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Di-p-chlorophenyl hydrogen phosphate (C1C~HdO)~PO(OH) crystallizes in the orthorhombic system 
with four molecules in a cell belonging to the space group Pnaa, with 

a=12.43, b=4.61 and c=23 .78A.  

The molecule therefore has the symmetry 2, with the two oxygen atoms of the PO(OH) group 
crystallographically equivalent. Successive molecules in the b direction are related by an inter- 
vening twofold axis, across which they are joined by a hydrogen bond. A three-dimensional least- 
squares analysis, based on 672 independent observed reflexions with an R value of 11-1%, leads 
to an O • • • t t  • • • O-distance of 2.398 + 0.018/~. The possibility that this may represent a genuinely 
symmetrical hydrogen bond is discussed. The P-O distances are 1.579 and 1-497 (_+ 0.009) rk. 

The shortest and strongest known hydrogen bond is 
in the bifluoride anion, HF~-; and it is probably 
symmetrical with the proton in a single potential- 
energy well, midway between the fluorine atoms. 
This anion has been studied in crystalline compounds, 
such as LittF2 (Frevel & l~inn, 1962), where it occu- 
pies a crystallographically symmetrical  site. These 
solid bifluorides have an unusual type of infrared 
spectrum (e.g. Newman & Badger, 1951). 

Between oxygen atoms, crystal-structure analysis 
has revealed many examples of hydrogen bonding. 
This usually occurs in situations where the oxygen 
atoms of a particular bond are not crystallographically 
related; the O • • • O distance usually lies in the range 
2-5-2.8 A, within which the hydrogen atom will be 
more closely linked to one oxygen atom than to the 
other (e.g. R - O - H  • • • O = R' between carboxyl groups). 
The covalent distances R-O and O = R '  then differ 
in the sense required by this formulation, though 
the hydrogen atom may not have been located 
definitively. Where it has been, either by careful 
X-ray analysis or preferably by neutron diffraction 
(e.g. in a-resorcinol by Bacon & Curry, 1956), the 
non-central position of the proton has been verified. 
The infrared spectra of such hydrogen-bonded solids 
are normal in the sense that  there is a fairly sharp 
absorption band in the region 2800-3500 cm -1, which 
can be ascribed to the O-H stretching frequency. 

However, the neutron-diffraction work shows that  
the O-H distance tends to increase as O • • • O dimin- 
ishes overall (e.g. Pimentel  & McClellan, 1960), so 
that  a t ruly symmetrical hydrogen bond might result 
if the distance O . . .  O were short enough. Interest 
therefore attaches to very short bonds, with 
O " .  O _< 2.5 A, and particularly to those excep- 
tional cases where the two oxygen atoms are related 
by crystallographic symmetry.  Examples of this are 

found amongst some of the acid salts (e.g. MHY2, 
where M is a univalent  metal) of monocarboxylic 
acids (HY). These have been termed Type A acid 
salts (Blinc, Had~i & Novak, 1960; Shrivastava & 
Speakman, 1961); and they have notably anomalous 
infrared spectra. An example is sodium hydrogen 
diacetate, NaH(C2H302)2 (Speakman & Mills, 1961) 
in which the acidic hydrogen atom links two 
oxygen atoms related by a digonal axis of the crystal. 
The O "  .O distance was originally given as 
2.444+_0.010 /~; application by Dr Cruickshank of 
his correction for torsional oscillation of the acetate 
groups changes the atomic coordinates in such a way 
as to lead to a rather shorter distance 2.434 J~. 
Another well-authenticated instance is potassium 
hydrogen maleate (Darlow & Cochran, 1961), with 
O • • • O - 2-437 +_ 0.004/~; and in this crystal neutron- 
diffraction analysis provides evidence that  the proton 
may  genuinely lie on the mirror-plane midway between 
the two oxygen atoms (Peterson & Levy, 1958). 
Bacon & Curry (1957, 1960) have come to a similar, 
if more tentative, conclusion from their studies of 
potassium hydrogen bisphenylacetate, another acid 
salt of Type A. 

Had~i & Novak (1960) observed that  crystalline 
di-p-chlorophenyl hydrogen phosphate (hereinafter 
DPCPHP,  formula (I) has an infrared spectrum 
reminiscent of those of Type A acid salts, and they 
predicted that  it would have similarly symmetrical  
hydrogen bonding. We undertook a structural s tudy 
of DPCPHP at Prof. Had~i's suggestion, and our 
results confirm the prediction. The structure is of 
additional interest because the chemically similar 
molecule of dibenzyl hydrogen phosphate (II), studied 
by Dunitz & Rollett (1956), crystallizes with 
normal hydrogen bonding" a chain of type 
• . .  O - P - O H - ' - O = P - O H . "  spirals round a 21- 
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axis, an arrangement similar to that  occurring in 
a-resorcinol or, with interposition of water molecules, 
in oxalic acid dihydrate. These phosphate structures 
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are of still further interest because of Cruickshank's 
theoretical work (1961) on the role of ~-bonding in 
phosphate and other XO4-type groups. 

