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Crystals of 1,5-dihydroxyanthraquinone are monoclinic with two molecules in a unit cell of dimensions 
a= 15.755, b=5"308, c=6-003 A, B=93°37 ', space group P21/a. The structure was solved by Fourier 
methods and refined in three dimensions with anisotropic thermal parameters, using differential syn- 
theses. The final R value was 13.3 % and the mean coordinate standard deviation 0.004/~. The molecule 
forms a strong asymmetric intramolecular hydrogen bond. Electron delocalization across the quinonoid 
ring, as gauged by the structural parameters, appears minimal. The molecular packing is tight. 

The hydroxyanthraquinones offer an interesting prob- 
lem in hydrogen bonding, in that when substituted in 
the e position they can form intramolecular bonds, but 
in the fl position intermolecular bonds only. The melt- 
ing points of the former compounds are characeristic- 
ally lower (Table 1), although 1,5-dihydroxyanthra- 
quinone is an exception. Various spectroscopic investi- 
gations have been reported (Peters & Sumner, 1953; 
Hadzi & Sheppard, 1954; Bloom, Briggs & Cleverley, 
1959). The spectra of the or-substituted compounds con- 
firm the formation of an intramolecular bond, and are 
interpreted in terms of contributing structures, such as 
(I), (II), and (III). 
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The spectra are consistent with a strong hydrogen 
bond, but the proton is thought to be asymmetrically 
placed between the two oxygen atoms and firmly at- 
tached to only one of them. The possibility of occa- 
sional proton tunnelling between two potential minima 
in the bond could not, however, be excluded. 

Table 1. Melting points of  some 
anthraquinone derivatives 

Derivative m.p. 

1-Hydroxy 190°C 
2-Hydroxy 302 

1,8-Dihydroxy 191 
1,4-Dihydroxy 194 
1,5-Dihydroxy 280 
1,2-Dihydroxy 290 
2,6-Dihydroxy > 330 

The present three-dimensional crystallographic study 
of 1,5-dihydroxythraquinone was undertaken to pro- 
vide information on the over-all structure of the 
molecule, to attempt to describe further the extent 
and influence of hydrogen bonding upon the structure, 
and to explain the abnormal melting point of these 
crystals. 

A C 21 - 6* 
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Experimental 

Crystal data 
1,5-dihydroxyanthraquinone, C14H804, M.Wt.240.2 
Monoclinic" 
a =  15.755 + 0.010, b=  5.308 +0.005, c -  6"003 + 

0.005 A, fl=93°37'_+ 4.5' 
Z = 2 ,  V=501"0 A 3 
Dm= 1"570, Dz= 1"595 g.cm -3 
Absent spectra: hOl when h odd, 0k0 when k odd. 
Space group P21/a (CSzh) 
Linear absorption coefficient (Cu KT),/z = 11.36 cm-1 
Crystal habit" Orange-red monoclinic prisms bound- 

ed by (100) (major) and (102) (minor) faces. Interracial 
angle 52 ° . 

Optical properties: Crystals biaxial positive; strong 
pleochroism, high dispersion. 

Refractive indices e = 1.720 + 0.00511102] 
/3= 1.748 + 0.0052_[010] 

= 1.960 + 0.0102_~fl plane 
Optic axial angle, 2 V= 44 °. 

Crystals (m.p. 279°C) were obtained from a chloro- 
form-ligroin solvent. The unit-cell parameters were 
found with a rotating crystal camera using the Strau- 
manis back-reflexion photographic technique and the 
least-squares procedure of Hess (1951). 

Intensity data 
The dimensions of the crystals used in this investi- 

gation were 0"50 × 0.25 × 0.05 mm (approximately). 
Equi-inclination multiple-film Weissenberg photo- 
graphs were taken with Cu K~ radiation about all three 
axes. In this way the reciprocal lattice zones Okl-9kl, 
hOl-h31 and hkO were recorded. The hOl and hkO data 
were used to solve the structure and initiate the refine- 
ment; three-dimensional refinement was then carried 
out with the data collected from the a- and b-axis photo- 
graphs. All intensities were estimated by visual com- 
parison with a calibrated intensity scale and corrected 
for Lorentz and polarization effects. Absorption cor- 
rections were not made. The three-dimensional refine- 
ment was carried out on a total of 1050 reflexions which 
the photography made accessible, and of which 865 
were of measurable intensity. The unobserved reflexions 
were included at half the minimum observable value. 
Empirical corrections for secondary extinction (Pin- 
nock, Taylor & Lipson, 1956) were made for 31 of the 
most intense reflexions in the course of the structure 
refinement. 

