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The pressure and temperature dependence of the spin-lattice relaxation time Tt for the protons in liquid HrS and the 
deuterons in liquid DaS have been measured between the melting-pressure-curve and 395 K at pressures up to 200 MPa. 
The different contributions to the experimental relaxation rate T;’ could be separated with the extended J-diffusion 
model. The results are compared with analogous measurements made previously in liquid water and liquid ammonia in 
order to get some insight into the influence of hydrogen bonding interactions upon molecular motions in these liquids. 
From the pressure dependence of the isotherms an activation volume of AV’=2*0.5 [cm3/mol] is derived for the 
rotational motion of the HsS molecule, while the translational motion is chatactetized by a higher AV’ = 7~t 1 [cm’/mol]. 

1. Introduction 

The hydrides of nitrogen, oxygen and fluorine 
form liquids with rather unique structures. The 
physical properties of these liquids are 
explained by the ability of these hydrides to 
participate in hydrogen bonding. The physical 
anomalies caused by the formation of extended 
hydrogen bond networks are mosi pronounced 
in the case of liquid water [I]. Liquid hydrogen 
sulfide, the higher homologue of water, does not 
reveal any hydrogen bonding ability. The 
molecular interactions in hydrogen sulfide are 
dominated mainly by dipole- and dispersion 
forces [2,3], so that it may be regarded as a 
simple dipolar, non-associated liquid. Its 
molecular geometry is similar to the geometry 
of the water molecule [4,5] as is its dipole 
moment (HzO: 1.8 x lO_” esu; H2S: 1.1 X 

10-‘* esu; N&: 1.3 x IO-‘* esu). Thus it may be 
hoped that comparison of the dynamic-proper- 
ties of these hydrides will yield some insight 
into the influence of hydrogen bonds upon the 
molecular motions in these liquids. 

As is well known, NMR presents a suitable 
method for the study of molecular motions in 
liquids. Valuable information can be gained 
from the temperature and pressure dependence 
of spin-lattice relaxation times Tl. Previous 
NMR investigations of this substance have 
mainly been concerned with its properties in 
different solid phases [6-S]. Early Tr-measure- 
ments in liquid H2S have been reported by 
Hennel et al. [9, lo] at saturation pressure ps up 
to the critical point in H2S. Recently Top01 et 
al. ill, 121 presented Tr-measurements in H2S 
along the coexistence line from the melting point 
to temperatures above the critical temperature 
T, and found an anomalous temperature and 
frequency dependence of proton-T1 near but 
above the critical temperature. The only TI- 

measurements in D2S have been reported by 
O’Reilly and Eraker [13] in the liquid phase 
between the melting point and the boiling point 
at atmospheric pressure and in the solid phases. 
No high pressure Tr-measurements have, to the 
best of our knowledge, been reported for H$ 
or D$.S. 

0301-0104/81/0000-0000/$02.75 0 1981 North-Holland 



196 i Ham-r et al. .I P,Tdrpenduncr of :H and :H T, in liquid H+S and D+S 

2. Experimental 

The deuteron and proton longitudinal relaxa- 
tion times 2-r were obtained on a Varian XL- 
100-15 FT NMR spectrometer interfaced to a 
I6 K Varian 62OL-190 computer with disk 
accessory by a t,-9G”-t,-180”-t,-90” pulse 
sequence. The observe frequency on this 
instrument is 100.1 MHz for protons and 
15.4 MHz for deuterons. The modified variable 
temperature accessory of this spectrometer was 
used in the experiments. The temperatures were 
determined to iO.5 K with a metal sheathed 
miniature chromel-alumel thermocouple. 
Deuterium sulfide was prepared by hydrolysis of 
degassed aluminium sulfide with 100% 
deuterium oxide [143, the isotopic purity as 
judged from the residual proton peak was 
>95%. Hydrogen sulfide was drawn from a lec- 
ture bottle. Both sulfides were distilled several 
times at low temperatures in a high vacuum 
apparatus. The gaseous sulfides were stored in 
ihe dark in a flask over phosphorus pentoxide. 
Prior to use, the sample was thoroughly 
degassed by at least five freeze-pump-thaw 
cycles to a final pressure of 7 x IO-’ Pa. Freez- 
ing was accomplished by immersing the probe 
into liquid nitrogen, the melting was done in 
acetone/carbon dioxide mixtures. The high 
pressure apparatus [lS] and the elaborate Elling 
procedure and apparatus [16] necessary for the 
oxygen-free filling of the high pressure capil- 
laries have been described previously. The 
purity of the high pressure samples was con- 
trolled by comparison of the Tt-results obtained 
at saturation pressure -with samples of H2S and 
DZS sealed in heavy walled 5 mm NivIR tubes. 
No significant difference was found between the 
two sets of data. As controlled by repeated 
Ti-measurements under identical conditions, the 
sulfides in properly filled and assembled cells 
remain free of any contamination for several 
months. In the case of H2S the proton T,-data 
at ps are also compared to published results 
19,101. 

