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1. INTRODUCTION 

Measurements under high hydrostatic pressure provide the only possibility to separate experi- 
mentally the influence of thermal energy from density changes. Due to the low compressibility of 
normal solids and liquids close to their melting temperature fairly high pressures have to be applied in 
order to achieve moderate increases in density. Typically pressures in the range of 200 to 400 MPa will 
increase the density by approximately 10%. In order to maintain a liquid over a wider temperature 
range under isochoric conditions and/or to study isochoric behaviour at different densities one has 
thus to be able to apply pressures of at least several 100 MPa. 

It was recognized in early NMR studies ~) that it would be rewarding to tackle the great 
experimental difficulties connected with the combination of a high homogeneous magnetic field, 
a compact metallic autoclave, reliable high pressure RF feedthroughs and sample separating systems. 
Progress during the following decades rested with a few enthusiasts who patiently developed the 
technical means. ~2-4) 

At ambient pressure simple liquids, such as the noble gases, methane, and the halomethanes, have 
a very small liquid range (typically at most 20 K), but at high pressure they can be kept at fluid 
densities over a very wide temperature range, thus permitting the study of a wealth of dynamic 
properties. The results from NMR studies at high pressure may be compared with results of molecular 
dynamics simulations in order to test the quality of the potentials used in the computer simulations. 
Another area of study involves high pressure investigations of chemical kinetics and equilibria which 
provides information about the volume effects connected with chemical reactions. It has been argued 
that reaction and activation volumes are easier to obtain precisely and are easier to interpret than 
entropy data35' 6~ A very special field of research is the study of supercooled water and aqueous 
solutions, where application of pressure suppresses the homogeneous nucleation temperature by 
~ 50 K ~7' s~ thus permitting studies of the relaxation rates of the hydrogen isotopes in the water 
molecules outside the extreme narrowing limit. 

In this review an attempt is made to summarize and evaluate the available 'dynamic' NMR data 
collected at elevated pressures in various diamagnetic liquids and fluids. 

2. EXPERIMENTAL TECHNIQUES 

The progress made in the field of high pressure NMR has been entirely due to research carried out 
on 'home-made' equipment. The first successful attempts to characterize the p, T-dependence of the 
molecular mobility were reported in the early 60s by Benedek3 t) The quantitative evaluation of the 
results was limited, since the design used in these studies did not permit the complete removal of 
paramagnetic impurities from the samples, i.e. oxygen and transition metal ions. 

In the following only the technical developments specific to NMR applications will be described. 
For the general design of high pressure apparatus the reader is referred to a recent monograph, tg) 
Important improvements have occurred in three areas. 

(1) Autoclaves for high resolution NMR studies. 
(2) Low loss electrical feedthroughs for the RF, which become of increasing importance at the 

higher fields available in superconducting magnets. 
(3) Design of apparatus permitting filling of oxygen free gaseous material into the autoclave and 

reliable systems to separate the liquids under study from the pressurizing fluid. 
High pressure cells, machined from 'non-magnetic' high strength alloys for high resolution studies, 

permitting an experienced operator to achieve a typical line width of I Hz became available in the 70s. 
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This development was supported by the introduction of superconducting magnets, with improved 
shim coil design, which allowed a better homogenization of the magnetic field. 

Jonas(lO, 11) and Merbach and his group (3' 12, 13) were among the first to achieve this aim. At about 
the same time Yamada °4) introduced a strengthened glass cell design using borosilicate glass 
capillaries that withstood pressures around 200 MPa. This design was later modified to permit 
spinning of the pressurized sample tube (15, 16). The modification of the early glass cell design used by 
our group has been described by Gaarz et al. (17) and Lang et al. (ls) 

The autoclaves are either machined from high strength titanium alloys or from copper beryllium 
alloys. The latter have the advantage of a high thermal conductivity, thus reducing the time needed to 
attain thermal equilibrium. However, after heat treatment they become relatively brittle and suscep- 
tible to sudden fractures especially when heated regularly to temperatures above 350 K. 

The design developed by Jonas and his group (11) is given in Fig. 1. It has been operated routinely at 
a field of 7.05 Tesla and at pressures up to 500 MPa in the temperature range from 220 K to 420 K. 
Details of the RF leadthrough are given in the reference. The sample is contained in an 8 mm 
NMR-tube and separated from the pressure medium by a sliding O-ring seal. 

In Fig. 2 the autoclave used in Merbach's group (13, 19) is presented. The pressure range of this vessel 
is 200 MPa and it has been in use for fields up to 9.4 Tesla at temperatures between 250 K and 400 K. 
The main emphasis of this construction is on obtaining high sensitivity and high resolution. 
A resolution ~< 1 Hz is obtained routinely. The NMR sample is placed inside a 5 mm NMR tube, the 
double seal being provided by a neatly finished Macor piston and a cap from the same material. 

The construction used in our group is given in Fig. 3. (20. 21) It is machined from a high strength 
titanium alloy and the main new feature is the adaptation of the french double cone seal, (22' 2s) which 
in our case, is machined from partially stabilized zirconium dioxide. With this seal, a real low loss 
RF-leadthrough is provided allowing for rather short 90 ° and 180°-RF pulses. In normal applications 
a linewidth of ~ 2 Hz is Obtainable. The goal of this design was to enable measurements to be made 
over a large temperature and pressure range, and on a reliable determination of self diffusion 
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coefficients, measured by the pulsed field gradient technique, (24) with the gradient coil at the outside of 
the autoclave, in order to avoid a pressure dependent coil geometry. The apparatus has been operated 
successfully at pressures up to 600 MPa in a temperature range between 150 K and 500 K. Volatile 
samples are contained in a borosilicate glass cell sealed with a brass bellow. Samples with higher 
melting points are filled into a precision glass capillary closed by a series of polished glass pistons. 
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FIG.5. Strengthened glass cell with conventional pressure generator. (2s) T: 150K<T<480K. Design A: 
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The original strengthened glass cell design (4' 16) is shown in Fig. 4. Typical capillaries have an 
o.d./i.d, ratio around 4. In order to remove scratches from both glass surfaces, that might cause 
breakage of the glass under application of pressure, the cells are etched with dilute aqueous 
hydrofluoric acid. 

The pressure is either generated by heating a closed volume filled with an organic liquid or 
produced by a conventional high pressure apparatus. Maximum pressures of around 200 MPa are 
obtained routinely in this design. Occasionally pressures around 300 MPa (2s) and up to 400 MPa (2m 
have been applied, although at a higher breakage rate. Our versions of this type of high pressure 
apparatus, used routinely over the last decade, are given in Fig. 5. Normally, a teflon shrink hose 
separates the sample from the pressure transmitting liquid. For  gaseous samples, that have to be 
condensed into the cell by cooling with cold gaseous nitrogen a brass bellow serves as a flexible 
pressure transmitting and separating system. This system has been used for studying a series of 
halomethanes in the temperature range of 150 K to 500 K. For  supercooling neat liquids a very thin 



512 E.W. LANG and H.-D. LU'DEMANN 

Rt . ~ -  high pressure 
A )  _lburst shield " ~  capili°ry 

ceramic spacer high 
gradient current \ $ cP~sure I ' ;' 
Faraday shield ~ , A/.4 ~L".c~"~, i 
heat shield _~'~.~//A ~ V//A 
lquadz d e w o r ) ' ~ . ~ J  ~ V / / ~ I ~  

o'o,, m  -Tin N llllllll . 
receiver coil --~ ~ $ I IIH trar, s- '~ =llil=lllg 
transmitter coil \ t'1111 I ~ I I IP l  mitter'lqLl~llllBIIIN [ ~ \  
quadrupole co i l ~J~  t -,',,I ~ Ir~'-~llH coil 1~7tl ' l l l lH, + \ • gradient rece,,,rer-~l~ ~ g~d~, 

.,"0 " =[ -gla-~:N I111 I1• 

socket preamplifier ~lcm j nitrogen air 
inlet inlet 

FIG. 6. Cross sections of the modified probe heads• (A) 15" Varian electromagnet. (B) 70 mm 7.0 Tesla Bruker 
cryomagnet. 

capillary (Fig. 5) has been used. These capillaries have an inner diameter between 50 and 200 #m and 
pressures of 450 MPa have been repeatedly obtained. Figure 6 gives the complete modified probe 
heads used for the determination of self diffusion coefficients employing either electro- or cryomag- 
nets. The design shown in Fig. 6 has been used in Bruker MSL 300 and 100 instruments. In this 
construction the gradient coil is kept at ambient temperature and pressure, thus permitting the coil 
constant to be determined with the highest precision possible. 

3. THEORY 

3.1. Self-Diffusion Coefficients 

3.1.1. Self-Diffusion and the Spin-Echo Experiment. The self-diffusion coefficient in the liquid state is 
the most fundamental quantity in understanding transport phenomena at the molecular level, and its 
temperature and pressure dependence is of practical importance. (27) The most convenient way of 
measuring sdf-diffusion coefficients in condensed matter is by using the NMR spin-echo experiment. 
There are several comprehensive reviews of this technique available in the literature. (2 s, 29) The subject 
has also been reviewed by Wein@rtner. {3°) 

Carr and Purcell or) developed the fixed field gradient spin-echo method suggested by Hahn (32} and 
showed that by applying a linear constant magnetic field gradient and monitoring the time decay of 
the NMR spin-echo amplitude, molecular diffusion could be followed by 'labelling' molecules by 
means of their nuclear magnetic moments. For the 90°-~-180 ° spin-echo fixed field gradient NMR 
diffusion measurement, the amplitude of the echo maximum A is given by: 

A(2z) = Ao exp[- -  2z/T2] exp [ --(2/3)(ygz)2Dz], (1) 

where the term g = kl refers to a constant linear field gradient, k is a calibration factor, I is the coil 
current, 7"2 is the spin-spin relaxation time, z is the time between the 90 ° and 180 ° pulses and D is the 
self-diffusion coefficient. The determination of the diffusion coefficient by this method presupposes 
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a firm knowledge of the linear field gradient g which is usually calibrated with a substance of precisely 
known diffusion coefficient and controlled with a second substance with significantly different 7"2 
and D. 

This procedure is often inconvenient and introduces additional errors in high pressure NMR 
experiments. To overcome this difficulty Lamb et al. t3a) developed a method where the linear field 
gradient strength O and the diffusion coefficient D are determined by using Bessel function fits to the 
spin-echo signal shape given by: 

A(t-- 2T) = 2A (2~)[Jt ( ygr ( t -  2z ) ) /ygr ( t -  2z)], (2) 

where J l (x )  is a first order Bessel function and r is the radius of the cylindrical sample. 
The most widely used pulsed magnetic field gradient technique for measuring diffusion coefficients 

is that introduced by Stejskal and Tanner. {a4) The determination of D is mostly accomplished by 
varying the coil current I while keeping all other variables constant. As with the fixed field gradient 
method the calibration factor k must be determined with a substance whose diffusion coefficient is 
known precisely, tas) and should always be controlled by testing a second liquid. 

In the presence of a pulsed field gradient, the decay of the echo amplitude A in a Hahn spin-echo 
experiment is given by: (a4) 

A (2z) = A(o)exp [ -  2z/T 2 ] exp [ -  (~g)2 (A - t$/3)D] (3) 

where z measures the time between the 90 ° and the 180 ° pulse, y is the gyromagnetic ratio of the 
nucleus studied, c$ is the duration of the gradient pulses, A is the time between the two gradient pulses, 
g = k l  is the amplitude of the magnetic field gradient, and D is the self-diffusion coefficient of the 
nuclear species under investigation. If the nucleus resides in a molecule, and the corresponding atomic 
species is not exchanged during the time scale of the experiment (A-6/3),  the self-diffusion coefficient 
D reflects the positional fluctuations of the whole molecule. Equation 3 is valid in the limit of 
sufficiently strong gradients g ~> (go 2 )~/2(z/t$) compared to any residual homogeneous and stationary 
field gradients go. Methods to overcome this limitation have been discussed elsewhere, ca°' a6) As is 
evident from eqns (1-3) the basic restriction for applying this technique is given by the competing effect 
of the spin-spin (7"2) relaxation. Hence only nuclei with comparatively long relaxation times (T2) 
within the T,p-range studied and with sufficiently high gyromagnetic ratios y are accessible to 
diffusion measurements made with the NMR method. 

3.1.2. Self-Diffusion Coefficients in Hard Sphere Fluids. In the absence of any satisfactory analytical 
theory of transport coefficients in dense fluids, the hard sphere fluid may establish a suitable reference 
system upon which more realistic models may be based, t27' aT, aa} It is well known that short-ranged 
repulsive interactions dominate the dynamic structure of simple molecular liquids. Modern perturba- 
tion theories of liquids successfully relate their thermodynamic and dynamic properties to those of 
a purely repulsive system339' 40) This approach can be extended to include the retarding effect of 
weakly attractive interactions upon single particle dynamics. The resulting expression for the diffusion 
coefficient D(p, T)  represents the density and temperature dependence of translational motions rather 
successfully for liquids without strong, anisotropic attractive interactions like hydrogen bonds. The 
Chapman-Enskog solution of the Boitzmann equation gives the diffusion coefficient DE for moder- 
ately dense gases of hard spheres 

Oo 

where tr is the hard sphere diameter, p = n a  a the packing fraction or reduced density, n is the number 
density, m the molecular mass and if(a) the radial distribution function of the hard spheres at contact. 
g(tr) may be evaluated quite accurately from the Carnahan-Starling approximation. {41} 

l 
=~ ( 2 -  r/)/(1 - -q) ,  (5) 
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with ~/= n/6ntra= ~/6p and b = 2~t/3tr 3 or from a recently derived accurate equation of state of the 
hard sphere fluid (42) yielding: 

g(a) = 2.64/(0 - 1.625) 2. (6) 

At higher densities correlated motions and back scattering events necessitate a modification of the 
Chapman-Enskog expression according to: 

Das = Do P(p), (7) 
P 

where 0(a) is replaced by P(p), an empirical polynomial in the packing fraction p. The coefficients of 
P(p) may be deduced from computer simulations of the hard sphere fluid. A recent reassesment (431 of 
the most extensive computer simulations of the hard sphere fluid yielded: 

= - - ( 1  P)( l+O.4pz-O.83p4) .  (8) Oils=Do P(P) Do - -1-~  
P P 

3.1.3. Self-diffusion Coefficients in Simple, Non-Associated Liquids. In most real molecular liquids 
with weak isotropic interactions, eqn (8) represents the density dependence of the self-diffusion 
coefficient D very well, but the absolute value of D is considerably overestimated. In real fluids 
a reduction of the molecular diffusivity may result from two different mechanisms. Deviations of the 
molecular shape from spherical symmetry may produce a coupling of rotational and translational 
motions during molecular collisions resulting in a reduced self-diffusion coefficient. Chandler (44) 
showed that rotation-translation coupling can be accounted for via 

D = ADns(T, p). (9) 

The coupling factor A, where 0 < A ~< 1, is rigorously independent of the number density. Further- 
more it is expected to depend on temperature only weakly if at all. 

Attractive molecular interactions may also cause a retardation of translational single particle 
motions. Speedy et al. (4s) were able to incorporate the effect to weak isotropic attractive interactions 
into the hard sphere treatment of diffusion. Representing the attractive interactions by a Lennard- 
Jones potential, and accounting for a dependence of the effective diameter a upon the kinetic energy 
during collisions in a self-consistent manner, the diameter a becomes temperature dependent accord- 
ing to: 

#a(T) = o'ta 21/2 [1 - (1 + 2kT/81j)l/2] 1/6. (10) 

Alternative expressions for an effective, temperature dependent diameter tr(T) in connection with 
the Lennard-Jones fluid have been proposed t39' 46-4s) and have been discussed thoroughly by Heyes 
et al. (37" as) 

The resulting self-diffusion coefficient D then depends on temperature and number density via 

DLj( T, p)=Bus(T, p, tra ) exp( - ~Lj / 2k T ). (1 I) 

In actual applications of eqn (11) to interpret experimental self-diffusion coefficients of simple liquids 
the Lennard-Jones diameter ata and the potential depth eLs have to be adjusted in keeping with 
estimates of these parameters from independent physical quantities. This places severe restrictions 
upon any free adjustment of these parameters. 

Heyes et al. 07' as) also discussed the conventional representation of the temperature and pressure 
dependence of transport coefficients based upon the activation model 

D-I(T,  p)=D~lexp[(E # +pV#) /kT] ,  (12) 

with E # an apparent activation energy and V # an activation volume. The apparent activation energy 
depends on whether the volume or pressure is maintained constant: 

Ev ~ = [O In D - 1/O(1/kT)]v (13) 

E~ = I0 In O - i/O(1/kT)] v. (14) 
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Also by definition 

and 

V # = k T[a In D - 1/~P]T, (15) 

Ev*--Ep#-- TV#(dp/t3T)v=E*~ - T(fl/K)V #. 06) 

Both apparent activation energies are related to the thermal expansivity iff of the fluid and the 
close-packed volume expansivity fie via: 

# I r 1 Ev/kT= + °L1 +a 1 
\ -~-(I'~ Jr  J ;  (17) 

# I 
\ O(I/p) / T J '  (18) 

with fl= V-I(aV/aT)~) and ~o=3O-1(0~/0T)D. 
In non=associated liquids E~ is almost constant with rising pressure at constant temperature, E~, is 

about half the value of E ~, and the ratio E~/E ~ increases with density. In associated liquids E~ and 
E~ become nearly equal. Similarly the activation volume V # is related to the isothermal compress- 
ibility r of the liquid via 

V # /kT=r[ l  +9-i (0  In P(p)/a(I/p)).r], (19) 

with ~c=-(~V/ap)T/V and P(p) the appropriate empirical polynomial used to represent the hard 
sphere fluid. Explicit expressions have been given for the Enskog model and the polynomial P(p) 
obtained by Dymond. (46'47) The activation model has been questioned by computer simula- 
tions,(49, so) which show that molecular motions do not proceed by activated jumps whose lengths are 
approximately equal to the intermolecular spacing as implied by the activation model, but by 
a succession of small diffusive steps. Further empirical relations D(T, p) are discussed by Collings and 
Woolf, (sl) Saeki et al., (s2) Harris et al., (s3) and Polzin and Weiss. (s4) 

Instead of mapping experimental temperature and pressure dependencies of transport coefficients 
onto a set of apparent activation parameters, free volume considerations are often applied. 
Doolittl¢ (ss) and later Cohen and Turnbull (sr) considered the diffusion process as being driven by 
density fluctuations relating transport coefficients to a mean free volume per particle (vt} and 
obtained for the self-diffusion coefficient 

1(3RT~1'2 4 
D-----~ \---~- ] 7to.--" ~ (v* + (vr}) exp(-- v~/(vf ~), (20) 

where ~ is the hard sphere diameter, (vr} (= { v ) -  re) is the mean free volume of the molecule with 
(v}  (=M/(pNA)) the mean volume of the molecule and Vo=(47t/3)~ 3 the van der Waals volume. 
vf = 2re is the critical free volume of the molecule that must be provided for fluid flow to occur. Hence 
at constant density, the self-diffusion coefficient is proportional to D ~ T 1/2, a prediction not always 
met by real fluids. (s~) Furthermore, in associated liquids, such as water, the diffusion coefficient varies 
considerably without a significant change in density. This shows that other properties besides free 
volume need to be considered in modelling the diffusion process. 

3.1.4. Self-Diffusion Coefficients in H-Bonded Liquids. In liquids with anisotropic and saturable 
H-bonding interactions, isobaric transport coefficients vary much stronger with temperature than is 
predicted by the formalism discussed in Sections 3.1.2. and 3.1.3. The deviations are most pronounced 
in the random, transient H-bond network of liquid water. (s'-~°) Even more striking is the density 
dependence of both translational and rotational diffusive motions which show highly anomalous 
behaviour in undercooled liquid water. The latter can be related to some structural contributions 
from the strongly directional hydrogen bonding interactions and their dynamics within the network. 

In spite of there being many structural models of liquid water, only a few attempts have been 
undertaken to develop a theory of translational and rotational diffusion involving H-bond dy- 
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namics, t61-vz) Sposito (67,ss) explored the long-time behaviour of diffusional properties within the 
context of a hydrodynamic approach. Translational Ds and rotational Dr diffusion coefficients are 
related to the shear viscosity r/and a factor fl, specifying the boundary condition at the sphere-liquid 
interface tTa) as shown below: 

kT kT l + f  =~kT/6nrlr , f l~oo  
Ds=¢t(o~=0 )=47tt/r 1 +(3/2)f  (kT/4ntlr~ fl--, 0 

(21) 

kT kT l+f=~kT/87Ol r3, fl ~ oo 
Dr = {r(tO = 0) = 8nnr 3 f (0o, fl ---~ 0 

(22) 

f = flr/ 3rl. 

When fl becomes large the liquid sticks at the surface of the sphere and eqns (21) and (22) reduce to 
the well-known Stokes-Einstein and Debye-Stokes relations, respectively. For vanishingly small 
fl the friction coefficient ~t(co=0)=4nr/r corresponds to perfect slip conditions. The rotational 
diffusion coefficient D,, however, diverges in this limit, indicating a complete decoupling of rotational 
and translational motions. Zwanzig (74) proposed another relation between D and ~/ based on 
configuration space considerations thereby stressing the importance of the hopping rate as an 
essential element in a novel theory of self-diffusion. With v= V/N the volume per particle his relation 
reads: 

D(~l/kT)vl/a=C, 0.132~<C~<0.181. (23) 

An empirical modification of the Stokes-Einstein relation in the form tTs' 417) 

Dr/a = constant, ct ~ 1 (24) 

has also been used occasionally with ~ a non-universal exponent which varies with temperature and 
the material considered. However, Zwanzig and Harrison t76) argue in favour of the standard 
Stokes-Einstein relation but with an effective hydrodynamic radius of the moving particle. 

These mode-coupling expressions interrelate different transport coefficients, but they do not provide 
any explicit dependence on temperature and density nor do they consider the role of H-bond 
interactions and their fluctuations. Several authors have treated the long-time diffusional properties 
involving the H-bond dynamics within a two-state (on, off) approximation of the H-bond interaction. 

In his bond lattice approach, Angeli t61) considered a totally connected random tetrahedral network 
structure as the configurational ground state which would be reached at To. Temperature and 
pressure cause excitations in the bond lattice with the equilibrium number of'off'-elements non(T, p) 
given by standard lattice statistics. Translational motions follow from statistical fluctuations in the 
local concentrations of 'off'-elements as noff(T, p) increases with T and p. Any cooperativity between 
H-bonds has been neglected. 

The probability p(r) of cooperative particle rearrangements was postulated to be an exponential 
function of the broken bond fraction no,, which in turn is an almost linear function of temperature 
and extrapolates to zero at To, i.e. noff(T, p)~(T-- To(p)). The self-diffusion coefficient was obtained 
as ;  

1 1 ~exp r--~o(p))  (25) D~exp nofd T, p) 

with ~ a microscopic time constant characteristic for structural rearrangements within the network. 
The resulting VTF-form (77-79) is widely used in complex liquids to represent the isobaric temperature 
dependence of transport and relaxation coefficients. 

Stanley and Teixeira (62) further explored the statistical consequences of the bond connectivity 
aspect of the H-bond network within a correlated bond percolation model. 

Bcrtolini et al. (6s-65) recently pursued this approach further and developed an exhaustive theory of 
long-time diffusional events based on H-bond dynamics. Water molecules were classified according to 
the number of intact H-bonds via a discrete stochastic variable [tD), (j=0 ..... 4). H-bonds were 
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assumed to be randomly intact with bond probability Ps. The fraction pl of water molecules with 
j = 0  . . . . .  4 intact bonds was given simply by the binomial distribution 

but their connectivity was far from random. ~79~ Molecules with four intact bonds tended to clump 
together into patches of high local order. The bond probability paCT, p) increased linearly with 
decreasing temperature causing drastic changes in the network topology as the fraction p4 of 
molecules with four intact bonds is given by: 

pg(T, p)= p~( T, p). (27) 

Although no explicit pressure or density dependence Pc(P) was given, paCT, p) was also supposed to 
decrease with increasing pressure. Transport properties were calculated within a generalized itinerant 
oscillator model supplemented with a master equation for the time-dependent populations pl(t) to 
account for the finite life-times of the H-bonds and the inherently transient nature of the network. The 
self-diffusion coefficient D was obtained as the mean over diffusion coefficients D(r/j) of the states I t/j ), 
weighted according to the corresponding equilibrium distribution: 

4. 

D = ~ D(~j)p~(t --, ~ ) .  (28) 
J = 0  

The model can be reformulated exactly in terms of a two-state description. Transport properties 
may then be regarded as arising from the mobile fraction of water molecules with two H-bonds at 
most, i.e. D(r/j)=0 for j=3 ,4 .  

3.2. Spin-Lattice (T I) and Spin-Spin (T e) Relaxation 

3.2.1. Relaxation Theory. In 1946 BIoch ts°~ introduced the concept of relaxation times to nuclear 
magnetic resonance phenomena. He assumed that the relaxation of a spin system in a strong static 
field Bo after a small perturbation can be characterized by two relaxation rates, the longitudinal or 
spin-lattice rate R1 = I/TI and the transverse or spin-spin relaxation rate R2--1/T2. During the 
spin-lattice relaxation process energy is transfered from the spin system to the lattice whereas the 
spin-spin relaxation process effects a redistribution of the energy within the spin system. A micro- 
scopic theory of nuclear spin relaxation was presented shortly afterwards by Bloembergen, Purcell 
and Pound tal~ and some faults contained in their paper were corrected later by Solomon. ~s2~ The 
whole field quickly developed into a versatile and powerful spectroscopic method as several excellent 
textbooks demonstrate, taa-a6~ Also Kowalewski taT' aa~ has recently presented a clear and comprehens- 
ive review of the nuclear spin relaxation in diamagnetic liquids. The basic ideas of the BPP theory 
were developed into a complete theoretical framework by Wangsness, BIoch and Redfield. ts9-92~ The 
WBR or Redfield theory is given in terms of a density matrix rather than dealing with magnetizations 
or energy level populations. The density matrix p describes the average behaviour of an ensemble of 
quantum mechanical systems and allows one to calculate any observable ( Q )  via taa-aS~ 

( Q ) = Tr(pQ.) (29) 

by taking the trace of the density matrix and the matrix representation of the corresponding operator 
0 in the same basis set. A knowledge of the time evolution of the density matrix is then sufficient to 
describe any experiment on a macroscopic system. 

The essence of the WBR theory is the division of the total system into a spin system comprising the 
relevant spin-dependent degrees of freedom, and a lattice representing the remaining degrees of 
freedom. 

The coupling between the two subsystems is assumed to be weak so that the total spin Hamiltonian 
may be written as: ta4~ 

/-i =/-i. +/'isL(t ), (30) 
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where Ho contains all time-independent interactions (Zeeman, indirect spin-spin coupling etc.) and 
Hst(t) represents the time dependent spin-lattice coupling giving rise to relaxation. These couplings 
can be written as a product of irreducible tensor operators (83) 

/~SL = ~ (-- l)mA~ ) T(m L) (31) 
m 

where A~ ) is the m-component of a tensor operator of rank L which involves only spin coordinates 
and T~ ) is a tensor operator containing only lattice variables. If the motion in the lattice, character- 
ised by some correlation time z~, is fast compared to the strength of the interaction ]<HsL)[ (strong 
narrowing condition) where 

I < ns~ > I ~o '~ 1, (32) 
then the elements of the density matrix obey an equation of motion 

p(t)=i[p,/~o]- R [ p - p o  ]. (33) 

In eqn (33) Po is the density matrix in thermal equilibrium and R is the relaxation matrix with elements 

x,~,,,r = ~ [,~,(A %,)r,(A ~%,,g~!_,,,(~r,) + E ~,',' (A ~))~,:,(A %,),p g~!_,,,(~,p) 
m y 

2 A (L) A (L) (L) - ( -m).a( = )p,~,Re{g,.._,.(o~.p)}] (34) 

where a, fl and ~ label eigenstates of He and tico,p = E~--Ep. 
The spectral density functions are defined as Fourier-Laplace transforms 

g~?-m(m) = S G(,nL?-m(~)exp(--im~)dz (35) 
0 

of the time autocorrelation functions 

G(=L!-,,(0 = ( -- 1)"(T~)(z) r(_L)m (O) > (36) 

of the fluctuating lattice degrees of freedom. Regarding the time window of NMR relaxation 
spectroscopy (~27r/C0L) the relevant fluctuations mainly concern molecular rotational and transla- 
tional diffusion. Faster quasi-lattice vibrations (QLV) mainly average out part of the spin-lattice 
coupling but do not contribute to the relaxation significantly. (93- 9~) In simple cases the decay of the 
corresponding correlation function can be approximated by: 

G~!_ re(t) = ( G ( o )  ) Q L v e x p (  - -  t/eL) (37)  

with ( >oLv an average over quasi-lattice vibrations and ZL(T, p) a characteristic correlation time of 
the fluctuations which depend strongly on the thermodynamic state of the system. Exponential 
correlation functions lead to Lorentzian spectral densities 

"[L 
g ~ ! -  m(o~L~O = 1 + o~t~t (38) 

where the Larmor frequency oh. corresponds to the energy differences in eqn (34). In the extreme 
narrowing limit ¢oL2 ~2L <i 1 the spectral density corresponds to the integral over the correlation function 
which may he used to define an effective correlation time 

oo 

~efr = g(0) = S G(mL.~- re(t) (39) 
0 

irrespective of the form of G(mL)_m(t). 
Equation 29 can be combined with ¢qn (33) to obtain the time evolution of a certain magnetization 

component. It is, however, not always possible to define appropriate relaxation times Tt and 
T2 except in the extreme narrowing limit. It is mainly in the state dependence of the microscopic time 
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constants for diffusive molecular motions where high pressure NMR experiments become useful and 
lead to new information. By changing independently the temperature and the density during a set of 
relaxation experiments, energetic and structural aspects of molecular dynamics may be separated. 

Recently Szymanski, Gryff-Keiler and Binsch ~gs~ presented a rather general formulation of the 
WBR theory based on the Liouville f o r m a l i s m  (99' ss) which is also suitable for computer calculations. 

The WBR theory is not valid outside the motional narrowing regime, where the strong narrowing 
condition holds. This limit is often called the slow motion regime. In this range the equation of 
motion, eqn (33), has to be replaced by the stochastic Liouville equation ISLE]. This approach is 
discussed thoroughly by Kubo/1°°) Lynden-Bell, ~99) Freed et al31°1) and Westlund. ~1°2~ It has, 
however, not yet found applications within the field of high pressure NMR relaxation. 

Spin-lattice and spin-spin couplings are mediated by local electric and/or magnetic fields, which 
fluctuate in time due to molecular rotations and translations and provide the various relaxation 
mechanisms, which are discussed next. 

3.2.2. Dipole-Dipole (DD) Relaxation. The magnetic coupling between two nuclear magnetic mo- 
ments associated with nuclear spins I, S~0  is by far the most important relaxation mechanism, 
especially for spin 1/2 nuclei. The relevant interaction Hamiltonian expressed in the laboratory-fixed 
frame (L) may be written as ~1°3) 

2 

l~lLD(t)=_2rWsh(P.o/4~) ~ , ~21 ~z) ( -1 )  Am T_m(t) (40) 
m = - - 2  

where the A~ ) terms involve spin degrees of freedom only. The T~ ~ terms contain lattice degrees of 
freedom which are constants, when expressed in a molecule-fixed principal axis system (P). The 
transformation to the Lab-frame becomes time-dependent because of molecular tumbling, hence: 

2 

r~ ~= ~ p2.. D~'_.(a(t)). (41) 

(L )  D,.,,(i2) are components of the Wigner rotation matrix and the principal components of the dipole- 
dipole tensor are: 

/3 "? IV  1 '? 
t A ) '  (42) 

Expressions for the DD relaxation in a two spin (I, S) system within a molecule were first given by 
Solomon ~s2) who obtained: 

( l z )  = - R ti((/z ) - - l~)  -- Ris(( Sz ) -S~)  (43) 

( Sz) = -Rsl((  l z ) - - l~)-R1s((  Sz)--S~) (44) 

with I~. and S~ the equilibrium longitudinal magnetizations of the I and S spins respectively, and with 
the relaxation rates: 

R ~? = 2  (¢lrSh)2 S(S + 1)(r~ 3 )2 I-g(cofi ¢2) + 3g(co:2) + 6g(o~  + ~2)] 

Rg D = 2 (~,lysh)2 S(S + I) (r~ 3 )2 [6g(o~ ~ , ) -  g(co~ x2)]. 

(45) 

(46) 

The general solutions for ( l z )  and (Sz)  are sums of two exponentials, hence the decay of the 
longitudinal magnetizations in a two-spin system do not follow the Bloch equations. Simple exponen- 
tial behaviour is recovered, however, under the following conditions (i) the two spins are identical, (ii) 
the S spins have an additional strong relaxation mechanism, hence remain practically in thermal 
equilibrium during I spin relaxation, (iii) the S spin system is saturated by an intense rffield. The decay 



520 E.W. LANG and H.-D. LUDEMANN 

of the transverse magnetization components follow Bloch's equation with a relaxation rate given by: 

D 1 
R2 D ----- - -  ()'i)'sh/.to/4/t) 2 S(S -t- 1) ( r~ a )2 [4~2 + 9(to~ z2) + 6O(tOsZ2) + 3g(ohz2) + 6O(co~ z2)] (47) 

15 

with co~ -- o h -  o~s, to~ = oh + a~s. 
Representing the molecular tumbling motions by a Brownian rotational diffusion model with 

a single correlation time for each component results in Lorentzian spectral densities (eqn 38). If the 
two coupled spins reside on different molecules, the relative distance rls of both nuclei becomes 
time-dependent also. The dipole-dipole interaction is then modulated by translational and rotational 
motions, t1°4-1°6) The corresponding intermolecular spin-lattice relaxation rate may be obtained by 
inserting into eqn (45) the spectral density function appropriate to a force-free diffusion model with 
reflecting boundary conditions as (1°7' ~os) 

D D ~ ~55 R 1,i.,~ (Tl~sh)2 S(S + 1) [g (tOls Td) q- 3g ((Ol~d) -I- 60 (O~ Zd) ] (48) 

with 

3 3 2 15 1 6 4 27 81 2 g(u)=--(Ns'~d/dls)[(~u +~u+12)/(-~u +uS+4u + ~ - u a + ~ - u  + 8 1 u + 8 1 ) 1  (49) 

whereby 

U2=2t.O'~d and "Cd=d~/Drel(I-S ) (50) 

D,¢,(I- S) =O(l) + D(S) (51) 

dis is the distance of closest approach of the spins, D(I) and D(S) are the self-diffusion coefficients of 
the spin bearing particles and Ns is the number density of spins S. 

Werbelow(t09, a to) further noted that for coupled nuclei with magnetogyric ratios of opposite signs, 
as for tH-170 for example, care has to be taken with respect to the relative signs of the Larmor 
frequencies. In dipolar coupled spin systems with more than two spins and spin systems with indirect 
spin-spin coupling the longitudinal relaxation follows a set of coupled differential equations. (11 x-t 13) 
These equations simplify under decoupling conditions but the latter do not necessarily lead to single 
exponential relaxation processes in spin systems like laCH 2 or ~ aCH3 groups. Also cross-correlation 
of different dipolar interactions may occur. (11.-116) Outside the extreme narrowing limit, the 
longitudinal relaxation in a multipolar AX system (SA >t 1 and Ix = 1/2) can differ considerably from 
either an isolated dipolar coupled pair or from an isolated quadrupolar nucleus. (117-12o) However, 
this complexity is effectively suppressed whenever spin A is relaxed in a time short compared to the 
relaxation of spins X. In practice, this limit is often obtained since spin A is susceptible to the highly 
effective quadrupolar relaxation mechanism. 

