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T h e l o n g i t u d i n a l deu te ron r e l axa t ion t imes T 1 in heavy water have been d e t e r m i n e d at 15.4 M H z i n the tempera ture range from T — 283 K 
to 188 K a n d up to pressures o f 300 M P a . Between 283 K a n d 200 K al l i so the rms exh ib i t p r o n o u n c e d m a x i m a of T 1 i n the pressure range 
between 150 M P a and 300 M P a . T h i s m a x i m u m is most p r o n o u n c e d i n the 242 K i so the rm, where T 1 increases more than fourfo ld f rom 
17 ms at 0.1 M P a to 73 ms at 250 M P a . T h e 225 M P a i sobar runs at 192 K t h r o u g h a m i n i m u m : T1 = 0.5 ins. U n d e r the a s s u m p t i o n of 
i s o t r o p i c r eo r i en t a t ion one derives f rom the m i n i m u m c o n d i t i o n Uo0 • T 0 ^ 0.62) the deuteron q u a d r u p o l e c o u p l i n g cons tant for D 2 O to 
CDQC = 214 ± 12 k H z . T h e i s o b a r i c tempera ture dependence of the c o r r e l a t i o n t imes T 0 can be desc r ibed at p > 200 M P a by the V T F -
equa t ion . A t p < 100 M P a T 0 increases faster w i t h fa l l ing tempera ture than p red ic t ed by the V T F - e q u a t i o n . In this range the i sobars are 
best represented by an e q u a t i o n p r o p o s e d by Speedy a n d A n g e l l : 

T h e d e t e r m i n a t i o n of T 0 pe rmi t s an est imate of the v iscos i ty r\ a n d the self-diffusion coefficient D for D 2 O in the supe rcoo l ed range. A r o u n d 

T = 190 K a n d p = 225 M P a one gets ;/ - 4 P a • s a n d D - 6 • I O 9 c m 2 s. 

D i e S p i n - G i t t e r - R e l a x a t i o n s z e i t e n T1 der D e u t e r o n e n in s chwerem Wasse r w u r d e n bei einer M e B f r e q u e n z v o n 15.4 M H z in e inem T e m -
pe ra tu r in t e rva l l von 283 K bis 188 K u n d D r i i c k e n bis 300 M P a bes t immt . D i e I so thermen z w i s c h e n T = 283 K und T = 200 K zeigen 
ausgepragte M a x i m a bei D r i i c k e n zwi schen 150 M P a und 300 M P a . A m deu t l i chs ten zeigt s ich das M a x i m u m i n der I so therme T = 242 K . 
D i e R e l a x a t i o n s z e i t T 1 ander t s i ch en t l ang dieser I so therme u m den F a k t o r 4 v o n 17 ms bei 0.1 M P a au f 73 ms bei 250 M P a . D i e 225 M P a -
Isobare durch lauf t ein M i n i m u m bei T = 192 K und Ti = 0.5 ms. W i r d i so t rope Ro ta t i onsd i f fu s ion zug runde gelegt, so erhiil t m a n aus 
der B e d i n g u n g fur das T 1 - M i n i m u m : co0 • T 0 ^ 0.62 ohne weitere A n n a h m e die D e u t e r o n e n Q u a d r u p o l k o p p l u n g s k o n s t a n t e C D Q C = 
214 ± 12 k H z . D i e i sobare T e m p e r a t u r a b h a n g i g k e i t der O r i e n t i e r u n g s k o r r e l a t i o n s z e i t T 0 k a n n bei D r i i c k e n p > 200 M P a mit der V T F -
G l e i c h u n g beschr ieben werden . I m D r u c k b e r e i c h p < 100 M P a wi ichs t T 0 h ingegen schnel ler . als die V T F - G l e i c h u n g vorhersagt . E i n e 
von Speedy u n d A n g e l l vorgeschlagene G l e i c h u n g liefert eine sehr gute B e s c h r e i b u n g der T e m p e r a t u r a b h i i n g i g k e i t v o n T 0 i n diesem D r u c k -
b e r e i c h : 

D i e B e s t i m m u n g von T 0 e r m o g l i c h t eine A b s c h a t z u n g der V i s k o s i t i i t r\ u n d des Selbs td i f fus ionskoeff iz ienten D i m u n t e r k u h l t e n Bere ich . 
B e i T - 190 K u n d p = 225 M P a erh i i l t m a n Y\ - 4 [ P a • s] u n d D ^ 6 • 1 0 ~ 9 [ c m 2 / s ] . 

Liquid water can be readily supercooled after emulsification to 300 M P a with the result; that Tn follows the general trends 
in a mixture of cycloalkanes and an einulsifier [1]. Kanno. observed for the melting pressure curve, except that the 
Speedy, and Angell [2] studied in such emulsions the pressure decrease of Tjl with pressure is much steeper than the decrease 

Ber . Bunsenges . Phys . C h e m . 84. 4 6 2 - 4 7 0 ( I960) - c V e r l a g C h e m i e . D - 6 9 4 0 W e i n h e i m , 1980. 
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of the Tm(P)-Ciirve. Fig. 1 gives a simplified version of this 
part of the phase diagrams of H 2 O and D 2 O . The whole 
region between TlJp) and Tu{p) given there is covered by the 
experiments described below. 
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F i s . 1 
P a r t o f the phase d i a g r a m s of H 2 O a n d D 2 O s h o w i n g the m e l t i n g 

pressure curves a n d the pressure dependence of the h o m o g e n e o u s 

n u c l e a t i o n t empera tu re T n 

In recent years a variety of physical properties of super­
cooled water has been studied at atmospheric pressure and 
these studies have revealed the unique properties of water in 
the metastable state [3]. Kanno and Angell [4] also succeeded 
in studying the compressibility of supercooled H 2 O and D 2 O 
to T — 243 K and pressures up to p = 190 M P a . The only 
experiments that have been extended at elevated pressures 
down to the respective homogeneous nucleation temperatures 
are to our knowledge the longitudinal proton relaxation time 
(T1) studies on emulsified H 2 O by the present authors [5 |. 
In these studies it could be shown that the reorientational 
motions in supercooled water are slowed down by three to 
four orders of magnitude if water is supercooled from 270 K 
to 187 K . 

Quantitative analysis of the proton relaxation data however 
is complicated, since the protons relax by dipole-dipole 
interaction and the relaxation rate observed is a sum of the 
intra- and intermolecular contributions. 

