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1. Dynamic structure of supercritical dense fluids
1.1 Hard sphere model of fluids

Recent evidence indicates that many physical properties of liquids may be
determined to a large extent by the size and shape of the atoms or molecules com-
posing them. In particular the molecular dynamics studies by Alder and collabor-
ators (1970) have elucidated many aspects of the static and dynamic behavior of
hard sphere fluids and contain many of the basic physical ideas later developed
by other authors. This picture of fluids is based on the idea that when the liquid
density is high (approximately twice the critical density), the molecules are so
closely packed that the forces between particles arise almost exclusively from the
harsh short ranged repulsive forces between nearest neighbors. Using this idea
the static structures of several liquids have been successfully calculated by
depicting them as hard sphere systems and neglecting the slowly varying attrac-
tive forces.

Based on a successful prediction of the static properties of liquids, it is

important to find the extent to which their dynamic properties can be explained

in terms of hard sphere systems. A major problem in this type of analysis, however,
is to determine which hard sphere system (i.e., what hard sphere diameter) to
associate with a particular liquid.

There were several main goals of our systematic studies of supercritical

dense fluids:

i) First, to find the best effective hard sphere diameter and its temperature
dependence for various fluids such as SFg, C4Fg, CFCla, CFy by using the
density dependence of the NMR spin-rotation relaxation rates.

ii) Second, to establish the relationship between the angular momentum cor-
relation times and the Enskog relaxation time.

iii) Third, to compare the experimental self-diffusion coefficients for the
fluids studied with those predicted from the hard sphere theory.

iv) Four, to show whether the ratio of the linear momentum correlation time
to the Enskog relaxation time follows the predictions of molecular dynamic
calculations.

v) Five, to establish the high density and low density limits of the applic-
ability of the hard sphere theory.

vi) Six, to determine whether dynamic properties of binary mixtures can be
described in terms of the hard sphere model.
vii) Seven, to test the applicability of the hydrodynamic Stokes-Einstein

equation at a molecular level.
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1.2 Angular momentum relaxation and self-diffusion in SFg, CFCl3 and CuFs

The NMR !°F spin-lattice relaxation times, T;, and self-diffusion constants
D have been measured in dense fluids of SFe¢, CFCl3, CyFg as a function of tempera-
ture and pressure over the density and temperature ranges given in the specific
papers listed in Section 6. Densities and viscosities (C4Fg) have also been
determined. The relaxation mechanism for the fluorine nuclei is dominated by
the spin-rotation interactions and therefore the analysis of the T; data yields
the angular momentum correlation time, Tj. On the other hand, the NMR spin-echo
technique directly measures the self-diffusion coefficient, D, and thus provides
information about the linear mcmentum correlation time, Tp.

In the theory of liquids and dense supercritical fluids two quantities
which are of fundamental importance are the rotational diffusion coefficient
DR and the translational or self-diffusion coefficient D. For this reason a
great deal of experimental and theoretical work has been devoted to understanding
the relationship of these diffusion coefficients both to other properties of
the fluid and to each other. DR and D may both be determined from the NMR

measurements and are related to correlation times by the following expressions

Dg = (kT/D)t3 1)

D = (kT/m)tp 5 ' (2)

In Eq. (1), I is the moment of inertia and Tj is the angular momentum correlation
time. In Eq. (2) m is the molecular mass and Tp is the linear momentum correla-
tion time.

The angular momentum correlation time is defined as an integral over a
normalized time correlation function,

1y = ofw <J(0)-J(t)>dt

3)
<%

where J is the molecular angular momentum and the brackets indicate an average

over the equilibrium ensemble. Since the correlation times TJ and Tp reflect

the time that is required for a molecule to lose memory of its initial respective

momenta, they may be expected to be closely related to the molecular collision

frequency. The analysis of the correlation times, which is presented, is based

on the assumption that at high densities a fluid may be approximated by a system

of hard spheres whose collision frequency is given by the Enskog theory.




