
~ TR ... 77  (
~2 1 1 1

di~ tr 1b~2 t j  •
~~~~~~~~~ a(

!

Final Report  on Grant - .

AF OSR—72—228 6 for  Research on
“High—Pressu re Nuclear Magnetic Resonance Relaxa t ion

Study of Supereritical Dense Fluids ”

~~~ Pr incipal Investigator : Jiri Jonas
-
~~~ Depa r tment of Chemist ry

Un iversity of Il linois , Urbana , Illinois 61801

-f

Grant Period Covered : March 1, 1972 — December 31, 1976
>—•

~~i’u D CC-’ 

~ j r ar~nnnr~
~~ ~~~~~1~~~~~ ~~~~~~ I I I L ~UU1~~ L6Li 1fl~0

-~ - —- --- — . —  —
_ _ _



S

4

•1

.
~~

I A IR FORCE OFFICE OF SCIENTIFI C RESEARCH (AFSC)
NOTI CE OF T~ AN SL~ITT ~ L TO DDC
~~~~ :; t€  ~ i~ ca1 r ~~~~~ has ~~~~~ reviewed and is
8 :’o,r~ for pul~l~c r~ J~ ;i it ~ lAW AFR 190—12 (7b).• D~~~t r i I ~ut 1on is un1iu~ited.A. 0. BLOSE1 
1~echnj caj  Inf ormation Off leer

—

~ . P-,I
~~~~ - -



— UNClASSIFIED
SECURITY CL* SS I r l CAT t ~~M OF TW It  PA GE (l~~~n D.I. Eni.rsd)

(J~~
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

iii -N5~M~~L& —.———-——-~~-— 2. GOVT ACCESSION NO. 3. RECIPIENT S CATALOG MUMSER

4. TITLE (~~d 3ubtiIl )  1. TYP E REPORT S PERIOD COVERED

V -7 ~xm ,-~~~~~JIGH-.PRESSURE NUCLEAR ,~~GNETIC JESONANCE I Mar~~ 72~ 31 Dec’~6

/ REIAXATION STUDY OF SUPERCRITICAL DENSE ~ LUID~~j  s. o~o. ~t~o~’r

7. AUTHOR(s) S. CONTRACT OR GRANT NUMBER(s)

• ( l~/ ~~~~/JO ~~ J
1 . “~4’ ~~~— A!OSR -2286- Zz /

I. PC FORISING ORGANIZAT ION NAM E AND ADDRESS %O. PROGRAM ELEMENT~ PROJECT. TASK
~~A1 ORiC UNIT NUMBERS

Department of Chemistry . 

~ ~
. 2303 A3 61102F

University of Illinois
Urbana ._ IL__61801 ___________________________

• II. CON T ROLLING OFFICE NAME AND AO0R~~SS 
,

— I2~ REPnRT 0ATE~

Air Force Office of Scientific Research /NC (II / Mar -~~

Building 410 — Boiling AFB “— ‘~ NUMSER~~ PAGES

Wpshiuzton. D.C. 20332 ___________________________

• ~4. MONITORING AGENCY NAME S ADORESS(uI di lt., ,i fts C.ntreUin~ Oh io.) *5. SECURITY CLASS. (oh this tspofl)

- - .~ 
.. Unclassi f ied

- 
L.._. , f .J Ii.. DEcL*SSIF.CATION. OOWW G RA3ING

• iT~~~s1 RIsu TIoN STATEMENT (oh this R.pceI)

Approved for public release, distribut ion unlimited

IT. DI$TRISUTION STATEMENT (of A. ~~ afr.ct ~~,t.r.d in block 20. II dlhI. rsnt fro R.porf)

IL SUPPLEMENTA RY NOTES

.

IS KEY WORDS (C.nlinu. ~~, r•v.,s. sid. if  n.c... y .,d id.nhliy by block n s b ~~)

Nuclear magnetic resonance, supercritical dense fluids, high pressure,
transport properties.

20. *Ibç ~ ACT (C.nllnu. ~~ ,..o,.. sId. it n.c.55 y id id.nsiIy by block .n b.e)

~The dynamic structure of simple polyatomic molecular fluids such as,..—
~~~~~~~ CFS, SF~ , CFCl~ , Ci, F~ , FC~D , has been studied by nuclear magnetic
resonance relaxation techniques. The effects of temperature and pressure
on the transport and relaxation behavior of fluids in the supercritical
dense fluid region have been ipv~~fl~~ ated. These systematic studiesled to the main conclusions of,~ general character:

I
~
D ~~~~~ J473 £01 TION Or 1 NOV IS iS OBSOLETE Unclassified I

~~~~~~~~
7

IECURITY CLA$$~~~CATiOM OF 5 PAGE (m~..D.,. £~~~~~~~



SECURITY CLASSIFICATION OF THIS PAGI(WPi..I Dais SnS.r.d)

4
- 4~ Val id i ty  of the rough hard ~,ph e— e mo~lel of liquids to describe

transport and relaxation behavior of simple dense fluids;

/ iiY Angular relaxation in fluids can be approximated as occurring
through a sequence of uncorrelated binary collisions1’ —

i4-i)~ Impor tance 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) The results provided experimental verification of the
I molecular dynamics calculations for hard sphere systems;-~ ’ - ~ )

\ vi) The hard sphere model fails both at high densities and low
densities (p < 2p ).

vii) The hydrodynamic Stokes—Einstein equation in the slipping
boundary condition is found valid .

‘c - .-
- £ viii) Applicability of the rough hard sphere model of liquids to

describe relaxation and transport processes in binary
mixtures.

~~

- 

- 

Unclassified
SECURITY CLASSI FICATION OF THIS PAOE(1Th.n Dais Ent.r.d)



CONTENTS

Page

1. Dyuamic s t ructure  of supercrit ical dense f luids

1.1 Hard sphere model of fluids 1

1.2 Angular momentum relaxation and self—diffusion in 2
SF6 , CFC13, C~Fe

1.3 CFi, relaxation at P <

1.4 Validity of hydrodynami c Stokes—Einstein equation at 5
the molecular level

1.5 Binary mixtures of CF~. and inert gases 6

1.6 Conclusions 7

2. Mechanism of reorientation in several molecular liquids

2.1 Fluorobenzene—d 6 - 8
2.2 Benzylcyanide 8

3. Shear viscosity of liquid monosubstituted benzenes 9
4. Laser Raman scattering studies 10

5. Instrumentation 10

- • 6. List of Publications 11

7. Ph.D. Theses 12

S

--
‘
I
,

--

Eli £ectlo 0
0

_____ 
D D C

-

~ 

- 

- f~~~~P•~fl r7rPr-~.. ;a ~IIVTIOI/flAItAIItlT1 ~ Iti U
t. AVAIL uv. vEwL AP R 8 I97~

D

V 
~~~~~~~~~~~~ ~~~~~~~~ 