Solution and refinement of the structure 

There are two molecules in the unit cell of 1,5-dihy- 
droxyanthraquinone and the centres of mass of these 
molecules must be located at inversion centres. The 
positions (0,0,0) and ~ (z, ~, 0) were chosen. If G0(S) and 
G0(S) are the Fourier transforms of these two mol- 
ecules respectively, each referred to its own centre of 

mass as origin, then in standard notation (Lipson & 
Taylor, 1958) the Fourier transform of the contents of 
the unit cell referred to the unit cell origin is given by 

GI(S)=Go(S)+Go(S ) exp 2ni(½a+½b). S .  

In the hOl projections the a axis is halved and there is 
only one molecule in the unit area. Because the molecule 
is centrosymmetrical its transform is real, so that in 
the hOl reciprocal lattice section 

N/2 
GI(S) = 2G0(S)= 4 Z fn cos 2z~rn. S 

n--1  

N= number of atoms in one molecule. 

The idealized transform (Knott, 1940) of the expected 
molecule was calculated assuming standard bond 
lengths, and the orientation of the molecule was deter- 
mined by superposition of the hOl section of the 
weighted reciprocal lattice. The transform showed pro- 
nounced pseudo-hexagonal symmetry such that three 
different orientations gave a reasonable fit, but the 
correct one was clearly preferred when the smaller 
terms were considered. The signs of F(hOl) were read 
from the transform and used in a Fourier synthesis, 
which clearly revealed the projection of the structure. 
This was then refined by successive difference syntheses. 
The atomic scattering factors used were those of Berg- 
huis, Haanappel, Potters, Loopstra, MacGillavry & 
Veenendaal (1955). The structure factor program con- 
tained provision for only one overall temperature fac- 
tor. The initial atom coordinates for the [001] projec- 
tion were obtained from a projected molecular model 
in the appropriate orientation, and were then refined 
in the same way. 

The three-dimensional refinement of the structure 
(excluding hydrogen atoms) was commenced with the 
use of a consistent set of atom coordinates derived from 
the studies of the projected structure, and the mean 
thermal parameter of the two projections (2.9 A z) ap- 
plied to the atoms individually. The refinement was 
carried out on an IBM 7070 computer using the dif- 
ferential synthesis method of Shiono (1962). All the 
observed structure amplitudes were included in the 
refinement, and the unobserved amplitudes were in- 
cluded at half the minimum observable value. During 
the six cycles of refinement using individual isotropic 
thermal parameters R fell from 0.30 to converge at 
0.196. (The R index quoted in these results is R =  
S IIFol-Ifcll/S IFol; the unobserved reflexions were 
included with the observed reflexions in calculations 
of R). At this stage the coordinate standard deviations 
were all <0.007 A and the coordinate shifts in the 
sixth cycle less than half this value. Following four 
cycles of refinement with anisotropic thermal param- 
eters the reliability was 0.156. The three hydrogen 
atoms attached to carbon atoms were then included 
in the structure factor calculations on the assumption 
that they lay in the molecular plane distant 1.09/~ from 
their conjoint carbon atoms. For the hydrogen atoms 
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T a b l e  2 .  Observed and calculated structure fac tors  ( × 10)  
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McWeeny's (1951) scattering factor curves were used, 
together with isotropic thermal parameters of 3.0 A2: 
but neither these parameters nor the positional param- 
eters were refined. After an additional four cycles of 
refinement the R value was 0.133, the standard devia- 
tions of the carbon and oxygen atoms being less than 
0.005 A. Following Cruickshank (1956), four further 
cycles of anisotropic refinement were carried out on 
the reflexions for which sin 0>0.6 .  The R value for 
these data fell from 0.146 to 0.141, and the coordinate 
standard deviations converged to a mean value of 
0.004 A. The mean parameter shifts in the final cycle 
were 0.0002 A for the atom coordinates and 0.024 A 2 
for the thermal parameters. At this point the refinement 
was concluded. Observed reflexion amplitudes and final 
calculated structure factors are given in Table 2. 

