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Structure of Ice V 
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Ice V, the high-pressure ice phase stable at pressures of about 3 to 6 kbar, density 1.23 g.cm -3, 
has a structure involving 28 HzO molecules in a monoclinic cell of dimensions a= 9.22, b= 7.54, c= 
10.35 A, p= 109"2 °, space group A2/a. The structure is a single tetrahedral framework, rather than a 
'self clathrate' as occurs in the denser forms ice VI and VII. Each oxygen atom is hydrogen bonded to 
4 near neighbors at distances of 2.76-2.87 A (average, 2.80 A), and the shortest next-nearest neighbor 
distance is 3.28 A.. Distortion from ideal tetrahedral coordination is rather large, bond angles (at oxygen) 
ranging from 84 to 128 °, with a r.m.s, deviation of 18 ° from 109.5 °. There is no indication of bifurcated 
hydrogen bonds. Proton ordering is not possible in the space group A2/a indicated for the oxygen atoms. 
A proton-ordered structure is possible in space group Aa, but is considered unlikely on the basis of 
comparison with X-ray evidence for proton order in ice II. For the ice V structure to remain proton 
disordered on quenching to 120 °K (the experimental conditions), the ordering energy must be less than 
0.14 kcal.mole-1. 

Introduction 

Among the several forms of ice, ice V occupies an 
intermediate position. Ices I, Ic, and III (of densities 
0.92, 0.92, and 1.16 g.cm -3) have rather open, tetra- 
hedrally linked structures that are analogs, topologi- 
cally, of structures of SiO2. In ice VI and ice VII (1.31 
and 1.50 g.cm-3), on the other hand, relatively high 
densities are achieved by the 'self-clathrate' structural 
principle, in which two independent, tetrahedrally 
linked frameworks are incorporated into one another, 
each framework occupying void space in the other 
(Kamb & Davis, 1964; Kamb, 1965a). Since the den- 
sity of ice V (1.23 g.cm -3) places it intermediate be- 
tween the above groups of low and high-density forms, 
there is interest in ascertaining how the transition be- 
tween the two structural principles is accomplished, 
and whether the silicate analogy continues to hold at 
transitional densities. The structure can be expected 
to add to an understanding of the energetics of hydro- 
gen-bond bending and overlap for water molecules 
(Kamb, 1965b). 

Preparation and identification of ice V 

The ice samples studied were made by slowly cooling 
water at pressure 5 kilobars from 20 °C to - 20 °C, then 
quenching in liquid nitrogen, and releasing to atmo- 
spheric pressure. Individual samples, held in 0.5 mm 
glass capillaries, were examined on the precession 
camera at a temperature of -175°C .  

Powder photographs indicate spacings (Table 1) in 
general agreement with those reported for ice V by 
Bertie, Calvert & Whalley (1963). The metastable phase 
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ice IV, which is reported to occur within the stability 
field of ice V, might be expected to form initially in 
preference to V (Bridgman, 1935, p. 602). In extensive 
experiments in the stability region of ice V, we have 
obtained no second phase, and we have consistently 
obtained the phase identified in Table 1, from ices II 
and VI as well as from the liquid. In the course of 
making dielectric measurements on ice under pressure, 
Wilson, Chan, Davidson & Whalley (1965, p. 2385) 
located phase boundaries that agree better with the 
phase boundaries for ice V, as determined originally 
by Bridgman (1912), than with those for ice IV (Bridg- 
man, 1935). It is not certain that this identification is 
applicable to the powder pattern designated as that of 
ice V by Bertie et al. (1963), because the latter was 
obtained from samples made in different apparatus and 
quenched to 77°K. However, in X-ray study of ice 
under pressure (Kamb & Davis, 1964), the same pow- 
der pattern is found at pressures of about 5 kbar 
(Table 1), and no other pattern, attributable to ice IV, 
has so far been obtained near this pressure. 

The densities of ice V, VI, and VII, as determined 
from the X-ray powder patterns under pressure (Table 
1 ; Kamb & Davis, 1964, Table 2), are listed in Table 2. 
For ice VII the determination is direct, while for ice V 
and VI it is based on the calculated densities of the 
quenched crystals, scaled in accordance with the aver- 
age shift Ad/d of the observed line spacings d in the 
high-pressure powder patterns relative to the calcu- 
lated spacings for the quenched crystals. In the next 
to last line of Table 2, the X-ray densities are corrected 
to higher temperature, where they can be compared 
with densities measured volumetrically by Bridgman 
(1912, 1942). The expansion correction is made with 
an assumed volumetric thermal expansion of 1.1 x 
10-4°C -1, which is thought to be reasonable (Kamb, 
1965b). For ice VII and ice VI, our densities are sys- 
tematically high relative to Bridgman's. The cause of 
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this  d i sc repancy  is no t  known .  However ,  f rom the 
c o m p a r i s o n  in Tab le  2, the  X- ray  densi ty  of  ice V as 
de te rmined  here  (Table  2) is evident ly  compa t ib le  with  
Br idgman ' s  dens i ty  for  ice V and  not  wi th  his dens i ty  
for  ice IV. This  reinforces the ident i f icat ion of  the form 
of  ice s tudied here as ice V. 

X-ray data 

The  un i t  cell of  ice V, de te rmined  f rom precession 
p h o t o g r a p h s  wi th  Cu  K~ rad ia t ion  of  assumed  wave- 
l eng th  1.542 ./k, is monoc l in i c  with d imens ions  a = 9 . 2 2  
+0 .02 ,  b = 7 . 5 4 + 0 . 0 1 ,  c = 1 0 . 3 5  + 0.02 A, f l = 1 0 9 . 2  
+ 0.2 °. Ex t inc t ions  occur  for reflections hk l  with k + l 

odd,  and  hOl with  h odd.  The  space g roup  is e i ther  
A2/a or Aa. This  cell accounts  for  the observed powder  
pa t te rn  (Table  1). 