Exper imenta l  
Crystal data 

Our specimen of DPCPHP, kindly provided by 
Prof. Had2i, consisted of colourless needles elongated 
in the b direction. All X-ray measurements were 
made with Cu Ka radiation (/~ taken as 1.5418 A, 
or 1.5443 and 1.5405 A when al, a2 separation 
occurred). Unit-cell dimensions were found by super- 
posing on zero-layer Weissenberg photographs lines 
due to aluminum wire, for which a was taken as 
4.04907 /~); the positions of a number of diffraction 

spots were found with respect to neighb0uring Al.lines, 
so as to field sin 0 values for the spots; these, with 
the appropriate indices, were treated by a least- 
squares procedure. 

Di-p-chlorophenyl hydrogen phosphate, 
(C1C6H40hP0(OH) . 

F.W., 321.1. Orthorhombic dipyramidal, 

a--12.433+12, b=4.611_+5, c=23.784_+20/i,; 

unit-cell volume~ 1363.3 .~3; Dm=1"55, Z=4 ,  Dz= 

1-564, F(000)=656; absorption coefficient for Cu 
radiation, 54 cm -1. Absent reflexions: hlcO with h odd, 
hO1 with h odd, and Okl with (k+l) odd, unam- 
biguously indicating the space group Pnaa (No. 56), 
with eightfold equivalent positions, + (x, y, z; x, ½-y ,  
½ - z; ½ + x, y, ½ - z; ½ + x, ½-  y, z). The implication is 
that  the molecular symmetry is either 1 or 2, only 
the latter being chemically acceptable. The phos- 
phorus and acidic hydrogen atoms effectively occupy 
special positions (c) and (d) on twofold axes. 

Intensity measurements 
These were made visually from multiple-film ex- 

posures. In the first place data were collected for the 
nets hO1, hll, and h2l. As the crystal used had a 
cross-section of ~-- 0.08 × 0.06 mm 2, absorption, though 
not negligible, was moderate and largely independent 
of crystal azimuth, and would vary monotonically 
with sin 0; the neglect of absorption corrections would 
therefore appear chiefly as a small lowering of the 
apparent vibrational parameters. At a late stage of 
the analysis extra data were collected, about the 
a axis, for the nets Okl-5kl. Owing to the crystal habit, 
absorption is more serious for these; absorption was 
again neglected, but only the reflexions additional to 
those already recorded in hOl-h21 were used in the 
refinement. Some statistical details of our intensity 
data are collected in Table 1. Data-processing and all 
other computations were done on the Glasgow Univer- 
sity DEUCE, with the crystallographic programs 
developed by Rollett & Sime (1961). 

Table 1. Summary of reflexions used in the amtlysis 
Number R 

hOl 123 9.15% 
hll 185 11-82 
h2l 159 9.99 

Other hkl 205 14.04 

Determination of the structure 
A projection of the structure along the short b axis 

was easily obtained by applying the minimum function 
to the sharpened Patterson function. The x axis and 
z coordinates were refined, by several cycles of 
electron-density and difference syntheses, to an R 
value of 18% for some 120 hO1 terms. In this projection 
there is an ambiguity between centres of inversion 

and 21 axes. This was resolved and approximate y 
coordinates were established by trial, and then by 
generalized projections based on hll and h21 terms. 
With an isotropic vibrational parameter of B = 2.3 j~2, 
R was thereby reduced to 22% for these terms. 

Refinement 
Refinement was by three-dimensional least-squares 

analysis, with anisotropic vibrational parameters. 
The weighting system was: Vw = ]F*]/]Fo] when 
tFol > IF*I, IF*l being the average structure amplitude, 
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C1 
O(I) 
0(2) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
P 
H-C(2) 
H-C(3) 
H-C(5) 
H-C(6) 
H-O(2) 

X~ y, 

x 

3382 
5152 
6834 
3999 
5034 
5513 
4990 
3986 
3499 
6198 
5450 
6250 
3590 
2750 
6830 

Table  2. Final coordinates 
z, fractional × 104; X, Y, z,  in 10 -4 A, with standard deviations in parentheses 

y z X Y 
9248 0378 42046(42) 42645(41) 
1433 2004 67777(92) 6609(79) 
5084 2313 84950(78) 23443(93) 
6981 0862 49714(125) 32189(131) 
6019 0747 62583(139) 27754(151) 
4113 1 1 4 6  68539(150) 18965(153) 
3436 1 6 2 0  62025(114) 15845(116) 
4443 1 7 2 6  49555(133) 20487(156) 
6350 1 3 4 6  43495(135) 29282(147) 
2500 2500 77045(44) 11528(--) 
6610 0370 67800 30500 
3270 1070 77700 15100 
3870 2090 44700 17800 
7210 1430 34200 33200 
7500 2500 84900 34600 

Z 
8986(37) 

47668(88) 
55022(86) 
20507(111) 
17769(143) 
27261(132) 
38530(124) 
41049(131) 
32013(136) 
59460(--) 

