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T h e  C r y s t a l  a n d  M o l e c u l a r  S t r u c t u r e  o f  S a l i c y l i c  A c i d *  
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Bond lengths and the charge distribution in the dimeric molecule of salicylic acid have been 
measured with standard deviations of less than 0.01 ~ and 0.1 e./~ -z respectively. The results are 
interpreted in terms of the contributions of various 'resonance structures' to the state of the 
molecule. The small departure of covalently-bonded atoms from circular symmetry has been 
estimated to involve a transfer of about 0.05 electrons per carbon or oxygen atom. 

1. Introduction 

A recent s tudy  of adenine hydrochloride (Cochran, 
1951a) has  shown tha t  when X- ray  intensit ies have  
been measured wi th  sufficient accuracy and  when the  
technique of the  (Fo-Fc)-synthesis is used, electron 
densi ty  can i n f a v o u r a b l e  circumstances be measured 

t o  wi thin  0.1 e.A -~, so tha t  hydrogen atoms can be 
located in  electron-density maps.  I t  seemed worth- 
while to apply  similar  methods to other compounds 
containing various types  of hydrogen bond. Salicylic 
acid (o-hydroxybenzoic acid) is a very  sui table example ;  
i t  m a y  be expected to show hydrogen bonds l inking 
the  carboxyl  groups so as to form dimers;  i t  also 
provides an  example  of an  intramolecular ,  or chelate, 
hydrogen bond. The comparat ively  short  length of the  
crystal lographic c axis (4.92 _~) means  tha t  these 
bonds can be s tudied in projection on (001). 

I n  previous work, the  depar ture  from spherical  
s y m m e t r y  of covalent ly-bonded atoms was found to 
be unexpectedly  small.  In  the  adenine molecule it  
amounted  to no more t h a n  0.2 e._~-L In  the  present  
investigation,  a smal l  depar ture  of bonded atoms from 
spherical  symmet ry ,  of the same order of magni tude  
as t ha t  reported previously,  has  been confirmed and 
measured more accttrately. 

2. Experimental  

Weissenberg photographs showed the  space group of 
crystals of salicylic acid to be P2z/a. The uni t  cell 
dimensions are 

a = 11.52, b = 11.21, c = 4.92 ~(+0.1%), 
fl = 90 ° 50 ' (±2 ' ) .  

The intensit ies of those (h/c0) reflexions for which 
s = sin 0 < 0.7 were measured with Cu K ~  radiat ion,  
using a Geiger-counter spectrometer.  The exper imenta l  
technique h a s  been described previously (Cochran, 
1950). Four  sets of measurements  were made, using 
needle-shaped specimens having  the following rect- 

* A note describing the results of preliminary work on this 
compound has been published (Cochran, 1951b). 

angular  cross-sections: (a) 0-30 × 0"30 mm.,  (b) the 
same specimen after i t  had  been dipped in  l iquid air, 
(c) 0-12×0.14ram. ,  (d) 0 .05×0 .05ram.  The relat ive 
magni tudes  of the stronger reflexions increased sl ightly 
on l iquid-air  t rea tment ,  and more marked ly  when a 
smaller  crystal  was used (see Fig. 1). For  the  ten  
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Fig. 1. Intensities from four specimens (a), (b), (c), (d) (de- 
scribed in the text), relative to that from specimen (a). 
Points marked • refer to a reflexion of intensity 27-6 × 104, 
points marked • refer to a reflexion of intensity 5.8 x 104, 
points marked V refer to a reflexion of intensity 2-08 × 104 
arbitrary units. 

strongest reflexions the  in tens i ty  from the  smallest  
crystal  was t aken  to be correct; for the  others an  
average was taken.  Comparison of independent  
measurements  gave the  mean  s tandard  deviat ion of 
the 91 structure factors in this  range as a(Fo)=O.11, 
(F(000) = 288). The intensit ies of a fur ther  48 re- 
reflexions in the range 0.7 < s < 1.0 were measured 
photographical ly.  A comparison of photographic  and  

counter measurements in the first range gave a(Fo) = 
0.36 for s tructure factors in this  second range. The 
mean  s tandard  deviat ion of an  (hkO) structure factor 
is therefore at least 0.20, and m a y  be greater if syste- 
mat ic  errors have passed undetected.  An a t t empt  to 
measure with the  counter spectrometer the  intensit ies 
of reflexions beyond s = 0-7 was not  successful, since 
the  re la t ively  large tempera ture  factor of the  crystals 
resulted in these reflexions being tittle above back- 
ground level when fil tered Mo radiat ion was used. 

The intensit ies of 40 (hO1) reflexions in the  range 
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s < 0.7 were also measured, using the counter spectro- 
meter~ TwQ specimens of quite different shapes were 
used, and some measurements were made using a third 
very small crystal. No effects attributable to secondary 
extinction were observed in this case, possibly because 
the two larger specimens had been lightly ground in 
the course of preparation. Comparison of independent 
measurements, after correction for absorption by the 
method of Albrecht (1939), gave a(.Fo) = 0.17. 

