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=+ The enthalpy change of the 1

\ {

?} " _ABSTRACT o
) . , —_— o .
The transrtlon between phenol I and, II?;as been

studled below 0°C. The results show that phendl II cannot.

_be. prepared from phenol I below about 1309 bar. At atmos—'

R

*

pherlc pressure phenol II verts to phenol I at -48 = 2°
33\\ I tran51tlon at one atmos—
-phere is 0. 43 + 0. 099kcal/mole. Quenched samples of nhenol II
‘were prepared .and thelr X-ray powder dlffractlon pattern at.
-l90°C and atmospherlc pressure is reported : Thls dlffrac-i
" tion pattern can be fully. 1ndexed u51ng ‘an orthorhomblc unit
cell whose dlmen51ons are a = 10.59': 0.01 A b =46. 31 s
0.02 R; c,= 17.39 i.0.02 A ' The x~ray powder dlffractlon pat-
htern for phenol I at —190°C was measured The orthbrhombic
~unit cell parameters at —190°C are a:évG.OO't 0.02 A b —vt'
t8:91 * 0.03 A and ¢ = 14.59. N 0 03 A Acompared w1th the

:prev1ously ‘reported values of da =_6.02‘t 0.

2 A, b = 9.04
'+ 0.04 A, andc = 15.18 + 0. 04 A at. 20°c.c)
1llt1es of poly e

-
\

crystalllne phenal I '‘and II were measured in a plston-cylinder~

TheCyolume compre551ons and compres

pressure vessel at lO°C and pressures up to 3 kbar.~ Therexj»

'pre551on obtained" for the compre551on of phenol Iis

'3V 2»821 x 1079 p2 + 2375 x 1075
o ] .. e S

and, for phenol II,

-av -1o0. p2 + 1. 1291 x 16 5p + 0. 67391

v_

= —6.735 x 10
o . .

- where P is the: pressure in bar. The dlelectrlc constants

of phenol I were determlned as a functlon of temperature



- h Y . ‘ R - o . N . .
and  pressure from,—lb°c to 35°C‘1n a coaxlal dleiectrlc ceIL.2,
“y

The expre=51on for the pressure dependence of the dlelecttlc

A\
constant at SO kHz and 10°C is \ . o
e' = 8824 + 4. 4278 x 1072 p - 2. 9302 x 10 992

-ﬁ;

At 10°C, and 2° kbar the 50 kHz dlelectrlc constant of phenol

'II was found to be 3 10 + 0. 06 from measurements 1n both V%L'T'Wﬂhz
S

'coax;al and,parallel plate dielectric cells. The den51ty de-
: ’ ‘u,'}'_fj.'." :

vpendence of the molar polarization, P, of phenol I between
0 and 1500 bar at 10°C was. found to follow the relationship

Flcm3)‘= 20.30 + 11.75 V/V_. At 10°C and one atmosphere, the'
. I
electronlc and atomlc polarlzatlons of phenol I are 26 91 &

.0~30 cm3'and 5.14 0.40‘cm3, respectively, and the molar

polarizatioh of phenol II at 2 kbar and lO°C is 30 75 0 50

‘Cﬁa.ﬁ Nelther phase shows s1gns of dy&gmlc orlentatlonal dls—’
order. The propertles of a trans1ent double dlelectrlc dlS-«“
.fper51on which appeared durlng the I -~ II trancwflon were

- ")v

studied, and the apparent enthalples of actlv;‘ on for each

dispersiOn were obtained. The dlsper51ons were attrlbuted L

‘w'a
- .

'pto the effect of -npurltles precipitated: durlng the tran51tlon.
“The statlc dlelectrlc constants of{carbon tetrafluorlde,.’
‘chloroform, dlfluoromethane,.and methyl~fluoride~were~mea- |
Sured'at temperatures ranginﬁ from their melting points to .
thelr normal boxllng points under the saturated vapour pres— . !
}sure of the llqulds.: The molar polarlzatlon of carbon tetra- <<i;
fluorlde agrees with that of the gas phase to- w1th1n exper—l
1mental error. The dev1at10n of the dlelectrlc constants

of the polar fluoromethanes from the values predxcted by the

h.Onsager equatlon cannot be fully due to the E;n—spherlcal

wvi
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Prsface

‘The purpose of thlS work was £0 gbtain physxco—

. chemlcal 1nformat10n about the polymorpnlc modlflcatlons of

molecular crystais under pressure. It was flrst necessary
to establlsh the apparatus and methods for the’ measurement

of dlelectrlc constants, ohase tranSLtlons and compre§51b1—

Flltles under pressure. These techniques have been

valuable in elucidating the-properties,of the solid

polymorphslof compounds (l 2), mOst notlceably the ices"

(246). They were deemed to be de51rable addltlons to tne';
spectrosc0p1c and x-ray’ technlques which are already belng
usec in thls laboratory (7-9) and whlch are partlcularly
sultable for the study of nigh pressure phases that are
metastable at atmospherlc pressure below about —120 C (10

ll). . The polymorphs of SOlld phenol were chosen as

sultable systems on whlcn to apply the above techniques”

J \TOr reasons ‘which are outllned in Sectlon 1.6 arfd the re=

lsults obtalned from this wqu are presented in Chapters 3

to 5. Chapter 6 presents a study of the ,static: dlCleCtrlC

N

‘J

y.constants of the fluoromethanes in the llqu1d state, which

v

‘;Was carrled out at the suggestlon of Dr. G. % Freeman who,

~in’ the course of ‘his own research,program, became aware

that these values had never been determlned - The results

were treated u51ng exten81ons of the Onsager equ%tlon whlch'

are. dlscussed at some length 1n Section 6.1.

1

e : i

viii
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- In a

more than one quantity but the context orf their usage‘*\\u/f

should prevent confu51on netween anyvsucn»symools

-

5 = -1V, (av

. i.e. the capacitance of an evacuated
;dielectric cell. .

Symbols Used In This Work 4 ; . o

C" are the real and imaginary components of C

‘substituted for- ef when r" =.0.

w@ r s ’

few cases the same symbol is used to déqste
!

distortion polarizaoility at tne Irequency inv
‘question.

electronic polarizability.' o | ‘ \

atomic polarizability. . T O

/BP) Lulk compre551b111ty. ‘ -
|

the cell constant or geometric capacitance,

|
-the complex capac1tance of a system C' and }

denSity (g/cqy) R | | ﬁﬁ

-,the complex dielectric constant (complex
‘relative permittivity). ='‘ (the dielectric -

constant or permittivity) and =" (the
'dielectric loss) are the :real and imaginary
-components of e*, ¢ is occaSionally '

_he low frequéncy limit of thevdielectric
consant. : B <
" the nlgh frequency limit of tne dielectrnc
constant : ,
the permittivity of free’ space (8"@4 ble 10 -l2
farad/m in the rationalized ‘mks ‘system, 1 )
e.s.u. 1n the cgs electrostatic system). In

the cgs system the perm1tt1Vity of a material,

"Eg €', is 1dent1cal to its dielectric

constant, .a'.\i»
the fréquenty‘in Hz unless otnerwise specified.
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G
GO = 1lim G

w+o

“d .
J = ,)/_‘.I .
M

.l

.

pmho

pf

‘molecular wéﬁﬁﬁh .é).”
. the complex“refrs

. are the

quéestion, B

atomic polarization.

picomho.

2
: Y " i . B .
. . h i . A e : .
. B B Iy . X oo .
: . B Tl @
. , . . . s )
~ 2 - A" .o N :
+ . * . (G ) Y . s
R . 3 . oo

< : »» S

. g
electrlc-coﬂhuctance. e ( ;

‘D.C. conduqtance.[

{ ’ ? -

b ST
specific electric cdnductance.

Cole-Cole di'stribution of. relaxation time

parameter. s el

1

N
v

prtive index.  n' (the
refractiZe index) and n" (the aosorbance)
eal amd imaginary components of n*,

Avogadro's numbeéer.
. ) : ‘ R : e
Pressure minus ambient Pressure  (bar)... Tne
term 'one atmosphere' is bften used in the.
text to denotg-ambient pressure (P = 0).
molar polariii;ﬁon at the frequency in‘f_:

,El_l) M - _ u

~ . ’ v K

electronif polarization. v - )

picofarﬁ%ﬁ.

dipole moment (in Debyes).
volume . .
-

the angulér ffeguency‘( ad;/ééa); “ = 21f,

- X1
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‘Chapter I\\VIntroduction

Part I of this the51s presents a study of several
'propertles of phenol under pressure. The volume compres—
51on and compre551b111ty of phenol in phases I and II at
leC and at’ pressures uﬁgto 3 kbar are discussed in
Chapter IIi Chapter Iv. presents the pnase diagram of
'phenol below 0°c at pressures up to 3 kbar, and powqer X
ray dlffractlon data for phenol I and ITI at 1 atmosphere
and, 190°C The dlelectrlc constanés of phenol I and II
and thelr varlatlon w1th temperature and pressure are
vpresented 1n Chapter V. The experlmental methods are
descrlbed in Chapter II Slnce many of these toplcs and
methods requlre very llttle 1ntroductlon, Chapter I is -
largely conflned to the: dlscu551on of selected aspects of
h the measurement (Sectlon l 1) and analy51s (Sectlon 1. 2)

)
of d1electr1c data, lncludlng commonly encounter d 4

¢

'dlfflcultles (Sectlon 1. 3), and a general account

fuphase
' tran51t10ns w1th empha31s on order -disorder tran51t:b

and hystere51s phenomena (Sectlon 1.4). A llterature
’ c

l survey of prev1ous studles of the phy51cal propertles oﬁ¢
0

H~'phenol (Section 1. 5);¢and a statement of the ob]ectlves of

~thls work (Sectlon 1. 6) are also 1ncluded.f'

P

l 1 Capac1tance Measurements at’ Audlo-Radlo Frequenc1es

Thls sectlon presents a dlscu581on of the equatlons
Q

by whlch the real and 1mag1nary dlelectrlc constants of a
Sy .

N
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serles, as a series equlvalent CerU.J.t or in par

mater1a1 .may be obtalned from measurements of the capacr—

tance and conductance of a capa01tor whlch contains the

materlal in questlon

J

An A.C c1rcu1t contalnlng a real capacitor can be

represented by a pure resistance and a pure capac tance in

~ a parallel equ1valent circuit, since the two situations

cannot be distinguished.by one'measuremeqt, In order‘to

simplify the analysis of these c1rcu1ts, the impedaucevis
commonly expressed as a complex: number (12 13) .

In the case of the serles equlvalent circuit (Flgure lA)

*
the complexilmpedance, Z , 1s given by:

'z =R+ jxs,vfwhere.‘RS =»series resistanee: _.”.[l;i]
; o B lxs = series reactance =_-i)wcs.for
o ”'capac1tors
- J ) = 'q

In the case of the parallel equlvalent c1rcu1t (Flgure lB),

~the complex 1mpedance is a compllcated functlon of the'

resistancey Ré,'and the reactance, Xp; and so the reeipro—

t

* , _ » S
cal impedance, Y ,.1is used for mathematical convenience.:

Thus |
: : * ., . % ] ‘ ~ - * .
A Y =G + jB, where Y = admittance = /72 - [1.2]
‘G o= conductance_=_l/Rp
B '= susceptance =_-1/xp =_+mCp

- for capacitors

~
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. Series Eguivalent Circuit

—
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. Parallel Eqguivalent Gircuis

B

e ]
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In thié work,“the terms conductance and susceptance refer

. only to the ‘parallel equlvalent c1rcu1t as deflned above
The phase angle, '8, between serles resistance and

1mpedance, or between conductance and admittance ls‘

1ndependent of the c1rcu1t descrlptlon and is . glven by the

expre551ons .
: R T * v ’ ) o
, ® = Cos l(Rs/[Z ) for the series eguivalent circuit,
and E R
| "’l |. *1 ’ B . . ". . R )
@ = Cos " (G/|Y ;) for the parallel equivalent
circuit.

vThe dissipation~factor,»D, of the A.C. circuit is defined

to 'be the cotangent of 9 and hence it is alsoyanoependent

'{/ i
of the formallsm used to descrlbe the 01rcuuﬁ .Thus,“

14

- for the serles_case '%“

- T G
o D = co; e ='§ani6.; R./X

wheré‘ . '

s =1/2 -8, [1.3]
" and §

D= cot @ = G/B
'for'tneppa;allel case.
~In the se:ies_eqniValentdcaSe "

BT ) S v _ e
while in. the parallel equivalent case - T

bdD'é G/wC - - ' e ‘ .d ' [1.5] .

=¥
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'From expressions [1;1], (1.2}, aud [1.5]), it may be shown
‘-. ‘that:' . B i : I/'f/ '

"c =,Cs/(1+D2) J o ) R .[1.“.

and 7 |
| 'Rc'—R(l+'Uz)/
P s |

In d1e1ectr1c th‘orx, in order to avoid the use of
|
[ ¢

anlequivalent 01rcu1t (t is convenlent to express the
capac1tance 1tself as a complex quantlty as shown in
Flgure 1c, i. e.
B . ‘ ' ' ‘ - m 'y
cC =c¢' - jc~., . : . o ‘ (1.7} .
From either equatlon [1.1) or [x. 2], thlS ylelds
S * ;
A =_,—J/(mC) =1/Y S0
and hence, - )
Y = wC" + juc' =G +'ijp.
k7Byuequating real and imaginary. scalars,
ct=c_. - [1,8]
p . B . D !
C* = G/w . ‘ - ; v [(1.9])
fFrom,equation [1,3],

D‘:_C'/c',‘ | R = o o 1 . r '[1r10].