In tens i ty  measu remen t s  were ob ta ined  f rom preces- 
sion p h o t o g r a p h s  o f  two single crystals ,  us ing  Zr-  
filtered M o  K~ rad ia t ion .  Seventeen reciprocal  lat t ice 
planes  were p h o t o g r a p h e d ,  involv ing  6 different  orien- 
ta t ions  of  the  precess ion axis. Because o f  va r i a t ion  in  
image shape  wi th in  and  be tween films, which  tends  to 
occur  for  sample  capil lar ies  t i l ted away  f rom the spindle  
axis and  t oward  the precession axis, var iable  ' ex terna l '  
weights  va ry ing  f rom 1.0 to 0.1 were ass igned to the 
ind iv idua l  in tens i ty  readings.  Read ings  for  different  
films or f i lm-groups  were corrected for  Loren tz  and  

Table  1. X-ray  powder data f o r  ice V 
Notes (5) (4) (1) (2) (3) (1) (2) (3) 

Fo 2 hkl deale dl d2 d3 I1 12 13 
P = 0  P = 0  P=5kb 

3 200 3"37 3"28 5 
3 211 3"23 3"18 10 

42 i22 3"03 3"03 3"02 2"96 s 80 50 
58 013 2"99 
86 213 2"91 2"93 - -  2"85 s - -  90 
50 220 2"85 
40 220 2"85 2"86 2"82 2"80 s 100 100 
96 311 2"85 
12 202 2"83 
12 222 2"73 2"75 - -  - -  w - -  

130 122 2"67 2"68 2"65 2"63 s 100 100 
37 204 2"52 2"52 - -  2"52 mw ~ 10 
12 313 2"49 - -  - -  2"47 - -  ~ 20 
49 004 2"45 2"45 2"43 2"41 m 30 10 
25 i31 2.40 2.40 - -  2-37 m - -  25 
18 320 2"30 
16 320 2-30 2"29 2-29 2"26 m 20 20 
71 ]02 2.29 
16 400 2.18 - -  2-19 2"16 - -  8 5 
21 231 2-06 2.05 2-05 2"00* my 20 15 
26 024 2.05 
14 331 1.95 1"96 1.93 30 15 
61 324 1"95 
40 411 1.92 - -  - -  1.90 - -  10 
25 040 1-89 
62 204 1.88 1.88 1.86 30 15 
25 315 1"88 
41 i42 1"77 1-78 1"74t 15 50 
44 206 1"72 1"72 1"70 15 20 
34 433 1"64 1"63 8 
18 i26 1"55 1"56 10 
19 602 1"54 
18 044 1"49 1"49 8 
11 604 1"48 
12 135 1"46 
14 600 1"45 1"44 10 
13 342 1"43 
15 126 1"40 1"38 10 
14 615 1"38 

(1) Spacings measured in powder patterns of present work. Intensities I estimated qualitatively, s=strong, re=medium, 
mw = medium-weak, w = weak. 

(2) Spacings and intensities of quenched ice V reported by Bertie, Calvert & Whalley (1963). 
(3) Spacings and intensities for ice V at pressure 5 kbar, temperature -50°C,  obtained by method of Kamb & Davis (1964). 

Diamond internal standard used for calibration, with assumed compressibility 0.18 x 10-6 bar-1. 
(4) Spacings calculated from cell constants given in text. 
(5) Square of observed structure factor from single-crystal measurement, divided by scaling factor of 100. Reflections having 

structure factor Fo less than 33 omitted, except for first two entries in table. 
* Overlapped by Be line. 
1" Overlapped by Be and diamond lines. 
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polarization factors and were scaled together by least- 
squares fit to the common reflections. No absorption 
correction was applied. The discrepancies of scaled 
individual intensity readings from the averages for 
common reflections are approximately 11~  of the 
intensity values. The data list includes all reflections 
out to sin 0/2=0.5 A -1, plus an incomplete sampling 
out to 0.72 A -1. Of the 913 reflections listed, measur- 
able intensities were detected for 472, and for the re- 
mainder a limit of detection is known. 

Structure determination 

From the relative cell volumes of quenched ice V and 
VI, from the relative densities as measured by Bridg- 
man (1912), and from the cell content of ice VI (Kamb, 
1965a), the cell content of ice V is indicated to be 28 
water molecules, for which the calculated density at 
1 atm and - 1 7 5  °C is 1.231 g.cm -3 (Table 2). 

A statistical test of the X-ray intensity data (Howells, 
Phillips & Rogers, 1950) indicates centrosymmetry, 
hence space group A2/a. Because the general position 
in this space group has eightfold multiplicity, there must 
be at least 4 molecules in fourfold special positions, and 
there could be 12. Four of the five fourfold special posi- 
tions in the space group, 4(a-d), are at centers of sym- 
metry and are thus unsuited for a water molecule in 
roughly tetrahedral coordination. The remaining spe- 
cial position, 4(e), is on the twofold axis. With 12 
molecules in 4(e), the average distance between them, 
along the twofold axis, would be 2.51 A, too short for 
a hydrogen bond in ice. Hence only one position of 
type 4(e) must be occupied, and the remaining 24 mol- 
ecules must occupy three general positions 8(f). 

In the Patterson function for ice V, the expected 
tetrahedral grouping around the molecule in 4(e) is 
recognizable in terms of pairs of vector peaks of type 
(u, v, w), (2u, 2v, 0) where (u, v, w) is 2.8 A from the origin 
and w___¼. Two pairs of this type, although not well 
resolved from other vectors, give an indication of the 
configuration of the tetrahedral group around position 

4(e), and imply rough x and z coordinates ( x = ¼ + u ,  
z =  w) for two of the oxygen atoms in 8(f). There is 
also a vector peak of type (u, v,0) 2.8 A from the origin, 
which suggests that the fourth molecule in 8(f)  is so 
placed as to bond to its symmetry-equivalent molecule 
across the twofold axis. This fixes its x and z coor- 
dinates. With x and z coordinates determined for all 
the oxygen atoms, a reasonable scheme of tetrahedral 
coordination can be constructed, and rough y coor- 
dinates can be derived from the considerations that the 
bond lengths should be about 2.8 A and that no non- 
bonded oxygen-oxygen distance should be less than 
about 3.2 A. 

Refinement 

The structure so derived gave initially a structure- 
factor residual R of 52 Yo. Refinement by electron den- 
sity projections on (100), (010), and (001) reduced R 
to 28yo, and least-squares refinement with allowance 
for anisotropic thermal motion of oxygen atoms fur- 
ther reduced R to 12~.  (Scattering factors used are 
those of Hoerni & Ibers (1954) for oxygen, and of 
International Tables for X-ray Crystallography (1962) 
for hydrogen). A difference map, discussed in a later 
section, suggested that hydrogen, hitherto omitted from 
the calculation, should be introduced in the form of 
4 atoms with population factor ½ in roughly tetrahedral 
orientation around each oxygen atom. Since the inten- 
sity data are inadequate to justify a refinement of 
hydrogen coordinates, hydrogen atoms with population 
factor ½ were placed arbitrarily in positions along the 
lines of centers between pairs of oxygen atoms and 
1.0 A from each end. The final refinement, results of 
which are listed in Table 3, gave a residual R =  
E IFo-Fcl/Z IFol of 9"9yo, and a weighted residual 
Z w(FZo-F~)2/Z wF 4 of 4.0~o. The weights w used in 
least-squares refinement were taken proportional to the 
external weights assigned earlier (combined in accor- 
dance with the number of independent intensity ob- 
servations) and to (l+sin20/sin2Omax) 2 . (F2o+152) -2, 
where 0max is the largest observed Bragg angle of 