-
~
.. -

~~~~
-
~~~~~~

-—
~~~~~~~~~~~~~

.-
~~~~~ 

- 
~~~~~~~~~~~~ 

- - -  ----—- - -
L - ~~ -. 

_ _[_ _ _



—1—

4 1. Dynamic structure of supercritical dense fluids

1.1 Hard sphere riodel 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 f rom 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 SF6, CI,F8, CFC13, CFt1 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 hydrodynatnic Stokes—Einstein

equation at a molecular l cvel.

- - - ‘
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1.2 Angular momentum relaxation and self—diffusion in SF6, CFC13 and C~,F8

The NNR 9 F spin—lat t ice  relaxation times , T 1, and se l f—di f fus ion  constants
D have been measured in dense fluids of SF6, CFC13, C4F8 as a function of tenpera—

ture and pressure over the density and temperature ranges given in the specific

papers listed in Section 6. Densities and viscosities (C~+ F e ) have also been

determined . The relaxation mechanism for the f luorine nuclei is dominated by

the spin—rotation interactions and therefore the analysis of the T1 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 mcrn~ntum correlation tiL~~, 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/I)Tj , (1)

D = (kT/m)rp - (2)

En 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 ,

— __________
tj — of  

— (3)
<J2>

where .1 is the molecular angular momentum and the brackets indicate an average

..j over the equilibrium ensemble. Since the correlation t imes 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.

_ _ _ _ _  -
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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

T
J 

= b(T) TE ‘ 
(4)

whe re T E
’ is the Enskog collision frequency for hard spheres and b(T) is a

constant ref lect ing the efficiency with which angular momentum is t ransferred

at a collision. This quant i ty ,  b (T) ,  may be sl ightly tempe rature  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

~ia rd spheres .

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

the self—diffusion coefficient of a rough hard sphere fluid D
RHS

D 
~ ~RHS 

= A DSHS 
= A(kT/m) t E ‘ 

- (5)

where DSHS is the d i f f u sion constan t for a smoot h hard spher e f l u id and A is

a parameter 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. In order to calculate the theoretical DRHS we us ed t he exp ression

for D5fl5 obtained by Dymond (1974) by f i t t i ng  the computer molecular dynamics

results by Alder et al. (1970)

DSHS O.l9Ol (kT/m)~~
’2 y(I~ mC I 2 —1.384) . (6)

Analysis of the experimental Tj data enabled us to obtain, ~~, the hard

sphere diameter of the individual fluids and temperature dependence of o’s.

The results of the analysis are given in Table I.
Tabl e I

aHard Sphere Diameters for fluids Studied
a o T0 do/dT

Molecule (°K) (X° K )

CFC13 5.03 341 1xl0 3

SF6 4.81 296 ~ lx1O 3

Ct~F8 5.65 232 O.9xlO~~
CFi. 4.15 298 0.8x10 3

a a0 — da/dT(T—To)

-. , 
~~~~~~~~~~~~~~~~~~~ - ~--~~ 
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The hard sphere diameter are found to be decreasing with increasing temperature

as a result of the f in i t e  slope of the repulsive po ten t i a l  for a real f lu id .

The agreement between the experimental T 1 data and the theoretical T~
values calculated on the basis of the rough hard sphere theory was excellent

f or densities higher than twice the critical density. The hard sphere dianeter

as given in Table I were used in the calculations. The important conclusion of

this set of experiments is that angular relaxation in f luids  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
E 

times and no effects due to many—body

correlations were found at densities p > 2PC. The hard sphere diameters which

were obtained from the analysis of the T 1 spin—rotat ion relaxation data were

used in expressions given in Eqs. (5) and (6) to calculate the theoretical self—

di f fus ion coefficients.

We just showed that angular relaxation in SF& can be approximated as

occurring through a sequence of uncorrelated binary collisions. If this is

also the case f or linea r momentum , then one would expect that the ratio of

D/DE to be independent of the packing fraction. As expected , this ratio is

strongly density dependent reflect ing the e f fec t  of ma ny bod y correlations.

Fo r all fluids studied we obtained excellent agreement between the experimental

D va lues and those calculated on the basis of the rough hard sphere theory .

Both at high densities pa3 > 0.93 and densities lower than 2p~ we found devia-

tions f r om the predictions of the rough hard sphere model of ‘iquids.

I~ t he case of self—diffusion at lower densities, devi4tions 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 attei pt

to characterize the molecular dynamics in a fluid must inc Lude 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 CFk relaxation at P < 2Pc
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 

— — — - — -- -
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in carbon tetrafluoride in th e temperature range 1.2O~~ T/T~ ~ 1.64 and the

density range O.28~~ p /p a ~ 2.98. This covers the fluid region from the d i l u t e

gas up to dense fluid. The reason for choosing CF4 was the fact tha t  th is

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

T
E
/T

J 
(b) over the complete density range. A plot of b vs. P in Fig. 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 t emperature , att ractive 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 range 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/Cwia , (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.

I~e 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 se lf—diffus ion and viscosity vary over a large range but C

remains essentially constant equal to 4.