The General Radlo 1615A transformer ratlo arm capac1—
tance brldge (Sectlon 2.4) can be used to measure elther D
dﬁh C s’ or G and Cp at a given frequency.. These canube
) readlly converted to C* and C' u;iug equatithvlisﬁl, end‘

[l 8] to (1. 10]. If callbrat;on of thewdielectric cell



has .shown a lead capacxtance to ex1st thlS capac1tance

may be subtracted dlrectly from tne observe@ value of Cp

'to yield Cp for the cell 1tself since the geometry of most
~cells puts any lead capac1tance in parallel thh the capa-
01tor plates of the cell. The value‘of the lead capacitance
is determined byfmeasurin§7§he total capac1tance of tne S
’leads plﬁs the cell,-fllled'with two samples of known |
dielecttic;constant, al, (see below) of which one @s usnally _

-air or a,vacuum."These'measurements give
~ ‘ | L
‘o - .' . ) ’ . ' -‘

Cp‘_ € CO + CL ) | | [lﬂll]
for two values of ¢! and Cp' where CL is tne lead capaci—h
tance and ¢' and Ca are defined-below.' Co'and~CLrare then
- determined by.solving the two resultlng llnear equatlons
The complex dlelectrlc c0nstant of a dlelectrlc

. *
‘material, ¢ , is deflned by the relatlonshlp (14)
E = ¢' - ‘j;"'= C /Co S . . Il.l2]

where/gg, the cell_constant, 1s the real'capacitance_Of

hthe empty cell, jFrom»equatiOns [l,7],d[l.9]“and>[l.12];
-e',f cr/ey L sn=ec /Cq = G/wC), {1.13]

€' is referrdé/to as the dlelectrlc constant ‘or relatlve '
'permltt1v1ty, whlle s" is’ commonly called the dlelectrlc
... loss. The conduct1v1ty, @,’of a dlelectrlc may . be calcula-

ted from the conductance and the cell gonstant by the'

./



relationship (15),

o (umho/cm) = 0.6@854 G (umho) . - : [1;141
o A o
.Thus the dielectric loss, t", is related to:the conduCtivity
' through the proportlonallty 5_ ‘%.

ke

1.2 Dlelectrlc Constants and Relaxation _ e .

For all SOlldS, the dlelectrlc constant, €', is

r

greater than about 1 5:at frequenc1es%?elow 10l cfl

Furthermore, if nd mo;ecularﬂdlpoles in the soXid are re-
‘.‘orienting,jno dielectric loss will be obsefved‘until‘ at

'low frequenc1es, the presence of ionic 1mpur1t1es causes
an 1ncrease in g" .with decreaSLngafrequency, i, e. ¢" =0
'except for the effect of 1mpur1t1es. If the crystal doesaj

" contain reorienting molecular dipoles, diéleétric loSsgwill
/
‘be observed at about the\frezxency at whlch the reorlenta-

—

tLon of the dlpoles takes pl ce. These reorlentatlon

J ,
processes are relaxatlon rather than resonance phenomena
and, as such, their rates decrease w1th decreaSLng

‘temperature. The dielectric cOnstant e, increases ‘with

4

decreaSLng frequency through the reglon in which e" is not 4

;zero-and €6 and €' are deflned as the 11m1t1ng values of g"
to low and hlgh frequency,'respectlvely, of the relaxatlon

‘ process, Systems in which these phenomena are obseryed are"

said to exhibit dieiectric‘relaxation and/or dielectric

‘ . . - -
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. dispersion. Slnce&the dlelectrlc loss ls a measure of
1 - ~

the energy absorbed by the system, dlelectrlc relaxation

e

studles are, in effect, spectroscopie-studies of the re-

. [98

'orientation processes. Sectionil. a/dedcribes how the
‘1imiging“highrfrequency dieleCtric‘const%nt, eé,'islrelated ”
to the molecular polarizability thgough\the Clausius7 |
'ﬁossotti equationry'The,equations‘which‘describé'the
i?terdebendence'of e', €", and frequgncy, are‘discussed in .
Section l.2b, along with practical methods of analyzing
'dlelectrlc relaxatlon data. Experlmen al values of €, may y

-

- be related to the magnltude of the reo 1ent1ng dlpole R

moment by the Onsager equation and bther related equat;ons.
‘These are only pertinent to Chapter, 6 of this'thesis and
‘ . N . o S T ;

are‘preSented‘in Section'6¢l-» AR ’.-,f,;~‘

N\,

1.2a ‘The Clausius—MoSSotti Eguation
| . The macrosc0p1c dlelectrlc constant measured to
hlgh frequency of any dlelectrlc relaxatlon processes may
‘3be related to the polarlzablllty of’ the molecules in the\
‘materlal a% the frequency in questlon by the’ Clau51us— |
. A

_Mossottl equatlon (16) - This equatlonvtakes»theyform

) ‘ Lo ’ Co . - .

€' -1 . M _ 4 - = - [X.15]

where



'ﬂ_ assumes the fleld resultlng from molecules in this reglon')

N = Avogadro's nunher R ":' L e
a = molecular polarLzablllty |

M = molecular welght

nd = den51ty

P = molar pglariZation

The’ equatlon assumes the valldlty of the Lorentz expre551on4'

(16,17) for the local fleld actlng on a molecule. Tnat is;
.

it assumes that the molecule re51des at the centre of a

. macroscoplc spherlcal cav1ty in the dlelectrlc and that ‘the

fleld actlng on 1t 1s due to the charges on the capac1tor

‘ plates and thelr adjacent dlelectrlc surfaces plus the

polarlzatlon charges on the spherlcal shrface of the

cav1ty. Although the cavity 1s b led wath materlal havxng

the bulk dlelectrlc constant ‘the Lorentz expressxon

:to be zero, an assumptlon which is only valld for 1deal

: gases and cublc SOlldS (16 17) ~ It should be stressed e

that ‘the values of P e' and.a are all frequency dependeﬁt

_If s' is. measnred to low frequency of all v1bratlonal

tranSLtlons but to hlgh frequency of;any dlpolar reorlenta—
tlon (e' = cm) the molar(polarlzatlon whlch appears 1n
the ClauSLus-Mossottl equatlon 1s the sum of the atomlc

and electronlc polarlzatlons, P + P (18 19)

~ :
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4 . 4

~The Lo: nz—Lorentr equation (18) is ide tical to
equatiOn [l 15 except that, from Maxwell s equatlons , the
square of the refractlve 1ndex is substltuted for e'. It
is useful for calculatlng the molar polarlzatlon whlch
results from electronlc transitions only (Sectlon 5.6).
The atom1c<polarlzat10n, ?é, can be determlned elther from
the Lorenz—Lorentz and Clau51us—Mossott1 equatlons, or by
a Kramers- Kronlg transformatlon (21) of the infrared
,absorpt1v1ty measured over a frequency range that 1ncludes
all the v1brat10nal tran51t10ns

Although the molar polarmzation is.often assumed to
be 1ndependent of density (22 23), thlS assumptlon may be

lrendered 1nva11d by changes in the molecular polarlzablllty

wlth elther temperature or. pressure (24) A more fundamen-f.‘

tal error arises from the use of the Lorentz expre351on for
gthe local field, because 1t assumes that the fleld arising
from nelghborlng molecules is zero. ‘Thls‘assumptlon is
g.certalnly not valld for non cublc sollds,~real gases, and

- llqulds beca&%e the average fleld is. not zero. It;;s notj

This substitution is valid only if " = 0 at ‘the frequency
rn question XZQ)gsince'strictly g* f-n*z,‘where~
'Vn?,= n' +'jn“, and hencth':= n'2 - n‘"'2

tandﬁc" = ZnFn“.



11

Y

strictly‘valid-even for ideal gases and cubic'sollds for
whlch the average fleld is zero, because the 1nstantaneous‘
fleld actlng on the molecule in questlon is non-zero due
‘to thermal motion (24) Several correctlons to the
Clau51us-Mossott1 equatlon to allow for the effect of the
lthermal motlon in llqulds and gases have been suggested
(24_28), but no such general correctlon can be made_for
solids'and the equation’is used in its»simplest”form,l:

equation [1.15], as a‘firstﬁorder,approximation.

1.2b Dielectric Relaxation: The Debye and Cole-Cole
Equations :

Dielectric relaxation inﬁsolids may be characterized
by one or more relaxation times which are related to the

frequencies at which the molecules reorient In many

systems . the 1nterdependence of s' 'e'; and frequency is

‘

"re 15€ed to the macroscoplc relaxatlon time of the system,

by the Cole—Cole equatlon (29),

e’ 475‘-;,'= (e, — e )/[1+ '(jm'o)'l‘h] “i ' [1.16]

’where w is the angular frequency of measurement €. isvthe

complex dlelectrlc constant, €6 and E are the 11m1t1ng

-4

statlc and hlgh frequency real dlelectrlc constants for the
’ process in questlon, “and h descrlbes the range of To

values.v The values of Co and €, may be related to P

it 8
Hi

i molecular parameters by the Onsager and Clausxus—Mossottl

.
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equations, reepectively (Secthns 6. l‘and 1. 2a) The
v'relaxation time, IO; s that of the macroscoplc 'system and
it must be related to the ac: ual molecular reorlentatlon
time by an apprOprlate model . There are a number of

'sultable theorles but 1o generally lies witnin 3

o
[t

The |

O

} 'Fn

aa

4

~
<+

’u

‘moleCULar reorie ntatlon tlne_(30); The parameter o
cateslthe spread of'the reorientation timee of the system.
For the spec1al case when h‘; 0, the;syetem‘is characterleed'
by a 51ngle relaxation time, Td, andAeQuatiod {l.6]freduces
to the Debye equatlon (31) If h £ 0, the system contains

-a symmetrlcal Cole -Cole dlstrlbutlon of relaxation times,

of which IO is the mean; the'larger h,:the broacer the |
distribution.” Such a SLtuatlon would arise, for lnstance

1f & single molecular reorlentatlon proce ess were occurrlhg
in a number of dlfferent envlronments,_dlStrlbuted eymmet—

'rlcally and contlnuously about the most prooao‘e

env1ronment to'ls reldttd to the first—order kinetic rate
. :

constant, k, by the relgtionship s = l/x ana thus may be

readlly'usedv': the . ﬁyridé (32) or Arrhenius (33) equatlons
to calculate thermodynamlc actlvatlon parameters - '"',6?
thn experlmental values of 5',and e", measured'at-
a varlety of frequenc1es, are plotted on an Arganu olauram
the olot takes ‘the form of a sem1c1rcular arc. whose tentre"

/

‘is depressed below the real axis by aﬂ;angle’h"f”;' Suchfa

\c’

plotvrs alled azCole- Cole plot ?Flgure 2 ‘shows tolc~Colc'

B



A. Debye Relaxation

f )

o]

' C. A Cole-Cole Plot

‘B,;COIe—Cole'Relaxation

" hn/2

Figure 2. The Debye and Cole-Cole dispersion relationships

and a Cole-Cole plot of-each. The upper and lower semi-
circles in ‘the Cole-Cole diagram represent plots of the

Debye and Cole-Cole relationships respectively.
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plots for Systems whlch exhlblt Cole-Cole ana Debye

relaxatlon and also shows the frequency depenccnce of &' and

«" for the two types of relaxatlon.'*ho, sm, and h can be

determlned from a Lole Cole plot Dy algeoralcally bisecting

W |

[

chords drawn begween pairs of ‘data pornts and averaging

tne points'of intersection of ‘all the bisectors to ebtain‘
e } :
tﬁé centre Qf ¢he semicircle, and then determining the
_ a?érage’radips. Because”frequeﬁcy is‘net_oﬁe of the
Jvariables pletted;116VEannot be determined directly‘from‘
theaCole—Coie plot aﬁé cher‘treerments must be used.

. Three_well defined procedures are discussed'below.

o May ke determined from the relationshif (29,34)

P o ' ' : ' ‘ '

v/u = (“fo)l-h‘ K S - {1.17]
where u and v’are'the.chords defined in Figure 2, by piot—

‘tihg leg(Q/u) vs{-IQQQ and notiné the intercept. - Obviously
h may also be . detern1nee *ron this graph, bgt>it nas eeen).
found - (reference 3% and - thls uorn) that_tneAdata~caﬁ,alwa§s
: B - -

‘ be&fltted by assigning h- the value determlnea rrom tne Lore—

‘Cole'plot'and if thls'ls done the . s values so bbtalned
are more C 1stent W1th those determlneo by other metnoas< -

descrlbed be ow..

1, may also be calculated from the eguation

| Sad
.
e
Ul
N

cosh™l(en/e™) = ' In(w/uy) I L



axis at w = w

‘tlonshlp may be non llnear at poxnts far removed from w

- (36) and using such'po;ntS‘ln a curve fit wlll yield

15
- R : : ' . . ()

Wwhere €q 1S the maximum observed imaginary dielectric
constant,and occurs at frequency,wM(wM = 1/10), andle"iS’

the 1oss-at'frequency w. This equation is derived'from»the

' Fuoss-Kirkwood relatlonshlp (7) which is 1dent1cal to the
.Cole-Cole equatlon at frequenc1es near that of maxlmum’,

%fabsorptlon (8) v“'ls kn0wn from the fltted Cole—Cole pl$t

M

and a~910t of Cosh (e /e") against lnw 1ntercepts the lnm

M; i”e. at l/T . h' 1s an arbltrary constant,
SLmllar to but not necessarlly equal to h “The cosh™ (eM/
e") vs. lnuw data should always be plotted rather than 51mply

belng treated by numerlcal curve flttlng 81nce the rela-

M

erroneous valueS'for'mM.