Final atom coordinates and thermal parameters were 
taken from-the fourth differential synthesis calculated 
for the high Bragg angle data (Tables 3 and 4; Fig. 1 
explains the atom numbering scheme used). Bond 
lengths and bond angles for the 1,5-dihydroxyanthra- 
quinone molecule and their standard deviations were 
e s t i m a t e d  by  t h e  m e t h o d s  o f  A h m e d  & C r u i c k s h a n k  
(1953) ( b o n d  l eng th )  a n d  D a r l o w  (1960) ( b o n d  angles )  
(Tab le s  5 a n d  6). C o r r e c t i o n s  to  t h e  b o n d  l eng th s  fo r  
t h e  r o t a t i o n a l  o sc i l l a t i on  o f  t h e  m o l e c u l e  w e r e  n o t  ap-  
p l ied .  T h e  bes t  m e a n  p l a n e  t h r o u g h  the  c a r b o n  a n d  
o x y g e n  a t o m s  w a s  f o u n d  to  be  

- 0 .5224x '  + 0 .6342y '  - 0-5700z '  -- 0 

( w h e r e  x', y', z" are  a t o m i c  c o o r d i n a t e s  in A r e f e r r e d  
to  o r t h o n o r m a l  axes  a ,  b, c ') .  T h e  m e a n  d e v i a t i o n  f r o m  
this  p l a n e  w a s  0.009 A.  N e g l e c t i n g  the  o x y g e n  a t o m s ,  
t h e  c a r b o n  a t o m s  lay  in t h e  p l a n e  

- 0 .5214x '  + 0 .6346y '  - 0 .5704z '  = 0 

w i t h  a m e a n  d e v i a t i o n  o f  0 .006 A. T h e  d i s t ances  o f  the  
o x y g e n  a t o m s  f r o m  this  p l a n e  w e r e  0.023 A [O(1)] a n d  
0 .020 A [0(2)]  ( T a b l e  7). C l o s e  i n t e r m o l e c u l a r  a p p r o a -  
ches  w e r e  a lso  c a l c u l a t e d ,  a n d  s o m e  o f  t he se  a re  s h o w n  
in F ig .  2. 

T h e  ' r e s i d u a l  s t r u c t u r e '  r e m a i n i n g  a f te r  t he  c o n c l u -  
s ion  o f  t h e  s t r u c t u r e  r e f i n e m e n t  w a s  r evea l ed  by  ca lcu -  
l a t i ng  a t h r e e - d i m e n s i o n a l  d i f f e rence  F o u r i e r  syn thes i s ,  
fo r  w h i c h  on ly  t he  n o n - h y d r o g e n  a t o m s  w e r e  i n c l u d e d  
in the  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s .  T h e  sec t ion  
t h r o u g h  this  syn thes i s  in t he  p l a n e  o f  t he  m o l e c u l e  is 
s h o w n  in Fig.  3. 

Discussion 

The dimensions of the quinonoid group in 1,5-dihy- 
droxyanthraquinone are listed in Table 8, together with 
those from other molecules whose structures have been 
studied with comparable precision. It may be seen that 
the lengths of the quinonoid carbonyl bonds C(7)- 
0(2) and of the adjacent bonds C(7)-C(6) are re- 
markably constant, as are the bond angles at the car- 
bonyl carbon. The bond C(7)-O(2) has the same length 
in these compounds as the carbonyl bond in acetone 

Table 3. Fractional coordinates and 
standard deviations x l04 

x/a y/b z/c 
C(I) 1120_+3 -0267_+9 - 3 3 6 3 + 7  
C(2) 1880-+3 1430-+11 -3315_+8 
C(3) 1966 _+ 3 3233 _+ 9 - 1621 + 8 
C(4) 1396 _+ 3 3397 + 9 - 0005 + 8 
C(5) 0725 + 3 1728 _+ 8 -0033  _+ 7 
C(6) 0616_+3 -0175_+9 - 1712_+7 
C(7) -0103  _+ 3 - 1935 _+ 8 - 1741 + 7 
O(1) 1160-+ 3 - 1937 -+ 8 - 5047 _+ 6 
0(2) -0195_+2 - 3 5 5 8 + 7  -3161 _+6 
H(2)* 2344 1309 - 4596 
H(3) 2501 4528 - 1578 
H(4) 1474 4789 1330 

* H(2) is bonded to C(2) etc. 

