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T h e mo l ecu la r m o b i l i t y o f l i q u i d a m m o n i a is der i ved f r o m the d e t e r m i n a t i o n 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 of the p ro tons and 
deuterons. T h e exper iments were pe r f o rmed i n the t empera tu re in te rva l between the m e l t i n g p r e s su r e curve a n d 467 K for N H 3 a n d to 
351 K for N D 3 at pressures u p to 250 M P a . A t t empera tures be l ow - 3 5 0 K the m o l e c u l a r m o b i l i t y c a n be descr ibed by the i so t r op i c s m a l l -
step di f fus ion mode l . T h e a c t i v a t i o n energies at cons tant pressure are de r i v ed for the r o t a t o r i c d i f f u s i o n to 7.0 + 0.5 k J • m o l 1 and for 
the t rans la to r i c d i f fus ion to 6 ± 1 k J • m o l " 1 f r o m the t empera ture dependence o f the r e l a x a t i o n rates. I n a d d i t i o n the ac t i va t i on energy 
at constant v o l u m e for the r o t a t o r i c d i f fus ion has been de t e rm ined to 5.7 ± 0.5 k J • m o l " l . T h e i s o t h e r m s for a l l r e l axa t i on rates are l inear 

i n a l ogU/Ti ) versus 1/7" p lo t , y i e l d i n g A K i n* l r a = 2.5 ± 0.6 c m 3 • m o l " 1 a n d A V*x^ = 5 ± 1 c m 3 - m o l " 1 . 

D i e m o l e k u l a r e Beweg l i chke i t des flüssigen A m m o n i a k s wurde mi t H i l f e l ong i tud ina l e r R e l a x a t i o n s z e i t m e s s u n g e n der P r o t o n e n und 
Deu t e r onen untersucht . D i e M e s s u n g e n w u r d e n i m T e m p e r a t u r b e r e i c h zw i s chen der S c h m e l z d r u c k k u r v e u n d 467 K für N H 3 bzw. 351 K 
für N D 3 be i Drücken bis 250 M P a v o r g e n o m m e n . B e i T e m p e r a t u r e n < 3 5 0 K läßt s i ch die m o l e k u l a r e Beweg l i chke i t d u r c h e in isotropes 
smal l -step D i f f u s i o n s m o d e l l beschre iben . A u s der Temperaturabhängigkeit der R e l a x a t i o n s r a t e n w u r d e n die Ak t i v i e rungsene rg i en bei 
k o n s t a n t e m D r u c k für die r o t a t o r i s che D i f f u s i o n zu 7,0 ± 0,5 k J m o l " 1 u n d für die t r a n s l a t o r i s c h e D i f f u s i on zu 6 + 1 k J • m o l " 1 be­
s t immt . Für die ro ta to r i s che D i f f u s i o n wurde die Ak t i v i e rungsene rg i e bei k o n s t a n t e m V o l u m e n z u 5.7 ± 0,5 k J • m o l " 1 errechnet. D i e 
I so thermen für alle R e l a x a t i o n s r a t e n ver lau fen i n e iner l o g l / ^ gegen 1/T D a r s t e l l u n g l i n ea r . (&V*lra = 2,5 ± 0.6 c m 3 • m o l " " \ 

A ^ . * e r = 5 ± 1 c m 3 - m o l " 1 ) . 

Introduction 

The hydrides of nitrogen, oxygen, and fluorine form liquids 
with rather unique structures. The physical properties of 
these liquids are normally explained by the ability of these 
three hydrides to participate in hydrogen bonding with their 
hydrogen atoms as well as with the lone electron pairs. The 
pronounced hydrogen bonding in liquid water is well estab­
lished [1]. As derived from small angle X-ray and neutron 
scattering liquid ammonia however does, possess a signifi­
cantly different radial distribution function with approximate­
ly 12 next neighbours [2] as compared to the 4 — 5 next 
neighbours of water. 

Though liquid ammonia has been the subject of several 
investigations, it is still the subject of discussion whether the 
dynamic properties of this liquid reveal significant hydrogen 
bonding, and different authors have derived from their data 
pronounced hydrogen bonding [3,4] as well as no con­
tribution at all from this interaction [5, 6]. 

As well known, N M R presents a powerful tool for the study 
of molecular motions in liquids. Valuable information can be 
gained from the temperature- and pressure dependence of the 
spin-lattice relaxation times. Previous work has investigated 
the temperature dependence of the relaxation times of H [ 7 ] , 
1 4 N [3,8] and 1 5 N [4] in N H 3 and D [8,9], 1 4 N [8], and 
1 5 N [4] in liquid N D 3 . In this paper the pressure dependence 
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of the relaxation rates of H in N H 3 and D in N D 3 is presented. 
In the P T-region studied, the relaixation of the deuterons in 
N D 3 is completely determined by the quadrupole relaxation 
mechanism. In the low temperature range the proton relaxa­
tion is dominated by the dipole-diipole mechanism, at higher 
temperatures the spin-rotation mechanism contributes signi­
ficantly to the observed relaxation rate. 