Another method of calculating To has been formulated

~by W1111ams (37), who derlved the expre551on

el = e R : N
w? = | o - "Sintiﬂl, - cos 2L Lo [E.19)

r.where n = 1- h if the dlstrlbutlon of relaxatlon tlmes

4

follows the Cole-Cole expre551on. A value.of n is chosen

_by trial and error such that a plot of w" vs; (eo - €')/fe™

'glves a stralght llne of slope (81n nﬂ/2)/r n._and-_intercept‘

goos nn/2)/ro no
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relaxation time of the ith dlsper51on,iand n is the number

16

A ;

~In the case where two distinct reorientation proces-
ses are occurring concurrently, the system would best be
descrlbed by two different relaxatlon times rather than by

a dlstrlbutlon. The'locus of two orfmore simultaneous

Debye relaxatlon processes is given by the expre551on (38)

. N ‘n B . .
L . . . . _l L
. — i | — . .
et — e, = & (e, - e (143 Wt ) [1.20]
) 1=} . ' . .
: /
hence,
. n g AR -
o e . +
e = e, + 2oUA (1 + w27l [1.21]
. @ i R (oD § o .
'-lFl e } } .
and ‘ L
‘ n ‘ v v \ 2
w . . ) 2.2 -1
€ = i\f; ATy et T
»where Aivé eiél“; €; 1is the.amplltude and Toi is the

of reorlentatlon processes. A typlcal Cole—Cole plot of
two such dlSp&ISlOnS is shown in Flgure 3 Obvrously the'

frequenc1es of max1mum dlsperSLOn ln ‘the- observed Cole- Colel

plot do not correspond exactly to those of the 1nd1v1dual

Q

-‘dlsper51on plots. Resolutlon into separate Debye'dlsper—'

sions is only possible lf a complete set of accurate data

1s avallable, as dlScussed in reference 38,L and becomes

progre551vely more dlfflcult as the separatlon between'

”relaxatlon_tlmes-decreases.

T These equations are given incorrectly in reference 38.
e equati v . boonreenee =2
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Figure 3. The Cole-Cole plot of a resolved dispersion

(taken fron reference 38). ‘Numbers beside points indicate
. theé frequency in KHz. The open points show the dispersion
resulting from the superposition of two Debye dispersions

(2g= 12.00, £1=6.00, €,=c,23.00, T11=2.00x10"% sec, ts=
2.00xI07> sec. The other points,show_the_results,Of
resolving the above data into tw? dispersions using the
method presented in reference 38, I :

\ S
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1.3 .Dielectric'Effects'Resuiting from Impurities and
S

.Sample.Inhomggeneity

Impurltles and 1nhomogene1t1es in- dlelectrlc
samples can cause compllcatlng effects ‘which must be .
- - treated before the 1ntr1n51c propertles o‘Atnevsanple caa’t
be determlned us1ng the metnods clscusseu in Sectlon i. 2
In thlS sectlon, those effects whlch are commonly encoun- ,

‘tered are dlscussed and methods of correctlng for them are

:1nd1cated where p0551ole.

l.3a  'D.C. Conductance ana Electrode Polarization

The presence of uniformly dispersed, mobile, charge
carrying impurities in a dielectric'gives;rise to a
'conductance, Gb,.whlch is essentlally 1ndependent of

/Tfrequency and whlch 1s called the D. L conductance (39).

v

;Slnce e" = wL Sectlonwl.l where €" and
‘app p(41/4C, ¢ o) where €7 5pp anS

Gap (w) are the apparent values of <" and conductance,

and since Ga —(w).= G, + G.(w) where G(Q) is the intrinsic

ductance, the term G, causes.a sharp rise in E"app with

~decreasi g frequency. GO can be evaluated i1f <" can be

,),

app
'measured to \ frequency”of any i ri?Sle conductance,

-‘ ! ) .A_ R . . - B . ) { .
‘since E"WCO»$S cORstant \and egua to Gf in reglons where.

the intrinsic conductapce is zero.

a\
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@
In practice, G is,usually determined as the low
. o 8 :
frequency limit of E-appwco’ Corrected values of e" at any
frequency are then given by the equation
€ =‘(Gapp(w) - Go)/wCo : - [1.23]

where values of.G and Co are in_units of.pmho and pf,
reSpectively, -
.Curves'h of‘Figure 4 show conductance data and a
Cole-Cole plot uncorrected for the cell constant (i. e; a
plot of C* vs. c") that are seriously perturbed by D C.
,conductance. Tne sample was hexamethxlene tetramine
hYdrate that was‘prepared (9): from triply distilled‘water
which was not freshly bOiled to remove carbon diox1de.

7!1"1

The* results were obtained durin? ‘the present work using

the parallel plate dielectric cell (Section 2.5b) at -18 4°C - -

h and_803 bar, It was/not p0351ble to correct this data for
o the effects of D.C. conductance by rigorous methods |
because conductance values were not measured at suff1c1ently
= low frequenc1es, and so a value of 1.2 x lO7 pmho was |
_arbitrarily assumed for” the D C. conductance.: When this

D. C .conductance was - subtracted from the measured conduc—

‘tance values and the resulting values of C" were plotted

againsé C', curve B of Figure 4 ‘was. obtained The

relaxationotime, fo, obtained from the d o in curve‘B'of

$;sec., which compares with

-

-Figure 4 was 5.35 *+ 0.10 x 10~

[ I

4.
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Figure 4. Dielectric relaxation data for impure hexameth-

ylene tetramine hydrate at -18.4°C and 803 bar. In the
upper box,. curve A represents»the measured conductance
values, and the line marked Gy indicates the assumed D.C.
conductance.  In the lower box, curves A and B are Cole-
Cole plots of the capacitance data before and after cor-
recting C" for D.C. conductance. The number beside each’
point iSJﬁhé'frequency in kHz. ' S : :

~
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the value 6.5‘x\l0_5 sec. at -18. 4;C and Sne atmOSphere
: whlch can be measured from the graph in Davidson's paper
(40) The value of h obtaiﬁed from curve B of Figure 4
i5 0.04 whlch is consrstent with the values of O 07 at o
—38 c and 0.23 at ~84°C reported by Dav1dson While rather
.crude correctlons for D. C coneuctance, sucn as that
1 ;alscussed above, are often useful 1t is obv1ously ae31r—.;
able. to obtaln rellable conductance measurements to low
frequency of the relaxation So‘“that an ACcurate correctlon
'can be made. It should ‘be noted . that for some relaxatlon
.mechanlsms the presence of 1mpur1t1es may affect the
-relaxatlon time of the system (41) .

| Although D.C. conductance does not affect €', an. | |
Ig%ssoc:.ated pnenomenon, the bUlld up of 1ons at tne |
eﬁpctrode faces or in reglons of the sample, can drastl— »:4
cally 1ncrease e' at low frequencles '42 15 )f This
'electrode polarlzatbon', or,-more pLoperly, 'Space charge

N &

polarization', ;1s weLl deflneq for llqugaszand may be
readlly subtracted (15) In the case of sollds space;
charge polarlzatlon affects both e' and e". If the con—'
‘ductance/&s large enough (G>>w£ C ) gross correctlons
lcan be made (15) but, if thls condltlon 1s not met “the
'equatlonsgln questlon become prohlbltlvely combllcated
Since the effect occurs predomlnantly at electrode
ﬂvsurfaces '1t may be mlnlmlzed by 1ncrea51ng the dlstance'
¢ ¥ , ' A .

/o
A



between the capac1tor ‘plates, or by coverlng tne platesq
with a layer of inert dielectric w1th known thlckness,

dlelectrlc constant, and negllglble~conduct1v1ty so that -

D

the resultlng Maxwell Wagner effects (Sectlon 1.3b) can .

 be subtracted (43) ~In SOlld samples, both the D.C.

-conductance Qnd'the electrode polérization become iﬁcréas—:
\)"" N
1ngly notlceable as the meltlng point is approacnea

1.3b MﬁkwellQWagnereEffects ‘>

It scme regichs of a nonhomogeneous medium nave
appreciable conduct 1ty, the medlum can be shown tov
exhlblt Debye like dlelectrlc relaxatlon (44 45&\ Thlsi
_'Maxwell—Wagner"effect depends on the 51ze\>§gape, and
‘ conduct1v1ty of the conductlng reglon, but for the simple
case of & barallel plate capac1tor Qpntalnlng two alelectrlc
'layers of tnlcknesf dl aqo az»arrangea parallel to the..
'capac1tor plet?k, the relaxation'parameterg)are:given by

the following equations. (45)

' 52 4 2 - . o -
= Q(E: d +.€.4d.37) A ’
o 1 2 29271 , / , (1.24]
(028, + 939)) B
¢ = e/ A 4.y : S
£ qclcz/(eld2 +.€2dl) L | -Il.-S]
: : o - :
ToT o BglEpdy * £pd) /0 9,dy ¥ 0,dy) (1.26]

<
]

V2 9ydy *9d)



' ,values for €

where ti oi andfd refer to the dlelectrlc constant D.C.
conduct1v1ty, and thlckness of the 1th layer respectively
and d 1s "the total thlckness of the sample. The remaining °

quantltles/refer to bulk pr0pert1es of the medium -The‘

]

'”the-conductance,’q, by equation [1.14]. | i
| FA many'layeredlg-component‘system is described by‘v
these same equations where.di‘represents‘the'total thickf"
ness of each'component. Equations describing.the effects
of other shapes and arrangements are reviewed by Van Beek
'(45) In general needle shaped conductlng regions cause
much larger dlsper31ons.than-spherlcal regions. . It should
'also be noted that 1f two parallel- 1ayers are arranged
perpendlcular to the. plates, thelr contrlbutlons to the
'“dlelectrlc constant are 51mply proportlonal to thelr cross

sectlonal areas, and no loss is observed
Maxwell Wagner effects may be observed experlmentally
in a. dlelectrlc through whlch partrcles of a second mate-

rlal are dlspersed for 1nstance, hydrocarbons contamlnated

'\w1th water, c01101dal dfsper51ons,'and powder mlxtures (46)

If the second component

U

hlgh frequency of the dlsper5lon WIll yleld reasonable

'rsran 1mpur1ty, measurements to

1r 51nce/¥from equatlon [l 25],

NK"
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» The special case of cracks, or air gaps, ln a
SN N
7ample has been con51oered by Auty and Cole’ (39). It is

.clear from equatlon‘[l.25] that the dielectric constant
may be drastlcally lowered by even thln cracks‘parallel
to the plates. Chan and Cnew (22) have saown tnac the
appllcatlon of "a pressure of 19 bar to a sample o< sciid
cyclohexane yields values of & whlch increase w1th s
decrea51ng temperature while'previousjstudies (47), in
"which pressure was not applied show's td fall with

decrea31ng temperature, presumably because cracks formea

as- the sample contracted

1.4 Solid-Solid Phase Transformations

Slnce dlelectrlc measurements proulde a valuable
technlque for 1nvestlgat1ng the nature of SOlld—SOlld
phase transformatlonS'Aa brlef dlscu551on of such trans-
formatlons is in order.» Phase tran51t10ns whlch are’
accompanled by a dlscontlnuous change 1n the first -
derivatives of-the‘Glbbs free energy, G, with respect to'
temperature or pressure are defined as ‘first order'
transitions‘(4§ 49). Such transxtlons exhlblt, therefore,
dlscontlnuous changes in volume, entropy, and internal ’
energy. They are commonly studled by applylng pressure‘
1sothermally to a polycrystalllne sample and noting the
pressure at whlch‘the volume dlSCODtlnulty‘OCCUISQ(SO).

Ca

S



The varration of the transforqation pressure with tempera-
ture, along with the magnitude of the volume change, can
" then be treated using the Clapeyron equation (51) to«yield

 the changes in internal energy, enthalpy, and entropy for

~—

the transformatlon at each temperature. The onset of a
flrst order tran51t10n is also often indicated by a 'dis-

'contlnuous change in the dlelectrlc constant of the SOlld.‘
~mainly because of the effect of the change in density on

the dlelectrlc constant (Section 1.2a). Since. changes

3
1n capac1tance can be measured to nlgh prec1510n, observrng

’the varlatlon in dlelectrlc constant with pressure or
temperature is a valuable technlque for detect1ng such

'transformatlons.

Second and hlgher order transformatrons (48) do not

show dlscontlnultles in . the flrst derlvatlve’of the GlbbS~

free.energy, but’aerlvat;ves of»somp‘hrgher ordervdo show
,discontinuities,;and it is the ‘order of thesehderruatiues.'
‘ which.defines the order of thedtranSformation; For
instance, second'order transitions_show discontinuities
in»thersecond derivative of the Gibbs free energy_With
respect‘toitemperature or pressure. Second ‘and hlgher
order.transitions are of ten called 'lambda' tran51t10ns
(52)‘becausevof the shape of plotsuof heat capacity_
agalnst temperature in the reglon of transrtlon. Many‘
“such tran31tlons 1nvolve the onset of molecular reorlenta—‘
tion and th;smcan‘readlly be observed by d1electr1cvmethods

B . I A . o,
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if the reorlentatlon proce;d 1nvolves a. change in the

orlentatlon of molecular dlpoles.

Two - aspects of SOlld SOlld transformatlons which
are of partlcular relevance to thls work are order- dlsorder

transformatlons and the hysteresxs in the 1sotnernal

N ! - $ .

transformatlon pressures of- many transitions. Tne former

warrants dlscu551on because dlelectrlc relaxatlon tecn-

' nlques yleld valuable 1nformat10n about dlsordered phases

and 1t was partly for thlS reason that the dlelectrlc

apperatus ‘was assembled ‘The latter is of rmportance

beCause it is the transformatlon hysteresis whlcn permlts

~the metastable exlstence oL one phase in the reglon of -

,stablllty of another (Sectlon 2. 7)

\ -

N}

[

l.4a. Order-Disorder Transitions

¢

Ordered crystals are composed_of molecules wnlch

1
a

- are 51tuated on regular p051t10nc 1n a crystal lattlce

and whlch are orlcnted in a regular ﬁashlon relatlve to
that lattlce._ Molecules in these crystals thus possess
both long range p051tlonal and orlentatlonal der.. ~There

is, however, another class of crystals in whlch the

"molecules are on, or nearly on, regular p051t10ns in‘a.

crystal lattlce, but whlch are orlented in an 1rregular

rfashlon relatLve to that lattlce. Such crystals are

referred to as orlentationally dlsordered crystals (53)

.‘ B : N 3
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Orientationallyedisordered crystals may exhibit

elther dynamlc or static dlsorder, i.e. the Orlentatlon of . .