The measurements are judged reliabIe to 
*lo%, the reproducibility of the data was 
better than ~5% _ 

3. Theoretical 

The dominant relaxation mechanisms for pro- 
ton and deuteron relaxation in H2S and D2S are 
the direct dipoledipole interaction, spin-rota- 
tion interaction and quadrupole interaction. The 
dipoledipole interaction can be split into an 
intramolecular and an intermolecular contribu- 
tion. In the case of proton Tl the measured 
relaxation rate is given by 

I 1 1 I -_=---+--_-f- =I ,:,,,a ,$,, =:I? I (1) 

whereas the deuterium relaxation rate is given 
by 

1 1 1 
T,=TP+t (2) 

In the fast motional limit [17] the dipolar and 
quadrupoiar relaxation rates are given as 
[18-201 

1 3 y?l’ 
F=T xrzr (3) 

with 

and 9 a Wigner rotation matrix describing the 
orientation of a molecule fixed coordinate sys- 
tem relative to the laboratory system, rHH is the 
proton-proton distance in the molecule, p is the 
density of the system, D is the self-diffusion 
coeflicient, f,, is the fractional abundance of the 
magnetic nuclear species, &(kr) is a Bessel-func- 
tion, g&r) the static pair distribution function, 
e’qQ/k is the quadrupoie coupling constant and 
qQ the asymmetry parameter of the traceless 
field gradient tensor. 
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Theoretical expressions for the spin-rotation 
relaxation rate applicable to an asymmetric top 
are available in the literature within the rotation 
diffusion model only [21], which, as will be dis- 
cussed later, seems not to be applicable in the 

case of H2S and DtS. For a spherical top the 
relaxation rate is given as [22-241 

1 8a21k T --+ 
TSR - A 

(C&-J +2AC’rs& (6) 

with 7, the correlation time for the angular 
momentum autocorrelation function and ‘;s~ the 
correlation time of the angular velocity-orienta- 
tional product correlation function which 
characterizes anisotropic spin-rotationai interac- 
tions, 

Co=f(C,,+Cy,+C,z) 
and 

AC=f[C,= -&x+C,,)] 

are combinations of the elements of the spin 
rotation tensor and I is the mean moment of 
inertia calculated according to 

I-‘=&’ +I;’ +r;l). 

TabIe 1 colIects the relevant molecular con- 
stants needed in the equations given above. 

Table 1 

HIS W Ref. 

TX-H @I 1.883r0.007 Cs] 
e$Q/h [kEz] 149 [41 

7; [s-‘1 2.94 x 10’ 1.86x 0.197 lo6 [4,S, 381 
AC2 [s-q 1.52 x lOA 8.71 x IO3 [4,5,38] 

(0 [kg m’] 3.48 X 1o-57 6.75 x 1od7 [5] 

The elements of the spin-rotation tensor c for H,S have 
been calculated with the relation C,,. = gIA,S, and Ann. as 
given in ref. [4] and the rotational constants B, given in ref. 
[5] and gr the nuclear g-factor [38]. The eIem& of the 
moment of inertia tensor I have been calculated from the 
rotational constants BP (u = 0) given in ref. I.551 ar.d the rela- 
tion I. = h/8x2B, (1) has been calculated with the relation. 

