constant 
throughout. 

TABLE 5. 
Analysis of observed and calculated structure factors as a function of the magnitude of 

the observed structure factors. All figures are on an absolute scale. 

Range of JFol 
0 

0.0- 5.0 
5.0- 10.0 

lo*& 15.0 
15.0- 20.0 
20.0- 25.0 
25.0- 30.0 
30.0- 35.0 
35.0- 40.0 

45.0- 50.0 
50.0- 55.0 
55.0- 60.0 

65.0- 70.0 

75.0- 80.0 
80.0- 85.0 
85.0- 90.0 

40.0- 45.0 

60.0- 65-0 

70.0- 75-0 

9 0 . 6  95.0 
95.0-100-0 

x IF0 I 
0 

2781.64 
2880.01 
2021.92 
1260.86 
713-18 
969.72 
448.23 
228.22 
416.57 
188.48 
210-60 
57.02 
61.23 
67.04 

147.89 
- 
- 

175.43 

95-61 
- 

W C l  

241-58 
2637.72 
2885.18 
2004.49 
1237.35 
705-90 
938.46 
440.28 
219.30 
404.03 
189.67 
200-82 

54.94 
58.05 
68-50 

152.66 
- 
- 

183.49 

108.04 
- 

Wl 
241.58 
616.60 
212.61 
94.39 
63.31 
21.72 
37.44 
12.39 
8-92 

14-32 
6-77 

10.04 
2-08 
3-18 
1.46 
4.77 
- 
- 
8-96 

12-43 
- 

N 
267 

1032 
405 
166 
72 
32 
35 
14 
6 

10 
4 
4 
1 
1 
1 
2 
- 
- 

2 

1 
- 

R 

0.222 
0-074 
0.047 
0.050 
0.030 
0.039 
0.028 
0.039 
0.034 
0.036 
0.048 
0-036 
0.052 
0.022 
0.032 

- 

- 
- 

0-051 

0.130 
- 

ClAI/N 
0.905 
0-598 
0.525 
0.569 
0.879 
0.679 
1-070 
0.885 
1.487 
1.432 
1-693 
2-510 
2.080 
3.180 
1-460 
2-385 
- 
- 

4.480 

12.430 
- 

In  Table 5 a similar analysis is given, but in terms of the magnitudes of the observed structure 
factors. R is poor for the very weak reflexions (and, of course, infinite, for those that are accident- 
ally absent), but again, in terms of absolute errors, there is no reason to reject these weak planes. 
Indeed the evidence suggests that the twenty or thirty strongest planes should be down-weighted 
with respect to the weak planes. We feel that such satisfactory results for the weaker planes can 
be achieved with the diffractometer only if the size of the crystal or the counting time is so adjusted 
that the intensities yield structure factors that are on about absolute scale. 

The bond lengths are given in Fig. 1, which also shows the labelling of the atoms. The bond 
angles are given in Table 6. Fig. 2 shows the structure as it appears when projected down the [b] 

7 J. J. Daly, F. S. Stephens, and P. J. Wheatley, 1963, MRSA Final Report, No. 52. 
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6046 Wheatley: The Crystal and 
axis. The bond lengths are in fair agreement with those found in salicylic acid by Cochran,* 
though there are some very significant differences. The results for $he two molecules are com- 
pared in Fig. 3. There are some very definite angular distortions within the molecule, both in the 
benzene ring and the carboxyl group, but, more particularly, in the acetyl group. The benzene 

FIG. 1. Bond lengths in aspirin with their standard deviations, and the labelling of the 
atoms. 

FIG. 2. The structure of aspirin as it appears in projection down [b] .  

8 W. Cochran, Acta Cryst., 1953, 6, 260. 
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[ 19641 Molecular Structure of Aspirin. 
TABLE 6. 

Bond angles ("). Standard deviations are given as 1 

H(1)0(2)C(7) 120.7 (37) (3(3)C(8)0(4) 122-9 (3) 
0(2)C(7)0(1) 122.9 (3) 110-7 (3) 

110.0 (29) 
0(2)C(7)C(l) 118.1 (3) 

E [ ~ ~ E [ ~ ~ ~ [ ~ /  119.4 (38) 
C(8)C(9)H(9) 115.9 (44) 

$$$?[ziE[i! 124.6 (3) 
117.7 (3) 

98-7 (48) g[;]E[x]g[i] 100.9 (52) 
H(8)C(9)H(9) 108.9 (58) 

121.0 (3) C(2)C(3)H(3) 118.0 (29) ~ ~ ~ { ~ # ~ { \  115.7 (3) C(4)C(3)H(3) 122.2 (29) 

119.1 (3) 

1.411 1.371 

1.458 
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119.8 (4) 
121.6 (26) 
118.4 (26) 

120.0 (29) 
120.1 (29) 

118.5 (29) 
119.9 (29) 
121.6 (3) 

120.0 (4) 

119.9 (4) 

FIG. 3. Comparison of the bond lengths and angles in aspirin (above) and salicylic 
acid (below). 

ring has the appearance of being pulled out by the carboxyl group so that the internal angles at 
C(2) and C(6) are greater than 120°, and that at C(l)  is less. The carboxyl group is bent away from 
the acetyl group, possibly by repulsion between O(3) and 0(2) ,  so that there is a substantial 
increase in the angle C(2)C(l)C(7), and a decrease in C(6)C(l)C(7). The angle O(l)C(7)0(2) is 
greater than 120°, again suggesting repulsion between oxygen atoms. The angular distortions at  
the central atom of the acetyl group are enormous, the angles being 110.7, 122.9, and 126.4", 
instead of the expected 120'. There appears to be no simple explanation for these distortions in 
terms of intramolecular contacts. 