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

Relative values of FS(hkO) were modified through 
multiplication by a factor exp [Bs°-]. The value of B 
was chosen so that  the average modified value of 
.F2(hkO) near s = 1 was one-tenth of the average 
value near s = 0. A 'sharpened' Patterson function 
P(x, y) was then evaluated. Peaks representing vectors 
between adjacent atoms, and between next-but-one 
atoms, were clearly resolved and gave the orientation 
of the benzene ring in this projection. A model of the 
molecule was then projected on to structure-factor 
graphs until a position was found which resulted in 
moderately good agreement between low-order ob- 
served and calculated structure factors. This very 
rough structure required two molecules to be associated 
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Fig. 2. Idealized structure for which the Fourier transform 
was calculated. 

through their carboxyl groups across a centre of 
symmetry. The idealised structure shown in Fig. 2 
was now taken to represent the structure of the 
dimer. By taking the lengths of all covalent bonds as 
1.36 A, and of the hydrogen bonds as 2.72/~, the 
X coordinates of all atoms were made multiples of 
0.68/~, while all Y coordinates are multiples of 1.18A. 
With these lengths as units of distance along their 
respective axes, the Fourier transform of a single 
dimer was evaluated. The ratio of the atomic scattering 
factors of oxygen and carbon was assumed to be 
constant and equal to 1.4. The function evaluated was 
therefore 

T(~, ~) = 1.4 cos (2~+~?)+cos (5~-2~)+cos (2~-~/) 
+cos 3~+cos 5~+cos 9~+cos (6~+~) 
+cos (8~+r/)+cos (6~-~)+cos  (8~-~) 

(cf. Knott,  1940). 

The evaluation was made at an interval of 6 ° in the 
direction and 12 ° in the ~! direction; that  is, on a 

rectangular lattice in" reciprocal space whose trans- 
lations were 0-0245 and 0-0282 A -x respectively. The 
(hk0) section of the reciprocal lattice of the crystal 
was now drawn in on this function in an orientation 
corresponding to the assumed orientation of the 
molecule relative to (001). Agreement between values 
of Fo, and values of Fc obtained from the transform, 
was sufficiently good to show that  the postulated 
structure was essentially correct. The signs of about 
70% of all observed F(h/c0)'s were determined from 
the transform, and an approximate electron-density 
projection was calculated. 

The signs of most of the F(h0/)'s were also read off 
from the transform, and an electron-density projection 
on (010) was calculated. The structure determined in 
this way is shown in Figs. 3 and 4. 

I I 

Fig. 3. Structure projected on (001). The lengths of van der Waals bonds are shown. 
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Table 1. Final atomic scattering factors 
s 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1-0 
f o  8.26 7.80 6.80 5.60 4.57 3.75 3.10 2.58 2.20 1.90 1.71 
fC 5.89 5.41 4.23 3.20 2.55 2.20 1.99 1.83 1.71 1.63 1.55 
fH  1.00 0.90 0.72 0.50 0.34 0.21 0.14 0.09 (0"06) (0.05) (0"03) 

The method  used to refine the structure was essen- 
t ia l ly  the same as tha t  described in a previous paper  
(Cochran, 1951a), and will only be outl ined here. 

Fig. 4. S t r u c t u r e  p r o j e c t e d  on (010). 

Structure factors ~c were calculated for atoms at rest, 
using f ' s  appropriate  to 'Har t ree '  atoms. Calling the 
measured structure factors on a relat ive scale 2°, 
constants K and 7 were chosen so tha t  the relat ion 

Fo = K3o  = 3c exp [-~,s  2] = Fc (1) 

was most  near ly  satisfied over the whole range of 
observation. Successive (Fo-Fc)-synthcses  were then  
calculated in order to improve the  (xy) atomic coor- 
dinates. The value of R = XtFo-FcI-Z,  IFo[, with the 
sum taken  only over s tructure factors in the range 
s < 0.7 (the range of accurate measurement)  was 
t aken  at each stage to be a measure of the improve- 
men t  effected. Two successive corrections to atomic 
coordinates, and the  inclusion of contributions to F~ 
from the  four hydrogen atoms a t tached to the  benzene 
ring, reduced R from an ini t ia l  value of 0.24 to 0.12. 
At  this  stage i t  became clear t ha t  fur ther  changes in 

coordinates would effect little improvement, and that 
the  disagreement  arose ma in ly  from the  assumpt ion 
tha t  all  a toms had  the  same isotropic tempera ture  
factor, ~, of equat ion (1). Addi t ional  parameters  were 
therefore introduced,  so tha t  for the  j t h  a tom 

7j = °¢j+fli sin2 (q~--~i) , 

where (2s, ~) are the  polar  coordinates of a reciprocal- 
latt ice point  and  ~oj is the  angle which the direction 
of m a x i m u m  the rmal  v ibra t ion  makes  with the  a axis. 
The constants  e¢, fl and ? were now chosen so as to 

reduce the  value of 0o-0c, at  and near  the  centre of 
each atom, to zero. After  a fur ther  five successive 
approximat ions  had  been made,  involving changes of 
a, fl and ~, and fur ther  small  changes ( ~  0.01 J~) 
in x and y, the  value of R was reduced to 0.065. 

At  this  stage, certain anomalies in the  electron 
dis t r ibut ion led to a closer invest igat ion of the  
just if icat ion for the assumpt ion tha t  eight electrons 
were being subtracted from oxygen atom sites, and  six 
from carbon atom sites. There is a l ready a good deal  
of exper imenta l  and theoretical  evidence tha t  the  
Har t ree  f curve for carbon, derived by  J ames  & 
Brindley from Har t ree ' s  calculations on other a toms 
(see James ,  1948) m a y  be considerably in error. 
Applicat ion of a test, which will be described 
elsewhere, showed tha t  in the range 0.1 < s  < 1.0, 
the range of exper imenta l  measurement  in the  work 
described here, the Har t ree  curve corresponds to an  
atom containing, not  6.0, bu t  5.7 electrons. The 
Har t ree  atomic scattering factors were therefore 
abandoned in favour  of those in Table 1, which, except 
in the case of hydrogen, have only an empir ical  basis. 
However, t hey  deviate  from the Har t ree  curves by, 
at  most, only 3.3 %. The relat ive scattering factors for 
hydrogen, carbon, and oxygen were so l i t t le al tered 
tha t  the  value of R was not  changed from 0.065. 