Experimental 

T h e deuteron a n d p r o t o n l o n g i t u d i t n a l r e l a xa t i on t imes 7~i were 
o b t a i n e d o n a V a r i a n X L 100-15 F t M M R spect rometer in ter faced 
to a 16 K V a r i a n 620L -10O c o m p u t e r w i t h d i sk accessory by a 
1 i - 9 0 c - r 2 - 1 8 0 ü - f 1 - 9 0 ü pu lse sequence . T h e observe f requency o n 
th is i n s t r u m e n t is 100.1 M H z for p ro - t ons a n d 15.4 M H z for d eu ­
terons . A mod i f i ed v a r i ab l e t e m p e r a t u r e accessory of th is spec t ro ­
meter was used i n the e x p e r i m e n t s . T h e temperatures were deter­
m i n e d to ±0.5 K w i t h a m e t a l sheatrued m i n i a t u r e 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 . D e u t e r o a m m o n i a (99 % deuterated ) was p u r c h a s e d 
f r o m S h a r p and D o h m e , München. 

c o n t a i n e r a l l o w d to w a r m up . A f ter sufficient a m m o n i a h a d 
c o n d e n s e d into tie h i gh pressure cap i l l a r y , the f i l l i ng glass cap i l l a r y 
was f lame sealed it p o s i t i o n 1. A l l glass parts a n d the h i gh v a c u u m 
seal (H .V .S . ) wee r e m o v e d unde r c o n t i n u o u s c o o l i n g f r om the 
h i gh pressure capillary a n d the f i l l i ng cap i l l a r y was resealed at 
p o s i t i o n 2. The r e c o o l e d c oppe r b e r y l l i u m cel l was screwed on to 
the h i g h pressur ce l l , wh i l e the assembly r e m a i n e d i n the c o l d 
methy l cyc l ohexa i e . T h e who l e assembly was connec ted to the 
p ressure , generatng e q u i p m e n t a n d a pressure o f 20 M P a was 
a p p l i e d . A f t e rwads the who l e assembly was r e m o v e d f rom the 
c o l d me thy l cyc l o i exane b a t h . 

T h i s e laborate p rocedure was necessary for two reasons : 

1. T h e T e f l on s h i n k hose, w h i c h separates the l i q u i d under s tudy 
f r o m the pressire genera t ing l i q u i d is not suf f ic ient ly v a c u u m 
t i gh t to permi t the f i l l i ng o f oxygen-free l i q u i d . 

2. T h e l o w boil ing p o i n t of a m m o n i a demands that a l l f i l l ing and 
s ea l i ng opera t ims are done at t emperatures we l l be low 230 K . 

A s c o n t r o l l e d by repeated T i -measurements u n d e r i d en t i ca l 
c o n d i t i o n s , the a n m o n i a i n p r o p e r l y f i l led a n d assembled cells 
r e m a i n s free of a iy c o n t a m i n a t i o n for several m o n t h s . 

H.V. pump 

H.P capillary 

IE439A/1I H.V. seal 

F i g . 1 
H i g h v a c u u m appara tus for the f i l l i ng of oxygen free l o w b o i l i n g 
substances into the h i g h pressure cap i l l a r i e s . ( F o r func t i ona l detai ls 

see text) 

T h e h i gh pressure equ ipment used has been descr ibed p r e v i o u s l y 
[10] . Oxygen- free dry a m m o n i a was p r e p a r e d i n the h i g h v a c u u m 
appara tus descr ibed i n F i g . 1. A p r ope r quan t i t y o f d r i ed a m m o n i a 
was condensed f rom the reservo i r i n t o the degass ing c on ta ine r 
(D.C. ) by c oo l i ng this c on ta ine r w i t h ace tone/carbond ioxyde 

mix tures . T h e sample was t h o r o u g h l y degassed by at least five 
f reeze-pumpe-thaw cycles to a f ina l pressure o f 7 • 1 0 ~ 3 P a . F r e e z i n g 
was a c comp l i shed by i m m e r s i n g the c on ta ine r (D .C. ) i n t o l i q u i d 
n i t rogen , the me l t ing o f the a m m o n i a was done in ace tone/carbon­
d i oxyde mix tures . After degassing of the a m m o n i a the h i gh pressure 
cap i l l a r y was immersed in a me thy l c y c l ohexane b a t h to the level 
i nd i ca t ed in F i g . 1 a n d cooled to 205 K . A l l connec t i ons to the h i gh 
v a c u u m l ine were shut off a n d the a m m o n i a i n the degass ing 

Theory 

T h e m a i n r e l i xa t i on m e c h a n i s m s for p r o t o n a n d deute ron 
r e l a x a t i o n are thedirect d i p o l e - d i p o l e i n t e rac t i on , the sp in - r o t a t i on 
i n t e r a c t i o n and th) q u a d r u p o l e i n t e r a c t i on . 

