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The Structures of Pyrimidines and Purines. 
V. The Electron Distribution in Adenine Hydrochloride 

BY W. C o c K a ~  

Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received 12 May 1950) 

The electron density in crystals of adenine hydrochloride has been measured with sufficient accuracy 
to distinguish between a number of possible tautomeric forms of the adenine molecule differing only 
in the positions assigned to hydrogen atoms. The result is presented as the difference between the 
electron density in the crystal and that appropriate to an assemblage of atoms whose electron dis- 
tribution is that calculated by Hartree's self-consistent-field method. I t  is pointed out that this 
difference is smaller than might have been expected. The electron distribution in N-N and N-O 
hydrogen bonds supports the view that in a hydrogen bond the proton is at approximately the 
normal covalent-bond distance from one atom of the pair. 

1. Introduction and experimental 

The crystal structure of adenine hydrochloride was" 
described in Par t  I I  of this series (Broomhead, 1948). 
In  Par t  IV (Broomhead, 1951) it is concluded tha t  in 
this compound the adenine molecule is present as a 
cation, and is to be regarded as one or the other of two 
tautomers which differ only in the positions assigned to 
hydrogen atoms. Seven other possible tautomers were 
eliminated from a consideration of the lengths and 
dispositions of certain intermolecular bonds in the 
crystal structure. This paper describes an a t tempt  to 
confirm and extend these conclusions by direct measure- 
ment  of the" electron density in the crystal. The main 
object of the work was, in fact, to test the extent to 
which X-ray diffraction methods can be used to s tudy 
chemical bonds by measurement of their electron 
distribution. 

Work undertaken with a similar object has been 
described by  Brill, Grimm, Hermann & Peters (1939), 
and by  Brill, Hermann & Peters (1942a, b,c). Their 
results and conclusions, at  least in the case of oxalic acid 
dihydrate, have not been generally accepted (Dunitz 
& Robertson, 1947). While the measurements made 
by Brill et al. were no doubt accurate, more recent work 
has shown tha t  better methods for the reduction of the 
experimental observations are available (van Reijen, 
1942; Booth, 1947a). In  particular, the avoidance of 
series-termination errors by the introduction of an 
artificial temperature factor has been shown to be 
inadvisable, since it may  lead to further errors in atomic 
co-ordinates. Furthermore, by broadening the electron 
density near the centre of an atom, this method obscures 
the more interesting details of the electron distribution 
in the chemical bonds. The procedure adopted in this 
investigation has been, therefore, to evaluate not the 
projected electron density 

~ L h  l 

A t 4  

but  the function 

1 
D=po-Pc=--% • E {Fo(hO1)-Fc(hO1)} 

\a  c / j  
which gives the difference between the observed 
electron density in the unit cell of the crystal and that  
calculated for an assemblage of non-bonded atoms in 
which the electron distribution is known, at  least 
approximately. In  this way, systematic errors due to 
the termination of the Fourier series were virtually 
eliminated, and by the subtraction of tha t  part  of the 
electron distribution in which we are least interested, 
the remainder was shown up with greater clarity. The 
use of this function has been advocated by Booth (1948) 
among others, and it has been used by Finbak & Norman 
(1948) in an a t tempt  to improve on the accuracy of the 
results obtained by  Brill et al. (1942c). 

Errors in the experimentally measured Fo's naturally 
set a limit to the accuracy with which the electron 
density can be determined. An expression for the 
standard deviation or(p) of the electron density pro- 
jected on an area A has been given by the writer 
(Cochran, 1948). On reasonable assumptions, we find 
tha t  for A = 5 0 A .  e, (r(p)=O.3o'(F). Thus to measure 
the electron density to within 0.1 e.A. -~, the structure 
factors must be accurate to within 0.3 in this case. I t  
is doubtful whether this degree of accuracy could be 
attained with the photographic techniques usually 
employed in X-ray analysis. 

The results described in this paper are based on 
measurements made on single crystals of adenine hydro- 
chloride using a Geiger-counter X-ray spectrometer 
(Cochran, 1950). The relative intensities of 250 (hO1) 
planes were measured using copper and (in part) 
molybdenum characteristic radiations, the range 
covered being up to sin &/h = 0. 74. Corrections for 
absorption in the crystal specimens were made by the 
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method due to Albrecht (1939), but  no corrections for 
extinction were made since photographic measurements 
had shown no systematic discrepancies between ob- 
served and calculated F ' s  for those planes for which 
I$'[ was large. 

Since the space group is P2/c the structure proj ected 
on (010) can be referred to a unit  cell whose c axis is 
one-half tha t  of the true unit cell. Indices, structure 
factors, etc., in this paper have, for convenience, been 
referred to this smaller unit cell, for which 

a=8"771, b=4"834, c=9-730A., /?=114 °15' 

and F(000) = 186. 

New techniques used in connexion with the (F o -  Fc) 
synthesis are described in § 2, and are summarized in 
the final paragraph of tha t  section for the benefit of the 
reader not interested in this purely technical aspect of 
the work. In  § 3 certain numerical results and their 
s tandard deviations are presented, while these results 
are  discussed in § 4. 

the series at  sin O/A = 0"74 were appreciable and would 
be certain to obscure much of the detail. This was not 
unexpected, and in succeeding syntheses the function 
calculated was 

D(x, z) = p c - p c  

In  the first place, however, one refinement could be 
made, as inspection of the Pc map showed tha t  the 
electron density in the chlorine atom was not circularly 
symmetrical. I f  this asymmetry  is due to anisotropic 
thermal vibration of this atom, it should be possible to 
represent its atomic scattering factor by 

f=foexp[-{~zc+,Scsing(¢--~c)}s~] ,  (3) 
(Hughes, 1941) 

where ~c and/?c are constants, ~ c  is the angle between 
the direction of maximum vibration and the v axis, 

C 

vibration ~ 

C ~ 
Direction of. 

maximum 
scattering 
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Fig. 1. The relation between the direction of maximum thermal vibration of an af~m and its scattering factor. 

2. C a l c u l a t i o n  o f  e l ec tron  d i s tr ibut ion  

This section is devoted almost entirely to computational 
techniques, which it  is proposed to describe in some 
detail, as the accuracy of the final results depends at  
least as much on their use as on the accuracy of the 
experimental measurements. 