-each,molecule may or may not change with tlme.- Both
bddynamroally and statlcally dlsordered crystals often
exhlblt broad bands in thelr v1bratlonal spectra, because
;) ;-

the absence of translatlonal symmetry in such crystals
causes all possible 1ntermolecular v1bratlons to be 1nfra-
~‘.red and ‘Raman actlve (53,54,55).. Dynamlc dlsorder
results from ‘the rapld rotatlon of molecules about thelr‘
lattlce 51tes, as in plastlc crystals such as those of
ithe tertlary butyl halldes (56), and from the mlgratlon
of a small number of lattlce défects through the crystal
:such as occurs in many phases of ice (3) Whenever the
_mechanlsm for the molecular reorlentatlon causes a change
in the orlentatlon of the molecular dlpoles the crystal -
exhlblts dlelectrlc relaxatlon and - the parameters of the
'reorlentatlon process ‘may . be determlned by the methods e
descrlbed in Sectlons 1. l to 1.3. ff" o _’.”

| If dlelectrlc relaxatlon is.present, clito low :

»frequency of the relaxatlon process, and €" near the re-.

»orlentatlon frequency, w1ll usually be uch greater for a -

dynamlcally dlsordered phase ‘than: fo -an ordered One

'Slnce,'ln“the ordered phase, if the effects of 1mpur1t1es;;

'are lgnored }s" = 0 and e' is. small Dlelectrlc methods
- can thus determlne whether a known flrst order tran51tlonv

1nvolves dynamlc dlsorder. In addition, dlelectrlc

4 U oy : LTI
: . N R . . . o~
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'technlques are an 1nvaluable tool for detectlng first
‘;order order-disorder . tran51tlons w1th small: volume changes
and order d;sorder tran51t10ns of second and higher order,
both of which are dlfflcult to observe u51ng volume
«measurements alone.-

A

The usefulness of the above procedures 1n anestlga—
_tlng the nature of a multlphase system is lllustrated oy
the- many studles on the phases of ice (3). - The transitions
between ice phases I and Iz, II and v, III and II, and VI |
and VIII are all flrst order, order dlsorder tranSItlons
hThls was lndlcated by the entrOpy change, calculated from -
the phase dlagram and the tran51t10n volume change througn
vthe Clapeyron equatlon (51). The dielectric-studies
‘conflrmed thlS result and prov1ded the actlvatlon para—
meters for the reorlentatlon processes in the dlsordered
phases | They also revealed the ex15tence of the ice -
.VII - VIII tranSItlon, uhlch cannot be studled by
.measurlng Volume because ‘the volume change is very~small
,and showed that phase VIII 1is ordered while phase VII lS
.dynamlcally disordered. Dlelectrlc studles also showed
'the ex15tence of a hlgher order tran51t10n between 1ce II:

(dlsordered) and lce Ix (ordered), both metastable 1n the-
' region of ice II. | - | .
A large number of dlsorder-order transformatlons-

in other molecular crystals were dlscovered by C. P. Smytn

(1) by measurlng the dlelectrlc constant of SOlld samples
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as a functlon of temperature at one atmosphere. ~In ¢

favourable cases, such as the t-butyl halldes (56), where.

- the change 1n.d1electr1c constant between the ordered and

dynamically4disordered_phases is large, this is a very

useful method for.detecting~such transitions. . However,

aS-discuSSed elsewhere in this thesis (Sections'l 3b and:,

5.2), such studles are fraught with the danger of error ?JH

L

due to the formatlon of cracks in the sample as it

contracts‘upon cooling.

1l.4b vasteréSisvand the Coexistence of Two Solid Phases

When a state functlon of a given solid phase is
measured 1sothermally as a’ functlon of pressure in a

plston cyllnder pressure vessei the observed pressure-

at wh1ch a glven value of the property occurs whlle the

- pressure LS belng ‘increased. 1s often hlgher than the

pressure observed whlle the pressure is decreased (e.g.
Flgure 14”in Sectlon 3;1).' Furthermore, when the change
. from 1ncrea81ng pressure to decreaSLng pressure, or vice

versa, is made, several data p01nts are obtalned whlch

. are clearly not on a true part of the compreSSLOn or de-

compre551on curves. Such spurlous data p01nts can usually

.be 1dent1f1ed (Sectlon 3. 1) and, once 1dent1f1ed should

be reJected befo%e}treatlnglthe data. The hysteresxs in

the observed pressures is caused by frlctlon in the

’
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apparatus friction between the sample and the walls of

the pressure vessel andC:t0fsome extent, .the pressure

transmitting prOpertles.ogsthe sample.

1f the hysteresis'ofth% apparatus Can‘bebdetermined

by a blank run and subtracted ﬁSectlons 3.1 and 4. 2) to.

yleld a. set of data contalnlng only the sample hystere51s,,;

the resultlng value for the observed pressure at each p01nt
" represents the pressure at the face of the mov1ng plston
and is the maxlmum or minimum pressure on the sample
durlng compre551on and decompressron, respectlvely._‘In

L : .
this case, once the spurious p01nts have been reJected a

/—set of data representlng the state functlon of the bulk
medium agalnst the average pressure in the cell may be :
obtalned by averaglng the pressures 2t which given values

k\\of the state functlon occur durlng compre551on and
decompresslon : If the hystere51s of the apparatus cannot &
~be subtracted (Sectlon .5.2), the above procedure may Stlll
- be used on the assumptlon that the effects due\to the :
apparatus are symmetrlcal with respect to the dlrectlon
of the pressure_change. | .
| The pressure at,which a'phase transformation ‘occurs
1sothermally has also been shown to exhlblt hystere51s in "
many cases. ThlS hysteresrs is over and above that due
<to frlctlon ln the apparatus and sample, as determlned

from measurements on the phase elther above or below the

transrtlon (50 52 57) To be more Speclfic,'the applied
: o : 2 : .
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ence had been passed.at‘a

pressure pust exceed the equilibrium pressure between the

two phases by some minimum amount in order to form the high

pressurerphase and c0nverse1y°it must be lowered below

o

the equlllbrlum pressure by a minimum amount in order to

hreform the low pressure phase._ r"he reglon about the

equ1llbr1um line in- whlcn both phases are elther stable
/

or metastable w1th respect to each other and,novlnter—k

4

hconversion can take~plac§ (50,58) 1is called the hysteresis
" region, or the‘region-of indifference. Figure 5 shows a

plot of the linear diSplacemenﬁ of a sample of commercial

phenol‘éﬁginst pressure +hich'illustrates the‘hysteresis

in the I - Ii'transitiOnl The lower curve in Flgure 5

'shows that although the border of the reglon of lndlffer—

the transformation was not

14
initiated until point b, Lfter which the pressure fell

.untll it had returned to the nystere51s llne at oornt C.

: The transition was apparently not complete until p01nt d

nad.been reached, presumably because the mechanlcal

strength of the newly formed phase II prevented pressure

Vfrom being readlly transmitted to the remarnlng, un-

'vtransformed pnenol I (Sectlon 4. 1) “The necessxty of

.....

transformatlon is apparently purely a nuCleatLOn effect
o o ) P

‘analogous to.supercooling. The hysteresrs phenomenon, i, e.’

- the ex1stence of the reglon of 1nd1fference, is clearly

%
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"‘untll tne transformation is complete.-

33

b B

w

distinct from supercooling  or supersaturation phenomena

since, in the latter, the presence of seed nuclei of the
)

stable phase would cause Spdhtaneous crystalllzatlon ofv'
that phase. An excellent review of the llterature is given
in reference 52.

There\aQe a number of theoretlcal treatments of
Fe)
'hystere51s (52,57,59,60). Most theories assume the

e L"
-

phenomenon to be an”equilibrium process and that, before
a phase change can occur, tne bulk free energy of the un-
stable phase must be high enough to overcome both the
surface free energy at the-phase boundary and‘the free

Q -
energy arising‘from the strains.which would result i1f one”
microcrystal”of a ﬁivenfgﬁgse, surrounded by;a matrix of.
that phase, were tohtransform'to a secOnd phase'of:
“dlfferent density. fhevhysteresis effect has alsohbeen‘
.attributed (57 61-65)‘in part, to the existence‘of ag
large number of lndependent mlcrocrystalllne domalns in
the sample, each of which must undergo separate

'nucleation._ This eXplanation does not applyﬂto'all sys— &

tems since, as Bridgman (66) demonstrated, the'nuclé@t}?ﬁ

in many systems,_suchaas the one shown in FLgure/S

]

vdeduced that 1n such systems, one nucleus is propagate&
X .1
It cannot be empha51zed too strongly that great

care must be taken to ensure that the observed hysteres1s

AN



is independent of particle shape and size, apparatus, and
the pressure transmlttlng fluld’(lf present) before
hystere51s results are treated quantltatlvely u51ng an‘
. approprlate theory ‘ Slnce most of the publlsﬁgd phase
‘ tran51t10n data, 1nclud1ng that presented in Flgure 5 and
in Sectlon 4.2 have been obtained unoer a llmlted varlety
of condltlons, one cannot unequlvocally concluoe that the
observed hysteres1s—effects arise solely from conoltlons>
- of thermodynamlc equlllbrlum. The existence of hystere51s
1n many solld SOlld phase transformatlons in a variety of
apparatuses ;s a well documented reallty, and the models
presented 1n the theorles listed above appear plau51ble
At present however, the wide range of rellable experlmental‘

data necessary to examlne the phenomenon in.-a deflnltlve

’”'uway is not avallable.

.

1.5 ?roperties of Phenol

l1.5a Phenol I

. Since the'properties of pure phenol have been the -
subject of controversy-since.the_late nineteenth ce: ury,

ia.brief review of the-work'to date is in order.- Much of

S,

the uncertalnty as to what const1tute§9pure phenol is

reflected in the many reported values of its meltlng and
6

.. -

free21ng points, whlch range from 43 C to 39.7°C (67,68,

69) .. Perhaps the most rellableﬁvalue'for the l;quid—solid
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»equlllbrlum temperature of pure phenol is that reoorted

by Andon and coworkers (70) who prepared thelr phenol with
extraordlnary care and who determlned the freezing p01nt
of phenol to-be 40. 90°C u51ng sophlstlcateo apparatus (71).

™~ )
- \\< —
The freezing point method; in general,‘glves more~accurate'

values for the equilibrium témperature than.does the
melting point_technique ;71),,-Sinde melting points as high
as 43°C'(72).and 42.5°C (73f have'been'repOrted it is
possiole that ‘although most 1mpur1t1es lower "the meltlng
‘and free21ng p01nts (70,74), some comnercral products
‘may contain an 1mpur1ty whlch causes these values to rise
(75) Hence, while studles on‘samples wrtn annormal .
melting or free21ng points are hlghly suspect a‘value
near 40. 9°C does not in itself guarantee purlty 51nce the
‘effects of 1mpur1t1es whlch raise and lower the equlllbrlum.
temperature may cancel each other.
Ox1datlon of phenol elther by hydrogen perox1de
(76 77) or by oxygen 1n the presence of light and water
(78),-produces catechol qulnol and qulnones. The
reddish brown colour of some commerc1al products lS
undoubtedly due to the ox1datlon products (catechol
qulnone, and phenoqulnone) Contamlratlon with water'is.
‘common, 51nce phenol is hydrophlllc and forms a stable'
OH.1/2 H

.hydrate (74) of composltlon C O (79) : Tlmmermans

6fs 2-

(67) also asserts that contamlnatlon wlth cresols may occur.

'S
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Unfortunately, beyond their calorimetric determlna—
tions, 'Andon and coworkers did not measure a w1de .range of
ph{Slcal properties of thelr ultrapure phenol 'Timmermans
4

(67) on the other hand has reported results which cover

a w1de range of physxcal parameters. hlS meltlng p01nt‘

(40.7>° C) and boiling p01nt (182 2°C) are in relatlvely
close agreement witn those of Andon et al. (40 90 C ang
181.84°C, respect;vely), and hlS values for other para—
meters are COnsistent wlth'many_of those reported'by other-
workers (68, 69)‘-all‘of wnom report free21ng or meltlng
points between 40 . 7 C and 40.9°C. In the absence of
'lresults on more carefully characterlzed samples, Tlmmermcns

N values must be accepted as belng the best avallable.'

1

%%es of pny31cal parameters from Tlmmermans (67) and
AR
it et-al. (70) are llsted in Table l

<
R

Phenol 1, the stable phase at atmospherlc pressure

-and room temperaghre, has a. structure consxstlng of two

-2
Y *

non- equ1valent polymerlc‘chglns of hydrogen bonded pnenol
molecules in- each unit cell. Tne chalns are centered on
the (l/4,'y, 3, ad 3/4; Y, 1/4) special p051tions ind‘A
an orthorhomhlc uait cell in- the space group P2122l [non
sbandard settmg of Pl.l l2(D )] (so 81,82) . ‘Tn¢,¢e,11 '
-,dlmen51ons at 15° c are (82) a”;*ﬁ.oz * 0.02A°, b = 9.04 =
& 03A° ‘c = 15.18 + O 04A° 'w1th 6 molecules per unlt cell

None of - the X-ray diffraction studles 1ocated the hydrogen i

.atoms in the hydrogen bonds, but the authors deduced (81
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82) that ‘the true symmetry ‘was monocllnlc P2 (C ) and that
the apparent orthorhomblc symmetry resulted from the
almost negllglble contrlbutlons of the hydrogen—bondedv
hydrogen atoms  to the structure factors (82) . Presumably
the apparent P2122l symmetry coulaialso be the resuit ozl

eitfier orientational disorder in the positions of cthe

hydrogen;bonded hydrogen atoms within the po7yneric chains,'

or dlsorder with respect to the orlentatlon 0I tne chailns
themselves. The unit cell is aeplcted in Flgure 6.