Dipole-Dipole aid Spin-Rotation Relaxation for Protons 

T h e d ipo !e -d ip ) l e i n t e r a c t i o n c on ta ins two c o n t r i b u t i o n s due 
to the i n t e r a c t i on of the nuc l e i w i t h i n the same mo l e cu l e a n d due 
to n u c l e i o n dif fennt mo lecu les . T h e i n t r a m o l e c u l a r r e l a xa t i on rate 
( l / 7 i ) i n t r a is due o changes in the o r i en ta t i on o f the vector r 1 2 

c o n n e c t i n g two iuc l e i w i t h i n the same mo lecu le , whereas the 
i n t e r m o l e c u l a r r e l i x a t i on rate ( l / 7 i ) i n t e r is due to changes in l eng th 
and o r i e n t a t i o n >f rl2 be tween nuc l e i on different molecules . 
F o r a l i q u i d c onss t i ng o f i s o t r o p i c a l l y r eo r i en t ing molecu les the 
i n t r a m o l e c u l a r r e a x a t i o n rate is unde r extreme n a r r o w i n g c o n ­
d i t i o n s g i ven by [ 1 - 14] 

r) 4 ^ e , 
. •* 1 / intra ^ i> j rij 

where the s u m runs over a l l sp in pa i r s that c on t r i bu t e to the r e laxa ­
t i on of a s ing le spir a n d T{

9
2)

en is the zero f requency F o u r i e r t r ans f o rm 
of the c o r r e s p o n d n g a u t o - c o r r e l a t i o n func t ion . F o r a s y m m e t r i c 
top t ^ f f is g iven h the Refs. [ 1 3 , 1 5 ] . 

T h e i n t e r m o l e c i l a r d i p o l a r c o n t r i b u t i o n is genera l ly ca l cu la t ed 
a s s u m i n g m o d u l a t i o n o f the d i po l e - d i po l e i n t e r a c t i o n by t rans-
l a t i o n a l d i f fus ion cnly. T h i s gives [11] 

6n2 

5 AY 
N • rj 

(2) 

V a r i o u s mod i f i ca t i ons of th is e q u a t i o n have been g i ven [ 16 ,20 ] . 
In the f o l l o w i n g cn ly the p r o p o r t i o n a l i t y between ( 1/T i ) i n t e r a n d 
(p • rj)/T w i l l be used. 

T h e sp in - r o t a t i on i n t e r a c t i o n is caused th rough a magne t i c f ield 
p r o d u c e d b y rotat ions of the charge d i s t r i b u t i o n i n the v i c in i t y 
of a g i v en nuc l eus [21 ] . T h e r e l a x a t i o n rate caused by th is mech ­
a n i s m is u s u a l l y g n e n by [12, 21 ] . 

(3) 

In th is e q u a t i o n it is a s sumed that no c o r r e l a t i o n exists be tween the 
o r i e n t a t i o n a n d the a n g u l a r m o m e n t u m . In the ax is sys tem of the 
m o m e n t o f i n e r t i a tensor the lat ter is equ iva lent to the angu l a r 
ve loc i t y c o r r e l a t i o n func t i on , w h i c h is the ac tua l q u a n t i t y o f interest 
i n l i q u i d s . F u r t h e r it is a ssumed that T , ; = T , . T h e s p i n - r o t a t i o n 
c o u p l i n g tensor c for the p r o t o n s i n N H 3 c on ta ins n o n - d i a g o n a l 



elements n the p r i n c i p a l i n e r t i a ! ax is system [I]. Its e lements 

can be obta ined f r om m i c r o w a v e d a t a [23, 24]. 

Quadrupole Interaction 

The quadrupo l e r e l a xa t i on rate is i n the extrem n a r r o w i n g l i m i t 

and w i th an ax i a l l y s y m m e t r i c field g rad i en t ten?r g iven t h r o u g h 

the re la t ion 

Talble 1 
Cor re la t i on times T (

0
2- F F of l i q iu id armmO 'n ia at 303 K and vapour pressmr 

calculated fro>m , , : 4 N qu;adnupole r e l axa t i on times 

T i ) Q 8 (' 

e2qQ 
(4) 

T h e corre la t ion t ime TJ£ F F is g i ven by [15 ,16 ] v i th 0 the angle 

between *he s ymme t r y axis of the mo l e cu l e and ie s y m m e t r y ax is 

o f the field grad ient tensor. 