These scattering factors sat isfy the following con- 
dit ions: 

(1) W h e n  tempera ture  factors l isted in Table 2 are 

Table 2. Final atomic parameters 

A t o m  x Y ~ fl 7 = a + ½]3 ~p 

C 1 0.0841 0.1926 1.25 0.4 1-45 147 ° 
C 2 0-1847 0.1697 1.3 0-4 1-5 147 
C a 0.2207 0"2512 1.5 0-6 1.8 135 
C a 0.1570 0-3520 1.45 1-2 2-05 147 
C5 0"0576 0"3755 1.5 0.8 1.9 180 
C a 0.0208 0.2977 1.55 0-4 1-75 180 
C 7 0.0456 0.1094 1.~ 0 1.4 - -  
O 1 - -0 .0514 0-1370 1-5 0.6 1-8 37 
O~ 0.0990 0.0164 1.3 0.7 1.65 45 
03 0.2503 0-0705 1.5 0.8 1.9 55 
H 1 - -0 .060  0.075 1.7 0 1.7 - -  
I-I~ 0"213 0"020 1"7 0 1"7 - -  
H a 0.286 0.233 1.7 0 1.7 - -  

H 4 0.188 0.399 1.7 0 1-7 - -  
H 5 0.017 0.431 1.7 0 1-7 - -  
H e --0.048 0.321 1-7 0 1-7 - -  

t aken  into account, t hey  represent  closely the  scat- 
tering by  the  atoms of salicylic acid in the  range 
0.1 < s < 1'0. 

(2) They are extrapola ted to s = 0 in such a way  
tha t  the electron densi ty  in the  corresponding a tom 
falls to zero in a reasonable distance. 
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Fig. 5. Resonance 'structures' which contribute to the molecular state. A full line with a parallel dotted line indicates a bond (o)+ having 50 % double-bond character. The symbol is used to indicate that the transfer of electrons may be from either atom. 

(3) The scale has been chosen so t h a t  the  seven 
carbon and  three oxygen a toms contain 66 electrons 
in all. 

The use of these curves in no way  prejudices the  
outcome of the  investigation. A n y  deviat ions of the  
numbers  of electrons in carbon and  oxygen a toms from 
those assumed here, will show up in the  (@o-@c)-map. 
This point  is fur ther  considered in § 4. The a toms of 
@c have  circular symmet ry ,  apa r t  f rom possible 
anisotropic the rmal  movement ,  and  if those of @o do 
not  have  this symmet ry ,  this too will be shown by  the  
(@o-@c)-map. I t  would of course have  been preferable 
to use atomic scat ter ing factors with a bet ter  theoret ical  
foundat ion,  bu t  those calculated by  McWeeny (1951) 
were not  available unti l  this work was near ly  com- 
pleted. 

S t ruc ture  factors  were calculated using the  co- 
ordinates and  tempera ture - fac tor  pa ramete r s  listed in 
Table 2, and  the  scat ter ing factors  listed in Table 1. 
Contributions from H 1 and  H2 were not  included. 
(The a toms are numbered  in Fig. 9.) The corres- 
ponding (Fo-F~)-synthesis is shown in Fig. 6. I t  was 
the  n in th  successive synthesis.  The only a toms not  

as Fig. 6, bu t  none of the  hydrogens  has  been sub- 
t racted.  

S t ruc ture  factors  corresponding to the  d a t a  given 
in Tables 1 and 2 are given under  2Fcl of Table 6. 
(H 1 and H 2 were given reduced weigh t - - see  later.) 

The projection on (010) was not  refined as carefully 
as t h a t  on (001), as it  was clear tha t ,  because of the  
smaller area  of projection and  the  smaller  range of 
exper imenta l  measurements ,  it  would not  be possible 
to obtain  results of the  same accuracy.  In  this pro- 
jection all the  a toms are resolved except  C 5 and O1. 
A t  each stage of the  ref inement  the  z coordinates of 
these two a toms were calculated from those deter- 
mined from the other  atoms,  assuming the  molecule 
to be planar .  Af ter  three successive approximat ions ,  
the  value of R was reduced to 0.095. The final a tomic 
paramete rs  used in calculating the  s t ruc ture  factors  
given in Table 7, are shown in Table 3. The x co- 
ordinates were not  de termined independent ly  from 
this projection, bu t  were t aken  to be as given in 
Table 2. Possible anisotropie t empera tu re  movement  

shown in Fig. 7 corresponds to the  same paramete rs  

b/2 

o 1 2A 

> 
°/2 

Fig. 6. The electron distribution in a single molecule from 
which carbon, oxygen and the four hydrogen atoms of the 
benzene ring have been subtracted. Contours as in Fig. 7. 

Fig. 7. The electron distribution in a single molecule from 
which carbon and oxygen atoms have been subtracted. 
Contours at every 0.1 e.A -2, zero contour omitted, negative 
contours broken. 
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of the atoms was not allowed for, but the value of 7 
was taken ~o correspond fairly closely to tha~ of ~ + ½fl 
in Table 2. 