If the events which modulate the magnetic field at the fluorine nuclei
may be approximated as an uncorrelated sequence of binary collisions Chandler

(1974) has shown that

TJ—l = b(T) TE-I : (4)

=
where T
E

constant reflecting the efficiency with which angular momentum is transferred

is the Enskog collision frequency for hard spheres and b(T) is a

at a collision. This quantity, b(T), may be slightly temperature dependent
but should be independent of density. The Enskog collision frequency was cal-
culated using the Carnahan-Starling approximation for the equation of state of
hard spheres.

The self-diffusion coefficient D of a real fluid can be approximated by

the self-diffusion coefficient of a rough hard sphere fluid DRHS

D% Dpps = & Dope = A(KI/m)Ty s ~ (5)

where DSH is the diffusion constant for a smooth hard sphere fluid and A is

a paramet:r less than 1, the magnitude of which reflects the effect of the
coupling between the translational and rotational motions in the liquid. If
A equals one then the liquid behaves as a perfectly smooth hard fluid with no
coupling. 1In order to calculate the theoretical DRHS we used the expression

for DSHS obtained by Dymond (1974) by fitting the computer molecular dynamics

results by Alder et al. (1970)

D * 0.1901 (kT/m) 2 6(V2 /no? -1.384) . (6)

Analysis of the experimental T; data enabled us to obtain, 0, the hard
sphere diameter of the individual fluids and temperature dependence of ¢'s.

The results of the analysis are given in Table I.

Table I

Hard Sphere Diameters for fluids Studied®

e (oX To do/dT
f“ Molecule A& (K (Rox-1)

B CFC1; 5.03 341 1x1073

- B SF¢ 4.81 296 A1x10™3
& CuFe 5.65 232 0.9x107*
& CFy 4.15 298 0.8x10~3

‘g‘- aoT = gg - da/dT(T-Tp)

e~ T
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The hard sphere diameter are found to be decreasing with increasing temperature
as a result of the finite slope of the repulsive potential for a real fluid.
The agreement between the experimental T; data and the theoretical T;

values calculated on the basis of the rough hard sphere theory was excellent
for densities higher than twice the critical density. The hard sphere diameter
as given in Table I were used in the calculations. The important conclusion of
this set of experiments is that angular relaxation in fluids composed of mole-
cules close to a spherical shape can be described in terms of the hard sphere
model, i.e., T

follows the Enskog T times and no effects due to many-body

correlations wire found at densitiesEp > 20c. The hard sphere diameters which
were obtained from the analysis of the T; spin-rotation relaxation data were
used in expressions given in Eqs. (5) and (6) to calculate the theoretical self-
diffusion coefficients.

We just showed that angular relaxation in SFg can be approximated as
occurring through a sequence of uncorrelated binary collisions. If this is
also the case for linear momentum, then one would expect that the ratio of
D/Dg to be independent of the packing fraction. As expected, this ratio is
strongly density dependent reflecting the effect of many body correlations.

For all fluids studied we obtained excellent agreement between the experimental
D values and those calculated on the basis of the rough hard sphere theory.
Both at high densities 003 > 0.93 and densities lower than 2p. we found devia-
tions from the predictions of the rough hard sphere model of liquids.

In the case of self-diffusion at lower densities, deviations from the
hard sphere result due to attractive forces were found. Thus, in addition to
increasing the collision frequency in fluids at intermediate and low densities,
the attractive forces seem to have the additional effect of enhancing the coopera-
tive phenomena (microscopic vortexing) which have been shown to influence the
translational motion of hard spheres. In a general sense our studies provided
ample evidence for the following statement: Any serious experimental attenpt
to characterize the molecular dynamics in a fluid must include the separation
of the effects of the density and temperature on the molecular motions, nanely,

one has to carry out measurements at high pressures.

