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Dans quatre  cas analys6s par cette m6thode, le 
rappor t  de la valeur moyenne minimum de b & sa 
valeur max imum a 6t6 de 2. Ce qui montre  que la 
valeur quadra t ique  moyenne de l 'erreur relat ive 
syst6matique est de l 'ordre de 20%. 

On peut  il lustrer le sens de la l imite du processus 
d 'a f f inement  en po r t an t  en abscisses les ordres suc- 
cessifs des essais au cours de ce processus que nous 
consid@rons convergent,  et en ordonn@es, la valeur du 
carr6 du coefficient de corr@lation lin@aire r (Fig. 1). 
Le coefficient r 2 tend  vers 1 quand l 'ordre de l'essai 
croit, c'est £ dire que l 'accord entre le calcul et l'ob- 
servat ion tend  £ devenir  parfait .  Mais pour routes 
valeurs de r 2 superieures & (1-e~ 2) la pr6cision physique 
de la s t ructure  reste inchang6e. Nous sommes limit@s 
par  la valeur de l 'erreur systdmatique sur l 'observa- 
t ion si le nombre d 'observat ions  est grand, et par 
l 'erreur tota le  (syst@matique et fortuite) s i c e  nombre 
n 'est  pas tr&s grand par  rappor t  ~ m. 

Toute interpr@tation de la s t ructure faite au del& de 
cette limite n ' a  aucune signification physique. Cette 
in terpr6ta t ion ne pourra que d@crire des modifications 
de la densit6 61ectronique qui ne sont dues qu 'aux  
erreurs de mesure. 

Remarque I I . - - L e  d@veloppement ci-dessus donne 
des arguments  impor tan ts  pour l ' adopt ion  du co- 
efficient de corr@lation lin@aire de Brava is -Pearson  r 
pour l'@valuation de la pr6cision d 'une s t ructure  en 
remplacement  du facteur de ' rel iabil i ty '  R utilis6 par  
la p lupar t  des cristallographes (R = ZIFo-F~I +Z]Fol). 

En effet, seul le coefficient r de Bravais -Pearson  a 
un sens s ta t is t ique et sa grandeur,  comme nous 
l 'avons montr@, est li6e s implement £ l 'erreur du 
mod61e propos6 d 'une structure. 

Nous pr@conisons l 'usage du coefficient de correla- 
t ion lin@aire r comme indice de la pr6cision d 'une 
structure.  

Nous tenons & remercier tour  part icul i6rement  
Monsieur le Professeur J. Wyar t ,  ainsi que Messieurs 
H. Curien, R. Kern et G. von Eller pour l ' int6ret  
qu'ils ont  apport6 & notre t ravai l  et par leurs cri- 
tiques. 

S. C. E. a eu une bourse d'@tude de I 'UNESCO 
pendant  la r6alisation de ee travail .  

Remarque I . - - 0 b s e r v o n s  que l 'erreur ult ime eu peut  
s'@crire : 

S2 1 2 2 = ~X;(F,o-Fjc )/XiFjc (14') 

et qu'il a une forme semblable au coefficient Re d6fini 
par  Booth (1945): 

R 2 = Zj(Fjo-F/c)9/Z/F~o 

mais la relat ion (14) ou (14') a une signification phy- 
sique parce qu'elle est li6e k l 'erreur experimentale so. 
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Acetic acid crystals are orthorhombie, space group Pna21, with a ---- 13-324-0.02, b = 4-08~0-01, 
C = 5'774-0'01 /~ from single-crystal X-ray diffraction. The structure is similar to that  of formic 
acid with molecules linked into infinite chains by hydrogen bonds. The bond distances are C-C = 
1"54 l ,  C=O = 1.24 /~, C-O = 1"29 .~, and O-It  • • • O = 2.61 l ,  each ±0.02 ~, by least-squares 
refinement. The four heavy atoms of each molecule lie in a plane. The adhesion between chains is 
due to van der Waals forces. 

Introduction 

The structure of acetic acid (CH3C00H) has been 
invest igated in the gas by electron diffraction by 

* This research was pe r fo rmed  unde r  the auspices of the  
U.S. Atomic Energy Commission. 

Karle & Brockway (1944) and in solution by infra-red 
spectroscopy by Davies & Suther land (1938). The 
present work was under taken  to give fur ther  informa- 
t ion on the structure of the molecule and on the forces 
between molecules in the solid state. 