Table 2. Densities of  ice phases(a) 
Ice phase VII VI V IV 
0e at 1 atm, - 175°C (g.cm -3) 1.50(0) 1.314 1.231 - -  
(Ad/d) at P, T1 --  0.016 0-014 - -  
0e at P, Ta (g.cm-3) 1.66 1.377 1.283 - -  
P (kbar)(O 25 8.0 5.3 5.4 
T1 (°C) - 50 - 50 - 50 - -  
Tz (°C) +25 +15 - 5  - 6  
Qo at P, 7'2 (g.cm-3) 1.565 1.345 1.260 1.29(a) 
Qe correctedCe) to P, T2 1.65 1.367 1.277 - -  
Uncertainty (s) in corrected Qe + 0.016 + 0.013 + 0.013 - -  

ta) Calculated densities 0e based on X-ray spacings and cell contents. Measured densities 0o from volumetric measurements 
by Bridgman (1912, 1935, 1942). 

t0) From powder data of Bertie, Calvert & Whalley (1963). 
to) Sample pressure in X-ray measurements is uncertain because of piston friction and is known to about +2 kbar only. 
ca) Density determined indirectly from measurements by Bridgman (1935) on D20 ice, by assuming that the molar volume 

difference between ice IV and ice VI is the same for D20 and H20 ices. 
(e) Expansion correction based on assumed thermal expansion of 1.1 x 10-4°C -I. 
(f) Uncertainty based on scatter in the Ad/d values for the stronger peaks (13 > 10), plus possible 50 % error in the thermal 

expansion correction. 
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T a b l e  3.  Observed and calculated structure factors 
L designates unobserved reflections, for which the limit of detection is listed under Fo. * designates reflections assigned zero 
weight because they were detected on some films at a level higher than the detection on other films where they were not detected. 

h k t F o F o h k t F o F o 

-12 -8  • 11 

-8 112 ! 12 _,, i : :o -'; 
-12 15 -195 .,~ I ~L 88 :~ :88 ~ ] , . -  
-12 2 0 L 9 .u, -8 3 7 19 -20 
-12 2 2 L 7 -2 -8 3 9 L 7 -1 

-11 1 9 
-11 2 o L 11 1 -8  .5 7 L 11 # 
-11 22 ~ :118  65 92L'12 

-11 2 10 L 12 0 -8 6 8 L 11 5 
-11 3 1 L 7 0 -8 7 1 L ? 0 

-11 11 
-11 12 
- "  -~ : ;  A -10 052  ~ 1 1  ~19~-, 89 11 
-10 0 ~ 13 1~ -7 1 13 I0 10 

_,o ,+ : ; : :  : i  
-10 I ] :  88 "~ 22 ~ L I O  27 21 
-10 1 7 18-17 o - ! 2 8  1 0 7 ,  

.,o-'° ; , , .  :~ : ;  ~ ; i  ~'~ -10 
2 L  .,o ~ ,+z.,.,. p+,.~ , 

-10 2 8 L 10 -7 3 -7 

I5 -15 -10 ~ ~ L  11 "77 1 1 - 1  
, o  ~ 7o ,. ,, .~ 
-10"10 : 2 I, 11 -'~'6 "~ ~ 1 0 1 ~  -1~ 

' °  ; ' ~  :~ ~ '~i-~ -10 
-106(> ~ 11 ~ 8 6 1 1  .~ 

12 
' ° " + ; i 4  :; '. -9"9 11 ~ 18-118" 7 10 .~ 
- '  I ; , .  -, I L  '~ . 11 8 -9 :~ 7 

-9 L 

-9 2 o L 12 8 #~ 

-9 1} ..6601 -7 

-9 L L 11 12 -6 1 L -9 210 0 

-," ~ , , .  ~ .~, :66 ,l ,~ ~ ~; 
-9 '~ ~ 1 X l l  

_+ + + +,~ ++ 
' ! -9 ~ 22 6 i' i -9 , 86 . ., ,o 

11 2 IO 
-955 ~ L  12 - -6 12 II IO -9 
-9 5 5 22 19 -6 3 1 25 -26 
-9 5 7 L 11 # -6 3 3 .5 5 

-9 6 2 L 12 -9 L I0 
-9 6 ~ L 11 -8 -6 3 9 1~ -16 .,-, TM.~ 

.1  -6 - '  :6, ~ ~' • ,o'8 -8 * -6 
-8 0 ~ 21 22 h. 8 12 12 

18 -10 -19 

12 -16 
-8 1 11 13 15 -6 6 6 6 -7 
-8 1 13 L 7 -1 -6 6 8 L 11 -7 
-8 2 0 L 11 -8 -6 6 10 L 12 -3 
-8 2 2 * 10 -11 -6 7 1 19 19 
-8 2 # L 10 # -6 7 3 b 12 5 
-82 6 L 9 -1 

h k t FO PO h 

-6 i~ -3 

-+ '~ I : ]  
-5 1 1 19 -21 -3 
-5 1 3 L 6 3 -3 

-5 1 7 17 16 -3 
-5 1 9 Ii - lO -3 

11 
-5 ! -3 

-5 29 -29 

20 -21 -3 
"~ ,2 :o ~- ,o 

-3 

-5 3 7 22 23 -3 

-5 # 2 18 20 

28 2 -3 
-5 ~ a -3 -5 10 L 11 11 3 -3 

-5 1~ -23 -3 
-5 ~ ~ 2~, 25 -3 

"-5 5 5 7 5 -3 

16 -123 -3 

-5 -3 ~ '~ 1o' 13 

-5 5~ 11 

-5 97 11 -2 

- ~  ~ .~ -5 12 
-5 6 ~ 11 -6 -2 

8~ -7~, -2 

. ,  o ° ~ ~ .~ 
-' 

-2 .~ ~ I i ~ -# 1 -2 

-~. ~ 20 20 -2 
12 -1# -2 

-~, I 11 

.~ 22 o :, _;~ 
-# 17 16 -2 

-~ ~ o ~ , , - ,~  .~ -# 1 L 10 -~ -2 
-~ 12 12 -2 

-# -5~ -2 

~ L -2 
.,, ~ ~.? I 
-# # 6 16 17 -2 
-~ # 8 L lO -7 -2 
-# ~ lO L I I  5 .2 
-~ 5 1 ~ 8 3 -2 

-~ 5 9 L 11 
-# 5 11 L 12 3 -2 

10 l~ -2 
.~. ~ -2 
-~ 666  -11 -2 
-# lO lol -2 -~ 6 18 L 12 -2 
.4 -2 

.,, ; ~'- _~ 
19 -1 

.b, 12 ! -1 

-1 

-~ I 13 11 12 -I 

k L Fo F¢ h k t F o F o h k t Fo PO h k L Fo Fo h k ~, Fo Ft 

-1 1 
9 -9 3 5 5 -# 

3~ 6 # 8 L 1 3  5 212 I0 -9 3 6 2 11 -3~ 
~ ~ -~ .~ ~ ~ ,6 ~ , ~ 8,. ~ ~ ~ ~ ~-. L~ - 

? l? z6 - i  ~ l o L z z  6 z ~z~  6 -~ z. z l  6 ~ o L Z O  ~ 
~'5- 3 7 IL 8 662L16 -6 , ,~ + ? + , . . . ~ !  