3.2.3. Quadrupolar Relaxation. The relaxation of nuclei with a spin larger than 1/2 is dominated by 
a coupling of the electric quadrupole moment eQ of the nucleus to the electric field gradient (efg) eq at 
the nucleus due to the surrounding electronic and nuclear charge distribution. (Sa" 84) 

The relevant interaction Hamiltonian is given in a laboratory-fixed frame (L) as: 

CQ 2 
Ho(t)=-2l(~_l)h ~ (--1)mA~)T~)m(t). (52) 

hi= --2 

The A ~) are second rank irreducible tensor operators involving spin degrees of freedom only and the 
T~)(t) are components of the second rank irreducible field gradient tensor. The latter are most 
conveniently expressed in a molecule fixed principal axis system (P) where they become constants. 

Conventionally, the efg tensor is characterized by the quadrupole coupling constant (QCC) 

Z = h- 1 (eQ)(eqpz), (53) 
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and by the asymmetry parameter 

--  P P P tl - (q:,x-- q,y)/q,,.  (54) 

The transformation to the laboratory-fixed frame can be effected with the aid of the second rank 
Wigner rotation matrix. ~121) Incessant molecular jostling renders this transformation time-dependent. 
Hence quadrupole relaxation experiments provide a convenient tool for investigating orientational 
fluctuations in liquids. 

Often molecular motions (Tar) are fast compared to currently available NMR frequencies 
(COL < 109 rad s-~). The quadrupole relaxation then proceeds exponentially under extreme narrowing 
conditions at a frequency-independent rate given by: 

The integral over the electric field gradient time correlation function G(T) defines an effective 
correlation time 

zO( T, P)= I G(x)/G(o)dx, G(x)= ( T~2'(z) T~2'(o) ) (56) 
0 

which provides a time scale for diffusive orientational fluctuations in liquids and depends on the state 
of the system (T, p). In simple cases the correlation function G(~) can be approximated by an 
exponential for times t > TQ. 

3/t2 e2 ( q ) ~ L V  e x p ( - - t / z Q ) .  (57) 6(t)=T6- 
The sole effect of fast quasi-lattice vibrations (QLV) like hindered rotations (librations) is seen to 
average out part of the interaction "22, ~23.94j leading to a librationally averaged QCC 

(~)oLv = h - 1 e 2 Q( q )QLV = h-  1 e2Qq~ F = xF. (58) 

The motionai averaging factor F is given by: 

r~=~l. < D t2)o, m(f~) ) + r/ [ (Dt-2)2.m (fl)) + (D~Z.~(f]))] 1 2 x / ~  , (59) 

where D ~ , ( f l )  are elements of the second rank Wigner rotation matrix and f~ denotes the Euler 
angles that transform from the molecule-fixed electric field gradient principal frame of nucleus N to 
the librationally averaged molecular frame. The quadrupole relaxation of nuclei with spin ! = 1 is 
exceptional in that the Bloch equations hold even in the slow motions regime (COL% > 1). Spin--lattice 
(R1 = 1/7"1) and spin-spin (R2 = 1/T2) relaxation rates are well-defined and may be expressed as: 

Rol(I = 1) = ~ ( Z )2  [292 (¢OL'~'Q) dr" 892(2COLrQ) ] (60) 

RQ2(I = 1) =-~02 (Z)  2 [392(o)+ 5g2(COLTQ)q- 2g2(2COLTQ)]. (61) 

For nuclei with spin I > 1 the quadrupole relaxation rate is non-exponential outside of the extreme 
narrowing regime. Hubbard "24) has shown that the relaxation of both the longitudinal and the 
transverse components consist of I decaying exponentials if I is an integer and (I + 1/2) exponential 
terms if I is half an odd integer. Explicit expressions were given for the case ! = 3/2. Halle and 
Wennerstrfm t12s) reported a perturbation treatment of quadrupolar relaxation for I = 3/2, 5/2, 7/2 
and found a nearly exponential relaxation provided that the effective spectral density is only weakly 
frequency dependent. Transverse relaxation of these half-integer multipolar spins was discussed by 
Werbelow, u26) Werbelow and Marshall ~127~ and Westlund and Wennerstr6m, ~a2s) who derived 
analytic expressions for the lineshapes under non-extreme narrowing conditions, including second 
order dynamic frequency shifts. 

,1PNMRS 25:6-B 
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3.2.4. Relaxation Through Chemical Shielding Anisotropy (CSA ). An anisotropy in the chemical 
shielding tensor ~ may also contribute to nuclear relaxation. The relevant interaction Hamiltonian 
may be written as °°3) 

2 L 
l~Ics=yx ~ ~. (-I)"(aL.,,A~)Bo)T~3~ (62) 

L=O m= -L 
with the A~ ) containing spin operators only, Bo is the external magnetic field strength and the 
T~ ) containing isotropic, symmetric and antisymmetric components of the chemical shielding tensor, 
which in general is not diagonal in a molecule-fixed axis system, ills) The interaction becomes time 
dependent because of the rotational tumbling of the molecules and the relaxation of the magnetization 
components follow Bloch equations. In the simple case that the rotational tumbling of the molecules 
may be approximated by a Markov process characterized by a single correlation time ZL for a given 
L the relaxation rates may be expressed as: 

(o'Zy+~r~:+O'y:)gx(O~L'C~)+~--~Ao " ~1 t/2 

( 2  1 / / 2 2 2  "~ 1 (1 q--~)I~ "f2-I-'02(Ohl 't2)l t .  (64) 
~ ~ i 1 ~ 

The components of the chemical shielding tensor ~ are given in a molecule-fixed principal axis system 
of the symmetric part ~r (2) of the tensor and 

AO" ~ O'zz -- O'is o 

n =(~.-~)I~... 

(65) 

(66) 

(67) 

It is seen that even under extreme narrowing conditions, O.}L't'L'~ 1, the spin-lattice (RI) and 
spin-spin (R2) relaxation rates are unequal in contrast to the other relaxation mechanisms. One 
should note also the characteristic Bo 2 dependence of the relaxation rates which allows the CSA 
relaxation to be separated from other mechanisms. 

3.2.5. The Spin-Rotation Relaxation. At high temperatures and low densities the reorientation of 
molecules in liquids proceeds rather freely. The rotating charge distribution generates local magnetic 
fields at the nuclei which fluctuate because of molecular collisions! t29) The coupling of the magnetic 
moments of the nuclei to these fluctuating fields provides an efficient spin-rotation relaxation 
mechanism. The corresponding relaxation rate contains information about angular momentum 
correlation times zj. Theoretical expressions exist for asymmetric top molecules and anisotropic 
spin-rotation interactions for the anisotropic rotational diffusion model, (:3°) the Fokker-Pianck 
Langevin model ~131) and the extended diffusion model. ~132) However, these expressions are rather 
complex and have been used rarely to interpret experimental data. Often the simpler relaxation rate 
appropriate to a spherical top approximation is applied instead (133) 

RUt 87t2(l)kT,~2 . . . .  2 , 
x = ~- ~t~oZj+za~ ~utJ (68) 

with the mean moment of inertia given by: (134) 

_1  E I7 :  (69) (I)-I-3 i=x,~,: 

and the isotropic Co and anisotropic AC parts of the spin-rotation interaction tensor given by: 

1 C : : - - ~ ( C x . +  Cyy) = C : : -  Co. (70) Co=~ E C,,,AC=~ 
t~X,y,g 
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The close similarity between the magnetic shielding and the spin-rotation coupling may be noted 
and was worked out quantitatively by Deverell; ~tss) ¢~ is the correlation time for the angular 
momentum correlation function, and Xsa the correlation time of the angular velocity-orientational 
product correlation function. The latter may be expanded in terms of ej and reduces to ~ in the 
diffusion limit where angular momentum and orientational correlation times are related by: (136) 

<I> (71) 
zj~2 = ckT' 

with c=6  for a Brownian diffusion model and c= 2 for a model involving reorientation by large 
angular jumps. (137) Both correlation times depend, of course, strongly on the thermodynamic state of 
the system through the state variables iT, p). 

In liquids composed of almost spherical molecules a rough hard sphere approximation may become 
appropriate. Chandler (13s) has given a rigorous formulation of this model for the ease of dense fluids 
(p>2p,). The angular momentum correlation time % and hence the spin-rotation relaxation rate, 
should be proportional to the Enskog relaxation time ze of the hard sphere fluid: 

sa T Ri ~ Txj=--7:~, xe(m, T, n, o), (72) 
a ~ l  ) 

with 

±__Sf kT I'2 n 
~e 3 \  m J ~#h,(a). (73) 

The hard sphere contact pair distribution function may be evaluated quite accurately from the 
Carnahan-Starling approximation, (41) eqn (5). The roughness parameter a(T) should be rigorously 
independent of density. It is given by: O39' 1,,o) 

4 < I > (74) 
a(T)=(X+ I) -1, X= rac~z ' 

in case of perfect rough hard spheres, and vanishes for perfectly smooth hard spheres. 

3.2.6. Scalar Relaxation. The indirect spin-spin coupling J between spins I and S may be modulated 
by two different mechanisms and hence can also cause relaxation. 'Scalar relaxation of the first kind' 
as introduced by Abragam cas' 1,1) considers primarily the modulation of the indirect spin--spin 
coupling via the chemical exchange of nuclei (mostly protons) between different molecules. The 
relevant interaction Hamiltonian is given by: (s3, lO3) 

2 L 

Hsc= ~ ~ ( - l ) m A ~ ) T ~ .  (75) 
L = O  m= - L  

As usual the A~ ) contain products of spin operators only and the T~. ) in general contain isotropic, 
antisymmetric and symmetric components of the indirect spin-spin coupling tensor j.(142) In addi- 
tion, molecular tumbling also modulates the interaction because of possible anisotropic components 
of the indirect spin-spin coupling tensor J. A Bloch decay of the relaxation components results and 
the corresponding relaxation rates, assuming again a Brownian diffusion model for the tumbling 
motions, are given by: (1°3) 

R sc-21 - ~  S(S+ 1) {3J?soglog~Zo)+(Jls+J~,+Jl,)[g(co i ¢l)+g(oh¢l)] 

1 z / 1  ffs2 1 _ + +gAJ ~ q--~-) [ ~ g (¢zhs • T2) q- g(ohf2) q- 2g(rDis q- ~2) 1 }, (76) 
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with 

to~ = o h -  tos 

tO + ts = oh + tos 

=~ S(S + 1) { 3 J~o [*o + g(tO~ *o)-I + (J~, + J 2, + J 2) I-g(tO~ *1 )+ g (toIZl)+ 2g(tOs*l)] RSC 

1 2 ~1~ 4 1 _ + +,,, 
with 

(77) 

1 
Jis° =3 i=~y.: J" (78) 

AJ = J=z- Jis o. (79) 

In the case of vanishing anisotropic components of the J-coupling tensor the expressions simplify 
considerably with only the chemical exchange being effective. Also the non-extreme narrowing 
condition (to%x>> 1) usually applies, hence R~C>>R~ c and relaxation contributions from chemical 
exchange processes to spin-spin relaxation are much more pronounced. The correlation time Xo has to 
be identified with the exchange lifetime z,x. Abragam {s3} also introduced the term 'scalar relaxation of 
the second kind' considering the possibility that the relaxation of nucleus I results from the 
modulation of the indirect spin-spin coupling by the rapid (usually quadrupolar) relaxation of nucleus 
S. The scalar part of the interaction then gives rise to a relaxation contribution of the form: 

sc 2 Rt ( I )=~ S(S+ 1)J~o g(to~ T2(S)) (80) 

sc 1 2 R2 (I)=~ S(S + l)Ji~o[_Tt(S)+g(ors T2(S))], (81) 

with TI(S) and T2(S) the corresponding relaxation times of nucleus S. 

3.3. Chemical Exchange 

Chemical exchange processes have a pronounced effect on the NMR lineshape as has been 
recognized since the early days of magnetic resonance. (143-147) Information about changes in the 
environment of magnetic nuclei due to exchange between sites with different chemical shifts and/or 
different coupling constants can be derived from NMR spectra. The respective lineshapes, their 
chemical shift differences and amplitudes, give direct information about parts of the molecule affected 
by the molecular exchange, and even degenerate systems, in which the exchange leads to indistinguish- 
able molecules, and also complicated multisite exchange processes, can be investigated by the dynamic 
NMR method/14a-Is1) The dynamic information obtained in this way concerns primarily the rate 
constants and related thermodynamic parameters such as energies and volumes of activation for the 
processes studied. The phenomenological rate constants for the reaction are related to the reciprocal 
of the longest relaxation time for the reacting system. The rates are characterized by the strength of the 
coupling to the heat bath and it is the latter quantity which is strongly dependent on the density of the 
medium. The time scale of dynamic NMR experiments is such that rate constants in the range 
10-1-106 (Hz) can be measured by this method. 

In the vast majority of dynamic NMR studies, the kinetic rate constants have been obtained by 
analysis of exchange-broadened spectra via lineshape analysis techniques. Various approximate as 
well as highly sophisticated lineshape analysis algorithms are available and are discussed thoroughly 
in several recent monographs. (aS' ts2-ts,L~ 

High pressure NMR has been used in this field mainly to study conformational transitions and 
dynamic solvent effects on exchange reaction rates in liquid solutions. Recent years have seen 
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a renewed interest in reaction rate theory and the Kramers problem. {lss-15~} Common chemical 
reactions may be classified conveniently as isomerization reactions, dissociation--recombination 
reactions and atom-transfer reactions. {15a} Isomerization reactions are unimolecular whereas 
atom-transfer reactions are bimolecular. Also, dissociation reactions are unimolecular, but recombi- 
nation reactions are bimolecular. The ratio of the rate constants for the forward and backward 
reaction is related to the equilibrium constant by detailed balance. Classical theories for calculating 
rate constants can be divided into three groups: unimolecular rate theory of gases, {~ 59~ transition state 
theory ~6°} and the theory of diffusion-controlled reactions, c~6~ 

Transition state theory is most widely used to interpret reaction rates Fobs obtained from a NMR 
lineshape analysis. The resulting rate constant FTST depends on the properties of the reactant and on 
the solvent density through the potential of mean force, t~e2) But transition state theory does neither 
explain the behaviour of unimolecular reactions at low pressures nor at high pressures. The theory of 
unimolecular reactions on the other hand predicts that at low pressures the rate constant increases 
linearly with solvent density due to energy activation. At high pressures, corresponding to high 
solvent densities and solvent viscosities, the rate constant becomes independent of density. In this 
regime, however, the crossing of the activation barrier is strongly hindered by frequent collisions with 
the solvent and the rate constant becomes proportional to the diffusion coefficient which in turn 
decreases with solvent density and viscosity. 

According to modern theoretical models of reaction dynamics {x63-16~} the reaction coordinate is 
coupled to the solvent through collisions between the solvent and solute molecules enabling the 
system to gain sufficient energy to cross the activation barrier. The observed rate constant Fobs may be 
related to the transition state value through the use of a transmission coefficient k which accounts for 
the collision effect on the reaction rate: {~ss} 

Fobs = k(T, p) FTST = k(T, p) Fo exp ( -  6G #/R T); (82) 

k is a complicated function of the collision frequency l/¢v, and hence depends strongly on temperature 
and density. 

The volume of activation for the reaction, obtainable from high pressure experiments, is defined as: 

6 V # = - (dlnF/dp)T (83) 

and may then be decomposed in a collisional contribution (6V # )coU and the usual transition state 
value (~V*)~rr according to: 

6V* =(6V#)~o.+(6V#)~sT (84) 

(t~ V # )coll/k B T= - (dlnk/dp~r (85) 

(6 I r # h'sT/ke T= -- (dlnFTsT/dp ~r. (86) 

In the absence of electrostatic interactions the collision frequency can be related through simple 
hydrodynamics to the shear viscosity r/in an non-polar medium via: ~16s) 

1/Tv =~P/m=c(Tt~/2m)rl' C= { ~i stiCkslip (87) 

with ® the friction coefficient and a the hard-core diameter of the colliding particles. 
The rate constant of an isomerization or dissociation-recombination reaction increases at low 

densities in proportion to the friction (solvent viscosity) or collision rate (density) due to energy 
activation. In a dense solvent it is proportional to the diffusion coefficient or inversely proportional to 
the friction coefficient (D~kaT/O) and decreases in the large friction regime (at high density). In 
between, the rate constant will reach a maximum value which is smaller than predicted by transition 
state theory. Hence by continuously increasing the density of the solvent from a dilute gas to a dense 
liquid, the system will pass through the energy activation regime to the diffusion-controlled regime. 
The relationship between reaction rates and solvent shear viscosity may break down, however, for 
high viscosity solvents at high packing fractions. ~1~9- ~72~ 
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High pressure experiments are useful in this respect as they allow the density and/or viscosity to be 
varied over a large range without changing the solvent. However, because of rapid intramolecular 
energy transfer the great majority of systems studied in dense liquid media exhibit high friction 
behaviour and the low friction, energy controlled regime and the Kramers turnover is only rarely 
observed in high pressure NMR experiments if at all. 

Chemical exchange reactions can be studied also through their effect upon spin-lattice relaxation 
rates of nuclei involved in exchange processes. The relation between nuclear spin relaxation and 
chemical exchange is rather complicated. (sT' s a. 17a, 174) However, a simplified relationship is obtained 
if chemical exchange is slow compared to the molecular motions responsible for the relaxation. The 
exchange dynamics may then be taken into account by means of modified Bloch equations, 07s) by 
generalizing the equation of motion for the density operator (as) or by using the theory of Markov 
processes.076,177) All exchange processes studied via lineshape analysis techniques belong to this 
category. 

Early applications involved saturation transfer techniques (17a-181) which are suitable for measur- 
ing exchange rates in a regime where exchange lifetimes are of the same order of magnitude as the 
longitudinal relaxation times. The resulting rate constants are about an order of magnitude smaller 
than the smallest ones accessible by conventional lineshape analysis methods. Also relaxation in the 
rotating frame can be used to obtain exchange rates in about the same time window. (182) 

Often exchange dynamics correspond to a situation where the nuclei studied exchange between 
different sites much faster than the rate of relaxation in each site but slow compared to molecular 
motions responsible for the relaxation. The observed spin-lattice relaxation rate is then given by: 

R1 = 1/TI = ~,piRli = ~,pi(1/Tll) (88) 

where Pi is the equilibrium fraction of the nuclei in site i and RI~(TI~) is the relaxation rate (time) in site 
i in the absence of exchange. This approach presupposes an exponential relaxation at site i. The more 
complicated situation of non-exponential relaxation has also been treated. (12s' 183) 

A qualitatively different physical situation occurs when the mean residence time of a nucleus in 
a particular site i is of similar magnitude or shorter than the relevant correlation times. Such a fast 
chemical exchange has the potential for shortening the correlation times in the expression for R 1. The 
influence of chemical exchange must then be included into the spin Hamiltonian modeling the 
spin-lattice interactions responsible for relaxation. (la4' 1a5) A rather general approach including even 
very fast intramolecular exchange processes together with a very lucid discussion has been given by 
Wennerstr6m (173) and has been extended recently to locally ordered fluids by Halle. (174' 186. la7) 

4. CHEMICAL EXCHANGE: EXPERIMENTS 

4.1. Pressure Dependence of the Rate Constants of  Chemical Reactions 

4.1.1. Ligand Exchange of Solvated Ions. Merbach and his group (6' 12.13, 1as. ls9) have made system- 
atic studies of ligand exchange reactions of solvated metal ions in a wide variety of solvents. The 
appropriate NMR technique used in these investigations depends on the exchange rate. For very slow 
reactions, simple quenching experiments were used, where the extent of solvent exchange was 
determined by NMR after the sample has been exposed to high pressure at constant temperature for 
a defined period of time. For moderately fast reactions the influence of chemical exchange upon the 
spin-spin relaxation rate was employed through monitoring line widths. In the intermediate range the 
exchange was observed directly by conventional quantitative NMR spectroscopy at high pressure. 
The excellent and thorough reviews cited above collect all the original data published by this group. In 
this context it must suffice to describe the techniques applied and the mechanistic conclusions drawn 
by a few typical examples. The activation volume of the ligand exchange provides a unique and precise 
way of distinguishing between the various possible mechanisms of these reactions. In Fig. 7 the 
volume profile for the various possible reaction paths are given. A dissociative transition state 
(labelled D) must have a larger volume than the end products and thus be retarded by application of 
hydrostatic pressure. An activated complex formed by the associative inclusion (labelled A) of an 
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FIG. 7. Volume profile for ligand exchange reaction mechanisms. (s) 

additional ligand into the first solvation shell should be more compact than the end products. It 
should thus be favoured by external pressure and the reaction should be characterized by a negative 
activation volume. Between these two extremes intermediate mechanisms (I) would be shown by 
a weaker pressure dependence. 

In Table 1 a typical set of results (s) is compiled, showing that within a series of trivalent diamagnetic 
compounds the mechanism may vary from one extreme to the other. This change is caused by 
differences in the diameter of the central ions and the volumes of the ligands. Figure 8 gives a typical 
example of the interesting pressure effects found in these systems. In Fig. 9 the temperature depend- 
ence of the linewidth at half height of the oxygen-17 signal of water enriched with this isotope is given 
for the complex [Bc(HzO)4] 2+ as a function of temperature. At higher temperatures the iinewidth is 
determined by exchange oftbe water molecules between the complex and the bulk phase. (Mn(CIO4)2 
and HCIO4 were added to the solution in order to suppress the signal of the bulk solvent and the 
hydrolysis effects of the bound water molecules.) The reciprocal linewidth passes through a shallow 
minimum at around 290 K. At temperatures below this minimum the effective T~ is dominated by the 
increase of quadrupolar relaxation of the bound water molecules. The insert in Fig. 9 gives the 

TABLE 1. Kinetic parameters for solvent exchange on diamagnetic trivalent cations in nitromethane as diluent (s) 

ri(') k1298 k29s A H  + A S  + A V  + 

p m  s -  1 s - t m o l  - t k J  m o l  - = J K  - l t o o l  - = cra 3 t o o l -  t M e c h .  

AI(H= 0)2 +(b) 54 1.29 84.7 + 41.6 + 5.7 I d 
Ai(DMSO)~ +(=) 0.30 82.6 +22.3 +15.6 D 
AI(DMF)~ + (°) 0.05 88.3 + 28.4 + 13.7 D 
AI(TMPA)~ +t=) 0.78 85.1 +38.2 +22.5 D 
Ga(H2 0)2 +(b) 62 4.00 67.1 + 30.1 + .5.0 Id 
Ga(DMSO)~ + 1.87 72.5 +3.5 +13.1 D 
Ga(DMF)~ + 1.72 85.1 + 45.1 + 7.9 D 
Ga(TMPA)~ + 6.4 76.5 + 27.0 + 20.7 D 
Sc(TMPA)~ +(b) 75 736 85 34.1 --75.6 --23.8 A, I, 
Sc(TMPA)~ + 39 21.2 - 143.5 - 18.7 
In(TMPA)~ + 80 7.6 32.8 - 188 - 21.4 A, ia 

(') rt: ionic radii, 
(b) In neat solvent, 
(=) DMF" Dimethylformamide TMPA: Trimethylphosphate. 
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FIG. 8. Experimental and simulated 60 MHz spectra of the protons in M(TMPA)(CIO+)3 dissolved in TMPA and 
CD3NO2 as function of pressure. (6) right: M = In. left: M =AI. 
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FIG.9. Temperature dependence of the relaxation rate, 1/Tb2, of the liganded-H20 O-17 signal of 0.1 m 
Be(H20),~ + with Mn(CIO+)2 and HCIO+ added (54.24 MHz). Insert: p-dependence of I/T~ in the solutions given 
above. 330K and 321 K isotherms=exchange region. 274K and 278 K isotherms=quadrupolar region 

(27.11 MHz). (12) 

pressure dependence of the two relaxation rates. The associative exchange of water molecules shows 
an activation volume of -13.6  cm a mol - t  and is enhanced by external pressure, while the diffusive 
tumbling of water molecules and the tetraaquo complex remains almost uninfluenced. In Fig. 10 the 
pressure dependence of the exchange of water molecules in the octahedral hexaquo complexes of 
bivalent vanadium, manganese, iron, cobalt and nickel is given. (t s g) In Mn 2 +- and V 2 ÷-complexes an 
acceleration of the exchange rate with pressure is found, indicative of an associative mechanism, while 
for Ni 2 +, Co 2 ÷ and Fe 2 ÷ a dissociative exchange mechanism is shown to prevail. These qualitative 
differences observed in a series of cations with rather similar diameters can be tentatively explained by 
the influence of ligand field effects, stemming from the d-electron configurations of the various ions, 
upon the exchange mechanism. A similar study has recently been published by Mizuno eta/. (tg°) 

4.1.2. Intramalecular Conformational Transitions. The analysis of exchange broadened high resolu- 
tion spectra offer a unique possibility for determining the activation parameter for intramolecular 
transitions with energy barriers between 50 and 100 kJ mol-  1.(191) One of the most studied systems is 
the rotation of the amide group. 

Simple preparative methods yield a large variety of products and thus permit systematic studies of 
the relative influence of sterical and quantum mechanical effects upon the partial double bond 
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FIG. 10. Effect of pressure on the water exchange rates for divalent ions. <12) 

character of the carbonyl C-N bond. These compounds have been very well studied at ambient 
pressure and the data collected have been used for a comprehensive quantitative characterization of 
this dynamic process. (192) In the late 70s our group started to extend these data to high pressures in 
order to learn whether the density/pressure effects observable would aid in a general description of the 
density dependence of the rates ofintramolecular rearrangements. In Table 2 the systems analyzed are 
compiled. Figure 11 gives the pressure effects upon the methyl proton spectra of N,N-diisopropyi- 
benzamide together with the rates obtained from the simulation of these spectra. An activation 
volume of + 5.4(10-3 m 3 reel-t)  is obtained from the rate constants. 

In Table 3 the influence of the solvent upon the activation volumes of three N,N-dimethylamides is 
given. The increase of AG # with solvent polarity is generally explained by a preferential stabilisation 
of the more polar planar ground state by the solvent molecules through hydrogen bonding or dipolar 
interactions. Attempts to correlate the trend found in the free activation enthalpies with the observed 
volume AV # = 8 + 2 ( 1 0 - 3 m a m o l  - t )  effects failed. AV # does not vary systematically with solvent 
polarity. It is worth mentioning an exception in the aqueous solution case, where a very unexpected 
concentration dependence of A V # is found. (2°4) At constant temperature, the inversion rate of all 
amides studied here decreases linearly as a log k versus p plot, within the precision of the data. (The 
pressure range studied was between 0.1 and 150 MPa in most cases, and in a few examples p was 
raised to 200 MPa.) The results obtained in the non-aqueous solvents for all amides and dimethyl- 
amides studied can be well explained by the simple sterical consideration given in Fig. 12. 

TABLE 2. Pressure dependence of conformational dynamics studied through the analysis of exchange broadened 
high resolution IH NMR spectra 

Amides with two identical N-substituents: 
Formamide, Acetamide: 
N,N-Dimethylformamide, -acetamide and -bcnzamide 
Benzamides with larger N-substituents 
N,N-Dimethylbcnzamides with various substituents on the aromatic ring 
Various N,N-disubstituted amides of 1 naphthoic-and 9-anthracencarboxylic acid 

Amides with two different bi-substituents 
N-methyl-N-bcnzylmesitylenamide 
N-methyI-N-isopropyl acetamide 
Giycyisarcosine, N-acetyl-2-proline-NH-methylamide 

Miscellaneous compounds 
Cyclohexane 
substituted N-aralkylpyridinium 
N6,N~-Dimethyladenosine 
Lumazine-p-Riboside 
Solvent dependence of the activation processes 

(193, 194) 
(195, 196) 
(194) 
(197) 
(198, 199) 

(198) 
(194) 
(200) 

(195) 
(201) 
(202) 
(203) 
(204, 196) 

JPNHRS 25:6-C 
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FIG. 11. Influence of pressure upon the exchange broadened signals from the protons in the methyl groups 
on N,N-diisopropyl-benzamide (xgs) (100 MHZ). k(s-1): exchange rates obtained from simulation. (n.m. =no t  

measured). 

TABLE 3. Free activation enthalpies and activation volumes derived for the various solutions of N,N-dimethylfor- 
mamide (DMF), N,N-dimethylacetamide (DMA) and N,N-dimethyibenzamide (DMB). Concentrations are 

voi % at 25°C and 1 bar 

DMF DMA DMB 

AG # AV # AG # AV* AG* AV* 
kJ (5 MPa) cm 3 kJ (5MPa) cm 3 kJ (5 MPa) cm 3 

Solvent mol lit mol mol lit mol mol lit mol 

Neat 88 (t) 76 76 (x) 7.6 

60% CC14 86.5 88 (1) 7.8 73.5 72 (3) 5.5 61.5 

20% HMDSiO 

80% CtD~ 87 9.8 73.5 9.0 61.5 61.5 ~4) 

60% (CDa)2CO 87 88 ~z) 9.4 75 75 (l) 10.0 62.5 62 (') 

20% TMS 

80% (CD3)2SO 77 78 (z) 6.8 

80% CDaCN 87.5 9.1 76 9.3 65 65 (s) 

80% CD3OD 90.5 9.6 79.5 7.6 67.5 

80% D20  92 6.0 81 81 (1) 1.6 72.5 76 ~bx't) 

9.6 

8.1 a 

8.6 

9.5 

12.9 

8.9 

(a) 40% C6D6/40% CD3CtD s. 
(b) 93% D20. 
tt) Drakenberg et ai. tz°s) 
(2) Whittaker and Siegel (z°e). 
(3) Reeves et  al. (2°7). 
(4) Jackman et  al. (2°8). 
(s) Spaargaren et  al. (z°9). 

The descript ion implies tha t  dur ing  the 180°-flips the complete  ro ta t ional  toro id  has  to  be kept  free 
of solvent  molecules. This  is obviously reasonable  only as long as the ro ta t ional  mot ion  of  the amide 
group is fast compared  with the t rans la t ional  diffusive mobil i ty  of the su r round ing  molecules. Crude  
est imates (19s) show tha t  this condi t ion  might  be fulfilled for the amides and  the dimethylamides  but  
certainly not  for the larger dialkyl- and  aryl-substi tuents.  
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FiG. 12. Van der Waals radii of the amide and dimethyl-amide group in a solvent of methyl groups. VN resp. 
Vl= Vii indicate the maximal volume that can be occupied by the methyl groups. 

With the exception of the aqueous solutions of the dimethylamides, the concentration and solvent 
dependence ofAV # is rather regular. In the dilute aqueous solutions however a very steep decrease of 
AV # is observed, while the free activation enthalpy is unaffected. (2°') In Fig. 13 the data for 
dimethylacetamide in some solvents are given. This unique drop in AV* with dilution occurs in all 
dimethyl amides but is shifted to lower concentrations with increasing size of the hydrophobic 
carbonyl-substituent. It may be explained by the formation of an open hydrate shell around the apolar 
N-(CH3)2 moiety, that can only develop at sufficiently low concentrations, where associates, formed 
by hydrophobic interaction can no longer interfere. Figure 14 shows AV* (c) for the higher amides 
studied. For  the cyciohexane ring inversion we have observed (19s) for the first time an acceleration 
with pressure, characterized by an activation volume of A V # = ( -  1.9 + 0.5) x 10- 3 m 3 mol - 1. For  this 
process, as for all other conformational transitions studied by our group, a pressure independent 
activation volume was found within the precision of the data in the pressure range studied. Some of 
the data collected by Jonas and his group (21°) were obtained at considerably higher pressures, (up to 
500 MPa), and at higher magnetic fields. These experiments proved for the first time that the 

&V# / .,-_t 
10"6m3/mol) 1 ¢=v ~ ~ =  

10 . . . .  o. - _  ----~--o- "'~ .o~ 

D20 
- - -  Acetone 
........... Methanol 70 

0 
o.1 o'.z d.3 0.8 0.9 1.o 

=- X Solvent 
IT c : 350-375K J 

I A G  ~= 
; (kJ/rnol) 
- 80 

t 
75 

F[o. 13. Concentration dependence ofthe free enthalpy of activation and the activation volume for the rotation of 
the dimethylamide group in dimethylacetamide in various solvents. ('°') 
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i 20 tO 
FIG. 14. Concentration dependence of the activation volumes of a series of dimethylamides in aqueous solu- 
tion. (2°4) DMA: dimethylacetamide, DMPr: dimethylpropioamide, DMiBu: dimethylisobutylamide, DMV: 

dimethylvalinamide, DMHex: dimethylhexamide. 

transmission coefficient k for the cyclohexane- and l,l-difluorocyclohexane ring inversion (211-215) is 
indeed pressure dependent. 

In Fig. 15 the normalized inversion rates as a function of solvent viscosity are given. The lower 
isomerization rates were determined by classical NMR line shape analysis (2~z) whilst the higher ones 
were obtained from the analysis of proton rotating frame relaxation times. (zls) In Fig. i6 the 
normalized transmission coefficients for the cyclohexane ring inversion in CSz as a function of 
viscosity is given for two temperatures. From these experiments it can be safely concluded that the 
barrier height of the isomerization is truly independent of pressure in the range studied and the 
isomerization of cyclohexane is in the inertial regime of the Kramers model. 

The rotation of the coordinated ethylene in the complex Cs-HsRh(C2H4)(CzF4) is initially 
enhanced by pressure, passes through a maximum around 300 MPa and decreases at higher pressures. 

0.5" 
~o 
~E 

.x 0.3, _c 

) 
0.2- 

0.1. 

0 ,  

-----t- viscosity (mPa s) 

FIG. 15. Normalized isomerization rates as function of viscosity for the cyclohexane ring inversion in CSa. Closed 
symbols: NMR rotating frame relaxation. Open symbols: line shape analysis. (214'21s) 
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FIG. 16. Normalized transmission coefficient as a function of viscosity for the cyclohexane isomerization (data 
from Fig. 15). 
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FIG. 17. Top: Normalized rotation rate as a function of pressure of the ethylene group in CsHsRh(C~H4)(C2 F4). 
Bottom: Experimental activation volume as a function of pressure Methylcyclohexane-d~4 (MCH-dt4)-CSz-- 

n-pentane dr2 .(21°) 

In Fig. 17 the normalized rates for this motion are given. The pressure dependence of A Vo~b, is derived 
from the rates. The Kramers turnover for this transition occurs at the relatively high viscosity of ~ 7 
(mPas) in methylcyclohexane while for CS2 and n-pentane-dt2 the turnover point is ,~2 (mPas). 
Wagner (2t6) applied the analysis of the pressure dependence of exchange broadened spectra to the 
small protein basic pancreatic trypsin inhibitor. He could determine flip rates of the aromatic rings of 
a phenylalanine and a tyrosine and derived activation volumes of ,-, 30(10-3 m 3 t oo l - t )  for these 
transitions. AV* was independent of pressure in the range studied (0.1-120 MPa). 
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5. SELF-DIFFUSION COEFFICIENTS:  EXPERIMENTS 

5.1. Xenon 

Xenon is the only monoatomic liquid in which the self-diffusion coefficient has been studied over 
a wide p,T-range. (2~) The data have been obtained between 273 K and 343 K up to a maximum 
pressure of 135 MPa. The experimental isotherms for xenon are given in Fig. 18. The authors state 
that these results are well described at intermediate and high densities by the hard spheres MD 
simulations with a hard sphere diameter r=0.382 nm. However, the agreement with a simulation of 
a Lennard-.lones liquid is only qualitative. The deviations from the analytic Enskog model are large. 
A thorough test of the rough hard spheres model (RHS) and the interacting spheres model can be 
achieved only after data have been collected over a wider p, T-range. 

5.2. Lower Alkanes 

Methane at fluid densities has been studied over the widest p,T-range. The data collected by two 
groups (zl s-zzo) extend from 110 K to 450 K up to maximum pressures of 200 MPa. In the region of 
overlap the agreement between the two data sets is within the accuracy stated. The non-polar, 
conformationally rigid and almost spherical molecule provides the most stringent test for the models 
discussed in the theory section. Methane is quantitatively characterized by the RHS model. Fitting the 
individual isotherms of D to eqn (9), yields an A-parameter between 1.07 and 0.94; no trend for the 
temperature dependence of A is apparent. Methane is also quantitatively described by the IS-model. 
In Fig. 19 the reduced self diffusion coefficients D* = De~p/Do(rs)n for methane are compiled. The fit is 
best, if the exponential term in eqn (11) is omitted, and only the temperature dependence of rB as given 
in eqn (10) is considered. In Table 4 the fit parameters obtained are given. 