The normal  f a t ty  acids are thought  to form dimers 
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by hydrogen bonding in the gaseous and liquid states. 
Investigations of members of this series of high molec- 
ular weight have shown that  dimers are also formed in 
the solid (Vand, Morley & Lomer, 1951; von Sydow, 
1956). However, the lowest member of the series, 
formic acid, forms infinite hydrogen-bonded chains, 
rather than dimers, in the solid (Holtzberg, Post & 
Fankuchen, 1953). Rigaux (1954) has cited spectro- 
scopic evidence that  acetic acid also forms polymers 
rather than dimers in the solid. The results of the 
present work confirm that  the molecules in the crystal 
are linked together in chains, as in formic acid. 

E x p e r i m e n t a l  p r o c e d u r e  

Single crystals of acetic acid were prepared by freezing 
C. P. grade glacial acetic acid (99.8% pure) in a jet 
of cold nitrogen gas. The liquid was sealed in a glass 
capillary and quickly frozen into a translucent ag- 
gregate of small crystals. The temperature was raised 
near to the melting point and maintained there for 
several hours until a transparent single crystal had 
grown. Its growth was followed by oscillation pictures 
taken periodically until  the small erystallites had 
vanished. 

The flow of cold nitrogen was evolved from liquid 
nitrogen electrically heated by a resistor in a Dewar 
flask. The rate of flow was controlled by adjusting the 
current in the resistor. Since the crystal had to be 
maintained for many days, two duplicate nitrogen 
boiling units were made so that  one could be taken 
out of operation and refilled without interrupting the 
flow for more than a few seconds. 

The single-crystal photographs were taken on a 
Weissenberg camera using Cu Ko¢ X-rays. The single 
crystals showed no tendency to be formed with a 
crystallographic axis parallel to the capillary axis, so 
they were aligned using oscillation photographs. The 
Weissenberg photographs were taken, using a film 
holder modified so that  the upper half was absent to 
facilitate cooling of the sample. While these photo- 
graphs were taken the crystal was maintained at 
50+5 ° C. The temperature measurements were made 
using an iron-constantan thermoeouple with a refer- 
enee bath at 0 ° C. 

U n i t  cell and  space g r o u p  

From oscillation, rotation, and Weissenberg films 
taken with rotation about the [010] and [011] direc- 
tions it was deduced that  the unit cell was ortho- 
rhombic, in agreement with the observations of Stein- 
metz (1921) on the cleavage and optical properties. 
The cell dimensions, from Weissenberg photographs 
calibrated with a quartz crystal, are: 

a = 13.32±0.02, b = 4.084-0.01, c = 5.774-0"01 /~ 
(t = 5 ° C., ~(Cu Ks)  = ].5418 A).  

With four molecules per unit cell, the calculated 

ACII 

density, 1.27 g.em. -a, agrees with that  observed at 
the melting point by de Visser (1893), 1-26585 g.cm. -3. 

l~eflections were observed for hO1 only with h = 2n 
and for 0/el only with ]c+l = 2n. These extinction 
rules correspond to probable space groups Pna21 and 
Pnam. A satisfactory structure was found using the 
space group Pna21-C~ with atoms in the positions 
4(a): 

• 1+  ½+z; ½+x, ½-y,z. x, y, z, x, y, ½+z; ½--x, ~ y, 

I n t e n s i t y  c o r r e c t i o n s  

Estimates of the intensities of the reflections on the 
Weissenberg films were made by visual comparisons 
with standard spots. The data were corrected for 
Lorentz and polarization effects. No correction was 
made for absorption by the sample or the capillary, 
since this correction was estimated to be small. The 
corrections were made using an IBM 650 computer. 
The program, which was prepared with the help of 
Dr A. Zalkin, also calculated for each reflection the 
magnitude of the observed structure factor, sin 2 0, 
and scattering factors for each kind of atom; deter- 
mined which formula would be used for calculating 
the structure factor; and determined the selection of 
the weight to be used in the program for least-squares 
refinement. The output cards from this program were 
used as input cards in the least-squares refinement 
program. 

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 probable space groups are the same as for formic 
acid. Therefore, an analogous trial structure was con- 
structed with molecules hydrogen-bonded in chains 
approximately parallel to the (011) and (011) planes. 
Fourier projections (non-centric) along b with phases 
based on this structure seemed reasonable, but failed 
to refine to good agreement with the data for unknown 
reasons. However, trial-and-error adjustment of the 
x and z parameters resulted in agreement ( R  1 a s  

defined below) of 0.18. With y parameters based on 
reasonable atomic distances, and some additional trial 
and error, this structure refined successfully with three- 
dimensional least squares. The electron density [010] 

0 
0 a/2 

I I I I 
0 I 2 3A 

Fig. 1. Electron density of acetic acid projected along [0]0].  
Contours are at intervals of ] e.A -9-. The zero contour is 
omitted. 
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projection based on the final structure is shown in square vibration amplitudes, (2B)½/4g, from 0.21 to 
Fig. 1. 0-24 A. 