8900 
25400 
49600 
33900 
59500 

Vii  
C1 0.082 

O(1) 0-042 
0(2) 0.042 

C(1) 0.064 
C(2) 0-060 
C(3) 0-054 
C(4) 0.048 
C(5) 0.048 
C(6) 0.051 

P 0.025 

All H's 0.063 

Table  3. Vibrational parameters (A ~) 

U2e U33 U12 Ue3 U31 
0.066 0.051 0.000 0.015 - 0.017 

0-035 0.074 --0.001 0-006 -0.012 
0.035 0.075 - 0.012 -- 0.009 - 0.001 

0.045 0.038 - 0.009 0.003 - 0.016 
0.069 0.063 0.004 0.004 0.013 
0-079 0.052 0.009 - 0.012 0-002 
0.034 0.053 - 0.002 -- 0.005 - 0.009 
0.083 0.051 - 0.002 0.018 0.004 
0.069 0.060 0.004 0.001 0.007 

0.020 0.052 - -  -- 0.003 - -  

0.063 0.063 - -  - -  - -  

a n d  l/w= IFol/IF*I w h e n  IFol < IF*l; ' ha l f  shif ts '  were 
gene ra l ly  used. I n  the  ear l ier  s tages  on ly  the  467 
hOl-h21 t e rms  were in t roduced .  L a t e r  the  205 addi-  
t i ona l  ref lexions  in  the  Okl-5kl ne t s  were added.  
Af te r  some dozen cycles of l eas t - squares  re f inement ,  
s t ruc tu re  factors  were ca lcu la ted  for al l  unobse rved  
ref lexions  accessible to Cu r a d i a t i o n  in  the  reciprocal  
ne t s  p h o t o g r a p h e d ;  those  t e rms  for which  ]Fc[ impl i ed  
t h a t  a ref lexion should  have  been  observab le  were 
t h e n  inc luded  in  a f ina l  cycle,  w i th  IFol put  equa l  
to  ha l f  the  m i n i m u m  local ly  observable .  I n  the  l a t e r  
cycles,  h y d r o g e n  a toms  were inc luded  in the  s t ruc tu re -  
fac tor  calcula t ions ,  t h o u g h  the i r  p a r a m e t e r s  were no t  
r e f ined :  the  four  benzenoid  h y d r o g e n  a toms  were 
p laced  1.05 A f rom t h e i r  respec t ive  carbon a toms ;  
the  acidic h y d r o g e n  a t o m  was p laced  on the  twofold  
axis  a t  x',  ~, ~, where  x'  is t he  va lue  found  for a t o m  
0(2).  The  a tomic  s ca t t e r i ng  func t ions  were sub- 
s t a n t i a l l y  those  now r e c o m m e n d e d  in  International 
Tables for X-ray Crystallography. The n u m b e r i n g  of 
a toms  is inc luded  in  Fig.  1, excep t  for the  h y d r o g e n  
a toms ,  which  were n u m b e r e d  b y  reference to  t he i r  
respect ive  ca rbon  or oxygen  a toms.  F i n a l  coord ina tes  
are l i s ted  in  Tab le  2, w i th  the i r  s t a n d a r d  dev ia t ions  
as de r ived  f rom the  leas t - squares  res iduals  ; v i b r a t i o n a l  
p a r a m e t e r s  are g iven  in  Tab le  3 in  the  form of the  
m a t r i x  e l emen t s  for the  t ensor  r ep resen t ing  t h e i r  
mean- squa re  a m p l i t u d e s  of v ib ra t ion .  S t ruc tu re  

fac tors  based  on the  f ina l  p a r a m e t e r s  are compared  
w i t h  the  observed  s t ruc tu re  a m p l i t u d e s  in  Tab le  4. 
F i n a l  R va lues  are inc luded  in  Tab le  1. The  para-  
me te r s  in  Tab le  2 are g iven  w i t h  more  f igures  t h a n  
are s ign i f i can t ;  t h i s  has  been  done to avo id  discrep- 
ancies,  in  de r ived  quan t i t i e s ,  which  m i g h t  resu l t  f rom 
r o u n d i n g  off the  p r i m a r y  pa rame te r s .  