Separation of the Different Contributions of ae Proton 
Relaxation Times Ty 

P r o v i d e d the q u a d r u p o l e c o u p l i n g cons tant Q C C ) is k n o w n 

for a given mo lecu l e i n the l i q u i d , the reorientäonal c o r r e l a t i o n 

t ime i g f f is d i rec t ly d e t e r m i n e d f r om the e x p e n i e n t a l r e l a x a t i o n 

rate. A t k i n s et a l . [8] s h o w e d for the case of l i q i d a m m o n i a tha t 

the co r re l a t i on t imes r{
e
2)

e{{ t r a n s f o r m u n d e r i s o t o i c s u b s t i t u t i o n as 

T e ( N H 3 ) = //(NH 3)V / 2
 5 ) 

t j ( N D j ) U(ND 3 )J 
/ = moment o f i n e r t i a 

T h u s one can get d i rec t l y the c o r r e l a t i o n tme for the i n t r a ­

mo lecu lar d i p o l a r r e l a xa t i on rate i n N H 3 f n m the measur ed 

deuteron r e l axa t i on t imes o f N D 3 . In the r o t a t ima l d i f fus ion l i m i t 

the r eo r i cn ta t i ona l c o r r e l a t i o n time 

co r re la t i on t ime T , are re lated by [15, 25] 

T ( 2 > • T -
T 0 . e f f TJ — 6kT 

( 3 c o s 2 f l 

f2(0,OL), 

I ) 2 1 8 s i n 2 0 c o s 2 0 
+ 

9 s i n * 0 
+ 7 1 + 2 a 

(6) 

4 5 + a 

/j, - c o m p o n e n t o f the m o m e n t o f ine r t i a te isor. 

W i t h ij thus ob ta ined , (1/7\) S R c an be ca l cua t ed w i th E q . (5). 

F i n a l l y the i n t e r m o l e c u l a r r e l a x a t i o n rate is g i vm by 

Trixp ~ ("TTL™ ~ ( T r i « " T, 

Results and Discussion 

1 4 N ~ Q < C C T(2> * 
T 0.ef f 

1 4 N H 3 4.08 M - H z i(gais phase ) 
3.47 M H z i(sollid state) 

121 (fs) 
168 (fs)a) 

1 **) 

169 (fs) 
233 (fs) 

115 (fs) 
160 (fs)h) 

1 4 N D 3 4.08 M H z (gats phase ) 
3.47 M H z (sollid state) 

121 (fs) 
168 (fs)a) 

1 **) 

169 (fs) 
233 (fs) 

161 (fs) 
223 (fs)h) 

a) Est imated f rom T r d a i t a cof Rief. |[3]. 
b) Est imated f rom T r d i a t a cof Rief. ![8]. 
*) T = 303 K. 

**) Transformed by appll icatt iom of E q . (5) (see A t k i n s et al. [8]). 

Estimate of the Q C C of Deuteroammonia in the Liquid State 

From the determination of the longitudinal proton and 
deuteron relaxation times in liquid N H 3 and N D 3 Powles 
et al. [6, 7, 9] derived the Q C C as (e2qQ)/h = 245 ± 25 kHz 

assuming T ? D = T$. Applying instead Eq. (5) proposed by 
Atkins et al. [8] yields: (e2qQ)/h = 208 ± 21 kHz. As can 

be seen from a comparison of the corresponding nitrogen-14 
T{ data of 1 4 N H 3 and 1 4 N D 3 [3,8] for this nucleus the 
decrease of the Q C C in going from the gas phase to the solid 
state is much smaller, and thus Q C C of the liquid can be 
estimated with considerably higher accuracy (see Table I), 
the latter value is obviously the more realistic choice (see 
also [26]). 

Relaxation Times at Saturation Pressure 

The spin-lattice relaxation times at saturation pressure 
have been measured over the temperature range of 197 K to 

F i g . 2 
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^ of the p r o t o n s in N H 3 (7\ c x p) 
and N D 3 (T,Q) at v a p o u r p r e s su r e as f u n c t i o n of the r e c i p r o c a l 

t e m p e r a t u r e . 

O 77m r a i n t r a m o l e c u l a r d i p o l e - d i p o l e r e l a x a t i o n rates o f the p r o t ons 
in N H 3 . 

• T 1
i n t e r i n t e r m o l e c u l a r d i p o l e - d i p o l e r e l axa t i on rates of the p r o t ons 

in N H 3 . 
x T f * sp in r o t a t i o n c o n t r i b u t i o n to the expe r imen ta l p r o t o n 1\. 