These older studies are completed with the results presented 
here by deuterium T1-measurements on emulsified heavy 
water. The deuterons of D 2 O relax by quadrupole relaxation 
and the experimental T1 thus contains only an intramolecular 
contribution. In principle it should thus be feasible to separate 
from an analysis of the proton and deuteron relaxation rates 
the intra- and intermolecular contributions to the proton T 1. 
However, the strong isotope effect observed, when comparing 
light and heavy water renders such a procedure fairly in­
accurate. 

The water droplets in the emulsions studied here do have 
an average diameter of 5 • 10" 6 m. It could thus be argued 
that in these small droplets surface effects change the behav­
iour of the whole aqueous phase [6]. However, previous 
T 1-Kesults obtained by other authors [7 -10] in the range 
Tm < T < Tm + 30 K in the bulk liquid and in emulsions as 
well as our own data given below do not show any systematic 
deviation in this region of overlap, thus proving, that the 

emulsification does not influence the physical properties 
under study. 

Experimental 
T h e spin- la t t ice re laxa t ion t imes of the deuterons were ob t a ined 

at 1 5 . 4 M H z o n a V a r i a n X L - 1 0 0 - 1 5 F T - N M R spect rometer 

e q u i p p e d w i t h a h igh power pulse ampl i f i e r a n d interfaced to a 

16 K - V a r i a n 620-100 c o m p u t e r b \ a 2 - T -- Ji - r - \ pulse 

sequence. T h e emuls ions were c o n t a i n e d in a h igh pressure glass 

c a p i l l a r y w i t h i . d. 1.2 m m and o. d. 7 m m . De ta i l s of the h igh 

pressure equ ipmen t have been descr ibed elsewhere [11. 12]. T h e 

pressure range covered extends to 300 M P a . T h e a p p l i e d pressure 

was measured by a p rec i s ion B o u r d o n gauge (Heise . N e w t o n . 

C T . U S A ) to ± 0 . 5 M P a a n d was generated w i t h s t anda rd equ ip ­

ment ( H I P . Er i e . P A . U S A ) . T h e tempera tures were de t e rmined to 

± 0 . 5 K by a c h r o m e l - a l u m e l t h e r m o c o u p l e . T h e e m u l s i o n s were 

o b t a i n e d f o l l o w i n g a p rocedure suggested by R a s m u s s e n and 

M c K e n z i e [T) . T h e y were p repared f rom t r i p l y d i s t i l l ed heavy 

water (99 .75%. E . M e r c k . D a r m s t a d t . B R D ) e m u l g a t e d i n a mix tu re 

o f 5 0 % w w m e t h y l c y c l o h e x a n e a n d 5 0 % w w m e t h y l c y c l o p e n t a n e 

(E. M e r c k . D a r m s t a d t . B R D ) . In order to s t ab i l i ze the emu l s ions 

4 % w / w of an e m u l g a t o r (Span 65, Sorb i t an t r i s t ea ra t . Serva . H e i d e l ­

berg, B R D ) was added to the cyc loa lkanes . T h e c o m p o n e n t s were 

degassed careful ly on a h igh v a c u u m l ine by at least five freeze-

p u m p - t h a w cycles to a final pressure of 7 m P a . T h e e m u l s i o n s were 

p repa red by r i g o r o u s l y s l a sh ing the m i x t u r e t h r o u g h a stainless 

steel net (635 mesh . S p o i i & C o . . S i g m a r i n g e n d o r f . B R D ) in a 

sealed glass tube. T h e T 0 - d a t a were c o m p u t e r fitted w i t h a s t anda rd 

n o n l i n e a r least squares fit p r o g r a m . 

Theoretical 
U n d e r the c o n d i t i o n s p r e v a i l i n g in our exper imen t s the deu te ron 

sp in re laxa t ion is d o m i n a t e d by its i n t r a m o l e c u l a r q u a d r u p o l e 

i n t e r ac t ion . T h e t ime-dependence of this i n t e r a c t i o n is due to the 

r o t a t i o n a l m o t i o n of the water molecules . T h e r e is no evidence for 

any c o n t r i b u t i o n f rom either c h e m i c a l exchange o f the deuterons 

or f rom d i p o l a r in te rac t ions . T h e measured sp in- la t t ice r e l axa t ion 

rate 1 'F1 o f the deu t e r i um nucleus is g iven in the theory of nuclear 

magne t ic r e l axa t ion [ 1 3 - 1 5 ] . a s s u m i n g that the electr ic field-

gradient tensor has c y l i n d r i c a l s y m m e t r y about the O - D b o n d 

[16. 17] by 

1 3 

~80~ 

1CiQ 
{J(CO0) + 4 J ( 2 w 0 ) | 

(e2qQ)/h is the deu te ron q u a d r u p o l e c o u p l i n g cons tant . T h e spect ra l 

densi ty funct ions are g iven by 

J(aa> 0 ) = j G 2 ( T ) e x p ( / a f j 0 1 ) d r 

where G 2 ( t ) is the n o r m a l i z e d c o r r e l a t i o n func t ion o f the elements 

of the W i g n e r r o t a t i o n m a t r i x o f rank t w o [14. 15] d e s c r i b i n g the 

t ime-dependent o r i e n t a t i o n of the e lectr ic field-gradient tensor 

re la t ive to the l a b o r a t o r y c o o r d i n a t e system def ined by the d i r e c t i o n 

of the static magne t ic field. W e w i l l assume, that the m o t i o n of the 

mo lecu l e is i s o t r o p i c and can be descr ibed by a M a r k o v process 

cha rac te r i zed by a single c o r r e l a t i o n t ime r 0 . U n d e r these assump­

t ions , T 1 is g iven by 

1 3 

~40 

2qQ 

1 + W Q T O 

4 T h I 

1 + Aiol To I 

w h i c h in the extreme n a r r o w i n g l imi t (IO^TQ « 1) reduces to 

C2C1Q 

(1) 

(2) 

Results 
F i g . 2 con ta ins the sp in- la t t ice r e l axa t i on t imes o f the deuterons 

between 283 K a n d 188 K a n d pressures up to 300 M P a . T h e da ta 

are a lso c o m p i l e d i n T a b l e 1. 