'évans 083),has carried out a detailed yibrational
analy51s of phenol based upon the lnfraredwspectra of the

llqu1d gaseous, ‘and saglid states, and tne Raman spectrur

o .

of the llqu1d Raman spectra of 51ngle crystals nave.
also been reported (84 85), as well as the p051t10ns of
several peaks in . the far 1nfrared spectrum (86,87).

'7In 1932, C. P. Smyth’ publlshed two papers (73, 58)

a -

‘deallng with the dlelectrlc propertles of sclid: ohenoL

J
_over the temperature range 40 5 to -60°C. at frequenc1es

’

.,from 60 kHz to 0 3 kHz. Smyth s results dre- 1nterest1ng'
in that while there is no ev1dence of dlelectrlc r@%axa~
tlon, there is ar extremely rapid decrease 1n the molar

fpolarlzatlon of the phenol samples with decre Jang temp—
)
erature, Assumlngvthat the Claus;us-Mossotty‘equatlon

(Sectioh-l 3) is yalid ‘this implies”a strongly . .
'vtemperature-dependent atomic or electronlc polarlzlbllltv

w,of ‘the molecules in the phenol I lattlce. The_data'

Y

A

\1 . s
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presented in- Smyth s papers 1ndlcate that his results
were affected by.51gn1f1cant Space cnarge polarlzatlon,h
l.;and furthermore, the hlgh meltlng pornt of one sample (73)
suggests the presence of srgnlflcant 1npur1t1es in tnat
x‘”sample i Auty and Cole (39) and Chan and Cheu (22) naVe .
'shown that the formatlon of cracks upon coollng solla
:samples can cause an apparent decrease in polarlzatlon ultn
_ temperature, srmllar to that observed by Smytn for phenol,
Qhen the opposite is /1n fact the case._ Russian worxers
ihave reported results (89) whlch are. essentlallj the santf
as those of Smyth .and whlch are suspectAfor tne same

'reasons.

4
i
s
S

1.5b Phenol II

"The I —'II.transition in solid phenol was first. ¢
studied by Tammann- (58), who .showed that the indifference,
or hysteresis, region of, the transition WJS so'large tnat“

"phenoi IT coulddhe recovered at one atmosphere and -60 C
Although Tammann s‘sample purlty and quantltatlve results
were later shown to. be suspect (90) hls results rndrcated:
qualltatlvely that phenol II could not be prepared at’ |
bpressures less than 2 kbar the transrtlon pressure at. nls
Vtrrple pornt. Thls result is consrstent wrth the fallure:~h

8

of more recent warkers'to observe a phase changé on cool-

.

ing phenol at atmospheric pressure:on a-cooling stage to

¢



- and temperature are. too low._
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-50°C (91) and —160° (92) To further substantlate thls'
observatlon, coollng a KBr dlSk of phenol to -180°C (93)
produced no slgnlflcant change in the infrared spectrum.
Bridgman (90) has studied the phase diagram of
phenol above 0°cC to 12 kbar and determlned the thermo—
dynamic parameters for. the llquld - I diguid - II and I
- II-phase transformations The I - II paraneters,
corrected for an error in Brldgman S ‘pressure callbratlon.
'(94 95) are llsted in Table 2 and show phenol II to
. have a smaller entropy and enthalpy than phenol 1.
Brldgman also determlned the approx1mate difference
between the volume compre551b111t1es of phases 1 and II
at the trlple pOlnt but he dld not\measure the absolute
'compre551blllty of each phase. He later extended hlS‘,
studleS'to about 50~kba§ at .25°C and 150 C but detectea

no furtner polymorphlc transformatlons (96;;

Pushln (97) observed a SOlld solid phase transfor—.

matlon at 64.4° C upon coollng phenol at a constant pressure

"of 2200 kg/cm Thls value for the I - II transformatlon

can only ‘be correct 1f Bridgman's triple p01nt pressure

¢

L]

The 1nfrared spectrum of phenol II at hlgh pressure
in a- dlamond cell has been reported (86) by Brasch et al.
and the spectrum shows 51gn1f1cant dlfferences from that

'-of-phase_I. Bssentlallv;_thevfrequency assigned to‘the QH'
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stretchlng mode shifts from 3200 cm’ -1 (phenol I) to

3400 cm ; (phenol II) as compared with a vapour phase

value of 3661 em™! (83). There were, also a‘number_of

different_featnres in the far infrared spectrum. Since
}the authors did not present their spectra and limited their
analysis to the comment that'the hydrogen bond appears
weaker in‘phenol II than in phenol I, apparently_only‘

the gross features of these spectra wererdetected ‘

These appear to be the only studies of phenol II reported

~in the 11terature. o ' "T@

1.5c¢ Vitreous Phenol

‘Defrain'and'Trong Linh-(98) reported'that a Vitreous :
phase of phenol forms when phenol vapour 1s condensed on .a
plate at -140°C. . The phase can be characterlzed by 1ts
' diffuse xéray diffraction pattern, and_cannot be formed

.,by freezing superCooied';iquid phenol Vitreous phep 1

reverts to phase I above —140 C at a rate whlch is \g‘y

dependent‘on the sample temperature;

1;6' Objectives of-This,Workv

Asgstated in - the preface,_one of the initial aims -
" of thisbwork was' to set up operational eqnipment for the

measurement of dielectric constants, compressibilities of



solids.under pressure, and phase transitions. The phases

of solld phenol were chosen for study because, although a

L number of studles had been carrled out on both phases,

partlcularly phenol I, rellable vaJues of t _‘dlelectrlc

/
~ constants and compre551b111t1es of each, phase and of tne

tranSLtlon pressures below 0°C naosnot been deternlned

The relatlvely low pressures requlreo for the I- II tran31—v
\tlon and the fact that since pnenol ;s»a SOlld at room
.temperature, no llquld seals .ere required in the pressure

uessels also‘nade this an a?%ggctive system'to Study._ The

historical 1mportance of phenol as one of tne flrst SOlld
vpolymorphs to be observed (58) and the exlstence ‘of some

infrared data for the second phase (86) were also factors

ln'the_selectlon.

The objeCtives_ofvthis study were to prepareiand
.characterize metastable phenolIII at'one atmosphere and to
measure the dielectric constants of phenol I and Ii'as a
functlon of frequency and pressure, both to obtain values
_for thelr molar polarlzatlons, and to determlne unetnerrd
pdlelectrlc relaxation is present ‘in elthenaphase. ‘Tne‘»
compre551on-measurements were necessary to obtain the E
den51t1es of phenol I and II as functions of pressure for
the molar polarlzatlon'calculatlons,pand‘they also-

provided compreSsibilityfdata.fOr'each phase. The powdcr

X- ray dlffractlon work was. prlmarlly almed at charactellzlng
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Cnapter II. Experimental

[ . P

2.1 purification of Waterials’

¢ 4

&y, Analar'analytical reagent.phenol from*fresnly opened
bottles was used for the compre551oll1ty anc pnase clagram
determlnatlons - Tltratlon:agalnst standardlzea case
showed this'prOduct to pe 99:1% pure. One compressibili:y'
sample and‘all of the samples used to determine»the_phase
‘diagram were further purified.by directional freezing‘in
clean, sealed, eva%uatea glass ‘tubes followed ny zone refln—
ing. The dlelectrlc studles used fresnly openeo
Malllnckrodt analytlcal reagent phenol also purified by'
directional freezing andf;one refiningr

. The zone refining tubesruere constructedgas snown
in Figure~7_with an i.d.'of either'O.S or 1.5 cm.' The .
~bulb on the end of tne tubes was fllled in a nltrogen purged
dry boi w1th enough powdered phenol to flll aoout 80% or ‘
the cyllndrlcal,portl n of tne tube, after whlcn the'tube
was sealed under vaouiﬁ,,and the . sample melted 1nto tne
cyllndrlcal reglon of the tube. Portions of tne tupe not -
in contact w1th sample were wrapped w1th heatlng tape to
av01d subllmatlon The tube was then placed in the zone
refining'apparatus, Which was‘contained'in a dark refrige—
rator~at*ld°cf ‘The zoneireflnlng was accompllsned Dy

‘ pulllng the tubes in a'vertlcal posrt;on, up'througn a

o
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Figure 7. Schematic diagram of the zone, refining

- apparatus: a, heating tape'to'prevent°sublimation; b
glass bulb; c; solid sample; d, ‘heater (a.icoil of
resistance wire}; e’ ‘a melted zone; f, .the sealed tip
through which the tube was filled. The a¥row. indicates
the direction'of travelvof'thg;tube Ppast the stationary

heaters. - =
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bank of three heaters at a rate of 0. Svln/hr. 'The
length of the zones was determlned by the shape and
temperature of the heaters,

Long zone lengthsﬁfavour rapid Lnltlal purlflcatlon
but a relatlvely low ultimate separatlon, while short
zones have the opp051te effect (lOO) Hence, the procedure
adopted here was to use dlrectlonal free21ng,,followed by
3 zones of length L/4 ~and then at least 10 zones of lengtn
L/lO where L is the length of the sample Since commercial
phenol may contain 1mpur1t1es which ralse the melting p01nt_
(Sectlon 1.5) in. addltlon to those whlch are known <o lower
1t (70, 74), the lower meltlng 40% (at the botton of the

5.

-tube),;and the high melting 20% (at the tOp of the tupe)

T were dlscagded " The desired reglon of the sample tube was’ |

ij%wéy from the remalnder in the dry box. The sample
N JNaS then sublimed. out ﬁﬁ ltS portlon of tublng under

vacuum at room temperature in the dark, before belng
y B

returned- to the dry box to either be’ used 1mmed1ately, or

to be loaded 1nto a sealed flask to be stored under a dry .
N
nltrogen atmosphere at =10°cC 1n the dark _ Samples stored

for as ‘long as 3 weeks in thlS fashlon showed no change

'1n conduct1v1ty.
Under zone reflnlng, the lowest meltlng zone length .
of each sample became belge plnk (Analar) or blulsn

(Malllnckrodt) in colour.' Slnce the Sample was'zone



.
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frefined %§der vacuum and in the dark it is unlikely to

have decomposed durlng‘the zone reflnlng, and therefore~'

this evidence. suggests that exlstlng 1mpur1t1es were 1ndeed
o

separated from the bulk sample. Further evldence‘of the

. existence of impurities in the low melting fraction is
. s - r
given in Section 4.3.

Karl Fischer titrations of two purified samples'and
B ’ N 1 ' | B ’ ) ‘ . l“ ' ' .
the commercial products showed the water content to.be

0
,less than 0.02% by weight in all cases. Titration Of'a.
sample doped with 0. 2% water. verrfled the reported (lOl)
‘“relﬁablllty of thls technlque.' Presumably the low water °
ontent in the commer01al samples, in Splte of the hygros-
COplC nature of phenol (Sectlon l Sa), occurred because any
water whlch may - have been present subllmed off as the azeo-.
;utrope durlng storage in  the dry box before use, hence ‘the
‘ﬁnegatlve Karl Flscher results.
| The refractlve 1ndex,- D' of one purlfled sample

and both commerc1al products was measured at 45, 6°C to an .
estlmated accuracy of £0.0001, u51ng a Bausch and Lomb Abbe
| 3L refracto;eter, carefully callbrated w1th ‘the factory
supplled glass réfractlve index standard The refracto—
meter was enclosed in a glove bag and purged Wlth dry
nltrogen.¢ The samples ﬁere melted on the warm prlsms of

the 1nstrument lmmedlately before the readlngs were taken,

and the temperature Was measured u51ng a callbrated

w



50

.thermocouple placed’inAthefliquid'overflow‘channels.
immediately beside-the.prisms. Valyes of ny for
'Malllnckrodt Analar, and purlfled phenol were 1. 5406

1. 5404 ~and l.5401,prespect1vely.’ These compare»rltn
Timmermansﬁ value of 1.5400 at 4s. é°c'(67)

- The 10 kHz conduFt1v1t1es of purlfled and commerc1al
samples of pnenol were measured u51ng about 5g of sample
in the parallel plate dielectric cell (Sectlon 2. So) at
-25 C. The specific conduct1v1t1es were calculated from the
values of capa@ktance and dlSSlpatlon factor, u51ng tne T

,’relatlonshlp (Sectlon 1. l) !