4. Results and discussion 

The spin-lattice relaxation times T1 of the 
protons in H& and the deuterons in DPS have 
been measured. The temperature has been 
varied from the me!ting pressure curve to 395 K 
and pressures up to 200 MPa have been 
applied. The relaxation times measured are col- 
lected in tables 2 and 3, the temperature depen- 
dences of the relaxation times in H2S and DZS 
are shown for saturation pressure and p = 

200MPa in fig. 1. 

4.1. Separation of different relaxation rafes 

Regarding for simplicity DrS as a spherical 
molecule and inserting the pertinent molecular 
constants (table 1) into the theoretical 
expressions (5) and (6) the experimental relaxa- 
tion rate is given by 

l/z-I = 3.33 x lo’1[s-2]T&s] 

+ 1.23 x lO’[K-’ s-‘IT[K]T,[s] 

+ 1.15 X 105[K-’ S-‘]T[K]rsJs]. (7) 

Because rsR s 73 [23,24] and AC” < Cz this 

expression can be approximated by 

l/T, ==3.33 x lO”r, + 1.23 x 10’2-7,. (8) 

Theoretical models dealing with rotational 
motions of molecules in fluids [25-281 do show 
that ~2 and TJ are not independent, but that 72 
has to be regarded as a function of TV. This 
leaves only one free parameter in eq. (8). 

Consequently the temperature and pressure 
dependence of T, should provide a useful test 
for different diffusion models, although it is 
hardly possible to determine experimentally 
both correlation times independently. An addi- 
tional constraint on these models is the 
measurement of different isotopes of the same 
molecular species since any model capable of 
describing the temperature and pressure depen- 
dence of the deuteron-T, in DzS must also be 
able to account consistently for the temperature 
and pressure dependence of the proton-T1 in 
H& Assuming that the reduced correlation 
times t* = T(kBT)““/I are at constant p, T 
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Table 2 Table 3 
Experimental spin-lattice relnxation times CT, (s)) in HZ’S Experimental deuterium spin-lattice relaxation times (I-~ (s)) 

in DzS 
T(K) P (bar) 

100 

198 

211 
219 

222 

225 
227 
229 
232 
236 
237 
23s 

243 
247 
252 
255 
260 
266 
267 

269 
274 
277 
280 
286 
292 
302 
303 
305 
510 
321 
340 
341 
393 

22.5 

25.5 

27.5 

28 

28.5 

28 

27 

25 

20 
5 

saturation pressure 

500 1000 1500 2000 

25.5 

24 
18.5 

20 

21 
27.5 

25 
27 

19.5 

23 
26.5 

27 

21.5 

24.5 
23.5 

27 
25.5 

26.5 
24 

26 
26 

24.5 
26 

26 

24.5 
24 

24.5 24 

23 
16.5 18.5 20.5 19.5 

I’ (K! 198 208 222 236 247 260 279 308 

T, (5) 22 25.5 28 28 28.5 28 26.5 24.5 

393 K: p (bar) 100 150 200 250 

TI (5) 5 12 14 15 

23 20 
21.5 

19.5 

identical for both subsrances yields after inser- 
tion of the -appropriate molecular constants in 
eqs. (3), (5) and (6) the following relations: 

+(D”‘= 24.11 +JH$), 
I 1 

T(K) P (bar) 

100 500 1000 1500 2000 

203 20.5 
220 22.5 
226 24.5 

230 
236 
237 25 
238 
250 28.5 
251 26.5 
258 
271 

272 31 
273 29.5 
275 

278 
293 34 32 
294 
295 
309 36 35 
324 

326 38 37 
359 
360 36 39 
394 39 
396 32 

saturation pressure 

20.5 

22 

22 

24 
25.5 

25 
25 

28 

32 

36 

38 
40 

29 
27 

31 
30 

32 
34 
37 37 

39 40 

T(K) 193 208 223 240 257 273 291 307 

2-z (s) 18 22 24 26.5 29 31 34 36 

394 K: 250 bar: TI = 34 s 

&(D,S) = 1.73 x 1O-2 TTR ’ U-M). (10) 
1 

After separation of the contributions from the 
intramolecular quadrupole and spin-rotation 
relaxation mechanism to the experimental 
relaxation rate in DzS the intramolecular 
dipole-dipole relaxation rate as well as the spin- 
rotation contribution are obtained for HtS from 
eqs. (9) and (10). The relaxation rates for all 
three mechanisms contributing to the measured 
relaxation rate in the case of H2S can therefore 
be calculated with eqs. (1), (9) and (10). 
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. Hz5 Henne4 et al. 1965 