lZ ? 1 L -5 I0 1 5 15 12 3 8 0 11 1~ 6 8 

16 ~2 ~ 1 6 2 L 10 -I 3 9 1 L 8 -2 6 8 0 L -~ 

59 16 -15 -171 • 8 0 171 1011 # o 6 17 -16 717 L 9 -5 
_-~ L 11 1 7 3 10 9 13 

'+ ' ' " :  ~ : ;  '~ ~ ? ? ~ ,+ ? , , , 9 - 9  
~o,o  :I  g ; , . , o _ ~  , , , , . ~  ,+ ++ ,,. ~" 

10 # 2 0 L 5 -2 ? .3 3 15 12 
12 

18 -18 -9 

i + - ] 
- 11 12 

o°,2 :o 

, ,o :o o i,,o i ' 

27 26 0 2 • 

,, ,~ ° o , ,o 
o 5 1  ! 1 1 3  

~ 3~-3~ 0 5 3 17 19 
## 86 22-'_2 ~ 0 5 5 1 1 1 1  

• 10 0 5 7 7 6 

! ! 
; ; ,  ,o, 6 _'i 

1 11 -2. 0 6 10 L 8 2 

6 6 L 7 # 0 ? 5 • 12 -12 
6 8 L 11 -~ 0 7 7 13 -12 
6 I0 10 9 0 7 9 L 8 -2 

-I • .~ , ~ . ~ . ~  o88o  ,6 
lo 

g g ~ .  -~,~ 
, ,  , o - ,  ~,8 ~ 8 7 . ,  

~ 16~ o °~;~;_,, 

9 I L 8 -1 010 2 L 

1 -19 

- 1 1 9 I, 9 -0 
11L  8 

' , ,-,~ ,88 %o 

.~o : ~  , , . ,~  ~ ' , " ~ , . ~  

,o:i I , , o  

i " t ,; 

2 ~ L 1 9 9 1 9  ~ 1 2 8 1 ~ "  8 8 6 #  ~ 1~ -'~ 

1 1 56 0 7 
2 4 10 L 10 -2 -2 

2 .5 7 L 11 -8 
2 5 9 L 12 .b, 
2 6 0  2~ -2# 

2 6 6 L  I 
2 68 1~ -13 
2 ? 1 11 -13 
2 ? 3 11 10 
2 7 5 L l l  3 
2 7 7 L  7 -i 
280 L 7 -# 
2 8 2 L 1 3  5 

3 1 I 30 -30 
3 1 3 32 -31 
3 ~ 5 ~8 -19 
3 1 7 15 -17 
3 1 9 L 9 -2 

3 2 6  17 -19 
3 2 8 14 1~ 

~10L121L 7 "~ 

;;, 
5 12 -I 

9 9 .27 0 29 

i X  6 , ,  :~ 
8 

3 8 L 1 2  

5 2 6 L 9 0 8 ? 3 L 11 -9 
5 2 8 L 11 -6 8 8 0 L 2 I 
5 210 10 ~ 9 1 I • 6 -3 

~ ~ 1~ ~ 9 1 3 11 12 
9 1 5  L 8 -1 

5 3 5 L il -6 920 9 -8 

5 5 1 lO 3 
5 5 3 L 11 -2 

:! 
562L12 7 

5 6 8 13 ? lO lO 

5 7 3 12 9 I0 I I • ? -8 
5 ? 5 L 11 -2 lo 1 3 L 8 3 
5 8 0 8 -7 le 1 5 12 -9 

• 10 3 1 17 14 

~ I ~ '  ' -  ~°~' • .,~ 

2 2 lb. 11 2 2 L 6 1 "! 
11 01 ~ "1 ~ 

6 2 8 12 8 12 o 
~o-~o ~ 1 ° ~ ~ . ,  
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about 30 °, and 15 represents a structure factor about 
50Yo greater than the general limit of observation. The 
dependence on 0 is introduced to give greater weight 
to the higher-order reflections. Zero weight (marked 
(,) in Table 3) was assigned to reflections which were 
detected on some films at a level higher than the ob- 
servational limit for other films on which they were 
not detected; in general these reflections are close to 
the limit of detection. Final least-squares parameter 
shifts were less than 0.0002. The refined parameters 
are listed in Table 4. 

Description of the structure 

The structure of ice V is shown in Fig. 1, as viewed 
along the b axis. It consists of a tetrahedral framework 
in which each oxygen atom is surrounded by four 
others at distances of about 2.8 A, typical of hydrogen- 
bond distances in other forms of ice. The structure can 
be visualized as built up of zigzag chains of water mol- 
ecules running parallel to the a axis of the crystal. One 
type of chain consists alternately of 0(2) and 0(3) 
atoms, while a second type consists wholly of 0(4) 
atoms (Fig. 1). These chains resemble zigzag chains that 
occur linked together in the puckered hexagonal sheets 
parallel to (0001) in ice I, hence the rough similarity 
in the axial lengths 2a=9.00 in ice I and a=9.22 A 
in ice V. 0(2)-0(3) chains bond in pairs to 0(4)-0(4) 
chains in such a way as to build up tetrahedrally linked 
layers parallel to (001) (these layers are quite different 
from the layers parallel to (0001) in ice I). There are 
two such layers in the ice V cell, centered about z = 0 
and z=½. Linkage between 0(2)-0(3) chains in the 
layers is completed by the O(1) atoms, which lie at the 
centers of the layers. Adjacent layers are then linked 
together by the bonds from O(1) of one layer to 0(3) 
of adjacent layers (Fig. 1), resulting in a three-dimen- 
sional tetrahedral framework. 

Coordination distances and angles for the oxygen 
atoms in ice V are given in Table 5. The shortest dis- 
tances, listed as hydrogen-bond distances in Table 5, 
are all less than 2.9/~, and, with exception of the long 
0(4)-0(4 ')  distance of 2.867 A, fall in the range 2.76- 
2-82 A. The two shortest distances that are longer than 
these, for each oxygen atom, are listed in the Table 
as non-bonded. The short non-bonded distances of 

3"28 and 3.46 A are labeled in Fig. 1. Distances in 
Table 5 have estimated standard deviations in the range 
0.004 to 0.006 A, angles from 0.2 ° to 0.3 °. The coor- 
dination angles (Table 5) indicate a considerable devia- 
tion from ideal tetrahedral coordination around the 
water molecules. 