Except for hydrogen atoms on the methyl group, the molecule is composed of atoms lying 
approximately in two planes. The weighted least-squares equation for the plane of the four atoms 
in the acetyl group, referred to orthogonal axes a, b, and c', is 

+ 0.7512 X +  0.8577 Y - 0.0564 2' = 4.3680. 

The departures of the atoms from this plane are 0(3), + 0.0007; 0(4) ,  + 0.0009; C(8), - 0.0030; 
C(9), + 0.0011 A, none of which is significant. Thus, despite the large angular distortions within 
the plane of this group, there is no out-of-plane bending. On the other hand no satisfactory plane 
can be constructed through all ten of the heavier atoms of the salicylic acid residue. A number of 
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planes were calculated, starting first with the benzene ring, and then adding one or more of the 
remaining four atoms. As soon as any other single atom was added, the departures from the plane 
increased, and these departures grew worse as more atoms were added. There seems to be no 
question that significant out-of-plane distortions do occur in the salicylic acid residue. It was 
particularly noticeable that one af the oxygen atoms of the carboxyl group always lay above the 
plane, and the other below, leading to the conclusion that the plane of the carboxyl group was 
twisted with respect to the plane of the benzene ring. In view of these various distortions it was 
felt that the most representative plane was the one through the six carbon atoms of the benzene 
ring, the equation of which is 

+ 0.5945 X -  0.4849 Y + 0.6415 2’ = 0.0941. 

The departures of the atoms from this plane are given in Table 7. It will be seen that none of the 
carbon or hydrogen atoms of the benzene ring departs from this plane, whereas the other atoms, 

TABLE 7. 
Departure in A of the atoms of the salicylic acid residue from the plane of the benzene 

ring. 

Atom 
- 0.003 1 

- 0.0026 
- 0.0016 + 0.0034 - 0.001 1 

+ 0.0050 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 

Atom Atom 
+ 0-1016 - 0.0555 
- 0.0565 - 0.0097 

- 0.138 O(1) + 0.012 O(2) 

+ 0.009 C(7) 

H(1) 

H(4) 
H(5) 
H(6) 

H(3) + 0.019 O(3) 

- 0.021 

with the exception of C(7), do. The angle between the plane of the benzene ring and that of the 
acetyl group is 84” 45’. 

The equation of the plane through the carboxyl group is 

+ 0.6091 X - 06022 Y + 0.6139 2’ = 0.0596. 

H ( l )  departs from this plane by - 0.064 A, which is not significant. The angle between the plane 
of the benzene ring and that of the carboxyl group is 2” 2’. 

Molecules of aspirin are, as expected, dimerized by hydrogen bonds across a centre of symmetry. 
The length of each hydrogen bond is 2.645 A. The perpendicular distance between the two planes 
defined by the carboxyl groups in the dimer is 0.1 19 A, which places aspirin roughly halfway down 
the table given by Jeffrey and Sax.9 The weighted least-squares plane through the six heavier 
atoms of the eight-membered dimer ring is 

+ 0.5901 X - 0.5348 Y + 0.6084 2’ = 0. 

The departure of the atoms from this plane are 0(1) ,  f0-0089; 0 ( 2 ) ,  +0.0077; C(7), -0-0151; 
H(1), -0.013 A. Thus the eight atoms are very nearly coplanar, as would be expected from 
Robertson’s arguments.10 

All non-bonded intramolecular contacts were calculated in order to disclose any unusual features 
within the molecule. If  hydrogen atoms are excluded, the two shortest intramolecular contacts 
are 0(1)-.-0(2),  2-215; 0(3) . -**0(4) ,  2.239 A. Other distances of interest in connexion with the 
possibilityof repulsionare O(2) -.-0(3), 2.674; O(3)  .--C(9), 2.354; O(4) -.-C(9), 2.395; C(2) .-C(8), 
2.342 A. Inclusion of the hydrogen atoms results in a number of contacts of slightly less than 2 A 
between hydrogen atoms on the benzene ring and next-nearest carbon atoms, and three shorter 
contacts between hydrogen atoms on the methyl group. 

All van der Waals’s contacts up to a limit of 4 A were calculated both with and without 
hydrogen atoms. There is a large number of these distances, but no unusual features appear. If 
hydrogen atoms are excluded, the shortest contact, apart from the hydrogen bond, is 3.306 A 
between two oxygen atoms. The shortest contact between hydrogen atoms is 2.50 A. 

MONSANTO RESEARCH S.A., BINZSTRASSE, 39, 8045 ZURICH, SWITZERLAND. 
[Received, July 31st, 1964.1 

9 G. A. Jeffrey and M. Sax, Acta Cryst., 1963, 16, 430. 
10 J. H. Robertson, Acta Cryst., 1964,17, 316. 
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