C o m p a r i s o n of ou r T 1 - d a t a , o b t a i n e d in emu l s ions , wi th the 
l o n g i t u d i n a l r e l axa t ion t imes T 1 by Jonas et a l . [8] a n d D e F r i c s 
et a l . [9] measured in b u l k l i q u i d heavy water are w i t h i n expe r imen ta l 
e r ror the same, c o r r o b o r a t i n g the a s s u m p t i o n that e m u l s i f i c a i i o n 
does not change the proper t ies o f the l i q u i d water . T h e same ho lds 
for the a tmosphe r i c pressure results o b t a i n e d in bu lk a n d emuls i f ied 
D 2 O by H i n d m a n et a l . [18. 19] a n d our results. 

Inspec t ion of F i g . 2 shows, as has a l ready been demons t r a t ed [5 ] , 
that the spin- la t t ice r e l axa t i on t imes in l i q u i d water at l o w temper­
atures a n d l o w pressures behave rather a n o m a l o u s c o m p a r e d w i t h 
more n o r m a l substances l ike l i q u i d N D 3 [20] a n d D 2 S [21] . T h e 
deu te ron T 1 ' s increase w i th r a i s i n g pressure, the increase be ing 
steepest at the lowest tempera tures . T h i s a n o m a l y is cons ide r ab ly 
more p r o n o u n c e d i n l i q u i d D 2 O as c o m p a r e d w i t h l i q u i d H 2 O in 
the same tempera ture a n d pressure range. T h i s is seen most c lear ly 
in the 239 K i so the rm i n D 2 O . where T 1 increases by a factor - 5. 
whereas i n the 237 K i s o t h e r m of H 2 O the increase a m o u n t s on ly 
to a factor of 2.4 in the pressure range 0— 150 M P a . In the low 
tempera ture ( T < 207 K ) a n d h i g h pressure {p > 200 M P a ) region 
however , water behaves l i k e a n o r m a l v i scous l i q u i d w i t h T1 s l igh t ly 
decreas ing wi th inc reas ing pressure. F i g . 3 c o m p a r e s the 225 M P a 
isobars of D 2 O a n d H 2 O [ 5 ] . T h e m i n i m u m in the Tj- isobar , 
a l ready found i n H 2 O . c o u l d a lso be detected i n the case of D 2 O . 

F i g . 2 
Pressure a n d tempera ture dependence of the l o n g i t u d i n a l r e l axa t ion 
times T 1 o f the deuterons i n D 2 O . O w n resul ts : o p e n c i rc les . Jonas 

et a l . [ 7 - 1 0 ] : full c i rc les 

Table 1 
Exper imenta l longi tud ina l relaxation times T 1 (ms) of the deuterons in D 2 O 

T 

\ p ( M P a ) 

\ 0,1 

(K) \ 

5 50 75 100 125 150 175 200 225 250 275 300 

283 275 280 315 335 350 360 340 350 
273 175 180 215 235 245 250 255 250 
269 143 
264 117 
263 110 113 134 146 164 170 168 170 165 
260 85 
257 76.3 78 99 115 130 
255 63 
253 54 57 70 92 104 113 116 115 105 
250 42 
246 32 34.5 54 64 71 81 85 99 
243 18.6 
242 17 19.4 38 48 57 66.5 70 73 72 
241 14 
239 10.3 12.2 29 38.5 45 53 
237 23.5 31 38.5 46 
235 15.5 33 
233 23.5 30 34.6 37 38 38.3 39.5 41 

130 M P a 
228 20 23.8 25.2 26.8 
224 15.5 18.8 20.5 21 21.5 20.5 20 
220 13.8 15 15 14.4 13.8 13.3 13.5 
214 7.4 8.1 8.4 8.5 8.4 8.3 8 
212 5.72 6.0 6.25 6.2 6.0 
210 4.2 4.78 4.78 4.7 
207 3.45 . 3.6 3.45 3.6 
204 2.4 2.22 2.28 
202 1.75 
200 1.18 1.20 1.12 1.0 
199 1.10 0.97 1.0 0.97 0.90 
197 0.79 0.77 0.72 
195 0.58 0.56 
193 0.53 
192 0.50 
190 0.55 0.62 
188 0.62 

0.0005 

1E»S68.?[ 
0 25 50 75 100 125 150 175 200 225 250 275 300 

— - P ( M P a ) 



T h e t empera ture o f the m i n i m u m in D 2 O is shifted by 5 K to lower 

temperatures ( T m j n = 192 K) as c o m p a r e d to H 2 O (T l l i n = 197 K ) . 

M o s t unfor tuna te ly the increase of the d e u t e r i u m T 1 b e y o n d the 

m i n i m u m can o n l y be measured in a shor t t empera tu re in te rva l , 

since it occu r s in close p r o x i m i t y of the h o m o g e n e o u s n u c l e a t i o n 

temperature . 

Discussion 

1) Estimate of the Deuterium Quadrupole Coupling Constant 

V * ~ D Q C ^ 

Theory predicts a minimum in Eq. (1) if O J 0 T N = 0.6158 
[13.22]. This minimum in the 225 M P a T1-Isobar can be 
seen in Fig. 3. Because there is no parameter left in Eq. (1) we 
can calculate an experimental value of the C d q c without any 
further assumption. With T1 = 0.5 ± 0.06 msec at T = 192 K 
we get 

- ^ 4 ^ - = 214 ± 12 k H z . 
h 

Several measured or estimated C D Q C ' s from the literature are 
collected for comparison in Table 2. The value obtained for 
the C d q c is essentially the same as in the case of ice Ih. [23. 24]. 
This shows that the short range order in water at low temper­
atures must be very close to that of the crystal. As will be 
discussed later in this paper, the major influence of pressure 
is to bend the hydrogen bond angles, but changes of this 
angle do influence the C d q c only very weakly [26]. Con­
sequently this quantity should vary only a little in the moderate 
pressure range covered by our experiments. 

Table 2 
C o m p a r i s o n of the deuteron quadrupole coupl ing constant derived from the m i n i m u m of the T 1 (T)-curve with data collected from the literature 

D 2 O C'2f (kHz) 
h n Ref. 