If the molecule is planar, values of z should be given 
by z = Ax+By+C.  Values of the constants deter- 
mined from the experimental values of x, y and z by 
the method of least squares are A = - 1 . 8 1 7 ,  B = 
-1.657, C = 0.9770. Values of z obtained from this 
linear relation are listed under z~ of Table 3. Cal- 

Table 3. Final atomic parameters 
A t o m  z za 7 

C 1 0.506 0.505 t 1.5 
C~. 0.361 0.3602 1.5 
C a 0-163 0-159a 1.8 
C~ O. 105 O" 1084 1.8 
C 5 - -  0"2501 1.8 
C 6 0.446 0.4459 1.8 
C 7 0.714 0-712 a 1-5 
0 t - -  0"8434 1-8 
09. 0-768 0.7699 1.8 
O a 0-404 0-4054 1.8 
H 1 - -  (0-962) - -  

H~ - -  (0.557) - -  

H a - -  0.071 1.7 
H a - -  --0-026 1-7 
H 5 - -  0.232 1.7 
H 6 - -  0-532 1.7 

culated and observed z coordinates deviate by a mean 
of 0.008 A, and a maximum of 0.017/~. The as- 
sumption of molecular planarity is therefore justified, 
and in calculating bond lengths values of zc were used. 

Bond lengths and angles calculated from the co- 
ordinates given in Tables 2 and 3 are shown in Fig. 8(a). 
The difference (no-n~) between the number of elec- 
trons in a particular area and the number subtracted 
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I ! 2"627 
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Fig. 8. (a) Measured bond  Iength~ and  bond  angles.  
(b) Calcula ted  b o n d  lengths .  

from that  area, was evaluated from the (Fo-F¢): 
synthesis shown in Fig. 6, for each of the areas sho~Ta 
in Fig. 9. The results are ~ven in Table 4. 

Table 4. Numbers of electrons associated with 
particular atoms 

Area (see Fig. 9) n o - - n c  n c  n o  

C~ 0 5-89 5.89 
C 2 0 5.89 5-89 
Call  a + 0.22 6-89 7-11 
CdH 4 +0-23  6-89 7-12 
CsH 5 + 0.34 6.89 7-23 
C6H 6 + 0.25 6.89 7-14 
C~ --0.02 5-89 5-87 
OtH 1 + 0-31 8.26 8-57 
O s 0 8-26 8-26 
OaH~ + 0"55 8.26 8-81 

Tota l  1.88 70.0 71.9 

',_ o H, "~ , ~  

Fig. 9. Areas in which electron counts  were made .  

The standard deviation of the x-coordinate of the 
rth atom may be estimated from 

2 ( ~ ( ~  
a(x,) = ~,\-g~/ \~ /  a(Fo) (Booth, 1947). 

From a comparison of independent measurements, 
a(Fo) > 0.20, while from a comparison of values of 
Fo with values of Fc, a(Fo) < 0-47. The appropriate 
value of p is 4.15 A-~; taking N, = 6, 2 = 1-54 A, 
A = 129 A ~ and a(Fo)= 0.4 (a safe overestimate), 
we find a(xr) = 0.005 •. 

If the small error introduced by the uncertainty of 
the molecular orientation is ignored, the standard 
deviation of a C-C bond can be shown to be, in this 
case, 

o(b) = 0.005  2.b 
d ' 

where b is the length of the bond and d its length in 
projection on (001). For the average C-C bond, 
a(b) = 0.009 h.  

The standard deviations a(~o-Oc) and a(no-nc), the 
latter for an area of about 2 A S, were similarly estimated 
using formulae given previously (Cochran, 1951a), and 
were found to be 0.08 e.A-~"and 0-05 respectively. 
The value of a(no) is increased from 0.05 to about 0-1 
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by uncertainties caused by the use of semi-empirical 
f curves. 

4. D i s c u s s i o n  

The measured bond lengths are in good agreement 
with the assumption that  the molecular structure can 
be described in terms of resonance between 'structures' 
I, I I  and I I I  of Fig. 5. When these 'structures' are 
given weights of 0.66, 0.20 and 0.14 respectively, the 
bond lengths calculated from 

R = R l - (R l -Rg){3x / (2x - t -  1)) (Pauling, 1945) 

are as shown in Fig. 8(b). In this equation, x represents 
the double-bond character of a bond of length R, 
R 1 = 1.54 for C-C and 1.42 for C-O, and R~ = 1.34 
for C=C and 1.20 for C=O. The mean deviation be- 
tween theoretical and observed bond lengths is 0.012/~, 
the maximum is 0.027 J~. The agreement is therefore 
almost within the limits of experimental error, which 
is surprising in view of the very simple assumptions 
made in calculating the lengths. Although in the 
calculation no account has been taken of the fact that  
the molecules occur as dimers linked by hydrogen 
bonds, it is probable that  'structures' I I  and I I I  are 
stabilised by the hydrogen bonds. The bond lengths 
in other associated carboxylic acids on which reasonably 
accurate measurements have been made, are in good 
agreement with those reported here (for a summary, 
see Vaughan & Donohue, 1952). 

The C-H bonds shown in Fig. 8(a), whose standard 
deviation must be about 0.1 A, have an average length 
of 0.89 A. This is considerably smaller than the ac- 
cepted value (1.07 /~), but there is no reason to sup- 
pose in this case that  the point of maximum electron 
density coincides with the proton. The O-H bond 
lengths (0.91 and 1.03 X) are also less than the 
covalent bond distance appropriate to a hydrogen 
which is at the same time forming a hydrogen bond. 
This distance has been estimated as 1.04 (Davies & 
Sutherland, 1938), 1.07 (Hofstadter, 1938) and 1.12/~ 
(Davies, 1946). 