Hydrogen bonding 

When the coordination around water molecules be- 
comes increasingly distorted from the ideal tetrahedral 
one, as it does in the denser forms of ice, the possibility 
arises that some of the oxygen-oxygen distances near 
2.8 A are not hydrogen bonds but simply van der Waals 
contacts, appropriate to van der Waals radius 1.40 A 
for oxygen (Pauling, 1960, p. 260). Non-hydrogen- 
bonded intermolecular oxygen-oxygen contacts of 2-7 
to 2.9 A have been found in organic molecular crystals 
(Prakash, 1965; Craven & Takei, 1964) and in crystal- 
line H202 (Abrahams, Collin & Lipscomb, 1951). There 

-5  

_ 

c 

-06 

G 
Fig. 1. Structure of ice V, as viewed along the b axis. Only the 

oxygen atoms are shown. Hydrogen bonds between water 
molecules are represented by rods, with oxygen-oxygen 
distances as labelled, the hydrogen atoms being omitted. 
Unit cell outlined spans the area O<x<l,-½<_z<½ in 
relation to coordinates listed in Table 4. y coordinates of 
oxygen atoms are given in hundredths of the b axial length 
(7.54/~), y increasing upward out of plane of projection 
(axial system as arbitrarily plotted is left-handed). Two 
short non-bonded distances are indicated by dashed lines. 
Oxygen atoms are labelled to correspond with Tables 4 and 5. 

Table 4. Oxygen coordinates and thermal parameters in ice V 
Estimated standard deviations (in last decimal place) noted in parentheses. 

Temperature factor in form exp ( -,811 h2 - f122k 2 - ~33 /2  - ]~12hk - f 1 2 3 k l -  f131 lh).  

Position x y z 
0(1) 4(e) 0.2500 -0.1847 (8) 0.0000 
0(2) 8(f) 0-4629 (4) 0.0565 (5) 0-1544 (4) 
0(3) 8(f) 0.2751 (4) -0.3475 (6) 0.2477 (4) 
0(4) 8(f) 0.3993 (4) 0-3596 (5) -0.0146 (4) 

i l l !  fl22 fl33 i l l 2  fl23 f131 
O(1) 0"0092 0"0119 0"0040 0"0000 0"0052 0"0000 
0(2) 0"0072 0"0080 0"0067 0"0007 0"0052 - 0-0008 
0(3) 0"0083 0"0081 0"0053 - 0"0007 0"0048 0"0004 
0(4) 0"0084 0"0077 0"0060 - 0"0012 0"0049 - 0-0005 
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is the further possibility of bifurcated hydrogen bonds. 
A bifurcated bond involving intermolecular oxygen- 
oxygen distances of 2.79 and 2.96 A is known (Craven 
& Takei, 1964), and bifurcated bonds of distances 2.47 
to 2.87 A are surmised (Craven, Martinez-Carrera & 
Jeffrey, 1964). 

However, such structural features do not occur in 
ice V. Identification of the oxygen-oxygen distances 
less than 2.9 A as simple hydrogen bonds follows from 
the fact that there are just four such distances for each 
water molecule and that these distances, which cluster 
closely around 2.80 A, are well distinguished from the 
longer distances of 3.28, 3.45, . . .  A. A similar situa- 
tion holds in ice I, Ic, II, III, and VI, where the range 
of hydrogen bond lengths is 2.75 to 2-84 A (Peterson & 
Levy, 1957); Honjo & Shimaoka, 1957; Kamb & 
Datta, 1960; Kamb, 1964, 1965a). In spite of the con- 
siderable angular distortion from ideal tetrahedral co- 
ordination in ice V (Table 5), there are no O . . .  H20 
• . -O coordination angles approaching 60 °, which is 
considered by Craven, Martinez-Carrera & Jeffrey 
(1964, p. 901) to be the upper limit for acceptance of 
a bifurcated hydrogen bond, and there is no increase 
in number of near neighbors over 4, as could be ex- 
pected if bifurcated bonds were formed. A tetrahedral 
framework of bent hydrogen bonds is indicated. 

This conclusion is consistent with the infrared and 
Raman spectra of ice V, the OH stretching frequencies 
being increased by only about 70 cm -1 relative to ice I, 
as compared with an increase of 400 cm-1 for water 
vapor (Bertie & Whalley, 1964). 

Although the 0(4)-0(4 ' )  distance of 2.867 A is con- 
spicuously long (the longest nearest-neighbor distance 

in any form of ice except ice VII), there is no indication 
that it is non-bonded. The tetrahedral coordination 
around 0(4) is no more distorted than that around 
other oxygen atoms in the ice V structure. A significant 
amount of bifurcation toward the close next-nearest 
neighbor 0(3*) at 3.28 A is unlikely, because of the 
disparity in distances, the unfavorable orientation of 
0(3*) relative to nearest neighbors 0(2) and O(4"), 
and,the 0 (4 ' ) . - .  0 ( 4 ) . . .  0(3*) angle of 80 ° . The 0(4)-  
0(4 ) distance is 0.06/~ shorter than the non-bonded 
O . . . O  contact in hydrogen peroxide, whereas a non- 
bonded contact for H20 should be longer. 

The van der Waals radius of 1.40 A for oxygen, 
while appropriate to oxygen-oxygen contacts in larger 
molecules, does not describe the non-hydrogen-bond- 
ed equilibrium distance between water molecules. The 
evidence from ice VII (Kamb, 1965a) indicates that a 
rather strong repulsion operates between non-hydro- 
gen-bonded water molecules at a distance of 2.95/~, 
and suggests that the equilibrium separation should be 
about 3.5 A. The ice VI structure (Kamb, 1965a) indi- 
cates a weak repulsion between non-bonded water 
molecules at 3.51 .A. In crystals of diatomic gases in- 
volving C, N, O, and F, the following shortest non- 
bonded interatomic distances (interatomic van der 
Waals contacts) occur: ~-N2, 3.42 A; 7-02, 3.41 A t ;  
fl-F2, 3.33/~f; CO, 3-58/~ (Jordan, Smith, Streib & 
Lipscomb, 1964; Jordan, Streib, Smith & Lipscomb, 
1964; Jordan, Streib & Lipscomb, 1964; Barrett & 
Meyer, 1965; Vegard, 1930). Other things being equal, 

t Between molecules centered at positions 6(k), for which 
the known type of rotational disorder allows the intermolecular 
distance to be interpreted as a minimum interatomic distance. 