1.3 CFy4 relaxation at p < 2p¢
In order to determine the low density limit of the applicability of the

hard sphere model we decided to study fluorine spin-lattice relaxation times




in carbon tetrafluoride in the temperature range 1.20 < T/T, € 1.64 and the
density range 0.28 5 p/p. € 2.98. This covers the fluid region from the dilute
gas up to dense fluid. The reason for choosing CFy, was the fact that this
molecule is a spherical top with well characterized molecular constants and is
very stable thermally.

Following the analysis outlined in Section 1.1, we calculate a ratio
TE/TJ (=b) over the complete density range. A plot of b vs. p inTFig. 1 for different
isotherms showed an interesting departure from the rough hard sphere theory.
Above twice the critical density b was constant within experimental error.
However, at lower densities, we found a definite increase in the value of b.
This breakdown of the RHS model at lower densities may be attributed to the
increasing importance of attractive forces. At high densities the attractive
forces are negligible because of the screening effect by the short-range repul-
sive forces. As the density is lowered the screening of the attractive forces
becomes less effective. Another indication that this breakdown in the rough
hard sphere theory is caused by attractive forces is the variation of b with
temperature at constant density. With increasing temperature, attractive forces
will become less important and the deviations from the theory would be smaller
at higher temperatures. That the value of b at low densities deviates less
from the high density value with increasing temperature substantiates our con-
clusion that it is the attractive forces between the molecules causing the

deviations from the theory.

1.4 Validity of the hydrodynamic Stokes-Einstein equation at the molecular level
The availability of the viscosity and diffusion data over a wide ramge of

temperatures and pressures makes it possible to test the validity of the well-

known Stokes-Einstein equation at the molecular level. This relationship between

viscosity and self-diffusion coefficient is given by
D = kT/CTTﬂa ’ (7)

where a is the radius of the molecule and C is a numerical factor which is equal
to 6 for the sticking boundary condition and 4 for the slipping boundary condition.
We have shown that this expression is approximately valid and that the factor C
varies between 3.5 to 5.5 for different molecules. The pressure and temperature
dependence of the self-diffusion and viscosity vary over a large range but C

remains essentially constant equal to 4.
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Alder et al. (1970) have tested this relationship in their molecular
dynamics calculation for hard sphere fluid and found that the Stokes-Einstein
relationship is remarkably well obeyed over a wide range of densities and the
value calculated corresponds to that obtained for the slipping boundary condition.
One may conclude that the Stokes-Einstein relationship is well obeyed for the

molecular fluids studied.

1.5 Binary mixtures of CF, and inert gases

Related to the phenomenon of self-diffusion is the mutual diffusion in
binary mixtures. An extension of the RHS model to binary mixtures has been
shown to fit mutual diffusion coefficients in several mixtures. Once again,
the analysis yields a roughness parameter, "A", and two molecular diameters.
Another property which has been interpreted by the RHS model and of more direct
relevance to this specific study is the angular momentum correlation time, Ty

There are, however, some important questions which still must be answered
in order to determine the extent of applicability of the RHS model to angular
momentum transfer: (1) Can an extension of the RHS model for angular momentum
relaxation to binary mixtures successfully describe the experimental results
as was demonstrated for mutual diffusion? (2) How sensitive.are the deviations
from the RHS model at low densities (K ZDC) to the magnitude of the inter-
molecular attractive forces? (3) How strongly does the "roughness' parameter,
b, depend on molecular shape and are there other factors besides shape which
determine its magnitude?

In an attempt to answer these questions we have performed NMR experiments
on mixtures of CFy with argon and with neon. The 19F nuclear spin-lattice
relaxation time, T;,, has been measured in CF,-Ar and CF,-Ne mixtures over a
pressure range of 100 to 2000 atm and a temperature range of 0 to 100°C at
0.6, 0.25 and 0.10 mole fraction of CFy.