Ice I h 213.4 ± 0.3 
213.2 ± 0.8 

0.112 ± 0.005 
0.1 ± 0.002 

23 
24 

polycrystal l ine, T ~ 11 K 
single crystal , T — 263 K 

Ice II 225.8 ± 0.3 
219.8 ± 0.3 
226.1 ± 0.3 
220.3 ± 0.3 

0.127 ± 0.005 
0.134 ± 0.005 
0.1 ± 0.005 
0.102 ± 0.005 

25 polycrystal l ine, T = 77 K 

Ice I X 220 ± 3 0.12 ± 0.03 26 polycrystal l ine, T = 77 K 

V a p o u r 318.6 + 2.4 0.06 ± 0 . 1 6 27 H D O 

supercooled l iqu id 214 ± 12 this 
work 

T= 192 K , p = 225 M P a m i n i m u m condi t ion of T 1 ( T ) curve 
isotropic reorientat ion 

L i q u i d 230 ± 10 28 T 9 ( 1 H ) = T 6 ( 2 H ) 

L i q u i d 208 
250 

29 M 2 H ) = i T d i e l 

T d i c l wi th inner field correction 

L i q u i d 258.6 18 T e ( 2 H ) = ^ T d i e l , wi th inner field correct ion. C d q c = const. 

L i q u i d 230 9 
8 

Debye-equat ion, C D Q C ( * f(T)) = const. 
— 5% var ia t ion of C d q c with density 

L i q u i d 2 2 6 - 2 0 3 7 ^ 10% decrease of C d q c with increasing density, CDQC = const. 

L i q u i d 222 30 T 6 ( 2 H ) - 1.23 T 6 ( 1 H ) 

L i C l - D 2 O 
aqueous so lu t ion 

230 ± 10 31 fit to C o l e - D a v i d s o n dis t r ibut ion for T e 

L i C l - D 2 O 
11 M aqueous so lu t ion 

150 32 minimum cond i t ion of T 1(T)-Curve anisotropic reorientat ion 

T H F / D 2 0 
clathrat hydrate 

215 ± 2 0.11 ± 0.01 33 T = 37 K 

p - d i o x a n e / D 2 0 
clathrat hydrate 

217 0.1 34 T = 63 K 

( s ) 

0.5 

0.1 

0.05 

0.01 

0.005 

0.001 

0.0005 

0.0001 

400K 300K 273K 250K 

2.0 

225MPQ 

H2O A L a n g 1 L u d e m a n n 

4 Jonas et a l . 

D2O 0 L a n g . L u d e m a n n 
• Jonas et a l . 

2.5 3.0 4.0 

F i g . 3 

4.5 5.0 

225 M P a i soba r o f the l o n g i t u d i n a l r e l a x a t i o n t imes T 1 of the 
deuterons i n D 2 O . F o r c o m p a r i s o n the p r o t o n T 1 o f H 2 O [5] are 

i n c l u d e d 



One further comment should be made to the result obtained 
by Powles et al. [28]. They assumed in their analysis that the 
reorientational correlation times in H 2 O and D 2 O are the 
same. i . e. T 0 ( 1 H ) = T 0 ( 2 H ) . However, our preliminary 1 7 O - T1 

measurements in H 2

1 7 O and D 2

1 7 O in the temperature range 
243 K to 383 K and pressures up to 300 M P a show that they 
should transform according to the corresponding moments 
of inertia, i.e. the ratio of the measured 1 7 O spin-lattice 
relaxation times is 

T 1 ( H 2

1 7 O ) 
1.3 compared to </p 2o> 

< / n 2 Q > 
1.38. 

With T 0 ( 2 H ) = 1.3 T 0 ( 1 H ) their estimated value of the C D Q C 

should lower to 204 k H z which is close to our value. Different 
authors have claimed the C d q c to be independent of temper­
ature [9.18] and only slightly decreasing with increasing 
density [8,9, 35, 36]. We therefore assume a constant value of 
the C d q c over the range of temperatures and pressures 
measured. However, with increasing temperature the 
O — D . . . O distance will become larger [27.38], and this 
widening of the average R0o-distance must have an effect 
upon the C d q c [16, 17, 39.40]. It is trivial to predict qualita­
tively from an inspection of the results collected in Table 2 that 
raising the temperature should lead to an increase of the 
C d q c . However, it is at present impossible to make any 
reliable quantitative estimate of this change. In the following 
we will therefore calculate all correlation times with the C N 

derived from the T 1-minimum condition. 
- D Q C 

2) Comparison of the T1-Minimum in the High Pressure 
Isobars of H 2 O and D 2 O 

Comparing the depth of the respective minima in the H 2 O 
and D 2 O isobars offers the possibility to test the assumption 
underlying the interpretation of the H 2 0-da ta in the region 
of the minimum of the T 1 isobar [5]. One gets for the ratio 
of the measured spin-lattice relaxation rates of the protons 
and deuterons at the corresponding minima of the 225 M P a -
isobars 

— I - 1.56 - 10 \_ 
Ti,-..,. 

With r H H = 1.56A and C d q c = 214 kHz theory predicts 
for the ratio of the intramolecular relaxation rate of H 2 O 
and the measured (i. e. completely intramolecular) relaxation 
rate O f D 2 O at the minimum ( W 0 T 9 ^ 0.6158) 

T1 

1.35-10 -

Therefore, at the minimum of the proton T1 isobar (p 
I \ h 2 o 

225 MPa) the intermolecular relaxation rate ( — amounts 

only to about 14%, which in view of a 10% error in T1 justifies 
the assumption, previously made, that almost all of the 
measured relaxation rate is due to intramolecular dipole-
dipole interactions. 

3) Temperature and Pressure Dependence of the Reorientational 
Correlation Times 

Rotational correlation times were calculated with Eq. (2) 
and below 210 K with Eq. (1) and the C d q c of 214 kHz derived 
above. Their pressure dependence reflects that of the relaxa­
tion times and in the low temperature, low pressure region 
shows clearly the anomalous increase in rotational mobility 
with raising pressure. It has been suggested, that the influence 
of pressure is a distortion of the hydrogen bond direction in 
the random hydrogen bonded network of liquid water with 
an accompanying weakening of the respective interaction 
[41]. The lower the temperature, the stronger this distortional 
effect of the applied pressure seems to be. This is consistent 
with the view that strong supercooling leads to an increased 
straightening of 0 —H ..O-bonds in the random hydrogen 
bonded network and that the major effect of pressure in the 
low pressure region is to deform hydrogen bond angles 
[42,43]. This tendency is not found at higher pressures, 
where water behaves like a normal viscous liquid, i. e. the 
molecular mobility decreases slightly with raising pressure 
[20]. Similar effects have been found in the case of the self-
diffusion coefficient D, where diffusivity increases with 

F i g . 4 

0.1 M P a a n d 225 M P a i soba r s o f the r e o r i e n t a t i o n a l c o r r e l a t i o n 
t imes T E (open circles). F o r c o m p a r i s o n the 225 M P a i sobars of 
D 1 (open t r iangles , D = Selfdiffusion coefficient) a n d tj/T (full 
c i rc les , r\ — v i scos i ty) o b t a i n e d by Jonas et a l . [ 8 , 9 ] i n the s t ab i l i ty 
r eg ion of D 2 O are i n c l u d e d , together w i t h an e x t r a p o l a t i o n of rj/T 

to the h o m o g e n e o u s n u c l e a t i o n t empera tu re TU 



increasing pressure as a consequence of the removal of a 
dominant slow component [44] and with the specific heat 
Cp at constant pressure which becomes insensitive to pressure 
at higher pressures (p > 200 MPa) [45]. 