For  methane, the explicit inclusion of the attractive interaction via the exponential term reduces the 
quality of the fit, while for all other substances studied hitherto the standard deviation of the fit is 
significantly reduced. The only exception to this is tetrafluoromethane <2zl) which is also included in 
Table 4. Among approximately twenty compounds studied only the two rigid, symmetric and 
non-polar substances CH4 and CF4, show this behaviour, a finding not considered to be fortuitous. 

In Fig. 19 the D* values for propane are also given. The deviation from the 'theoretical' curve is 
representative of the behaviour of most other substances. The fitting of the data for propane becomes 
perfect, if the exponential term is included. The result is given in Fig. 20. 

In recent years molecular dynamics simulations of the lower alkane liquids have advanced to a state 
where thermodynamic properties can be extracted with reasonable accuracy. (22z-zz4) The static 
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F]o. 18. Isotherms of the self-diffusion coet~cients D in liquid xenon as function of the density p.~Zt~) 
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FIG. 19. Reduced self-d~usion coefficients D* ~-D.p/Do(¢.)n for methane and propane as function of the packing 
density n.~p¢ 3. The solid lines result from a fit of the experimental data to eqn (11) under omission of the 

exponential term. 

TABLE 4. Lennard-Jones parameter obtained from fitting the self-diffusion data to eqn (11). A: without the 
exponential term B: including the exponential term 

A B 

T range ¢u P-/ka Std V. Cu e/ke Std V. 
Substance (K) n (nm) (K) (%) (nm) (K) (%) 

CH4 110-454 0.12-0.89 0.417 26.7 2.3 0.422 19.8 2.6 
CF4 140 ~ 9  0.2 -0.98 0.440 244 6.3 0.452 88 6.8 
C2He 136-454 0.28-1.00 0.450 117.8 4.1 0.456 70.8 2.0 
C3Hs 112-453 0.44-1.04 0.479 575.0 17.6 0.483 210.9 2.8 

properties are well described by skeleton models, where the individual methyl and methylene groups 
are each represented by a single Lennard-Jones centre. 

The merit of the different approximations used could be critically tested by a comparison of 
dynamic quantities derived from the simulations with experimental results. The most basic dynamic 
property, the single-particle self-diffusion coefficient, would be the appropriate choice. In Fig. 21 
our experimental self-diffusion data for propane are compared with the simulation results of 
Toxvaerd. (224) The simulated data were obtained for three-site skeleton models with different bond 
lengths, bond angles, diameters and well depths of the Lennard-Jones potentials. Comparison with 
our experimental results, that are quantitatively represented by a single spherical Lennard-Jones 
potential, leads to the suggestion that at least the dynamic properties of the conformationally rigid 
lower alkanes can be simulated by an even simpler molecular model. The comparison also shows that 
D is not very sensitive to the molecular geometry and the potential chosen. 
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5.3. H a l o m e t h a n e s  

Tables 5 and 6 show the results of the analysis of the self-diffusion data for several halomethanes. 
Although D is described well by the rough hard sphere model, an unconstrained fit of the individual 
isotherms yields a rotation translation coupling parameter A that decreases with falling temperature, 
which is not in accord with the purely geometrical description of A as offered by Chandler. <~" laa. ~+o~ 
These experimental results led Speedy e t  al. ~+5~ to analyze the data with the interacting sphere model, 
considering attractive interactions between the molecules by a Lennard-Jones potential. The rela- 
tively large standard deviations given for the fitting process could result from the approximate nature 
of the description of symmetric top or asymmetric molecules by a single Lennard-Jones potential. 
However, for the time being this analysis is at the mercy of relatively poor density data, obtained in 
many cases by crude and wide extrapolations of experimental results. At high packing fractions, a 2% 
error in the density will result in ~ 20% deviations for the self diffusion coefficients. 

The value of this type of analysis could be tested thoroughly by the study of D and p, the packing 
fraction, over a very wide pressure and temperature range. De Zwaan e t  al. t232~ and Harris e t  al .  t 23~  

succeeded in describing self diffusion in CFCI3 and CHCI3 by the rough hard sphere model (Table 6) 
and obtaining reasonable standard deviations. However, their data do not extend over a sufficiently 
large temperature range. The diameters derived by both fitting procedures agree well with the 
geometric dimensions as obtained from crystal data. The well depth e of the Lennard-Jones potential 
neither correlates with the dipole moment of the molecules in the series of the fluoro- and chloro- 
methanes, nor does it follow the changes in the polarizability estimated from the atomic contributions. 
A similar statement applies for the A parameter. Neither the temperature dependence nor the absolute 
values appear to correlate quantitatively with the deviation of the molecules from spherical symmetry, 
or with the dipole moments and polarizability differences. It is obvious that the description of these 
compounds by spherically symmetric potentials and a spherical geometry averages over the properties 

TABLE 5. Fit of diffusion data to the interacting sphere model 

Substance Reference T / K  p~3 t~u/nm (e /ka) /K  % Std. dev. 

CHsCI  Prielmeier et al. t22s~ 210-440 0.53-0.88 0.436 129 8.2 
CH2C12 Prielmeier et a/. ~22s~ 186-406 0.65-1.02 0.479 162 3.3 
CHCI 3 Prielmeier et a/. <22s> 233-397 0.73-0.98 0.534 107 4.5 
CCI+ McCool et al. t22~ 283-328 0.87-0.99 0.575 145 6.3 
CHaF Lang et a/. t227~ 153-440 0.21-0.90 0.405 56 8.5 
CHF3 Lang et a/. <22a) 142-433 0.31-0.99 0.434 86 6.6 
CHCIF2 Vardag et al. <229~ 147-383 0.49-1.04 0.461 164 6.8 
CF3CI Has et al. ~23°~ 133-433 0.45-0.99 0.473 181 8.0 
CF3Br Has et al. t23m 141-432 0.44-0.99 0.492 191 5.9 

TABLE 6. Parameters of the rough hard sphere model for a series of halomethanes derived from the self-diffusion 
data. For details see the original references 

Substance Reference T-range (K) A o(10- t o m) 

CHCI a De Zwaan e t a / .  (232~ 341-460 0.64 _+ 0.01 4.97 + 0.06 
CHCI3 Harris et al. t2sl> 278-348 0.76+0.02 4.85+0.03 
CHCl3 Prielmeier et al. t22s~ 233-397 0.4-0.8 4.84+0.05 
CHaCI Prielmeier e t a / .  t22s) 210-440 0.4-0.75 3.98+0.03 
CH2CI 2 Prieimeier  et a/. (22s) 186--406 0.3-0.8 4.43 +0.04 
CH3 F Lang et al. <22~ 153-440 0.4-1.0 3.57+0.04 
CHa H Lang et al. ~22a~ 142-433 0.3-1.0 3.95 + 0.04 
CHCIF 2 Vardag et al. <229~ 147-383 0.4-0.8 4.32 +0.01 
CF3CI Has et al. ~23m 133-433 0.45-0.85 4.8 -I-0.l 
CF3Br Has et al. <23°> 141-432 0.68-0.75 5.1 -t-0.l 
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of the real molecules. It thus remains to be determined whether or not the parameters derived in the 
limited p,T-range permit a reliable extrapolation into regions not covered by the data. 

5.4. L a r g e r  A l k a n e s  

Besides the halomethanes the hydrocarbons comprise a relatively well studied group of compounds. 
The intensive investigation of these substances was, no doubt, motivated by their occurrence in oil and 
their widespread use in industry. 

Table 7 gives the substances studied at elevated pressures. Figure 22 gives the A parameter values 
derived from fitting the self diffusion data obtained by Jonas and his group (233) to the RHS model. 
They clearly show a significant temperature dependence. These data represent an early example of the 
approximate nature of this model and in our opinion a clear indication for the necessity to include 
attractive interactions into the analysis. The data obtained from fitting the RHS- and IS-model to all 
n-alkanes studied, provided the availability of sufficient p VT-data, are compiled in Tables 8 and 9. 

It is remarkable that most of these compounds can be described with reasonable accuracy by the 
interacting sphere model. Only butane and a polyethylene wax with an average chain length of 154 

TABLE 7. Self-diffusion studies of larger aliphatic hydrocarbons 

Models applied 
n-alkanes Reference RHS IS FV 

Butane Hasha (234) x 
Vardag e t  al. (2as) x x 

Pentane Hasha ~234) x 
Vardag et  al. (23s) x x 

Hexane Bachl et  al. (236) x 

Vardag et  al. (23s) x x 

Decane Bachl et  al. (236) x 

Vardag et  al. (z3s) x x 

Tetradecane Vardag et  al. (23s) x x 

Hexadecane Vardag e t a / .  ~237) x x 
Dymond e t a / .  (zas) x 

Triacontane Vardag et  al. (z37) x x 

Pentacontane Vardag et  al. ~37) x x 

n-C78  Vardag et  al. (237) x x 

n-Cts4 Vardag et  al. (23~) x x 

B r a n c h e d  and  cyc l ic  a l kanes  
Cyclohexane 

Methylcyclohexane 
2-Methylbutane 
2,2-Dimethylpropane 
2,2-Dimethylbutane 

2,3-Dimethyibutane 
2,2,3-Trimethylbutane 

U n s a t u r a t e d  H y d r o c a r b o n s  
Ethene 

c i s - 2 - B u t e n e  
t r a n s - 2 - B u t e n e  
2-Butyne 

Jonas et al.  (233) x 
Polzin et  al. (54) 

Jonas et  al. ~z39) x 

Bachl et  al. (23~) x 
Woznyj e t  al. (24°) x 
Polzin e t  al. ~s4~ 

Bachl et  al. (z4~) x x 

Bachl et  al. (z41) x x 
Vardag et  al. (23s) x x 

Arends et  al.  {242"243) x 
Baker et  al. (244) x 

Bachl et  aL (2s~) ~*) 
Bachl et  al. (236) (~) 

Bachl et  al. (23~) (~) 

(') No evaluation possible, no p V T - d a t a  available. 
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FIG. 22. The parameter A for self-diffusion in cyclohexane and methyicyclohexane as derived by Jonas et al. (233) 
from the fit to the RHS-model at different temperatures. 

TABLE 8. Parameters of the interacting sphere model for s~veral aikanes from saturation vapor pressure to 
200 MPa I 

Substance Reference T-range (K) ~ru [10-lo m] e/ke [K] % Std. dev. 

n-alkanes 
C4Hto Vardag et al. (z3s) 150-451 5.26 226 9.4 
CsHIz Vardag et a/. (2ss) 174-451 5.70 186 4.7 
C6HI4 Vardag et al. (23s) 21~ ~3  5.97 242 5.5 
CloH22 Vardag et al. tzas) 265-449 6.98 379 2.3 
CI,H3o Vardag et al. t23sj 293-442 7.61 679 4.8 
C16H34 Vardag et al. t2aT) 312-473 8.09 576 3.9 
C3oH62 Vardag et al. (237) 357-472 9.77 1139 2.9 
CsoHIo2 Vardag e t a / .  {237) 390--476 11.49 1715 2.6 
CTs Vardag et al. (2a7) 397-476 13.21 2448 3.7 
C1s,t Vardag et al. tzaT~ 408-476 16.34 3420 8.9 

branched alkanes 
2,3-DMB (I) Bachi e t  al. (2'*t) 252-453 6.08 197 4.8 
2,2-DMB ('~ Bachi et al. ~24~) 250-450 6.05 303 5.3 
2,2,3-TMB (b) Vardag et  al. (2a~) 296-450 6.33 340 11.5 

(') DM B = Dimethylbutane. 
(b) TMB = Trimethylbutane. 

carbon atoms reveal large and very systematic standard deviations. Also the fit for pentane and 
hexane is fairly poor. All alkanes deviate strongly from spherical geometry. The n-alkanes with a chain 
length between C-4 and C-6 yield the worst results. An inspection of mechanical models reveals that 
for these substances the deviation from spherical symmetry is larger than for ethane and propane. 

For the longer n-alkanes, dynamic t r a n s - g a u c h e  equilibria lead to the formation of more spherical 
random coils. Thus the description by spherical approximations becomes more precise. For the 
longest alkanes, with an average chain length of more than 50 carbon atoms, the coils of the single 
molecules could begin to intertwine. This in our opinion is most clearly seen in the low A-parameter 
found for these three compounds, although even the C-154 alkane is too short for the reptation 
model (24s) to be applicable. 

A further check for the qualitative conclusion given above is provided by the diffusion data of the 
methylated butane derivatives given in Tables 8 and 9. These compounds show large systematic 
standard deviations in the fit parameters for the interacting sphere model. The introduction of the 
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TABLE 9. Parameters of the rough hard sphere model for a series n-alkanes derived from fitting the self diffusion. 
For details see the original references 

Substance Reference T-range [K] A ~(10- lO m) 

n-a l kanes  
CH4 Greiner-Schmid et  al. (22°) !10-454 0.93-1.07 3.5 +0.15 
C2H~ Greiner-Schmid et  al. (22°) 136--454 0.80-0.97 4.1 _+ 0.1 
CsHs Greiner-Schmid et  al. (22°) 135-453 0.37-0.93 4.60+0.04 
C4H1o Vardag et  al. (2as) 150-451 0.61-0.99 5.03+0.04 
CsHt2 Vardag et  al. (235) 174-451 0.55-0.98 5.36+0.05 
C~H14 Vardag et  al. (2as) 214 ~43 0.61-0.85 5.65+0.03 
CtoH22 Vardag et  al. 1235) 265--449 0.47-0.68 6.68 + 0.05 
C14Hso Vardag e t  al. (235) 293-442 0.27-0.48 7.38 + 0.02 
Ct6Ha4 Vardag et  al. (23"~) 312-473 0.33-0.64 7.77+0.05 
C3oH~2 Vardag e t  al. (23~) 357-472 0.20-0.30 9.53 + 0.04 
CsoHlo2 Vardag et  al. (237) 390r-476 0.11-0.16 11.28 + 0.03 
C~s Vardag e t a / .  (237) 397-476 0.04--0.08 13.00 + 0.1 
Cl s4 Vardag et  al. (2a~) 408-476 0.02-0.03 16.15 :i: 0.04 

b r a n c h e d  a l k a n e s  
2,3-DMB c') Bachl e t  al. (241) 252-453 0.62-0.93 5.68 +0.04 
2,2-DMB Bachl et  al. (24t) 250-450 0.50-0.74 5.74+0.05 
2,2,3-TMB (b) Vardag et  al. (2as) 296-450 0.68-0.77 6.04 + 0.02 

(') DMB ffi Dimethylbutane. 
(b) TMB = Trimethylbutane. 
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FIG. 23. Fit of the self-diffusion coefficient D of 2,2-dimethylbutane as function of the density p(241) to the 
interacting spheres model. 

additional methyl groups leads to greater molecular asymmetry and to a steric restriction of the 
compounds to the conformers with the maximum number of trans methyl/methyl group contacts. 

In Fig. 23 the interacting sphere fit for 2,2-dimethylbutane is given. The large and systematic 
deviations seen are indicative, in our opinion, of the failure of this simple model. In trying to specify 
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the quality of the fits as mentioned previously, one is often limited by the available pVT-data. At the 
high density side of the fitting range, an error of 2% in the density may lead to 20% deviation of  the 
calculated self diffusion values. In order to eliminate this source of error, we have set up a high 
pressure apparatus for density measurements. The results given for 2,2-dimethylbutane and 
2,3-dimethylbutane were the first data obtained with this instrument. The p,V,T-data are judged 
reliable to _+0.5% and corroborate the conclusions drawn. 

At the moment, a precise check of the two models discussed here must be postponed until more 
pVT-data become available. The applicability of this treatment for the extrapolation of the limited 
data sets to regions of the p,T-space not covered by experiment can only be tested if sufficiently precise 
p,V,T-data have been collected for a strategically chosen set of substances. 

The polyethylene waxes with an average chain length of 78 and 154 carbons respectively provide 
a first insight into the dynamics of polymer melts in this series. The viscoelastic properties of molten 
linear polymers are usually well described by the Rouse -(2't6) or reptation-models. (z4s' 247.2,~s) Critical 
tests of these models could only be achieved if the measurements were to include values from 
polyethylenes with a considerably higher molecular weight. Beyond the critical molecular weight Me, 
entanglements, typical of long linear random coil molecules in the reptation model, hinder signifi- 
cantly the translational mobility. Mc was derived for polyethylene to 3800< M© < 5600, beyond the 
range covered in these experiments. All data collected here should be describable by the Rouse model, 
which demands D,-, Mw I while for reptation D,,, M~, 2 is expected. Figure 24 gives a log D versus 
log Mw plot showing the isobars of D for all alkanes studied here at 473 K. The isobars are linear, with 
the slopes increasing with pressure. 

Although all these alkanes are in the lower molecular weight range, where Rouse dynamics should 
apply, D is found to be proportional to M~t 2 + o.2. The exponent appears to increase significantly with 
pressure. In Fig. 25 the saturated vapour pressure diffusion data for n-alkanes with 5 or more carbons 
are collected. Even the inclusion of these small molecules retains the M~ "+°'2 dependence of D. 
Similar observations have been discussed in the literature (249.zs°) and are usually explained by the 
influence of the free volume upon the translational mobility. The graphs of Figs 24 and 25 obviously 
provide an excellent method for the interpolation of self diffusion coefficients of alkanes with 

D ° m2/~ SVP~ T,,t?3K 
l I00 MPe \ 
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2 ' ' ' ' '~'' 3 " - - ' * "MW 

FIG. 24. Log/log plot of the isobars of the self-diffusion coefficients D of n-alkanes and polyethylene waxes versus 
the molecular weight Mw. ~a37~ 
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molecular weight Mw .{237) 

intermediate chain lengths. The physical analysis of the functional form of the molecular weight 
dependence must await studies on longer polyethylenes. 

5.5. Miscellaneous Non-Associating Liquids 

The substances investigated arc given in Table 10 together with the liquid state models applied for 
their description. The self diffusion of benzene has been determined very carefully both by NMR and 
tracer techniques. (51' 22~) The data are sufficiently precise to be used for the gradient calibration in spin 
echo experiments. The chemical stability, the simplicity of the proton and carbon-13 NMR spectrum, 
and the availability of very pure benzene further support this proposal. Poizin et al. c54) described the 
p,T-dcpcndcnce of the self diffusion coefficient to better than + 2% by the empirical polynomial 
proposed by Collings et al. (St) 

In(D 10-9 m 2 s -  l ) = 5.953 - 1550.97( T / K ) -  1 _ 26.035( T / K ) - 2  _ 1.108(p/MPa( T / K ) -  1 ) (89) 

- 368.2 x 10 - 5 (p/MPa) + 8.9064 x 10- 6 (p/MPa)Z + 17.565 x 10 - 12 (p/MPa)-  3. 

2-Ethylbexylbenzoat¢ is the most viscous non-associating liquid analyzed by the RHS model. (25~) 
Only the high temperature isotherms were evaluated leading to an A-value between 0.17 to 0.24 and 
a RHS-diameter that decreased from 0.734 nm at 313 K to 0.718 nm at 373 K. 

The isobars of the self diffusion coefficient for hcxamethylcyclotrisilazane (HMCTS) and 
octamethylcyclotetrasiloxane (OMCTS) could be followed in the deeply supercooled range. In 
Arrhenius-plots, all isobars reveal a curvature that becomes most pronounced below the melting 
temperature. The isobars were fitted to the VTF-cquation. The parameters obtained are collected in 
Table 11. They show a strong increase of the ideal glass transition temperature To with pressure. 

In Fig. 27 the experimental points and the lines of best fit are given for HMCTS. It is interesting to 
note, that the equilibrium crystallization of this almost spherical non-polar compound occurs at all 
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TABLE 10, Self-diffusion studies by NMR on miscellaneous non-associating liquids 

543 

Models applied 
n-alkanes Reference RHS VTF FV 

Benzene Parkhurst et  al. (zsz) x 

Polzin et al. (s') x 

Hexadeuterobenzene Parkhurst e t  al. (zsz) x 
Trimethylbenzene Polzin et  al. (s') x 

Hexafluorobenzene Hogenboom et  al. (sT) x x 
Pentafluorobenzonitrile Polzin et  al. (s') x 
Pyridine Fury et  al. (zss~ x 
Perfluorocyclobutane Finney et  al. (zs4) x 

Dibromtetrafluoroethane Polzin et  al. (s ' )  x 
1,2-Dichioroethane Malhotra et  al. (2ss) x 
Sulphurhexafluoride De Zwaan et  al. (2s6) x 

Tetramethylsilane Parkhurst et  al. (zs2~ x 
Tetramethyitin Polz/n et al. {s4) x 
Octamethyicyclotetrasiloxane Greiner-Schmid et  al. (zsT) x 
Hexamethyleyclotrisilazane Greiner-Schmid et  al. ('sT) x 
2,2-Dimethylpropionitrile Woznyj et  al. {'4°) 
2-Ethylhexylbenzoate Walker et  al/2sl) × 
Carbon dioxide Krynicki et  al. (zsa) 
Hydrogen chloride/ Krynicki et  al. (2s9) 
Deuterium chloride 

6 '  

D 

{tO'9m2/s) ' 

t 
4, 

3' 

2' 

1 

?k o: Polzin et oi. 

N'~ ~" ",a7z6K 

sb ~do - . .  p'M~o) 26o 

FIG. 26. Comparison of the isotherms of the self-diffusion coefficient D of benzene of obtained by various 
authors.{S4, 226, s~) 

TABLE ! 1. Fit parameters To, Do and B of the VTF equation (2s~) for HMCTS and OMCTS 

p [MPa] 0.1 25 50 100 150 200 

Subs tance :  HMCTS 
To l'K] 102 
Do [10 -9 m2/S] 44.2 
B [K] 858 

Subs tance:  OMCTS 
To [K] 52 
D O ['10 - 9  m 2 / S ]  81,3 
B [K] 1311 

m 

133 159 162 159 
17.2 9.2 8.06 8.68 

669 554 601 703 

81 103 165 199 237 
31.3 16.6 4.63 2.42 1.32 

1049 893 537 417 291 
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FIG. 27. Isobars of the self-diffusion coefficient D of hexamethylcyclotrisilazane extending deeply into the super- 
cooled range. 

pressures at identical values of the self-diffusion coefficient (horizontal line in Fig. 27). A similar 
observation can be made for OMCTS. 

Carbon dioxide, czSs) deuterium chloride, hydrogen chloride, (2s9) and chlorotrifluoromethane (21s) 
were studied in the region of their critical points. The NMR studies on all four compounds conclude 
that a critical anomaly of the self-diffusion coefficient cannot be observed. This is in contrast to the 
well established anomalies in the thermal conductivity and shear viscosity. This is also in contradic- 
tion to earlier diffusion studies on carbon dioxide by the capillary technique. 
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FIG. 28. Isobars of the self-diffusion coefficient D of hexafluorobenzene (sT) and pcntafluorobenzonitrile (~4) reveal- 
ing the retarding influence of the large dipole moment of the nitrile group. 
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FIG. 29. Isotherms of the self-diffusion coefficient D in three 2-methylpropane derivatives. (z4°) 

The comparison of the self diffusion coefficients found for hexafluorobenzene (sT) and penta- 
fluorobenzonitrile {s4) and 2,2-dimethylpropane and 2,2-dimethylpropionitrile ~z4°) show very clearly 
the retarding influence of large dipole moments upon the translational mobility. The volume and 
shape of these two pairs of molecules are very similar. The dipole moment of the nitrile group, which is 
around 4 Debye for these two substances, retards the translational mobility by at least a factor of two, 
especially at high temperatures. Similar influences may be seen for the halomethanes as have been 
discussed above. However, the dipole moments of these compounds are only around 2 Debye and 
thus this effect is less pronounced. 

Figure 28 gives the Arrhenius plot of the pair of aromatic compounds. Two isotherms for the 
aliphatic molecules are presented in Fig. 29: two isobars of the monohydric alcohol 2-methyl- 
2-propanoi are also included. The comparison shows that, at low temperatures, the retarding 
influence of the hydrogen bonds is more important than that of the large dipole moment. At 450 K 
however, 2,2-dimethylpropane and the alcohol have almost identical mobilities. The influence of 
hydrogen bonding'on self diffusion will be discussed in the next section. 

5.6. H y d r o g e n  B o n d e d  L i q u i d s  

The lower alcohols and water are the only hydrogen bonded liquids for which self diffusion has been 
studied at elevated pressures (Table 12). Two isotherms of 2-methyl-2-propanoi are given in Fig. 29. 

TABLE 12. High pressure NMR studies of the self-diffusion coefficient of hydrogen bonded liquids 

Water 

1H 2160 Kiselnik et al.; (26°) Woolf; (261) Angell et al.; (262) Krynicki et al.;(263) Woolf and 
Harris; (z64) Lamb et al.; (265) Prielmeier et at.; {2661 Prielmeier et al. (2671 
Woolf and Harris (264) 
Wilbur et al.; (26s~ De Fries and Jonas; c269) Prielmeier et al. (267) 
Hurle et al.; (2~°~ Karger et al. (2~1~ 
Jonas and Akai; (272) Hurle et al.; (2~°) Karger et al. (27t~ 
Meckl and Zeidler; (273) Karger et al32~1~ 
Mecki and Zeidler (273~ 
Woznyj et al. ('4°~ 

IH2tS O 
D20 
CH3OH 
CH3OD 
C2HsOH 
n-C3HTOH 
(CHa)3COH 

JPNHRS 25:6-U 
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They show that the retarding influence of this interaction is most clearly seen at low temperatures. All 
alcohols investigated hitherto can be well described by the rough hard sphere model, with a strongly 
temperature dependent A-parameter. In the supercooled range this parameter becomes smaller than 
0.01. The hard sphere diameters obtained from the fitting agree reasonably well with diameters 
calculated from the van der Waals volumes and melting point densities. The isobaric temperature 
dependence of self diffusion in the neat alcohols is well characterized by the VTF-equation. The 
coefficients determined are compiled in Table 13. 

In order to study the influence of isotopic substitution on translational mobility, the self-diffusion 
coefficients (D) of methanol and partially deuterated methanol (CH3OD) were measured over the 
same wide temperature range. Figure 30 gives the isotherms for methanol-OH. Figure 31 gives the 
ratios D~ for two isobars from 150-450 K. The ratios reveal a pronounced temperature dependence, 
especially in the supercooled region. 

At the lowest temperature, Dr reaches a maximum value of 1.4. This cannot be attributed to 
differences in molar volume, since for CHaOH and CHaOD this differs by < 1%. According to 
kinetic theories for simple liquid dynamics, one would expect Dr to depend on the square root of the 
inverse mass ratio. For  methanol and methan(2H)ol this leads to a value of 1.016, which cannot 
account for the differences in D. 

The data for Dr presented by Hurle et a/. (27°) between 283-313 K are in very good agreement with 
our results. Keeping in mind that there seems to exist a strong rotation-translation coupling in 
methanol, Hurle eta/ .  C27°J compared their results for D~ with the inverse ratios of the square roots of 
the moments of inertia. However, the temperature dependence of Dr as presented in Fig. 31 cannot be 
explained by this approach. It follows that the p,T-dependence of the mobility of the methanol 
molecules is not determined by the mechanics of the single free methanol molecule but is a collective 
property reflecting the dynamics of the hydrogen-bond network. 

A similar temperature dependence of the isotope effect can be observed in other hydrogen-bonded 
liquids such as water. Most probably the observed temperature dependence of the isotope effect in 
methanol originates from the same effect. In liquid water this difference was assigned to the formation 
of a greater number of stronger hydrogen bonds in D20. Their influence should become more 

TABLE 13. Fitted results (VTF equation) for methanol, methan(2H)ol, and 
ethanol 

p (MPa) To(K) B(K) B x T ~  1 

MeOH 0. I 62 775 12.5 
50 64 800 12.5 

100 67.5 820 12.1 
150 69 850 12.3 
200 70 875 12.5 
250 71 900 12.7 

MeOD 0.1 66 775 11.7 
50 68 800 11.8 

100 71.5 820 11.5 
150 73 850 11.6 
200 74 875 11.8 
250 75 900 12.0 

EtOH 0.1 57 1000 17.5 
50 59.5 1040 17.5 

100 61.5 1050 17.1 
150 63.5 1080 17.0 
200 65 1110 17.1 
250 66 1135 17.2 
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FIG. 30. Isotherms of the self-diffusion coefficient D of liquid methanol-(OH) (271) as function of pressure p. 
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pronounced at low temperatures. The corresponding effects observed in light and heavy water will be 
discussed later, together with the results derived for the rotational dynamics from spin-lattice 
relaxation measurements. Woolf and Harris (264) studied the p,T-dependence of the dynamic isotope 
effect in light water, and light water containing oxygen-18, in the temperature range between 277 K to 
333 K at pressures up to 300 MPa. In this region the ratio D(H2160)/D(H~ 1so) is independent of 
p and T and equal to the square root of the mass ratios. 
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In Fig. 32 self-diffusion coefficients for H20 are given, extending from the supercritical range, where 
water can obviously be quantitatively described as a normal liquid with a binary collision model, <265~ 
down into the deeply supercooled range to ~ 200 K, where the temperature dependence of D becomes 
very steep. In the intermediate range around 350 K, and below, the pressure dependence of D(H20) 
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FIG. 32. Compilation of some isobars of the self-diffusion coefficients of liquid water. 
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becomes anomalous; increasing pressure facilitates translational and rotational mobility until at 
pressures around 100 to 200 MPa a maximum of the mobility is reached. The effect becomes more 
pronounced in the supercooled region. Prielmeier et al. (267) measured D ( D 2 0  ) for pressures up to 
200 MPa from 453 K down to 243 K into the metastable supercooled range (Fig. 33). The low 
temperature limit of these data was set by the short deuteron spin-spin relaxation times, which 
combined with the low self-diffusion coefficient do not permit a reliable determination of D with the 
experimental setup used. The self diffusion results published in the more recent papers (261-267) agree in 
the region of overlap within the precision claimed by the different groups. Weing/irtner t35) has recently 
critically reassessed all older data published. 

5.7. Binary Mix tures  

For the study of self-diffusion of the individual species in mixtures, Fourier transforming spin echoes 
obtained with either steady or pulsed gradients is the method of choice. However, relatively few have 
been studied hitherto and these have all been binary systems. They are compiled in Table 14. 

The aqueous solutions will be discussed in detail together with the spin-lattice and spin-spin 
relaxation measurements in Section 5.5.3. The non-ionic solutions were studied in order to learn more 
about the pressure dependence of the biologically important effects of hydrophobic hydration and 
interaction. The peculiar pressure and concentration dependence observed for the alcohol as well as 
for the water molecules is demonstrated in Figs 34 and 35. 

Careful and extensive studies of some binary mixtures of non-polar compounds have been 
published by Polzin and Weiss (54) and Briisewitz and Weiss. (2~s) Attempts have been made to analyze 
the data in the framework of the free volume model, (5~) which demands that at constant volume 

TABLE 14. Self diffusion in mixtures 

Aqueous solutions 
LiC1/CsCI/CaCI2 in D20 
(CDs)2SO/H20 
(CHa)aCOH/H20 
(CHs)3(CH2OH)/D20 
Sn(CHa)4/cyclohexane 
n-hexane/benzene 
methane/tetradecane 

Akai et al. (274) 
Baker et al. (275) 
Woznyj(2~e) 
Has(277) 
Polzin et al. (s4) 
Brfisewitz et al. (278) 
Vardag eta/. (235) 

10-8" 01MPo / / . 3 5 K  ~ 

,1 2 " / 8 K ' ~  / 286K~ \286K ~303K ~323K l(J 
20 ~,0 SO eo ~ 0 20 ~,0 so so 

- -~  wt.-%(CH3}3COO in 020 

FIG. 34. Self-diffusion coefficient D of methyl-2-propanol in aqueous solution as a function of composition at two 
pressures.(276) 
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D should depend linearly on T s/2. The data for benzene/n-hexane, (zTm given in Fig. 36, give for all 
mixtures a definite curvature and prove that this model is not able to describe the results over a wider 
p,T-range. 

6. RELAXATION RATES: EXPERIMENTS 

6.1. Atomic Liquids 

Reports of high pressure NMR relaxation experiments on atomic liquids are rather scarce. 
EI-Hanany et al. (27m and Warren et al/2s°> reported lSSCs Knight shift and nuclear relaxation rate 
measurements on expanded liquid caesium over a density range of 1030 (kg/m 3) < p  < 1920(kg/m3). 
Conduction electron densities significantly lower than those of ordinary metals can be achieved before 
a metal-non-metal transition close to the liquid-gas critical point intervenes. The relaxation of the 
z33Cs nuclei is dominated completely by the magnetic hyperfine coupling with conduction electrons. 
In this case the spin-lattice relaxation rate is governed by electron-spin fluctuations described by the 
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low-frequency, transverse component of the imaginary part of the susceptibility X"(q, m): 

RI = [(8/3)< I~'(0)12 >v~. g^] 2 ~ f  dq q2X~. (q o~) (90) 

with (I~'12 >v the probability amplitude at the nucleus averaged over all states at the Fermi surface, 
7N the gyromagnetic ratio of the nucleus, and (.o L the corresponding Larmor frequency. For non- 
interacting electrons the familiar Korringa rate (2sl) is obtained: 

( R 1 )Ko, = (4~/h)(TN/Te )k T K, (91) 

with K=(8~/3)(l~I'(0)l" )e V^K(0, 0), the Knight shift. (s4) 
Generally, electron-electron interactions, (2s2) or electron-ion scattering, (2s°) alter the q-depend- 

ence of the volume susceptibility X"(q, mL) resulting in a Korringa ratio 

q = R l / ( R  t )Ko,r ~ 1. (92) 

With the usual random phase approximation (RPA) to e - - c -  interactions, the Knight shift and the 
relaxation rates can be easily rationalized at high densities (p -~ 1900 kg/m a) close to the melting point. 
There the magnetic properties of liquid caesium correspond to an interacting electron gas. At reduced 
densities, however, a strong increase in both the Knight shift and the Korringa ratio appears which 
could not be understood within the RPA, hence a fundamental change in the q-dependent dynamic 
susceptibility must occur upon expanding the liquid metal (see Fig. 37). The authors could rule out the 
onset of a diffusive electron transport in the limit of strong electron-ion scattering. Rather they 
interpreted these effects as precursors of the metal-non-metal transition resulting from strong spin 
fluctuations towards a spin-density wave, or a metallic antiferromagnet above its ordering temper- 
ature. 

Warren and Dupree (2s3) investigated liquid Se by ??Se NMR from the supercooled liquid (466 K) 
to the supercritical fluid (1898 K) and at pressures up to 79 MPa. Molten selenium forms a liquid with 
unique properties when considered in relation to the other liquid chalcogen elements (O, S, Te, Po). 
Liquid Se forms a liquid semiconductor in which the chemical bonding is purely covalent. Linear- 
chain polymers are formed near T~ because of the preservation of twofold coordination similar to 
those of sulphur above the polymerization temperature. Thus Se embodies both the low coordination 
and tendency for molecule formation (insulating liquid 02,  $s) and the electronic conduction 
properties of the heavier elements (metallic liquids Te, Po). 

Over sufficiently wide ranges of temperature and pressure, including the supercritical fluid, radical 
modifications were expected to occur, accompanied by significant changes of the electronic structure 
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and properties in the disordered liquid state. NMR provides a strong sensitivity to local static and 
dynamic magnetic fields. Hence nuclear relaxation rates are related to the microscopic electronic and 
structural dynamic properties. Nuclear spin-lattice (I/T1), spin-spin (l/T2) and spin-phase memory 
(I/T~) relaxation rates were reported from the supercooled state at 466 K to the supercritical state at 
1708 K and 41 MPa, and are shown in Fig. 38. Three regimes (I: T<  523 K, II: 523 K < T<973 K, III: 
T>  973 K) with distinctly different relaxation characteristics were evident. In region I the spin-spin 
relaxation rate 1/T2 decreased with temperature and increased sharply with frequency while the 
spin-lattice relaxation rate 1/7"1 increased with temperature and exhibited no frequency dependence. 
In region II both rates increased strongly with temperature. Furthermore 1/T2 was independent of 
frequency whereas 1/7"1 increased considerably with decreasing frequency. Region III is the range 
studied in a high-pressure autoclave. Both relaxation rates were equal and exhibited a broad 
maximum at about 1273 K. Data at 10 MPa and 40 MPa showed a negligible pressure dependence. 
The line broadening observed on cooling below 523 K was due to relaxation by the anisotropic 
chemical shielding (CSA) modulated by thermal reorientation of the molecular aggregates (chains and 
tings). 