-c(umho/ém)‘= 8.85 x 10 °.(kHz) D ¢' °*

-

Results of 3 5 x 107° umho/cm and 4560 X 16_3 pmno/cm were .
‘obtalned for the Analar and- Malllnckroat products respect-
;1vely, whlle the specxflc conauct1v1t1es of purlfled samples
were less than 1.5 x lO =3 umho/cm,‘no matter from which or_l
the two sources the startlng materlal was taken

| The refractlve 1ndex and conduct1v1ty data sugcest.
,that, whlle the Analar product appears relatlvely pure, tne
'Malllnckrodt phenol is contamlnated by a conductlng 1mpur1ty,dn
’probably tne phosphorlc ac1d preservatlve (0 15%) used in"

‘thls proauct The ~zone reflnlng procedure appears to

effect sxgnlflcant purlflcatlon of - both products. ' IGL



The free21ng points of several pure and commerc1al
samples were determlned in an evacuated apparatus whlch
con51sted of a. tube contalnlng about 3 ml of sample into
whlch a calibrated thermocouple, surrounded by a thin glass
caplllary, protruded The apparatus was immersed in a
beaker of warm watcr whlch was gradually cooled until the'
free21ng of the sample produced a dlscontlnulty Ar- the
coollng curve, whlch was taken to 1nd1cate the free21ng
point. .. The samples were seeded by dropplng a clean cold
ball bearlng 1nto the melt w1th the ald of a magnet (7l)
Results of 40.9:0. l°C were obtained for each sample,
1nclud1ng, surprlsrngly, a belge plnk(sample taken - fromA

_tne low meltlng end of a zone reflnlng tube. Excessive

;subllmatlon to upper parts of the cell was observed durlng'

‘f the course o£ each run. -Thls probablyrremoved most of the

"water from the samples and p0551bly other 1mpur1t1es as'
‘well and for thlS reason, results obtalned usrng this
apparatus are rather suspeqt Doubtless the ‘use of an

adlabatlc calorlmeter and an atmOSphere of. inert gas as”

opposed to‘a vacuum'would have'mlnlmlzed subllmatlon,

however construction of a new calorimeter was not considered
. . L . . . . i . ¢ A .

to. ke justified“since other evidence of sample purity was

available.
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The water used in callbratlng the pressﬁ@
-!,

was dlStllled once from permanganate, tw1ce from”glass, tnen
@

b01led to remove carbon d10x10e. Anachemla reagent grade
sbdlum chloride and Shaw1nlgan reagent grade pota551um
{bromlde (Sectlon 3. 2) were each taken from rreshly opened
bottles, dried in an. oven at 400 C for 24 hours, tnen
further dried at room temperature under nlgh vacuum for an
'addltlonal 24 hours before use. nghly purlfled acetonlt—
- rile (Sectlon 4.4) was Supplled by Dr:}B Kratochvil (102)..
All operations on non- aqueous samples were. carried out in
the dry box. o - . R -

v

2.2 'Temperature Measurement

Temperature was measured ‘using copper-constantau

thermocouples of various gauges 1n conJunctlon with a°

pEEY .
) . )

Honeywell model 2733 slide wire potentlometer and a well

K

stlrred 1ce~water reference bath. The tnermocouples were'

>bca11brated at”several dlfferent constant temperatures
(- 80°C to. 80° C) against avHewlett Packard 2801A quartsz‘_’
thermometer which nad ‘in turn, been callbrated agalnst an
N. B S, platlnum resxstance thermometer. Dev1at10ns of the

aemf observed at each temperature from that llsted ip tne3ef
reference tables - (103) were fltted to a llnear relatlonshlp

with the observed emf usrng a least‘squares‘technique.

>




Az
I

i.e. AE = = E(reference table) -

E(observed)

The observed emf could be converted to its corresponding’

N

‘reference table’ value, and the temperature then‘taken
from the table using this value. The'accuracy"of the
calibration is within £0.1°C between 80°C and -80°C and is
believed to be *0.3°C at -160°C. The callbratlon of each:

[

tnermocouple ‘was checked perlodlcally and ln no case did

Lol

the callbratlon qhange'by more than 0.05°C.

© 2.3 thmpressibility Measurements

Pressure was geuerated by a 20 ton press whlch was
of standard de51gn except that to reduce friction, the
oil seal in the*ram was a Buna-N O ring'instead of, the =
usual leather skirt The sample was contalned 1n the '
51mple plston cyander cell, one 1ncn-1nternal dlameter
“and flve inch outer dlameter, shown in Flgure 8. dThe
‘plstons were made from Vascomax 350 "and th% cyllnder from
Vascomax 300 18% n1cke1 maraging steels and were heat
treated to. about 50 Rockwell C ‘ Sample extruSLOn was

prevented by two. brass, trlangular cross—sectloned back-up -

"‘~,~

‘rlngs which sealed the clearance between plstons and

'cyllnder.
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The pressure in_the-cell was determined,from the‘
radius ratio of the high—pressure'cyllnder to the ram
‘cylinder; and the oil pressure in the ram. The o0il pressure

measured onla factory calibrated 14 1nch dlameter

00 bar bourdon gauge which was carefully zeroed

fore and re- checked at the end of ‘each run./ The effeCts;
of . frlctlon were mlnlmlzed by averaglng all results over
.those obtalned when 1ncrea51ng the pressure and those
obtalned when decrea51ng the pressure (Sectlon 1.4b) . The

'.pressure callbratlon was checked by measuring the ice I- -III

. equlllbrlum pressure at -28° C.  The results agreed w1th the
value of 2106 bar obtalned by Kell and Whalley (104) to

$
'the order of accuracy expected for the gauge 1tself

w1thrn 4 bar, i.e. to w1+h1n 0.2%. ThlS agreement is of

._ne VOlume changes were determlned from measure-f
ments of the distance between the plattens of the press
Two Starret llnear dlsplacement gauges,»#656 617 smallest

-

leVlSlon 10 -4 1nch were accurately set at opp051te corners .
" of the top platten, equ1dlstant from the centre by meahs |
of magnetlc bases.v The values of - llnear dlsplacement used

~ were averages of the readings from the two ' gauges

65. ' Temperature control was: achleved by c1rcu1at1ng

- methanol from a Neslab LTS low temperature thermostat bath

‘ through the Jacket surroundlng the cell (Flgure 8) The‘
thermocouple was placed.ln the.supportlng block 1mmediatelyv

below thé piston. The sample temperature so measured is
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believed accurate to :0.5°C and, more important, was
constant to‘iO.l°C for the\éyratlon of each run.

Phenol samples were welghed into the preSSLre
vessel in a.dry box. ' The assembled cell was thedaplaced
in the press and the sample taken through the I- —-II transition
several tlmes to achieve furtner purlrlcatlon-(Section 3.2).
The total llnear compression, AL, of ‘the sample plus |
plStODS and support blocks was then measured for both
1ncrea51ng and decreasxng pressures, by changlng the
dlstance between the plattens of the press by flxeo,

1ncrements of apout 3 x 10 4'y‘in. Readlngs were taken

~three mlnutes after each 1ncrenent and the platten dlstance

was changed lmmedlately after each readlng.f The compre551on

of the plstons and support blocks alone was determlned

before or after each sample run,by performing identical

‘runs in which . no sample or back-up rings were”used.

-
A .
o+ j v

. . & ‘
2.4 Instrumentatlon for the Measurement of Caoac1tance

and Loss

@_ ‘- o _r;pf'p_

All capacxtance measurements in. thls work were'! A

'carrled out on a General’ Radlo 1615—A transformer ratlo

arm bridge used in conjunctlon with a GR 13108 0501llator

.

_Yand a Rhode Schwartz type UBM null detector The Rhode

Schwartz null detector was found to be inghtly more T
sensitive, and has a wider oontlnuous frequencybrange,than

s . ‘ . ‘\ . F’y

. ‘-
. :



- from the capac1tance cell or standards to the hrldge%were

‘ylimits~sensitivity‘belowfabout 500 Hz. ’Also,.at low

.frequency, the dlSSlpatlon of. many sampleS'(e g ice I
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s

3

the GR 1232A null detector whlch~was used ln the prellmlnary

meqsurements. A Hewlett Packard 52218 sxx flgure electronlc -

s

counter was used to measure the freqhency, %Alb connectlons"
.

LR

,',“" r(‘ M.ﬁ g,{rr »t"
made w1th coax1al cable and GR 874 connectlons.‘“d_”f.

N o
: S ael
. se T Yop

The brldge capac1tance controls werghcalloratea
(105) at regular intervals u51ng a GR 1404B lOO pf

reference standard capac1t . TheﬁaCcuracy of thls callbf

‘ratlon was checked‘ln th range of’ most experlments (l TO

.

10 pf) w1th the aid of a GR 1422CD prec1slon varlable

capac1tor. Capa01tance readlngs taken from the Drldge

-

’agreed w1tn those of the factory callbrated varlable

capac1tor to w1th1n 0. 003 pf. ' The factory~callbratlon of
the, dlSSlpatlon and conductance controls was assumed not -

to. change and the values of. C"‘calculated durlng experlments
from both D and G were conSLStent with one anotner to +1%.
The accuracy of all the frequency measurements was at’ least

+0.1% as. calculated from the manufacturers spe01f1cations‘ i

-and’ the number of flgures used.

.-

The ranges of measurements of the various brldge.
controls taken from the - manual supplled with the brlcge

(105) are shown in Table 3. Slnce the max1mum applled

fvoltage may rot exceed :f(kHz) x 30“volts, the low voltage

below ab6ut —40 C) may exceed the range of the brldge.

‘/
. \ .
’ {

T

S
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Capacitance readings taken for a\dieiectric_celljorJ
capacitancezstandard were constant*to £0.03% below 20 kHé,
but readlngs at hlcher frequencres drlfted rapldly w1th
'1ncrea51ng frequency untll at 100 kHz the capac1tance
dlfferred by about 0.8% from 1ts 1 kHz . value.' ThlS effect
- was presumably due to stray 1nductances in the cables or
. the brldge 1tself and was roughly corrected by using the
'celi constant measured at each frequency to calculate the
.'dlelectrlc constant at that frequency.

Some problems w1th ground loops between the brldge,

'wnull detector, and osc1llator were encountered when these

)
) L

components were rack mounted (105) The problem was
eliminated by 1nsu1at1ng the osc1llator and null detector

e . .'/ }A ‘ . . '
from the‘raCk f.Ground“loops are indicated when a capacitance

- reading in excess of 0. 00003 pf is requlred to balance the

'brldge w1th the callbratlon swg;ch on.

i

2.5 'High Pressure Dielectric Cells

The pr1nc1pal exper1mental dlfflculty in obtalnlng
Jdlelectrlc data for a solid under pressure lles in
llconstructlng a. cell in whlch the cell constant can be

accurately determlned and 1n‘wh1ch hydrostatlc pressure’
fcanybe marntalned‘and cracks and,gaps in the sample can

3

‘be. avoided. ~In-principle, eiectrodesdcould be fixed to
‘the surfaces of an accurately machined sample and pressure

5,
AR
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l
Y

could theni&@x;pplied»using an appropriate pressure
transmlttlng fiu1d This is impractical for samples which
are air sensitive or unstable at room temperature and it
is usually necessary te subject such samplesbto pressure
that is, to a greater or lesser exteﬁt, non~hydrostatrc (4)7

Two piston-cylinder highfpressure dieiectfic»cellsv
were’constructed for this work. _The\frrst-used fixed
coaxial eleetrodes Which provided an aceuretely.known cell
'eonstant, but required a relatively large amount of shear
to convert the unlax1al pressure applied by the plston to
hydrostatLC‘pressure. In-the sechd cell, plates were set
into the -two piston‘feces‘so thet the entire assembly
functioned as a_pérallel-plate dieleetric cell. uSincepthe
electrodes moVed as. the sample compressed, the'celi. |
constant was much'less eccurately known, but the shear
required to achieve hydrostatic pressure was relatively"
_Small; fThe‘parallelppldte cell was preferable for
Jdielectric relagatiop studies, Sinee pressure gradients
pften preduce%a rangelof reIaxatiou times (4), while the
‘coaxial cell was preferable,for absolute measuremenr ofA
dLelectrlc constants.

The pressure in each cell was determlned from tne
radius ratio of the hlgh pressure cylinder to the ram
cyllnder of the press,_and the 011 pressure 'in the ram.

'The press and pressure gauges descrlbed in Sectlon 2.3
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&

were also used in this work. - Furt ermore the pressure
calibration describedfin Section } » which confirmed the .
,accurgcy of the gauges and the measured value of 2.625 in
for the dlameter of the ram cyllnder, was considered

adequate for the dielectric cells and no further pressuﬁe

calibration was carried out.

2.5a The Coaxial High Pressure Dielectric Cell

/‘.
——
i

The design;of;the thre terminal coaxial'Cell is
very ‘similar tortnat'used by Whalley et al. (4) and by
Gough and Davidson (41); Tne cell is illustrated in Figure
5 andban enlarged dlagram of the electrode assembly is
siown 1in Flgure 10. It con51sted of an electrode,_a,
which was glued ‘with epoxy resin to its support b, and
which protrudedtlnto the‘centre of a conventlonal piston—
chinder pressure vessel The cvllnder of the pressure
vessel served as the nlgh potentlal electrode whlle theh
central electrode and its support, which were insulated
fron’one another by the epoxy joint, serVed as the lowl
potentlal electrode and guard rlng, respectlvely

"The central electrode ‘was connected ‘to the brldge
low terminal by an lnsulated rod, c, which screwed tlghtly
into place andpwas shlelded as- snown in Flgure 10.

Electrical contact between ‘the hlgh termlnal and the

hcyllnder was achleved by clamplng aicoaxlal cable, 4,

4

e
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Fidure 9.

The coax1al high pressure dielectric cell

The meaning of the letters is described in the text. The
symbols G,H, and L indicate the guard, ~high, and low terﬂlnal
potentials, respectively. This pressure véssel forms a

'partially guarded, 3-terminal dlelectrlc cell»thh anllvlJlL
lead capacitance. »
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—

-

g— ‘ y/////////j

R
2

Figure 10. A closeup of the electrode assembly of the :
coaxial dielectric cell. The taper on the inner electrode
is designed to minimize cracks in the sample and to.

provide a broad base for structural support.- Very high
pressure gradients exist in this type. of cell- for all but
the most plastic samples. @ = ' S ' '
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‘tightly’argund the piston, e,'as shown in Figure s. A
triangular—seCtion brass seallng rlng, £, provided good
electrical’ contact between the piston and cyllnder, and a

»tnln layer of 1nd1um seated between the clamp .anc tne..

r :,'( a
) . .

plston 1nsured good contact there.