I t  was pointed out in § 1 tha t  the structure factors 
F o were obtained on a purely relative scale. Comparison 
of observed and calculated F ' s  for a number of low-order 
planes gave an approximate value of the scaling factor. 
A graph of F o / ~ ,  where ~c denotes a structure factor 
calculated for atoms at rest, and the average is taken over 
a number of planes having approximately the same 
v a l u e  of s = sin 0, could then be fitted closely by the 
curve exp [ -  1.02s~]. Values of iv c = ~ exp [ -  1.02s 9'] 
were  calculated using the atomic co-ordinates obtained 
by Broomhead (1948). The value of 

R=ZI 'o- oI-ZlFÜI 
was 0.178, only slightly less than the final value of 0.20 
obtained by  Miss Broomhead. Inspection of the 
electron density calculated from the formula 

using the new experimental measurements, showed 
tha t  'diffraction effects' caused by the termination of 

and (2s, 15) are the polar co-ordinates of a point in the 
plane k = 0 of the reciprocal lattice (see Fig. 1). 

Equation (3) may  be written 

f=fo exp [--(~vs 2 +/~ct2)], 

where 2s, 2t are distances in reciprocal space defined in 
Fig. 1. This form of (3) is convenient for numerical and 
graphical calculation off. I t  may readily be shown tha t  
the electron density of this atom, projected on the line 
of maximum vibration, is the one-dimensional Fourier 
transform of 

/ m , , . - / 0  exp [ -  (~0+8o)  : ] ,  

while tha t  projected on the line of minimum vibration 
is the transform of fmax.=f0exp[-~os2]  (see, for 
instance, Wrinch, I946). Using this result the approxi- 
mate values of c, C and/~c were found to be 0.8 and 0-4 
respectively, while # o  was 55 ° by direct measurement. 
Recalculation of structure factors on this basis reduced 
B from 0.178 to 0.164, not a very striking improvement. 

The first D synthesis (equation (2)) was now cal- 
culated, and showed tha t  the co-ordinates of several 
atoms were considerably in error. Since it  will be 
necessary to refer to a number of such syntheses, they  
will be distinguished as D1, D~, etc. Corrections to 
atomic co-ordinates were made as follows. Inspection 
of the Pc map (equation (1)) showed tha t  the electron 
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density within 0.4 A. of the centre of an atom could be 
represented by po(r) =po(O) exp [-pre] ,  (4) 

(Costain, 1941) 

with p =4.9, po(O) = 10.2 and 11.2 e.A. -~ for carbon and 
nitrogen atoms respectively. If  the origin is taken at the 
point assumed to be the atomic centre in calculating 
structure factors, we can write 

D(r) =po(r) -pc(r) 
= po(0) exp [ - - p ( r -  A) ~] -p~(0) exp [-p ' r~] ,  

where A is the required correction. I f  the atomic 
scattering factor of this atom has been correctly chosen, 
p =p' and po(O)=pc(0), but this cannot be assumed in 
advance. For small values of r, 

D(r) =po(0) (1 -p r  ~ + 2prA)--pc(0)(1--p're), 
and therefore A -  (dD/dr)~ 

2ppo(O) :,i 
(5) 

0 // ave_ . \~, I-)  _ 

corrected co-ordinates were now calculated, and the 
value of R was reduced to 0-14. Calculation ofD9 showed 
that  the slope of this function near atomic centres was 
now small in all cases, and the form of D 2 in the neigh- 
bourhood of the chlorine co-ordinates was more sym- 
metrical (Fig. 3 (b)). Calculations based on the form of 
D~ in this region gave new values ac = 0.7,/?e = 0.7 and 
~k v = 50 ° for the temperature-factor parameters of this 
atom. Certain maxima of D~ could reasonably be 
ascribed to the presence of hydrogen atoms, and the 
contributions of five of these were included when the 
structure factors were recalculated. The atomic scat- 
tering factor of hydrogen was taken to be 

f=fo exp [ -  1.00s~], 

where f0 is the atomic scattering factor of a hydrogen 
atom in its ground state. These changes reduced R to 
0.10. D 3 was now calculated; a section from it in the 

a 0 

~ ; , -  ' t -  " : : ;  / ( / . i /  _ ~ 0  k.J 'N3 C, 

"2/ , ;'; ' =;Zz-'.k'. ," , -., , 5 7 

30 40 c 30 40 c 30 40 c 
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Fig. 2. (a) Var ia t ion  of  D t in the  ne ighbourhood of  a toms  N a, C4, C~ and  N~, showing the  un i form slope of  th is  func t ion  near  a tomic  
co-ordinates ( indicated by  dots).  (b) Same for D 4. The co-ordinates have  been corrected to remove the  slope. (c) Same for D 6. 
The tempera ture - fac to r  parameters  c¢ r have  boon ad jus ted  to m a k e  D approx imate ly  zero a t  the  centre  of  each a tom.  
Contours  a t  an  in terval  of 0.25 e.A. -2, zero contour  indicated by  0, negat ive  contours  broken.  Lines parallel  to  a and  to c 
are subdivided into ~6oths of  a and  c respectively.  

0 ,,%= :'----." - 0 ,,;-:~; 0 z "  

l &  , 
- - ~ ' " o  ........ d '~, '"~ . . . . . . .  8~ ' ~ " o  . . . . . . .  8~ 

(o1 (b) (c) 

Fig. 3. Var ia t ion  of (a) D1, (b) D~ and  (c) Da in the  neighbour-  
hood of  the  co-ordinates of  the  chlorine a tom,  showing the  
gradual  reduct ion in the  value of D as the co-ordinates and  
tempera ture - fac to r  parameters  are corrected. Contours a t  
an in terval  of ½ o.A. -2, otherwise as in Fig. 2. 

A section from the map of the function D 1 is shown in 
Fig. 2 (a). I t  will be noticed that  the function has a 
considerable slope in the neighbourhood of the co- 
ordinates of atoms C A and N 7 in particular. The correc- 
tions for each atom were calculated from (5), the 
maximum value of A being 0.08 A. Fig. 3 (a) shows the 
variation of D 1 in the neighbourhood of the co-ordinates 
of the chlorine atom. It  is clear from this figure that  the 
z co-ordinate of this atom is smaller than that  assumed, 
and that  one or more of the constants of (3) have been 
wrongly estimated. Structure factors based on the 

region of the chlorine co-ordinates is shown in Fig. 3 (c). 
At this stage a change of 5 % in the value of the scaling 
factor relating Fo to Fo was made on the basis of a com- 
parison of observed and calculated $"s in the range 
0"3 < sin O/h < 0.4. This change was necessitated by the 
previous changes in the temperature-factor parameters 
of the chlorine atom. 