At the higher pressures the temperature dependence of the 
reorientational correlation time is given by the VTF-equation 

T 0 = T 0 • exp 
B 

T - T 0 

(4) 

which often describes the behaviour of viscous liquids [46. 47]. 
Water at pressures p > 200 M P a therefore returns to normal 
supercooled liquid behaviour. The temperature T 0 corresponds 
to an internal equilibrium low temperature limit of the liquid 
[47-50] . T 0 has. however, never been measured directly in 
the case of water because of fast crystallization occurring at 
the homogeneous nucleation temperature T h . We have least 
squares fitted our r 0-data over the whole range of temper­
atures measured, together with data from the Refs. [7 — 9. 
18.19] so that in the most favorable case (/; = 225 MPa) a 
temperature range extending from 473 K down to 188 K 
could be included. The best fit value for the ideal glass transi­
tion temperature was T 0 = 141 + 2 K in the pressure range 
p = 200 M P a - 3 0 0 M P a . At pressures below p = 200 M P a 
the parameter T0 increases with decreasing pressure. Especially 
at saturation pressure the fit was much worse compared to 
the higher pressures. The parameter obtained by fitting T 0 
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Repre sen t a t i on o f the 300 M P a i soba r o f the r e o r i e n t a t i o n a l 

c o r r e l a t i o n t imes T 0 by the V T F - e q u a t i o n ( E q . (4)). S o l i d l ine is 

o b t a i n e d f rom a least-squares fit o f the data [T0 = 140 K . 

B = 591.3 K . T 0 - 6 .26- 10 1 4 s) 

over the whole pressure range measured and temperatures 
from 473 K down to the respective homogeneous nucleation 
temperatures are collected in Table 3. The temperature 
dependence of T 0 at p = 225 M P a and 300 M P a is plotted 
against 1/(7 - T0[p)) in Figs. 5 and 6. The full line represents 

Table 3 
Parameters of the V T F - e q u a t i o n (Eq. (4)) obtained from the least-

squares fits of the T G - i sobars (temperature range 473 K > T > TH) 

p ( M P a ) T 0 ( K ) B(K) t 0 (s) 

0.1 185 373.1 1.20- 10~ 1 3 

50 165 481.5 7.90- 10" 1 4 

100 140 640.0 5 .22-10" 14 

150 133 672.5 4.90- 10* 1 4 

200 139 604.0 6.07- 10" 1 4 

225 141 582.3 6.61 • 10- 14 

250 142 563.3 7.03- 10- 1 4 

300 140 591.3 6.26- 10" 14 
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R e p r e s e n t a t i o n o f the 225 M P a i soba r o f the r e o r i e n t a t i o n a l co r ­

r e l a t ion t imes T 0 by the V T F - e q u a t i o n ( E q . (4)). S o l i d l ine is o b t a i n e d 

f rom a least-squares fit o f the da ta (T0 = 141 K . B = 582.3 K . 

T 0 = 6.61 • 10" I 4 s ) 

the VTF-equation with the parameters given in Table 3. The 
value of the glass transition temperature T 0 = 141 ± 2 K of 
high pressure heavy water is close to the experimental glass 
transition temperature T G = 140 K obtained with vapor-
deposited vitreous water [45, 51] and also to that extrapolated 
from binary aqueous solutions, T G = 138 ± 2 K [47], but 
not with the T 0 = 200 K estimated from an analysis of 



the T-dependence of the self diffusion coefficient [52]. The 
preexponential factor T 0 corresponds to a frequency of 
v % 560 c m 1 which lies in the frequency range of the 
librational motions of D 2 O observed in the IR and Raman 
spectra of heavy water [53]. These motions therefore appear 
to reflect the fluctuations connected with the liquid-glass 
transition of water. The abnormal increase of the T 0 para­
meter indicates that T 0 increases in the low pressure region 
much faster than is predicted by the VTF-equation. This 
fast increase must be due to anomalous fluctuations with 
a much stronger temperature dependence. Thus in the low 
pressure region the temperature dependence of the data can 
only be accounted for by an equation recently proposed by 
Speedy and Angell [54]. which gives the variation of any 
dynamical variable with temperature as: 

= T o ( T ~r ^ • (5) 

The singular temperature Ts(p) can. according to Angell [45] 
be interpreted as the boundary of the free energy surface for 
liquid water or as a line of metastable higher order transitions 
running across the free energy surface. We have least squares 
fitted all our T0-data also with this equation. At pressures 
up to IOOMPa the fit was excellent, including T0-values at 
constant pressure from 473 K down to the homogeneous 
nucleation temperature Tn(P)- I n Figs. 7 and 8 T 0 versus 
(T— Ts)/Ts is plotted. The full line represents the best fit to 
Eq. (5). The best fit parameter to Eq. (5) are collected in 
Table 4. The 150 M P a isobar could be fitted with either Eqs. (4) 
or (5) with equal accuracy, whereas at higher pressures system­
atic deviations occurred in the fit of the data Io Eq. (5). It can 
thus be concluded that the singular temperature Ts decreases 
much faster with increasing pressure than does the homo­
geneous nucleation temperature and that at pressures between 
150 M P a and 200 M P a it falls below the glass transition 
temperature T 0. This indicates that the anomalous fluctuations 
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Represen ta t ion of the 50 M P a i soba r of the r eo r i en t a t i ona l cor­

r e l a t i on t imes T 0 by E q . (5). S o l i d l ine results f rom the least-squares 

fit o f the T 0 - d a t a ( T = 221 K . y - 1.925. T 0 - 4.23 - I O 1 3 S ) 
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Represen ta t ion of the 0.1 M P a isobar of the r eo r i en ta t iona l cor ­

re la t ion t imes T 0 by E q . (5). S o l i d l ine results f rom the least-squares 

fit of the Te-data (T s - 230 K . y - 1.848. T 0 = 3.74 • 10 1 3 s) 