Table 4. Anisotropic thermal parameters Bij x 10 2 (A 2) 
B~ 1 B22 B33 B~2 B23 B31 

C(1) 205 210 176 36 - 8  13 
C(2) 193 301 224 4 27 50 
C(3) 221 256 306 - 39 25 22 
C(4) 191 206 217 - 50 - 24 - 2 
C(5) 151 155 199 - 5  10 - 5  
C(6) 167 211 192 31 - 4  1 
C(7) 194 164 206 - 8 - 50 - 15 
O(i) 293 277 248 - 28 - 86 102 
0(2) 273 281 285 - 67 - 159 74 

Table 5. 1,5-Dihydroxyanthraquinone bond lengths 
and standard deviations 

C(1)-C(2) 1.399 + 0.007 

Table 6. 

Table 7. 

C(2)-C(3) 1"397 _+ 0"007 
C(3)-C(4) 1"365 + 0.007 
C(4)-C(5) 1.379 + 0.006 
C(5)-C(7') 1.495 + 0.006 
C(5)-C(6) 1.429 + 0.006 
C(6)-C(7) 1.469 + 0.006 
C(6)-C(1) 1.395 -+ 0.006 
C(I)-O(1) 1.343 _+ 0.006 
C(7)-O(2) 1.214 -+ 0.005 

1,5-Dihydroxyanthraquinone bond angles 
and standard deviations 

C(1)-C(2)-C(3) 
c (2 ) -c (3 ) -c (4 )  
c (3 ) - c (4 ) - c (5 )  
C(4)-C(5)-C(7') 
c (7 ' ) -c(5)-C(6)  
c (4 ) -c (5 ) -c (6 )  
c (5 ) -c (6 ) -c (7 )  
c (6 ) -c (7 ) -0 (2 )  
C(6)-C(7)-c(5 ')  
o (2 ) -c (7 ) -c (5 ' )  
C(5)-C(6)-C(1) 
C(7)-C(6)-C(1) 
C(6)-C(1)-O(1) 
C(6)-C( 1 )-C(2) 
O(1)-C(1)-C(2) 

Distances of atoms from the mean planes (A) 
All atoms Carbon atoms 

119.66 + 0"93 ° 
121-53_+0.97 
119.23 _+ 0.92 
118.69_+0"80 
119.98 _+ 0.78 
121.33_+0.85 
121.05 _+ 0.82 
121-17_+0.85 
118.97 _+ 0.77 
119.87_+0.83 
118-12_+0.82 
120.80+_0.83 
123.63 -+ 0.88 
120.08 -+ 0.87 
116.28 +_ 0.83 

C ( l )  0 - 0 0 5  A 0 . 0 0 8  A 
c ( 2 )  0 . 0 0 0  0 . o o 5  
c ( 3 )  - 0 . 0 0 8  - 0.004 
c(4) -0-004 -0.001 
c ( 5 )  - 0 . 0 0 4  - 0.003 
C(6) -0.015 -0-014 
C ( 7 )  - 0 0 0 6  - 0 0 0 6  
O(1) 0"020 0"023 
o ~ 2 )  - o . o 2 o  - o . o 2 o  
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and in acetaldyhyde (1.215+0.005 ~ :  Sutton, 1965), 
and may be described as a normal double bond. 
glmilarly, the bond length C(1)-O(I) is listed in Table 9 
with the length of other single bonds between an oxy- 
gen and an sp2-hybridized carbon atom, and it may 
be seen that all are in agreement with the value 1.34 
+0.02 A suggested by Lide (1962) for such a bond. 
It appears then that any electron delocalization in 1,5- 
dihydroxyanthraquinone from the carbonyl group into 
the ring system is too small to have any effect on the 
carbon-oxygen bond lengths. 