The central electrode was neld in, pOSltlon by’

Bgy linders, g and h, situated as snown

E Al
o

in Figure 10;g¢e ;s .ck—up rings‘were positioned as snown

tO'Seal-the

aud its support dtpended on drldgman s unsupported area
‘principal (106) ' Artnln Teflon cyllnder, i, addedd
rldidity to;the electrode assembly. ’All‘tne steel compo—
nents were macnlnec from Vascona\ 350 183 .Nr,maraging“
steel-and heat’ treated to 54 Rockwell C }p | |
remperature control was ootalned by c1rculat1ng
vcoolant througn tne tnermostat jacket, j, wnrcnvwas
electrlcally 1nsulated from the cyllnder by oaxellte O’SRS,

'k pos1t10ned as snown and sealed with O rlngs in tne

appropriate loCatlons._ Slnc thls jackeﬁ formed part of

“ ‘ . ' | - =
tne electrlcal shleldlng ‘around tne cell, 1t was esscential

to use a non- polar coolant -to av01d conductante ottWeen the

nlgn terwlnal and ground Kerosene was found to. be a very
Y Ay

&

sultablc,coolant at temperatures above -20°C, walle at

"~ lower temperatures a mixture of Skelley 'C  (petroleum etner)

"

The seal bpetween . the central electroae

w



.

and kerosene was used., Temperature was monitored using a

. calibrated thermoco&ple set in a copper block which was

fy

- €lamped securely to/t/e cylinder, although a thermocouple h

-

well in the side of the cyllnder would have been preferable;v

".r"

Callbratlon runs uSLng Baker and Eastman‘Spectrograde
carbon tetrachlorlde ~and cyclohexane from freshly opened -

bottles,‘and air, whose dlelectrlc constants were taken

‘from reference 107, showed the cell constant to be about l

npf and the lead capacrtance to be less than the scatter

-

'between runs 0 005 pf. Thereafter, the cell constant. was-

determlned from the dlelectrlc constant of air at atmospherlc

P S B

1 pressure, assumlng negleglble lead capac1tance. Durlng

callb@atlon runs care was taken to seat the central

-

electrode support b flrmly agalnst 1ts base, ,.51nd% \\

erroneous ‘readings: result from a 'floatlng guard The ; 9,
=

<

Tcell constant was found not to vary w1th the position of

,the plston so long as’ a 1/2" gap>was left between the

plston face and the top of the low electrode. To 1nsurc

'vthat thlS condltlon was met, and to reduce frlctlon,,a

' The cell constant Cchanged by less than D 05% over a

AT

X -
1¢2"" Teflon 1\1 ) ted "top of tne saxé/ le.
s p g,g/,‘was 1nser o op P

v ‘__, . /i
temperature range of +lO C to +35 C, and was,assumed to bL

lndependent of temperature for all subsequent work

'w . - .o
M S e WL . . . . -
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2.5b The.Parallel‘Plate High Pressure Dielectric Cell J

- Rk S : -
" The parallel plate dielectric cell was very similar

in deslgn to the compressibility cell (Sectlon 2. 3)» except
'that the plstons were made as showg in Flgure lla. - The .
assembly thus formed a guarded 3 termlnal para‘lel plate

. dlelectrlc cell, about 'k 1/8 inch 1nternal alameter anc

7

5 inch external dlameter The plates of the alelectrlc cell

' ‘were: 1nsulated from the plStOnS by bakellte cups ého sample
S—

\

'extru51on was prevented by tnln brass backup rlngs, positioned
.as shown, The temperature was controlled as clscussea in -
Sectlon 2. 3 by c1rculat1ng coolant tnrougn a tnermostat

_)acket ‘set at the guard potentlal and sealed wi O—rlngs
Y d
at approprlate locatlons to prevent coolant from contactlng

the plstons. The temperature could be hept constant to

4

within +0 2°C at -40 c and to oetter tnan tnls at hlguer N

LN ’

-temperatures Two tnermocouples were placed at oopos1te

“ 4
ends and Siaes AﬁJthe pressure cyllnder in noles crllleu
c: e .

fin~the cylinder \ Because they gave dlfrerént readlnus‘b

. ] ;
-frOm each other, tne temperature can only be - consraer
H 7

known tov'O l°C at 10°C and to ‘0 3 °C, at —40

A

"fl The electrode arrangement snown in Flgu lla‘relres

.B‘

s1mply on a tlght flt between the capac1tor plates\and;tne‘
, bakellte cups to prevent. sample eXtru31on there. o In the
phase dlagram studles (Section 4. l), tne sllght e\tl on

whlch occurred u51ng thls assembly dld not afrect tAe'

‘ .~.'- - . ’ - ) I3
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c, insulated leads to high _and low

‘b, Bakclite-ingulation; ] _
_ _Figure'A refers'to the cell used in the phase diagram
Figure B shows th¢ modified cell usgédin subsequent work.. ‘

d, Teflon-cylinder.

- #& a; hrass backup rings;
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results since it was not necessary to know the dielectric

constant of either phase. To obtain dlelectrlc‘constants

u51ng this apparatus (Sbctlon 5.3), it is essentlal that no

sample extrudes and,’ for.such work, the electrode assembly
- was redesigned, ‘as shown*in Figure 1lb. . In this. second

de51gn, Teflon rings,; slightly over51ze? were p051tloned
'above 'and below the lower and upper bakellte cups,.

respectlvely, which were shortened to accommodate them.

the Teflon rlngs were over51ze, they bore the brunt
FAIR A

o fssure exerted by the plates and so formed a seal

‘of:%he Bfldgman unsupported area' type (106) . Thin'brass
backup rlngs prevented extru51on of the Teflon The other
modlflcatlons 1n the hlgh potentlal electrode assembly ‘

'shown’ in Pﬁgure llb were de51gned to reduce the 'dead
C, R

space' 1n the*cell (Sectlon 5. 3). JAll the steel components,

"y

except the cyllnder were macKlned from Vascomar 350 185
Ni- maraglng steel 'and were heat treated to 54 Rockwell C.

The cyllnder was machlned from Vascomax 300 maraglng steel

»

and 51m11ar1y heat treated : ﬂ;; = SRS Vu‘," 7f;‘}

. ' . e L .
. . P v - . - . L .

A . A ,

2.6 Iso]atlon and Temperature of Tnansformatlon of .

Phenol II at One Atmosphere

2.6a',?reparation of Phenol II .
’ . . . ’ o ““*j R

- The-apparatus used to prepare high pressure phases -
is shown in Figure_lz.‘:Thefpistons, cylinder and support

o o o
A ' ’..1 b
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. . Figure 12. The- pressure ves el used to, prepare quenched
- . samples .of) the- high pressur phases of solids: “a, pistons;-
b, cylindgr; ¢, support b ock; ‘d, samnle; e, brass back-up
rings; £/ stainless steel.external. can. All parts: except

€. and ff{were machined from Vascomax 350 nickel maraging

Steel apd hardened..

e
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block were machlned from Vascomax 350 18% nlckel maraging

steel, and were heat treated to 54 Rochwell C. Pressure was

'generated and measured as descrlbed in Sectlon 2. 3 - Sample
;;” extru51on was prevented by the trlangular sectloned brass

rlngs. The sample was taken well past tne phase I - II.

. tran51tlon at room temperature (Table 2) to a pressure of

.5 - 10 ﬁggr . Thls Pre&f as maintained while the

temperature of the cell S lowered to —195 C by pourlng

l.‘wul

2

llqu1d;n1trogen 1pto.the surroundlng can. ﬂWnen the cell-
had cooled, ‘the pressure was‘released tne supoort oloc& c

c’removed and th@»ﬁample was extracted 1nto the cup
' : e '
, prev1ously.occupled by block ¢ by agaln applylng pre;::;;\\‘

4
to the upper plston.- The walls of tne cyllnder around

. v

and below the sample had a 2° taper to fac1lltate
,,‘»;-\.f'%‘,o, . : .
B extractlon., S e
" All operations on the extracted)‘metastable phase
A . L

11 were carried out on a platf rm jUSt above a large pool

of’ rapldly bolllng llquld nltrogen whlch served the dual

: purpose of malntalnlng the temperﬁture and ensurlng a dr)

: nltrogen atmosphere (108) The samples were characterlvea

elther by thelr h ray powder photograpns, or by Tammann

-

dén51ty test (58), whxch consists of 1mmer51ng ‘a portlon
of the sample in a 1: 2 mlxture of chloroform and petroleum
. \'
/ &2
‘ether at —80°C to see, 1f the sample sinks (pnenol II) or

floats (phenol I) Samples«were stored under,l;qu1d

nitrogen (109).  w o . L

“



2,6b Thermal "Analysis

The calorimeter, shown’in Figure 13, consisted of

"

a copper gup, whose wallSeand'bottom were about 0.015 in.
and'O,&BO;ln. ln thlckness, respectlvely, suspended in a
massive stalnless steel can by a calibrated copper - |
constantan thermocouple. The ma551ve can’ was well

ﬁlnsulated with styrofoam and its dlmen51ons may be taken
e}

from Flgure 13,

FRU Samples ‘were placed in the cup with the temperature

-
]

/

of ~cup-and can no warmer than -90°C, well below the
- ! i
s\\\\__perature of transformatlon of" thé sample. The top of

the can was then bolted in place, the styrofoam cap placed

on top of it, and the entlre apparatus placed ln a close

PN

flttlng oeaker whlch was then lmmersed in a constant
. temperature bath set near r30om temperature.n Heat leaks
between the cup and can permltted the temperature o 'hé.

cup to follow the warmlng curve of’ the can excert when

~ EIERY

heat was generated or consumed in the cup. The temperature"

E

ofﬁ%he cup was determlned %ﬁ a“ functlon of tlmc/b/ mOnltOL—
" 'ing the voltage glven by the attached thermocouple with a’

Htwlett Packard 3420A dlfferentlal voltmeter‘

Runs were carrled out on two samples of phenol 11,

each zone reflned and sublimed, and also on two samples of

[

- pure acetonltrlle supplled by Dr..B Kratochvil (102) S §n

‘*t . . - ) PR : ST

g
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' .

Figure 13. The calorimeter: a, massive stainless steel
- can; ‘b, copper Cup suspended bv-a thin thermocouple;-
C, styrofoam ‘insulation."’ ' '

~
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1 caplllary,'and wh1ch also rested on the steel table - The

one! ‘run on each compound a cup whose volume was 0. 201 cm3
was used and in .-the other run tne cup had a volume of -
0.627 cm3.. Each cup was between 65% and 85% full of

tlgntly packed égmple

. %
2.7 Powder X- rajiblffractlon Studies

’

Phenol II samples were prepared for powder diffraction
. ‘. e .

studies by grinding guenchéﬁiphenol,lllwith a small stain-
less steel'mortar and pest

This was accomplished by é“ g

~ which wasvsurrounded by rapidly”boilingAliquidbnitrogen,~as

b
dlscussed in Sectlon 2. 6 The powdered sample was then

loaded into a thin walled quartz caplllary, about -1 cm

long and 0. 5 mm in dlameter wnlch was held ln a. vertlcal

p051tlon by a brass block drllled to accommodate the

v

v

powdered sample was transferred to the caplllary uSLng -a

' 'long spatula and was tamped flrmly in- place w1th a flnely

thOSe tips were padded w1th~styrofoam to avoxd breaklng

drawn glasé rod _ Tne spatula and glass rod were Irequently

ilmmersed in tne llquld nltrogen to ensure that tney were

cold”l B v i {

can to. the b ray apparatus 1n a small’ stalnlessgsteel

| cruc1ble contalnlng llquld nltrogen, u51ng long tweezers

@ P

The caplllary was transferred from the cold nltrogen‘

o

t liquid nitrogen temperatures.

g the mortar on a steel tabie -
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thefcapillary- The tube was then fitted 1hto place on a
‘cold teflon mount which was afflxed to the goniometer head
of a Jarrell AsH precession camera. In thlS position the
sample- - was cooled by a stream of freshly boiled nitrogen
gas, surrounded by a coaxial envelope of warma dry nltrogen
to av01d the condensatlon of lcefon the tube (llO lll)
The temperature of the samples was aetermlned uSLng
a very fine, callbrated iron constantan tnermocouple‘wnlcn
protruded through the back of the teflon mount into the
caplllary to w1th1n 5 mm of the x- ray beam ‘During the
course of a run the temperature was’ constant ‘to 25°C over
the temperature range -20 C to the usual temperature,
-190°C., | | | |
'_Kd radiation,from_anhEnraf'-‘Noniusrbiffractis 601
'.generatOr, withVCOpper‘ copalt and molybdenum sourCes ‘was J‘:ﬂ
used w1th apprOprlate fllters (112 (Table 19) to ootaln
the powder photographs , lho precess;on came;;’was uSLi asi’ ;
e, 0 i

a flat plate camera w1th the fllm set perpendlcular to the @g;

I

f}ray beam, ﬁhlch struck the sample tube at rlgnt angles R
The sample to film dlstance was, callbrated by recbrdlng gﬁg
the powder photograph of sodlum chlorlde at 25° (113) \\ ﬁ

Ty

ijThL sample tubes WLIQ carefully allgned so that th

- [RNEN

remalned in the same part of the x- ray beam durlng rotatlon '

about the dlal ax1s of ‘the camera’, and. thty were slowly

v

‘rotated uurlng the exposure to average out small resluual

.errors in thlS allgnment _ ' The relatlvt lnten51t1es_of lines

4 >
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. | s,

g
>

on the powder photographs were measured-from two photographs

with different exposure times using a Joyde MK. III C double’

‘beam recording microdensitometer. Film shrinkage was

determined by momentarily exposing two pinholes in the back
of the film plate. The difference in the distance between.

the resulting spots on‘the‘developed film and the pinholes -

»,

o ol . o :
themselves indicated the degree of shrinkage. ‘

e

7 | ,

v



‘Chapter III. The Volume Compressions and CompressibilitiES

of Phenol I  and II at 10°C.