Table 4 
Parameters of E q . (5) obtained from the least-squares fits of the !,,-isobars 

(temperature range 473 K > T > 7 H ) 

/ M M P a ) T ( K ) r„ (s ) 

0.1 230 1.848 3.74- 10 
50 221 1.925 4.23 • 10 

100 207 2.172 5.51 • 10 
150 197 2.373 6.73 10 

inferred by the use of Eq. (5) are strongly suppressed with 
raising pressure so that at higher pressures (/> > 200 M Pa) 
the dynamics of liquid water are governed by the fluctuations 
connected with the liquid-glass transition. The factor T 0 in 
Eq. (5) corresponds to a frequency v ^ 60 cm 1 which is in 
the region of the hydrogen bond bending motions [531. 
Evidently the anomalous fluctuations grow and decay with 
a greater time constant and can only develop in the open 
hydrogen bonded network known to exist at low temperatures 
and low pressures in water. As the nature of the open hydrogen 
bonded network changes with raising pressure to closer 
packed forms with strongly bent bonds, these anomalous 
fluctuations are suppressed by fluctuations dominating the 
dynamic behaviour of normal viscous liquids. 

4) Estimate of the Viscosity and the Self-Diffusion Coefficient 
of Water at 190 K and 225 MPa 

In Fig. 4 the 0.1 M P a and 225 M P a isobars of the cor­
relation time T 0 are given together with the self-diffusion 
coefficient D and the viscosity // at 225 M P a obtained by 



Jonas et al. [8,9]. It is common practice to use the latter two 
physical properties in combination with T 0 for the classification 
of the microdynamic behaviour of a liquid. However, there 
is little hope'that either of the two transport coefficients can 
be measured for the low temperature, high pressure region 
of the supercooled water in the near future and the best one 
can do is to estimate ?/ and D from the experimental T 0 . If 
hydrodynamics can be applied. T E should be proportional to 
1/D and Y\';T [55]. As can be seen from an inspection of the 
data collected in Fig. 4 the temperature dependence of 1/D 
and rj/T are not exactly parallel with each other nor parallels 
the T e-isobar either of the two quantities. Considering the 
uncertainty about the correct T-dependence of the C d q c the 
attempt to derive an extrapolation formula from the data 
given appears not justified. Assuming that the proportionality 
constant between T g and l /D or rj/T is independent of temper­
ature between 258 K and 188 K we can however estimate the 
self-diffusion coefficients and the viscosities of supercooled 
water at the lowest temperatures of the metastable range to 
}] ^ 4 Pa • s and D ^ 6 - 10 9 cm 2/s. These figures indicate, 
that water does become a quite viscous liquid under these 
conditions, with a viscosity comparable to that of waterfree 
glycerol around room-temperature. 

5. Conclusions 

The small contribution of the intermolecular term to the 
dipole-dipole relaxation of supercooled water estimated 
from a comparison of the results obtained at the minimum 
of the T1-Isobars in H 2 O and D 2 O leads to the conclusion, 
that at the lowest temperatures the coordination around a 
central water molecule is essentially tetrahedral and that the 
local order of the supercooled liquid is best described by one 
of the low pressure phases of ice. 

The increase of T1 with pressure observed in the isotherms 
between 300 K and 240 K is much more pronounced for the 
deuterium relaxation data than for the proton results. This 
can only in part be explained by the compensatory effect of 
the intermolecular dipole-dipole relaxation contribution upon 
the proton T 1, which should become more efficient with 
increasing density. Preliminary measurements of the 1 7 O -
relaxation times, which can be described completely by 
quadrupole relaxation and thus monitor only intramolecular 
contributions, in light and heavy water [56] do reveal the 
same trend. The major source for this difference is in our 
opinion that the open hydrogen bonded network charac­
teristic of supercooled water at low pressure is, at the lowest 
temperatures obtainable at 0.1 M P a . more perfectly developed 
in D 2 O than in H 2 O . This conclusion is further corroborated 
by an inspection of the pressure dependence of the com­
pressibility data obtained by Kanno and Angell [4] for 
supercooled D 2 O and H 2 O . At 253 K for instance, the 
decrease in K T with pressure is much more pronounced for 
D 2 O than for H 2 O . The attempts to describe the temperature 
dependence of the correlation times do show that the super­
cooled water at pressures /; < 100 M P a does reveral pro­
nounced anomalies. T 0 does increase faster than described 
by the VTF-equation and the data presented here lend 

considerable support to the description of the temperature 
dependence by Eq. (5) proposed by Speedy and Angell [54]. 

At pressures p > 200 M P a water does behave like a normal 
supercooled liquid. The T0-data are well represented by the 
VTF-equation and a reasonable glass temperature of T 0 = 
141 ± 2 K . The unique properties of water appear thus to 
be confined to the low temperature and low pressure region, 
where an open hydrogen bonded network with O - D - - O 
angles close to O C can develop. 

T h e expert t echn ica l assistance by M r . S. H e y n a n d M r . R. K n o t t 
made this w o r k feasible. 

T h e least squares fitting of the da ta was d o n e at the c o m p u t e r 
center of the U n i v e r s i t y o f Regensburg . F i n a n c i a l suppor t by the 
D F G a n d the F o n d s der C h e m i s c h e n Indus t r i e is grateful ly a c k n o w l ­
edged. 

References 
[1] D . H . Rassmussen a n d A . P . M c K e n z i e . i n : W a t e r S t ruc tu re 

a n d the W a t e r - P o l y m e r Interface, p. 126. ed. by H . H . J e l l i nek . 
P l e n u m , N e w Y o r k 1972. 

[2] H . K a n n o . R. J . Speedy, a n d C A . A n g e l l . Science 189. 880 
(1975) . 

[3] C A . A n g e l l , P r o c I X I C P S 1979, U . G r i g u l L ed.. P e r g a m o n 
Press , L o n d o n , i n press, " S u p e r c o o l e d a n d Superhea ted W a t e r " . 