Table 5. Coordination data for oxygen atoms* in ice V 
Hydrogen bond distances (tr<0"006/~) 
O(1)-O(2) 2"766 .~ 
O(1)-O(3) 2"782 
O(2)-O(3') 2"781 
O(2)-O(Y') 2"798 

Shortest non-bonded distances 
0(3)-0(4*) 3.277 
O(1)-O(4") 3.449 
0(2)-0(2*) 3.465 

Bond angles at oxygen (tr<0.3 °) 
O(2)-O(1)-O(3) 86.0°t 
O(2)-O(1)-O(2") 97"8 
O(3)-O(1)-O(3") 127"6 
O(3)-O(1)-O(2") 130.6 

0(4)-0(4") 2"766 ~, 
O(4)-O(3)'" 2"819 
0(4)-0(2) 2"820 
O(4)-O(4") 2"867 

O(2')-O(3") 3"493 
O(1) -0(2*) 3"644 

O(1)--O(2)-O(3") 83"5 ° 
O(1)--O(2)-O(3') 101"8t 
O(1)--O(2)-O(4) 102"2 
O(3') -0(2)-0(3)" 134"9 
O(Y) -0(2)-0(4) 131-6 
O(Y')-O(2)-O(4) 89"3I" 

O(1')-O(3")-O(2) 127"6 0(2) --O(4)-O(3'") 92"0t 
O(1')-O(3")-O(2') 112"6 0(2) --0(4)-0(4') 86"9 
0(1")-0(3")-0(4") 116"5t 0(2) --0(4)-0(4") 123"9 
0(2) -O(Y')-O(2') 1 1 4 " 3 t  O(3'")-O(4)-O(4') 87"9 
0(2) -O(3")-O(4') 88"2 O(3"')-O(4)-O(4") 125"8 
O(2')-O(3")-O(4') 86"6 O(4')--O(4)-O(4") 128"5t 

* Oxygen atoms are labelled to conform to Fig. 1. Atoms identified with an asterisk are not labelled in Fig. 1. 
t Donor angles in a possible ordered proton arrangement in Aa that utilizes angles as near as possible to 109.5 ° and gives a 

half-hydrogen model as seen in space group A2/a. 

AC22-7 
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these distances should be somewhat shorter than the 
equilibrium van der Waals contact between non-hydro- 
gen-bonded water molecules, because the dispersion 
forces between the diatomic molecules are somewhat 
larger as suggested by their molar refractions and by 
virial coefficient data (Hirschfelder, Curtiss & Bird, 
1964, pp. 165, 1034, 1112) +. For CO2 the attractive 
forces are several times larger, and the O. • • O contacts 
shorten to 3.20/~ (Krfiner, 1926). A comparable short- 
ening should occur in comparing the van der Waals 
distances for H20 and hydrogen peroxide. Under the 
effect of hydrogen bonds strongly stretched to 2.95 ,~, 
the van der Waals contact between HzO molecules in 
ice VII (equal number of stretched hydrogen-bonds and 
compressed van der Waals contacts) shortens to 2.95.~, 
while under hydrogen-bonds stretched to only 2.80/~ 
in crystalline hydrogen peroxide (again equal numbers 
of bonds and contacts), the O . . . O  contact distance 
is only slightly shorter, 2.93/~ (from parameters by 
Busing & Levy, 1965). 

Proton disorder 

An important feature of ice structures is the degree of 
disorder of the proton positions. For ice V, a proton- 
ordered structure is not possible in space group A2/a, 
because oxygen atoms of type O(4) bond to one another 
across twofold axes and symmetry centers, a situation 
not compatible with the asymmetry of the hydrogen 
bonds as required by the bond lengths (Table 5). 

However ,  the virial coefficient in terpre ta t ions  for HzO 
yield an anomalous ly  low repulsive potential  be tween water  
molecules  and hence predict  a shor t  equi l ibr ium van der Waals  
distance of  3.06/~.  This appears  to arise f rom approx imat ions  
in the t rea tment  of  the hyd rogen -bond  interact ion (Kamb ,  
1965b, p. 3922). 

This conclusion is supported by an (Fo-Fc) syn- 
thesis calculated from the X-ray data after refinement 
of oxygen positions and anisotropic thermal motions 
but before inclusion of hydrogen atoms. In this differ- 
ence map there are 16 peaks, of height 0.2 to 0.6 e.~ -3, 
listed in Table 6. For comparison are listed coordinates 
of the 14 non-equivalent points lying on centerlines 
between hydrogen-bonded oxygen atoms and 1.0/~ 
from each oxygen position. Thirteen of these possible 
proton sites match roughly with peaks in the difference 
map. The estimated standard deviation of the electron 
density (Rollett, 1965, p. 108) is 0.14e.A -3, which 
agrees with the common occurrence of values +0.1 
e. /~ -3 in the map at points distant from oxygen or 
possible hydrogen positions. This noise level is suffi- 
cient to account for the fluctuations in heights and 
discrepancies in position of peaks attributable to 
hydrogen at the 14 possible sites, and to account for 
the three unattributable peaks. 

The average electron density at the centerline proton 
sites (Table 6) is 0.3 e.,2k -3, one-half the density 0.6 
e./~ -3 commonly found for hydrogen in structures for 
which the refined residual R is about 107o. After intro- 
ducing half-hydrogen atoms at these sites, with iso- 
tropic temperature parameter§ B=  2.0 A z, the average 
difference density at the sites is reduced to zero. Hence 
in space group A2/a, a proton-disordered structure for 
ice V is indicated, having protons at all of the 14 pos- 
sible sites, with occupancy probability ½. It corresponds 
to the type of proton arrangement in ice I (Pauling, 
1935; Peterson & Levy, 1957). (There is no special 
merit to 'average' proton positions lying exactly on the 
oxygen-oxygen center lines, as chosen in Table 6, but 

§ The fictitiously low value of  B needed is in accord  with 
experience for  o ther  s tructures (Jensen & Sundara l ingam,  
1964). 

A tom*  

H i ( l )  
H1(2) 
H2(1) 
HE(E) 
H2(3) 
H2(4) 
H3(1) 
H3(2) 
H3(3) 
H3(4) 
H4(1) 
H4(2) 
H4(3) 
H4(4) 

t 
? 
¢ 

Table 6. Data for hydrogen positions 
Electron densi ty 

* Subscr ipt  indicates oxygen a t o m  to which the hydrogen  a tom is covalent ly bonded.  
t Peaks  not  correla ted with a calculated hydrogen  posit ion.  

Coord ina tes  At  At  calculated 
F r o m  (Fo-Fc) map Calculated on center  lines peak pos i t ion  

x y z X y z (e .~-3)  (e.A-3) 

0-33 -- 0" 13 0"06 0-33 -- 0" 10 0.06 0-5 0.4 
0-26 -- 0.26 0.08 0"26 -- 0.24 0"09 0"4 0"4 
0"41 -- 0"03 0"10 0.39 -- 0.03 0.10 0-5 0.3 

- -  - -  - -  0"38 0"09 0"19 0.0 0.0 
0"44 O" 15 O" 11 0"44 O" 17 0"09 0"4 0"3 
0"55 --0"02 0"19 0"56 --0"02 0"19 0"6 0"5 
0"25 - 0"27 O" 17 0"27 -- 0"29 O" 16 0"3 0"3 
0"36 -- 0"40 0"29 0"37 -- 0 '42 0"28 0"3 0"3 
0"32 -- 0"25 0"32 0"32 -- 0-27 0"33 0"4 0"3 
O" 17 - 0"38 0"27 O" 19 -- 0"38 0"28 0"2 0"2 
0"43 0-25 0-04 0"42 0"25 0"05 0"4 0-3 
0"29 0"35 -- 0"04 0"29 0"36 0"00 0-5 0"2 
0-33 0"29 - 0 " 0 8  0"35 0"29 - O ' l O  0-3 0"2 
0"45 0"47 0"01 0"47 0"46 0"00 0-4 0"4 

0"57 0.04 0.18 0-6 
0"35 0"04 0"11 0-5 
0.19 0.32 0"06 0-4 
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experimental errors prevent a reliable determination 
of the proton positions from the X-ray data). 