The least-squares refinement of the parameters was The observed and calculated structure factors are 
also done with the IBM 650 computer with a program compared in Table 2. 
written largely by Senko (1957). The weights w were 
taken as the lesser of (16.F~,.) -z or (F2) -z, according 
to Hughes (1941). Three 'unreliability factors' were D i s c u s s i o n  of the s t ruc ture  
calculated, using all the data with the observed struc- The structure is illustrated in Fig. 2. Molecules are 
ture factor, -Fo, set equal to zero for unobserved re- linked together by hydrogen bonds in infinite chains 
flections. The results were: 

RI = I]l-Fo]-l-F~ll + II.Fol - -  0 . 1 5 8 ,  

R~ = (I}l.Fol-lFcIp + XIFol2) ½ = 0-160,  x°'-- 
R 3 = (IwllFol-IFc]l ~+ IwIFot2)½ = 0.161.  "'-o.. 

R a is the function actually minimized in the least- " 
squares refinement. 

The final coordinates and their standard devia- 
tions are listed in Table 1. Also listed are values 

Table 1 . . F i n a l  atomic parameters and isotropic t b I I l , I 
temperature factors ~ 0 4 A 

C G 
x y z B (i ~) 

Oi 0 . 1 2 9 5 ± 0 . 0 0 0 3  0 . 1 0 3 ± 0 . 0 0 2  0 . 0 0 0 ± 0 . 0 0 1  3.9 F ig .  2. Crystal structure of acetic acid. Dashed lines represent 
O/I  0 - 2 5 2 6 i 0 . 0 0 0 4  0 . 3 6 9 ± 0 - 0 0 2  0 . 1 7 8 i 0 . 0 0 1  4.5 h y d r o g e n  bonds between o x y g e n  a t o m s .  H y d r o g e n  atoms 
CI 0 . 1 6 4 1 ~  0.0006 0 . 2 7 6 ± 0 . 0 0 3  0 . 1 7 0 ± 0 . 0 0 2  3.7 are not  s h o w n .  
CII 0-0868-4-0.0006 0"372-{-0"003 0 " 3 5 7 ± 0 " 0 0 2  4.0 

in substantially the same way as in formic acid. F o r c e s  
for B in the expression for the temperature factor, between chains are presumed t o  be van der Waals 
e x p  ( - B s i n  2 0/~t~). These correspond t o  r o o t - m e a n -  attractions. 

Table 2. Observed and calculated structure factors 

~tructure factors are ~rou~ed according to k and l~ which are given at the beginning of each sequence. An x in place of 1Fol 
indicates that the beam catcher blocked the rdlectlon. 

h IFol I~ l  h [Fol I~1 h IFol (~ l  h ]Fol ]Fcl h IFol ]Fcl h [Fol I~ l  h IFol IFcl h IFo! IFcl 

hO0 h03 hlO hll (cont.) h13 (cont.) h15 (cont.) h21 h23 

0 -- 280 2 32 34 i x 6 9 <7 5 5 7 6 5 9 2.1 I ~2 37 I <6 7 

2 x 79 4 30 24 2 x 96 I0 17 18 6 8 6 6 <8 3 2 13 16 2 15 16 

h 50 45 6 22 20 3 28 28 Ii 13 12 7 ii 12 7 8 5 3 24 22 3 16 16 

6 34 33 8 20 18 4 5 9 12 14 16 8 <8 3 8 9 6 4 13 13 4 9 i0 

8 46 42 lO 16 14 5 <5 3 13 i1 I0 9 22 2Z 416 5 24 26 5 <7 h 

i0 24 22 ]2 <2_1 I 6 25 28 14 8 5 I0 14 13 I 7 3 6 <6 5 6 8 5 

12 16 15 h04 7 25 26 h12 II <8 2 2 9 3-1 7 9 8 7 17 19 

14 <Ii 4 0 24 26 8 I0 I0 I 34 33 12 I0 I0 h17 8 31 9 8 9 8 

h01 2 27 28 9 8 11 2 10 31 h~4 0 6 6 9 Z2 lO 9 <7 I 

2 68 90 4 19 19 I0 <8 6 3 24 25 I 15 18 h20 I0 9 8 i0 <7 2 

4 ~ 37 6 12 lO 13. 13 17 4 27 27 2 9 6 1 x 28 3.1 10 9 31 7 8 
6 37 40 8 16 15 12 <8 1 5 21 22 3 21 12 2 x Ii h22 h24 