The model we used to interpret our results was an extension of the RHS
model to binary mixtures. In binary mixtures we can have collisions between
CF, molecules, and CFy-inert gas collisions which will be effective in angular
momentum relaxation. The total relaxation rate will be the sum of two terms-—-
the collision frequency of one CFy molecule with other CFy molecules, and the
collision frequency of a CFy molecule with inert gas molecules. Each of
these terms is multiplied by a corresponding rotation-translation coupling

parameter.
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Perhaps the most important result of these calculations is the magnitude
of the coupling parameters b;,'s. When comparing the values of bCF X with
e

those of CFy - CFy collisions we see that

>
>
CFy - CFy v bCFg =3 A bCFL, — Ne -,

b
This progression makes sense physically since it is in order of relative sizes
and masses. What the differences between bCFu . and bCFu ~Ne indicates is
that for collisions between unlike molecules there are other factors in addition
to the shape or '"roughness'" of the interacting molecules. The parameter b may
be a complex function of size, mass and attractive forces in addition to molecular
shape. For argon, as the density decreases, b increases. A similar trend
though more pronounced was noticed for pure CFy. This trend was taken to
indicate that the collisional efficiency for the transfer of angular momentum
increases because of the larger role of attractive forces at lower densities.
The deviations from the RHS model at lower densities can be arranged by order

of magnitude as:
CFy - CFy > CFy - Ar > CFy - Ne.

This is exactly the order one would predict on the basis of the magnitude of
the attractive forces between the different pairs of molecules. This constitutes
further evidence that it is attractive forces that are important in the deviations

from the RHS model.

1.6 Conclusions
The systematic experimental studies discussed briefly above enabled us
to arrive at the following main conclusions of general character:
i) Validity of the rough hard sphere model of liquids to describe transport
and relaxation behavior of simple dense fluids.
ii) Angular relaxation in fluids can be approximated as occurring through
a sequence of uncorrelated binary collisions.
iii) Importance of many-body correlation effects on self-diffusion which
depends on transfer of linear momentum.
iv) Analysis of relaxation and transport data yields the hard core diameters
and their temperature dependence.
v) Our results provided experimental verification of the molecular dynamics

calculations for hard sphere systems.
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vi) The hard sphere model fails both at high densities and low densities
< .
(p < 20)
vii) The hydrodynamic Stokes-Einstein equation in the slipping boundary
cendition is found valid.
viii) Applicability of the rough hard sphere model of liquids to describe

relaxation and transport processes in binary mixtures.

2. Mechanism of reorientation in several molecular liquids
2.1 Fluorobenzene-d;
The reorientational correlation time 7, and the angular momentum correla-

5]
tion time T are fundamental quantities characterizing the molecular rotational

J
motions in a liquid. The correlation times as obtained for example by NMR are
the zero frequency Fourier transforms of the normalized correlation functions.
For example, the measurements of the NMR quadrupolar spin-lattice relaxation

times yield depending on the second~order Legendre polynomial.

T
6,2
It is quite understandable that there has recently been considerable

interest in theoretical and experimental studies of T, and TO and their relationship

in liquids. For small angular step reorientation in ghe rotational diffusion
limit (TJ << TB) Hubbard has derived the relationship between TJ and Te. Gordon
removed the restriction of small angular steps and proposed a generalized extended
diffusion model for linear molecules which allows angular steps or arbitrarily
large size. Extended diffusion processes designed as J diffusion and M diffusion
were proposed. So far the determination of Te and TJ in dense liquid region

has generally been limited to temperature dependence studies. If one used both
pressure and temperature as experimental variables in an NMR experiment, one

can separate the effect of temperature and density on Ty and 1 The pressure

dependence of the deuterium and fluorine NMR spin-lattice relaiation times has
been measured in fluorobenzene-ds in the temperature range from 30° to 350°C.
In agreement with out earlier work the extended J-diffusion model described
well the reorientation cf the fluorobenzene-ds molecule even for large values

of TJ.

2.2 ' Benzylcyanide
Nuclear magnetic resonance relaxation rates have been successfully used

to study the anisotropic reorientation of molecules in the liquid state. 1t
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has also been shown that applying pressure to a liquid can have a large effect

on the rate of overall molecular reorientation. As part of our broader investiga-
tions of the dynamic structure of molecular liquids we became interested in the
problem of pressure effects on the internal motions of groups within a molecule

in the liquid state.