100 

10 Ill 

Fig. 1. Temperature dependence of the experimental relaxation times TI in HaS (A_) and DZS (a) together with the 
estimated contributions from the different relaxation mechanisms for saturation pressure p, and p = 200 MPa. T,-data for H2fi 
at p. from refs. [9, lo] are included for comparison. 

In order to separate with eq. (8) the relaxa- 
tion rates in the case of D2S a model for the 
molecular rotational motion must be chosen to 
provide the functional relationship between rz 
and TJ. The extended J-diffusion (EDJ) model 
[22,29], the Fokker-Planck-Langevin (FPL) 
model [23] and the rotational diffusion (RD) 
model [19,27] have been tested. Among these 
models the EDJ-model only permits the 
description of all different isobars with a physi- 
cally acceptable temperature dependence of 
(T’:)-l and (TfR)-l. The necessary parameters 
rf to fit the D2S data with eq. (8) are compiled 
in table 4. The related quantities rz can either 
be calculated with an equation given by 
McClung [22] or simply taken from a graph 
79 (~$3 drawn with the values tabulated by 
Powles and Rickayzen [26]. It should be noted 
that even at T - T, the parameters T:, ~5 
necessary to fit the data are beyond the range 

where all models merge into the rotational 
diffusion limit, that is they do not obey the 
Hubbard relation [30]. 

In the case of both the FPL- and the RD- 
model large changes in the parameter T: in the 
region of the maximum of the T1-isobars are 
necessary to fir the measured temperature 
dependence of T1 in D2.S with eq. (8). Moreover 
the resulting TSR (H2S) estimated with eq. (10) 
became shorter than the experimental relaxation 
times for H2S which is unacceptable. 

Although the temperature dependence of T1 
in D,S can be described quantitatively with the 
EDJ-model, the resulting relaxation times T? 
are close to the experimentally determined TI 
even on the high temperature side of the 
maximum of the isobars. This behaviour may be 
due to a deficiency of the separation procedure 
but every relaxation rate l/TsR large enough to 
remove the minimum in the l/T? -isobars of 
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Table 4 

P’F> 

T(K) r; 

193 0.25 
208 0.29 
223 0.34 
240 0.10 
257 0.47 
273 0.55 
291 0.65 
307 0.80 

3. Hauer et al. / P.-T dependence of :H and fH T, in liquid HIS and D2S 

p=lOSfPa p = 50 >lPa p=lOOMPa p = 150 MPa p = 200 MPa 

TIK) r; TIK) :; TtK) 7; l-(K) 7: 7-(K) 7: 

204 0.17 220 0.29 220 0.26 
226 0.35 237 0.34 23s 0.32 230 0.275 236 0.265 
z50 u.4.I 251 0.37 250 0.34 251 0.33 25s 0.32 
272 0.5-t 273 0.44 271 0.39 275 0.40 278 0.37 
293 0.62 293 0.53 294 0.50 294 0.46 295 0.42 
309 0.80 309 0.64 
326 0.95 326 0.75 326 0.63 326 0.56 324 0.48 
360 1.50 360 1 .oo 360 0.84 359 0.69 359 0.59 
396 2.25 39-I 1.35 394 1.05 394 0.93 394 0.77 

D2S proved, after transformation with eq. (lo), 
to be larger than l/T:“’ for H2S, which of 
course is physically impossible. It is to be expec- 
ted that the relaxation time T1 in DzS possesses 
a weak anomaly in the vicinity of the critical 
temperature similar to that found in the case of 
H$i by Top01 et al. [ll, 121. These authors 
measured a sharp rise in the proton-relaxation 
rate l/T, in HzS near bu:: above the critical 
temperature. However, our experimental equip- 
ment does not permit suihciently precise 
measurements around T, ?o resolve this ques- 

tion. Thus in the subsequent discussion we will 
focus our attention on the behaviour of the 
relaxation times T, at temperatures T-C T,. 