The data have been described with eqn (63) and eqn (64) taken in the slow motions limit (tot~>> 1). 
Average rotational correlation times could be obtained with the components of the chemical shielding 
tensor determined for crystalline trigonal Se (2a+) yielding z,(T=466 K)=19.7+0.6 (/as) and an 
apparent activation energy of AE, = 85.8 + 9.6 (kJ/mol). The spin-lattice relaxation, however, could 
not be explained with a CSA mechanism which yielded rates too small by a factor of approximately 
105. Rather it was due to a scalar interaction of the 77Se nuclei with localized electron spins in 
dangling bonds at the chain ends. The scalar relaxation due to isotropic hyperfine couplings also 
provided the dominant relaxation mechanism for both 1/T1 and 1/T2 in region II. The corresponding 
relaxation rates are given by eqn (76) and eqn (77). Figure 38 indicates that the conditions 
(COs--OgL)¢,~ 1 and ((.OS--(.OL)'[  ~ 1 hold above 1023 K and below 873 K respectively. The correspond- 
ing correlation time z is the electron-electron exchange fluctuation time % which depends only on the 
average distance (R)-~(ns)-1/3 between the paramagnetic centres with no explicit dependence on 
temperature or pressure (see Figs 39a and b). The spin density ns increases with temperature and also 
very strongly with pressure at high temperatures due to bond cission. Thus application of pressure 
produces a sharp change in the magnetic properties as the paramagnetic centres delocalize. The strong 
dependence of % on (ns) - 1/3 indicates that typical metallic spin fluctuation times zc = 10-15 (s) will be 
reached for an average distance of the paramagnetic defects of approximately 3 ,~,. At low temper- 
atures, in the supercooled state, the appropriate correlation time was the time of association of the 
electron and a particular nucleus. The observed loss of frequency dependence of 1/7"1 derives from 
long motional correlation times related with long polymer chains. One then obtains: 

1 1 Cs 
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FIG. 38. Spin-lattice (1/Tl)(o 13.6 MHz, 5 MHz), spin-spin (1/7",)(o 13.6 MHz, 5 MHz) and spin-phase memory 
(I/T~)(40 MPa, x SVP) relaxation rates of 77Se versus I/T for liquid selenium. (2s3) 
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with C, the concentration of paramagnetic centres. Extrapolation of the high temperature z, results 
yielded %(Tm)~3 x 10 -11 (s), whereas the low temperature rotational correlation times ~, implied 
10 -9 (s)<Ta( Tin)< 10 -7 (s). 

6.2. Non-Associated Liquids 

6.2.1. Simple Non-Viscous Inorganic Liquids. The most simple molecular liquid studied with HP- 
NMR techniques is compressed liquid nitrogen. Armstrong and Sp~ight (2a5) reported the investiga- 
tion of the pressure and temperature dependence of the S4N spin-lattice relaxation rate (Fig. 40). 

The 7"1 measurements were used to obtain the behaviour of the activation enthalpy AH ~ and 
activation volume AV # for the molecular reorientations described as activated rate processes. The 
activation enthalpy should provide a measure of the energy required to reorient a molecule under 

16- 
T1 

(ms)- 

14- 
106.5 K 

' ~b ' do L . b C M ~ o ) I ~ 0  

FIG.40. Isothermal pressure dependence of the S4N-Ts of liquid nitrogen. The solid curve represents the melting 
pressure curve of nitrogen. (28s) 



554 E.W. LANG and H.-D. LODEMANN 

conditions of constant pressure. It was observed to increase linearly with pressure, and to be 
independent of temperature. This is to be expected, as increased external hydrostatic pressure reduces 
the free volume per molecule, so that the restoring torques hindering molecular reorientations are 
increased. Similarly, activation volumes were found to be independent of pressure and to decrease 
linearly with increasing temperature. As the latter is increased, molecular jostling increases. The 
environment of any molecule undergoes larger fluctuations and the molecules can reorient more 
freely. The activation energy AE ~ for the molecular reorientations is related to AH* and AV ~ via 
eqn (16), and hence requires a knowledge of the thermal expansivity ~ and the isothermal compress- 
ibility ~¢. From p, p, T-data of liquid nitrogen the pressure and temperature dependence of ~ and ~¢ can 
be obtained and AE # ( T, p) calculated. The activation energy AE* under constant volume conditions 
was found to increase both with pressure and temperature. If the volume is kept constant, then as the 
temperature increases, the fluctuations in the intermolecular restoring torques exerted on a molecule 
increase, but the average value of these torques remains constant. Armstrong and Speight concluded 
that their findings indicate that this behaviour results in an increased barrier to reorieutation. 

Though liquid halomethanes have been extensively investigated by NMR, few studies have applied 
hydrostatic pressure to unravel volume and energy effects upon the dynamic structure of the liquid. 
A continued interest in these studies further focused onto angular momentum correlation times ,j and 
their relation to reorientational correlation times "l" L within various theories of rotational dynamics in 
liquids. This is because spin-rotation relaxation seems to be the only source of information about the 
decay of angular momentum correlations due to incessant collisions in dense fluids. As the 
spin-rotation interaction is effective as a relaxation mechanism only in the case of unhindered 
rotational motions of small molecules, a large part of the work has been performed at high 
temperatures in the gaseous and fluid phases. Though gas phase dynamics will generally not be 
considered in this review, spin-rotation relaxation at low densities will be included for those 
substances where high pressure NMR experiments at liquid densities have been performed. 

Nuclear spin relaxation in methane and its deuterated modifications have been reported by several 
groups since the early days of NMR. (zS~-zg°) These groups investigated the density and temperature 
dependence of the proton and deuteron spin-lattice relaxation mainly in the gas phase. In a dilute gas, 
spin-dependent intramolecular interactions like spin-rotation, dipolar and quadrupolar couplings 
fluctuate in time because collisions between molecules give rise to transitions between rotational states 
[J, M ~ of the molecules. These fluctuations enable the nuclear spin system to exchange energy with 
the rotational and translational degrees of freedom of the molecules. As a result the nuclear spin 
system approaches equilibrium at the 'lattice' temperature 7". In all these studies, the relaxation has 
been found to be exponential with a single time constant 7"1. This demonstrates that intramolecular 
dipole-dipole interactions do not play a dominant role. In fact, Bridges e t  al. (289) showed that in the 
dilute gas phase, spin-lattice relaxation of the protons is almost exclusively due to spin-rotation 
interactions and electric quadrupole interactions dominate the relaxation of the deuterons. 

The dependence of 7"1 on pressure in polyatomic gases is governed by the density dependence of the 
various correlation times ~ which are connected with the lifetime of a I J, M )  state of the molecule. 
These time constants (z~, ¢L) may be related to the collision frequency of a hard sphere system 

1 =4n~r2 g(a), (94) 
"CColl 

where n is the number density, cr is the effective hard sphere diameter of the molecules of mass m, and 
g(cr) is the contact hard spheres pair distribution function. (~3s' ~4o.z9~) To quantify the relation 
between ¢ and ¢co, three approximations have been proposed in the literature based on the kinetic 
transport theory. Bloom and Oppenheim (zgz) proposed the 'weak collision limit' appropriate to low 
density gases, and the 'strong collision limit' in the case of high density gases and liquids. Strong 
collision implies that the molecules are found with equal probability in any of their ]J, M )  states 
within a J'-manifold. The correlation times are independent of . / and  proportional to the kinetiC~ 
collision time ¢coa, hence:  (z93) 

(zs, ¢z)~ m ,/z T- i/z; R I,D D ,~ T-i/z; R1.sa ~ T i/z, (95) 
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and the intramolecular dipole~lipole relaxation rate RI.I)D, and the spin-rotation relaxation rate 
Rl.sa, show an opposite temperature dependence. The weak collision approximation, however, 
implies that many collisions are necessary to cause transitions between different M-states. The 
correlation times (Xe, zj) are thus much longer than the mean time Zcon between collisions and one 
obtains: 

(zJ, ~2) ~(lo/m 1/2) T3/2, R 1,DD ~ T3/2; RI,SR ~ T5/2, (96) 

with Io the moment of inertia of the molecule. Johnson and Waugh (2as) assumed that the collision 
cross section for molecular reorientation (I) is proportional to the inverse square of the relative speed 
v of a pair of colliding molecules. In this 'transient approximation' one obtains: 

(~.j, ,C2)~  m -  1/2 TI/2; R I , D D ~  T1/2, R I , S R ~  T3/2. (97) 

Within the binary collision approximation the correlation frequencies are always proportional to 
the number density n. Hence in low density systems one finds: 

('rj, "r2) ~ I-n (v(1)) ] -1. (98) 

This density dependence implies that: 

and 
Tx"~n for C0L~'~ 1, (99) 

T1 ~ n  -z for COL~ 1, (100) 

in accordance with the assumed Lorentzian spectral densities (eqn 38). There  must then exist 
a characteristic density for which TI is a minimum, t294-296) 

The temperature dependence of the proton relaxation rate R I(XH) of methane and its deuterated 
modifications CH4-xDx yields: 

pRI.sR~ T a/2, (101) 

and hence a square root temperature dependence of the angular momentum correlation time 
h ~  T 1/2. The latter corresponds to the transient approximation, though the collisions are not weak. 
Rather zj-~Zcoii has been found t2a9) in accord with an intermediate coupling which is neither in the 
weak (zj ~ Zcoil) nor in the strong (zj,~ Zcon) collision limit. 

The differences in the proton relaxation times of the partially deuterated methanes were found to be 
small as wohld be expected in the case of a dominant spin-rotation relaxation mechanism. Isotope 
effects are much larger, however, in the case of the corresponding deuterium relaxation times. They 
can be explained in terms of purely geometrical effects on the corresponding free rotor correlation 
function due to different orientations of the principal coordinate system of the electric field 
gradient-tensor relative to the molecule-fixed frame. The reason for these large geometry effects can 
be traced back to the fact that in low density gases the separations of the rotational levels are much 
larger than their widths. This is no longer true in the dense fluid and liquid phases where the 
reorientational correlation frequency (I/T2) is greater than the average splitting between neighbouring 
states of different M within a J-manifold. Consequently the values of Tx for the deuterons in liquid and 
solid CD4 and CHD3 are almost identical as well as being almost independent of temperature, t297) 

By far the most extensive NMR study of methane has been reported by the group of Trappeniers 
and coUaborators, t293" 29s-300) They measured the proton spin-lattice relaxation time T t (1H) as well 
as the self-diffusion coefficients of CH4 and its partially deuterated analogs, and varied the temper- 
ature and the density over a wide range covering the gaseous, liquid and solid phases (Fig. 41). 
Furthermore, C H 4 ~ D 4  mixtures of different compositions have been studied over the same 
p, T-range. 

Contrary to previous investigations ta°l' 302) these very precise measurements allowed a separation 
of the various contributions to the total proton relaxation rate: 

R i" 1T_]'1 - -  D intra ~ D inter t D ( 1 0 2 )  
1~, z " / ~  I x  1, n n  - ' -  - 'x 1, D D  "r" 'ex 1, SR. 

In accordance with earlier findings discussed above, intermolecular dipolar couplings can be neg- 
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FIG. 41. Proton spin-lattice relaxation time T~ of methane (CH4) along the sublimation line, in the coexistence 
region and along the isochores. Densities are given in units of the density at standard conditions P/PsTP. Broken 

lines are obtained from interpolation of the isotherms. (zga) 
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FIG. 42. Experimental proton relaxation time TI (-) and corresponding intramolecular contribution (--) due to 
dipole~lipole and spin-rotation relaxation versus reduced density in CH4. t293) 

lected at low densities as shown in Fig. 42. In addition, intramolecular dipolar contributions amount 
to 10% of the total rate at most. Hence the spin-rotation coupling provides the dominant relaxation 
mechanism in methane at low densities. 

Up to rather large densities (P/PsTP < 250) a linear density dependence of the proton relaxation time 
7"1 has been found in good agreement with predictions from kinetic theory. The angular momentum 
correlation times zj at these densities are of the same order of magnitude as the kinetic collision time 
ZCo,b excluding the weak collision limit and favouring the transient approximation for gaseous 
methane. 

At liquid densities, the spin-rotation relaxation still dominates at high temperatures close to the 
critical point along the liquid-vapour coexistence line. At lower temperatures, close to the triple point, 
the intermolecular dipole-dipole relaxation is dominant, with the intramolecular dipolar contribution 
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being almost negligible over the whole liquid range. The evaluation of the relaxation rates within the 
diffusion modeP °4' soa) leads to several inconsistencies, not the least being the failure of the Hubbard 
relation, eqn (71) to fit the data. The calculation of Rl,i.,,a and RI,sR within a kinetic theory in the 
transient approximation leads to results which are consistent with experiment even at high densities 
where higher-order collisions become increasingly important. 

Fluoromethanes (methylfluoride CHaF, fluoroform CHF3, carbon tetrafluoride CF4) have also 
been investigated by HP-NMR, Most studies, however, concerned the spin-lattice relaxation in 
gaseous samples. (a°4-3°9) Armstrong and Courtney (3°7) reported spin-lattice relaxation times T 1 of 
XH and 19F nuclei measured on gaseous samples of CHaF and CHF 3 at room temperature for 
densities O.03<~p/psrp<<.lO Amagat in the important regime of the 7"1 minimum. In each case the 
spin-lattice relaxation was dominated by the spin-rotation interaction. These data provided a strin- 
gent test of the theory of the spin-rotation relaxation mechanism in spherical top and symmetric top 
molecules including the role of nuclear spin symmetry as well as the theory of rotational dynamics in 
low density fluids. Using kinetic theory (3 ~ p  - 1) both proton (IH) and fluorine (19F) relaxation times 
Tl.sa can be expressed as: (s°7) 

( r Jp )=a+b/p  2, (103) 

with a and b being proportional to the inverse square of the effective spin-rotation coupling strength. 
The latter may be compared with results from molecular beam experiments in the gas phase. 
Considerable differences have been found in the case of methyifluoride, whereas agreement was 
obtained for fluoroform. Some of these discrepancies are certainly due to the single correlation time 
approximation. The relaxation times show a linear density dependence at intermediate densities 
(1 ~p/ps.re<~20) and in some cases also a 7"1 minimum at low densities as is shown in Fig. 43. Large 
deviations from linearity were, however, observed in TI( 1 H) of both methylfluoride and fluoroform at 
densities P/PmrP > 20 whereas the corresponding curves for methane are linear up to much higher 
densities P/Psi? ~- 250. Hence higher-order collisions seem to be much more important in the symmet- 
ric top molecules CHaF and CHFa compared to the spherical top molecule CH4. 

In the liquid phase, relaxation rate measurements under ambient pressure were reported for 
fluoroform by Johnson et al., (a°9) Chaffin and Hubbard, (a 10) and Harrell (311) and in the solid phase by 
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Watton et al. (312) The only high pressure liquid state NMR experiments have been performed by Lang 
et al. (313'314) in methylfluoride (CH3F), and also in fluoroform (CHF3). They measured the pro= 
ton(1 H)=, deuterium (2H)- and fluorine ( t 9F) relaxation rates R I as well as self=diffusion coefficients D .  
over an extended range of temperatures (150 K ~< T~<450 K) and pressures p~<250 MPa. Whereas 
high frequency experimental techniques like IR and Raman bandshape investigations, light scattering 
techniques and dielectric measurements yield orientational correlation functions CL(t) over a limited 
time range, nuclear magnetic relaxation experiments have limitations in probing details of the 
microdynamics of orientational and positional fluctuations. This is because in low viscosity liquids 
only the area of the relevant time correlation function is normally determined and not its shape, 
yielding average orientational (~L=2) and/or translational (Td) correlation times. However, in low 
molecular weight liquids, spin-rotation interactions often dominate the relaxation of spin I/2 nuclei 
QH, 19F) providing angular momentum (velocity) correlation times T)(z~,). The importance of 
simultaneous measurements of z2 and x~ lies in the model dependent relationship between these micro- 
scopic parameters. Thus together they may provide a deeper insight into the microdynamics of 
rotational motions in these liquids. 

A clean source of information about orientational correlation times ~2 is provided by deuterium 
spin-lattice relaxation rates RI(2H) if independent information from solid state NMR or gas phase 
molecular beam studies is available on the magnitude of the deuterium quadrupole coupling constant 
(QCC). The latter usually does not show any significant state dependence in these simple liquids. (31s) 
In symmetric top molecules like CD3F and CDF 3 the integral correlation time ~2 is actually 
a composite of two motional modes: a usually fast spinning motion around the symmetry axis and 
a slower tumbling motion of this axis. Hence two quadrupolar nuclei in non-equivalent positions 
within the molecule are necessary to extract the corresponding correlation times ~2± and z211 in 
methylfluoride. These are not available, of course. Intramolecular dipole-dipole couplings would 
sense these modes also, but their contribution to the total proton relaxation rate is almost negligible 
and cannot be determined reliably. Within a diffusion model, which is not appropriate at all as inertial 
effects must be important in the case of the fast spinning motion, the integral correlation time can be 
related to the components of the diffusion tensor D via 

(1/2)(3cos20 - 1) 2 3sin20cos20 (3/4)sin 4 0 
+ + - -  (104) 

z2= 6D± 5D± + DII 2D± +4D n ' 

with 0 the angle between the molecular symmetry axis and the C-D bond axis. As a rule, a large 
inertial anisotropy Iii/I± corresponds to a substantial diffusional anisotropy DII/D.. Thus within the 
series of halomethanes, methylfluoride was expected to exhibit the smallest motionai anisotropy. This 
was corroborated by dielectric relaxation measurements (a~6) which gave D.=(2T1) -1 along the 
coexistence line yielding a modest motional anisotropy ~ = D II/D± ~ 2 for CD 3 F only. Hence integral 
orientational correlation times ~2 have been discussed in the case of CD3F at elevated pressures. In 
fluoroform, electric quadrupole interactions of the deuterium nucleus are modulated by the tumbling 
motion of the symmetry axis only, as the latter coincides with the C-D bond axis. However, as with 
methylfluoride, molecular reorientations have also been found to be nearly isotropic in fluoro- 
form.(3 t ~) 

A direct comparison of the density dependence of the self-diffusion coefficient Dn in CH3F and 
CHF3 with the corresponding integral orientationai correlation times T2 (Figs 44 and 45) revealed 
that orientational fluctuations are less hindered by compression or removal of thermal energy than 
are positional fluctuations. Further, the density dependence of rotational motions (z2) is only modest 
at high temperatures and strongest at low temperatures, whereas the contrary is true for translational 
motions (D.). Hence it must be concluded that rotation-translation coupling cannot be strong in 
both liquids. At constant temperature the correlation times increased in a non-linear fashion with 
density, reflecting the retarding action of molecular torques due to anisotropic intermolecular 
interactions upon the reorientation process at higher packing fractions. Nevertheless, integral correla- 
tion times turned out to be rather short (z2 < 1 ps) in methylfluoride and only slightly longer in 
fluoroform. Together with the low barrier to rotation, Ep # = 2.48 (kJ/mol) in CD3 F and Ea # = 2.75 
{kJ/mol) in CDF3, this suggests the importance of inertial effects during the reorientation process 
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which must proceed rather unhindered. An additional indication that the rotational dynamics of 
mcthylfluoride and fluoroform do not correspond to a small step diffusion process over most of the 
p, T-range investigated was obtained by a comparison of the integral correlation times z2 with the free 
rotor correlation time ~f = (3/5) (( I >/k T) 112. If z2/Zr ~, 1, rotational motions are certainly diffusive and 
inertial effects may be neglected. But ifx2/Zr~< 1 the rotational propagator P(Qo, Q, 3) does not follow 
a diffusion equation (3°3'3z?) and inertial effects must be included. (s6'sls-32°) 
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time T2 of fluoroform (CHF3). (314) 

The spin-lattice relaxation of the protons and fluorine nuclei proceeds mainly via magnetic 
dipole-dipole and spin-rotation interactions. The proton relaxation in methylfluoride and fluoroform 
is dominated over most of the p, T-range investigated by intermoleeular dipole couplings modulated 
by translational motions, contrary to the gas phase as discussed above. The corresponding relaxation 
rates Rl,i,,=,(tH) could be evaluated with eqns (48-51) where use was made of the measured 
self-diffusion coefficient D of CH3 F and CHF3 respectively, and the distance of closest approach was 
taken from MD simulations. ¢321) The relaxation of the 19F-nuclei is dominated by spin-rotation 
interactions even in the liquid phase. This predominance is especially pronounced in the deuterated 
compounds, and is much stronger in CD3F than CDF3 because of its smaller molecular weight. 
A self-consistent treatment of all the 2H-, IH- and 19F 7"1 data allowed a reliable determination of the 
spin-rotation relaxation rates RI.sR(~gF) in methyifluoride and fluoroform. With the components of 
the spin-rotation interaction tensor C deduced from molecular beam and NMR relaxation experi- 
ments in the gas phase, these relaxation rates allowed the determination of spin-rotation correlation 
times rse (eqn (68)), which are closely related to angular velocity correlation times z~. The density 

* 1/2 dependence of the reduced spin-rotation correlation times XsR = Zsa(kT/(l )) is compared in Fig. 46 
for methylfluoride and fluoroform. With increasing density the correlation times rst,* hence %, or %, 
decrease in a non-linear fashion, with a somewhat stronger dependence on density observed for 
fluoroform compared to methylfluoride. The isochoric temperature dependence of z~R exhibited 
Arrhenius type behaviour for fluoroform, but was found to be non-linear for methylfluoride. It is also 
interesting to note that z~R does not fall below a value of 0.1, which may be regarded as an upper limit 
of validity of the rotational diffusion model in CH 3 F, whereas CHF 3 seems to conform to this limit at 
low temperatures and high densities. 

Hence molecular torques retarding rotational motions seem to be much larger in fluoroform than 
in methylfluoride at comparable packing fractions. In fact, the orientational correlation functions 
show features characteristic of high torque liquids t322'323) with torsional oscillations at short times, 
which is typical for motions in a cage, and an exponential long-time tail, signifying Markovian 
behaviour as a simple consequence of the long range isotropy of the liquid. Integral correlation times 
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obviously must contain these features in a nonspecific way but are mostly dominated by the 
Markovian nature of orientational fluctuations. Spin-rotation relaxation is related to fluctuations of 
both the angular velocity and the orientation of the molecules, and provides spin-rotation correlation 
times z~ of the angular velocity--orientational product correlation function. It is only within certain 
models of rotational molecular dynamics that these bivariate correlation functions, and the corres- 
ponding integral correlation times, can be related to the more fundamental angular velocity (mo- 
mentum) correlation times ~,,(Tj). Because reduced orientational correlation times ~r 2 may also be 
related to z,, within these models, a comparison of 32 and ~ ,  determined over wide ranges of density 
and temperature, may provide insights into the state of molecular motions in these liquids, which is 

JPNflR5 25:6-E 
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not easily obtainable otherwise. The two most often used motional models for this purpose are the 
extended diffusion (EDJ, EDM) models (als'319'a24-328) and the Fokker-Planck-Langevin (FPL) 
model. (32°'329-333) When applied to spherical tops, a single parameter ~,~ is changed in both models to 
produce the limits of free rotation and rotational diffusion. All the models assume successsive 
uncorrelated instantaneous collisions which cause a small change of the angular momentum in the 
FPL model. In the EDJ model, collisions are strong with large angular impulses which randomize the 
angular momentum at each collision, whereas in the EDM model only the direction of the angular 
momentum is randomized. But random, uncorrelated collisions cannot cause a reversal of the angular 
momentum as is observed in most liquids and has also been observed in methylfluoride (a22) and 
fluoroform.(322.334,335) 

Because of these shortcomings the application of the models to high-torque liquids must be 
considered with some caution. Nevertheless these models have been applied to both methylfluoride 
and fluoroform. As the Hubbard relation ~* ~R = 1/6 is not fulfilled in liquid CH 3 F, even in the limit 
T,~ ~ z2, it was concluded that the EDM model most closely represents the relation between x2 and 
XsR within the p, T-range studied. As the EDM model seems somewhat unphysical this result may 
point towards an inadequacy in the coupling strengths used to deduce the correlation times from the 
corresponding relaxation rates. The results in fluoroform could be well reproduced with the FPL 
model with the Hubbard limit being obeyed at low temperatures. In general, rotational motions in 
CHF3 have been found to deviate less from the rotational diffusion limit than do these motions in 
CH3F when compared in the same range of number densities n and reduced temperatures 
T/T~.(313"31'I") Finally, the experimental Z*SR of liquid CH3F and CHF3 have been compared to the 

* (to which z~R reduce in the limit * reduced angular velocity correlation times zo, ~o,'~ 1) as calculated 
within the rough hard spheres model of rotational relaxation (see eqn 72). (138-14°) The resulting z* are 
a factor of 2-5 larger than the value of z~'R deduced from the experimental relaxation rates in both 
methylfluoride and fluoroform. 

A closely related HP-NMR study of liquid chlorodifluoromethane (CF2HC1) has been reported by 
Vardag and L(idemann. (229) Self-diffusion coefficients D were measured in a temperature range 
145 K ~< T~< 400 K and at pressures p-%< 200 MPa. The measured density and temperature dependence 
of D is well described by the modified hard-sphere model (see Table 5) as discussed in Section 4.2.3. In 
addition, spin-lattice relaxation rates R1 of the nuclei 1H, 2D and 19F were investigated in the same 
p, T-range and separated into their respective quadrupolar, dipolar and spin-rotation contributions. 
Integral orientational correlation times z2 could be deduced from deuterium relaxation rates 
(Fig. 47a) assuming a deuterium QCC of X = 165 + 15 kHz. At constant density the correlation times 
~2 reflect the sole influence of the kinetic energy upon the rotational motions of the molecules. An 
Arrhenius temperature dependence with density independent slope was found with shorter correlation 
times at higher temperatures and lower densities. At constant temperature the correlation times z2 
increase with density in a non-linear fashion. 

The increase is more pronounced at low temperatures due to reduced thermal excitations of 
rotational states within the transient potential wells. At high densities intermolecular torques hinder 
orientational fluctuations strongly leading to small step diffusive reorientational processes and to 
increasing correlation times. The isobaric temperature dependence of the 19F-T1 (Fig. 47b) has 
pronounced maxima, with dominance of spin-rotation interactions at high temperatures and low 
densities, and dipolar interactions prevailing at low temperatures and high pressures. The dipolar 
contributions to the 19F relaxation rate could be estimated using the integral correlation times 32 
deduced from the 2H-T1 data and the measured self-diffusion coefficients D in eqn (45) and eqn (48). 
Subtracting the dipolar relaxation contribution from the total relaxation rate Rt(19F), the 
spin-rotation contribution RI.sR could be obtained. Using eqn (68) and components C .=8627  Hz 
and CIi = 492 Hz, as deduced from absolute chemical shielding data, spin-rotation correlation times 
TSR have been calculated. At constant temperature ZsR decreases with increasing density reflecting the 
retarding influence of intermolecular torques upon molecular reorientations at high densities and low 
temperatures. Mapping the reduced orientational correlation times z~ versus the reduced 
spin-rotation correlation times x~R (Fig. 48) the authors could show that the rotational dynamics of 
CF2HC1 in the liquid state is well represented by the FPL-model. 
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Carbon tetrafluoride CF4 is another haiomethane that has been investigated thoroughly by 
HP-NMR in both gaseous (3°6'336-34°) and dense fluid (341'3~2) phases. Nuclear spin relaxation 
experiments on the liquid state have been reported by Rugheimer and Hubbard, (3°2) though at 
ambient pressure only. In the gas phase the spin-lattice relaxation of the tgF nuclei has been studied 
as a function of density at very low densities and room temperature. The main conclusion is that the 
spin-rotation interaction provides the dominant relaxation mechanism. In the dilute gas phase 
a Tz-minimum predicted by kinetic theory (eqns (99) and (100)) was observed. This minimum allows 
an estimate of reorientational cross-sections ~b from the minimum condition (co¢=l) and the 
appropriate expression for the effective correlation time (within a single correlation time approxima- 
tion) taken from kinetic theory: 

fOL't = 1 = (DL(nminNLV{~) , ( 1 0 5 )  

with v = (8 kT/:r#) ~/2 being the mean relative velocity of a colliding pair of molecules of reduced mass 
#, and NL is Avogadro's constant. The ratio of the effective rotational cross-section ~ to the geometric 
cross-section ~g( = 7r) gives the number of collisions necessary to randomize the angular momentum of 
the molecules. This number turns out to be close to unity at these densities. Furthermore, effective 

2 2 spin-rotation interaction constants, C err = C o + (4/45)AC 2, could be obtained from fitting the density 
dependence of T~ to eqns (38), (68) and (94) and from a knowledge of the density nmi.. Together with 
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the isotropic part of the spin-rotation tensor Co, provided by molecular beam experiments, a reliable 
determination of AC, the anisotropic part of the tensor was possible. (~96'339) Campbell et al. (34°) 
extended their NMR studies to higher densities (R/RSTR = 120) and covered a large temperature range 
(210 K-310 K). At each density the temperature dependence of the 19F spin-lattice relaxation rates 
could be represented by an apparent activation energy E ;  = 3.56 +0.21 kJ/mol. In addition, Raman 
band shapes of the doubly degenerate v2(e) vibration-rotation band (2 -1=435  cm -1) have been 
studied in the same p, T-range. 

The main purpose of this study was the determination of the relationship between the angular 
momentum correlation times T~ deduced from 19F-T1 data and the orientational correlation times x2 
obtained from Raman bandshapes at intermediate gas densities. The results have been compared to 
predictions from the extended J-diffusion (ED) model (343) and the perturbed free rotor (PFR) 
model ~2s9~ of rotational dynamics. The molecular orientational correlation function G(t) (Fig. 49a) 
deduced from Raman band shapes demonstrated the density independence of G(t) at very short times 
(t <0.5 ps) where orientational correlations are purely kinetic, and the increasing loss of correlations 
with increasing density at long times. A comparison of the corresponding orientational correlation 
times xL=2 with the angular momentum correlation times xj from the 19F-T: data is also shown in 
Fig. 49b, together with predictions from ED and PFR models. Note that in the dilute gas limit EDJ 
and EDM models approach a limiting relation: ~31s) 

z2 = h / 4  (106) 

which differs from the corresponding free rotor limit 

z2 = zj/5 (107) 

due to the neglect of all the collisions except the first in the PFR models. The experimental data 
corroborate this linear relationship as given by the extended diffusion model. 

In a related study, Finney et al. (341) and Wolfe et al. 042) have investigated the angular momentum 
relaxation in compressed CF4 and CF4/Ar, or CF4/Ne mixtures. For  this purpose 19F spin-lattice 
relaxation times were measured as a function of pressure and temperature over a wide density 
(0.28 <~P/Pc ~<2.48) and temperature (1.2 ~< T/Tc <~ 1.64) range. The main goal of this study was to 
provide a test of the rough hard sphere (RHS) model ttag' 140) for angular momentum relaxation in 
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dense fluids (pipe>2)(see eqn (72)). The emphasis focused on whether the RHS model can be 
extended to lower densities (pipe<2) and the determination of the roughness parameter 
a(T)  = (K + 1) -1 (eqn (74)) over a large p, T-range. The fluorine relaxation rates have been shown to 
be dominated totally by the spin-rotation mechanism even at the highest densities studied. The low 
density measurements exhibited a temperature dependence 7"1 In,,, T-3/2 as observed for a number of 
molecules with a dominant spin-rotation relaxation. The isothermal pressure dependence of 19F.7-1 is 
shown in Fig. 50. 

Application of the RHS model affords an estimation of the effective hard sphere diameter ~(T). It 
has been obtained by an iterative procedure fitting the experimental data to the expression: 

1 1 
- -=(a(r)+bp)--  (cr), (108) 
Tj ~E 

and choosing a new ~ repeatedly until b-~ 0. This procedure provides the parameters or(T) and a(T). 
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FIG. 50. Isothermal pressure dependence of the 19F-TI in carbon tetrafluoride (CF4). (341) 
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The hard sphere diameter shows an essentially linear dependence on temperature and agrees well with 
estimates from liquid phase data. ta°2) Self-diffusion data in the gas phase (p ~< 2pc), however, lead to 
slightly larger (~  6%) diameters. (a44) A decreasing hard sphere diameter with increasing temperature 
results from real molecules approaching each other more closely at greater kinetic energy. These 
temperature dependent diameters were used to estimate the roughness-parameter a(T) over the whole 
density range. In the RHS model a(T) should be rigorously independent of temperature: this model 
breaks down at low densities as is clearly visible in Fig. 51. This has been attributed to the increasing 
importance of intermolecular attractive forces at intermediate densities which cause an increase of 
g(a) in the Enskog collision time zE over that of a hard sphere fluid. 

Except for the fluoromethanes, only a few other halomethanes have been investigated by HP-NMR. 
From a combination of Raman and deuterium NMR experiments as a function of pressure 
(p ~ 250 MPa) and temperature (273 K ~< T~< 363 K) Campbell et al. (a4s) characterized thoroughly the 
molecular rotational motions in liquid methyl iodide (CHaI). The density and viscosity were also 
determined under the same experimental conditions. Raman bandshape analysis of the va(at) band of 
CHaI provided orientational correlation functions G(t) characterizing the tumbling motion of the 
symmetry axis of the symmetric top molecule. Integration of the correlation function then yielded the 
correlation time z2±, hence the perpendicular component of the rotational diffusion tensor D± = 1/6 
zz., as the tumbling motion of liquid CH a I is certainly in the diffusion limit. The correlation functions 
G(t) show the characteristic change-over from the free rotor behaviour at very short times (t < 0.5 ps) 
to the essentially exponential decay at longer times (t > 1 ps). This decay decreased with decreasing 
temperature and/or increasing pressure. The effect of temperature at constant density on the reorien- 
tational dynamics is much smaller than combined density-temperature effects at constant pressure. 
The perpendicular component of the rotational diffusion tensor D± deduced from G(t) is shown in 
Fig. 52 as a function of pressure and temperature. Apparent activation energies at constant pressure 
Eg =9.6 kJ/mol (p = 50 MPa), and constant density E~ = 5.65 kJ/mol (p =2420 kg/m a) have been 
deduced. These results corroborate the general trend that the energy of activation at constant pressure 
and variable temperature is approximately twice as large as that observed at constant density. Clearly 
the low value of E~ # at constant density raises severe doubts as to the significance of the activated 
process description of molecular motions in these non-associated liquids. The volume of activation 
AV # =94-_ 1 (cma/mol) for the tumbling motion was also derived from the various isotherms, and 
compares favourably with the corresponding pressure coefficient of the shear viscosity. Hence the 
more restricted tumbling motion of the symmetry axis is closely coupled to the shear viscosity, as 
expected from hydrodynamics. 

Information about the fast spinning motion around the Ca-axis was deduced from the deuterium 
spin-lattice relaxation rate. Assuming an axially symmetric electric field gradient with the largest 
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component qz, along the C-D bond axis, an effective integral reorientationai correlation time zeff was 
obtained (eqn 39). Within a rotational diffusion model the parallel component of the diffusion tensor 
DII was determined, though a z-test as proposed by Huntress (346) indicated the importance of inertial 
effects throughout the pressure range investigated. Further, in cases where ¢z±/Zerf >> 1 the calculated 
D u depend strongly on the precise value of the angle 0 in eqn (104). The rather unphysical increase of 
DII with pressure led Campbell et al. (34s) to suggest that the z-axis of the principal frame of the electric 
field gradient-tensor deviates slightly ( < 4  °) from C-D bond axis in accord with similar findings 
reported in the literature. (34s) As the use of a diffusion model to characterize the fast spinning motion 
is at best only qualitative, the authors also investigated the rotational Langevin model (3z9- 331.348) in 
the high and low friction limit. The temperature dependence of the methyl group rotation follows an 
approximate T 1/2 relationship, indicative of an inertial reorientation process though with significant 
frictional torques hindering the free rotation of the CH3-group. Increasing pressure, however, does 
not affect the spinning motion of the methyl group, implying little change of the torques with density 
under the conditions of the experiment (2200 kg/m 3 ~< p ~< 2500 kg/m 3). 