An  a t t e m p t  was m a d e  to  correct  t he  a tomic  coor- 
d ina t e s  for t he  effects of to rs iona l  osc i l la t ion  of the  
molecule,  cons idered  as a r ig id  body.  This  is no t  
s t r a i g h t f o r w a r d  in  the  p resen t  s t ruc tu re .  The  envi ron-  
m e n t  of the  D P C P H P  molecule  is of u n e v e n  q u a l i t y :  
the  p -ch lo ropheny l  groups  reac t  w i th  the i r  ne ighbours  
on ly  b y  weak  v a n  der  W a a l s  forces, wh i l s t  the  phos-  
p h a t e  groups  are more f i rm ly  l i nked  to  o ther  such 
groups  b y  h y d r o g e n  bonds.  C o n s e q u e n t l y  the  model  
of a r ig id  molecule  osc i l la t ing  to r s iona l ly  abou t  i t s  
cen t re  of mass  is i n a d e q u a t e .  We  therefore ,  t en t a -  
t ive ly ,  p o s t u l a t e d  an  effect ive cent re  of v ib ra t ion ,  
m o v e d  by  0.5 /~ f rom the  ac tua l  cen t re  of mass  
t o w a r d s  t he  p h o s p h a t e  group,  hop ing  to  improve  
the  a g r e e m e n t  be tween  observed  a n d  ca lcu la ted  
v ib r a t i ona l  an i so t ropy .  Th is  hope was no t  fulf i l led.  
For  the  t rue  cent re  of mass,  the  r .m.s ,  a m p l i t u d e s  
found  for l i b ra t ion  abou t  t he  th ree  p r inc ipa l  molecu la r  
axes  were all  abou t  2 ° , t h o u g h  one of these  a m p l i t u d e s  
on ly  ju s t  exceed i t s  s t a n d a r d  dev ia t ion .  We  conclude 
t h a t  our  t h e r m a l  p a r a m e t e r s  are no t  accura te  enough  
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Table 4. Observed structure amplitudes and calculated structure factors 
(2 .5  t i m e s  t h e  t r u e  v a l u e s  f o r  t h e  w h o l e  u n i t  ce l l )  

HKL F c IFol HKL F c JFol 

OOL IO, OL 
2 -i32 80 i -37 41 
4 72 77 2 48 45 
6 -138 121 5 TO 79 
8 - 2 i  25 6 --4o 39 

io -176 164 8 -15 42 
12 -32 38 9 -43 46 
14 -167 166 io -28 36 
16 -48 51 ii 18 22 
18 -87 82 12 ]26 113 
24 94 96 15 42 40 
26 34 .34 19 48 42 
28 30 23 23 29 23 

20L 12,0L 
0 221 229 2 74 66 
i -76 95 3 33 39 
2 -74 88 4 -31 39 
3 479 447 5 -43 43 
4 -238 237 6 36 38 
5 -71 71 7 27 31 
6 39 40 8 -48 43 
7 265 255 9 -58 52 
8 -147 135 16 -4O 36 
9 36 44 20 -28 18 

IG 147 149 
ii 62 59 14,0L 
12 99 99 0 -30 27 
13 -18 20 1 64 60 
i4 5 i  53 2 35 i 9  
15 50 56 3 -18 i 9  
16 36 30 4 -34 32 
i7 -90 8 i  5 36 3i 
i 8  9 i 7  6 27 28 
i 9  -44 43 7 -n 24 
2 i  -132 135 9 32 30 
22 -68 66 14 19 15 

40L 16,0L 
0 -214 244 2 -31 20 
I -68 73 
2 -4 12 OIL 

~ -201 216 i -187 177 
-i36 i49 3 375 282 

5 -22 23 5 ii3 io7 
6 69 69 7 54 69 
7 -156 167 9 12 27 
8 -119 nl n 47 50 
9 -82 75 13 -60 65 

iO n 8  io5 i5 92 88 
n -17i 159 i7 -25 36 
13 71 88 19 -22 33 
14 142 129 21 -113 I01 
i5 78 80 23 26 27 
18 86 79 25 -23 30 
19 83 84 
22 -33 33 ill 
23 45 43 i 99 96 
24 -41 38 2 -25 32 
26 i9 24 3 -212 202 
28 -28 23 4 -i74 i72 

5 -155 153 
60L 6 -210 199 
e 223 244 7 - 33 36 
i - i 4 2  144 ~ - 4 i  ~ 
2 81 81 22 
3 -75 64 i0 -167 149 
4 9O 92 II 6O 70 
5 58 59 i 2  23 35 
7 -72 78 i3 ]26 n7 
9 77 70 i4 -20 3i 

i0 - i 3 9  i 48  i5 -7 i3 
II -127 15o 16 93 88 
12 -96 88 17 75 69 
13 40 42 18 45 45 
i 4  -mO i 5  i 9  - n  i 8  
15 -51 52 20 53 48 
i6 -66 65 2i -36 39 
17 3i 27 22 20 13 
2i 43 4i 24 33 35 
25 23 18 28 -19 22 
26 36 3i 

21L 
80L 0 -386 299 
0 21 26 I -183 164 
1" -43 50 2 7 15 
3 44 41 3 57 66 
4" -25 30 4 -44 58 
5 70 75 5 93 83 
7 48 62 6 131 128 
8 27 29 7 -89 88 
9 146 141 8 -86 81 

I0 -63 59 9 •-57 60 
12 127 14o I0 58 53 
15 -34 36 11 -55 54 
18 -39 43 12 7 9 
19 -43 42 13 7 17 
22 -35 38 14 76 78 
26 -31 17 15 29 34 

16 -15 19 
i7 33 41 
18 102 89 

HKL F c ~J HKL F c IFol 

21L(contd. ) 71L(contd.~ 
13 59 56 

19 14 17 14 -33 38 
20 -34 43 15 61 48 
21 -15 18 16 78 68 
22 i0 18 
23 20 17 
24 -43 43 81L 