[4] H . K a n n o a n d C A . A n g e l l . J . C h e m . P h y s . 70. 4008 (1979). 
[5] E. L a n g a n d H . - D . L i i d e m a n n . J . C h e m . P h y s . 67. 718 (1977). 
[6] J . R . H a n s e n . J . Phys . C h e m . 78. 256 (1974). 
[7] Y . L e e a n d J . Jonas . J . C h e m . P h y s . 57. 4233 (1972). 
[8] J . Jonas . T . D e F r i e s . a n d D . J . W i l b u r . J . C h e m . Phys . 6.5. 582 

(1976) . 
[9] T . D e F r i e s and J . Jonas . J . C h e m . P h y s . 66. 5393 (1977). 

[10] T . D e F r i e s a n d J . Jonas , J . C h e m . P h y s . 66. 896 (1977). 
I l l ] U . G a a r z a n d H . - D . L i i d e m a n n . Ber . Bunsenges . Phys . C h e m . 

<W, 607 (1976). 
[12] G. V o l k e l , E. L a n g , a n d H . - D . L i i d e m a n n , Ber . Bunsenges . 

P h y s . C h e m . 83, 722 (1979). 
[13] A . A b r a g a m , T h e P r i n c i p l e s of N u c l e a r M a g n e t i s m , p. 313 ff.. 

O x f o r d U n i v e r s i t y Press, L o n d o n 1961. 
[14] H . W . Spiess, i n : P . D i e h l . E. F l u c k . R. K o s f e l d . eds.. N M R -

B a s i c P r i n c i p l e s a n d Progress . V o l . 15. p. 103 ff.. Sp r inge r -
V e r l a g , B e r l i n 1978. 

[15] M . D . Ze id l e r , Ber . Bunsenges . P h y s . C h e m . 75. 229 (1971). 
[16] S. D . G o r e n , J . C h e m . P h y s . 60, 1892 (1974). 
[17] M . W e i s s m a n n , J . C h e m . P h y s . 44. 422 (1966). 
[18] J . C . H i n d m a n , A . J . Z i e l e n . A . S v i r m i c k a s . a n d M . W o o d . 

J . C h e m . P h y s . 54, 621 (1971). 
[19] J . C H i n d m a n and A . S v i r m i c k a s . J . P h y s . C h e m . 77. 2487 

(1973). 
[20] H . H a u e r , E. L a n g , a n d H . - D . L i i d e m a n n . Ber . Bunsenges . 

P h y s . C h e m . 83, 1262 (1979). 
[21] H . H a u e r , D i p l o m a r b e i t , U n i v e r s i t a t R e g e n s b u r g 1978. 
[22] T . M . C o n n o r . T r a n s . F a r a d a y S o c 60. 1574 (1964). 
[23] D . T. E d m o n d s a n d A . L . M a c k a y . J . M a g n . R e s o n . 20. 515 

(1975). 
[24] P . W a l d s t e i n , S. W . R a b i d e a u , a n d J . A . J a c k s o n . J . C h e m . P h y s . 

41, 3407 (1964). 
[25] D . T. Edmonds. S. D . Goren. A . L . M a c k a y . a n d A . A . L . White, 

J . M a g n . R e s o n . 23. 505 (1976). 
[26] D . T . E d m o n d s , S. D . G o r e n . a n d A . A . L . W h i t e . J . M a g n . 

R e s o n . 27, 35 (1977). 
[27] P . T h a d d e u s ; L . C K r i s h e r . a n d T . H . N . L o u b s e r , J . C h e m . 

P h y s . 40. 257 (1964). 
[28] J . G . P o w l e s , M . R h o d e s , a n d J . H . St range, M o l . P h y s . 11. 

515(1966) . 
[29] D . W. Woessne r . J . C h e m . P h y s . 40. 2341 (1964). 
[30] H . G . H e r t z a n d M . D . Z e i d l e r . i n : P . Schuster . G . Z u n d e l . 

a n d C Sandorfy , eds.. T h e H y d r o g e n B o n d . V o l . 3. p. 1052. 
N o r t h - H o l l a n d P u b l . C o m p . . A m s t e r d a m 1976. 



[31] N . B o d e n a n d M . M o r t i m e r . J . C h e m . S o c F a r a d a y T r a n s . 2. 
74, 353 (1978). 

[32] J . F . H a r m o n a n d E . J . Sutter . J . P h y s . C h e m . 82. 1938 (1978). 
[33] D . W . D a v i d s o n . S. K . G a r g . a n d J . A . R ipmees te r . J . M a g n . 

Reson . 37. 399 (1978). 
[34] J . A . R ipmees te r . C a n . J . C h e m . 55. 78 (1977). 
[35] D . E . O ' R e i l l y . P h y s . Rev . A 7. 1659 (1973). 
[36] D . E . O ' R e i l l y , J . P h y s . C h e m . 78. 1674 (1974). 
[37] A . H . N a r t e n . J . C h e m . Phys . 55. 2263 (1971); 56. 5681 (1972). 
[38] A . H . N a r t e n a n d H . A . L e v y , i n : W a t e r — A C o m p r e h e n s i v e 

Treat ise . V o l . 1. p. 31 Iff., ed. by F . F r a n k s . P l e n u m Press. 
N e w Y o r k 1972. 

[39] L . M a y a s , M . P l a t o . C J . W i n s c o m . and K . M o b i u s . M o l . 
Phys . 3 6 , 7 5 3 ( 1 9 7 8 ) . 

[40] P . L . O l y m p i a . J r . and B . M . F u n g . J . C h e m . P h y s . 51. 2976 
(1969). 

[41] F . H . S t i l l i nge r a n d A . R a h m a n . J . C h e m . P h y s . 61. 4973 (1974). 
[42] F . H . S t i l l i nge r . P h i l o s . T r a n s . R. S o c L o n d o n Ser. B 278. 97 

(1977). 
[43] E . W h a l l e y , J . C h e m . P h y s . 63. 5205 (1975). 

[44] C A . A n g e l l , E . D . F i n c h . L . A . W o o l f . and P . B a c h . J . C h e m . 
P h y s . 65. 3063 (1976). 

[45] C A . A n g e l l . i n : W a t e r - A C o m p r e h e n s i v e Trea t i se . V o l . 7. 
ed. by F . F r a n k s . P l e n u m Press. N e w Y o r k 1980. in press. 

[46] G . H a r r i s o n . T h e D y n a m i c Proper t i e s of S u p e r c o o l e d L i q u i d s . 
p. 20 ff., A c a d e m i c Press. L o n d o n 1976. 