A possibility remains that long-range proton order- 
ing could take place in a space group of lower sym- 
metry, and that the observed space group A2/a could 
represent only an approximate symmetry defined by 
the framework of oxygen atoms. This situation occurs 
in ice II (Kamb, 1964), where the oxygen atoms define 
a framework with pseudo-cell in R3c, whereas the 
actual cell is degraded to R3 by small displacements 
of the oxygen atoms in response to proton ordering 
at the lower symmetry. If the oxygen displacements 
upon proton ordering in ice V would be comparable 
to those that occur in ice II, then triclinic space groups 
can be ruled out by the lack of detectable violation 
of the a-glide extinction. Likewise A2, and monoclinic 
space groups without the A centering, are ruled out, 
and the sole possibility is Aa. 

Ordered proton arrangements can be formulated for 
ice V in space group Aa, based on the oxygen frame- 
work in A2/a. The question arises whether the aniso- 
tropy of the apparent thermal motions (Table 7) could 
reflect small displacements of the oxygen atoms in 
accordance with symmetry Aa, away from average 
positions in A2/a. Such a situation is similar to what 
would be encountered in ice II if the reflections hhl 
with l odd were ignored, so that the symmetry-degrad- 
ing displacement perturbations would have to be re- 
cognized from their effects on intensities of reflections 
common to the true cell and the pseudo-cell. To allow 
comparison between these two cases, we have refined 
the ice V structure isotropically in Aa and the ice II 
structure anisotropically in R3c. The apparent thermal 
motion anisotropy in the R3c structure for ice II is 
only slightly larger than that in the A2/a structure for 
ice V (Table 7). However, for ice II the structure factor 
residual R (omitting hhl with l odd) drops from 14.4% 
for the anisotropic R3c structure to 7.9% for the iso- 
tropic R3 structure, whereas for ice V it rises slightly 
from 9.9% for A2/a (anisotropic) to 10.2% for Aa 
(isotropic). There is thus no indication of an ordered 
structure for ice V in Aa. 

"Fable 7. Apparent thermal-motion ellipsoids 
Structure Atom Principal axes B~ 

(A2) 
Ice V, A2/a 1 2.81, 2"71, 1.41 

2 2"57, 2"17, 1"74 
3 2"52, 2.01, 1"78 
4 2.58, 2"28, 1.72 

Ice II, R~c 1 3.18, 1"76, 1-18 

Infrared spectrum 

The lack of resolved fine structure in the voD(HDO) 
and voH(HDO) bands of quenched ice V, and the 
rather large half-widths of these bands, can be inter- 
preted alternatively as due either to a disordered pro- 
ton arrangement in a small unit cell or to an ordered 

arrangement in a large cell (Bertie & Whalley, 1964, 
p. 1657). The bands of ice II (Bertie & Whalley, 1964), 
in contrast, are resolved into sharp lines, and the num- 
ber of lines (four for vo,,  three for vo~r with one close 
pair unresolved) correlates with the four non-equivalent 
hydrogen bonds present in the proton-ordered ice II 
structure (Kamb, 1964). In a possible proton-ordered 
structure for quenced ice V (in space group Aa), 14 non- 
equivalent bonds would contribute absorption lines 
spanning the observed band widths 150 cm-1 (for VOH) 
or 80 cm -1 (VOD). If equally spaced, the lines would 
have separations of about 10 cm -1 or 5 cm -1, and if 
unequally spaced, which is probable, there would be 
clusters of lines with greater separations between them. 

The resolutions actually achieved for ice II and III 
are about 12 cm -1 (vor0 and 8 cm -1 (VOD), and there 
is no evident structural reason why the intrinsic line 
widths should be much greater for ice V than for ice II 
and III. Hence a proton-ordered ice V (in Aa) would 
necessarily show appreciable resolution and fine struc- 
ture in the vor~(HDO) and Voh(HDO) bands. The lack 
of such resolution implies a much greater number of 
non-equivalent bonds, and hence implies a proton-dis- 
ordered structure (there are 126 hydrogen bonds non- 
equivalent as to bonded-neighbor relationships in the 
disordered structure). 

Discussion 

The ice V structure represents a new type of tetrahed- 
rally linked framework, which has no analog among 
known silica or tectosilicate structures. This is curious 
in view of the fact that the dense silica polymorph 
coesite has the same space group as ice V and has the 
same density relative to tridymite as has ice V relative 
to ice I, the tridymite-analog. In the coesite structure 
(Zoltai & Buerger, 1959) the main element is the 4-ring 
of linked tetrahedra, there being one 4-ring for every 
two silicon atoms. 4-rings are also present in ice V 
(ring 0(2) -0(3") -0(4 ' ) -0(4)  in Fig. 1), but to the lesser 
extent of one 4-ring for every 3.5 HEO molecules. The 
rings occur in pairs sharing an edge [0(4)-0(4')], and 
the pairs can be viewed as fragments of the coesite 
structure. 

The lack of a silica-analog in the case of ice II could 
be explained (Kamb, 1964) on the basis of special 
structural features required by the proton ordering, 
which has no immediate counterpart in silica structures. 
No correspondingly definite explanation seems avail- 
able for the unique tetrahedral framework of ice V. 
The structures of the denser forms ice VI and VII are 
not direct analogs of silica, but they are at least related 
in consisting of two interpenetrating frameworks of 
silica or tectosilicate type (Kamb & Davis, 1964; Kamb, 
1965b). At high densities, packing requirements for 
oxygen in relation to tetrahedral linkage are certainly 
different for H20 and SiO2, and presumably this fea- 
ture, as well as a difference in bond-bending flexibility 
in the two cases, is responsible for the distinction be- 

A C 22-7* 
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tween the ice V and coesite-type frameworks. A particu- 
lar instability for water frameworks with 4-ring lin- 
kages, abundant in the coesite type framework, does 
not seem indicated, because 4-rings do occur in ice V, 
they are abundant in ice VI (one 4-ring per 1.25 H20), 
and, though rare, they are known in clathrate hydrates 
(Beurskens & Jeffrey, 1964; Bode & Teufer, 1955). 

Hydrogen bond lengths in tetrahedral groups around 
individual water molecules in ice V show a scatter com- 
parable to that observed for Si-O distances in recto- 
silicates (Smith & Bailey, 1963), but, contrary to the 
silicates, there is no tendency for the average bond 
length within each individual tetrahedral group to be 
constant from one tetrahedral group to another. The 
bond lengths are correlated with ring connectivity in 
the framework: bonds not involved in 4-rings have 
lengths less than 2.79 A, while bonds in 4-rings are 
longer than this, and the longest, 2.87/~,, is the bond 
common to two 4-rings. 