The mean bond length of the carbon-carbon bonds 
in the benzenoid rings is 1.394 A, which is the same 
(within the limits of error) as the bond length in the 
benzene ring (1.397 A; Sutton, 1965). However, the 
bonds C(3)-C(4) and C(5)-C(6) both show significant 
deviations from the mean. The fractional weights of 
the three resonance contributors (I), (II), and ( l id  
which give the best agreement with the observed bond 
lengths are 0.47, 0.50 and 0.03, showing that resonance 
between the two chemically equivalent contributors is 
virtually complete. 

~1"214 ~1'343 
~ ' 3 9 7  

Fig. 1. The 1,5-dihydroxyanthraquinone molecule. Atom 
nomenclature used and calculated bond lengths (A) and 
bond angles are included (hydrogen atoms omitted). 

The hydrogen atoms 

The section through the final difference Fourier syn- 
thesis in the plane of the molecule (Fig. 3) contains the 
highest positive peaks observed (0.59, 0.55, 0.55, 0.45 
e./~-3). These peaks undoubtedly represent the posi- 
tions of the four electrons associated with each of the 
hydrogen atoms H(2), H(3), H(4) and H(1) respectively. 
There are a further six peaks greater than 0.30 e.Tk -3 
of which one is a subsidiary peak close to the site of 
H(1), and the others are randomly placed. The syn- 
thesis also contains thirteen negative peaks higher than 
--0.30e./k -3, of which the largest is --0.78e.fk -3. 
Eight of these peaks surround atom sites; four are 
randomly placed; and the centre of the quinonoid ring 
has a density of -0 .43  e.A -3. 

These negative peaks may indicate the presence of 
an unresolved systematic error in the data, such as that 
due to absorption. The effect of this on the structure 
parameters would be small and confined mainly to the 
thermal parameters. Any absorption effects have been 
minimized by excluding low angle data from the final 
refinement cycles but none-the-less the thermal param- 
eters have been treated with reserve and no quantitative 
conclusions have been based upon them. 

The difference synthesis shows that the electron 
peaks for atoms H(2), H(3) and H(4) occur at approx- 
imately 0.9 • from their respective carbon atoms. This 
is in general agreement with the short carbon-hydrogen 
bond lengths measured in many organic structures by 
X-ray means (Jensen, 1962) and from which it is 
believed that the hydrogen electron migrates in the 
bond towards its conjoint carbon atom. The position 
of the electron of the hydrogen H(1) in the hydrogen 
bond is much less certain but it appears to be asym- 
metrically located in the bond, and slightly displaced 
from the line joining O(1) and 0(2). The major and 
minor positive peaks in the synthesis in the region of 
the hydrogen bond indicate that although the electron 
is in the main involved in the H(1)-O(I) bond, it is 

p-Benzoquinone 
Anthraquinonet 
1,5-Dihydroxy- 
anthraquinonet 

Table 8. Bond lengths and angles 

c(7)-0(2) c(6)-c(7) c(5)-c(6) 
1.222 A 1.477 A 1.322 A 
1.224 1.478 1.372 

in some quinonoid compounds* 

tT(1) c(6)-C(7)-c(5") ty(0) 
0.007 ]k 117°48 , 37' 
0.013 117 29 -- 

1.214 1.469+ + 1.429 0.006 118 58 
* The nomenclature used is given in Fig. 1. 
? Values uncorrected for rotational oscillation. 
++ Value for C(5)-C(7'), i.495 A. 

46' 

Reference 
Trotter (1960) 
Murty (1960) 

Present work 

Table 9. Some C(sp2)-O bond lengths 
Molecule C(1)-O(I) o(l) 

7-Resorcinol 1.349 • 0.020 A 
Formic acid* 1.343 0.003 
Tetrachlorohydroquinone 1.349 0.019 
Salicylic acid* 1.358 0.004 
1,5-Dihydroxyanthra- 
quinone ! .343 0.005 

Reference 
Bacon & Curry (1956) 
Kwei & Curl (1960) 
Sakurai (1962) 
Sundaralingam & Jensen (1965) 

Present work 
* The C-O hydroxyl bond is taken. 
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also at tracted to the slightly electron deficient carbonyl 
oxygen a tom and spends part  of its time in the vicinity 
of this atom, as previously suggested (Hadzi & Shep- 
pard, 1954). 