The value of these parameters for the chlorine atom 
and for the adenine molecule as a whole were now more 
accurately determined as follows. 

Let C, M, W and H be the contributions to F c of the 
chlorine atom, the adenine molecule (excluding hydro- 
gen), the oxygen atom of the water molecule, and the 
hydrogen atoms respectively, so that  

F c = C + M +  W+H.  

Assuming for the present that  the temperature-factor 
parameters of the water molecule and the hydrogen 
atoms have been correctly chosen, and that  only the 
'acoustic' modes of vibration of the adenine molecule 
need be considered, we may write 

Fo = C. exp [Ayo . s ~] + M exp [Ay i . s 2 ] + W + H, 
where y = a  +/?sin ~ (¢ -- ~). 

5-2 
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Hence, assuming Aae, etc., small compared with unity, 

~'o-Fo=s~(~.A~c+ M.A~). (6) 
All structure factors with sin O/h>0.25 were now 

grouped into nine sets, each centred around one of 
¢ =  10 °, 30 °, ..., 170 °. Each set gave 20-25 equations 
of the form of (6), and within each set the value of ¢, 
and therefore of ATe and A~M , was assumed constant. 
These equations were solved by the method of least 
squares, and the values obtained for Ay v, etc., were 
added as corrections to give new values of a e, etc. The 
corrected values for the chlorine atom were, for in- 
stance, a t = 0 . 8 0  , fie=0.90, ~rc=43½ °. Values of ~/e 
andTM are plotted against ¢ in Fig. 4. I t  will be observed 
that  in both cases, particularly the former, the experi- 
mental values are closely fitted by a curve of the form 

+/? sin ~" (¢ - ~r). This may be regarded as experimental 
confirmation of the result given as equation (3). 

1-8 
1"6 

1"4 
q'C 1 "2 

1"0 
0"8 

1"2- 
~,~ 1"0 .=~,,~,,~. ~ j L . - a ~  

0.8 - ~--.,e.--..e~ = 
i i i , i i I 

o 2o 40 6o 8o loo 1,~o ' 1~o ¢ (o) 

Fig. 4. Comparison of measured values of the factor ~ (dots) 
with values of a + fl sin ~ (~--~b) (full line). The upper graph 
refers to the chlorine atom, for which a=0.80, fl=0.90, 
~-----43½°; the lower to the adenine molecule for which 
a = o . 8 o ,  fl=o.28, ¢ , = 5 5  o. 

Further small corrections (~0.01 A.) to atomic co- 
ordinates were now made in order to eliminate the slope 
of D a in the neighbourhood of atomic centres, and a 
fourth set of structure factors was calculated. The value 
of R was 0.077, and was reduced to 0.071 when the con- 
tributions from a further two hydrogen atoms were 
allowed for. The variation of D 4 in the neighbourhood 
of the co-ordinates of the water molecule showed the 
assumption of an isotropic temperature factor for this 
atom to be incorrect. This, and the possibility of an error 
in the scaling factor K relating F o to $'c, was allowed for 
by taking, as before, 

F~=C+M+ W+H, 
and 

KFo = C. exp [ATe. s ~] + M.  exp [ATM. 8 ~] 

+ W exp [A~, w . s ~] + H. 
Therefore, 

F o -  F~ = Fo. AK + s~(G. A3'c + M.  A~M + W. ATrr), (7) 

where AK = 1 - K. 
Equations were grouped into nine sets as before, and 

solved by the method of least squares for the four 
nnlcnowns. K should, of course, be the same in each set; 

values found ranged from - @008 to + 0.030, the mean 
value being +0.01_+0.005. Negligible values of ATe 
were found, while values of A7M indicated a change of 
0.05 in the value of a~/. Values of Ayw led to a~r=0.8, 
/?w = 0.5, ~w = 33°. In the D~ map the variation of this 
function in the immediate neighbourhood of the co- 
ordinates of the amino nitrogen (Nz0) had been closely 
similar to its variation in the neighbourhood of the 
water molecule. The temperature-factor parameters 
of 1~10 were therefore adjusted accordingly. 

The possibility that  all atoms of the adenine molecule 
did not have the same temperature factor was next 
considered. The calculations referred to above showed 
that  the thermal vibration of the molecule as a whole 
was anisotropic, and in order to avoid an excessive 
amount of calculation it was assumed t h a t / ? ~  was the 
same for all atoms, except Nz0 , for which this assumption 
was clearly incorrect. Two ways of choosing the con- 
stant a r for each atom of the molecule suggest them- 
selves: 

(i) We may choose the value of ar to make the cal- 
culated and observed electron densities at the centre 
of the rth atom agree exactly. This is perhaps the 
better method to adopt, as po at this point should be 
nearly independent of any redistribution of electrons 
that  has taken place on bonding. A positive value of 
po-p~ at an atomic centre would correspond to too 
great a value of at. A quantitative relation may be 
established a~ follows" 

Writing 2rf(hx/a + lz/c) = ®, 

~--C-t- W + H-t-2 ~f~cos®~, 
7 

where fr--'foeXp[--(aM-I-~MSin2(¢--~M))82], ° 

and f0 denotes, as before, the scattering factor of a 
carbon or nitrogen atom at rest. 

Now assume 

Fo=O+ W + H + 2 ~  {fr exp [Aar.sP]} cos~r. 

and, since ~ ~ cos ®r cos ®e = 0 unless r = r', 
h I 

2 
D(xrzr) --~ /tar. Z ZYr.s~. (9) 

k l 

Equation (8) was used to evaluate Po--Pc for an atom 
(average of carbon and nitrogen) with Aar = 0"l. The 
result is shown in Fig. 5 (a), from which it will be 
observed that  this value of Aar leads to a value 
Po -Pc = 0.35 e.A.-9, at the centre of the atom, but values 
at distances greater than about 1 A. from the centre 
are very small. Values ofD s at the centres of atoms were 
used to find values of Aar from (9). The results are 
given in Table 1. 

(ii) Alternatively, we may choose the value of a r for 
each atom to give the best possible agreement between 
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F o a n d  Fo. Th is  will  n o t  necessar i ly  lead  to  t h e  same 
values  for t he  a~'s as t he  procedure  ou t l ined  in  (i) above .  