0 -51 64 
31L i -46 56 
i 207 "195 3 74 71 
2 63 65 5 -49 57 
3 226 217 6 -64 62 
4 -135 133 9 -86 75 
5 -71 76 ll 75 73 
6 87 89 12 -76 68 
7 30 33 13 -53 53 
8 -18 30 15 39 39 
9 -167 167 

I0 -62 64 91L 
ii -31 29 I 72 70 
12 -18 2, 4 -38 43 
13 -ll0 lo5 5 46 45 
14 15 10 7 -24 38 
15 -69 60 8 -36 38 
17 -50 54 9 -85 71 
19 16 21 i0 24 39 
20 -12 17 12 -39 44 
24 21 23 
25 44 41 10,1L 
26 13 l0 0 -43 52 
27 39 34 2 73 71 

4 -44 51 
41L 6 47 45 
0 -39 41 8 -51 46 
1 -13 ll 9 -78 68 
2 l l4 ll8 12 -38 39 
3 -134 124 
4 9 ll ll,IL 
5 106 107 5 41 39 
6 63 59 6 35 44 
7 -I14 122 7 -33 44 
8 14 27 8 32 34 
9 31 28 
I0 -I00 IOQ 12,1L 
II -95 89 1 57 47 
12 -29 32 3 -27 47 
13 43 47 5 62 38 
14 -33 34 6 33 38 
15 -67 62 7 -33 30 
16 -31 37 
17 59 62 14,1L 
20 -16 21 I 18 35 
21 45 57 
22 23 37 02L 
25 12 14 0 66 65 
27 -20 20 2 86 73 
28 14 14 4 46 52 

6 51 49 
51L 8 -67 73 
I -28 34 I0 -23 29 
2 19 24 12 -122 112 
3 -25 35 14 -27 30 
4 30 36 16-54 54 
62,3o 192 18 67 
7 -36 44 20 -45 4o 
8 58 53 22 49 41 
9 62 68 24 -16 20 

I0 50 62 26 40 54 
ll -23 28 
13 87 81 12L 

-31 38 i 76 69 .LO 
18 -52 48 3 87 79 
20 -53 43 4 -16 24 

5 130 IIi 
61L 6 38 35 
o 50 56 7 -47 45 
1 37 36 8 -154 135 
3 19 28 9 -64 65 
4 56 60 IO -49 48 
5 68 65 ii -44 32 
6 -96 92 12 -29 28 
7 23 30 13 -72 69 
8 93 84 14 -37 47 
9 65 63 15 -68 69 

IO -90 81 16 lO6 97 
II 34 34 17 -31 30 
12 85 82 18 23 19 
13 -16 26 20 -18 14 
14 -46 45 22 23 26 
15 -40 38 25 22 31 
18 -53 48 27 21 21 

71L 22L 
1 -31 37 0 -ll0 iiI 
2 -77 86 i 53 61 
3 -74 81 2 44 52 
4 -53 54 3 -34 30 
6 -61 56 4 -87 86 
8 -29 34 5 82 74 

lO -41 43 6 24 "28 
ii 36 36 7 89 79 

HKL F c IF o) HKL F c ]Fol :~KL F c IFol HKL F c ~ J  

22L(cuntd. ) 
9 104 91 

i0 42 48 
ii -32 21 
12 14 ii 
13 46 45 
15 -98 92 
16 28 33 
19 -57 60 
21 15 12 
22 -16 12 
23 -40 30 
24 -15 22 
25 2o 19 
27 -21 ll 

32L 
I -9 8 
2 14 22 
3 -32 42 
4 IIi 107 
5 128 122 
6 213 185 
7 -27 24 
8 27 24 
• 9 -34 42 
i0 22 14 
Ii 14 i0 
12 48 50 
13 -20 30 
14 "-26 27 
17 -13 12 
18 -40 43 
20 -46 46 
22 -30 37 
24 -30 36 

82L 14L(contd. ) 35L 
0 -113 112 i0 -18 13 i -26 20 
2 79 83 Ii -28 18 2 I0 II 
3 55 65 12 -27 22 3 -15 ii 
4 -70 70 14 14 12 4 12 lO 
5 32 20 15 -34 21 7 18 15 
6 80 76 17 -15 II 9 -9 14 
7 36 33 18 18 15 11 18 13 
8 -71 72 20 20 18 15 21 16 

l0 61 64 21 I0 II 
ii 27 35 43L 
12 -36 35 15L 0 55 67 
14 44 42 3 3 12 1 -73 85 

4 28 33 2 64 85 
92L 5 15 16 3 59 78 
4 104 I01 8 20 15 4 37 42 
7 -31 35 12 22 16 5 -80 91 

7 18 13 
10,2L 25L 8 -18 15 
0 -20 27 o -11 11 9 -12o 115 
1 65 63 1 -42 43 1o -67 67 
2 -25 30 2 -143 156 13 -29 22 
3 -77 69 3 -19 2O 14 -41 47 
5 44 46 4 26 26 15 51 47 
7 -65 60 6 -81 99 16 -29 46 
9 36 46 7 -43 38 18 -24 28 
ii -38 45 8 53 46 19 51 52 