The electron distributions of Fig. 6 (benzene hydro- 
gens, carbons and oxygens subtracted) and of Fig. 7 
(carbons and oxygens subtracted) show some interest- 
ing and significant features. Both show quite clearly 
the departure from circular symmetry of the projected 
carbon and oxygen atoms. The value of (@o-@c) at or 
near the centre of every bond is positive, varying 
from +0.10 to +0.31 e.A-% At the same time the 
value of (@o-@c) in regions between adjacent but not 
directly-bonded atoms, such as the centre of the 
benzene ring, is always negative. Similar features were 
in fact shown, although with a greater random error, 
in the map of the electron distribution in the adenine 
molecule (Cochran, 1951a, Fig. 6). The distribution 
shown in Figs. 6 and 7 is of course not independent 
of the temperature factors assumed for the various 
atoms of @c. The subtraction of an atom with a thermal 
vibration mainly in an 'east-west'  direction results in 

a transfer of electrons in the difference map from points 
east and west of the atomic centre to points north and 
south of the centre. The temperature-factor para- 
meters listed in Table 2 were in fact chosen so as to 
make the deviations of (@o-@c) from zero, in either 
a positive or a negative direction, as small as possible. 
Furthermore, they can be given a reasonable physical 
interpretation, which is in agreement with general 
predictions made by Coulson, Higgs & March (1951) 
to the effect that  translation and libration of the 
molecule as a whole probably occurs in the crystal. 
The value of c~ is nearly the same for all atoms, and 
corresponds to an isotropic thermal movement of 
r.m.s, amplitude 0.21 /~. Values of fl are nearly the 
same for the three oxygen atoms, and in each case the 
direction of maximum thermal vibration is roughly 
perpendicular to the C-O bond. For the carbon atoms, 
values of fl increase with increasing distance of the 
atom from the centre of the dimer. If we assume that  
the anisotropic movement consists of an oscillation of 
the molecule in its own plane, with the centre of the 
dimer remaining fixed, the variation of /~ and of yJ 
from one atom to another is satisfactorily explained. 
A value of 1.6 ° for the r.m.s, angular displacement of 
the molecule gives best agreement with the ex- 
perimental results. Observed values of/~ and of ~ are 
compared with those calculated on the above assump- 
tions in Table 5. 

Table 5. Comparison of observed and calculated 
temperature-factor parameters 

Atom V2o Y~c flo tic 
C 1 147 ° 143 ° 0.4 0-28 
C9. 147 133 0.4 0.45 
C a 135 136 0"6 0"75 
C a 147 143 1.2 1.00 
C 5 180 154 0-8 0.75 
C e 180 157 0-4 0.45 
C~ - -  - -  0-0 0-10 

Another significant feature of the electron distri- 
bution shown in Fig. 7 is the markedly smaller number 
of electrons in H 1 and H9 than in Ha, H 4, H s and H 6. 
The peak representing I-I 1 contains only 0.3 electrons, 
while H~ contains 0-5. Apart from experimental error, 
these figures may be in error because of the necessarily 
somewhat arbitrary assignment of areas to particular 
atoms. For example, 01, 02 and 03 are so close to 
H 1 and H 2 in projection that  electrons which are in 
fact closely associated with the oxygen atoms may be 
counted as part of the hydrogens, and vice versa. 
:Nevertheless, it is perfectly clear that  the number of 
electrons associated with each of H 1 and H~ ~s signi- 
ficantly less than one. This explains why it was found 
that  the experimental atomic scattering factors of 
oxygen and carbon corresponded to atoms having 
numbers of electrons in the ratio 1.4:1. At the time 
this was taken to correspond to 8.26 electrons in an 
average oxygen atom, and 5.89 in an average carbon 
atom, since 8.26-5-89 = 1.4, and 3×8.26+7 ×5.89 = 
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Table 6. Observed and calculated structure factors; 
values of 2F(hkO) 

V a l u e s  of  Fc l  i nc lude  a c o n t r i b u t i o n  f r o m  all  a t o m s ,  i n c l u d i n g  
h y d r o g e n s .  V a l u e s  of  $'c2 i n c l u d e  a n  a d d i t i o n a l  c o n t r i b u t i o n  
f r o m  b o n d i n g  e l ec t rons .  T h e  c o n t r i b u t i o n  of  t h e  l a t t e r  w a s  
c a l c u l a t e d  o n l y  fo r  s t r u c t u r e  f a c t o r s  h a v i n g  s in  0 < 0.7. 
T h o s e  t e r m s  o u t s i d e  th i s  r a n g e  h a v i n g  -Fo --= 0 were  e x c l u d e d  
f r o m  all  

hk 
O0 
20 
40 
60 
8O 

10,0 
12,0 
14,0 

11 
21 
31 
41 
51 
61 
71 
81 
91 

10,1 
11,1 
12,1 
13,1 
14,1 

O2 
12 
22 
32 
42 
52 
62 
72 
82 
92 

10,2 
11,2 
12,2 
13,2 
14,2 

13 
23 
33 
43 
53 
63 
73 
83 
93 

10,3 
11,3 
12,3 
13,3 
14,3 

04 
14 
24 
34 
44 
54 
64 
74 

( Fo-- Fc)-syntheses. 