W e  have ,  as before,  

$ ' 0 -  F~  = 2 Y~f~. Aa~.. s ~ co s  O. 
r 

t h e  sum being t a k e n  over  t he  a toms  of  t he  aden ine  
molecule.  This  set  of 250 equa t ions  was solved for t h e  
t e n  A a / s  b y  a modi f ica t ion  of  t he  leas t -squares  me thod .  
The  resul t s  are shown  in  Tab le  1, a n d  the  a g r e e m e n t  
w i t h  va lues  o b t a i n e d  b y  the  first  m e t h o d  is sa t i s fac to ry .  

,.-, ~ .  0"7 
I .  < .~ 0-6 

b o.5 

~ 0.3 ~ 0.3 

8 0"I ~ 0"1 

- -  _ 0 . 1 1 . .  _ - -  
' "  Distance (A.) 

(a) 

l l | l l l l l ' ~ , , l l , , | l l l  

1 "0 2"0 
Distance (A.) 

(b) 

Fig. 5. (a) Difference between the electron densities of two 
atoms whose temperature-factor parameters, a and a +  An, 
differ by 0.1. (b) Difference between the electron densities 
of a chlorine ion and a chlorine atom, calculated from 
structure factors given by James & Brindloy. 

Tab le  1. Comparison of corrections to temperature. 
factor parameters obtained by two methods 

Value of Aa Value of Aa 
Atom 1 from Ds by leash squares 

1~ 1 --0.095 --0.118 
N 3 --0.128 --0.138 
N~ + 0"007 + 0.032 
N, -- 0.080 -- 0.096 
Nxo -- 0" 108 -- 0" 150 
G2 -- 0"108 -- 0"075 
G 4 + 0 " 0 9 5  + 0 " 1 0 6  
C s +0"162 +0"170 
Ce + 0"013 + 0"075 
Co -- 0.034 -- 0.032 

The  va lues  of  t h e  t empe ra tu r e - f ac to r  p a r a m e t e r s  
used for t h e  f inal  ca lcu la t ion  of  s t ruc tu re  fac tors  are  
shown  in  Tab le  2. Some of  t h e m  were rounded  off f rom 
the  exac t  va lues  de r ived  f rom Tab le  1 in  order  to  
s impl i fy  subsequen t  calculat ion.  The  effect on t h e  D 

Table  2. Temperature-fazAor parameters of all atoms 

Atom a /? ¢ y = a + ~fl 
C1 0.8 0.9 43½ ° 1.25 
W 0.8 0.5 33 ° 1.05 
Nxo 0.7 0.8 38 ° 1.10 
N~ 0.9 0-28 55 ° 1.04 
N o 0.9 0 .28  55 ° 1 .04 
Iq 7 0.8 0.28 55 ° 0.94 
N 9 0-9 0-28 55 ° 1.04 
C2 0"9 0.28 55 ° 1.04 
C4 0.7 0-28 55 ° 0.84 
C5 0"7 0"28 55 ° 0.84 
Ce 0"8 0"28 55 ° 0"94 
G 0 0.8 0.28 55 ° 0.94 

m a p  of  t he  correc t ion  of t h e  t e m p e r a t u r e - f a c t o r  para -  
me te r s  can  be seen b y  compar ing  a sect ion f rom Do 
(Fig. 2(c)) w i t h  a cor responding  sec t ion  f rom D 4 
(Fig. 2 (b)). 

Values  o f f  c ca lcu la ted  on the  basis  of  these  cons t an t s  
a n d  the  a tomic  co-ordinates  set  ou t  in  Tab le  3 are  com- 
pa red  w i t h  va lues  of  F o in Tab le  4. The  va lue  of R is 
0.061, a n d  the  m e a n  va lue  of [Fo-F~[ is 0.44. These  
values  of F c were used to  ca lcula te  Do. S t r u c t u r e  

Tab le  3. Atomic co-ordinates 

Atom x z y 
C1 0.2812 0.0482 0.178 obs. 
Ow 0 0 0.745 obs. 
Iq" x 0.1762 0.3043 0.5998 calc. 
N a 0-3960 0.5290 0.7553 ealc. 
N~ 0.1883 0.6326 0.2090 calc. 
No 0.4060 0.7458 0.5013 eale. 
Nx0 -- 0"0093 0.2890 0.2481 calc. 
C~ 0.3098 0.3838 0-7665 cult. 
C 4 0.3395 0.5958 0.5579 calc. 
C a 0.2078 0.5283 0.3798 ealc. 
Ca 0.1180 0-3717 0.3982 talc. 
C s 0.3136 0.7618 0.2961 calc. 
He 0.087 0.025 - -  
H 1 0-120 0.205 0.613 calc. 
H~ 0.335 0.318 0.900 calc. 
H10 -- 0.048 0-200 0-283 calc. 
H~0 --0.058 0.310 0.124 ealc. 
H 0 0.338 0.850 0.234 calc. 
H 9 0-513 0-825 0.615 calc. 

fac tors  F '  o which  d id  no t  inc lude  the  con t r ibu t ions  of 
t he  h y d r o g e n  a toms ,  were also calcula ted.  Fc differs 
f rom F~ on!y  in  t he  r ange  sin 0/A < 0.45. W i t h i n  th i s  

range,  R = 0.046 a n d  [ F o - F~ ] = 0.50, whi le  R' -- 0.08 

a n d  [.Fo-F'o]=O.88. D~ was ca lcu la ted  accord ing  to  
equa t ion  (2) w i t h  va lues  of  Fo-F'c as coefficients. The  
resu l t  is shown  in  Fig.  6. 