De ta i l s of the s e p a r a t i o n p rocedure for the different 
c o n t r i b u t i o n s t o the e x p e r i m e n t a l p r o t o n Tx are g iven in 
the theo r e t i ca l s e c t i on (Eqs. (4), (5), and (6)] 

311 K for N H 3 and 200 K to 310 K for N D 3 . The results are 
shown in Fig. 2 together with the different components 
contributing to the observed relaxation time. The separation 
has been effected as described before. It should be noticed 
that the intermolecular relaxation rate amounts to about 
60% of the measured rate and is the most effective relaxation 
mechanism. This conclusion is in accord with the result 
obtained by Powles et al. [6,7]. However it depends strongly 
on the choice of the Q C C . The correlation times extracted 
from these data are collected in Table 2. No definite decision 
can be made about the appropriate model of molecular 
motion in the case of liquid ammonia. Inspection of the 
correlation between T£ and TJ given by Powles and Rickayzen 



02 0.4 0.6 0.8 1.0 12 1.4 1.6 18 2.0 

P l o t of (T{nletyl at v a p o u r p r e s s u r e ve;rs. {p-r\)/T a c co rd ing to 
E q . (2). p = density. , rj = d l ymami i c v i scos i t y 

T;able 2 
Corre la t i on times T(

E
2].FF and Xj of l iqui id N H 3 at vapour pressure 

calculated by a p p l i c a t i o n of Eqss. (4), (.5) a n d (6). The experimental 
intermolecular relaxati ion rates (1 / 7 " i i a U C % x p g ivem are the difference be­
tween (1/Ti i n l r a + l/Ti S 5 R ) and the e x p e r i m e n t a l l/7\. The calculated 

intermolecular r e l axa t i on rates wene dertenmined with E q . (2) 

T (K) tföff (fis) xj (fs) ( 1 ) 
( ^ n , e r ) c a . c 

197 713 2.99 0.10f8 
199 683 3.09 O.094 
202 641 3.25 0).095 0.106 
204 615 3.35 01089 0.096 
208 568 3.56 01083 0.083 
210 547 3.66 0>.O85 0.078 
214 507 3.88 0).07O 0.071 
217 480 4.04 0>.O69 0.066 
221 447 4.26 0».066 0.059 
227 404 4.59 Oi.055 0.053 
235 356 5.03 0>049 0.045 
239 335 5.25 0.048 0.041 

253 276 6.02 0.036 0.032 
255 269 6.13 0.039 0.030 
270 224 6.95 0.035 0.024 
288 184 7.93 0.031 0.018 

311 148 9.14 0..02S 0.012 

[27] for different models shows that almost all r{
e
2

tlf( fall into 
the region, where tlhe Hubbard relation holds. This renders 
rotational diffusional motion to be an adequate description 
for the dynamic beihaviour of the ammonia molecules over 
the temperature range studied. 

Fig. 3 shows the dependence of (1/Ti) i n l er on (p-r})/T. As 
can be seen, the linear dependence which is predicted' Dy 
Eq. (2) holds over tihe whole temperature range. Included in 
Table 2 are also the intermolecular relaxation rates calculated 
with Eq. (2). The agreement at low temperatures is reasonably 
good, the discrepancy at higher temperatures may be due to 
the separation procedure and to the simplicity of the under­
lying theoretical model. Concerning the anisotropy of the 
rotational motion of liquid ammonia we have estimated 
T j . and T„ for N D 3 from the 1 4 N - 7 ; data from Atkins et al. [8] 
and our deuteron T^-data. At T = 303 K we get with Q C C 
(2H) = 210 kHz and Q C C ( 1 4N) = 3.47 M H z and the 
equation [12, 28]. 

T i l 

where ß is the.ngle between the symmetry axis of the field 
gradient tensoand the symmetry axis of the diffusion tensor 
an almost isotrpic rotation, i. e. p ^ 1. 

Pressure Depeience of the Relaxation Times 

The dynami behaviour of the ammonia molecules as a 
function of theiensity has been studied up to a pressure of 
250 M P a for bth liquid N H 3 and N D 3 . In the case of the 
former the teiperature has been varied from 213 K to 
467 K, whereasbr the latter the temperature interval ranged 
from 213 K to 51 K. The isotherms of the spin-lattice relaxa­
tion times are sown in Figs. 4 and 5. The effective orientatio-
nal correlationtimes i ^ f f for N D 3 have been calculated 
assuming Q C C 2 H ) = 210 kHz; they are given in Table 3. 