O k

0
•• ~~, ~~~~~~ 

-•
~~~~~

— -  .-.• ~ ‘v~~~-sw~
— —- —

~~~ - - -.- — — -
~~~~~~
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Alder et al. (1970) have tested this relationshi p in their molecular

dynamics calculation for hard sphere fluid and found that the Stokes—Einstein

relationship is remarkabl y 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 re lationship is well obeyed for  the

molecular fluids studied .

1.5 Binary mixtures of CF 4 and inert gases

Related to the phenomenon of self—diffusion is the mutual diffusion in

binary mixtures. An extension of the RI-IS model to binary mixtures has been

shown to fit mutual diffusion coefficients in several mixtures. Once again,

the analysis yields a roughness parameter , ‘IA” , and two molecular diameters .

Another property which has been interpreted by the RHS model and of more dirt~ct

relevance to this specific study is the angular momentum correlation time , T~~.

There are, however, some important questions which still must be answered

in order to determine the extent of applicability of the RI-IS 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 ~< 2p) to the magnitude of the inter-

molecular attractive forces? (3) How strongly does the “roughness” parameter ,

b , depe nd on molecular shape and are there other factors besides shape which

dete rmine its magnitude?

In an attemp t to answer these questions we have performed NMR experiments

on mixtures of CF4 with argon and with neon. The 19 F nuclear spin-lattice

relaxation time , T1, has been measu red in CF4—Ar and CF4—Ne mixtures ov~ r 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 CF4.

The model we used to interpret our results was an extension of the  R}IS

-~~~~ model to binary mixtures .  In binary mixtures we can have collisions between

CF4 molecules, and CF4—inert gas collisions which will be effective in angular
S momentum relaxation. The total relaxation rate will be the sum of two terms—-

O the collision frequency of one CF4 molecule with other CF4 molecules, and the

collision frequency of a CF4 molecule with inert gas molecules. Each of

these terms is multiplied by a corresponding rotation—translation coupling

pa rameter.

0 - - ~~—- - 
— • — - —~~-——~~~~~- -— — - - - - — — - - — •— —— - -
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Perhaps the most important result of these calculations is the magnitude

of the coupling parameters b i 2 ’s. When comparing the values o. b with
CF4—X

those of CF4 — CF4 collisions ~ie see that

>
b ~~b > b
CF4 — CF 4 CF~ 

— Ar CF4 — Ne

This progression makes sense physically since it is in order of relative sizes

and masses. What the differences between b and b indicates is
CF4 — A r  CF4 — N e

that for collisions between unlike molecules there are other factors in addition

to the shape or “roughness” of the interacting molecules. The parameter b ~ay

be a complex function of size , mass and attractive forces in addition to molecular

shape. For argon, as the deasi ty decreases, b increases. A similar tread

• though more pronounced was noticed for pure CF4 . This trend was taken to

indica te that the collisional eff ic iency 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:

CF4 — CF4 > CFc - Ar > CF4 — Ne.

This is exactly the orde r 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 ixnportanL 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 chara cter:
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 a’~d 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.

I,

• ~~~~ -~.•- •
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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vi) The hard sp here rnudei fails both at high densit ies and low der~ itic~
(
~ 

< 2p ).
vii) The hydr odynamic Stokes—Einstein equation in the slipping boundary

condition is found valid .

viii) Appl icability 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 rc-orientatbrnal correlation time and the angular momentum c.2~ re1a-

tion time are fundamental quan tities charac teriz ing the molecular rotat ional
motions in a liquid . The correlation times as obtained for example by NNR are

the zero frequency Fourier transforms of the normalized correlation functions.

For example , the measurements of the NMR quadrupolar spin—lattice relaxation

times yield T0 2  depending on the second—order Legendre polynomial.

It is quite understandable that there has recently been considerable

interes t in theore tical and experimen tal studies of and and their rela tionship

in liquids. For small angular step reorientation in the rotational diffusion

• limit (T
3 

<< T
0
) Hubbard has derived the relationship between and t~ . Gordon

removed the restriction of small angular steps and propose~1 a gene ral ized ex tended

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 T
0 

and T~ 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 T
0 

and i~~. The pressure

dependence of the deuterium and fluorine NNR spin—lattice relaxation times has

been measured in fluorobenzene—d5 in the temperature range frcn 30° to 35O~C.

in agreement with out earlier work the extended 3—diffusion model described

well  the reor ienta t ion cf the fluoroben zene— d 5 molecule  even for  large values

O o f i ~~.

2.2 Benzylcyanide - 

- 

-

Nuclea r magnetic resonance re lax at ion rates have been successful l y used