I t  m a y  be as well to  s u m m a r i z e  a t  th i s  po in t  t h e  pro- 
cedure  ou t l ined  in  th i s  sect ion,  a n d  t h e  a s sumpt ions  on 
which  t h e  e lec t ron d i s t r i bu t ion  shown  in  Fig.  6 was 
ob ta ined .  I t  was  a s s u m e d  t h a t  t he  observed  s t ruc tu re  
~mpl i tudes  could bes t  be r ep resen ted  b y  

KFo= 2 Z for exp [--  (at  +/?r  sing (¢ -- ~k~)) sg] 
$, 

T h e  c o n s t a n t  K was  t h e n  a d j u s t e d  to  u n i t y ,  a n d  the  
bes t  va lues  of t he  a tomic  co-ordinates  (x r, zr) a n d  the  
t e m p e r a t u r e - f a c t o r  p a r a m e t e r s  at,/?~ a n d  ~% was found  
b y  a m e t h o d  of  successive app rox ima t ions ,  f0 is t h e  
a tomic  sca t t e r ing  fac tor  of  an  a t o m  whose e lec t ron 
d i s t r i bu t ion  is t h a t  ca lcu la ted  b y  the  m e t h o d  of t he  
se l f -consis tent  field (Har t ree ,  1928). The  e lec t ron dis- 
t r i b u t i o n  shown  in  Fig.  6 is therefore  t h e  difference 
be tween  t h a t  ex is t ing  in  t he  c rys t a l  a n d  t h a t  ob t a ined  
b y  superpos ing  ' H a r t r e e '  chlorine,  oxygen ,  n i t rogen  a n d  
ca rbon  a toms ,  w i t h  app rop r i a t e  amp l i t udes  of t h e r m a l  
v ib ra t ion ,  a t  t he  app rop r i a t e  po in t s  in  t he  u n i t  cell. 
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Fig. 6. 7 Difference between the electron density projected on (010) and that  calculated for isolated C1, O, N and C atoms 
whose centres are indicated by dots. Contours at 0.2, 0.4 .... 1.0 e.A. -~, negative contours broken. 

3. Numer i ca l  r e s u l t s  

B o n d  lengths  a n d  b o n d  angles ca lcu la ted  f rom the  
co-ordinates  g iven  in  Table  3 are shown in  Fig. 7. Since 
the  y co-ordinates  have  no t  been de t e rmined  in th is  
inves t iga t ion ,  i t  has  been assumed t h a t  t he  molecule  is 
p lanar .  Suppor t  for  th is  a s sumpt ion  comes f rom 
accura te  th ree -d imens iona l  measu remen t s  on  n a p h t h a -  
lene (Abrahams ,  R o b e r t s o n  & Whi te ,  1949), a n t h r a c e n e  
(Mathieson,  R o b e r t s o n  & Sinclair,  1950) and  a sub- 
s t i t u t ed  py r imid ine  (Clews & Cochran,  1949). I f  the  
molecule  is p lanar ,  we have  y = A x + B z + C  (x, y, z 
f rac t iona l  co-ordinates ,  d iad  axis t a k e n  as or igin in x z 
plane) .  The  values  of  A ,  B and  G in best  ag reemen t  wi th  
the  y co-ordinates  found  b y  B r o o m h e a d  (1948) were 
A = 2 . 0 0 8 1 ,  B = - 1 - 2 7 4 2 ,  C=0 .6301 .  I f  t he  neigh- 
bour ing  molecules  re la ted  by  the  opera t ion  of  the  centres 
of  s y m m e t r y  a t  (0, 0, ½) and  (½, 0, ½) are accura t e ly  
coplanar ,  as a mode l  of  the  crys ta l  s t ruc tu re  and  a con- 

s idera t ion  of  in te rmolecu la r  forces suggest,  we should  
find A = 2.00, B =  - 2 C .  The  va lue  of  C fulfil l ing these 
condi t ions  and  in best  ag reemen t  wi th  previous  measure-  
men t s  was 0-6320. B o n d  lengths  were ca lcu la ted  using 
bo th  sets of  cons tan ts ,  b u t  in  no case did t h e y  differ by  
as m u c h  as 0.005 A. The  s t a n d a r d  dev ia t ions  of  bond  
lengths  a n d  o ther  measu remen t s  are de r ived  la te r  in 
th is  section.  

The  n u m b e r  of  e lectrons associated wi th  each a t o m  
was eva lua t ed  as follows. I f  no and  nc are the  number s  
of  e lec t rons  in an  area  S, cor responding to  e lec t ron 
densi t ies  po and  Pc, 

no--nc= f s(Po--PDdS= f sDdS; 
or a p p r o x i m a t e l y  no = nc + ~S.  ED,  where the  sum is 
t a k e n  over  the  poin ts  inside S a t  which  D was eva lua ted .  
E a c h  Four ie r  synthes is  was eva lua t ed  a t  in te rva l s  of  
a160 and  c/60, so t h a t  ~ S = A / 3 6 0 0 .  The  choice of  area  
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associated wi th  each atom, or group of atoms, was 
necessarily somewhat  a rb i t ra ry  and  is shown in Fig. 8. 
Values o fn  o derived in this way from D e (hydrogen atoms 
subtracted) and  from D~ (hydrogen atoms not  sub- 
tracted) are given in Table 5. 

oxygen and hydrogen atoms, and  of f0exp [ -1"258 ~] 
for a chlorine a tom (Fig. 9). I f  the  electron spread in 
a bonded hydrogen a tom is even qual i ta t ively  similar 
to  t h a t  in an  isolated one, a considerable number  of  
electrons will lie outside the  boundaries of  the  areas 

k~/,, 126"5~19~Sc° ° . " "  f ,, ,,, ,, ~,(~6 ~ o ~  - ,,-,:,\ 
, , \  ,,, ,0~o~__r~-n~o ~L%:o ,,,, 

\ f '  / A \ 

k ,'~.nn ,' . . , ,  ~ 1 " 3 6  1"36~(N9)1.33 ~ , 
\ - , .  w ...c' 1 "00 ~ ' ' s u - , . ' M . ~ ' ~  "-..-,~" "(~-85 ~ , 

a ,, .x,.~. 1"371 ~ "r~/'l'3S ," x '~ ' ,  
~,~ ' ',,~.~7 ~89 ,,2.,8 ~.~0,," \ 

. . . . .  

>o I..., ° I 2 3A. 
Fig. 7. Bond lengths and bond angles in adenine hydrochloride. Arrows indicate the directions of maximum 

thermal vibration of the chlorine atom and the water molecule. 

Atom group 

(Ctth 
Ns 
C, 
C5 
Ca 
N, 
(c~)a 
(:NH)9 
(:NH~)10 
½H~O 
C1 
Total 

Table 5. 1Vumbers of electrons in certain 
atoms or groups of atoms la 

n c n o from De n o from D~ Average n o ~ . C ~ / / \ ~ . \ C I  ~ ~ . . . . C  ~ 
8 7.96 7.86 7.91 "" ....... 
7 6.92 6-77 6.85 
7 7.00 6.97 6"98 ~b 
6 6.10 6.10 6.10 
6 6.22 6.20 6.21 
6 5.87 5.93 5.90 
7 6.89 6.98 6.94 >c 
7 7.23 7-28 7.25 
8 7-80 7-56 7.68 : 
9 8.78 8.35 8"57 Fig. 8. Areas associated with each atom or group of atmms in 

½x 10 ½× 9-96 ½x 9.80 ½× 9.88 which electron counts were made. The arrows show the 
17 16.85 17.26 17.05 directio~ of maximum thermal vibration of each atom or 
93 92.6 92.16 92"38 group of atoms. 