Van der Hart  (349) reported a very careful HP-NMR investigation of the molecular reorientation in 
liquid deutero-chloroform (CDCI3). He measured the deuterium NMR spin-lattice relaxation of neat 
liquid CDC13 over the range 300 K < T<440 K and at pressures up to 500 MPa. Further HP-NMR 
of this substance are reported by Nolle and Mahendroo (3s°) on CHCI3, and Campbell and Jonas (3sl) 
who compared their deuterium T~ measurements with related Raman bandshape studies. These 
investigations have been performed at room temperature only. 

Since the deuterium nucleus is on the symmetry axis (C3), the deuterium relaxation monitors the 
tumbling motion of this axis only. With the quadrupolar coupling constant (QCC) determined for 
solid CDCI3 (asz) integral correlation times ~z± were obtained directly from the experimental 7"1 and 
compared to various models of reorientational motions. Figure 53 compares the isochoric temper- 
ature dependence and the isothermal volume dependence of the relaxation times T1. 

Within the realm of activation models the correlation times Tz. are connected to the activation 
energy AE # and activation volume AV # by: 

T2x = A(T)exp [(AE # + p A V  ~) /RT] ,  (109) 

with the activation parameters AE #, A V # and AH ~ = AE ~ + pA V # being independent of p, V and 
T. Transition state theory (3s3) predicts a linear temperature dependence of the pre-exponential factor 
A(T)~ which is, however, almost always neglected. Whereas AH # and A V # may be obtained from the 
slop6s of In Tt versus 1/T or p respectively, the equation of state has to be known to deduce AE # from 
the isochoric T-dependence of T~ according to eqn (16). Considering Fig. 53, it is clear that both A V # 
and AE # are functions of pressure and temperature. As found for other liquids, (as4'35s) the slope of 
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FIG. 53. Comparison of(a) the isochoric temperature and (b) the isothermal volume dependence of the deuterium 
(2H) spin-lattice relaxation time in deutero-chloroform. (a49) 

In Tt versus p at constant temperature decreases with increasing pressure and becomes a constant 
(AV # = 5.8 + 0.2 cm3/mol) at high pressures p > 200 MPa. Also AV # decreases slightly at high 
temperatures (AV # = 4.8 + 0.3 cma/mol). Hence, at high pressures the activated jump picture of 
reorientational motions apparently is better for describing the T1 isotherms. This might be construed 
as evidence that a high density liquid achieves a greater amount of angular and positional correlation. 
As the activation enthalpy AH # is found to be a linear function of pressure, the activation volume has 
to be AV # = 8.0 + 0.2 cm3/mol for the activation energy AE # to be constant. As the actual AV # is 
considerably smaller the activation energy also exhibits a considerable pressure dependence. 
Figure 53 demonstrates that AE # is also a function of volume. Hence the variation of both AV # 
and AE # as a function of the thermodynamic state variables points to the inadequacy of the 
activated state picture of reorientational motions in simple dense liquids. 

Free volume theories when applied to the HP-NMR data of chloroform also show definite 
shortcomings. According to the suggestion of Batchinski (356) the relation r /~ lIVe should hold with 
Vf = V -  Vo a measure of free volume, and with the Debye-Stokes-Einstein formula as modified by 
McClung and Kivelson, (357) ~2 ~ Xrl/T, so that the experimental relaxation time T 1 should then be 
a linear function of volume V at constant temperature 

T 1 ~,r~ x ~(xrl /T)  - 1 ~  V -  I"o. (110) 
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This, however, is not observed (see Fig. 53). The rotation-translation coupling parameter K is often 
assumed to be constant, but is found to decrease with increasing temperature at constant density and 
to decrease with increasing density at constant temperature. Theoretically !¢ is related to anisotropic 
intermolecular potentials, and hence depends strongly on non-spherical molecular shapes, as has been 
demonstrated conclusively by Fury and Jonas. ~3s8} Also, the more sophisticated expression derived by 
Cohen and Turnbuli °sg} does not fit the TI data, since 7"1 is not constant at constant volume. Instead 
van der Hart ¢349) proposed a relation 

7"1 = C(T) [ p - p o ( r ) ]  (111) 

as the experimental 7"1 data show a linear density dependence for all temperatures. In summary, free 
volume models are also not able to describe the reorientational dynamics of simple liquids when 
tested over wide ranges of temperature and density. 

Simple cell models assume the molecules are trapped in a cage with moveable walls of infinite 
potential {36°) and give the mean time between collisions as: 

<l) 1/2 ~ o l l = - ~ = ( A / T  )(Vlm/3-a), (112) 

with Vm the average molecular volume and a an effective hard sphere diameter. Assuming that the 
angular momentum correlation time Tj is proportional to the average time between collisions, 
then: 

% = Zzcol l ;  (113) 

zj has been calculated from z2. with the J-diffusion model ¢132J. According to eqn (113) and eqn (112) 
the reduced angular momentum correlation times x~' should be linear in V 1/3 = (R),  and independent 
of temperature. Figure 54 demonstrates the failure of the simple cell model to account for the observed 
behaviour of the x~' data. The constant temperature data are neither linear in V 1/3 nor independent of 
temperature. In addition, the slope of the x~ versus V 1/3 plot is considerably smaller than predicted by 
the cell model in the constant temperature plots, but much closer to the theoretical value in the 
constant pressure diagram. Figures 54a and b clearly demonstrate that the effective hard sphere 
diameter is a function of temperature and pressure respectively. Obviously the molecules are not 
infinitely hard, and as a result, the activated jump model, the free volume theories, or the cell model of 
a liquid do not fit the whole range of experimental HP-NMR data in liquid chloroform satisfactorily 
as has been demonstrated convincingly by van der HartJ 349} 

A similar molecular system, liquid CFC13, has been investigated by De Zwaan and Jonas ~361} to 
provide an experimental test of the rough hard sphere (RHS) model of liquids by HP-NMR. 19F 
spin-lattice relaxation times, self-diffusion coefficients and densities have been measured for liquid 
CFCI3 at temperatures of T=341 K, 379 K and 460 K, and at pressures up to p~<200 MPa. The 
purpose of their study was twofold. Firstly to determine the best effective hard sphere diameter for 
CFCI3 by using the density dependence of the spin-rotation relaxation rate R 1. st (19F). Secondly to 
compare the diffusion coefficient of CFCI3 to those predicted from the RHS model using the hard 
sphere diameter deduced from relaxation data. The experimental relaxation times TI(19F) are shown 
in Fig. 55a. As the spin-lattice relaxation of the 19F nucleus is dominated completely by the 
spin-rotation interaction, angular momentum correlation times xj were obtained directly from the 
experimental T1 with eqn (68), and the spin-rotation coupling C~ff as given by Gillen et al., c3~2~ and 
McClung. {363} Equations (72) and (73) then provide the necessary connection with the RHS model. 
The hard sphere diameter a and the roughness parameter a(T) were determined by plotting lnTl,st 
against Inp and matching the curvature to a plot of In (Z-  1) against lnr/, with Z =  1 +4t/g(a) the 
compressibility factor of the hard sphere system, and r/= n/6na 3 the packing fraction. The reduced 
angular momentum correlation time T~ should be independent of temperature at constant number 
density n. The experiments, however, showed an increase * of% with temperature leading to an effective 
hard sphere diameter o~T) which decreases with increasing thermal energy, as would be expected for 
more realistic intermolecular potentials. An equivalent result was obtained by fitting the isothermal 
density dependence of 7"1, sR, which also required a(T) to decrease slightly with increasing temper- 
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FIG. 54. (a) Reduced angular momentum correlation times ~' versus average distance (R) of the CDCI3 
molecules at constant temperature. The prediction of the cell model is indicated by the dashed line. (b) Corres- 

ponding isobaric dependence of xJ~ o n  ( R ) .  (34'9) 

ature. From these findings De Zwaan and Jonas (a6t) came to the conclusion that the roughness 
parameter a(T) is not strongly temperature dependent and that its value is close to the perfectly rough 
hard sphere limit (see eqn (74)). The self-diffusion coefficient D is related to the linear momentum 
correlation time ~r which, in turn, is assumed to be proportional to the Enskog relaxation time zE 
giving: 

kT kT 
D=--Tp=a(T) --zE=a(T)DE. (114) 

m m 

Hence angular momentum (~j), and linear momentum (Zp) correlation times may be related to the 
same dynamic quantity, the Enskog collision time zE, grasping the essence of the binary collision 
approximation in a hard spheres liquid. If the latter holds in a real fluid the ratio D/DE must be 
independent of density or packing fraction t /a t  constant temperature. Experimentally, a decrease of 
D/DE with increasing density was observed (Fig. 55b) and was found to be in good accord with 
molecular dynamics (MD) simulations of the hard spheres fluid. (49' so) This issue has been discussed 
already at length in connection with self-diffusion measurements by HP-NMR techniques. It illus- 
trates again the importance of density effects on transport properties in liquids. 
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FIG. 55. (a) Isothermal pressure dependence of 19F-T1 in CFCI 3. (b) Reduced self-diffusion coefficient D* = D/DE 
versus packing fraction ~/in CFCI3. De is the Enskog diffusion coefficient. (36~) 

A molecular system closely related to the halomethanes is liquid sulphur hexafluoride SF 6 which 
has been investigated by HP-NMR by De Zwaan and Jonas. (a64J Again 19F spin-lattice relaxation 
times, self-diffusion coefficients and densities have been determined as a function of temperature 
(0.8 ~< T/Tc ~< 1.5} and density (0.4 ~< p/Pc <. 2.6). Since SF6 is a spherically symmetric molecule and its 
spin-lattice relaxation is dominated by the spin-rotation interaction, angular momentum correlation 
times h could again be obtained over a wide density and temperature range using the EDJ model tl 3z) 
and the isotropic and anisotropic components of the spin-rotation tensor as reported by Sunder and 
McClung ts6s) and Courtney and Armstrong. (sag) The latter authors reported 19F spin-relaxation 
measurements of SF6 in the dilute gas phase at densities 0.015 ~ p/psrr <<. 20 and at temperatures 
240 K ~ T~< 350 K. At room temperature a T1 minimum was observed at low densities, which allowed 
the determination of the spin-rotation tensor components. The Ts data have been analyzed in much 
the same way as has been discussed in case of CF4, which has also been studied by these authors and 
hence the discussion will not be repeated here. 

De Zwaan and Jonas (a64) analyzed their z rda ta  within the RHS model and obtained effective hard 
sphere diameters ~r(T} as discussed above for the case of liquid CFCIa. The value of a(T) decreases 
slightly with increasing temperature as is generally found in real liquids because the slope of the 
repulsive potential is large but not infinite. These values have been used to calculate spin-lattice 
relaxation rates via eqn (72). The latter have been found to reproduce the experimental data very well 
(Fig. 56) at densities p > 2pc where the RHS model is expected to be a valid approximation of a real 

~ - o 2 5 3 K  296K 100" , e . ' " ~ ~  353K 
T1 

I0 -I- t ~  

0 

0 5'0 160 ---,,- 150 p(MPo) 200 
FIG. 56. Isothermal pressure dependence of the tgF-Tt in sulphur hcxafluoride SF6. (304) 
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liquid. At lower densities the experimental relaxation rates are smaller than predicted by the RHS 
model indicating that the time between collisions becomes smaller due to the increasing importance of 
attractive interactions at intermediate densities. The density dependence of the self-diffusion coeffic- 
ient is also well reproduced with the RHS model with Dsns as given by DymondJ a66~ A rota- 
tion-translation coupling parameter A "~ 0.97 was found, indicating that SF6 corresponds very closely 
to a smooth hard spheres fluid in the density and temperature range investigated. 

Hauer et al.134 investigated another sulphur containing compound, hydrogen sulphide H2S and its 
deuterated analogue by HP-NMR. They measured the pressure and temperature dependence of the 
spin-lattice relaxation time T~ of the protons H2S and the deuterons in D2S between the melting 
pressure curve and 395 K and at pressures of p ~< 200 MPa. Other NMR investigations, though under 
ambient pressure only, have been reported in the solid phases ~367-369~ and in the liquid. °7°-373~ 

Liquid hydrogen sulphide, the higher homologue of water, does not reveal any hydrogen bonding 
ability. The molecular interactions are dominated by dipole and dispersion forces. ~374'37s~ Its 
molecular geometry and dipole moment is however similar to waterJ 376' 377~ 

The spin-lattice relaxation of the protons in hydrogen sulphide has contributions from dipolar 
interactions at low temperatures and spin-rotation interactions at high temperatures. However, none 
of these really dominate in the p, T-range investigated. In contrast, for deuterated hydrogen sulphide, 
electric quadrupole interactions dominate the relaxation of the 2H nuclei at low temperatures but 
contributions from spin-rotation interactions cannot be excluded a priori, though the relaxation time 
TI(2H) increases with temperature over most of the p, T-range covered by the experiments (Fig. 57). 
With eqn (55) and eqn (68) the total relaxation rate Rd2H) in D2S is seen to be proportional to an 
integral orientational correlation time T2 and an angular momentum correlation time zj if hydrogen 
sulphide is treated as a spherical top and if anisotropic components of the spin-rotation tensor C may 
be neglected. As z2 and zJ are interrelated, according to various models of rotational motions in 
liquids and gases, ts6' 133, 137, 139, 318, 378) "cj is left as the only adjustable parameter which can be 
obtained from the experimental rates Rd2H) directly. To treat both relaxation rates selfconsistently, 
spin-rotation (Rl.st) and intramolecular dipolar (Rl.i,,ra) relaxation contributions to the proton 
relaxation rates have been calculated from the corresponding rates R 1, sR (2H) and R IQ(2H) respective- 

* and z~' are identical for both molecules, H2S and ly, assuming that the reduced correlation times T 2 
D2S respectively, at constant pressure and temperature. This assumption posed severe constraints 
upon the different motional models tested and only the extended J-diffusion model has been found to 
provide a consistent representation of both relaxation rate curves RI(1H) and RI(2H) over the whole 
p, T-range investigated. The separation of the various relaxation contributions is shown in Fig. 58. It is 
seen that intermolecular dipolar interactions modulated by positional fluctuations make the largest 
contribution to the proton relaxation close to the melting temperatures. This is a consequence of the 
fast rotational motions of the molecules in liquid hydrogen sulphide even close to Tm(p) resulting in 
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FIG. 57. Isothermal pressure dependence of the 2H-T1 in deuterated hydrogen sulphide D2S. (134) 
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p, and 200 MPa. Estimated contributions from different relaxation mechanisms are also shown. (13") 

very short orientational correlation times z~ hence small intramolecular dipolar relaxation rates. It is 
unfortunate that no self-diffusion coefficient data yet exist for liquid hydrogen sulphide which would 
provide a further stringent test of the motional models considered. The relative magnitude 
Q=(Rt.i.te,)/(Rt.i,tr,) ~zd/z2 of inter- and intramolecular dipolar relaxation rates in hydrogen 
sulphide contrasts markedly with the corresponding ratio in liquid ammonia and liquid water at their 
respective melting points Tm(ps) giving: 

H2S NH3 H20 

Q =  18 1.8 0.5 

Clearly, reorientational motions are slowed down strongly in the hydrides of nitrogen and oxygen 
compared to those of sulphur due to the hydrogen bonding ability of the former. This is further 
corroborated by a comparison of reduced reorientational correlation times z 2 

D2S ND3 0 2 0  

~r~ 1.03 6.5 86 T =  Tin, Ps 

0.89 3.8 12 T=0.56 To, Ps. 

Experimental activation enthalpies AH # (eqn (109)) deduced from the isobars R I Q, (R 1. i , t ,)  range 
from 3-4 kJ/mol, hence are comparable to the mean thermal energy in the range of temperatures 
covered by the experiment indicating that the activated jump model of transport is certainly not 
applicable to liquid hydrogen sulphide. Rzany and Sciesinski (376) estimated an interaction energy of 
E = 1.9 [k J/tool] due to permanent dipole interactions. Thus, these interactions contribute signific- 
antly to the hindrance of rotational motions in liquid hydrogen sulphide. As the permanent dipole 
moments of H20  (1.8 x 10-ta esu) and NHa (1.3 x 10- la  esu) are not significantly different from that 
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of H2S (1.1 x 10- ts esu) the much higher barriers to rotation in the former liquids again supports the 
importance of hydrogen bonding interactions upon rotational motions. Further experimental densit- 
ies for hydrogen sulphide are lacking at pressures substantially higher than Ps. 

Figure 59 compares the density dependence of z* along the coexistence curve with predictions from 
the RHS model. The effective hard sphere diameter a -~ 3.95 ~,-4.0/~ corresponds closely to estimates 
of this quantity from other sources. (t34) Thus it seems that the rough hard sphere fluid represents 
a useful approximation to real liquid hydrogen sulphide. In the absence of a detailed discussion of 
isothermal density effects upon molecular motions, experimental activation volumes A V *, deduced 
from the isothermal pressure dependence of relaxation coefficients, may still provide some insight into 
transport processes in liquid hydrogen sulphide. In the low temperature region (T~< 330 K), AV # is 
independent of pressure and amounts to A Vgt = 2 + 0.5 (cm3/mol) and A Vt*~a.s7 + 1 (cma/mol). As A V # 
may be regarded as a qualitative measure of the space required by a molecule to reorientate or 
translate in the cage of its next neighbours translational motions are slowed down faster with 
increasing density than are rotational motions. This is generally observed in non-associated liquids. 

6.2.2. Miscellaneous Non-Associating Organic Liquids. Some of the earliest HP-NMR experiments 
reported in the literature are the proton relaxation time studies of water, methyl iodide, ethyl iodide, 
n-pentane, n-hexane and toluene by Benedek and Purcell (379) at pressures up to 1 GPa. Except for 
water, the samples were not degassed. Hence the corresponding 1H-T1 data are largely unreliable in 
their absolute value though a correct physical explanation of their data has been given in that pressure 
effects the freedom to migrate much more than the freedom to rotate. During the 70s, several simple 
organic liquids, mainly aromatic molecules, were investigated by HP-NMR. Bull and Jonas (aS°) 
reported the pressure dependence (p ~<220 MPa) at ambient temperature (T= 296 K) of the proton 
spin-lattice relaxation time in neat liquid acetone and mixtures with its deuterated analogue. Their 
interest focused on the effect of pressure upon translational (~R1, inter) and rotational ( ~  R i, intra) 
molecular motions. 

The separation of inter- and intramolecular dipolar contributions to the total proton relaxation 
rate is affected by the isotopic dilution method. (3s~) The corresponding normalized relaxation times 
are shown in Fig. 60. A comparison with the normalized shear-viscosities demonstrates convincingly 
that the simple hydrodynamic approximation to the correlation times z as proposed in the BPP- 
theory is only appropriate to the translational correlation time as discussed by Torrey. (3s2) It was 
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FIG. 59. Density dependence of the reduced angular momentum correlation time ¢J' along the coexistence curve in 
HzS. Full lines represent predictions from the rough hard spheres model. (~34) 
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demonstrated also that increasing density affects translational motions much stronger than reorivnta- 
tional motions which consist of overall tumbling motions and internal methyl group reorientations. 
The non-linearity of the InTx versus p plots further corroborates the limited value of the concept of the 
activation volume in describing liquid state dynamics. (ssz' 3ss) In a subsequent investigation Bull and 
Jonas (3s4) reported the pressure dependence (p ~< 200 MPa) at room temperature (T= 296 K) of the 
deuteron and nitrogen spin-lattice relaxation times of liquid acetonitrile-d s. The relaxation of both 
nuclei is almost exclusively due to intramolecular quadrupole interactions and thus monitors the 
anisotropy of reorientational motions of the symmetric top molecule acetonitrile. The data have been 
interpreted in terms of the anisotropic rotational diffusion model, (34s) though inertial effects certainly 
play a prominent role in the case of the reorientation about the main symmetry axis (Cs axis). The 
tumbling of the symmetry axis is reflected in the 14N-Tl(p) yielding D± as this motion is in the 
diffusion limit under the conditions of the experiment. Inserting these values into eqn (104) allows the 
corresponding rotational diffusion coefficient DII to be obtained from the respective 2H-T~(p) data. 
Because of the large motional anisotropy (p ~ 1 in eqn (104)) of acetonitrile the diffusion coefficients D, 
could not be deduced with high precision. (sss) Furthermore, the value obtained for DII represents only 
a rough approximation to the microscopic dynamics of the fast spinning motion because of the neglect 
of inertial effects. The effect of pressure, shown in Fig. 61, on these motions should, however, be 
qualitatively correct. It was found that increasing density does not affect the fast spinning motion, 
indicating that rvorientations around the symmetry axis do not alter the dynamic structure of liquid 
acetonitrile to any large extent. 

Nolle and Mahendroo (ss°) measured the proton T~ in several organic liquids, including n-heptane, 
for temperatures in the range 260 K to 310 K and at pressures up to 140 MPa. Although these authors 
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FIG. 61. Pressure dependence of the components D u and D± of the rotational diffusion tensor in liquid acetonitrile 
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noted the effect of dissolved oxygen in shortening proton relaxation times and attempted HP-NMR 
measurements with degassed samples, they apparently were not totally successful, as their Tls are 
considerably shorter than those reported by Powles and Gough, (382) Lees et al. ~386) and Kashaev 
et al. (3sT) Powles and Gough c382) reported the pressure and temperature dependence of proton spin 
relaxation in liquid n-heptane over the range 297 K-455 K and for pressures p~< 190 MPa. As the 
equation of state of liquid n-heptane is well known over a wide p, T-range t38sl the effects of changing 
density and temperature on the molecular motions could be separated by measuring the spin 
relaxation as a function of pressure and temperature. As the RHS model provides a valid 0th order 
approximation to simple dense liquids and further is very sensitive to density changes Powles and 
Gough °s2) considered density as the primary parameter in determining the dynamic structure of 
liquids. They presented a seminal discussion of the interpretation of the results for n-heptane in terms 
of various theories, much in the spirit of van der Hart's t349~ later investigation of chloroform. Selected 
experimental Tl-isotherms are shown in Fig. 62. Only average proton-Tt have been reported as the 
relaxation times of the methylene- and methyl groups turned out to be very similar under ambient 
conditions and resolution requirements could not be met under high pressure conditions. Contrary to 
theoretical expectations, but often observed in practice, an exponential decay of the magnetization 
was measured at temperatures T<  380 K at all pressures, and also at higher temperatures and high 
pressures p >  100 MPa. In the low pressure-high temperature region a pronounced non-exponential 
decay of the magnetization was observed. 

Though magnetic dipole-dipole interactions certainly provide the dominant relaxation mechanism, 
the authors did not discuss in detail the corresponding relaxation equations. They were interested 
mainly in the dependence of T1 on density p and temperature T through the integral reorientational 
correlation time ~2(P, T) and the self-diffusion coefficient D(p, T). Within an activated state analysis 
the activation parameters, AH # =  A E # +  pA V #, in eqn (109) were found to depend on temperature 
and pressure respectively as is immediately clear from the curved isotherms and isobars (Fig. 62). 
Hence the physical parameters of the activated state theory, AH # and AV #, could not be deduced 
from the experimental slopes, which yielded 

/'c3AH # 
AH+=AH#- -  T ~ - - ~ ) p ,  (115) 

and 

AV + = A V  # +p(OAV~/~p)v, (116) 
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FIG. 62. Pressure dependence of selected ~H-T~ isotherms inliquid n-heptane. (382> 
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because the dependence of AH # (T) and A V* (p) could not be obtained from the experimental data. 
Simple free volume theories require: 

lnT, ~ Vo/(V- Vo), (117) 

and T~ to be independent of temperature at constant density, which is clearly not observed in Fig. 63. 
Hence for the free volume model to hold Vo must depend on p and T, and one has to determine 
(~Vo/~T) and (t~VJ@) also from the experimental data, which seems impossible. Powels and 
Gougb (as2) suggested the p,T-dependence of Vo might be expected to correspond to the typical 
volume changes in glasses. In summary, one might expect a p, T-dependence of Vo, as well as for 
the activation parameters AH # and AV # irrespective of their precise physical meaning, but 
these dependences, as well as the parameters themselves, cannot be deduced readily from the 
p,T-dependence of relaxation rates. Furthermore both models do not seem to reflect all aspects 
of molecular motions when studied over wide ranges of density and temperature. 

Nolle and Mahendroo (35°) were among the first to perform HP-NMR relaxation time studies of 
benzene, toluene and cyclohexane. Though the samples were purified and degassed, residual dissolved 
oxygen render their proton Tx-valucs less reliable. Brooks et al. (3s9) showed also in their study of the 
pressure dependence of T~ in benzene that, contrary to the findings of Nolle and Mahendroo, (as°) the 
proton T~ vary less rapidly with pressure than the fluidity, t/- ~. It must be emphasized, however, that 
no separation ofintra- and intermolecular contributions to the total dipolar relaxation rate has been 
given and that only the intermolecular relaxation rate is expected from hydrodynamic considerations 
to vary in proportion to D~tl/T. Indeed, self diffusion D and viscosity t/showed a similar pressure 
dependence with AV#(D)=2Ocm3/mol (39°) and AV#(r/)=20.5 cm3/moi, (39t) whereas the corres- 
ponding pressure coefficient of the total proton-Tt has been found to be AV#(1H-T1) 
= 16.34-0.2 cm3/mol. (3s9) Woessner and Snowden ca92) measured the pressure dependence of the 
deuteron spin-lattice relaxation in perdeuterobenzene at 300 K up to p~40  MPa and obtained 
A V # (ZH- Tt) = 7.39 + 0.44 cm3/mol. As the benzene molecule possesses a high reorientational mobil- 
ity around the sixfold symmetry axis even in the solid state, (39a) this latter motion is obviously much 
less affected by pressure than are translational motions. Bull and J o n a s  (394) were  able to separate 
intra- and intermolecular contributions to the dipolar spin relaxation in benzene and chlorobenzene 
by the isotopic dilution technique (395) and thereby determined the effect of pressure on reorientational 
( ~ R~. ~,,~,) and translational ( ~ R~, ~,,,r) motions of these molecules in the liquid state. In both liquids 
the effect of pressure on the normalized intermolecular dipolar relaxation times (T t (p ) /T l (po ) ) i n t e  r is 
identical to the normalized viscosity (tl(po)/~l(p)) (po=0.01 MPa), corroborating the essentially dif- 
fusive character of the underlying translational motions (eqns (21 and 49)). 

The intramolecular motions, which are only reorientational, were much less affected. This difference 
is especially pronounced in liquid benzene where the integral orientational correlation time is 
determined mainly by the fast anisotropic reorientation about the C6-axis (Fig. 64). The latter is only 
weakly affected by increasing density and is thus largely decoupled from translational motions. This 
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FIG. 64. Pressure dependence of intra- and intermolecular dipolar relaxation times T 1 in liquid benzene. 13941 

coupling is, however, strongly enhanced as the sixfold symmetry of the molecule is destroyed 
by chlorine substitution which also introduces a dipole moment to the benzene molecule. The 
corresponding pressure coefficients A V~(intra) = 7.4 cm3/mol, and A V#(inter) = 22 cm3/mol, of the 
rotational and translational motions in liquid benzene agree well with those obtained from 
deuterium relaxation times and self-diffusion and viscosity data. They differ by a factor of about three, 
as has been found also for liquid acetone, (38°) but are almost identical in chlorobenzene, 
where A V*(inter)= 11.2 cm3/mol and A VC(intra)= 11.7 cm3/mol (Fig. 65). 

At the beginning of the 70s, Jonas's group (396) for the first time achieved a sufficient homogeneity of 
Be over the sample volume of the high pressure cell to obtain high resolution spectra. In addition to 
the effect of pressure on the 19F chemical shifts in benzotrifluorides (396, 397) deuterium spin-lattice 
relaxation times of the methyl- and ring-deuterons in toluene-ds were measured at 298 K and 373 K 
over a pressure range of p ~< 300 M Pa (Fig. 66a). (396) Spin relaxation of the ring-deuterons provides an 
estimate of the overall tumbling correlation time z2 whereas the relaxation of the methyl-deuterons 
contains contributions from overall tumbling motions as well as fast spinning motions around the 
C3-symmetry axis of the CD 3 group. Increasing pressure was seen to affect the overall tumbling 
motion much more than the internal rotation (Fig. 66b) as is reflected in the slope parameter 
A V # =7.7 cm3/mol and A V ¢ =  2.0 cm3/mol at high temperature (T=373 K). Jonas and coworkers 
further investigated a series of monosubstituted benzenes with HP-NMR. The main interest in these 
studies was a determination of the separate pressure effects on intra- and intermolecular dipolar 
relaxation times, hence on rotational and translational motions, and an investigation of the influence 
of molecular symmetry and dipole moments onto the coupling between both modes in liquids. Along 
these lines Parkhurst et al. ~aga) measured at T=303 K the pressure dependence of the proton 
spin-lattice relaxation times in liquid bromobenzene up to p =  250 MPa, and in toluene-d3 up to 
p = 450 MPa. The separation of inter- and intramolecular dipolar contributions to the proton-T: was 
achieved by the isotopic dilution technique. Both molecules possess a very similar molecular shape as 
the van der Waals volumes of the substituent groups, CH3: V=13.7 em3/mol; Br: 
V= 14.4 cm3/mol, c399) are very similar, but their dipole moments differ considerably (toluene 
/~=0.4 D, bromobenzene/~= 1.7 D). Again the change with pressure of the intermolecular contribu- 
tions R1, i,t=r follows the behaviour predicted by hydrodynamic theory. The interesting part, however, 
is a comparison of the intramolecular dipolar relaxation rates in both liquids. As a qualitative measure 
of rotation-translation coupling Parkhurst et al. {39s~ proposed the difference in pressure coefficients 
A V # between viscosity (A V # (r/) ~ A V # (trans)) and intramolecular relaxation rate 
(A V # (R t, i,tra)= A V# (rot)) data of both liquids. Contrary to benzene ~394) the difference is small, as 
found for chlorobenzene, and is almost equal in both liquids, suggesting that molecular shape rather 
than the dipole moment is the determining factor as regards rotation-translation coupling in 
molecular liquids. 

In a subsequent study, Assink et al. ~4°°) measured the pressure dependence (p ~<400 MPa) at 303 K 
of the deuteron spin-lattice relaxation time of fully deuterated and monodeuterated pyridine, toluene, 
fluorobenzene, chlorobenzene, bromobenzene and benzylcyanide. Proton relaxation times were also 
measured under the same conditions in fluorobenzene and pyridine, and deuterium relaxation times 
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in fully deuterated nitrobenzene. A comparison of the fully deuterated and the monodeuterated 
compounds provides an estimate of the anisotropy of the rotational diffusion process in these liquids. 
As in the monodeuterated molecules, the deuteron has been substituted in a position adjacent to the 
other substituent. The corresponding deuterium relaxation rates monitor essentially the reorientation 
of the dipole moment vector of these benzene derivatives. Because the QCC is not expected to depend 
significantly on the substituent, an average value X = 180 kHz was used in eqn (60) to calculate integral 
orientationai correlation times ~2 as a function of pressure. 

These data have been discussed, together with viscosity data obtained under the same conditions, in 
terms of the rotation-translation coupling parameter r.  The latter provides information about the 
anisotropy of the intermolecular potential, with r ~ 1 for strongly directional intermolecular forces, 
and r 2 0  in the case of hard sphere interactions. According to Kivelson e t  al., ¢4°1) r gives the ratio of 
the intermolecular torques on the solute molecules to the intermolecular forces on the solvent 
molecules, and only the anisotropic part of the potential gives rise to the torques. The molecular radii 
in eqn (22) were determined from molar volumes, assuming hexagonal dose-packed hard spheres. 
While no correlation was found between the dipole moments/~ of the molecules and the RT-coupling 
parameter r, the latter was found to be strongly correlated with molecular shape, as is exemplified in 
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Fig. 67. Intermolecular interactions in these liquids are only slightly anisotropic causing a weak 
RT-coupling (0.01 <x<0.2) .  Hence, orientational fluctuations exert only a small effect upon the 
dynamic structure in these liquids. Increasing density results in a decrease of 1¢, as seen in Fig. 68, 
because intermolecular torques increase much slower than intermolecular forces. These results led 
Assink et al. (*°°) to suggest that for ~¢ >0.4 any pressure dependence is very small or totally absent. 
Another approximate measure of RT-coupling is provided by the difference of the experimental 
pressure coefficients 6AV # = A V  * (r/)-A V # (Rlq). A large difference 6AV # corresponds to a weak 
RT-coupling, as in benzene, and vice versa. Again a distinct correlation between a large volume of the 
substituent and a strong RT-coupling is observed, whereas no obvious correlation with the respective 
dipole moments has been found. 

Information about possible anisotropic reorientations of the various monosubstituted benzenes 
may be obtained from a comparison of deuteron relaxation times of the monodeuterated and fully 
deuterated molecules. The ratio of the respective parameters K is expected to reflect this anisotropy as 
has been demonstrated by an approximate correlation with the inertial anisotropy of the molecules. 
Within the series of monosubstituted benzenes discussed above, the substituent groups in toluene 
(-CH3) and benzyl cyanide (-CH2C =-N) provide an internal rotational degree of freedom to these 
otherwise rigid molecules. 
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FIG. 67. Dependence of the rotation-translation coupling parameter r upon the volume of the substituent in 
monosubstituted benzenes. (4°°) 
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Therefore De Zwaan and Jonas, t4°2~ and Wilbur and Jonas, <4°3} further investigated the effects of 
pressure on the overall and internal rotation in these liquids with deuterium HP-NMR. De Zwaan 
and Jonas t4°2) measured the pressure dependence of the deuteron spin-lattice relaxation times in two 
selectively deuterated benzyl cyanides, benzyl-4-dl cyanide, and ~t, ~t-dideuterio-benzyl cyanide at 
303 K and 423 K and at pressures up to p~<300 MPa. The 2H-Rio in the former compound largely 
reflected the overall tumbling of the molecule, whereas the spin relaxation of the latter monitored both 
the overall tumbling motion as well as the internal rotation of the substituent group. It was shown 
earlier {4°4~ that both reorientations proceed at comparable rates, hence a rotational diffusion model 
can be used to describe both motions. Overall rotational diffusion coefficients Drot =(6x2)-1 deduced 
from ring deuteron relaxation rates, assuming a QCC = 180 kHz, were found in fair agreement with 
predictions from a hydrodynamic model (eqn (22)) modified with the microviscosity factor f, as given 
by Gierer and Wirtz. {*°5~ The corresponding pressure coefficients A V#(D,ot) and A V#(t/) respectively 
were determined to be very close, and this suggests a strong RT-coupling in liquid benzyi cyanide. 
There exists, however, a discrepancy between both measures of the strength of RT-coupling, the 
difference in apparent activation volumes 6AV # for rotation and translation and the Kivelson- 
parameter x. The latter was found by Assink et al. to lie in the range 0.15 ~< r ~< 0.2 for benzyl cyanide, 
suggesting a weak RT-coupling. This casts further doubt on any physical interpretation of the slope 
parameter A V # within the realm of an activated state picture. At least both results justified the use of 
the small-step diffusion model to represent the overall tumbling motion. The internal rotation of the 
-CD2C--N group has been described within an independent two-mode approximation (overall 
tumbling mode D,ot, diffusion of the substituent group around the symmetry axis of the methylcyanide 
group Dlnt), and within a symmetric top approximation with a symmetry axis through the Ct and C,  
ring carbon atoms. Both approaches yield slightly different results which, however, show that the 
internal motion is certainly in the diffusion limit at 303 K, especially at high pressure. However, 
inertial effects must be taken into account at T=  423 K over the whole pressure range as judged by the 
x-test ~3.6) and by the rather weak pressure dependence of Dint at high temperature. The latter aspect 
has been considered further by Wilbur and Jonas <4°3) in their HP-NMR study of liquid toluene-ds. 
The spin-lattice relaxation of both ring and methyl deuterons has been measured over the temper- 
ature range 238 K ~< T~< 473 K covering a pressure range p ~< 400 MPa. Viscosities and densities were 
also measured over this p, T-range. Liquid toluene-ds has also been studied under high pressure 
conditions by Wilbur and Jonas (396) and Parkhurst et al. (39s) who determined the proton relaxation 
time/'1 at 303 K and pressures p ~< 300 MPa. Several authors measured the temperature dependence 
of the deuteron-T1 in toluene-ds, (392) the tH-, 2H- and t3C-Tt in protonated and deuterated 
toluene ~̀ *°6} and the proton and deuteron relaxation in toluene and toluene-ds .¢`*°7) O'Reilly and 
Peterson °*°s) have measured the self-diffusion coefficient D(T) under ambient pressure conditions as 
well. 