13 33 36 9 -28 31 21 -12 20 
ii -48 52 22 21 3B 

II,2L 12 141 118 23 27 34 
3 -33 34 15 22 25 24 26 33 
4 46 42 16 53 41 

17 33 33 " 44L 

42L 
0 20 25 
1 75 74 
2 -62 60 
3 -153 155 
4 32 35 
6 -141 146 
7 -57 47 
8 87 85 

lO -II 13 
11 -32 41 
12 83 84 
15 17 12 
16 55 56 
17 26 30 
18 -48 49 
19 32 37 
20 31 38 
22 -24 30 
23 15 20 
26 -21 19 
27 -12 9 

12,2L 19 16 12 0 -73 78 
0 53 46 20 18 29 1 55 57 
2 -29 23 22 -22 30 2 64 63 
4 49 39 3 -16 16 
6 -37 32 24L 4 -37 35 

I0 -34 29 0 -61 62 5 18 17 
1 -65 64 6 51 53 

03L 2 42 42 8 -17 16 
1 47 49 3 57 55 I0 30 28 
5 187 178 5 -69 65 11 29 36 
7 15 13 7 52 47 12 -54 55 
9 148 150 9 -91 81 14 24 22 

Ii -34 26 II 41 32 16 -26 35 
13 20 15 13 -39 31 18 ]2 18 
15 -44 44 15 21 24 20 -24 28 
17 12 15 17 -22 26 
19 -69 73 18 -11 10 45L 
2! -23 27 19 20 23 o 18 14 
23 -34 33 I 53 59 

25L 3 -40 37 
04L 0 -32 38 6 I0 14 
2 -75 75 i 18 11 7 -25 24 
4 84 93 3 -II Ii 8 -26 29 
6 -97 93 4 -44 37 9 22 18 
8 69 75 5 -25 16 Ii -36 33 

I0 -50 61 6 41 41 12 -17 15 
12 64 63 8 -29 26 13 26 27 

52L 14 -34 21 I0 46 45 
I -60 68 16 35 21 12 -18 13 53L 
3 -i17 113 20 22 21 14 40 28 4 33 41 
5 21 28 6 -24 27 
8 -48 49 05L 33L 7 -48 60 

II 48 44 3 33 32 i 8 ii 9 61 67 
13 42 46 5 -19 15 2 -30 32 12 -35 28 
15 85 72 7 69 87 3 16 20 16 -24 23 
18 38 44 9 -31 24 5 -18 17 19 -22 20 

Ii 36 26 6 -II 12 21 14 18 
62L 13 -34 26 8 23 21 
0 103 96 15 21 19 I0 15 13 54L 
1 -99 98 12 -16 13 I -48 63 
3 89 83 13L 13 -57 56 2 29 28 
4 83 77 1 -45 49 15 48 47 5 -21 28 
5 -75 77 2 -52 63 16 -33 29 I0 -32 27 
6 -83 88 3 -12 9 17 -23 22 11 31 26 
7 60 71 4 7 9 18 21 18 13 33 26 
9 -87 87 5 79 90 19 10 12 14 28 25 

i0 -44 60 6 -33 37 21 24 22 15 23 20 
ii 48 64 7 -46 52 2~ 15 13 
12 -24 29 8 36 33 55L 
13 -58 59 9 48 55 34L 5 22 15 
15 52 55 l0 -33 36 2 39 37 6 -16 13 
18 -25 27 12 38 32 4 44 37 8 -19 14 

13 -33 19 6 32 29 
72L 15 19 13 8 62 59 
i 52 54 20 22 17 9 -13 13 
5 52 54 23 -18 iS n 12 13 
6 -70 77 13 17 12 
7 -66 67 14L 15 -16 II 
8 -51 56. 1 57 74 16 -20 16 

Ii -19 27 2 -30 41 17 -7 io 
12 -33 34 3 25 29 18 -25 20 
13 -28 35 4 -26 23 19 -16 13 
17 -45 42 5 Ii 13 20 -20 13 
18 37 41 6 -27 23 

7 -13 13 
9 -24 23 
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Fig. 1. The s t ruc tu re  of d i -p-ehlorophenyl  hydrogen  phospha te  seen in p ro jec t ion  along the  b and a axes.  
(In the  lat ter ,  two uni t  cells are covered,  b u t  only the  f ront  half  of each is shown - -  be tween  x = a / 4  and x =  3a/4.) 

to warrant a sophisticated analysis of molecular 
vibrations, but  tha t  the torsional part  of the vibration 
is small and any corrections to the lengths of radially 
directed bonds [such as C1-C(1)] would not exceed 
0.001 J~, which is not significant. 