The s tandard  deviat ion of the number  of electrons 
in one of the  areas considered is shown later  to be less 
t h a n  0-1 e. Values of no derived from D 6 and from D7 
often differ by  considerably more than  this, par t icular ly  
when a hydrogen a tom is involved. The explanat ion of 
this  is to  be sought in the spreading of the electron 
densi ty  outside the  area in which an electron count was 
made. The electron dis t r ibut ion in isolated atoms has 
been calculated by  forming the two-dimensional  Fourier  
t ransforms of f 0 e x p [ - l ' 0 0 s  2] for carbon, nitrogen, 

shown in Fig. 8, and values of n o from D T will be too 
low. Values t aken  from D 6 tend  to be too high for a 
similar reason. This, and not  the  random experimental  
error, consti tutes the  main  error in the  measurement  
of no. The average of the values from D 6 and D~ will be 
t aken  as the  best est imate in each case, and  should not  
be in error by  more t ha n  0.2 e. 

Before discussing the  results, an a t t e mp t  will be 
made to est imate their  s tandard  deviations, so t h a t  
conclusions are not  drawn from results which are no t  
significantly outside the range of experimental  error. 
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Fig. 9. The electron dlstribu$ion in isolat~l atoms. 

(a) Standard deviation of the electron density 

From P ° = 2 ~  ]~F°c°s®'Z 

we obtain immediately 

Apo =2 Z Z ~'o COS®, 

and therefore 

or(po)={(~po)~ii=A or(.Fo)(½_N')½, (I0) 

where o'(Fo)={(AFo)~} ½ and N is the number of terms 
in the series. The quantity o'(Po-Pc) will be equal to 
o'(po), provided rounding-off errors in the calculation 
of the 2'o's are small. This was the case in the present 
work. A lower limit to the value of ~(~o) can be got 
by comparing independent observations. This gave 
~(F0) > 0.3. An upper limit is got by taking 

~(Fo) = 1-251F o -  F~ l, 
which gives ~(lvo) < 0.55. The former value is an under- 
estimate ff systematic errors were present in the 
observations, the latter must be an over-estimate, 
since the atomic scattering factors used in calculating 
F~'s cannot be exactly correct. Accordingly we take 
q(Fo)=0.4, and hence ¢r(po)=O'(po-pc)=O.le.A. -~, 
since A = 77.8 A. ~, N = 250. 

(b) Standard deviation of bond length 
We make use of a result given by Booth (1947b) 

~(~,)=~ ~ ~(Fo). 

c(x~) is the standard deviation of the x co-ordinate of 
the rth atom, N r its atomic number and p =4.9 in this 
case. Hence for a carbon atom, q(xr)=0.0056 A. This 
does not take into account errors caused by possibly 
incomplete correction for the termination of the series, 
which is, of course, automatically accomplished, as far 
as is possible, by the technique of the (Fo-  Fc) synthesis. 
A result given by Cruickshank (1949) allows one to 
estimate the standard deviation resulting from all 
sources of error. I t  may readily be shown that  Cruick- 
shank's result is equivalent to 

+x+ ]===,, +=+, 

, I I I I I I I , i I I I I I I I I I I 

+ '0 2"0 
Distance (A.) 

The average value of ~ (pc-pc) was evaluated over 

86 points of the function D~, at which one might reason- 
ably expect the true value of Pc and therefore of 

~x(po-pc ) to be zero. This gave ~(xr)-0.007A. We 

may therefore conclude that  the standard deviation of 
a CC or CN bond length does not exceed 0.01 A. 

(c) Standard deviation of number of electrons in a par- 
ticular area 

We have no =.tpo dS, 

where dS is an element of area = A dxdz/ac. If  the area 
is bounded by the lines X=Xl, x9 and z=zl,  %, then 

xcos2~ x~)~ )-c ] 

Hence we have, fairly directly, 

- xl % - Zl sin X ~ 

where X = ~h(x z -  Xl)/a , etc. 
The summation was evaluated numerically for the 

case (xg-xl) /a = (%-Zl)/C = 1/6, which corresponds to 
an area of 2.16 A. 9, about equal to the average area over 
which electron counts were made, and the value of 

z z ( s i - ~ ) 2 ( ~ - ~ )  ~ "  "7" " "  " was found to ;_, 14.4. Hence 

o'(no) =0.06e. This value is small compared with the 
uncertainty introduced by the spreading of the electrons 
for a particular atom outside the area which can be 
associated with this atom, as has already been pointed 
out. 

4. Discussion 

The bond lengths and bond angles shown in Fig. 7 
differ considerably from those given previously (Broom- 
head, 1948), which were derived from photographic 
measurements. The mean deviations between the two 
sets of results are 0.045 A. for bond lengths and 3½ ° for 
bond angles. Bond lengths reported here do not appear 
to support suggestions made by Taylor (1949) regarding 
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the molecular structure of adenine. Later discussion 
suggests that  if we attempt to describe the molecular 
structure of adenine in terms of resonance between 
valence bond structures, (I) and (II) must make im- 
portant contributions. In fact, by suitably weighting 

(I) (H) CIII) (IV) 

the contributions from the four structures shown above, 
one already obtains bond lengths in the pyrhnidine ring 
in good agreement with those observed, while the pre- 
dicted electron distribution is in qualitative agreement 
with that  observed. These structures consistently make 
NgC s and N~C5 single bonds, and N~C s a double bond, 
however. In  fact all bonds of the iminazole ring are 
found to have 20-50 % double-bond characters, and it 
is not possible to account for this without postulating 
contributions from structures which do not appear 
plausible, and which find no support from the experi- 
mentally determined electron distribution. I t  must be 
concluded that  this type of approach to the problem is 
too naive to predict the bond lengths in a relatively 
complex molecule where the interaction with the 
chlorine atom should also be taken into account. 