2Fo 

45-9 
51.9 

- - 5 4 . 7  
- - 2 4 . 0  
- -  14.7 

3.4 
- -  7.3 

72.6 
106.9 

2.6 
- - 1 8 - 6  
- - 3 6 . 6  

25.9 
- - 3 0 . 4  
- -  3.9 

0 
- -  1.4 

3.4 
4-7 

- -  6.4 
5.7 

- -  37.7 
33"5 

- -  6.1 
- - 6 3 . 8  
- -25 -1  

5 . 5  
- -  35.2 
- - 3 6 . 4  

20.7 
- -  8"0 
- -  3.2 

1.4 
2.7 
8.5 

- -  5.4 

11-8 
11.6 

- - 1 5 . 2  
9.7 

- - 1 5 . 0  
- -  14.5 

20.0 
10.5 
18.8 

- 4'3 
2"4 
0 
3"9 

- -  4"5 

- -49"6  
28"8 

- -44"1  
- -16"7  
- -12"9  

32"7 
- -13"6  
- -  7"6 

2Fcl 2.Fc2 
576-0 576-0 

47.1 46.8  
50.2 52.3 

- - 5 4 - 2  - - 5 5 . 5  
- - 2 1 . 0  - - 2 3 . 4  
- - 1 3 . 9  - - 1 3 . 9  

4.2 
- -  7.4 

79.1 78.6 
110.2 109.9 

1.7 2.1 
- - 1 9 . 6  - - 1 9 . 4  
- - 3 8 . 8  - - 3 8 . 7  

22.2 24-9 
- - 2 8 . 5  - - 2 9 . 6  
- -  3 . 0  - -  3.3 

1.5 1.0 
- -  1 . 4  - -  1.5 

4.4 
3.8 

- -  6-7 
5.4 

- - 3 8 . 2  - - 3 8 . 0  
34.2 33.9 

- -  5 . 8  - -  4.9 
- - 6 0 . 8  - - 6 1 . 4  
- - 2 3 . 9  - - 2 4 . 5  

4.9 5.6 
- -  34.4 - -  34.4 
- -  3 5 . 7  - -  3 5 . 6  

20.1 21.1 
- -  7 " 3  - -  7.9 
- -  2 . 7  - -  2.4 

1.8 1-3 
2.4 
8.7 

- -  6.0 

11.3 12.0 
11"4 11.6 

- - 1 5 . 6  - - 1 4 . 3  
8.7 9.4 

- - 1 5 . 4  - - 1 4 - 5  
- - 1 3 . 7  - - 1 4 . 4  

19"3 19.5 
11"6 l l . 1  
17.9 18.0 

- 4 ' 3  - 4'1 
1.3 2-0 
0"3 
4.5 

- -  5-6 

- - 4 8 . 2  - - 4 9 . 2  
31"3 30.2 

- -  4 0 . 4  - -  4 0 . 7  

- -15"9  - - 1 6 . 7  
- - 1 3 . 8  - - 1 3 - I  

32"3 34"0 
- -13"1  - -12"8  
- -  8 " 3  - -  7.2 

Table 6 (cont.) 
hk 25'0 2Fcl 

84 27.6 28.1 
94 29.3 30.7 

10,4 31-3 31.2 
11,4 D 0.2 
12,4 6.2 6.3 
13,4 2.1 2-1 
14,4 3.2 2.9 

27.5 
29-6 
30-9 

15 8-1 6-8 7-4 
25 - -  5"4 - -  3"0 - -  4"6 
35 - -47"6  - -44"6  - - 4 7 - 2  
45 24-6 24"0 24-2 
55 - -35"5  - -33"7  - -35"7  
65 10-0 8"8 10-2 
75 - - 1 3 - 7  - -15"6  - - 1 4 - 8  
85 - -  13"6 - -  14-9 - -  14"9 
95 9"3 8"8 9"0 

10,5 13"5 14-2 13-3 
11,5 13"7 15-0 
12,5 - -  3"8 - -  3"0 
13,5 5"4 5-9 

06 25"1 
16 47"4 
26 35"0 
36 30"6 
46 "- -51"3 
56 14-5 
66 15"1 
76 - -  14"9 
86 - -16"5  
96 - -  8"5 

10,6 12"9 
11,6 - -11"6  
12,6 4"I  
13,6 0 

23"1 
44-5 
36"3 
31"0 

- - 4 6 - 2  
14"8 
14-4 

- -14"7  
- -17"0  
- -  8"6 

13"2 
- -12"5  

6"0 
0-6 

27"2 
20"8 
17-1 

- -  4"3 
6"8 

- -12"5  
- -  6"7 
- -  7"9 

5-5 
- -10"0  

0"8 
10"8 

17 25"9 
27 21"6 
37 17"7 
47 - -  4"3 
57 7"2 
67 - -  13"4 
77 - -  5"0 
87 - -  8"5 
97 5"2 

10,7 - -  10"3 
11,7 0 
12,7 9"0 

24-7 
45-7 
35-4 
32"4 

- -  48"6 
14-2 
14-3 

- -15"3  
- -16"3  
- -  7"9 

26-7 
22-2 
17"4 

- -  4"5 
7"4 

- - 1 3 - 3  
- -  6"5 
- -  7 " 6  

5"4 

19 3.9 3.3 3.9 
29 4.5 4.2 4-5 
39 4.8 5.5 5-7 
49 - - 1 6 . 0  - - 1 7 . 4  - - 1 6 . 8  
59 - -10"7  - - 1 1 . 9  - - 1 1 . 3  
69 - -  9"9 - -  9.2 - -  9.5 

08 15.6 17.1 17.3 
18 0 - -  2-2 - -  2.3 
28 20.5 20.8 21-8 
38 - -  1.7 - -  0.5 - -  0.5 
48 - -  8-4 - -  8"5 - -  7"4 
58 - - 1 2 . 5  - - 1 2 - 5  - - 1 2 - 8  

f i 8  - f i ' l  - 7 ' f i  - 7'0 
78 - -  5.6 - -  5.8 - -  5-8 
88 - -  10"3 - -  12.0 - -  11.4 
98 - -  10.5 - -  9-5 

10,8 - -  6.2 - -  7.3 
11,8 9-3 10.4 
12,8 - -  9.8 - -  10.6 
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T a b l e  6 (cont.) 