The well-defined layers parallel to (001) in the struc- 
ture, described earlier, are linked together only by 
bonds of type O(1)-O(3), and the approach of adjacent 
layers to one another is resisted directly by the short 
0 ( 3 ) . . - 0 ( 4 )  distance of 3.28 A (Fig. 1), and to a lesser 
extent by the O(2) . . .O(2)  distance of 3.46 A. Con- 
trary to the case of ice II, however, where a similar 
situation involves a lengthening of the hydrogen bond 
to 2.84 .A, the O(1)-O(3) bond in ice V is only 2.78 .A. 
For geometrical reasons, the notable lengthening of 
the 0(4)-0(4 ' )  bond to 2.87 A cannot be attributed to 
repulsion at the short O(3) . . .O(4)  contact. A simple 
interpretation of bond stretching in terms of the re- 
pulsion of close non-bonded neighbors cannot reliably 
be made for ice V (see Kamb, 1965b, p. 3923). 

The areal density of hydrogen bonds linking adjacent 
(001) layers in ice V is 0.0573 A. -2, scarcely larger than 
the density 0.0570/~-2 of bonds between puckered 
hexagonal sheets parallel to (0001) in ice I. This sug- 
gests that for properties such as cleavage and plasticity, 
ice V should show anisotropy comparable to or greater 
than that shown by ice I (Nakaya, 1958). 

The presence of proton disorder in ice V at tempera- 
tures within its stability field is indicated by its entropy 
(Kamb, 1964, p. 1446) and has been demonstrated by 
dielectric measurements (Wilson et al., 1965). The fail- 
ure of ice V to undergo a transition to a proton- 
ordered structure at tow temperature, as indicated by 
the structural and spectroscopic evidence for proton 
disorder in quenched ice V, is surprising in view of the 
considerable departure of the water molecule coordina- 
tion from ideal tetrahedral (Table 5), which should 
energetically favor some water molecule orientations 
over others. From the measured dependence of di- 
electric relaxation time on temperature (Wilson, et al. 
1965) it can be estimated that the dielectric relaxation 
time for ice V is about 1 sec at 170°K. This sets an 
upper limit on the temperature for transition to a pos- 
sible ordered structure, hence the ordering energy (for 
disordering entropy 0.8 e.u.) must be less than 0.14 

kcal.mole -1. For comparison, the disordering energy 
for the ice II structure must be more than 0.24 kcal. 
mole -1. Since an ordered structure for ice V in Aa is 
possible in which the average distortion of donor angles 
is no greater than in ice II (Table 5, angles marked 
with dagger), it seems necessary to conclude, as in the 
case of ice II (Kamb, 1964), that acceptor relationships 
play an important role in determining the hydrogen 
bond energies. 

The crystallographic calculations were carried out 
with the CRYRM (IBM 7094) program written by 
R. E. Marsh, D. Duchamp, N.C.Webb, A.P. Kendig, 
C. M. Gramaccioli, T.A. Beineke, R.H. Stanford, and 
others. We are grateful to R. E. Marsh and R. Deverill 
for help with the computations. J.A. Doutt assisted in 
collecting the single-crystal data. The powder data at 
high pressure were obtained in collaboration with B.L. 
Davis. 
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Crystals of trans-2,3-dichloro-l,4-thioxane are orthorhombic. The space group is P21212a, a=  14.808, 
b= 7.120, c= 6.318/~ at - 185 °C and Z =  4. The structure has been solved by the heavy-atom technique 
and refined by use of eye-estimated Mo data (1813 observed reflexions) collected at - 185 °C, the final 
R value being 8.5 Yo. The molecule has a chair conformation with the chlorine atoms in axial positions. 
Its overall geometry is halfway between the conformations of the corresponding trans-2,3-dichloro 
derivatives of 1,4-dioxane and 1,4-dithiane. A comparison is made with the corresponding halogeno- 
substituted dioxane, dithiane and 5-~-cholestane compounds. 

Introduction 

The conformational analysis of 1,4-thioxane and its 
halogeno-substituted derivatives forms a continuation 
of earlier investigations of the molecular shape of 
dioxane and dithiane compounds (cf. Table 5 for ref- 
erences). To our knowledge the conformations of 1,4- 
thioxane and its halogeno derivatives have not yet been 
determined. From a study of electric dipole moments 
and nuclear magnetic resonance spectra of 1,4-thioxane 
and of trans-2,3-dichloro- 1,4-thioxane (hereafter TDT) 
it is concluded (de Wolf, Henniger & Havinga, 1967) 
that these molecules are chair-shaped and that the 
chlorine atoms occupy axial positions. X-ray analysis 
of TDT corroborates these conclusions. The crystal 
structure of 1,4-thioxane will be dealt with in a separate 
paper. 

Experimental 

TDT is prepared by addition of chlorine to a solution 
of thioxene in carbon tetrachloride (Haubein, 1959). 
The crystals are brittle,, colourless, irregular blocks 
which decompose in moist air. Two specimens, I and 
II, of cross-section 0.028 x 0.042 cm 2 and 0.02 x 0.02 
cm 2 were sealed in Lindemann-glass capillaries and 

* Part XXXIII, C. Altona, H.R.Buys, H.J. Hageman & 
E. Havinga, to be published. 

mounted on goniometer heads about the directions 
[001] and [010], respectively. 

Glancing angles 0 corresponding to spacings d(hkO) 
and d(hOl) were measured on zero layer Weissenberg 
photographs taken with copper radiation (2 = 1.5418 A) 
about [001] and [010] with crystals I and II, respec- 
tively. Aluminum powder lines (a = 4.0489 A_ at 20 °C) 
were superposed on the films for calibration purposes. 
The unit-cell dimensions (Table 1) derived from these 
measurements were refined by a least-squares proce- 
dure and the stated errors are three times the calculated 
standard deviations in the cell edges. Absent reflex- 
ions h00 for h = odd, 0k0 for k = odd and 00l for l =  
odd determine the space group P212121. The measured 
density (flotation method) indicates that the unit cell 
contains four molecules. 

Intensity measurements (eye-estimation with a cali- 
brated intensity strip) were recorded on equi-inclina- 
tion Weissenberg photographs of the layers hkO 

Table 1. Crystal data of  TDT 

trans-2,3-Dichloro-l,4-thioxane, C4H6OSCIz. 
Melting point 37-38 °C. 
Orthorhombic, P2x2121 ; 
a = 14.808 + 0.012, b = 7.120 + 0.012, c = 6.318 + 0.015 A, 

a t -  185 °C; 
dexpZ0= 1.64, dx -185 = 1.73 g.cm-3, Z=4;  
F(000)=352; V=666.1 A,3; 
/z(Cu Kct) = 107 cm -1,/z(Mo K~) = 11 "6 cm -1 . 