The intramolecular hydrogen bond 
The measured C(1) -O(I )  and C(7)-O(2) bond lengths 

show that  the hydrogen bond between the two oxygen 
atoms is far from symmetric in form, and this is sub- 

0 1 2A 

j. 
s 

sS 

(a) 

0 1 2A 

I 

(b) 

Fig. 2. Packing diagrams" (a) viewed along [010]; (b) viewed perpendicular to the plane of the molecule centred at (0,0, 0). Open 
circles are carbon atoms, shaded circles oxygen atoms. Distances are in A" in (a), chained lines refer to distances between the 
molecules centred at (0,0,0) and (0,0, l), dashed lines to distances between the molecules centred at (0,0,0) and (0, l, l). 
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stantiated by the information from the difference syn-[] ing,  1960), they are notably less than those found in 
thesis concerning the electron of the hydrogen H(1).!~other  purely benzenoid or quinonoid compounds such 
Moreover, the oxygen atoms, in seeking their most ' l 'as p-benzoquinone (>__ 3"63 A; Trotter, 1960). A set of 
favoured positions energetically, have moved apart, 
and this is in the direction opposite to that indicated 
for the formation of a symmetrical hydrogen bond 
from an idealized 1,5-dihydroxyanthraquinone mol- 
ecule having the measured bond lengths but undistorted 
(120 °) bond angles at C(1) and C(7). The O(1) . . .  0(2) 
separation in this idealized molecule would be 2.50 A; 
the separation measured for 1,5-dihydroxyanthraquin- 
one is 2.62/~; the separation in symmetrically hydro- 
gen-bonded potassium hydrogen maleate is 2.44,~, 
(Darlow & Cochran, 1961). 

The deviations of individual atoms from the mean 
molecular plane through the carbon and oxygen atoms 
are significant (Z 2 test); however, deviations of the 
carbon atoms from the mean plane of the carbon atoms 
alone are probably not so (probability < 0.03; C(4) is 
the only atom in doubt). Thus the two oxygen atoms 
in addition to being repelled in the molecular plane 
are displaced from this plane by significant amounts 
in opposite directions, viz. +0 .020A [O(1)] and 
-0.020 A [0(2)]. 

Details of the intramolecular hydrogen bond in 1,5- 
dihydroxyanthraquinone are very similar to those re- 
ported for salicylic acid (Sundaralingam & Jensen, 
1965). 

lntermolecular approaches 
The intermolecular approach distances (Fig.2) be- 

tween the two molecules centred at, (0, 0, 0) and (0, 1, 1) 
are remarkably short: 0 ( 2 ) . . .  0(2 ) being 2.79 ,~ and 
O(1) . . .  0(2')  2.99 A. These distances compare with the 
long intermolecular hydrogen bonds of up to 2-92 ,~ 
found in crystalline tartaric acid (Stern & Beevers, 
1950). Although these distances in 1,5-dihydroxyan- 
thraquinone are not less than the van der Waals diam- 
eter of an oxygen atom (2.8 ,~ approximately; Paul- 

~< 

Fig. 3. The final difference Four ier  synthesis:  the section 
through the molecular  plane. C o n t o u r  interval is 0.25/~,-3; 
full lines are posi t ive;  dashed lines are negative; zero is 
omit ted.  For  an explanat ion of  X see text. 

close intermolecular approaches similar to those of 
1,5-dihydroxyanthraquinone has been found in naph- 
thazarin (Pascard-B!lly, 1962), where O(1) . . . 0 (2 ' )  is 
3.11 A, O(2) . . .O(2  ) 3.05 ,~ (in the nomenclature of 
the present paper). It appears therefore that there is 
an unusually strong intermolecular interaction in both 
naphthazarin and in particular in 1,5-dihydroxyanthra- 
quinone, and that this interaction is mediated by the 
hydrogen bonds. In 1,5-dihydroxyanthraquinone, the 
separation of the planes containing the molecules at 
(0,0,0) and (0,1,1) is only 0.052 A and therefore it 
appears that the proton of the atom H(1) may partici- 
pate in the interactions among O(1), 0(2) and 0(2')  
(the latter two of which are electron deficient), and 
thus stabilize this very close intermolecular approach. 
(The X in Fig.3 indicates the projected position of 
0(2') onto the plane of the molecule containing O(1) 
and 0(2).) A neutron diffraction study of 1,5-dihy- 
droxyanthraquinone would enable this suggestion to 
be more thoroughly examined. 