to stud y the anisotropic  reor ienta t ion of molecules in the liquid state, it

—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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has also been shown that applying pressure to a liquid can have a lar ~’.~ ef ect

on the rate of overa]l molecular reorientation. As part of our broader ft..- st Ig~a—

tiort s of the dynamic s t ruc tu re  of molecular liquids we became interested in the

problem of pressure effects on the in tern al mo t ions of gro ups wit hin  a ~ohL- ule

in the liquid state.

In this work the deuterium spin—lattice relaxation times of the tho

selectively deuterated benzyl cyanides, benzyl—4—d j cyanide (I) and ~~i-did~ut~ r to—

benzyl cyanide (I I ) ,  wer e measu r ed as a function of p r~’ssure. The rolax ;ition

time of I gives a measure of the  overall  r eo r i en ta t ion  of the molc -ulc , whft e

the relaxation time of II reflects both thc- overall te ui ~r ro- ’r ientati~
,
~’ and

the internal rota t ion of the CD2 CN group. Using r ep o r t e d  deu te ron  qua dru p o le

coupling constants, the experimental spin—lattice relaxation times , Tj, were

analyzed in terms of the rotational diffusion constants for overall molecuLr ,

DM, and internal, D1, rotation. The activation volumes for DM and D1 were

calculated . The results reflected the difference in frictional torques coaaect~ J

with the overall and internal rotat ion 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 mono sub st i tut ed  benzene5

were examined. This series of molecules were chosen in an a t tempt  to coapare

the effect of shape (i.e. substituent group size) with the predictions froa

hard sphere theory. Since the hard sphere model is only strictly app licable
-

‘ - - 
to an assembly of hard spheres , one might expect that  as a molecule becomes

more asymmetric , the model may fail in its pred ictions .

These data were first analyzed in terms of the rough hard sphere model

of liquids.  This theory has been de scr ibed in Sect ion 1.1, for diffusion.

Basically this model approximates the measure d shear viscosity by 
~RHS which

is equal to a constant c times the viscosity 
~~SHS~ 

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

-_-~~~~~ •-- ~~ •— - -- — •--- - • • - — - — -

~— L~~’~I - .‘ — ~~~~~~~ -~~ - ~~~ 
—
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is that in all cases, at high densities (pa 3 > 0.95), the model predicts a much

higher value for viscosity than is experimentally observed. This nay be attributed

to the fact that the hard sphere fluid is metastable at this density. The

second conclusion concerns the constant c, 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 c may be

related to the non—spherical nature of these molecules. The trend seems to

indicate that as the molecule becomes more asymmetric , c changes more with

temperature.

4. Laser Raman scattering studies

Use of both NMR and Raman methods provides independent means for obtaining

T
3 

and T02 . The tetrahedral spherical top molecule CF4 affords an excellent

system to study, since one can determine T~ by the F’9 nuclear spin—lattice

relaxation and T0 2  by analysis of Raman band shapes. As discussed in Sections

1.3 and 1.5 the in CF4and its binary mixtures with inert gases have been

determined by NMR.

The availability of both and T
0 
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:

...~~~~~~~. 
___



i) High pressure NNR 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 NNR.

6. List of Publications

Acknowledging for AFOSR Support:

“Molecular Motions of Fluorobenzene—d 5 in the Dense Fluid Region”, J. DeZwaan,
R. J. Finney, and J. Jonas , J. Chem . Phys. 60, 3223 (1974).

“Effect of Pressure on the Overall and Internal Rotation in Liquid Benzyl
Cyanide”, J. DeZwaan and J. Jonas, J. Phys. Chem. 77, 1768 (1973).

“Nuclear Magnetic Resonance Relaxation Studies of Reorientation Motions in
Liquids at High Pressure”, J. Jonas, J. DeZwaan and J. M. Campbell,
proceedings of the conference “Molecular Motions in Liquids”, Societe
de Chimie Physique, Orsay, France, 1973 pp. 359—370, D. Reidel Pubi.
Co., Dordrecht, Holland 1974.

“Experimental Evidence for the Rough Hard Sphere Model of Liquids by High
Pressure NMR”, J. DeZwaan and J. Jonas, J. Chem. Phys. 62, 4036 (1975).

frNuclear Magnetic Resonance at High Pressures”, J. Jonas , Ann. Rev. Phys. Chem .
26 , 167 (1975).

“Density and Temperature Effects on Motional Dynamics of SF6 in the Supercritical
Dense Fluid Region” , J. DeZwaan and J. Jonas, J. Chem. Phys. 63, 4606 (1975).

“Density and Temperature Dependence of Self—Diffusion and Shear Viscosity of
• Perfluorocyclobutane in the Dense Fluid Region”, R. J. Finney, M. Fury,

and J. Jonas , J. Chem. Phys . 66 , 760 (1977).

“Shear Viscosity of Monosubstituted Benzenes in the Dense Liquid Region”,
- R. J. Finney and J. Jonas, manuscript in preparation.

“Density and Temperature Effects on Angular Momentum Correlation Times of CF4
in the Supercritical Dense Fluid Region”, M. Wolfe, R. J. Finney , and
J. Jonas, manuscript in preparation.

“Effect of Neon and Argon on CF4 Relaxation in the Supercritical Dense Fluid
• Region” , M. Wolfe , E. Arnd t , and J. Jonas , manuscript in preparation.

“Raman Study of Rotational Motion of CF4 and CF4—Inert Gas Mixtures in the
Supereritical Dense Fluid Region”, H. Schiemann , M. Wolfe , and J. Jonas ,
manuscript in preparation.

— . _ _