In order to extract integral orientational correlation times z2 from the experimental deuterium 
relaxation rates, quadrupole couping constants X= 179.9 kHz (i,/=0.056) (̀ *09) and X= 165 kHz ~̀ *t°~ 
appropriate to the ring and methyl deuterons of solid toluene respectively have been used. The overall 
tumbling motion of the toluene-ds molecule has been discussed in terms of the rotational diffusion 
model, the extended J-diffusion model and the corrected Enskog theory. The internal rotation of the 
methyl-da group has been discussed further in terms of rotational diffusion, 120 ° angle jump diffusion 
and the Langevin model. 

A comparison of the overall tumbling correlation times z2 with the modified Debye-Stokes- 
Einstein relation (eqn (119)) quickly makes it obvious that the tumbling motion of toluene is not well 
represented by this first order hydrodynamic diffusion model. Most of the disagreement is due to the 
different temperature and pressure dependences of T2 and (fliT). In addition, the RT-coupling 
parameter x=0.1 is small indicating that orientational and positional fluctuations are largely 
decoupled in liquid toluene. Application of the x-test further indicates that the tumbling motion is in 
the diffusion limit at low temperatures and high pressures only. A comparison of isobaric and 
isochoric temperature dependences of the tumbling correlation time (Fig. 69) shows that the slowing 
down of reorientational motions at constant pressure is due to a reduction in thermal energy, as much 
as it is due to a reduction in density. Hence constant density data are necessary to separate clearly the 
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FIG. 69. Isobaric (a) and isochoric (b) temperature dependence of rotational correlation times ~2 in toluene-ds. ('°3~ 

effects of thermal energy and volume upon the molecular reorientation processes. As the rotational 
diffusion model has been shown not to represent the reorientation process properly the authors 
assumed the validity of the extended J-diffusion model to calculate the angular momentum correla- 
tion times zj from the corresponding orientational correlation times. Using a procedure proposed by 
Gordon et al. ~411~ they obtained hard sphere diameters at each temperature and pressure and then 
calculated the Enskog correlation time xE with eqn (73). Using the relation between zj and x~, Wilbur 
and Jonas ~4°3) then recalculated the corresponding relaxation times and observed good agreement 
between calculated and experimental data. 

However, the argument is somewhat circular, as the calculations have been forced to agree with 
experiment. This has been recognized by the authors, however, when they stated that these results 
were only qualitative. Applying the rotational diffusion model with isotropic overall and anisotropic 
internal rotation, either small-step or 120 ° angle jump, to the methyl deuteron TtQ, Wilbur and Jonas 
concluded, not unexpectedly, that both models are not well suited to describe the internal rotation of 
the methyl group and that the internal reorientation is very fast in the whole p, T-range investigated. 
However, application of the rotational Langevin model shows that the internal rotation is also not 
close to the free rotor limit. Hence conclusions drawn from the application of the diffusion models and 
the Langevin model in the large friction limit, where it becomes equivalent to the diffusion model, 
have at least qualitative significance. From the isochoric temperature dependence of the internal 
correlation time zi., it is obvious that its isobaric temperature dependence is dominated by energy 
effects. Internal reorientations of methyl groups are therefore much less affected by density changes 
than overall reorientations. This conclusion is also supported by the high internal mobility found for 
methyl groups in many molecular crystals. 

The major drawback in the study of benzyl cyanide is the impossibility of determining angular 
momentum correlation times ~j directly, as the proton relaxation is dominated by dipolar interactions 
with spin-rotation interactions being negligible. This shortcoming was overcome by Assink and 
Jonas (412~ and De Zwaan et al. (413) who studied the spin-relaxation of the deuterium (2H) and 
fluorine (19F) nuclei of fluorobenzene-ds over a temperature range from 303 K to 623 K and over 
a pressure range p~<350 MPa in the liquid and dense fluid phase. Assink et al. ~412J also reported 
deuterium spin-lattice relaxation measurements at 303 K and p ~< 200 MPa in liquid fluorobenzene- 
dl and fluorobenzene-d5 as discussed already above. Green and Powles ~414~ have also reported the 
temperature dependence of the proton (1 H) and fluorine (19F) spin-lattice relaxation times at ambient 
pressure. 

Quadrupole interactions provide the sole relaxation mechanism of the deuterons and yield integral 
orientational correlation times zz. Spin-rotation interactions dominate the relaxation of the fluorine 
nuclei and yield angular momentum correlation times ~1. A QCC of Z = 180 kHz has been assumed in 
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accord with similar coupling constants determined in other monosubstituted benzenes and the finding 
that different substituents do not change the QCC much. Spin-rotation coupling constants were 
calculated from the diagonal components of the spin-rotation interaction tensor c as determined by 
molecular beam measurements, ('1 s) neglecting any anisotropic components. Small corrections to the 
total 19F-R1 were made because of contributions from dipolar interactions and anisotropic chemical 
shielding interactions. The resulting orientational (¢z) and angular momentum (3j) correlation times 
were made to agree with predictions from the extended J-diffusion model appropriate for spherical 
top molecules if the spin-rotation coupling constant Celt (eqn (118)) was adjusted slightly (Fig. 70). 
This was necessary because the authors originally used an effective spin-rotation constant 

z 1 - -  2 2 Ceff='~. ~ Cu=(3.12 kHz) , (118) 
ima, b, c 

with Cti given in the principal frame of the inertia tensor instead of C2ff = C2o + 2AC2(zmjzg) with CII 
and C± given in the main axis system of the spin-rotation interaction tensor. Both quantities become 
identical only if the diffusion limit (3j < 32 and % = 3st) holds, and if the principal frames of the inertia 
tensor and the spin-rotation tensor coincide. A general limitation is the spherical top approximation, 
which, however, has often to be made. The best fit coupling constant C,ff= 3.60 kHz is in good 
agreement with C~ff = 3.32 kHz which fo!lows from the results of Green and Powles. (414) 

De Zwaan et al. (4~3) also determined the density of fluorobenzene over the whole p,T-range and 
were thus able to separate the effects of density and temperature on the correlation times z9 and z2, and 
hence on the molecular reorientations. An interesting observation in the dense fluid phase was the 
near constancy over a large density range and constant thermal energy of the integral orientational 
correlation time 32'-,R~0, accompanied by a strong decrease of the angular momentum correlation 
time 3j with increasing density. Though the form of the orientational correlation function G2(t) 
certainly changes with density, the area under the curve does not. This finding indicates that integral 
correlation times derived from NMR relaxation rates in the fast motions limit (o~3 < I) can only 
provide limited details of the orientational fluctuations in liquids. The strong decrease of % with 
density reflects the increase in collision frequency with density, of course. De Zwaan et al/493) further 
considered the cell model and the Enskog theory in their ability to predict the density and temperature 
dependence of ~j,,, ~con (eqn (I 13)). The corresponding mean times between collisions ~Coll are given by 
eqn (I 12). Both theories predict a T-I/2 variation of 3j(T) at constant density which is contrary to 
what is generally observed in HP-NMR experiments. If, however, the hard sphere diameter ~ is 
assumed to decrease with increasing thermal energy at constant density, agreement with the experi- 
mentally observed increase of 3j with Tcould be reached. A similar variation of ~(T) has been deduced 
by Wilhelm (416) from gas solubility data and is reported generally from high-pressure self-diffusion 
coefficient measurements. The isothermal density dependence of ~9(P) has been found to agree 
qualitatively with the cell model at low temperatures and the Enskog theory at supercritical 
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FIO. 70. Comparison of reduced orientational (~) and angular momentum (~') correlation times in fluoro- 
benzene-ds. The straight line corresponds to the Hubbard relation, eqn (71). (413) 
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temperatures. At low densities, however, hard sphere approximations are expected to be less appropri- 
ate because of the increasing importance of attractive interactions. As regards orientational correla- 
tion times an Arrhenius dependence of Tt(T) has been observed with an apparent activation enthalpy 
AH # of the order of the mean thermal energy. Furthermore, AH # increases with increasing pressure 
or increasing density. Both results again demonstrate that the activated state model is not appropri- 
ate. 

6.2.3. Complex Viscous Liquids. With the exception of spin-rotation interactions, most other spin 
relaxation mechanisms are connected with spectral density functions of orientational and transla- 
tional fluctuations. In the fast motion regime all the information obtainable is limited to integral 
correlation times characterizing overall and internal molecular motions. Density variations at 
constant thermal energy generally slow down translational and overall rotational diffusive processes 
much stronger than internal motions, hence provide a valuable means of separating these processes 
and enhance the requirements any motional model must meet in order to describe liquid state 
dynamics consistently. The situation can be further improved in highly viscous, often supercooled, 
liquids where molecular motions can be slowed down into the slow motions regime (OJLT~> 1). The 
relaxation then depends on the explicit form of the spectral density functions and not just on the 
integral over the corresponding time correlation function. This poses further stringent constraints on 
any motional model used to interpret spin relaxation experiments. In viscous liquids, however, the 
relaxation process is no longer dominated by simple collisions as in non-viscous liquids but rather by 
complex cooperative reorientations. Therefore drastic simplifications have often to be made to 
interpret relaxation rate curves. 

Artaki and Jonas, (417) extending an earlier ambient pressure proton and deuteron relaxation 
study, c4t8) investigated the dynamic structure of isopropyl benzene in the supercooled state. The 
proton, deuterium and carbon-13 relaxation times were measured in selectively deuterated isopropyl 
benzene (IPB) over the temperature range 125 K to 200 K and the pressure range p~<500 MPa. 

Besides exploring the origin of a discontinuity observed at a temperature TK > Tg in the temperature 
dependence of the shear viscosity of several glass forming liquids, ¢419) the main objectives of their 
HP-NMR study were to test the validity of the modified Debye equation (eqn (119)) over a wide p, 
T-range at high viscosities and to detect and examine with NMR the • and/~ relaxation processes 
observed in dielectric relaxation experiments. ¢42°) High pressure experiments are especially valuable 
in this respect as they allow the viscosity of supercooled liquids to be varied by many orders of 
magnitude. Though the discontinuity in the set of parameters in the VTF-equation (eqn (125)) used to 
represent r/(T) has been tentatively associated with a complete quenching of all rotational diffusive 
modes below TK, ¢42~) Arndt and Jonas ¢4~s) showed that isopropyl benzene molecules lose their 
translational mobility faster than their rotational mobility. To resolve this discrepancy Artaki and 
Jonas¢,l 7) investigated the very low frequency motions of supercooled isopropyl benzene (IPB-d7) via 
the rotating frame proton relaxation times Ttp(tH) of the ring protons as a function of isotopic 
dilution in perdeuterated IPB. For the sake of the argument, the authors approximately characterized 
the complicated rotational and translational diffusive motions of IPB molecules by effective single 
correlation times "~rot and zt ..... deduced from Tt(1H) and Ttp(1H) data and plotted the former against 
the shear viscosity-temperature ratio (~l/T) (Fig. 71). 

It was shown that a decisive discontinuity in the effective translational correlation times ~, .... at 
T=  TK is present, indicating a sudden change in the nature of the translational motions in the 
neighbourhood of T~. But the modified Debye-equation is obeyed over almost four orders of 
magnitude with no change in the small RT-coupling parameter x - 0 . 2  at the temperature TK. The 
validity of the modified Debye-equation has been further studied by measuring the pressure depend- 
ence of the deuterium spin-lattice relaxation times of IPB-ds in the fast motions regime at temper- 
atures 200 K~< T~<250 K. The orientational correlation times ¢2 show a non-linear dependence on 
rl/T indicating an increasing rotation-translation coupling with increasing density and an increased 
anisotropy of the molecular motions involved. In contrast to the effect of density changes isochoric 
plots of z2 versus tl/T reflect the effect of kinetic energy changes on the RT-coupling parameter. At 
constant volume, ~2 depends linearly on t//T suggesting that the coupling parameter x is not sensitive 
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FIG. 71. Rotational (©) and translational (0) correlation time ~ versus the viscosity-temperature ratio rl/T in 
isopropylbenzene-dT.~'t 7) 

to changes in the kinetic energy of the molecules. In summary, Artaki and Jonas t417) concluded that 
volume rather than kinetic effects determine the extent of the coupling between the rotational and 
translational motion of IPB-ds. 

Concerfiing a comparison of the proton Tip-data of the ring and isopropyl chain protons both 
relaxation rates show a maximum at about the temperature where the dielectric a-relaxation peak is 
observed. This suggests that the overall tumbling motion is responsible for both relaxation maxima. 
A second relaxation rate maximum, though not observed, corresponds to the dielectric r-relaxation 
and is indicated by rising proton relaxation rates of the ring and chain protons respectively below the 
glass transition. These results may demonstrate that the r-relaxation peak has contributions from 
both rotational and translational motions of the isopropyl chain and the benzene ring. 

The dependence of the RT-coupling parameter ~ on density, kinetic energy and molecular shape 
has been investigated further in a study of the ring deuteron spin-lattice relaxation rates of various 
supercooled, highly viscous liquids, t422) As previous results indicated that molecular shape rather 
than permanent dipole moments determine the coupling between rotations and translations in 
molecular liquids, the variation of the former dictated the choice of the substituted benzenes studied. 
The compounds selected were isopropyl benzene-ds, see-butyl benzene-ds, n-butyl benzene-ds, 
toluene-ds, cis-decalin-dto and see-butyl cyclohexane-ds. For comparative purposes the substituted 
benzenes were selectively deuterated in the ring. All deuteron spin-lattice relaxation time measure- 
ments were performed in the fast motion regime (OJLZL < 1), hence only integral orientational correla- 
tion times z2 were obtained. Shear viscosities and molar volumes of these model compounds were also 
measured as a function of pressure and temperature. The results of the study show that asymmetric 
top molecules which tumble anisotropically exhibit a positive curvature of isothermal ~2 versus (t//T) 
plots, corresponding to an increasing rotation-translation coupling with increasing density, as 
observed in isopropyl benzene-d5 and see-butyl benzene-ds. As a qualitative physical explanation 
Artaki and Jonas t422) suggest that as density increases, molecular reorientations become increasingly 
more hindered and anisotropic due to a closer proximity of the neighbouring molecules, and hence 
lead to enhanced rotation-translation coupling (Fig. 72). Symmetric top molecules in non-viscous 
liquids like toluene, cis-decalin and see-butyl cyclohexane display a negative curvature in isothermal 
plots of ~2 versus (~I/T). These molecules possess at least one axis about which reorientations can 
proceed rather freely causing the RT-coupling to decrease with increasing density. The physical 
explanation given by the authors is that intermolecular torques do not increase as much as inter- 
molecular forces with density which is tantamount to a negative density dependence of the RT- 
coupling parameter ~ implying a decoupling of these motional modes with increased density. Liquid 
n-butyl benzene shows a change from a negative to a positive curvature with increasing density. 

Following the arguments given above the authors suggested that these molecules can perform 
rather unhindered reorientations about an axis of symmetry at lower densities and that the anisotropy 
in the overall tumbling motions increases with a closer packing of the molecules. Purely kinetic effects 
are best examined under constant density conditions. Linear ~2 versus (T/T) isochors were obtained 
for all densities and all compounds measured. These constant slopes suggest that the coupling 
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between rotational and translational modes is independent of the kinetic energy of the molecules. 
Therefore volume rather than kinetic energy determines the degree of RT-coupling. The authors 
pointed out, however, that the absolute values of the RT-coupling parameters are rather small 
(r-,,0.1-0.2) and that a description of strong RT-coupling in supercooled liquids should invoke 
coupling parameters sc~< 1. Thus it seems questionable that the modified Debye-Stokes-Einstein 
equation can represent the dynamic behaviour of highly viscous supercooled liquids properly. 

Two rather more complex molecules similar to the monosubstituted benzenes, 2-ethylhexyi ben- 
zoate (EHB) and 2-ethyihexyl cyclohexanecarboxylate (EHC), have been investigated by Jonas 
et al. (423) and Adamy et al. (424) with HP-NMR techniques. Natural abundance ~ac spin-lattice 
relaxation times and nuclear Overhauser enhancement (NOE) factors have been measured at temper- 
atures 253 K ~< T<  353 K and pressures p ~< 500 MPa. Both relaxation parameters are dominated by 
the intramolecular dipolar coupling of t s c  and directly bonded tH nuclear spins. Thus these 
relaxation coefficients monitor orientationai fluctuations of the molecules as well as segmental 
motions of the alkyi chains and the ring flexibility in EHC. Self-diffusion cocflicients, densities and 
shear viscosities have also been studied in both liquids. (425' 426) Jonas et al. (423' 424) followed the 
relaxation behaviour of each carbon nucleus in these molecules and were able to reproduce the 
relaxation time curves TI(T, p) by fitting the experimental isotherms to a Cole-Davidson distribution 
of orientational correlation times given by: 

[sin (fln)/~] ('t/Tm-'C) # for 0~<z<T,, 
p(z)= 0 for ¢~>zm (119) 

The authors pointed out that neither an isotropic diffusion model, nor an anisotropic model, or its 
mathematically equivalent two mode approximation (overall tumbling mode plus internal reorienta- 
tion) represents the experimental relaxation curves properly. The isothermal pressure dependence was 
represented by an Arrhenius-type expression with the pre-exponential factor % and the apparent 
activation volume A V* assumed to be independent of pressure. The width parameter//in eqn (119) is 
also independent of pressure as the absolute value of ]'1 at the respective minima of the isotherms do 
not change with pressure. It is important to note that relaxation data in the slow motions regime are 
necessary for this purpose as fl cannot be determined uniquely from T t data in the fast motions 
regime. Representative isotherms of the ring (C5) carbons in both EHB and EHC are shown in Fig. 73. 
At low temperatures the EHC ring carbon relaxation time curves are much broader, reflecting the 
higher mobility and internal flexibility of EHC compared to EHB. This is a direct consequence of the 
conjugation of the carboxyl group and the phenyl ring in EHB rendering the molecule much more 
rigid. This is also reflected in the much smaller width parameters fl of the CS-ring carbons in EHC 
compared to EHB. In contrast, the EHB and EHC methane carbons show nearly identical motional 
characteristics with correspondingly similar fl-parameters. These differences parallel trends observed 
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in the fluidities and self-diffusion coefficients observed in both liquids at low temperatures and high 
pressures. As a consistency test cross-relaxation rates determining NOE-factors (eqn (120)) 

6g2(coa- OJc)- go (~a -  COc) 
NOE= 1 +(T./Y~) (120) 

go(O).-- OJc) + 3 g t (O~c) + 6g2(o-). + (Oc) 

with 

P(Z).___..~_~ gm(O~)---- j dz 
o 1 + ( r ~ )  2 

sin[/; arctan (coz,,)] (121) 
= o~[1 +(~,,,)2]p/2 

have been calculated using the CD-spectral density functions and optimized parameters deduced from 
the 13C. T1 data. The good agreement observed, however, (Fig. 74) does not seem to provide a test of 
the validity of the model distribution chosen to represent the microscopic dynamics. Rather it 
provides a consistency test ofeqn (45) and eqn (46) used to calculate the relaxation rates assuming that 
only nearest neighbour dipolar couplings dominate. The pressure coefficients of the average orienta- 
tional correlation times (~)=/~z,. are rather similar in EHB and EHC at high temperatures (353 K) 
but differ substantially at low temperatures (253 K), indicating that the reorientation of the less 
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flexible EHB molecules are strongly hindered at low temperatures and high densities. The presence of 
the flexible cyclohexyl ring obviously allows the EHC molecule to change shape more easily than the 
EHB molecule to accommodate reorientation at higher densities. 

6.3. Hydrogen Bonded Liquids 

6.3.1. Alcohols. High pressure NMR relaxation investigations of liquid alcohols are surprisingly 
scarce despite the numerous investigations under ambient pressure conditions. 

Fiorito and Meister t'27) reported HP-NMR measurements on three highly viscous assodated 
liquids, glycerol, 1,3-butanediol and 2-methyl-2,4-pentanediol as a function of pressure (p ~ 300 MPa) 
and temperature (250 K < T< 340 K). Proton spin-latti~ (T 1) and spin-spin (7'2) relaxation rates 
were determined, with all Tl-data extending well into the slow motions regime (~0LZL> 1). Due to 
difficulties with exchanging hydroxyl protons, inter- and intramolecular contributions to the average 
relaxation rates could not be determined. Therefore, Fiorito and Meister t.27) evaluated their data 
using the assumption that translational motions are the main source of motional modulation of the 
dipolar spin couplings. Later, Kintzinger and Zeidler t42a) demonstrated with an isotopic dilution 
study of glycerol-d3 in glycerol-da that the inter- and intramolecular dipolar contribution to the total 
relaxation rate are in fact comparable. In applying the translational diffusion theory of Torrey t1°6) as 
corrected by Kubo and Tomita, t429) Fiorito and Meister adjusted the model parameters (Tf, d) to the 
extensive temperature and frequency dependent NMR data of glycerol obtained under ambient 
pressure conditions, t4a°-4a2) Self-diffusion coefficients calculated with these parameters are in good 
agreement with experimental values. (4a3' 434) At elevated pressures, translational correlation times 
ztr~,s were obtained directly from the ratio TffT 2 in the dispersion region at each temperature and 
pressure. 

The distance of closest approach d was then determined unambiguously from the 7"1 data. It was 
found to decrease with increasing pressure and decreasing temperature and to become smaller than 
a molecular diameter. The latter observation is inconsistent with the original formulation of the 
theory, and reflects the fact that the spin bearing nuclei do not reside in the center of the molecules as 
assumed. The scaled mean square jump length ~ = (r2)/12d 2 has been found to be very small in 
glycerol (~t ~ 0.005), and somewhat larger in 1,3-butanedioi (~ = 0.07) and 2-methyl-2, 4-pentanediol. 
All three liquids exhibit a pronounced non-Arrhenius temperature dependence of the isobaric 
translational correlation times zt .... with the slopes being essentially independent of pressure (Fig. 75). 
The isothermal pressure dependence of In zt .... is linear in glycerol with the slope increasing with 
decreasing temperature. In the other two liquids In zt .... versus p plots are distinctly non-linear, with 
a slope decreasing with increasing pressure. For glycerol, however, the slopes are independent of 
temperature. In addition, the diffusion coefficients calculated from the correlation times zt .... (eqn (50)) 
show a pressure dependence different from the corresponding fluidity data contrary to what might be 
expected from simple hydrodynamic considerations (eqn (21)). It remains unclear, however, whether 
this failure is a consequence of the assumption that the total proton relaxation is due to translational 
motions only. However, these characteristics clearly demonstrate the inapplicability of activated jump 
models to the dynamics of viscoelastic liquids. 

Wolfe and Jonas t43s) also investigated the pressure (p~<500 MPa) and temperature (263 K~< T 
~<400 K) dependence of the deuteron spin-lattice (T1, Tip) and spin-spin (T2) relaxation in liquid 
glycerol-d4 (D2COH)2CHOH, and glycerol-da, CaHs(OD)3. Deuteron spin relaxation rates can be 
associated clearly with single particle correlation functions and their respective spectral densities. This 
is not the case with spin-l/2 nuclei, where intra- and intermolecular dipolar contributions have to be 
separated, often with grossly simplifying assumptions, and cross-relaxation effects (spin diffusion) 
complicate the association of a spin relaxation rate with a particular location on the molecule. The 
selective deuteration of glycerol enabled Wolfe and Jonas t4aS) to monitor reorientational motions of 
backbone (glycerol-d,0 and hydroxyl (glycerol-d3) deuterons. The authors tested three different 
motional models: single mode diffusion model, a two mode diffusion model, allowing for independent 
overall and internal reorientations, and a diffusion model with an asymmetric Cole-Davidson 
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distribution of correlation times and concluded that only the distribution of correlation times model 
could be made to fit all TI-, Tip- and T2-data consistently. 

Carbon-13 relaxation rates (4a6) can also be reproduced quantitatively but only qualitative agree- 
ment could be reached in predicting proton intramolecular relaxation rates at various frequencies. (42s> 
Large discrepancies have also been noted in comparisons with the deuteron T~ and Tz data of 
glycerol-ds reported by Drake and Meister. c437> Deviations may have been caused by the use of 
water-contaminated glycerol samples by the latter investigators. 

The deuteron spin-lattice relaxation time curves of glycerol-d4 and glycerol-d3 are mainly shifted to 
higher temperatures at elevated pressures without any noticeable change in the depth of the 
T~-minima (Fig. 76). Also the average correlation times ('~>=fl'~m exhibit a pronounced non- 
Arrhenius temperature dependence, which is usually observed in highly viscous liquids displaying 
non-exponential relaxation characteristics. Isochoric average correlation times (¢>D for glycerol-d, 
display a linear dependence on shear viscosity r/over a five orders of magnitude change in the latter 
quantity (Fig. 77) in accordance with simple hydrodynamic mode-coupling theories. 
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The intercept parameter zn(T) in the modified Debye-Stokes-Einstein equation 

( z )  = Cp(~l/T) + Zn (T) (122) 

though not of fundamental physical significance c43a) has been shown in non-associated organic 
liquids (35s) to be of the order of the free rotor correlation time zf, and should vary with temperature 
only slightly (zf, ~ T-l/z). In liquid glycerol, however, Ta(T) varies strongly with temperature and can 
be represented well by a VTF-equation. Since zn(T) does not contain density effects it was suggested 
that it reflects the influence of hydrogen bonding interactions upon reorientational motions. It is 
known from transport properties that hydrogen bonding interactions in liquid alcohols are not much 
affected by density variations but are strongly disturbed by increasing thermal energy. In contrast, the 
value of the slope parameter Cp corresponds to those obtained in organic liquids, hence has been 
considered to reflect repulsive interactions. Considering the glycerol molecule as an ellipsoidal body 
the magnitude of Cp can be estimated reasonably well indicating that the deuteron T1 can indeed 
monitor single particle reorientations. This is further corroborated by a comparison of (z2) with 
correlation times deduced from dielectric relaxation, viscoelastic and ultrasonic relaxation stud- 
ies.(4~9, 440) A comparison of backbone and hydroxyl deuteron relaxation time curves (Fig. 76) shows 
that the Tt-minima in glycerol-d4 and glycerol-d3 occur at identical temperatures and pressures. This 
has been interpreted as an indication that the reorientation of the -CD and -OD groups in glycerol 
must be strongly correlated. 

6.3.2. Ammonia. In contrast to liquid hydrogen sulphide, the hydrides of nitrogen, oxygen and 
fluorine form liquids with rather unique structures. The physical properties of these associated liquids 
are dominated by the ability of these hydrides to participate in strongly directional and saturable 
hydrogen bonding interactions. The rather unusual structure and dynamics of the three dimensional 
transient H-bond network in liquid water is well established. Compared to the 4-5 nearest neighbours 
in liquid water, the radial distribution function of liquid ammonia (~1) shows approximately 12 next 
neighbours, as generally found in simple liquids. Though liquid ammonia has been the subject of 
many investigations it is still in dispute whether its dynamic structure is dominated by H-bonding 
interactions.(44z-~5) Because NMR can provide valuable information about structure and dynamics 
in liquids many investigations of the temperature dependence of spin relaxation times have been 
performed.(44z. 443. 446-~4s) The only HP-NMR spin relaxation study of liquid ammonia has been 
reported by Hauer et al. (449) Proton spin-lattice relaxation times in liquid NH3 have been measured 
at temperatures Tin(p)<~ T<~ 453 K and pressures p ~< 250 MPa. Deuteron spin-lattice relaxation times 
have been studied also in liquid ND3 in the temperature range Tm(p)<~T<~351 K at pressures 
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p~<250 MPa. Under these conditions the relaxation of the deuterons is dominated completely by 
electric quadrupole interactions (Fig. 78). In the low temperature range (T<300 K) the proton 
relaxation is determined largely by dipolar interactions but at high temperatures significant contribu- 
tions from spin-rotation interactions have been found (Fig. 79). All relaxation rates obtained 
correspond to the fast motions regime, however. In order to deduce effective orientational correlation 
times from the 2H-Tx, the QCC in liquid NDs has to be known. Powles et al. (4+7) reported 
Z--245-1-25 (kHz) from a comparison of proton and deuteron relaxation times assuming the equality 
~D(IH)=~(~H). However, Atkins et al. (++s) later showed from a comparison of I+N-Tx in NH3 and 
ND3 that the orientational correlation times ~2 transform under isotopic substitution as the square 
root of the respective moments of inertia 
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Accounting for this isotope effect, Hauer et al. 0.49) proposed a QCC of the deuterons in liquid ND3 
of X = 208__. 21 (kHz). The latter value has been used to calculate effective orientational correlation 
times ~r~. As the ammonia molecule is a symmetric top, x~ contains contributions from reorientations 
around the C3-symmetry axis, ~1 I, and a perpendicular axis, z±. At ambient pressure both contribu- 
tions and hence the motional anisotropy ~t=T±/~ll can be evaluated from deuteron and nitrogen-14 
relaxation time data. Assuming that the principal axis systems of the moment of inertia tensor I and 
the diffusion tensor D coincide, it has been concluded that the motional anisotropy of rotational 
motions in liquid ammonia should be small, i.e. ~ = 1 (eqn (125)). Assuming the validity of this result in 
the whole p, T-range studied, effective orientational correlation times ~(ND3) and ~2aD(NH3) should 
be related by eqn (123). Thus intramolecular dipolar relaxation rates (eqn (45)) were obtained directly 
from measured deuteron relaxation rates. By applying the relation between orientational and angular 
momentum correlation times as given in the J-diffusion model ~318) appropriate for symmetric tops in 
the small angle diffusion limit (T* ,~ 1): 

I± 
z2~J=6~f2(O, ~), (124) 

~)=(3c°s20-1)2+- 18sin20cos20 9sin40 
A(o, -~ - -  0 2 5 )  

4 5+~ 4(1 +2~) '  

(ct=l±/lll, 0 is the angle of the z-axis of the efg-tensor in the inertia tensor principal frame) 
corresponding angular momentum correlation times zj have been calculated. Irrespective of the 
motional model used to relate T2 and Tj ~45°) almost all z~ have been found to fall in the region where 
the Hubbard relation holds. This renders small angle diffusion an adequate approximation of the 
rotational dynamics of the ammonia molecules over the p, T-range covered in this investigation. 

The elements of the spin-rotation coupling tensor C for the protons in NH3 are known in the 
principal inertial axis system from microwave data, c451) hence spin-rotation relaxation rates 
Rx, sR can also be calculated (eqn (68)). Finally, intermolecular dipolar relaxation rates R l, i,te, have 
been obtained by subtracting Rx, intra and R1, st from the total proton spin-lattice relaxation rate 
RI(aH) in liquid NH3. Thus a complete separation of all contributing relaxation rates could be 
obtained, as is shown in Fig. 80. As can be seen, the most effective relaxation mechanism of the proton 
spins is the modulation of their intermolecular dipolar interactions by translational motions of the 
molecules. Under ambient pressure conditions a linear correlation between RI, inter and (pq/T) is 
found, supporting the general validity of the hydrodynamic model (eqn (49)). Neither self-diffusion 
coefficient, D, nor shear viscosity, r/, data exist at elevated pressures to test this relation further. This is 
unfortunate as the intermolecular dipolar relaxation contribution turns out to dominate even more 
at higher densities. Increasing temperature causes the intermolecular relaxation rate to decrease. At 
the highest temperatures measured the separation procedure led to an apparent increase of the 
intermolecular relaxation rate which was considered physically unacceptable, and points to the 
inadequacy of the assumptions underlying the separation procedure. Most notably, the small 
step diffusion model must fail and higher order approximations in any relation for z2(zJ) have to 
be included. Calculated apparent activation enthalpies AH # (eqn (109)) at constant pressure and 
constant density are rather similar (AH # "-, 6-7 kJ/mol) for both translational and rotational motions, 
in contrast to simple liquids where the isobaric temperature coefficient (din ~/O(l/T))p is twice as large 
as the isochoric equivalent. The values obtained are intermediate between those corresponding to 
liquid water (~  14 kJ/mol) ~452) and to liquid hydrogen sulphide (~3 k J/tool). (t34~ Hence hydrogen 
bonding interactions hinder rotational and translational motions in liquid ammonia in much the 
same way. But the corresponding pressure coefficients AV # (eqn (109)) are significantly smaller for 
rotational motions (AVer = 2-3 cm3/mol) than for translational motions (AVt~a,s-~ 5 cm3/mol) indi- 
cating that the latter are slowed down to a greater extent with increasing density than are the former. 
This observation seems to be generally valid in molecular liquids. 

6.3.3. Water. The hydride of oxygen is rather exceptional in that it is the only chemical species which 
exists in all three phases (gas, liquid, solid) in the natural environment. Hence H20 is of central 
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importance in many geochemical, geophysical and all biological processes. Besides its central role in 
many fields of science, liquid water is unique because of its three-dimensional random, transient 
H-bond network which is the basis of many of its peculiar physical properties. (453) Not unexpectedly, 
water has been the subject of numerous NMR investigations since the early days of magnetic 

JPNNR$ 25:6-G 
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resonance. A review of HP-NMR studies of water has been given recently by Lang and 
Liidemann. ('.54) Benedek and Purcell (379) were the first to report the pressure dependence of the 
proton spin-lattice relaxation time Tt(XH) and self-diffusion coefficient Ds in the range p ~< 1 GPa at 
room temperature (T=302 K). Their results clearly demonstrate (Fig. 81) that the total proton 
relaxation rate does not follow the viscosity behaviour as suggested by Bloembergen et al. (sl) in 
applying simple hydrodynamic considerations to express rotational and translational correlation 
times via the Debye-Stokes-Einstein and Stokes-Einstein equations respectively. 

They correctly concluded that intramolecular dipolar couplings provide the dominant relaxation 
mechanism, contrary to the hydrides of sulphur and nitrogen, and that compression of liquid water 
inhibits migrational freedom more drastically than rotational freedom. Though they realized the 
rather modest pressure dependence of 7"1, their precision was not sufficient to detect the increase of T1 
upon initial compression at low temperatures which has been observed first by Hertz and R/idle3455) 
A shallow maximum in the self-diffusion coefficient D at 273 K has also been reported by these 
authors. Considering the relative importance of intra- versus intermolecular dipolar contributions to 
the proton relaxation rate, Hertz and R/idle suggested that rotational diffusive motions of water 
molecules become faster with increasing density in cold water. Quadrupolar relaxation of the 
deuterons in heavy water is especially well suited to investigate the latter observation further in that it 
monitors single molecule reorientational mobility exclusively. Lee and Jonas (457) performed the first 
HP-NMR experiments on liquid deuterium oxide (D20). 