F i g . 5 
I so the rms o f the exper imenta l l o n g i t u d i n a l d eu t e ron r e l a xa t i on 

times (Ti ) o f l i q u i d d e u t e r o a m m o n i a 

In liquid ammonia at low temperatures (T < 350 K) the 
separation procedure mentioned above was used to extract 
the different contributions to the total relaxation rate. The 
results are compiled for three pressures in Figs. 6 - 8 . The 
effective orientational correlation times 4 2 > f f for the intra­
molecular relaxation rate have been calculated from the 
?e2eff (ND 3 ) with Eq. (5). However, the different geometrical 



Table 3 
Pressure dependence of the corre lat ion times i j£ f f i l i q u i d N D 3 and ij 

in l i qu id N H 3 

N D 3 tförr (fs) 

P 

T \, 
10 M P a 50 M P a 100 M P a 150 MPaiOO M P a 250 M P a 

2 1 3 K 723 786 806 870 885 923 

229 K 547 578 613 638 666 696 

250 K 398 426 438 486 511 528 
274 K 295 309 326 344 356 378 

293 K 243 247 264 289 295 303 

324 K 192 198 203 222 229 239 

351 K 153 163 176 185 189 194 

N H 3 Tj (fs) 

P 

T \ . 
10 M P a 50 M P a 100 M P a 150 M P ; 2 0 0 M P a 250 M P a 

213 K 3.80 : 3.49 3.40 3.15 3.10 2.97 

234 k 4.92 4.68 4.44 4.11 4.03 3.86 

251 K 5.86 5.58 5.28 4.90 4.79 4.60 

275 K 7.18 6.83 6.45 6.00 5.88 5.64 

307 K 8.84 8.40 7.96 7.40 7.25 6.95 

336 K 10.3 9.78 9.20 8.57 8.34 8.07 
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L o n g i t u d i n a l r e l a x a t i o n t inges ( 7 t ) <of the p r o t o n s i n N H 3 ( 7 " p ) and 

N D 3 (Ti Q ) at 150 M P a as f u n c t i o m o f the r e c i p r o c a l t empera ture . 

O T / n , r a i n t r a m o l e c u l a r <dip<ole-dip<ole r e l a x a t i o n rates o f the p ro t ons 

i n N H 3 . 

• 7 1
i m e r i n t e r m o l e c u l a r d ipco le -d ip io le r e l a x a t i o n rates o f the p ro t ons 

i n N H 3 . 

s p i n r o t a t i o n c o n t x i b u t i o i n to the e x p e r i m e n t a l p r o t o n Tx. 
Deta i l s of the s e p a r a t i o n p r o c e d u r e for the different 

c o n t r i b u t i o n s t o the e x p e r i m e n t a l p r o t o n TY are g iven i n 

the theo r e t i c a l s e c t i o n (E.qs. (4), (5), and (6)] 

1000; 

(S) . 

L o n g i t u d i n a l r e l axa t i on t imes (7 t ) of the protons i n N H 3 (T 1
e x p ) 

and N D 3 (7?) at 50 M P a as func t i on o f the rec iproca l t empera ture . 

O 77 n , r a i n t r a m o l e c u l a r d i p o l e - d i p o l e r e l axa t i cn rates o f the p r o t o n s 

i n N H 3 . 

i n t e r m o l e c u l a r d i p o l e - d i p o l e r e l axa t i cn rates o f the p r o t o n s 

i n N H 3 . 

sp in r o t a t i o n c o n t r i b u t i o n to the exper imenta l p r o t o n Tv 

ca l cu la t ed f r om the sphe r i c a l J -d i f fus i on m o d e l (15). 

D e t a i l s of the s epa ra t i on p rocedure for the dif ferent 

c o n t r i b u t i o n s to the expe r imen ta l p r o t o n T t are g i ven in 

the theore t i ca l sec t i on [ E q s . (4), (5), and (6)] 

positions in the molecular frame of the corresponding vectors 

characterizing the interaction in question have been neglected. 

Since Eq. (5) has been experimentally verified in the case of 

nitrogen 14 in N H 3 and N D 3 , where r $ f f = T ( 2 , 0 ) it seems 

to be more appropriate to transform the spherical com­

ponents instead of the effective correlation times. At pressures 

2.0 

F i g . \ 
L o n g i t u d i n a l r e l a xa t i on t imes (7, » o f the p r o t o n s i n N H 3 ( T/ X p i a n d 

N D 3 (T X
Q) at 250 M P a as f u n c t i o n of the r e c i p r o ca l temperature. 

O T/ n ' r a i n t r a m o l e c u l a r d i p o l e - d i p o l e r e l a xa t i on rates o f the protons 

i n N H 3 . 

• T{nleT i n t e r m o l e c u l a r d i p o l e - d i p o l e r e l axa t i on rates o f the protons 

i n N H 3 . 

x 7 f R sp in r o t a t i o n c o n t r i b u t i o n to the expe r imen ta l pro ton 7, . 