In this work the deuterium spin-lattice relaxation times of the two
selectively deuterated benzyl cyanides, benzyl-4-d; cyanide (I) and ¢,u-didzuterio-
benzyl cyanide (II), were measured as a function of pressure. The relaxation
time of I gives a measure of the overall reorientation of the molecule, while
the relaxation time of II reflects both the overall molecular reorientation and
the internal rotation of the CD2CN group. Using reported deuteron quadrupole
coupling constants, the experimental spin-lattice relaxation times, T), were
analyzed in terms of the rotational diffusion constants for overall molecular,

DM’ and internal, DI’ rotation. The activation volumes for D, and DI were

M
calculated. The results reflected the difference in frictional torques connected
with the overall and internal rotation and also indicated the presence of

inertial effects influencing the internal rotation at higher temperatures.

3. Shear viscosity of liquid monosubstituted benzenes.

The shear viscosity of a fluid is of interest both from a practical
engineering viewpoint and also as a fundamental quantity reflecting molecular
motions in fluids. In order to better understand this transport property, the
density dependences of the shear viscosities of several monosubstituted benzenes
were examined. This series of molecules were chosen in an attempt to compare
the effect of shape (i.e. substituent group size) with the predictions fronm
hard sphere theory. Since the hard sphere model is only strictly applicable
to an assembly of hard spheres, one might expect that as a molecule becones
more asymmetric, the model may fail in its predictions.

These data were first analyzed in terms of the rough hard sphere model
of liquids. This theory has been described in Section 1.1, for diffusion.
Basically this model approximates the measured shear viscosity by Naks which
is equal to a constant c times the viscosity (nSHS) for a smooth hard sphere
fluid. Two general conclusions can be deduced about the rough hard sphere

model of viscosity from these analyses on monosubstituted benzenes. The first
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is that in all cases, at high densities (po? > 0.95), the model predicts a much
higher value for viscosity than is experimentally observed. This may be attributed
to the fact that the hard sphere fluid is metastable at this density. The

second conclusion concerns the constant ¢, which reflects the amount of rotational-
translational coupling in the fluid. In order to successfully predict the

density dependences, this constant must be varied. This behavior of ¢ may be
related to the non-spherical nature of these molecules. The trend seems to
indicate that as the molecule becomes more asymmetric, ¢ changes more with

temperature.

4. Laser Raman scattering studies

Use of both NMR and Raman methods provides independent means for obtaining
TJ and TG,Z' The tetrahedral spherical top molecule CFy affords an excellent
system to study, since one can determine Ty by the F!° nuclear spin-lattice
relaxation and Te’2 by analysis of Raman band shapes. As discussed in Sections
1.3 and 1.5 the Ty in CFyand its binary mixtures with inert gases have been
determined by NMR. _

The availability of both TJ and Te correlation times enables us to determine
whether the reorientational motions can be described in terms of the J-diffusion
or M diffusion models and how does reorientational changes with density and
temperature. The theoretical analysis of the experimental data enables us to
test available theoretical models for reorientational motions in liquids.

Theoretical work on this specific project is still in progress.

5. Instrumentation

In the last several years we gained considerable expertise in high pressure
NMR techniques, and as far as the current instrumentation is concerned, there is
no other laboratory in the USA and/or abroad with comparable performance features
of the NMR experimental system. For the experimental work described in the
preceeding sections we had to design and build several new equipment items.
Most of the details can be found in the Ph.D. thesis listed in Section 7. At
this point we only enumerate the main equipment items developed for work

sponsored by the AFOSR grant:
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i) High pressure NMR probe of fluids system for large volume changes;
ii) Densitometer for large volume changes of fluids;
iii) Gas compression system;
iv) Oxygen scavenger system for gases;

v) Gaseous sample handling system for NMR.
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