In measuring the temperature and pressure dependence of the deuteron spin-lattice relaxation time 
and of the density and viscosity of D20 in the range 280 K < T<  360 K and p ~< 500 MPa they were 
able to separate the effects of density and temperature on TI and t/. These experiments were extended 
later by Jonas et al. ~a57) and De Fries and Jonas (4ss) to even higher pressures (p ~< 900 MPa) and lower 
temperatures T~>258 K. Figure 82 collects the 2H-T1 for D20 measured by the group of Jonas in the 
thermodynamic stability range of liquid DzO. The data have been discussed in terms of hy- 
drodynamic concepts relating microscopic orientational correlation times ~2 to macroscopic shear 
viscosity coefficients. All relaxation rates collected were in the fast motions limit, hence Lee and Jonas 
considered the product 

(qTI(2H)/T) ~Z2( 1 + q2/3)x (126) 

which they found to be independent of temperature but to increase strongly with density. 
From an earlier study of the pressure dependence of the proton T 1 in H20, (4s9) as well as from 

a consideration of the temperature independence of the quantities (l)~l/T) and (Zdiet T/r/), (46°' 461) Lee 
and Jonas concluded that rotational and translational motions must be strongly coupled ( r - 1 )  in 
liquid water irrespective of changes in the H-bond network topology with changing temperature at 
constant density. The strong increase in the product (X2)r with density has been tentatively considered 
a consequence of a dependence of X(p) on density p with r assumed not to be very sensitive to density 
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FIG. 81. Normalized proton relaxation times Q=R(p)/R (0.1 MPa) (©) and self-diffusion coefficients 
Q=D(p)/D(O.I MPa) (O) as a function of pressure in liquid water. °79) 
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and temperature changes. Contrary to non-associated liquids discussed so far, H-bonding interactions 
induce a gross redistribution of the electron density and a concomitant change of the efg at the 
deuterium nucleus resulting approximately in a 30% reduction of x(2H) in going from the gas phase to 
the solid phase. (315) A liquid state value of the QCC of 230 kHz has been deduced by Powles et al. c~?) 
from a comparison of proton and deuteron Tl-data and the assumption that x~D(H20)=3~(D20). 
A priori, the QCC might be expected to change with density and temperature in accordance with 
changes in the H-bond network topology, though one might expect that ~¢ has to change also. With 
the assumption that there are no gross changes in the extent of H-bonding interactions with density 
and temperature in liquid water, resulting in ~¢~ 1, Lee and Jonas considered the possibility that at 
high hydrostatic pressures the H-bond network undergoes some structural rearrangements that result 
in a shortened average distance Roo in an H-bond. Scaling Roo~p tl3 with the experimental density 
change (1106 kg/m 3 ~<p ~< 1230 kg/m 3) and using a relationship between the deuteron QCC and 
Roo (462), a change in the QCC from 226 kHz to 203 kHz (1¢ = 1) has been suggested. Obviously no 
definite conclusions about any changes of QCC and/or K with density can be made from 2H-Tt data 
alone. Therefore, Jonas et al. ~4s?) further investigated the proton and deuteron spin relaxation in 
compressed liquid water. 

These studies were intended to provide an independent estimate of the effect of density and 
temperature on the rotation-translation coupling parameter K. The proton T~-data were in good 
agreement with results reported by Hindman et al. ~463) and Krynicki ~464) at ambient pressure, but 
differed from the high pressure results of Benedek and Purcell, °97~ and Kiselnik et al., ~4~5) who used 
non-degassed water, and also from the results of Hertz and R/idle, c4~5) who reported a stronger 
pressure dependence of their proton 7"1 at higher temperatures (T~> 300 K). In order to separate inter- 
and intramolecular dipolar contributions Jonas et ai. ~457~ calculated the intermolecular dipolar 
relaxation rate with an expression introduced by Hubbard ~°4) which includes both rotational and 
translational effects but assumes a uniform radial distribution function (g(r)= 1, rw= 1.38 A). Sub- 
tracting these calculated rates R~. ~,~r from the total proton relaxation rates yields R~. ~,t, and the 
coupling parameter K. The latter has now been found to decrease with increasing density 

g(H20 ) =4.14-3.12p(H20 ) (127) 

and appears to be independent of temperature, as may be seen from the decreasing slope of 32 ~ ~c~ in 
Fig. 83. With the coupling parameters K thus obtained, and neglecting any possible isotope effect, the 
deuteron QCC can be calculated. A constant average value of X(1 + r/2/3) t/2= 230 kHz was obtained in 
the p, T-range 263 ~< T~< 363 K and p ~< 900 MPa in good agreement with the value reported by Smith 
and Powles. ~'~6) The rather moderate variation of the deuterium QCC with density is in accord with 
computer simulations c ~ )  and neutron scattering ~467) results which report no variation of Roo with 
pressure in liquid water. Figure 83 also displays a decrease of the reorientational correlation time 32 
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FIG. 83. Orientational correlation times T2 versus t/in liquid water at three temperatures. (4s7) 

with increasing viscosity. This behaviour is contrary to that of non-associated molecular liquids and 
corroborates the suggestion by Hertz and R/idle (455) that isothermal compression of cold water 
facilitates molecular reorientational motions. 

The latter unusual feature of the dynamics of liquid water has been further investigated by De Fries 
and Jonas (4~i8' 468) who studied the proton and deuteron spin-lattice relaxation times in H20 and 
D20 close to the melting pressure curves Tin(p) of the ice polymorphs, I, III and V. The data have been 
analyzed with respect to the applicability of hydrodynamic relations in much the same way as 
discussed by Jonas et al. (4s7) Both proton and deuteron spin-lattice relaxation times, as well as 
self-diffusion coefficients, increase upon initial compression but decrease at high pressures. Shear 
viscosities show the inverse behaviour, of course. De Fries and Jonas noted that neither the 
temperature dependence of the extreme Zmx nor their corresponding pressure values P(Zm,) coincide. 
Accordingly, they could show that neither the Debye equation (eqn 22) nor the Stokes-Einstein 
equation (eqn 21) can reproduce the isothermal density dependence of the transport and relaxation 
coefficients, though isochoric correlations of RI(IH) and RI(2H) with (r//T) were found to be linear. 
Thus the coupling of orientational and positional fluctuations seem to be independent of temperature 
but decrease with increasing density. At high densities next nearest neighbours came close to a central 
water molecule but nearest neighbours are almost unaffected. Hence H-bonds are weakened by 
isothermal compression and repulsive interactions begin to dominate resulting in a dynamic structure 
of liquid water similar to non-associated molecular liquids. 

De Fries and Jonas (458' 468) pointed out that pressure and temperature thus have similar effects on 
many dynamic properties of liquid water at low temperatures (T<310K)  and low pressures 
(p<200 MPa) whereas at higher temperatures and pressures their effects are just the opposite. 
Obviously, cold water displays an unusual density and temperature dependence of its thermodynamic 
and transport properties and one might expect these characteristics to become even more pronounced 
in the undercooled, metastable state of liquid water. Rassmussen and McKenzie (469) showed that 
water emulsified in cycioalkanes can be undercooled easily to Tn=235 K where homogeneous 
nucleation occurs at ambient pressure. Kanno et al. (47°) later followed the homogneous nucleation 
pressure curve Tn(p) to 180 K at a pressure of p=200 MPa. Further compression then yields 
a positive slope of Tu(p). Though the emulsifying techniques render the preparation of metastable, 
undercooled water rather straightforward, only a few spectroscopic techniques can be applied. Out of 
these, NMR appears the most promising. Hence, Hindman et a l .  (463' 471-4 .73)  reported proton and 
deuteron Tt measurements on undercooled water and 170. Tt measurements for oxygen-17 enriched 
water on n-heptane emulsions down to T=  242 K. The first HP-NMR investigation of undercooled 
water was reported by Lang and Liidemann. (452) They measured the pressure and temperature 
dependence of proton spin-lattice relaxation times TI in undercooled water in the temperature range 
186 K ~< T~< 283 K and at pressures up to p ~< 250 MPa (Fig. 84). For the 200 MPa isobar, a relaxation 
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FIG. 84. Isothermal pressure dependence of  the proton relaxation times T~ in l iquid water. (4sz) 

rate maximum was observed for the first time in water indicating that the molecular dynamics are 
slowed down in a strongly non-Arrhenius fashion by three orders of magnitude from room temper- 
ature. Isothermal compression results in facilitated molecular motions. The latter effects is especially 
pronounced at temperatures T-~230-240K and pressures p~<200MPa. As no further physical 
quantities were known in the p, T-range of metastable water investigated, a separation of intra- and 
intermolecular dipolar relaxation rates could not be achieved, of course. 

In subsequent investigations Lang and Liidemann (474-477) further reported the pressure and 
temperature dependence of the deuterium spin-lattice relaxation times Rt(2H) in undercooled heavy 
water (188 K~< T~<282 K, p~<300 MPa) and of the ~70-Tt in oxygen-17 enriched light and heavy 
water (238 K~< T~<457 K, p~<250 MPa). Both nuclei monitor reorientational motions only, hence 
more definite conclusions about the density and temperature dependence of molecular motions as well 
as dynamic isotope effects could be given. The deuterium relaxation rates Rt(ZH) at high pressure 
(p i> 200 MPa) also display a maximum at temperatures close to the homogeneous nucleation curve 
Tn(p). For technical reasons, this maximum cannot be measured very precisely because of short 
Tt-values. Therefore, Lang et  al. ~478" 479) in addition measured the proton and deuteron high pressure 
relaxation rate isobars in D20, H20  and H2tTO at different Larmor frequencies. 

In order to extract molecular as well as dynamic quantities from these relaxation coefficients, an 
appropriate motional model had to be chosen. According to the random network model, t48°) cold 
water may be considered a continuous random network of hydrogen-bonded molecules with their 
nearest neighbour arrangement corresponding on average to a tetrahedral coordination. Molecular 
motions may be divided into fast oscillatory motions and slow diffusional rearrangements. The 
short-time reorientational motions of the water molecules consists of fast librations about an 
equilibrium orientation in the quasistatic random network. On a longer time scale this equilibrium 
orientation will change due to slower rotational diffusive motions thereby leading to a permanent 
rearrangement of the network topology. Because of time scale separation, fast librations and slow 
diffusive tumbling motions are statistically independent. The fast oscillations average out part of the 
spin-lattice coupling, leading to an effective, librationaily averaged, efg, q,.=q'=r (eqn (58)) in the 
case of deuterium and oxygen-17 nuclei, and to an effective distance r~f 6 =(F/r~m) z in the case of the 
protons, but make a negligible contribution to the spectral density at the Larmor frequency g(COL). 

Approximating the overall tumbling motions of the water molecules by an isotropic rotational 
diffusion process the corresponding relaxation rates of deuterium nuclei are given by eqn (60). In the 
fast motions limit (COLZ2 < 1) these expressions are also valid in case of oxygen-17 nuclei, the relaxation 
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of which has not yet been followed into the slow motions regime. Spin-lattice and spin-spin 
relaxation rates of the deuterons in strongly undercooled heavy water under high pressure have been 
obtained at different Larmor  frequencies (Fig. 85). They provide an estimate of the overall tumbling 
correlation time Z,o, independent of a knowledge of the QCC (Fig. 86). With the correlation times thus 
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FIG. 85. High pressure isotherms of the deuteron spin-lattice (TI) and spin-spin (Tz) relaxation times in 
undercooled heavy water • (47s) at different Larmor frequencies. 
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obtained, the librationally averaged QCC can be derived in the temperature range 188 K ~< T~< 205 K 
at p=225 MPa yielding an average value of x(2H)=202_ 12 kHz. This value is lower than the 
coupfing constants in ice II, 220-225 kHz, (481) the stable ice polymorph in the p,T-range mentioned 
above. It depends on the librational amplitude which in turn is influenced by the degree of distortion 
of the H-bond according to well established correlations between QCC and geometrical H-bond 
parameters.(4~s, 4s2-484) As the various geometric parameters and amplitudes of oscillation are 
determined by forces due to interactions with neighbouring molecules, Lang et al. (47s) argued that the 
correlation of QCC with H-bond parameters will be the same whether the changes are caused by 
varying the temperature and the pressure or by changing the phase. 

Hence, these correlations can be used to perform an order of magnitude estimate of the variation of 
QCC that could possibly be induced within the p, T-range covered by the experiments. The resulting 
variations turn out to be negligibly small. Furthermore, as the librational averaging mechanism 
predicts an opposite temperature dependence to that expected from correlations with geometric 
H-bond parameters, it seems to suggest that the QCC can be considered a T- and p-independent 
coupling strength to a good approximation. The latter has been also tacitly assumed in cases of 
dipolar couplings. (47~' 4~9) The isobaric temperature dependence of the overall tumbling correlation 
time z2(T, p), characteristic of single particle reorientations in a strongly disturbed H-bond network, is 
well represented by the known VTF-equation: 

z2 -- (2~r/<~,b)) exp(B(p) /T-  To (p)), (128) 

with To representing a kinetic localization temperature below which the system becomes arrested in 
phase space in one of the minima of the potential hypersurface corresponding to a random structural 
arrangement of the molecules. 

A best fit value of To (225 MPa)-- 132 K in heavy water has been found in good agreement with 
estimates available in the literature. The pre-exponential factor of the VTF-equation can be associated 
with a typical iibrational period characterizing the fast orientational fluctuations of the water 
molecules in their potential wells of the quasistatic random network. With these ingredients, the shape 
of the isobaric relaxation rate curve RI(2H), as well as its variation with the Larmor frequency, can be 
reproduced very well, indicating that an isotropic diffusion model is sufficient to describe the single 
particle dynamics within the random, transient H-bond network on a nanosecond time scale 
appropriate to the NMR experiment (t ~ 2~r/wL). 

Under ambient pressure conditions undercooled water is known to approach an apparent singular- 
ity Ts close to but below the homogeneous nucleation temperature 7".. ('ss) Ts(P) has been interpreted 
as a spinodal line by Speedy (486) or as a percolation threshold by Stanley and Teixeira. (62) Speedy and 
Angell (48~) suggested a fractional power law dependence for the isobaric temperature dependence of 
static and dynamic response functions in undercooled water. Lang and Lfidemann (4~5' 476, 4~9) 
demonstrated convincingly that the fractional power law description of the correlation times ~2 

~2=~,~-7, ~=(T-Ts)/T~ (129) 

is superior to a VTF-equation in a largely undistorted random H-bond network, i.e. undercooled 
water at low pressures p ~  150 MPa, but that the reverse is true at high pressures (Fig. 87). The 
singular temperatures T,(p) have been found to follow approximately the homogeneous nucleation 
pressure curve Tu(p), as is shown in a supplemented phase diagram in Fig. 88. 

The dynamic isotope effect observed for transport and relaxation coefficients in light and heavy 
water can be obtained directly from a comparison of x~O-Tt in H2XTO and D 2 ~ O  in the case of 
rotational motions, and from a comparison of corresponding self-diffusion coefficients in the case of 
translational motions. It was observed that these dynamic quantities become numerically identical if 
compared at equal reduced temperatures 8, with the difference AT,=7 K corresponding to the 
difference in zero point energy of light and heavy water. This finding is a natural consequence of the 
dominance of hydrogen-bonding interactions on the dynamic structure of liquid water and suggests 
that orientational fluctuations are at the heart of all anomalous properties of cold water. These aspects 
have been neatly tied together recently by Robinson et al. i48a-49~) 
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A direct comparison of the isothermal pressure dependence of rotational (Dr ~ l/Trot) and transla- 
tional (D,) transport coefficients reveal another aspect of the dynamic structure of the random H-bond 
network. At high temperatures thermal excitations strongly disrupt the network and compression 
leads to a reduced molecular mobility. As is also found in other molecular liquids of similar size and 
dipole moment, increasing pressure reduces the translational diffusion significantly more than does 
the rotational diffusion (Fig. 89). In undercooled water, thermal excitations are reduced and the 
H-bond network is well developed. Initial compression is found to facilitate molecular motions and 
the effect is strikingly more pronounced for rotational than for translational motions. The explanation 
given was that compression brings next nearest neighbours closer to a central molecule with nearest 
neighbour correlations being largely unchanged. The potential energy surface is then less sharply 
partitioned and there is a greater variety of orientational states, separated by smaller energy barriers, 
so that rotational diffusion is enhanced. Enhancement of local molecular reorientations upon initial 
compression must also facilitate translational motions. But an increasing number of next neighbours 
must form obstacles for positional rearrangements. Thus self-diffusion starts to decrease even at 
pressures where rotation is still enhanced by further compression. Furthermore, these pressure effects 
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upon orientational and positional molecular displacements are the most direct indication of the 
failure of simple hydrodynamic mode-coupling relations (eqns (21, 22)) to account for density effects 
on transport coefficients in cold water. 

Proton relaxation rate measurements in H-bonded liquids are especially difficult to interpret as 
a separation of inter- and intramolecular dipolar contributions to the relaxation rate cannot be 
achieved by the usual isotopic dilution technique because of rapid proton exchange. Because of the 
large dynamic isotope effect deuterium relaxation rates must not be used to estimate the intramolecu- 
lar contribution which also monitors reorientational motions only. A solution to this problem was 
proposed by Lang and Liidemann (474' 4~6. 47~) and fully developed by Lankhorst et  al. (492) Lang 
et al. (479) applied this approach in a HP-NMR study of undercooled light water to interpret proton 
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relaxation rates in H20 and Hz t TO investigated as a function of pressure (p ~< 250 MPa), temperature 
(180 K~< T~<300 K) and Larmor frequency (100 MHz~<c%~<500 MHz). Oxygen-17 enrichment in 
light water provides an additional relaxation pathway to the proton spin system. This 1H.17 0 dipolar 
interaction is completely intramolocular in origin. Moreover it monitors the reorientation of the same 
interaction vector within the water molecule as is the case with the deuterium relaxation. This allows 
the dynamic isotope effect to be followed to the lowest temperatures obtainable. By studying the 
difference of the proton relaxation rates in H2160 and H2170, the additional 1H-170 intramolecular 
dipolar contribution may bc obtained according to: 

Rl(H2160)=R1, oa(1H-XH)+ Rt, pos, (130) 

Rl (HzI VO)= RL oa(1H-iH)+ Xo-17RL oa(1H-170)+ RI.~s, (131) 

with Xo-~7 the mole fraction of oxygen-17 enriched water. At pressures p ~< 150 MPa all relaxation 
rates correspond to the fast motions limit, hence average oricntational correlation times ¢oR can be 
calculated with eqns (180, 131) and eqn (45). A static OH-bond length Ro,=0.098 nm (493) has been 
used in these calculations, as the effect of the librations is negligible at high temperatures due to strong 
damping. The resultant correlation times Zoa were in quantitative agreement with correlation times 
deduced from spin-lattice relaxation rates R~. Q(~70) in Hz~70 as may bc seen in Fig, 90. The isobaric 
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FIG. 90. Isobaric temperature dependence of orientationai correlation times z2 in under-cooled water as obtained 
from (e) 1~O- and (©, A) 1H-T1. T, represents the corresponding homogeneous nucleation temperature, c479) 
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temperature dependence of the correlation times could be reproduced very well using the fractional 
power law (eqn 129) and the parameter x, and T, used to fit the I~O-T1 data. (4~4' 476, 479) 

High hydrostatic pressure disturbs the random, transient H-bond network and suppresses the 
formation of correlated low density patches of tetrahedraily coordinated water molecules, Low 
thermal excitations cause slow molecular motions and allow the slow motion regime (OLZ > 1) to be 
reached with modern NMR spectrometers. Under these conditions, the relaxation rate curves 
R1(H2160) and R1(H2~70) are sensitive to details of the spin-lattice coupling and the molecular 
motions which mediate its time-dependence. Relaxation rate curves were sampled at five different 
Larmor frequencies and are shown in Fig. 91. Within an isotropic diffusion model both sets of 
data could be described consistently using eqns (130, 131,45 and 48), as discussed at length by 
Lang et al. (479) 

From the maxima of the relaxation rate curves, librationally averaged distances (Ro l l )=  0.106 nm 
and (RHH) =0.159 nm were obtained. Approximating the motional averaging factor F (eqn 59) by: 

F2(H20)= 1 -(3/2)~n/lo~ib)=0.82, T<~200 K (132) 

a static bond length Rou =0.098 nm was calculated, which is in good agreement with results obtained 
from neutron scattering data at room temperature. (493) The isobaric temperature dependence of the 
correlation times XoR in eqn (130) and eqn (131) and the self-diffusion coefficients D, have been 
described by the VTF-equation (eqn (25)) with the glass transition temperature To rescaled by 
ATo= To(D20 ) -  To(H20)=7 K to account for the dynamic isotope effect. To calculate the intra- 
molecular and intermolecular proton relaxation rates in light water it was assumed that 
¢oR(OH)=¢oR(HH) in accord with an isotropic diffusion model. The spin density N .  (eqn (49)) was 
obtained from the mass density p of water under high pressure, (4ss) neglecting any weak temperature 
dependence. Also, the average distance of closest approach dim of two protons on different water 
molecules was taken as twice the van der Waais radius (Rw=0.138 nm), neglecting any nearest 
neighbour correlations. The resulting translational and rotational contributions to the proton 
relaxation rate in undercooled light water under a pressure of p=200 MPa are shown in Fig. 92. 
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It is seen that intramolecular dipolar couplings modulated by orientational fluctuations dominate 
the proton relaxation in the slow motion regime where relaxation due to positional fluctuations 
becomes almost negligible. At ambient temperatures both contributions are about equal. A very good 
representation of the shape of the relaxation rate curves at the different Larmor frequencies was 
achieved, corroborating the isotropy of the diffusional rearrangements of the water molecules in the 
H-bond network. Further, the necessity to include quasi-lattice vibrations into a consistent analysis of 
the relaxation rate curves Rt(T ,  p, COL) in the slow motion regime is demonstrated. The analysis 
remains approximate in that the strong damping of the librations at high temperatures was not taken 
into account, and this leads to small deviations in the calculated relaxation rate curves from the 
experimental data. With the static distances Roa=0.98 nm and Ran=0.156 nm an almost perfect 
agreement with the high temperature data is obtained, but the maximum relaxation rates are grossly 
overestimated. These results suggest that the effective distances (Ron),  (Ran),  and by analogy the 
effective quadrupole coupling constants (X), should exhibit a temperature dependence at constant 
pressure. These questions, concerning a possible pressure and temperature dependence of dipolar and 
quadrupolar coupling strengths in liquid water due to H-bonding interactions, are still unresolved 
and await clarification by even more precise experiments. 

Proton relaxation times in liquid water have been obtained as a function of pressure in the 
supercritical fluid phase at temperatures up to 973 K by Jonas et al., (494) and Lamb and Jonas. (49s) 
Their tH-Tt isotherms are given as a function of density p in Fig. 93. For T~<500K, dipolar 
relaxation dominates the results, but these couplings become less important at higher temper- 
atures/lower densities where the molecules can reorient rather freely. The relaxation is then dominated 
by the spin-rotation relaxation R sR (eqn 68) which is enhanced by rising temperature and decreasing 
density. 

The latter relaxation mechanism dominates the proton relaxation at temperatures T>  600 K and 
densities below twice the critical density (p <2pc). From these high temperature data the angular 
momentum correlation time ¢t and its hard spheres analog, the Enskog correlation time re (eqn 73), 
were derived within a spherical top approximation, neglecting all anisotropic contributions to the spin 
rotation interaction tensor. The relaxation times T sR show a linear dependence on density up to 
rather high densities (p ~< 1.5 Pc) and suggested an approach employed to interpret relaxation data of 
dilute gases. (3a9' 496) In the latter systems with exponentially decaying angular momentum correlation 
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proton relaxation time TI in light water. (49s) (Pc = critical density, T= = critical 
temperature). 

functions and isotropic hard sphere interactions it was found that the relation 

TS~~pT -~, y~3/2  (133) 

holds to a good approximation. The exponent 7 depends, however, on the nature of the intermolecular 
potential (496) and has been found to be 7 = 2 in the case of compressed supercritical water in accord 
with a noticeable anisotropy in the intermolecular interactions of water even at supercritical temper- 
atures (Fig. 94a). Still the linear dependence ofR sR on the Enskog correlation time (Fig. 94b) suggested 
an evaluation of the data in terms of modified hard sphere theories, though drastic simplifications had 
to be made: 49s) In calculating the Enskog correlation times (eqn 73), hard sphere diameters have been 
calculated from gas solubility data. c416) A plot of the ratio XE/Tj reflects the efficiency of angular 
momentum transfer as a function of density. 

The strong density dependence of ZE/Tj demonstrated the breakdown of the rough hard spheres 
approximation for supercritical water. As the latter are valid only for densities p > 2pc attractive forces 
have to be taken into account yielding 

1/~ =b(T,p)(I/tE), (134) 

where b(T, p) = a(T)exp(Vt(¢)). VL(r) is the renormalized intermolecular potentiaP °7) which is density 
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and temperature dependent. VL(tr)= e/k T for an infinitely dilute gas, and VL(tr)~--0 for a dense fluid. 
Though large discrepancies between experimental data and theoretical calculations remain, because 
of the drastic simplifications made, the essential physical effects causing these deviations from a hard 
spheres behaviour are correctly described. Hence the authors conclude that future attempts to derive 
a rigorous theoretical treatment of spin-rotation relaxation data in supercritical water are well worth 
the effort. This effort, however, has not yet been undertaken. 

Another aspect of proton relaxation in water, namely proton exchange processes, has also been 
studied by HP-NMR. Proton exchange between water molecules has been the subject of numerous 
investigations since the pioneering experiments of Meiboom et al. (49s' 4.99) Spin-spin (7"2) relaxation, 
rotating frame (Tip) relaxation and low frequency spin-lattice (TI) relaxation of protons (495' 5oo-5o2) 
as well as oxygen-17 linewidth c5°3-5°5) and oxygen-17 scalar relaxation (5°6-5°7) NMR studies have 
been performed; all but one, however, at ambient pressure only. Lamb et al. (5°s) studied the 
temperature (0-100°C) and pressure (0-560 MPa) dependence of proton lifetime xe in liquid water via 
the proton Ttp relaxation, zc decreases linearly with temperature along the saturation vapour line 
(svp), though an Arrhenius dependence with an apparent activation energy E = 14.44 (kJ/mol) may be 
fitted to the data within experimental error. At higher densities, however, plots of-log zc versus T- ~ at 
constant density are distinctly curved showing that a simple activated jump mechanism is inappropri- 
ate for describing the proton dynamics in water. A plot of the density dependence of ~ at constant 
temperature is shown in Fig. 95. 

A strong decrease of z, with density is observed at high temperatures in contrast to other dynamical 
quantities in water which are less sensitive to density variations at high temperatures. At low 
temperatures the onset of an anomalous increase of ~ with density is indicated in accord with the 
behaviour of all dynamic properties. It should be mentioned also that the average exchange time x~ is 
not a fundamental quantity, hence it is less well suited to elucidate the actual mechanism of the proton 
transport in water. An excellent and thorough treatment of prototropic charge migration in water has 
been reported recently by Halle and Karlstr6m. t5°6' soy) 

6.4. Aqueous Solutions of Simple Hydrophobic Model Compounds 

Aqueous solutions of non-electrolytes constitute some of the most complex and least well under- 
stood liquids. Solutes with large apolar groups and a small polar group to enhance the solubility in 
water are well suited for studies of the dynamic implications of the so called hydrophobic hydration 
and hydrophobic interaction. Numerous NMR studies under ambient conditions have been 
reported t5°9-~12) but only a few systems have been studied under high pressure conditions. 
These studies are of relevance in understanding the effect of pressure upon hydrophobic interactions. 
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barely understood and conflicting conclusions have been drawn in the 

6.4.1. Water-Dioxane Mixtures. The pressure and concentration dependences of the deuteron spin- 
lattice relaxation times and the viscosity have been measured by Lee and Jonas cs15) in D20- 
dioxane and H20-dioxane-da mixtures at pressures up to 450 MPa and at 303 K, 313 K and 323 K. 
When plotted against concentration, many properties of water-dioxane mixtures pass through 
a maximum or minimum at low concentrations of dioxane. Hence it has been suggested that up to 
a mole fraction XD----0.2 dioxane promotes the water structure in a sense discussed by Frank and 
Evans. (st6) According to the latter authors non-electrolytes increase the water structure in their 
immediate environment by having clathrate cages formed around the hydrophobic parts. At higher 
mole fractions all experimental evidence indicates a disruption of the random hydrogen bond network 
in water. Since quadrupolar relaxation is the dominant relaxation mechanism for the deuteron 
relaxation in both D20 and dioxane ds, 2H-T1 can provide direct information about the dynamic 
structure of these solutions. Lee and Jonas (Sts) discussed their relaxation time measurements mainly 
in terms of hydrodynamic mode-coupling relations (eqns (21, 136)) and the effect of pressure on the 
reorientation of water and dioxane molecules in a strongly disrupted H-bond network. Figure 96 
compares the pressure dependence of the deuteron T 1 of D20 (Fig. 96a) and dioxane-d a (Fig. 96b) at 
various mole fractions of D20. 

Neat D20  at 303 K displays the unusual facilitation of reorientations upon initial compression and 
an almost pressure-independent relaxation time at Xw=0.95 though the viscosity changes strongly 
(~  40%) with pressure at the same concentration. At higher dioxane concentrations (Xw < 0.90) water 
behaves more like a simple molecular liquid in that T 1 decreases with increasing pressure. It was 
found that these solutions solidify upon compression. The phase transition is marked by a discontinu- 
ity in the pressure dependence of Tt. Also the latter increased with pressure in the solid phase as 
predicted from eqn (60) in the slow motion limit. The corresponding dioxane-d s relaxation times 
display a pressure dependence which is usually observed in molecular liquids except in solutions with 
a high water content where the pressure dependence is less pronounced. With increasing concentra- 
tion the deuteron 7"1 values exhibit a minimum at a mole fraction Xw ~ 0.2-0.3 indicating a slowing 
down of reorientational motions of water (and also dioxane) molecules upon addition of the solute 
molecules. This effect has been interpreted in terms of a water structure stabilization due to 
clathrate-like cage formation around the solutes. At high solute concentrations the H-bond network is 
strongly disrupted, hence the lack of retarding H-bond interactions, resulting in facilitated reorienta- 
tions with increased solute concentration. Also the coupling of rotational and translational motions of 
the water molecules decreases with increasing density and the decrease is more pronounced the lower 
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the water content of the solutions. Under ambient pressure, however, the RT-coupling parameter 
x (eqn (136)) does not change with concentration (x= 1), hence Debye's equation can be applied to 
relate orientational correlation times and the viscosities. With respect to the dioxane-d8 molecules, 
r~<0.15 has been found, which is in accord with results obtained in other simple molecular liquids. 

6.4.2. Water-Dimethylsulphoxide (DMSO) Mixtures. The binary system dimethylsulphoxide 
(DMSO)-water has often been regarded as a model system to study hydrophobic hydration and 
interaction phenomena. The use of DMSO as a cryo-protcctive agent for the prevention of damage to 
living cells at low temperatures is well known. (5t7) Many physical properties of DMSO-water  
mixtures exhibit extremes as a function of solute concentration at about a mole fraction XDMSO = 0.35 
corresponding to a composition R (=moles  water/mol DMSO)~2.  At this composition molecular 
mobility is at a minimum and DMSO-water  interactions are at a maximum due to the formation of 
MezSO-H20 hydrogen bonds. At concentrations Xnuso~<0.1 corresponding to R/>9 the effect of 
DMSO on the dynamic structure of liquid water is in dispute. The indications are, however, that 
hydrophobic hydration with its concomitant slowing down of the mobility of the hydration water 
molecules is a characteristic feature in these dilute solutions. This behaviour should not be interpreted, 
however, as producing a cooperative ordering of water molecules, thereby increasing the long-range 
stucture.(51 s-519) Several NMR studies of the DMSO-water  system at ambient pressure are reported 
in the literature and are discussed in a recent review by Lang and Liidemann. (is) The only high 
pressure relaxation study has been performed on DMSO-water  mixtures at 25°C by Baker and 
Jonas. ts19) They studied the pressure dependence of the deuterium T1 in DMSO-DzO mixtures and 
the proton T~ and HzO self-diffusion coefficients in DMSO-d6-HzO mixtures. Figure 97a gives their 
result for the deuterium spin-lattice relaxation times T~ which monitor only reorientational motions 
of the water molecules, and Fig. 97b shows the water self-diffusion coefficients, which reflect their 
translational mobility. 

As DMSO is added to water, the values of Tt and D decrease. The rotational and translational 
motions of water molecules slow down progressively with increasing DMSO concentration. The most 
notable feature is that the initial increase with pressure of the values of T~ and the self-diffusion 
coefficients for the proton and deuterons, observed for pure water, is maintained in solutions up to 
XDMSO=0.1, corresponding to a water-DMSO ratio R~9 .  The persistence of this anomaly in the 
dilute DMSO solutions indicates that the random H-bond network is not broken up until at least 
XDMSO--~ 0.1. This implies, of course, that the effect of dissolved DMSO upon the dynamic structure of 
the H-bond network cannot extend beyond the immediate neighbourhood of the solute. The 
anomalous pressure effect is only small, of course, as the random network is already strongly 

0.5- 

T1 

0.1 

0.03 
0 2()0 

• /. wlw 3. ̂ _ 0  i O/I 0 w/W 

Im2/s) ~,-o-o-0-.¢_,.,_..~ ~ 5 
o.,0- 

' ' ~6o ' o,~ 2~o ' ~b0- 
---~p(MPo) --~p(MPo) 

FJo. 97. (a) Pressure dependence of the water deuteron relaxation time T~ in DMSO/D20 solutions at.different 
weight percent of DMSO. (s19) (b) Pressure dependence of the water self-diffusion coefficient D in DMSO-d6/D20 

solutions at different weight percent of DMSO.  (st9) 



Density dependence 609 

perturbed by thermal excitations at room temperature. This insensitivity to pressure of a strongly 
perturbed H-bond network is another puzzling feature of aqueous solutions and is quite different from 
other molecular liquids. At high DMSO concentrations a strong pressure dependence is observed 
accordingly. 

6.4.3. Alcohol-Water Mixtures. Another class of effectively hydrophobic solutes are the lower alco- 
hols, which are sufficiently soluble in water to be studied over an appreciable concentration range. 
Though studied extensively at ambient pressure, high pressure investigations are scarce. Woolf t52°~ 
has recently discussed the pressure dependence of transport properties in methanol-water mixtures. 
The diffusion of alcohol molecules is enhanced upon initial compression ts21) and the enhancement 
becomes stronger with decreasing temperature as is shown in Fig. 98. It has been suggested that lower 
alcohols enhance the open network structure of water, t522' s23j and Angell t524~ has proposed that in 
alcohol-water systems the alcohol molecules are located in the most open, highly structured patches 
within the H-bond network, and these are most affected by an increase in pressure. Accordingly, 
Easteal and Woolf t521~ proposed that at low temperatures and pressures, addition of methanol to 
water up to about 30 moi% should cause a modification of the H-bond network by accomodation of 
the alcohol inside cavities accompanied by formation of water-methanol hydrogen bonds. The effect 
of pressure was considered to cause disruption or distortion of those bonds and hence to enhance the 
translational mobility. 

The system t-butanol/water is another well studied solution of an effectively hydrophobic solute. It 
is one of the most studied systems in relation to the hydrophobic interactions/523' 525, s~6~ Recently, 
the first high pressure NMR study on this system was performed in our laboratory by Woznyj. ~52~> 
Spin-lattice relaxation times of deuterium (2H), oxygen-17 and protons (I H), as well as self-diffusion 
coefficients of the protons, were studied over the whole composition range at temperatures up to 
430 K and pressures up to 200 MPa. The observed deuterium relaxation rate is a mole fraction 
weighted average of the water rate and the hydroxyl-group of the alcohol. Additional 170-T~ of 
enriched water allowed the determination of the water 2H-T~ over the whole concentration range, 
monitoring the rotational motions of water molecules in these solutions. At low solute concentrations 
(X,_ eu ~< 0.1, R = 9) and low temperatures the rotational mobility of the water molecules slows down 
strongly upon the addition of t-butanol. This may be ascribed to the retarding effect of hydrophobic 
hydration and the disappearance of bulk water at a solute mole-fraction Xt-Bu -~ 0.1 corresponding to 
the composition of the clathrate hydrate. At intermediate concentrations the decrease in T~ levels off 
and only at high solute concentrations is a further decrease of T~ observed. The effect of pressure upon 
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the water mobility in a network which is perturbed by the solute is illustrated in Fig. 99. The 
anomalous increase in mobility upon compression diminishes with increasing solute concentration 
and reverts to normal bchaviour at a mole fraction of the solute Xt-n,-~0.07. At this composition 
only water molecules coordinated directly to the t-butanol molecules arc left. This observation again 
demonstrates that the solute molecules do not influence more than the first shell of the hydration 
water dynamically. The dynamic bchaviour of the solute was also studied thoroughly. As an example, 
Fig. 100a shows the concentration and pressure dependence of the deuterium-T1 of the methyl-groups 
of the t-butanol molecule. At high temperatures the reorientation, which is a composite of internal and 
overall tumbling motion, is almost independent of concentration and only slightly retarded by 
compression. In contrast, at I~w temperatures the relaxation rate increases with concentration with 
the slope of dRl/dc increasing strongly with rising pressure and decreasing temperatures. This is an 
indication of hydrophobic hydration structures around the apolar CH3-groups which are most stable 
at low temperatures and are then most sensitive to the destructive action of hydrostatic pressure. 
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Figure 100b shows the pressure and concentration dependence of the self-diffusion coefficient D of 
the t-butanol molecules. Under ambient pressure conditions the translational mobility decreases with 
increasing solute concentration up to a composition R 22,  and increases slightly at still higher 
concentrations. The initial decrease is most pronounced at low temperatures. At high pressure, 
D decreases at all temperatures with increasing solute concentration. Again, the slope dD/dc increases 
with decreasing temperature. These characteristics are in accord with the view that hydrostatic 
pressure as well as solutes disturb the well-connected H-bond network at low temperatures thereby 
enhancing all molecular motions. 