Deta i l s o f the s epa ra t i on p rocedure for the different 

c o n t r i b u t i o n s to the expe r imen ta l p r o t o n Tx are given i n 

the theoret ica l sec t ion [ E q s . (4), (5), and (6)] 

above saturation pressure only proton and deuteron 7 r 

measurements are available. It is therefore impossible to 

evaluate the spherical components T (
Ö ' - M ) of the effe;tive 

orientational correlation times. 



From the data presented Ihere, iit cannot be decided which 
motional model shiould be aippliedi fc»r the description of the 
dynamic behaviour of liquid! amrmoniia. However, only at the 
highest temperatures measuired ( T >> 350 K) the calculated 
effective correlation! times v{

e
2lf{ leav(e tlhe regime where all 

models merge into ithe small-step d;iffuision limit [27]. Because 
no independent dceterminatiion of T$ is possible with our 
measurements, no unambiguous decision for one of the 
different models c;an be made. One 1 can only exclude the 
Ivanov-model [27, 29] since the llow/est t̂ V* estimated fall 
below the minimurm value possible ini this model. In the low 
temperature region the sm;all-step diffusion model should 
provide a reliable <descriptio>n and thius Eq. (6) was used to 
compute the angullar momentum correlation times T , ; they 
are also given in Table 3. 

Application of Ihigh pressure hs sseen to influence both 
correlation times ini an opposite way. While the orientational 
correlation time x^2\n increases with increasing pressure by 
- 3 0 % , the angular momentium correlation time r, decreases 
over the same pressure rarage by7 the same amount. This 
behaviour only reflects the assumed relationship ze • T , = const 
for an isotherm and is certainly in accord with small-step 
diffusive motion. Tihe interm-olecular relaxation rate is again 
the dominating relaxation mechanism amounting from - 67% 
at low pressures to - 7 6 % ait the highest pressure. Thus the 
intermolecular dipo>le-dipole relaxation becomes more efficient 
with increasing pressure. This is to be expected since increasing 
density should increase the average number of next neighbours 
in a liquid and miglht probably also decrease the distance rl2 

between two protoms on different mollecules thus enhancing 
the intermolecular dipole-dipole interaction. Increasing tem­
perature causes the intermolecular relaxation rate to decrease. 
At the highest temperatures our separation procedure leads 
to an apparent increase for the efficiency of the intermolecular 
dipole-dipole interaction which is physically unacceptable 
and certainly an indication that the separation procedure 
applied fails at high temperatures and therefore small-step 
diffusion is no longer applicable. Assuming 7 i , n t e r to increase 
linearly on a semilog 1/T-pIot one can conclude, that the 
spin-rotation contribution to the experimental relaxation 
rate becomes even more effective than is described by Eq. (3). 
It is probable that the J-diffusion model [15] predicts the 

true temperatu dependence as indicated by a computation 
of 7? R with arsxpression given in Ref. [15], regarding for 
simplicity N H 3 s a spherical molecule. However the absolute 
values of TfK re much to high to remove the apparent 
maximum in le T{nUr versus T~l isobares. In order to 
decide this qudon it would be necessary to measure the 
proton spin-latx relaxation times in N H 3 at higher temper­
atures where thspin-rotation mechanism becomes even more 
dominating. T* high temperatures necessary cannot be 
obtained with le variable temperature unit of our present 
spectrometer. 
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 2 -I , , , , 1— 

0 50 100 150 200 250 

mm p { " P o ) 
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Pressure dependece of the i n t e r m o l e c u l a r d i po l e -d ipo l e r e l axa t i on 

rates i n N H 3 

The dynamic processes underlying the intra- and inter­
molecular relaxaion mechanisms are normally considered as 
thermally activaed. The corresponding activation energies 
and activation vdumes can be calculated from the respective 
semilog plots ofr 0 versus temperature and pressure (Figs. 
5 and 9). These parameters are collected in Table 4. All 
activation energis derived are significantly higher than /cT, 
showing that the reorientation processes in liquid ammonia 
can be described is activated processes. It is generally assumed 
that the intramdecular dipole-dipole relaxation process is 
determined by tie rotatoric reorientation of the molecules. 
The activation erergy at constant pressure of 7 kJ • mo l~ 1 for 
this process is to )e compared with the corresponding results 

Table 4 
Ac t i va t i on energies and ac t i va t i on volumes calculated f rom the isobars, isochoc or isotherms of the re laxat ion rates 

Activation energies 

(A£in l ra)P = c o n s , [ k J 

( j£ i n , e r ) P = c o n s , [ k j 
• mol 
• m o l ~ 

l ] 
l ] 