8 27 25 I0 13 12 13 <8 5 6 13 14 4 I0 ii 3 35 33 0 21 23 0 16 12 

I0 23 23 12 15 14 14 <7 4 7 13 18 5 Ii 13 4 <4 I i 42 4~ I 22 22 

12 <12 5 h05 15 7 5 8 17 19 6 9 7 5 hl 49 2 12 I0 2 <7 5 

14 ii 31 2 20 23 hll 9 <8 6 7 9 6 6 9 I0 3 32 34 3 18 19 

h02 4 <12 3 0 x Ii0 i0 14 ~ 8 I0 I0 7 11 12 4 8 3_I 4 I0 6 

0 31 38 6 13 II I 60 55 Ii <8 6 9 <8 4 8 7 8 5 9 9 5 <7 7 

2 72 74 h06 2 54 54 12 <8 2 I0 I0 I0 9 7 8 6 Ii II 6 <7 7 

4 72 65 0 23 25 3 52 56 h13 h15 I0 <7 5 7 16 18 7 Ii I0 

6 19 21 2 ii ? 4 17 15 0 13 9 0 22 26 ii 16 17 8 8 3 8 <7 2 

8 22 20 5 45 40 I 31 34 I 31 8 12 8 9 9 18 21 9 9 8 

I0 23 23 6 18 19 2 33 34 2 Ii 9 13 14 16 I0 <7 6 h25 

12 22 20 7 21 23 3 15 16 3 I0 9 31 9 6 I 9 7 

14 i0 9 8 21 21 h 28 30 4 8 5 2 8 5 
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The bond lengths and angles in the carboxyl  group / 
fall within the range of best values listed in a review (~ 
concerning the carboxyl group by Davies & Thomas \ 
(1950). The four heavy atoms of the molecule are 
planar within experimental error. The bond lengths 
and angles are compared with the results of determina- 
tions in the gas phase in Table 3. The most noteworthy 

Table 3. Bond  lengths and angles for  acetic acid 

Gas* 
^ Crystal 

Monomer I) imer Chain 

C=O 1:24±0-03 • 1.25=t=0-03/~ 1.24i0-02/~ 
C--O 1-43±0.03 1-36±0-04 1.29±0.02 
C--C 1.54±0.04 1.54±0.04 1"54=E0"02 
O- - I t .  • • 0 - -  2.76±0.06 2.61±0.02 
C--C=O 113-128 ° 120±5 ° 122±2 ° 
C--C--O 125-94 110±5 116±2 
O=C--O 122-138 130±3 122±2 

* Karle & Broekway (1944). 

differences with respect to the electron-diffraction 
d a t a  are the  decrease of the C - 0  bond length in the 
sequence monomer,  dimer, chain, and the shorter  
hydrogen-bond length in the chain. These differences 
in the  C - 0  and 0 - H . . .  0 bond lengths have  also 
been found in formic acid gas and solid (Karle & 
Karle,  1954; Holtzberg et al., 1953). 

Our results for the  C-O and C = 0 bond lengths are 
within the limits of error assigned by Davies & 
Suther land (1938) to their  est imates for acetic acid 
monomer  and dimer in solution, based on infra-red 
spectroscopy. 

Fig. 3(a) shows a section of the  hydrogen-bonded 
chain which is roughly parallel to the (011) plane. 
Adjacent  molecules in the  chain are neither coplanar 
nor parallel. For  comparison a section of the formic 
acid chain is shown in Fig. 3 (b). 

The hydrogen bond distance of 2.61±0.02 /~ is 
within the range of values reported by  Ubbelohde & 
Gallagher (1955) in their  list of hydrogen bond dis- 
tances in monocarboxylic  acids. 

The angles between the hydrogen bond and the 
adjacent  oxygen-carbon  bonds, 144 ° and 122 ° , are 
considerably larger than  the  corresponding angles in 
formic acid, 122 ° and l l4 ° (Holtzberg et al., 1953). 
The increase of these angles increases the unit  chain 
length and provides room for the methyl  groups, each 
of which otherwise would be ra ther  crowded with 
respect to an oxygen a tom on the neighboring mole- 
cule. This ca rbon-oxygen  distance is calculated as 
3.47 /~, slightly greater  than  the sum, 3-4 •, of the 
methyl  and oxygen van  der Waals  radii listed by  
Paul ing (1942). All other  intermolecular  distances are 

0 ' 144 ° ('3 

\ ~  '\x ~ 122o 

1 2 2 ° " ~  

2-'2.51 
1"54 / /"  //2"58 

. p 123 d 
1 "29/ 

~ I (a) (b) 

Fig. 3. Molecular dimensions of (a) acetic acid, (b) formic acid 
(Holtzberg et al., 1953). Bond lengths are in AngstrSm units. 

even longer. The shortest  m e t h y l - m e t h y l  distances are 
3-84 /1,. 

We thank Mrs Carol H. Dauben and Mrs Helena 
W. Ruben for their help in many facets of this work, 
and Dr Michael E. Senko and Dr Allan Zalkin for the 
use of their computer codes. 
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