The isobaric temperature dependence of the 
relaxation times corresponding to the different 
relaxation mechanisms in DzS and H2S are 
shown in fig. 1 for p = ps and p = 200 MPa only. 
They cannot be expected to be very precise 
since in view of the difference in the relative 
strength of the relaxation mechanisms operative 
in D,S (3.33 x 10” > 1.23 x 10’ T) the T:R 
estimated may contain a relatively large error. 

The separation procedure presented here 
obviously cannot provide a critical test of the 
different diffusional models considered. Not 
withstanding these dificulties in the case of D$S 
the experimental relaxation rates are almost 
entirely due to quadrupolar reIaxation so that 
T? is not included in fig. 1. The spin-rotational 
contribution as obtained with the EDJ-model 
(in fact every model should lead to analogous 
results in this respect) is comp!etely negligible 

due to the smallness of the components of the 
spin-rotation coupling tensor c. As can be seen 
from tig. 1, this does not hold for the protons of 
hydrogen suifide. The spin-rotational relaxation 
in HzS contributes significantly to the total 
relaxation rate of the protons and becomes the 
dominating relaxation mechanism at tem- 
peratures near the critical temperature T,. At 
low temperatures the intermolecular dipolar 
interaction is the dominating reIaxation mechan- 
ism, whereas the intramolecular dipolar interac- 
tion is the least effective relaxation mechanism 

at all temperatures and pressures. This is a con- 

sequence of the fast rotational motions of the 
molecules in liquid HrS and D2S which result in 
very short effective correlation times rz_ The 
relative magnitude of inter- and intramolecular 
dipolar relaxation rates in hydrogen sulfide con- 
trasts markedly with the behaviour of these 
quantities in liquid ammonia and liquid water as 
can be illustrated by the ratio of these relaxa- 
tion rates in these systems at their respective 
melting points for p = ps 

Ri;f,,,,i;lra = 
0.5 for HzO, 

=18 for H2S, 

= 1.8 forNH3. 

However a concise discussion of the inter- 
molecular relaxation rate in these systems in 
terms of eq. (4) must await a thorough experi- 
mental determination of the constituent quan- 
tities in this expression especially in the case of 
hydrogen sulfide. 
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A discussion of the results presented here in 
terms of the density dependence of the param- 

eters involved in the various models [31] is 
Cot possible at present due to the lack of 
experimental densities for H2S and D2S at 
pressures substantially higher than ps_ For 
example fig. 2 shows that the density depen- 
dence of the parameter (T;)-’ at saturation 
pressure [37] follows closely the density depen- 

dence of (7:)-l calculated within the rough hard 
sphere model [25] with a hard sphere diameter 
(+ between 3.95-4 A. These values are close to 
the molecular diameters calculated from 

liquid density at T = 192 IS: 2a = 4.34 A, 

viscosity of the gas: 2a = 4.32 A, 

van der Waals constant 6 : 2a = 3.24 A, 

crystal structure (solid I): 2a =4.1 A. 

It is also close to the parameter m = 3.405 rti 
[32] in the Lennard-Jones potential of argon 
with which hydrogen sulfide is isoelectronic. 
Thus it may well be that the rough hard sphere 
fluid represents a useful approximation to real 
liquid hydrogen sulfide. 

5-l Ps 
q-’ Tm 

t 
L- 

/ cl 

3- 

2- 

1- 

-002 Ob25 
- J_ ho1 cR39’ 

“L 

Fig. 2. Density dependence of (up)-* for saturation pressure 
pr and (rZJ-1 versus density for the rough hard sphere fluid 
as calculated with eqs. (3.2H3.4) and (3.17) given in ref. 
[25] for CT = 3.95 8, and CT = 4 A. The molar volumes of DzS 
at saturation pressure have been taken from ref. [37]. 

4.2. Pressure and temperature dependence of the 
relasatzbn times 

As can be seen from fig. 1 the isobaric tem- 
perature dependence of Ty, Ti:lra and Tpr 

show simple Arrhenius-behaviour at low tem- 
peratures. The slope of the isobars leads to an 
apparent “activation enthalpy” defined through 
the relation 

which amounts to 

TF, T?“’ : AH’ = 3 f 0.2 [kJ/mol], 
inter 

T1 : AH’= 4r0.2 [kJ/mol]. 