The shortest C . . . O  non-bonded distances indicate 
a tighter overall packing of the molecules than is evi- 
dent in many similar structures such as p-benzoquin- 
one, 9-anthraldehyde (Trotter, 1959), 9,10-anthrahy- 
droquinone dibenzoate (Iball & Mackay, 1962), but 
the equivalent distances in naphthazarin are similar. 
The C. • • C approaches in 1,5-dihydroxyanthraquinone 
(3.48, 3.51, 3.53, 3.64 ,~) are similar to those of other 
aromatic compounds containing polar groups. 

The atomic thermal parameters also attest to con- 
siderable constriction of the thermal motions of the 
atoms in the crystal. Table 10 contains the derived 
atomic anisotropic thermal parameters (U~s) referred 
to the orthogonal axes a, b, and c'. These tensor ele- 
ments may be compared with the corresponding ele- 
ments for the atoms of anthracene (Cruickshank, 1956; 
here the U~s are referred to the molecular axes). 

Table 10. Derived anisotropic 
thermal parameters (U~j) × 10 -2 ,~2 

UI1 U22 U33 UI2 U23 U31 
C(1) 2"6 2"7 1"9 0"5 0"1 0"0 
C(2) 2"4 3"8 1"6 0"0 0"3 0"5 
C(3) 2"8 3"2 3"3 - 0 " 5  0"4 0"1 
C(4) 2"4 2"6 2"8 0"6 - 0"3 - 0"2 
C(5) 1.9 2-0 2-7 0-0 0. I - 0.2 
C(6) 2"1 2"7 2.4 0.4 0"1 -0"1  
C(7) 2"5 2"1 3"0 - 0 . 1  - 0 . 6  - 0 " 3  
O(1) 3"7 3"5 0"6 - 0 " 4  - 1"1 i.1 
0 (2)  3"5 3.6 !.8 - 0 - 8  - 2 " 0  0.7 

It is evident from these intermolecular approach dis- 
tances and from the anisotropic thermal parameters 
that very strong forces exist between molecules in the 
crystals, and that these forces indicate the origin of 
the uncharacteristically high melting point of these 
crystals. 
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Hydrogen Bond Studies. X. The Crystal Structure of Ammonium Hydrogenperoxide 
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The crystal structure of NH4OOH has been determined from three-dimensional single-crystal X-ray 
data, recorded at -36  and -170°C. The data indicate that the same structure occurs at both tem- 
peratures. The structure belongs to the space group P21/c and has four molecules in each unit cell. 
The unit-cell dimensions at -160°C are: a= 6.580, b= 6.767, c = 6.143/~; B= 121.73 °. The assignment 
of the hydrogen atoms to the bonds indicates clearly that the structure contains ammonium ions and 
hydrogenperoxide ions and the compound in the solid state should accordingly be written as NH4OOH. 
The hydrogenperoxide ions are linked by short hydrogen bonds (2-54 ,~) to form parallel infinite chains. 
The ammonium ions form links between these chains (hydrogen bonds of length 2.72 and 2.85 ,~) 
giving a three-dimensional network. 

Introduction 

The melting point diagram for the system NH3-H202 
has been studied by Maas & Hatcher (1922) and Miro- 
nov (1959). The diagram has a very pronounced max- 
imum which corresponds to a compound with the com- 
position NHa.H202, melting at 24.5°C. According to 
Mironov there is also a compound with the composi- 
tion 2NH3. H202. 

From the Raman spectrum (Simon & Kriegsmann, 
1955) and the infrared spectrum (Knop & Gigu~re, 
1959) of the crystalline l : l  compound it has been con- 
cluded that the solid contains ammonium and hydro- 
genperoxide ions. In the liquid state, however, the 

Raman spectra recorded by Simon & Marchand (1950) 
and Simon & Uhlig (1952) gave no indication that such 
ions exist to a measurable extent. 

The present account concerns an X-ray investigation 
of the crystalline compound NH3. H202. 

Experimental 

Two series of investigations were undertaken with two 
different crystals. 

In one instance dry ammonia was distilled into a 
weighed capillary containing a known amount of water- 
free hydrogen peroxide (see below). The capillary was 
sealed off and then weighed again to determine the 