Discuss ion  

Description of the structure 
General views of the structure, in two directions, 

are shown in Fig. 1. Table 5 gives the important  
bond lengths and angles. Apart  from the hydrogen 

Table 5. Bond-lengths and bond-angles 
cl-c(1) 
c(4)-o(1) 
P-O(1) 
P-O(2) 

0(2) . . .  0(2-) 
CI-C(1)-C(2) 
Cl-e(1)-c(6) 
c(1)-e(2)-e(3) 
c(2)-c(3)-c(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(1) 
C(6)-C(1)-C(2) 

1.735 A C(I)-C(2) 1.388 A 
1.421 C(2)-C(3) 1.424 
1"579 C(3)-C(4) 1.338 
1.497 C(4)-C(5) 1-354 

C(5)-C(6) 1.399 
2.398 C(6)-C(1) 1.340 

I18.i ° C(3)-C(4)-O(1) 119.8 ° 
1 1 9 . 8  C(5)-C(4)-O(I) 118.4 
1 1 7 - 0  C(4)-O(1)-P 121.0 
1 2 0 . 1  O(1)-P-O(2) 109.7 
121"7 O(1)-P-O(2")  106.5 
119.6 O ( 1 ) - P - O ( I ' )  108.1 
119.4 O(2)-P-O(2")  116.3 
122.0 P-O(2) --" O(2") 129-0 
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bonds, to be discussed later,  there are no abnormal  
intermolecular  contacts. We m a y  note a distance of 
3.655 _+ 0-008 A between two chlorine atoms related 
by  a screw axis, and one of 4.459 A between two 
related by a centre of inversion. The la t ter  is not  a 
genuine 'contact ' .  Rather  the chlorine atom of one 
molecule makes  contact with the carbon atoms C(1) 
and C(2) of the next  molecule in the b direction, 
the distances to each being about  3.80 A. The closest 
approach between carbon atoms belonging to different  
benzenoid rings of the same molecule is one of 4-09 A 
between two C(5) a toms;  the hydrogen atoms joined 
to these carbons are about  2-33 A apart .  

A s tandard  value of 1.70 A has been given for the 
distance between chlorine and a covalent ly l inked 
aromatic  carbon atom (e.g. International Tables, 1962). 
As has been stressed by Garner & Herbste in  (1962), 
s ignif icantly longer C-C1 bonds are common. Wi th  
1-735+0.013 J~, D P C P H P  probably  provides yet  
another  example.  

The s tandard  deviations were assessed in the usual  
way from the least-squares residuals. For C-C bonds 
they  are all  about  -+ 0.019 /~; for C-O, -+ 0.017; and 
for P-O,  -+0"009; whilst  for angles they  are -+0.5 ° 
for O - P - O ;  Jr 0.8 ° for C - O - P ;  and + 1.3 ° for C-C-C. 

The mean  plane through the six carbon atoms of 
the benzenoid ring is represented by the equation, 

4.9959x + 3.6510y + 10.9391z = 5.5149 A .  

None of the six atoms deviates s ignif icantly from this 
plane, the mean  deviat ion being 0.014 J~, though the 
C1 atom lies 0.035 A from it. Though apparen t ly  
significant, this  deviat ion is probably  not really so, 
since the mean  plane through the seven atoms of the 
chlorophenyl group is 

4-9588x + 3.6698y ÷ 10.8332z --- 5.4928, 

from which the mean  deviat ion is 0.015 ~,  with none 
of the individual  deviations of certain significance. 
However, 0(1) is 0.075 A from the former of these 
planes and 0.092 from the la t ter ;  this represents a 
significant deviation, a t t r ibutable  to the conflicting 
claims of hydrogen bonding between the phosphate  
groups and of van  der Waals  packing of successive 
chlorophenyl groups in the y direction. 

The phosphate group 

Cruickshank (1961) has considered the r61e of 
~-bonding in phosphate  and other X04 derivatives,  
and has surveyed the more reliable publ ished data  on 
such structures. He gives 'an empir ical  rule '  which 
can be a l te rnat ive ly  s tated:  though the indiv idual  
P -O bond lengths in any  phosphate  group m a y  range 
from 1.40 to 1.69 /~, their  sum is nearly constant. 
(With the assumption of a l inear relat ionship between 
bond length and bond order, this rule carries the 
impl icat ion tha t  a constant  d ividend of ~-bond 
character  has to be allocated between the four bonds). 

Consideration of sixteen structures in which P - O  
distances have been determined with a s tandard  
deviat ion of +0.01 A or better  gives a mean  value 
for this  sum of 6.177,+0.030 A.  In  the D P C P H P  
molecule the sum is 6.151 J~. 

The hydrogen bonding 
This is the most  interest ing feature of the D P C P H P  

structure. Bonds, roughly parallel  to the b axis, 
l ink successive molecules into infini te  chains. Wi th  
the twofold axis which relates the two halves of the 
s tandard  molecule located at x, ¼, ¼, 0(2) atoms of 
neighbouring molecules make a close approach across 
the axis at x, 4 a, ¼. The bond is therefore formal ly  
symmetr ical .  

Like the hydrogen bond in sodium hydrogen 
diacetate,  which also involves a twofold axis, or like 
tha t  in potassium hydrogen maleate ,  which involves 
a plane of symmetry ,  but  unlike tha t  in potassium 
hydrogen bisphenylacetate,  which involves a centre 
of inversion, the hydrogen bond in D P C P H P  is not  
str ict ly required to have its proton midway between 
the oxygen atoms. The formal symmet ry  would be 
satisfied by  a proton on the twofold axis but  off 
the line of centres of the oxygen atoms. Grant ing the 
symmetry ,  such an off-centring seems unlikely.  