This has to be compared with the mean thermal 
energy at T = 395 K: RT =3.3 [kJ/mol] and at 

T = 200 K: RT = 1.66 [kJ/mol]. The com- 
parison shows that the description of the 
molecular motions in liquid hydrogen sulfide as 
activated processes is not applicable. O’Reilly et 
al. [13] obtained an activation energy of EA = 
3.7 [kJ/mol] for “H-T1 in solid l&S. Thus rota- 
tional motions of the molecules are only slightly 
more hindered in the solid I phase than in the 

liquid phase. From neutron scattering data in 
liquid H$ Rzany and Sciesimski [3] estimated 
an interaction energy of E = 1.9 [kJ/mol] due to 
permanent dipole interactions. Thus these inter- 
actions contribute significantly to the hindrance 
of rotational motions of HrS molecules in the 
liquid. As the permanent dipole moments of 
HZ0 and NH3 are not much different from that 
of H2S, comparison of the barriers to rotational 
motions in these systems indicates the dominat- 
ing influence of hydrogen bonding interactions 
upon these molecular motions. Fig. 3 compares 
the temperature dependence of ‘H T1 in D2S, 
NDs [16] and D20 [33] at saturation pressure 
and at p = 200 MPa. The relaxation times TI are 

shown in an Arrhenius-plot over the reduced 
inverse temperature l/T, = T,/ T (T, = critical 
temperature). Obviously the influence of hydro- 
gen bonding interactions upon molecular 
motions in the associated dipolar fluids ND; and 
DzO Iead to significantly higher apparent activa- 
tion enthalpies. Whereas in liquid DIS and NDa 
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oaaoij 
0.5 i 1:5 2 2.5 3 3.5 

Tc 
-i 

Fig. 3. T,(‘H) for DzO, DzS and ND3 versus reduced 
inverse temperature I/T,= T</T T, -melting point tem- 
perature, T,- boiling point temperature under atmospheric 
pressure, TH -homogeneous nucleation temperature [I], A, 
V data from ref. [33], b, V data from ref. [39], x data 
calculated with a two exponential fit equation given in ref. 
[40], El, q data from ref. [16]. 

[16] this parameter is virtuaby constant over 
the whole range of temperatures and pressures 
measured, it becomes temperature- and pres- 
sure-dependent in the hydrogen bonded 
network-liquid water. Furthermore comparison 
of the reduced correlation times T$ should 
reflect aIso the influence of hydrogen bonds 
upon molecular mobility: 

7: 86 1.03 6.5 T= T,,p=ps 
12 0.89 3.8 T,=O..S6,p=ps 

Obviously the effective time constant for 
orientationai fluctuations in hydrogen sulfide is 
very short, which shows again that the 
reorientational motions are only slightly hin- 
dered, whereas hydrogen bonds block these 
motions appreciably in the associated liquids 
especial!y in the network-liquid water. Regard- 
ilg the pressure dependence of the relaxation 
times one can define an “activation volume” 
AV’ through the relation: 

AVj=RTalnWTt)~ 
aP I; 

At temperatures T S325 [K] AV’ is within 
experimental error independent of pressure for 
both IIT?, l/T’;” (fig. 4) and l/T$C’ (fig. 5) 
and at T = 300 K (T, = 0.8) amounts to 
AV:n, = 2 f 0.5 [cm’/mol] and Al&, = 
7 rt 1 [cm3/mol]. Comparison with AV’ obtained 
in liquid ammonia [16] shows that in both 
liquids A VLl, is nearly equal at the same 
reduced temperatures, but that AVt*,,, is 
somewhat higher in hydrogen sulfide than in 

0 50 it!4 150 Zoo 
- plMPal 2= 

Fig. 4. Isotherms of the relaxation times fi of the 
intramolecular auadrupole relaxation mechanism in DS. 
The correspond& relaxation time TrM of the 
intnmolecular dipoleAipole relaxation mechanism 
possesses an identical pressure dependence according to eq. 