The electron distribution confirms and extends the 
conclusions reached in Part  IV. One-haft of the unit 
cell we are considering contains one molecule of adenine 
(CsHsNs), one of HC1 and haft of the water molecule 
which is in a special position, that  is, 93 electrons in all. 
Of the seven hydrogen atoms, it was known in advance 
that  one must be bound to each of C, and C s. Electron- 
density maxima occur at distances of 1.00 and 0.85A. 
from these atoms, and in directions fairly symmetrically 
disposed in relation to neighbouring covalent bonds 
(Fig. 7). We have assumed, of course, that  in space these 
maxima lie in the molecular plane. The CH distances 
given above have a standard deviation which must 
be about 0-1 A., and there is no reason to suppose that  
the proton coincides exactly with the point of maxi- 
mum electron density to which measurements were 
made. 

In the pyrimidine ring, one can say with con- 
fidence that  there is a hydrogen atom covalently bound 
to N~, but not to Na. This could not have been pre- 
dicted in advance, although it was strongly suggested 
by pacl~ing considerations. The height of the electron- 
density maximum adjacent to N 1 is 1.07 e.A. -~, and 
it occurs at a distance of 0.89 A. from N1, almost exactly 
on the line joining N 1 to the centre of the water molecule. 
The distance of the hydroger, atom (always with the 
reservation that  this refers to the point of maximum 
electron density) from the centre of the water molecule 
(Ow) is 1.94A., while N~Ow=2.81A. The lengths and 

dispositions of these bonds suggest that  this is a 
typical N - H - - O  hydrogen bond, and the distance 
H I O w =  1-94A. is significantly less than the sum of the 
van der TVVaals radii of hydrogen and oxygen, which is 
1 .2+1.4=2-6A. 

From the position of the electron-density maximum, 
it would be unreasonable to assume that  the proton is 
situated elsewhere than at a point distant 1.0 + 0.2 A. 
from the centre of N 1. This agrees with infra-red spectro- 
scopic evidence on the position of the proton in at least 
the majority of hydrogen bonds (see, for instance, 
Pauling, 1945). The electron density in the region 
between H 1 and 0 W is never less than 0.2 e.A. -9, but 
this is not sufficiently great compared with the standard 
deviation of 0.1 e.A. -2 for any conclusions to be drawn. 

Turning to the distribution in the neighbourhood of 
the extra-ring nitrogen (Nlo), it is reasonable to assume 
from the presence of two electron-density maxima, both 
at distances of 0-81 A. fro.m the centre of this atom, that  
the adenine molecule is in the (-NH~), and not the 
(--NH) form. The heights of these maxima are 0.72 
and 1.00 e.A. J ,  the smaller (H~o) occurring along the 
line joining N10 to 1~'~ (N~ of an adjacent molecule), and 
the larger (H10) approximately on the line N10C1. The 
distances H10C1 and H'loN; are 2.50 and 2-18A. respec- 
tively, again significantly less than the distances ob- 
tained by adding corresponding van der Waals radii, 
which are 3.0 and 2.7 A. respectively. The electron dis- 
tribution in H~0 is the more diffuse of the two, and again 
there are indications of a 'bridge'  extending towards 
(or from) N'~. The number of electrons associated with 
the amino group is definitely less than 9, the deficiency 
being about 0.4 e. (Table 5). This is in qualitative agree- 
ment with the pronounced shortening of the bond CeNt0 
from the single-bond value of 1.47 A., since both effects 
can be explained in terms of contributions to the mole- 
cular state from resonance structures such as (I) above. 
Indeed, the quantitative agreement is good. A deficiency 
of 0.4+ 0.1 e. corresponds to a double-bond character 
of 40 + 10 ~ ,  and Pauling's curve (1945) relating bond 
length to double-bond character shows this to corre- 
spond to a bond length of 1.33 +0.02A., while the 
measured value is 1.30 + 0.01 A. 

We have so far located five of the seven hydrogen 
atoms. A sixth, forming a part  of the water molecule 
and related to the other hydrogen atom of this molecule 
by the operation of a diad axis, is also clearly resolved 
in Fig. 6. The maximum electron density is 0"87 e.A.-~, 
and ff we assume that  the hydrogen atom is directed 
towards a neighbouring chlorine atom, in space as well 
as in projection, the distance OwH 0 is 0.95A., and the 
angle HOH is 96 °. The distance HoC1 is then 2.17A., 
much shorter than the 3-0 A. obtained by adding the 
van der Waals radii. In contrast, the distances H2C1 
and HsCI are 2.80 and 2.92 A. respectively. These may 
be regarded as normal van der Waals contacts, and the 
shortening of 0"5 A. observed in the other cases is to 
be regarded as characteristic of hydrogen bonding. 
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The seventh hydrogen atom appears to be covalently 
bound to Ng, although the evidence is not quite so 
conclusive in this case. A peak of height 0-7 e.A. -~ 
occurs 1.08 A. from N 9 along the line joining this atom 
to a chlorine atom, and although it contains consider- 
ably less than one electron, it is the only large peak in 
Fig. 6 still not accounted for. The number of electrons 
in the group (NH)~ is 7-7 + 0.2 (Table 5). 

We have now associated an additional proton with the 
adenine molecule, but less than one extra electron since 
both (NHg)10 and (NH)9 are electron-deficient. This is 
in qualitative agreement with the assumption, implicit 
in the above discussion of bond lengths, that  adenine 
hydrochloride is to be regarded as (AH)+C1-. One may 
therefore ask whether there is any evidence from the 
electron distribution that  the chlorine atom is ionized. 
At this point the question of the accuracy of the atomic 
scattering factors used in calculating Pc must be raised. 
The atomic scattering factor for oxygen comes directly 
from the electron distribution calculated by the self- 
consistent-field method, while those for carbon and 
nitrogen were obtained by an interpolation method 
based on self-consistent-field calculations for other 
atoms of low atomic number (James & Brindley, 1931). 
The atomic scattering factor of C1 is based on the cal- 
culated distribution in CI-, and James & Brindiey state 
that  to obtain f(C1) they subtracted one-sixth of the 
contribution to f(C1-) of the six (3p) electrons. The 
difference between the projected electron densities in 
C1- and in C1 should be obtained on calculating the two- 
dimensional l~ourier transform of f(C1-)-f(C1). When 
this is done, using the values published by James & 
Brindley, the distribution shown in Fig. 5 (b) is obtained. 
This is obviously incorrect, since it predicts a maximum 
difference of electron density at the nucleus, while we 
should in fact expect the difference there to be almost 
zero and the maximum difference to occur at a distance 
of perhaps 0.7A. from the centre. The explanation 
would appear to be that  f(C1-)-f(C1) is alternately 
positive and negative as sin0/~ increases from zero, 
but that  only in the range sin0/A <0-4, where they 
considered the contribution of the (3p) electrons to be 
appreciable, did James & Brindley make any change 
from f(C1-) in tabulating f(C1). The result given by 
calculation is in any case only an approximation to the 
actual distribution in an isolated atom or ion, and the 
effect on Po-Pc of using an incorrect atomic scattering 
factor is merely to change the distribution of electrons 
in an area surrounding the nucleus. The number of 
electrons in this area is not changed, although the area 
must be increasingly extended the more f deviates 
from the true value, particularly at large values of 
sin ~/A. Values of D~ in the immediate neighbourhood 
of the chlorine atom show no systematic variation from 
zero, but a circle of radius 1.6 A. drawn about the centre 
of this atom passes through a region in which D is con- 
sistently positive. The number of electrons lying 
between circles of radii 1.3 and 2.0A., excluding areas 