hk 2Fo 2Fcl 
79 0 0 
89 -- 8.5 -- 8-4 
99 -- 1.8 -- 2.8 

10,9 3.9 4.4 
11,9 -- 3.1 -- 3.3 

0,10 3.2 1.9 
1,10 --13.7 --14.9 
2,10 22.4 24.2 
3,10 3.3 3.3 
4 , 1 0  - -  3.2 - -  3"1 
5 , 1 0  - -  9 . 0  - - I 0 . I  

6 , 1 0  - -  6 . 5  - -  6 . 0  

7,10 -- 5.9 -- 5-9 
8,10 0 -- 0.7 
9,10 0 0.4 

10,10 3.8 3.8 

1,11 7.6 8.5 
2,11 9.9 8-9 
3,11 -- 9-3 -- 8.6 
4,11 26.3 27.5 
5,11 -- 4.5 -- 4.1 
6,11 2.5 2.1 
7,11 0 -- 2-4 
8,11 0 2-6 
9,11 0 -- 2.0 

0,12 -- 2.6 -- 2.5 
1,12 8.0 9"3 
2,12 -- 19.6 --22.2 
3,12 18.4 18.8 
4,12 0 -- 0.6 
5,12 0 0-8 
6,12 0 1.9 
7,12 3.6 3.9 
8,12 0 1-7 

1,13 0 -- 2-2 
2,13 6-9 7.2 
3,13 3-6 4.3 
4,13 0 -- 1.4 
5,13 2.5 3.0 
6,13 2.9 3.3 

0 , 1 4  0 - -  1 . 0  

1,14 2.7 2.8 
2,14 0 1-4 
3,14 3.2 3.5 

2Fc2 
0.4 

1.0 
--14.2 

22.9 
3.5 

- -  3.1 
--10.4 

T a b l e  7. Observed and calculated structure factors; 
values of 2F(hO1) 

hl 2Fo 2F~ 

20 48.0 49.3 
40 51.2 48.7 
60 --54.2 --53.1 
80 -- 23.6 -- 22.0 

1 0 , 0  - -  1 4 . 4  - -  16.6 

1 0 , 1  - -  4 . 9  - -  9-2 
81 8.7 8.0 
~1 73.9 68.8 
41 --64.3 --59.8 
~1 23.8 22.5 
01 --57.8 --55.7 
21 --40.8 --35.3 
41 --10.2 --15.1 
61 --26.9 --26.3 
81 --24.1 --29.5 

10,1 0 -- 1.3 

10,2 8.7 10.2 
82 22.7 24.2 
62 33-5 30.5 
~2 32.2 34.5 
22 -- 9.7 -- 13.8 
02 -- 43.4 -- 42.1 
22 -- 46.5 -- 52.4 
42 -- 4-2 -- 3.9 
62 0 -- 0.4 
82 8-2 10.4 

10,2 0 1"0 

~3 5-8 5.6 
~3 16.5 17-4 
43 8.5 5-3 
~ 3  6.4 7.9 
03 --42.0 --43.7 
23 --53.4 --56"6 
43 0 -- 0"3 
63 12.6 15.0 
83 -- 8.3 -- 6.1 

64 -- 37.4 -- 34.3 
44 -- 28.0 -- 26-5 
~4 32.1 30"3 
04 0 -- 2.7 
24 35.1 34.5 
44 0 -- 0.4 
64 0 4-4 

66,  t h e  n u m b e r  of  e l e c t r o n s  i n  t h r e e  o x y g e n  a t o m s  
(24) a n d  s e v e n  c a r b o n s  (42). T h e  r e q u i r e d  t r a n s f e r  of  
e l e c t r o n s  f r o m  c a r b o n  t o  o x y g e n  d o e s  n o t  a p p e a r  
p l a u s i b l e .  A m o r e  s a t i s f a c t o r y  e x p l a n a t i o n  is t h a t  t h e  
a v e r a g e  o x y g e n  a t o m  c o n t a i n s  8 .40  e l e c t r o n s ,  a n d  t h e  
a v e r a g e  c a r b o n  c o n t a i n s  6 .00.  T h i s  g i v e s  a r a t i o  of  
1 . 4 : 1 ,  a n d  a t o t a l  o f  67 .2  e l e c t r o n s ,  a n d  t h e r e f o r e  
r e q u i r e s  a t r a n s f e r  of  1.2 e l e c t r o n s  f r o m  h y d r o g e n  t o  
o x y g e n .  T h e  e f f e c t s  of  t h i s  a s s u m p t i o n  h a v e  b e e n  
c o n s i d e r e d .  V a l u e s  of  F¢ a r e  s l i g h t l y  i n c r e a s e d  i n  
sca le ,  a n d  v a l u e s  of  2 '  0 m u s t  be  i n c r e a s e d  ( b y  a b o u t  2 %)  
t o  c o r r e s p o n d .  T h e  m a x i m u m  c h a n g e  in  t h e  e l e c t r o n  
d e n s i t i e s  s h o w n  i n  F i g s .  6 a n d  7 is  - 0 . 0 3  e . A  -e,  so  
t h a t  a l l  s i g n i f i c a n t  f e a t u r e s  of  t h e s e  m a p s  a r e  q u i t e  
u n a f f e c t e d .  V a l u e s  of  no-n~ ( T a b l e  4) a r e  d e c r e a s e d  
b y  a m o u n t s  v a r y i n g  f r o m  0 .07  t o  0 .14.  S ince ,  h o w e v e r ,  

v a l u e s  of  nc a r e  i n c r e a s e d  f r o m  8 .26  t o  8-40, a n d  f r o m  
5 .89  t o  6 .00,  t h e  f i n a l  v a l u e s  o f  no a r e  t h e  same as  
t h o s e  g i v e n  i n  T a b l e  4, w i t h i n  0 .03  e l e c t r o n s .  T h i s  
e s t a b l i s h e s  a p o i n t  m a d e  ea r l i e r ,  t h a t ,  w i t h i n  l i m i t s ,  
t h e  u s e  o f  a n  i n c o r r e c t  ' m o d e l '  e l e c t r o n  d i s t r i b u t i o n ,  
@c, d o e s  n o t  a f f e c t  t h e  f i n a l  r e s u l t s  i n  m a n y  r e s p e c t s .  