Wi th  0 ( 2 ) . . .  0 (2 ' )=2 .398  /~, this  is perhaps the 
shortest hydrogen bond between oxygen atoms to 
have been measured with any  accuracy;  but  the 
relat ively large s tandard deviat ion ( _+ 0.018 A) affect- 
ing a bond lying across a symmet ry  element  renders 
it uncer ta in  tha t  the bond is s ignif icantly shorter 
than  those recorded in some acid salts. Nevertheless 
a survey of O • • • H • • • O bonds between phosphorus 
atoms suggests tha t  they  tend to be dis t inct ly shorter 
than  corresponding bonds between carbon atoms. 
Many examples of the la t ter  have been well studied, 
and their  0 • • • O-distances range uniformly over the 
range from 2.42 to 2.90 .~ or more. Table 6, which 
lists most of the well measured 0 - - - H - - .  O dis- 
tances in phosphate  systems, evidences a tendency 
towards shortness. Fur thermore  a number  of contacts 
between oxygen atoms l inked to different phosphorus 
atoms are as low as 2.8 A and yet cannot represent  
hydrogen bonds. Such contact distances barely 
exceed twice the formal van  der Waals  radius of 
oxygen, Possibly the ~-bonding within the P04 group, 
and its stronger potential  acidity,  make the effective 
radius of the oxygen atom rather  shorter t han  in  
earboxyl groups. Any  such contraction would be 
reflected in a shortening of otherwise comparable  
hydrogen bonds. 

Only in one other case has a crystal lographical ly 
symmetr ica l  hydrogen bond between two phosphate  
groups been reported. This is moneti te ,  CaHPO4 
(MacLennan & Beevers, 1955; Jones & Cruiekshank,  
1961), which has an infrared speetrmn reminiscent  
of an acid salt of Type A. According to the ref inement  
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Table 6. Some hydrogen bonds between PO t groups 
Compound O • • • O-distance P-(OH) . . .  O angle 

H~PO 4 2.53 ± 0.02A 117 ° 
2.53 ± 0.02 123 
2.84 ± 0.02 

Serine phosphate 

KH2PO 4 

Dibenzyl phosphate 

Monetite 

2.55 _+ 0.01 

Authors 

Furberg, 1955 

2.49 ± 0.01 

Sire, 1959 

2.495 ± 0"01 

*2"44 ± 0"03 
2-58 ± 0.02 
2-66 ± 0.02 

114 Bacon & Pease, 1953 

2-Aminoethanol phosphate 2.557 ± 0.01 

DPCPHP 2.398+ 0.018 

119 

108 
119 
140 

Dunitz & Rollett, 1956 

Jones & Cruickshank, 1961 

118 Kraut, 1961 

129 (Present paper} 

carried out by the latter workers, this bond, lying 
across a centre of symmetry, has O . - . O  = 
2.44_+0.03 A. This structure has the peculiarity 
(found also, for instance, in potassium hydrogen 
di-p-hydroxybenzoate hydrate by Skinner & Speak- 
man, 1951) of possessing more presumptive hydrogen 
bonds than available protons; the unit cell includes 
only four hydrogen atoms, but has five short O • • • O- 
contacts; three are crystallographically independent 
and are listed in Table 6, where the contact in question, 
marked with an asterisk, is in a special position of 
reduced multiplicity. 

As was pointed out by Donohue (1951), hydrogen 
bonding seems to be favoured if the angle X-O(H) ... O 
is close to the tetrahedral value. This is certainly true 
for short bonds between carboxyl groups" for example 
110.8 ° in sodium hydrogen diacetate, or within the 
maleate anion. Though a similar angle (108 °) obtains 
in monetite, the P - O . "  O angle in DPCPHP is 
much wider (129.4 ° _ 0.5°). Table 6 has been extended 
to include information about corresponding angles. 
Evidently large variations in this angle are possible, 
even in short bonds between, phosphate groups. 

There is a prima facie case for supposing that  the 
short, and crystallographically symmetrical, hydrogen 
bonds found in some Type A salts may be genuinely 
symmetrical. The bond in DPCPHP clearly qualifies 
for consideration also. On the other hand, in one 
rather short bond between phosphate groups the 
proton has been located by neutron diffraction. 
This is in the tetragonal form of KH2PO4, where 
the 0 " .  O distance is 2.49 /~; and Bacon & Pease 
(1955) have located the proton at about 1.07 /~ from 
one oxygen atom and therefore 1.42/~ from the other. 
Thus, if the hydrogen bond in DPCPHP is truly 
symmetrical, a decrease of 0.08 /~ in the 0 " "  O- 
distance must have resulted in an increase of 0.13 A 
in the 0-H-distance. This would be surprising. 

The authors are indebted to the Italian C.N.R. 
for financial help which enabled one of them (M. C.) 
to take part in this work. 
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