(9). 
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10 
0 50 1M so 203 250 

- plMPo1 

Fig. 5. Isotherms of the relaxation times T? of the inter- 
molecular dipole4ipole relaxation mechanism in E&S. 

liquid ammonia. However, in both liquids the 
pressure dependence of the translationa 
motions, as reflected in the parameter AVFn,,,, is 
larger than the corresponding pressure depen- 
dence for the reorientational motions. AV’ may 
be regarded as a qualitative measure of the 
space required by 2 molecule to reorient or 
translate to a new position in the cage of its 
next neigbbours. Thus A Vf,,,., > A Vf,, indi- 
cates that translational ditfusion is slowed down 
faster with increasmg density than is rotational 
diffusion. 

5. ConchLsions 

The spin-lattice relaxation ti_mes in liquid H?S 
and DzS have been measured since its 
molecular geometry and molecular parameters 
(table 1) are similar to those of the water 
molecule but its intermolecular interactions are 
not dominated by hydrogen bonding interac- 
tions. Thus a study of its dynamic behaviour as 
a function of temperature and pressure should 

help to understand the contribution of hydrogen 
bonds to the hindrance of rotational and trans- 
lational motions of the molecules in the liquid 
phase. The effective correlation times of 
orientational fluctuations in H$ and DsS are 
very short (7s = 1O-‘J s). The reduced effective 
time constants :z, which measure the correla- 
tion times of the fluctuations relative to those of 
a hypothetical free rotor, obey at all tem- 
peratures and pressures measured the relation 
7; 5 1. This shows that rotational motions in 
this liquid must proceed rather freeiy. The cor- 
responding correlation times in liquid ammonia 
[I61 are an order of magnitude longer and in 
liquid water they increase for identical reduced 
conditions by more than two orders of magni- 
tude [33,34]. Furthermore, ftg. 3 shows a much 
stronger isobaric temperature dependence of the 
correlation times in the associated liquids ND3 
and DzO than in the non-associated liquid DrS. 
A comparison of the “activation enthalpies” 
obtained for rotational and translational 
motions in H$, Hz0 [34] and NH3 [16] 
reveals, that the concept of an activated process 
is certainly not applicable to transport 
phenomena in liquid HzS, since the barrier to 
rotations is comparable to the mean thermal 
energy. 

Unfortunately due to the lack of measured 
densities at pressures p >ps a more thorough 
discussion of the density dependence of the cor- 
relation times 7, and 71 125, 31, 35, 361 was not 
possible. The finding, that the data could be 
described with the ED&modei does not present 
a critical test of this model because the data 
treatment had to rely on the estimation of the 
spin-rotational relaxation rate in D,S where it 
makes only a minor contribution to the total 
relaxation rate. However, the condition that any 
model must describe the pressure and tem- 
perature dependence of the relaxation times in 
D=S as well as in &S consistently led to the 
exclusion of the FPL- and the ED-mode!. This 
may however be due to the unavailability of a 
theoretical treatment of rotational motions for 
an asymmetric top which hydrogen sulfide in 
fact is. Some of the difficulties of the present 
separation procedure would be removed if self- 
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diffusion coefficients and static proton-proton 
pair-correlation functions Oi shear viscosities 
would be available over the range of tem- 
peratures and pressures measured. This would 
allow one to estimate, at least approximately, 
the intermolecular dipolar relaxation rate and 
thus provide an alternative separation of the 
different relaxation rates. Furthermore a com- 
parison of the influence of the structure of 
liquid hydrogen sulfide, liquid ammonia and 
liquid water in tents of eq. (4) on the dynami- 
cal behaviour of the molecules in these liquids 
would become possible. 

The high temperature maximum of ‘H TI in 
D2S, its reduction with increasing pressure, and 
complete disappearence at pressures p = 
200 MPa is interesting since it cannot be 
explained by a balance of TSR and T’: in D2S. 
In fact any reasonable estimate of TSR fails to 
remove the maximum in Ty. This indicates an 
anomalous temperature dependence of Ty in 
DzS at high temperatures and low pressures. 
Whether this anomaly is analogous to the one 
found above T, in HIS [ll] deserves further 
careful measurements at high temperatures. 
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