7.0 ± 0.5 
6.0 ± 1.0 

p [ g e m - 3 ] 0.684 0.837 0.193 

(A£t n , rV c o n s , [ k J • m o l " 5.5 ± 0.5 5.7 ± 0.5 5.1 ± 0.5 

Activation volumes 

T [ K ] 213 234 251 275 307 336 

ACt r . [ c m 3 m o r 
AlCer [ c m 3 m o r 1 

1.9 ± 0.6 
4.7 ± 1.0 

2.0 + 0.6 
5.0 ± 1.0 

2.2 ± 0.6 
5.2 ± 1.0 

2.5 ± 0.6 
5 A ± 1.0 

2.6 ± 0.6 
4.2 ± 1.0 

3.0 ± 0.6 
4.4 ± 1.0 



for water, where values around 14 kJ • m«l~ !re derived [30] 
and for liquid hydrogensulfide [31] vhic yields ~ 3 k J -
mo l " 1 . The comparison of these three nohiles of similar 
size and moment of inertia shows that ii liqd ammonia the 
hydrogen bonding between next neighbors hinders the 
reorientational process. This explanationlemfurther support 
from the activation energies at constait disity of ~ 6 kJ • 
m o l - 1 . The ratio of the two activatior engies is ~0.8 in 
ammonia, while in normal liquids a rath armd 0.5 is found 
[32]. The intermolecular relaxation rateis ninly determined 
by translational processes, the activatiai e;rgy derived for 
these processes is also very close to th? vae found for the 
rotation of a molecule. This indicates aga that identical 
activated processes which might tentatvehbe explained as 
the breaking of a hydrogen bond are re<onsible for this 
type of molecular motion. 

From the isothermal pressure dependent of the different 
relaxation processes the activation vohmeAK* defined by 

- - ( ^ ) , 
can be derived. A K * is generally tatenas a qualitative 
measure of the space required by a rmlecle to reorient or 
translate to a new position in the cage >f it next neighbours.. 
A K * for the rotational processes increises ontinuously with 
rising temperature. The same behavioir vould be expected 
for the intermolecular term and the apprent decrease of 
AJ/ i n* t e r found for the 307 K, 336 K, md373 K isotherms 
might, as mentioned in the previous lectin, be an artefact 
of our separation procedure. All activttio volumes derived 
for the intramolecular relaxation rate a*e smificantly smaller 
than the corresponding values for the in'rmolecular term, 
thus indicating that the translational dfusion is slowed 
down faster with increasing density thn the rotational 
diffusion. 

Conclusions 

In the temperature range below 35(K the small-step 
diffusion model seems to provide an aieqate description of 
the dynamics of liquid ammonia. Due to ne limited temper­
ature range of the present investigation to decision can be 
made about the appropriate model for :he nolecular mobility 
at higher temperatures. Compared to vat<r at room temper­
ature the reorientational correlation tims found in liquid 
ammonia are more than an order :>f nagnitude shorter. 
Furthermore the temperature dependence »f t ^ f f in ammonia 
is much smaller than in water. While in supercooled D 2 0 
T (

0
2 > f f increases between 200 K and 30) K by three orders of 

magnitude [30,35], the corresponding change in liquid 
N D 3 is only a factor of 5. This indicate a much weaker 
intermolecular interaction than denved for the strongly 
hydrogen-bonded water. That some hydngen bonding must 
exist in liquid ammonia becomes howcer evident from a 
comparison between the activation parameters derived for the 
rotational and translational diffusion h N H 3 and H 2 S. 
In the latter liquid the activation energies for the rotational 
and translational motion differ significantly [31] while in 
N H 3 the isobaric and isochoric activatim energies for the 

rotation as well as the correspomding energy for translational 
diffusion are very similar. Furttheir evidence for this conclusion 
can be drawn from the low vallue of the deuteron Q C C of 
210 kHz derived for l iquid HD> 3 as compared to the result 
observed in the gas of 282 k H z resp. the solid of 156 kHz. A n 

increase of 80% for the Q C C in N D 3 in going from the solid 
state to the gas is companabhe t(o the increase of the Q C C of 
D 2 0 from ice to water vaipomr of +66%. In non hydrogen-
bonded liquids as for irnstamcte D 2 S [36,37] this change 
amounts only to - 4 % . 

The radial distribution function of liquid N H 3 derived 
from X-ray scattering [2] reveals approximately 12 next 
neighbours around a centrail rmolecule. This is in marked 
contrast to the result found ini liquid water where the ap­
proximately tetrahedral symimertry of the ice crystal appears 
to be locally preserved and the central molecule is only 
surrounded by —4.4 next neighbours. Considering these 
observations, it is thus not surprising that the reorientational 
correlation times T{

e
2la in liqiuid ammonia increase con­

tinuously with pressure an the pressure range studied and 
reveal none of the anomalies observed at low temperatures 
and pressures in water. 

T h e t e chn i ca l s u p p o r t b y M r . R. K n o t t a n d M r . S. H e y n is 
grateful ly a c k n o w l e d g e d . 
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