V a l u e s  of  no a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  c h a r g e  
d i s t r i b u t i o n  r e q u i r e d  f r o m  t h e  w e i g h t s  a s s i g n e d  t o  
' s t r u c t u r e s '  I ,  I I  a n d  I I I .  T a k i n g  t h e  e l e c t r o n i c  c h a r g e  
w i t h  r e v e r s e d  s i g n  as  t h e  u n i t ,  t h e  p r e d i c t e d  c h a r g e  
d i s t r i b u t i o n  is - 0 . 3 4  o n  02,  + 0 . 2 0  o n  O1H 1 a n d  
+ 0 . 1 4  o n  OaHg. T h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  
v a l u e s  a r e  - 0 . 2 6 ,  + 0 - 4 3  a n d  + 0 . 1 9 .  T h e  d e c r e a s e  in  
t h e  e l e c t r o n  d e n s i t y  of  H 1 a n d  H 2 i n d i c a t e s  t h a t  
' s t r u c t u r e s '  s u c h  as  I V  a n d  p o s s i b l y  V c o n t r i b u t e  t o  
t h e  s t a t e  of  t h e  m o l e c u l e .  T h e  d i p o l e  m o m e n t  of  t h e  
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normal O-H bond indicates a transfer of about 0.2 
electrons to the oxygen atom. The larger transfer 
observed in this case is tentat ively ascribed to the 
stabilisation of IV and V by hydrogen bonding. The 
explanation of the high acid strength of salicylic acid, 
as compared with p- or m-hydroxybenzoic acid, is 
possibly to be sought along similar lines. The ex- 
planation given by Branch & Yabroff (1934) involves 
a resonance 'structure'  which requires a covalent bond 
between 02 and H~. This is now known to be an 
unimportant  contribution to the hydrogen bond (see 
Coulson, 1952, p. 304). Furthermore, the C-O bond 
lengths reported here are not consistent with Branch 
& Yabroff's explanation. Stabilisation of 'structure'  V 
by the chelate hydrogen bond provides a simple ex- 
planation, which is in agreement with measured bond 
lengths and charge distribution. 

In  the final calculation of structure factors, the 
scattering factors for Hx and H2 were reduced by a 
factor of two. The value of R then fell from 0.065 to 
0.058. Structure factors were also calculated in which 
the effects of bonding were approximately allowed for. 
Electron counts on Fig. 6 showed tha t  the average 
peak in a bond contained 0.05 electrons. This number 

.--. 0"15 k 

~0.10 I 

0 1A 
~ig. lO. Assumed electron distribution about the centre of 

a bond. 

of electrons, distributed as shown in Fig. 10, was 
therefore placed at  the centre of each bond, except 
for C701, C1C7 and C303 which, being nearly single 
bonds, were given only one half this number. This was 
probably an unnecessary refinement ! Similarly, 0"17 
electrons were subtracted from the centre of the ben- 
zene ring, 0.14 from the mid-point of the group 
O3C~C~C702, and 0.11 from the mid-point of the group 
CeC1C701. These three figures are in the ratio 6:5:4 ,  
the ratio of the numbers of overlapping atoms at the 
points concerned. When the contribution of this 
idealized redistribution of electrons was .included in 
F~, the value of R fell from 0.058 to 0.041. 

The extent of the departure from spherical symmetry  

agrees quite well with the results obtained by  Bacon 
(!952), who estimated the number of electrons as- 
sociated with the bonds in graphite as 0.12. The 
electron distribution in benzene has been calculated 
by March (1952), using the Thomas-Fermi and mole- 
cular-orbital methods. His results cannot be directly 
compared with those given here, since it  is the electron 
densities in a section through the benzene ring, and 
in a parallel plane at a distance of 0.35 J~, tha t  have 
been calculated. Certain points are worth noting how- 
ever. March's approximate solution of the Thomas-  
Fermi equation gives the electron density as an exact 
superposition of six spherically-symmetric distribu- 
tions centred on the carbon nuclei, when the in- 
fluence of the hydrogen atoms is neglected. The 
molecular-orbital results appear to require a slight 
concentration of electrons in the bonds; inspection of 
March's results suggests tha t  it  is of the same order of 
magnitude as tha t  reported here, which consists in a 
transfer of about 0.05 electrons per atom, or an 
average deviation from circular symmetry  of less than 
0.1 e.A -2. The g-electron density, which has hitherto 
been thought of as being spread fairly uniformly 
around the benzene ring, is shown by March's cal- 
culations to be almost entirely concentrated above the 
carbon atoms. This again agrees with our result t ha t  
the departure from circular symmetry  in projection is 
very slight. 

I should like to conclude by  thanking Prof. Sir 
Lawrence Bragg and Dr W. }t. Taylor for their con- 
t inued interest in, and support of this work. I am 
grateful to Mrs M. Remnant  and Mrs A. E. Gill for 
their help with some very tedious computing. 
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