~~~~~~~~~ • ‘_~~. -.—-•~~~~— - - ‘•‘~~~~~~~
•- — —

~~~~~~
— - —.  - — --

~~~ 
—

~ 

~~ — .— - ~~~~~~~~~~~~~~~ 
_ •~~~~~~ _ • _  - _



-12-

7. Ph.D. Thesis
Dr. Jack DeZwaan

“Determination of the Effects of Density and Temperature on Molecular Motions in
Dense Fluids Using High Pressure NNR”, University of I]linois , Urbana , Ill.
1974.

Dr. Ray J. Finney
“High Pressure NMR Studies of Transport Properties in Dense Fluids”, University

of Illinois, Urbana, Ill. 1976.

.
~~

4- -

1.

— ““ ~~‘ 
~~~~~~~~~~~~~~~~~ 

• - . ~~~~~~~~~~~~~~~~~~~~~~~~ 
, - - — - — - • -...—.—-.---—--—-——- — • —• — - - -

~~~- 
--
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

•
- 

%.~_ -~~~~~~~~--~• 
- 

- - — 
•
~~~~ - ~~~ —--- - — - - --“ 

•. 
— -



1.4 I I I I

CF4 298° K
12 cr 4.15$~

•

LO~
Effect of

0 Attractive Forces ~~~~~~~~~~

.8

-) O6~ b 0.621 for P>2Pc(Repulsive Forces Only)
0.4 •Dilute Gas Values 

-

•Our Data
0.2 - 

- 
-

i 0 __________________________

0 2 .4 .6 .8 1.0 14 1.6

Density (g/cm3)

~
1
, f~I,

Fig. 1 Density dependence of coupling parameter b upon density in
CF4 at 298°K.
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