6.5. Aqueous Solutions of Simple Ionic Solutes 

Like hydrostatic pressure, dissolved ions may be considered network-breaking agents, which 
disrupt the transient H-bond connectivity patterns. Whereas hydrostatic pressure causes a global 
distortion, ions perturb the H-bond network only locally. Electrostatic interactions lead to rather 
specific relative orientations of coordinated water molecules. These local arrangements show charac- 
teristic differences between cations and anions which have been elucidated in recent years with 
neutron scattering ~52s~ and computer simulation ~529~ techniques. Typically, water molecules close to 
cations always orient their hydrogen atoms away from the cation, with the dipole moment vector 
being tilted relative to the radial direction. The tilt angle depends on the charge density of the ion as 
well as on the anion and on the total concentration. With anions water molecules almost always 
orient one of the OH-bonds in a nearly linear fashion towards the anion. The sharpness of these local 
structural features depends, of course, on the strength of the ion-dipole interactions, hence on the 
charge density, and on the amount of thermal energy stored in the motional degrees of freedom. 

At temperatures above room temperature thermal excitations cause a high degree of distortion of 
the H-bond network. The influence of weak interactions like hydrogen bonds and/or ion-dipole forces 
is not especially pronounced. In undercooled solutions, however, thermal distortions of the H-bond 
network may be strongly reduced leading to pronounced effects of other network breaking agents like 
hydrostatic pressure and/or dissolved ions. t53°~ Undercooling thus permits a thorough study of the 
influence of ion-dipole and H-bonding interactions upon structure and dynamics of aqueous 
electrolyte solutions. One of the major advantages of the application of hydrostatic pressure is 
a continuous change in the state of the H-bond network at constant (low) thermal excitation. If one 
starts with a well developed network, high pressure transforms the latter into a strongly distorted state 
with greatly weakened or even disrupted H-bonding interactions. Hence liquid water under high 
pressure loses its characteristic tetrahedral connectivity patterns rendering the state of the liquid 
similar to a polyalcohol. Starting with an already thermally disrupted network, pressure may not be 
expected to exhibit pronounced changes in the dynamic structure of the network, hence in any of its 
physical properties. 

Aqueous electrolyte solutions have been studied with NMR techniques under ambient pressure and 
temperature conditions almost since the invention of this powerful technique. There are several 
excellent reviews t53°-s33~ available dealing with NMR relaxation experiments under ambient condi- 
tions. Simple electrolytes have been classified as 'structure-making' or 'structure-breaking' ions 
depending on whether they enhance or reduce the average mobility of water molecules in these 
solutions. However, these definitions depend strongly on the state of the H-bond network, hence on 
temperature and pressure, as will be shown below. From infinite dilution extrapolations relative 
molecular mobilities of hydration water molecules can be deduced at ambient conditions, c53°~ Ions 
with a large charge/radius ratio retard the motions of coordinated water molecules strongly, con- 
versely a small charge density speeds up the fluctuations of hydration waters. It also became obvious 
that orientational fluctuations of coordinated water molecules cannot be isotropic, ~s3°~ though 
a suggested reorientation around a radially oriented dipole moment vector is not in accord with 
known structural features of the coordination shell. An attempt has also been made to infer structural 
characteristics like the relative orientation of hydration water molecules from dipolar relaxation 
measurements. Though the pair distribution function cannot be obtained, several trial functions can 
be tested.t534, 535~ It turns out that the local structure is less well defined for ions of low charge density, 
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hence coordinated water molecules experience a considerable motional freedom in accord with 
dynamic results. 

Finally, these studies demonstrated convincingly that chemical exchange processes of hydration 
water molecules occur on time-scales largely comparable to the time scales of orientational and 
positional fluctuations. Hence, the life-time of hydration waters is in most cases only slightly longer 
than corresponding correlation times. {536) High pressure NMR studies of molecular motions in 
aqueous ionic solutions are very rare, probably because of the modest pressure effects upon transport 
and relaxation coefficients that are generally observed in a highly distorted H-bond network above 
room temperature. This situation will change greatly at low temperatures as was demonstrated 
recently and this topic will be discussed at length below. 

6.5.1. Self-Diffusion in Aqueous Solutions of Atomic Ions. Akai and Jonas t53~) performed NMR 
spin-echo experiments to study the pressure dependence up to 450 MPa of the self-diffusion coefficient 
D of heavy water at three temperatures (303 K, 333 K, 363 K) in concentrated LiCI/D20 (4.5 M), 
CaCi2/D20 (3.06 M) and CsCI/D20 (4.5 M, 7 M) solutions. Shear viscosities and densities were also 
obtained for these systems. The diffusion coefficient ratios D/Do, with Do the corresponding neat water 
value, are < 1 for LiCl and CaC12 and ~ 1 for CsCl, with no obvious trend with temperature and 
pressure. This has been interpreted in terms of structure formation by the ions Li + < C a  2+ and 
structure breaking behaviour in the case of Cs +. It is claimed that at high temperatures, Cs + can also 
become a structure former. An inverse relation is obeyed for the self-diffusion coefficient and the 
viscosity in accord with the Stokes-Einstein relation 

D =kT/Cr~rlr, (135) 

with r=0.138 nm the radius of the water molecule, and with a coefficient C =  5, just between the slip 
(C=4) and stick (C = 6) limiting values. 

It is worth mentioning that the Stokes-Einstein relation is not obeyed at low temperatures in the 
system Ca(NO3)2/H20, ts38) where self-diffusion, viscosity and conductivity show different glass 
transition temperatures To in corresponding VTF-descriptions. Assuming an Arrhenius temperature 
dependence D(T), which is only approximately valid, apparent activation energies Ep and Ev at 
constant pressure and constant volume, respectively, have been deduced. The latter are roughly equal, 
in sharp contrast to non-associated liquids, where Ea-~2 Ev is often found. The self-diffusion is 
relatively insensitive to pressure in all systems studied, exhibiting a slight decrease with increasing 
pressure above room temperature. This is in striking contrast to molecular liquids where self-diffusion 
is a very sensitive function of pressure. {227' 22a) At 303 K a weak maximum in D(p) is seen indicating 
an increasing mobility upon initial compression even at these high concentrations. Accurate self- 
diffusion coefficients of several alkali metal ions in aqueous solutions became available only recently 
from NMR spin-echo techniques. {539) From tracer diffusion ts4°) and conductivity t541) data it is 
known that ions diffuse much slower than water molecules even at very high concentrations. This 
indicates an independent diffusion of the water molecules, hence no long-lived hydration sphere. It 
may be hoped that pressure NMR experiments will provide ionic diffusion coefficients under pressure 
in the near future. 

6.5.2. Spin-Relaxation in Aqueous Solutions of Atomic Ions. Apart from self-diffusion, Lee and 
Jonas is42) and Lee et al. t54a) studied the pressure dependence of the proton (IH) and deuteron (2H) 
spin-lattice relaxation in concentrated (4.5 M) aqueous LaCi 3, CaCl2, LiCl, KBr, RbBr and CsBr 
solutions at 303 K. Both the IH and 2H relaxation rate is enhanced in the LaCla, CaCi2 and LiCi 
solutions relative to pure water. This has been said to be due to a structure forming ability of the 
cations. Dissolved KBr, RbBr and CsBr decrease both relaxation rates slightly which has been 
interpreted as being due to the structure breaking ability of the cations mainly. With increasing 
pressure the deuteron relaxation rate, hence the average reorientational correlation time (see eqns (55 
and 56)) of the 'structure-breaking' salts KBr, RbBr and CsBr exhibit a minimum at about 200 MPa; 
it decreases in LiCi solutions and increases in CaCl2 and LaCl3 solutions. The viscosity increases 
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steadily with pressure in these solutions indicating an increase of the Debye reorientational correla- 
tion time 

r/ V~ff=3 r3r~/ (136) 
Xl~ = - ~  k T 

(r  measures the degree of coupling between rotation and translation). 
Hence either the effective hydrodynamic volume Vefr of the water molecules or the quadrupole 

coupling constant ;C (eqn (58)) must change with pressure. It is interesting to note that the deuterium 
relaxation rate decreases monotonically with rising pressure in the presence of clay surfaces which are 
H-bond network structure breaking 'agents'. (544) Contrary to large ionic solutes, at clay surfaces 
reorientational motions of surface waters are retarded considerably upon compression. 

Contrary to the 2H-T1, the proton relaxation rates increase monotonically with pressure for the 
'structure breaking' salts but exhibit a minimum for the 'structure forming' salts which shifts to lower 
pressures in the order La a + < Ca 2 + < Li +. Hence the pressure dependence of the proton relaxation 
rates is similar to the behaviour of the self-diffusion coefficient. A conclusive interpretation of these 
findings could not be given at that time. However, the results suggested that interesting new insights 
might be gained from a thorough study of the dynamic structure of aqueous electrolyte solutions at 
low temperatures and high pressures. Consequently, multinuclear relaxation experiments under 
pressure have been performed in undercooled aqueous electrolyte solutions in our laboratory over the 
last years. Results of these studies will be discussed below. 

6.5.3. Reorientational Motions of Water Molecules in Undercooled Ionic Solutions. Orientational 
fluctuations of water molecules in various metastable electrolyte solutions have been investigated by 
measuring deuterium spin-lattice relaxation rates RI(2H). (545-552) Using emulsions and applying 
hydrostatic pressure enabled us to reach the dispersion regime (cox= 1) in all solutions for all 
concentrations, and hence to acquire detailed information about the dynamic structure of these 
systems with relaxation experiments. In the fast motion regime (cox <~ 1), deuterium relaxation rates 
reflect only the average rotational mobility of water molecules. The effect of ions and pressure on the 
latter will be discussed first. 

At low temperatures the rapid completion of the H-bond network hinders molecular motions 
rather strongly. Ionic solutes and/or hydrostatic pressure disturb the H-bond network and cause an 
increase in molecular mobility. To illustrate this point, Fig. 101 compares the pressure and concentra- 
tion dependence of a low temperature (T= 238 K) 2H- T 1 isotherm of NaCl and KCI dissolved in D20. 
Whereas Na+-ions are generally considered as structure forming, K+-ions are considered to be 
structure breakers. A behaviour similar to Na + has been observed with dissolved Li+, Mg 2+, Ca 2 +, 
F - ;  also Cs+-ions cause similar effects as K+-ions. 

Increasing pressure causes a dramatic increase in the rotational mobility (~TI(2H))  in neat 
water. (475) With dissolved ions the effect becomes less pronounced with increasing solute concentra- 
tion. A qualitatively different behaviour emerges from a comparison of different ions. Weakly 
hydrating ions (K +, Cs +, Cl- ,  Br- ,  I - )  always increase further the rotational mobility by simply 
disrupting the H-bond network without interacting strongly with water molecules. Because of small 
charge densities of these solutes, the resulting ion--dipole forces are insufficient to hinder reorienta- 
tions of coordinated water molecules. They are, however, strong enough to induce a preferred 
orientation during the mean residence time xex of hydration waters, causing a structural mismatch in 
the well-developed H-bond network. This leads to a weakening of H-bonds to surrounding bulk water 
molecules, hence to less hindered fluctuations in the neighbourhood of these ions. 

Both network breaking agents, dissolved ions and hydrostatic pressure, are seen to act in parallel 
and cause similar effects. This has been noted earlier by Kanno and Angell. t~sa) They studied the 
pressure and concentration dependence of the homogeneous nucleation temperature Tn in simple 
ionic solutions and noted a similar depression of Tn with either pressure or ionic solutes. This is 
interesting in view of the scaling behaviour of transport and relaxation coefficients in metastable water 
(eqn (129)), with Ts(P) following Tn(p) closely. Assuming Ts(c) to follow Tn(c) in an analogous fashion 
offers a simple quantitative explanation for the observed similarity of both pressure and concentration 
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FIG. 101. Pressure and concentration dependence of the water deuteron relaxation time TI in undercooled 
NaCI/D20 and KCI/D20 solutions. Concentrations are given on the molality scale (mol salt/kg D20). (ssl) 

effects upon dynamic properties. (5s2) Both effects level off at compositions R(=mol  D20/mol  salt) 
where only hydration water is present in the solution. This demonstrates clearly that these anomalous 
effects must be intimately related to the presence of a well-connected H-bond network. 

Strongly hydrating ions like Li ÷, Na ÷, F -  etc. show a more complex behaviour. At low hydrostatic 
pressure the H-bond network is well developed and all simple ions, whether strongly or weakly 
hydrating, disrupt the network and increase the average molecular mobility. This effect reaches 
a maximum at concentrations where only water molecules hydrating the ions are left. These water 
molecules are unable to form connected H-bond patterns. In all known cases the concentrations of the 
maximum effect correspond to the edge of the glass-forming composition range. (541, ss4-56o) In the 
absence of pronounced H-bonding interactions, ion-dipole forces retard reorientations at higher 
concentrations. 

Increasing hydrostatic pressure changes the well-connected H-bond network continuously towards 
a strongly perturbed state with distorted and weakened H-bonds. In this state ion-dipole interactions 
dominate over H-bonding interactions and strongly hydrating ions cause a continuous slowing down 
of the average mobility of water molecules with increasing solute concentration. This sort of 
behaviour, misleadingly attributed to a structure making ability of these ions, is generally observed in 
a thermally disrupted H-bond network above room temperature. Also the reorientational mobility 
ceased to increase upon compression whenever a composition was reached where, after accounting for 
proper coordination numbers of the hydration shells of the strongly hydrating cations, insufficient 
water molecules are left to form large enough domains with undistorted H-bond interactions which 
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could cause a sizeable pressure effect. An important conclusion drawn from these considerations is the 
notion that water bridging must become important in these highly concentrated solutions, i.e. the 
anions are coordinated on average to the hydration spheres of the cations and are not hydrated 
separately by the few bulk water molecules left. ~549, sso, 561~ At still higher concentrations the 
relaxation rates are largely insensitive to pressure up to 250 MPa. Hence compression does not seem 
to influence much the dynamic properties of the hydration waters of strongly hydrated cations. 

In all solutions of alkali and alkali earth halides investigated so far, cations exert a much more 
pronounced influence on the average mobility of water molecules than do the halide anions except for 
the fluoride anion F - .  This is illustrated in Fig. 102. 

Very low temperatures can be reached with a strongly perturbed H-bond network, brought about 
either by high pressure or high solute concentration, relaxation rates may then be followed beyond 
their maximum (a rea l )  into the slow motion regime (o~z>l). Only a few earlier studies took 
advantage of the glass forming tendency of highly concentrated ionic solutions to conduct relaxation 
experiments at low temperatures, though at ambient pressure only. Most of them are concerned with 
lithium halide solutions and have been discussed in connection with multinuclear relaxation studies in 
a recent review by Lang and Liidemann. tlst) 

Using aqueous electrolyte emulsions under a pressure of 225 MPa we were able to study the 
deuterium relaxation dispersion over the whole concentration range. These relaxation time curves 
T~(T,p,w, c) were interpreted with the simple two-site, two-mode approximation. ~54~J Figure 103 
shows the deuterium relaxation time curves of the hydration waters of Li + and illustrates character- 
istic features of T~(T,p,o~,c) which were observed in all systems studied. There is a pronounced 
asymmetry of the relaxation time curve in the modified Arrhenius plot, where the temperature is 
scaled by the ideal glass transition temperature To of the solution. The relaxation time follows 
a VTF-behaviour over most of the temperature range. Within the motional model proposed this is 
due to cooperative tumbling and exchange processes which dominate the reorientational motions of 
the hydration water molecules. In the slow motions regime a much weaker temperature dependence 
becomes obvious. Note that the relaxation time curve would be symmetric about the minimum if only 
a single mode with a VTF temperature dependence sufficed to account for the relaxation behavi- 
our. ¢43~ To grasp the essential physics in accord with the local structure of the hydration shell, an 
anisotropic local mode was considered responsible for the deviations observed. As a thermally 
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activated process, its concomitant Arrhenius temperature dependence provides a sufficiently slow 
variation with temperature of the anisotropic mode for the latter to become the faster mode at low 
temperatures, hence to dominate the relaxation. The cooperative modes become too slow to provide 
an efficient relaxation channel in the slow motion regime. 

Two other relaxation studies on this system are reported in the literature. (562-564) Harmon and 
Sutter(563.564) studied the 2H, 1H, 7Li relaxation times over the same temperature range. They 
interpreted their data assuming an anisotropic internal reorientation around the molecular symmetry 
axis within the hydration complex. This local arrangement is not in accord with the available 
structural information. Furthermore, they considered a rigid hydration complex and assumed the 
complex reorientation to be infinitely slow. The depth of the deuterium relaxation time curve at the 
minimum is not in accord with the frequency dependence Tt(Tml,to) observed in the other 
studies.(546, 547. 562) This is reflected also in the unrealistically low value of the deuterium quadrupole 
coupling constant deduced. Boden and Mortimer t561' 562) accounted for the asymmetry of the 
relaxation time curve in terms of a Cole-Davidson distribution of correlation times and assumed 
a VTF temperature dependence of the average correlation time. Their VTF parameters are in 
reasonably good agreement with ours indicating that they are not very sensitive to the spectral density 
function used. In fact both approaches give an equally good representation of the experimental 
deuterium relaxation time curves though the frequency dependence of the spectral density functions is 
quite different in the slow motions regime. 

Unfortunately, due to spectrometer limitations, deuterium relaxation times cannot be obtained at 
sufficiently low temperatures to resolve this issue. An interesting remark concerning the model 
dependence of an estimation of the deuterium quadrupole coupling constant (z(2H)) from the 
relaxation rate maxima may be made. If the deuterium relaxation rates R~(2H) obtained in neat 
metastable water and in an 11 M LiCI/D20 solution are both fitted to a Cole--Davidson distribution, 
then (z(2H)) turns out to be larger in the ionic solution than in pure D20. This is in contradiction to 
all ab initio calculations which show that Li ÷ lowers z(2H). The following parameters for insertion 



Density dependence 

into eqn (60), eqn (121) and eqn (128) have been obtained: 

x(2a)(knz) ~o(S) B (K) To (K) /~ca 
D20 222 3.58 x 10 -14 687.6 133.6 0.58 
11 M LiCI/D20 264 8.22x 10 -14 687.6 137 0.25. 

617 

In more dilute solutions a simple two-site approximation has been proposed from solid state NMR 
data on the corresponding glasses. (561' 562) These authors concluded that the random networks of 
these glasses consist basically of Li+(H20)4C! - clusters with the excess water incorporated inter- 
stitially. They suggested that the average local structure in the metastable liquid state of aqueous 
LiCI.RD20 solutions in this composition range (R = 2-10) is closely related to the local structure of 
the glassy state. Following this suggestion we calculated the deuterium relaxation time curves 
7"1 (T, R, o~)22s MP= for all compositions R > N = 4  with 

R 1 (T, R, o.)) =(N/R)(RO hyd Jr(l - -  N/R)(Rl)bulk. (137) 

The hydration water relaxation rate (R1)hyd corresponds to the data obtained in the 11 M solution 
and the bulk relaxation rate (R 1)bulk corresponds to the rate obtained in neat water under a pressure of 
225 MPa. Because bulk and hydration water are in dynamic equilibrium both rates have to be taken 
at the same reduced temperature (T-To(R)), with To(R) the appropriate ideal glass transition 
temperature for the solution of composition R. The latter can be obtained from the experimental 
relaxation time curves noting that the composition dependence of the minimum temperature Tmi. of 
the TI(T) curve parallels that for known calorimetric glass transitions T=(R). This is not surprising 
since at the minimum the correlation time z2(T) for the cooperative tumbling motions has to have the 
value o~2(Tmi,)~ 1 and z2(T) is given by the VTF equation. (545) 

This approach has been applied to interpret the high pressure deuterium relaxation time isobars in 
all systems investigated. Figure 104 gives an illustrative example showing the relaxation contributions 
from the two sites, bulk and cationic hydration water, in the case of a 3 M NaCI/D20 solution 
corresponding to a composition R -~ 17. The ideal glass transition temperature To(R) deduced from 
these investigations are compiled in Fig. 105. 

According to eqn (128) an increase in To upon addition of salt reflects a slowing down of 
cooperative tumbling modes of water molecules in these solutions, whereas a decreasing To indicates 
increasing molecular mobility. Hence, in a strongly distorted H-bond network with weak H-bonding 
interactions, strongly hydrating ions slow down molecular tumbling motions, whereas weakly 
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FIG. 104. Modified Arrhenius diagram of the total water deuteron relaxation time TI isobar (225 MPa) as well as 
the relaxation times corresponding to the bulk sites ( . , . )  and to the hydration sites (---) of the water molecules. (s48) 
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hydrating ions facilitate diffusional processes, as do all simple ions dissolved in a well-connected 
H-bond network above its bond percolation threshold. Again, cations exerts a much stronger effect 
upon the glass transition temperature than do anions except for the F--anion.  These results suggests 
that the influence of ionic solutes upon the temperature dependence of orientationai and positional 
fluctuations is determined mainly by their effect on To. 

Besides the deuterium relaxation rates, which monitor only reorientational motions of water 
molecules, the relaxation rates of the protons and of dissolved ions have been studied in metastable 
LiCI and KF solutions. These studies should provide a consistency test of the above mentioned 
motional model and should explore possible non-exponential relaxations at low temperatures as well 
as local structural correlations within the coordination sphere of the fluoride anion. 

6.5.4. Multinuclear Spin-Relaxation in Undercooled LiCl- and KF-Solutions. Close to their respective 
glass transition regimes, dense metastable liquids often exhibit a non-exponential relaxation of 
structural fluctuations emerging either from a hierarchy of relaxation processes or from a superposi- 
tion of exponentially relaxing processes, implying many parallel relaxation paths, tSes) 

Aqueous LiC1 solutions provide the opportunity to study the dynamic behaviour of undercooled 
liquids which range from being very difficult to vitrify to being excellent glass formers by increasing 
the solute concentration, tSee) In an 11 M solution, all water molecules may be considered to belong to 
the hydration sphere of the Li ÷ cations. These solutions vitrify easily at low cooling rates hence 
emulsification is unnecessary. Deuteron (2H), proton (ZH) and lithium (eLi, 7Li) relaxation rates as 
well as 1H and 7Li self-diffusion coefficients were followed to very low temperatures close to the 
calorimetric glass transition temperatures, t546' 547) These data were interpreted within the motional 
model discussed above. The model parameters were adjusted to the deuterium relaxation rate curves 
which are independent of pressure at these high concentrations. The corresponding relaxation rates of 
the protons (1H) and lithium-6 (eLi) nuclei, obtained at the same field Bo = 7.05 Tesla, were calculated 
to be in fair agreement with experiment, as is shown in Fig. 106. 

Furthermore, the relaxation time curves of 7Li in D 2 0  and H 2 0  become identical if proper 
allowance is made for the dynamic isotope effect, i.e. the glass transition temperature To must be 
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FIG. 106. Comparison of deuteron (2H), proton (IH) and lithium-6 (6Li) spin-lattice relaxation time curves in 
metastable 11 M LiCI/D20 solutions. (547) 

shifted by 4 K in going from D20 to H20. It is the absence of any dipolar contribution to the 7Li 
relaxation rate which renders the latter larger in D20  than in H20  due to the dynamic isotope effect. 
This proves directly that the electric field gradient at the Li + ion is due to fluctuations of the 
surrounding water dipoles. 

The interpretation of the proton, deuteron and lithium-6 data tacitly assumed exponentially 
decaying time correlation functions of the fluctuating variables (see eqn (37)). Proton relaxation data 
sampled at another field (Bo = 2.35 Tesla) together with tH data from Harmon and Sutter at Bo = 0.17 
Tesla, revealed deviations from the co-2-Debye dependence of the corresponding spectral density 
functions. 6Li and 2H relaxation rate curves show no signs of non-exponential relaxation, ts5 t, s52) The 
proton relaxation rates can be well represented, however, with a Cole-Davidson distribution (eqn 
(119)) of tumbling correlation times, or equivalently with a Kohlrausch law (eqn (138)) for the relevant 
time correlation function 

G(t) = G(o)exp [ -  (t/T)P], (138) 

indicating the onset of nonexponential relaxation close to the glass transition temperature Tg. ts 
Aqueous K F  solutions are of interest because the fluoride anion has a stronger interaction with 

water, hence its hydration shell is better defined than that of the potassium cation. The relative 
orientation of the water molecules coordinated to the F -  anion has been discussed several times in the 
literature (s67-s71) and conflicting results have been obtained. As both the proton and the fluorine 
nuclei interact via magnetic dipole interactions, their relaxation rate depends sensitively on the 
tH-19F distance, and hence on the mean orientation of the water molecules in the hydration sphere. 

Aqueous K F  solutions vitrify less easily than aqueous LiCl solutions therefore emulsified samples 
and high pressure (p=225 MPa) had to be used to reach the dispersion region in these solutions. 
Deuteron, proton and fluorine-19 relaxation rates have been reported as function of pressure 
(p~<250MPa), temperature (T>~170K) and concentration (c~<12molal) in light and heavy 
water.(SSt, ss2. s72) The 12 M solution was considered to contain only water molecules hydrating the 
fluoride anions. The relaxation rates were interpreted within the two-mode two-site approximation 
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with the model parameters adjusted to the deuterium relaxation rates of the 12 M solutions. An almost 
linear orientation of the water molecules relative to the F -  anion has been assumed. The resulting 2H 
relaxation rate curve is, however, not very sensitive to the average orientation. Thus, deuteron 
relaxation rate curves cannot distinguish between a linear and an almost symmetric arrangement. The 
relaxation of the protons is governed by dipolar interactions. Within the coordination sphere these 
couplings are modulated by reorientational fluctuations of the intramolecular 1H-1H vectors, and 
intermolecular 1H-19F vectors. Positional fluctuations also modulate the dipolar interaction with 
protons outside the coordination sphere. All structural parameters were taken from computer 
simulation results. (571) Calculations have been performed for a linear and a symmetric ion-water 
arrangement changing only the 1H-19F distances and the amplitude factors ID~o~(Qop)l 2. The 
resulting relaxation rate curves do not differ much due to the dominance of the ~H-~H contribution, 
but the results favour the linear configuration. Within the two-site approximation the relaxation rate 
curves RI(1H) for the more dilute solutions can be reproduced satisfactorily. (572) 

The 19F nucleus is relaxed mainly via magnetic dipole couplings to the protons of the hydration 
water. This coupling is modulated by reorientational fluctuations of the 19F-1H vectors and depends 
sensitively on the mean 19F-IH distance. As only heteronuclear couplings contribute, the total ]9F 
relaxation is a much more sensitive probe for the average local orientation of hydration waters than is 
the proton relaxation. A translational contribution due to couplings to protons outside the coordina- 
tion sphere was also taken into account. The total relaxation rate was calculated for the linear and 
symmetric arrangement. The results clearly favour the linear configuration (Fig. 107). Within a two- 
site approximation the relaxation rates corresponding to more dilute solutions can also be reproduced 
fairly well. 

The conclusion was that, at least in a highly distorted network the mean orientation of water 
molecules coordinated to F--anions corresponds to an almost linear configuration in accordance 
with theoretical predictions. 

6.6. Aqueous Solutions of Hydrophobic Ions 

Aqueous solutions of tetraalkylammonium (TAA) ions are model systems used to investigate the 
effect of different modes of hydration (couiombic versus hydrophobic) upon the dynamic structure of 
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the H-bond network and the internal flexibility of the solute molecules. With increasing length of the 
alkyl chains the charge density decreases, diminishing the importance of ion-dipole interactions, and 
the apolar surface increases, promoting hydrophobic hydration structures in the immediate neighbor- 
hood. However, it is still unclear how long the alkyl chains have to be for the hydrophobic hydration 
phenomenon to dominate over ion-dipole forces in controlling the dynamic structure of the sur- 
rounding network. (573' 574) Furthermore, though the concept of hydrophobic hydration, i.e. the 
solvation of apolar groups with concomitant entropy reduction in the water, is widely used in biology 
and chemistry, the structural and dynamic consequences for the random, transient H-bond network 
are still not well understood on a microscopic level. 

Based on ideas dating back to Frank and Evans, (516) and seemingly supported by many indirect 
thermodynamic and spectroscopic experiments, (sTs) apolar solutes are believed to increase the 
amount of order and reduce the mobility of the hydration water. Recent direct structural investiga- 
tions with neutron scattering techniques, however, do not show any pronounced ordering effects in 
the hydration shell of tetramethylammonium ions. ~576) Undercooled aqueous solutions of symmetric 
tetraalkylammonium ions may prove useful in this respect. Clathrate like hydrophobic hydration 
structures should be favoured by the network organization of cold water. In undercooled solutions 
these structures must become especially stable and long-lived due to reduced thermal excitations and 
strongly slowed down diffusional rearrangements of the transient H-bond network. We therefore 
recently started multinuclear HP-NMR investigations of undercooled emulsions of aqueous solutions 
of tetraalkylammonium ions. (s77) 

6.6.1. Dynamics of the Water Molecules. Deuterium spin-lattice relaxation rates monitor orienta- 
tional fluctuations of water molecules coordinated to tetraalkylammonium ions. In the case of 
dissolved tetramethylammonium (TMA +) ions, the latter show a temperature dependence which is 
neither observed in the case of strongly hydrating nor weakly hydrating atomic ions. If the H-bond 
network is strongly perturbed because of thermal excitations these ions reduce the average mobility of 
water molecules. At low temperatures, however, H-bonds slow down reorientational fluctuations 
stronger than ion-water interactions. Accordingly, the average mobility of the hydration water 
molecules is enhanced compared to neat water as may be seen in Fig. 108. 

This behaviour is also observed in solutions under high pressure, where strongly hydrating atomic 
ions reduce the mobility at all temperatures and weakly hydrating ions always increase the latter. Due 
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to the low charge density of TMA ÷ ions, the reduced mobility can result only from increased H-bond 
interactions, induced by the apolar surface, between the hydration water molecules. If TMA ÷ ions 
were to induce clathrate-like transient structures, then one might expect a continued further reduction 
in the average mobility down to the lowest temperatures. The latter behaviour was indeed observed in 
the case of tetrapropylammonium (TPrA ÷) ions (Fig. 108). Both relaxation time curves can be fitted 
with spectral density functions corresponding to a Cole-Davidson distribution of correlation times 
(eqn (119)). The non-Arrhenius temperature dependence of the average correlation time was repres- 
ented by a VTF-equation. The corresponding glass transition temperatures To have been found to 
decrease with concentration in T M A + / D 2 0  solutions but increase strongly in TPrA+/D20  solu- 
tions. Contrary to these glass-forming systems, tetrabutylammonium (TBuA +) ions dissolved in 
water induce clathrate formation (sTa' 5'79) and do not form glasses. With increasing concentrations 
TBuA+-ions reduce the average mobility of water molecules strongly. Contrary to the aforemen- 
tioned solutions a strong pressure effect has been observed in TBuA +/D20 solutions. Compression 
leads to facilitated motions at low concentrations (0.3 M) but further reduces the average mobility at 
high concentrations (3 M). The 1.2 M concentration, which corresponds to a composition R =  46 where 
only enough water molecules to hydrate the cations are left, does not show any pressure effect. At low 
temperatures, these solutions show a rather complex behaviour as may be seen in Fig. 109. (ss°) 

6.6.2. Internal Flexibility of the TAA +-Cations. Proton relaxation rates of the different methylene- 
and methyl groups of the alkyl chains in these ions have also been investigated. These rates mainly 
reflect internal reorientations about C-C bonds as well as overall tumbling motions of the whole ions. 
In TPrA ÷ and TBuA ÷ solutions the relaxation rates decrease with increasing distance of the aikyl 
group from the central nitrogen atom. This, of course, reflects the increasing internal flexibility along 
the alkyl chain. In both systems the relaxation rates were followed into the slow motion regime. With 
increasing pressure and increasing concentration the relaxation rate maxima are shifted to higher 
temperatures, which, furthermore, are much higher than the corresponding temperatures of the 
relaxation rate maxima of the water molecules. This shows the strongly reduced segmental motions of 
the cations compared to the mobility of the surrounding water matrix. At low temperatures, strong 
spin diffusion causes an identical relaxation rate of all alkyl groups with the methyl groups acting as 
relaxation sinks, as is shown in Fig. 110. (580) 

Furthermore, the methyl group reorientations provide a sensitive probe of the state of the 
surrounding H-bond network. To a first approximation the slow overall tumbling mode does not 
contribute to the methyl group relaxation rate R 1 (CH3) which thus monitors only the fast anisotropic 
internal reorientation. This internal mode is slowed down considerably in TPrA + compared to 
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T M A  + D 2 0  solutions. However facilitated reorientation is observed in TBuA + and this may reflect 
a change in the mode of hydration of these ions. 

7. CONCLUDING REMARKS 

The work reviewed here demonstrates that NMR relaxation measurements can yield detailed 
information about the molecular dynamics and local structure in liquids. In addition, conformational 
equilibria even for very complex molecules can often be derived from the analysis of coupling 
constants and chemical shifts. Dielectric relaxation and neutron scattering can provide similar and 
often complementary information. Compared to these methods, NMR relaxation methods have the 
advantage that the experiments are relatively simple. The small sample volumes required and the huge 
arsenal of modern NMR spectrometers supplies the experimentalist with very fine and variable tools, 
especially when extreme conditions are required. For the vast amount of data, obtained over a wide 
T,p range, discussed in this review no real equivalent set has been obtained by neutron or dielectric 
methods. 

One of the main limitations in the analysis of NMR relaxation is that for most low molecular 
weight liquids, experiments are confined to the extreme narrowing limit, and thus only integral 
correlation times can be derived. For water and aqueous solutions this limitation can be overcome by 
the combined application of low temperatures and high pressures. Spin-lattice and spin-spin relax- 
ation times can be followed into the deeply supercooled range, where the measurements become 
frequency dependent. 

For non-associating liquids, such as the aikanes and halomethanes, where all NMR data are 
collected in the extreme narrowing limit, only the application of pressure permits a wide temperature 
range of the substances to be studied at liquid densities and thus places severe constraints upon the 
motionai models used to describe the dynamics. 

Most of the liquid matter in the universe and also on our planet, occurs at high pressures and often 
also at extreme temperatures, and therefore a knowledge of the physical characteristics of liquids and 
liquid mixtures under these conditions is of great importance for the geosciences. 

Many chemical and biotechnological processes use high pressure, and thus rely, for process 
optimization, on knowledge collected about liquid properties under these conditions. For simple 
liquids, molecular dynamics simulations can provide quantitative information, that for the time being 
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still needs to be compared with experimental data. N M R  relaxation measurements have in many cases 
provided data for this comparison and very often raised new questions, pointed out discrepancies and 
sometimes even decided which of the potentials used in the simulations yields the fight answer and 
thus is the more realistic one. 
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