[47] C A . A n g e l l , J . C h e m . E d u c 47. 583 (1970). 
[48] M . G o l d s t e i n . J . C h e m . P h y s . 67. 2246 (1977). 
[49] M . H . C o h e n a n d G . S. G r e s t . Phys . Rev. B _•(/'. 1077 (1979). 
[50] C A . A n g e l l a n d K . J . R a o . J . C h e m . Phys . 57. 470 (1972). 
[51] M . G . Sceats. M . S t a v o l a . a n d S. A . R ice . J. C h e m . Phys . 70. 

3927(1979) . 
[52] F . P . R i c c i . M . A . R i c c i . a n d D . R o c c a . J . C h e m . Phys . 66. 5509 

(1977). 
[53] G . E . W a l r a f e n . i n : W a t e r - A C o m p r e h e n s i x e Treat i se . 

V o l . 1. p. 151 ff. ed. by F . F r a n k s . P l e n u m Press. N e w Y o r k 1972. 
[54] R . J . Speedy a n d C A . A n g e l l . J . C h e m . Phys . 65. 851 (1976). 
[55] D . K i v e l s o n , F a r a d a y S y m p . C h e m . Soc. / / . 1 (1977). 
[56] E . L a n g a n d H . - D . L u d e m a n n . to be pub l i shed . 

(E ingegangen a m 31. J a nua r 1980) E 4568 

Rate and Equilibrium Data for the Complex Formation of Alkali Metal Ions 
with the Cryptand (2,2,1) in Methanol 

B.G.Cox 

C h e m i s t r y D e p a r t m e n t , U n i v e r s i t y o f S t i r l i n g , S t i r l i n g F K 9 4 L A , S c o t l a n d 

I. Schneider, H. Schneider 

M a x - P l a n c k - I n s t i t u t fur B i o p h y s i k a l i s c h e C h e m i e , D - 3 4 0 0 G o t t i n g e n , W e s t - G e r m a n y 

Komplexverbindungen I Reaktionskinetik 

T h e d i s soc i a t i on rates of complexes between a l k a l i me ta l ions a n d the m a c r o b i c y c l i c l i gand 4 ,7 ,13 ,16,2 l -pentaoxa- l ,10-diazabicyclo-(8 ,8 .5>-
t r icosane (cryptand-(2 ,2 , l ) ) have been s tud ied i n m e t h a n o l by s topped- f low exper imen t s at va r i ous tempera tures . T h e c o r r e s p o n d i n g rates 
of f o r m a t i o n were ca l cu l a t ed us ing s t ab i l i ty constants . E n t h a l p i e s and en t rop ies o f a c t i v a t i o n were c o m p a r e d w i t h the c o r r e s p o n d i n g quan t i ­
ties of c o m p l e x a t i o n a n d d iscussed i n terms of i o n i c size a n d i o n i c s o l v a t i o n . T h e specific dependence of d e c o m p l e x a t i o n rate a n d s tab i l i ty 
constant o n i o n i c r ad ius [15] were f o u n d also for the c o r r e s p o n d i n g entha lp ies of a c t i v a t i o n and c o m p l e x a t i o n , respect ively, but the preference 
of N a + over K + is reversed. T h i s fact together w i t h the obse rva t i on that the rate of d i s s o c i a t i o n o f N a ( 2 , 2 , l ) + is enhanced by p r o t o n 

ca ta lys is , l ed to the sugges t ion that the cav i ty rad ius o f (2,2,1) lies between the i o n i c r a d i i o f N a + and K ^ . 

D i e D i s s o z i a t i o n s g e s c h w i n d i g k e i t der K o m p l e x e v o n A l k a l i i o n e n mi t d e m m a k r o b i c y c l i s c h e n L i g a n d e n 4 ,7 ,13,16,21-Pentaoxa-1.10-diaza-
bicyclo-(8 ,8 ,5)- t r icosan (2,2,1) w u r d e in M e t h a n o l mit e inem , , s topped- f low"-Ver fah ren bei verschiedenen T e m p e r a t u r e n untersucht . D i e 
G e s c h w i n d i g k e i t s k o n s t a n t e der K o m p l e x b i l d u n g w u r d e aus derjenigen der D i s s o z i a t i o n mi t H i l f e der S t ab i l i t a t skons t an t en berechnet. 
D i e A k t i v i e r u n g s e n t h a l p i e n u n d -en t rop ien w u r d e n mi t den R e a k t i o n s e n t h a l p i e n u n d -en t rop ien ve rg l i chen und die Einf l i i s se von Ionen-
groBe und I o n e n s o l v a t a t i o n d i sku t i e r t . D i e spezif ische A b h i i n g i g k e i t der D i s s o z i a t i o n s g e s c h w i n d i g k e i t u n d der K o m p l e x s t a b i l i t a t v o m 
Ionenrad ius [15] w i r d auch fiir die A k t i v i e r u n g s e n t h a l p i e der D i s s o z i a t i o n und die R e a k t i o n s e n t h a l p i e gefunden. j e d o c h mi t ver tauschter 
Reihenfolge v o n N a + u n d K + . D ie se Eigenschaf t u n d die B e o b a c h t u n g , daB die D i s s o z i a t i o n s g e s c h w i n d i g k e i t von N a ( 2 . 2 , l ) + d u r c h Saure 
beschleunigt w i r d , lassen v e r m u t e n , daB die G r o B e des H o h l r a u m r a d i u s v o n (2,2,1) zwi schen den W e r t e n fiir die R a d i e n v o n N a + und K * 

liegt. 

Introduction 
Within the continually expanding group of macrocyclic 

and macrobicyclic ligands which form stable complexes with 
metal ions, macrobicyclic diazapolyethers (cryptands) are 
additionally characterized by their ability to form extremely 
stable inclusion complexes (cryptates) with alkali and alkaline 
earth metal ions [1,2] which dissociate unusually slowly. 
These properties facilitate a thorough investigation of complex 

stability [3 — 9] and dissociation rate constants [10-15] . 
and, in addition, the determination of the thermodynamic 
functions for complex formation and for the activation 
process [16]. The simpler cryptands, in which the three 
bridges between the nitrogen atoms contain only one or two 
ether groups, display pronounced peak selectivities for those 
cations of the first or second groups of elements which are 
able to fill the ligand cavities, which in the complexed state are 
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