already associated with other atoms, is about 0.4. The 
direc~ evidence as to the state of ionizatioIi of the 
chlorine atom is therefore inconclusive, but it is im- 
probable that  it is fully ionized. Any interaction 
between the chlorine atom and the adenine molecule 
must take place mainly through the hydrogen bonds 
linl6ng O1 to Nlo and to N 0. 

One unexpected feature of the electron distribution 
as a whole is its similarity to the 'calculated' distribu- 
tion obtained by superposing isolated atoms. This is 
shown by the absence of the discrete maxima which 
one might have expected to find at the centres of 
covalent bonds. These maxima could be obscured by 
wrong choice of temperature-factor parameters of 
neighbouring atoms, but quite elaborate precautions 
were taken to ensure that  the constants ~r were as 
nearly correct as possible (see § 2). The value of D~ is 
positive at the centres of CC and GN bonds (except in 
one case), the average value being +0.2e.A.-% Since 
this is an average over ten bonds, it seems to differ 
from zero by an amount outside the range of random 
experimental error. Only in the case of the N9Os bond 
is there a pronounced maximum, which, however, con- 
tains only 0.1 e. The electron density in a covalent bond 
is therefore very little more than is obtained by placing 
two 'non-interacting' atoms one bond-length apart. 
This conclusion finds support from results published by 
Robertson (1945), who compared the projected electron 
densities in single, conjugated, double and triple CO 
bonds, and remarked that  the apparent increase in 
electron density at the centre of a bond in at least the 
first three cases was about the same as resulted from 
bringing pairs of average carbon atoms to within the 
specified distances. Brill et al. (1939) conclude from 
their measurements on diamond that  the electron den- 
sity at the centre of a bond is higher than that  at other 
points at the same distance from the nucleus, but it is 
not clear whether they have taken overlapping into 
account. Franklin (1950), however, finds it necessary 
to postulate a relatively large concentration of electrons 
around the centres of the bonds in graphite in order to 
explain certain features of the X-ray scattering of this 
substance. Unfortunately, it does not appear to be 
possible at the present time to predict theoretically 
even an approximate value of the electron density in 
a covalent bond, and clearly more results are required 
before definite conclusions can be drawn. 

Even the hydrogen atoms have an electron dis- 
tribution which is very similar to that  of an isolated 
atom, the observed maximum electron densities being 
1.08, 1.07, 1.00, 0.87, 0.72 and 0.70 e.A. -~, as compared 
with the calculated value of 0.77 e.A. -~. The observed 
electron distribution has a tendency to be elongated in 
a direction perpendicular to the covalent bond in the 
case of the hydrogen atoms, and the direction of maxi- 
mum thermal vibration of Nz0 is also nearly perpen- 
dicular to the covalent bond C6N10. This is an indication 
of the smaller value of the force constant for the bending 
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rather than  for the stretching of a bond. The directions 
of maximum thermal vibration of the chlorine atom and 
the water molecule can also be understood when one 
considers their environment, the direction in both cases 
being tha t  in which they make no bonds (Fig. 7). 

Finally, we may  comment on the very close agree- 
ment obtained between calculated and observed struc- 
ture factors. Over the range sin 0/A < 0.5, two sets of 
independent measurements on two crystal specimens 
were made, and the value of Z I F  1 - E  2 [+ Z ] F  11 w a s  

0.026. Over the same range Z[ F o - F ¢ ] +  Z] Fo 1=0"046. 
This is simply another indication of the fact tha t  the 
actual electron distribution differs very little from tha t  
in a set of 'Har t ree '  atoms, so tha t  the corresponding 
atomic scattering factors, including tha t  of hydrogen, 
are nearly correct. Nevertheless, it is surprising to find 
that the average atomic scattering factor of an isolated 
atom is correctly represented by the values given by 
James & Brindley, to within 4 ~ over this range, as 
these results suggest. However, it must be remembered 
tha t  any error in f0, which corresponded to a general 
spreading out of the calculated electron distribution 
such as results from a neglect of the exchange principle 
(Hartree & Hartree, 1936), would be at  least partially 
compensated by our method of estimating the tem- 
perature-factor parameter. 

I should like to conclude by thanking Prof. Sir 
Lawrence Bragg and Dr W. H. Taylor for their con- 
tinued support and encouragement. I am indebted to 
Dr M. V. Wilkes for permission to use the Hollerith 
tabulator on which much of the computing work was 
done, and to Mrs Gill for her assistance with the latter. 
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The Structures of Pyrimidines and Purines. IV. The Crystal Structure of  Guanine 
Hydrochloride and its Relation to that of  Adenine Hydrochloride 
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The crystal structure of guanine hydrochloride monohydrate has been established by X-ray analysis, 
employing two-dimensional Fourier methods. The cell dimensions and space group are different from 
those of adenine hydrochloride hemihydrate, but, in spite of this, the two structures are strikingly 
snnilar. From the disposition of intermolecular hydrogen bonds an attempt is made to deduce the 
positions of the hydrogen atoms covalently bo~md to nitrogen atoms of the purine molecules. 

1. Introduction a programme of investigation of a group of compara- 
An X-ray s tudy of the hydrogen chloride salts of the tively simple molecules which are constituents of nucleic 
purines adenine and guanine was undertaken as part  of acids. In this particular case the main object of the 

* Now at the Department of Chemical Crystallography, research has been to establish, if possible, which tauto- 
University Museum, Oxford, England. meric forms of adenine and guanine exist in the solid 