The volume compressions and compre551b111tles of
phenol I and II have ‘not been previously reported (Sectlon

1%5)., They are essentlal for calculatlng the molar polar—

12@tlon of each phase (Section 1.2a) and are a150'1nteres—

. \

,t1n§ in the1r own right (Sectlon 3 4). ThlS chapter des-
qubes the methods and the- results of a study to determrne'
the volume compre851ons and compre551b1l1t1es of phenol,I

and II at 10 C.

. ¢ L}
o ) o (\

3.1 The Volume Compressrons Uncorrected for Cvlinder

Deformatlon

The experxmental'techniqubs fOr;measuring the
compression‘are outlined in Section 2. 3” Briefly, the
‘average .reading. of the two dlsplacement gauges, L (1n ten
- thousanths oﬁ an 1nch), was determlned as a functlon of
the 011 pressure under the hydraullc ram of the press. :
For each sample, L was measured for the cell pistons plus
- support. blocks plus the sample in the cell and for the
‘ plstons plus support blocks alone. Three such runs were
”carrled out, u51ng two samples of Analar commerc1al phenol

and -one zone reflned sample (Sectlon 2. l) Values-of

various parameters pertalnlng to each sample are llste g
in Table 4. The results were processed as descrlbed below

and are as con51stent as could be expected con51der1qg the

76
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L 4
' Table 4. Various paramefersifor theﬂeeﬁpressisn s oon

. phenol. o & : ﬂiéi

Ssmple ' ‘ S : | Temp.f

Weight - (g). '+ Purification (°C)
; Run- #‘l N 6‘_'.4‘84,2j . - C(Sm_m'e'r‘_c.ia.l , 10.;19(:
_v‘Run‘#z' | .. 7.0408 E cqmmerc;ai/m ~9,7fC
Run_#3 - "3;9?06 ' o zqhe refinéd& 10;206 'rr:

The diameter of the hydraullc ram of the press was ? 625 in. -

“and that of the bore of the pressure vessel was ‘0. 9998 in.
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possible eXperimental errors. Little 1mprovement was
expected from further runs or further purlflcatlon.

‘The values of L for the empty cell were fltted to
quadratic fqgctions, L =‘ap + bp +-c, separately for
.plncrea51ng and dec§5a51ng oil pressure, p. The cOeffi—

~—

c1ents obtained for each run are listed in Table 5 along
w1th\¢he standard and maximune: devuatlons, the preSSure
range, .and ‘the number of data porhts used in each flt

,bThe terms up and 'down"ln Table 5 referﬂto the’ compres—
51onland decompre551on Curves, respecé?vely. These expres—
.sions for L were then used to subtract the. dlsplacements
-rof the plstons plus support blocks from the. total displace= -
:ment of ‘the sample plus plstons and support blocks for both‘
?pressure 1ncrements and pressure decrements.. ThlS treat-
ment yielded a set of values for the dlsp;acement of the
sample alone as a functlon of 1ncrea51ng and decreasxng//'

Toil. pressure§? These values. of the sample dlsplacemené:.

.gL 'were then fltted to quadratlc functlons in 1ncrea51ng

ol

et

. and decrea51ng oil pressure, and the resultlng coeffl—
c1ents are listed in‘ Table 6. It 1s important to reallzef'

.that the term_'dlsplacement' as ‘used, here and in Table 5‘
&

1nd1cates the average readlng of the dlsplacement gauges

-~

and is not necessar;ly zero at p O The dev1atlons
of the measured poxnts from the fltted curves listed in
Tables 5 and 6 were all less than the max1mum values show -

‘in the- tables, and were random so there is llttle p01nt
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fek

"~ in tabulating the'original,data points‘in‘this thesis.

_under oreSSUre. To obtain max1mum reproduc1b111ty,vthe

lpressure within ope phase before taklng the sample th

procedures, the linear dlsplacements of sample 2

] ?

" . o

R | o . 82

oyt . » N /

To: 111ustrate the results obtalnednﬂvhthese
%

in the cell /The volume compresslon, -“V/V }1is

indicated in the flgure. 'Nelther“—AV/V nor the. press‘

have been co ected for the expan51on ofuthe cell bore

displacement was determlned for 1nd&easlng and dedrea51n

ugh”

<" the tranghtlon and commenc1ng measurements on the gext .

‘

Jphase.' The procedure followed is glven by the alphabetlcal

order of the letters in Flgure 14. The points on the curves

~—

0

cd, ef gh and ij were fitted by the least squares pro-

.represent’the calculated fltS/ all of which had a standard o

cedure to quadratlc equatlons in pressure. The solld llneS‘

/

»dev1atlon of. less than 10 -4 1nches, essentlally the 11m1t t)“

Apressure, and the standard dev1atlon for thls flt trereforeﬂ

' oy
S,

in accuracy imposed by the’ gauges -In Run l the p01nts'ﬁf2V
N .
on both curves ab and ef were used to calculate the expres— -

sion for the displacement of phenol IT with decrea51ng

(Table 6) 1ncludes the reproduC1b111ty error. In later

runs, the pressure was released dlrectly from point a to

_poant b, after which the sample was left at point b for

the length of t1me Wthh WO ld have been re u1red to
q

»proceed from a to b us1ng the pressure decrements. ThlS
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,change in procedure d1d~not appear to affect the results.

Because p01nts between‘a and b were not determlned u51ng

/.

thlS new procedu%? the standard dév1at10ns of the ‘other

curve fits 1n'Table 6 do not 1%c1ude'the‘reproduc1b111ty
verrOr;v'éhis error is given for phases'II-and I, respec—‘
vt1vely,.by the vert1ca1 dlstances %ron b to llne ef and
from k to line gh in Fig. 14. The magnltude of these
errors 1543 x 10 -4 in. and waS'essentially the same for
all‘samples and for‘the compressdonshof theyempty'cells;f
;It 1s, thus, not due to extru51on of the sample, but 1is .
probably the result of sllght plastlc deformatlon of the
plstons or the support blocks. |
g On changlng from 1ncrea ing to decrea51ng pressure,
- or ’v1ce versa, the sample was leowed to&51t for several
hours to ensure stabilization of any elastlc effects in the
sample}or apparatus. 1n splte of this precautlc oints‘

4 \Y—\.,‘ - il

_on the 1ines bc, de, hl, and ]g were obv1ously noc on the

‘true compre551on or decbmpre551on curves and were rejected
,1f they lay more than 10 -4 1nches away from the curve
calculated w1thout,u51ng the p01nt in question.. In |
practlce, each quadratlc expression was der1ved from at

-_least 12 consecutlve p01nts.' Except for the expression
for decrea51ng pressure on phenol II in Run 1, whlch
1ncludes the reproduC1b111ty errqr, thé standard dev1at10n
of every curve f1t was con51derably leps than 1'x 10 ~4

1nches, the prec151on to whlch the gauges were read This



.

’placemewt and averaged pressure were fltted to another‘ L N

LT
\\‘ oy ‘ a ) .,;:‘. g
%dratrc equatlon in 011 pressure. Multlpllcatlon of thevg;
% _‘a»’ u_,«_ . ) 2 3 . ‘ .
pressure terms of thig equatlon by the square of the VI

ratio of the dlameter of the Fydraullc\ram to that. of the
bore of the pressure vessel (Table 4) converted the 011

b

”‘pressure to the 1nterna1 pressure of the ‘cell, . and gave an

expresslgg\yhlch related the sample dlsplacement to the
average 1nternal pressure, P. ' ' |
The dlsplacement gauges: ‘were not adjusted to gl&e}
a dlsplacement readlng of zero at amblent pressure.‘ The~
sample dlsplacement wheﬁ\the average 1nternal pressure is

zero; Lo' was calculated from the expres51on ‘for the dis-

placement oﬁfphase I and.subtractiOn of}LO'fromnthe-
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- expressions for L gave AL, the linear compresSion of each
phase. The'expression for AL wa hen converted to an
expression for. —AV/V » where V representg the volume of

"phenol I at one bar and AV 1s the dlfference between. V
and the volume of the phase in questlon ‘at the glven
‘pressure ' V was obtained from the weight of each sample,'

',assuming the density of phenol, 1.132 g/cm , at 25°C (70)

,ispunchanged_at IOéC._ The resulting expre551on for con-
yerting ALvto (QAV/VC)O, the volume compre551on of a
isample uncorrected for bore expansion, is
'(}AV/VO)O = AL x nbz.x'16.38706 X 10f4 X (den51ty/sample

. . weight)
b ‘ ’ :
where b is the bore radlus of the pressure vessel in - 1nches.
The expressions obtalnec for each sample are listed in
Table 7. The results in Table 7 were corrected for the

- deformation of the bore of the compre551b111ty cell using-
the methods outllned 1n the folldwing section..

k4

3.2 The Effect of Elastic Deformation of the

1.‘

Compress1b111ty Cell on Compre551on Results.

\Q\\j : in each of the pressure vessels descrlbed én.b

) | sectlons 2 3 and 2. 5, the dlamet?r of the bore may be
expected to undergo elastic deformatlon under hydrostatlc
':pressure. The expre551on for this expan51on of. the bore

\ \

1s‘(114):
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L ] ) P 3 2 2 ’ . . . '
&b = 14.503g ERE e+ b ‘ [3.1]
R TE T2

where: b and c are the inner and outer radii of the

B cylinderirespectively, at P = 0;;

-,
-~

P is the internal preSSUre'in_bar minUs»the extérual
pressure in bar, | ‘ | ' -
E'iquounQ}s modulusdin‘p;s.i.,

"Viis Poisson's'ratio, | . o B Sy
Ab = b(atfp:esere'P) -~ bfat P = 0).

The factor f, the ekpansiou cdnstant is an emplrlcal

parameter whlch indicates the degree of ideal. expan51on‘

.'Wthh is actually observed If the ratlo of sample length

to’ inner diameter is very small f = O and as this ratio

approachesflnflnlty, f-approaches 1. Relatlve valhes cf

;the bore dlameter after under901ng 1deal expan51on are

glven by the expre551on (b + Ab)/b calculated from

equatlon [3;1] with f = l and are llsted in Table 8 for

" the. compress1blll,y cell (Sectlon 2.3) as a function of

‘the apparent and truéjinternal pressures., The difference%

between the apparentfand true pressures is less than 0.4%

below- 3 kbar 1f the expan51on 1s 1deaﬂ 'These valaas are

1dent1ca1 to those calculated for the two dlelectric cells

(Section 2.5), since the relatlve dlmen51on of b and‘c in

all three cells are very 51m11ar | o

‘The compre551on of_ausample; -AV/V_, may be cor-

L‘. o -



: - ‘ xﬁ, _ R jyi
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R '
~ Table 8. The expan51on of tﬂe bote .of the cqﬁoress1b111ty

L3
’
N n’x;j". St
Q5
O

a
cell ander pressure assumlng 1deal exoanSLOn. )

o T
R . o " . Relative
‘ ' ' " . Bore Diameter
. o , .Apparent -
. True internayl ' intérnal , ' b + b .
pressure .(bar) ' pressure ‘(bar) - - . b
0 o ~o” 1.00000
1000 | 1001.3 -1.00066 ]
2000¢ . e 4005.3',,’ . 1.00133
© 3000 ¢ : 3012.0 . 1.00199
40000 4e%1.3 1.00266 |
. ® ) : & : N

4

. The fOllOWlng values were used for the parameters in
/

/

equatlon (3.11: b. 0 500 ln.,'c = 2,500 in.

v = 0.26(118), E = 29.1 x 1o6 p.s.i. (118), & = 1.
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- : Lo

"r' ‘gox\ L » . . . }:"
ﬁeggeQ‘ or/the expansion of the bore in.the following
-

* manner. When the 1nternal radius of the bore. 1ndreases by

Ab, the change in the volume of a sample of length L,

‘;Caused by a plston dlsplacement AL, W1th AL defined as

positive for decrea51ng sample volume, is glven by the
"».expressi'm,,"; VRS | ¢

AV = m{(L - AL) (b + Ab)2 - Lbz}.
' . ’ ’ . b}
For b >> Ab, o o

. Aj/zgfnbzAL + 2mbAb (L - AL).Q,
- N L - \ o

The uncorrected compression,.(-Aﬁﬁvolo, was calc”‘u' a

Section 3.1 from £he ekpression

.

(—AV/V) =oALy, \

U f‘

on- tﬁg assumptlon that Ab 0.7 Equatioh [3.2] mayeéhefe- ’

: fore be rewrltten L ~

L e | A .
—AV/V, = (-av/v ) - (2Ab(b)[1-(—AV/v Yol /13.3] N

,( Furthermg?e, if equat;on [3.1] is. abbrev1ated to. )

Bb = £ P b G, then ’ ‘ | '

-AV/VO.= (-AV/VO)0 - ?~f P G»[l-(—AV/Vb)o] [3.4] ;

6o (14 (2 + b2) /(e = 12y 4 o1 noen
wherg G = (14.5038/E)}[(c” + b)/(c® - b%) + v} - [3.5] . L/

/ 7 » ) . : B . ﬁﬁ
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An order to determine the degree of. expansion of the 3
¥ @ 7 \J n .

bore of . the compre591b111ty cell the .volume Qomore551ons
]

of carefully drled sodlum chlorlde and pota551um bromldeyv %
‘3§
were/measured u51ng the technqqués descrlbed in Section 2. 3

Table 9 lists-the samplg parameters for each rtn,'whlle
Tables 10 and lﬁfllst theJresults in the form or the‘“ ';ﬁu
quadratlc curve fltS for thesdlsplacement of the plstons ‘l"
plus support blocks, and for the samp%es themselves, deter-
mlned as functions of the 011 pressure under the, &ydraullc,l
ram.of the‘press by the procedures outlrn;d\ln Sectlon 3. l-
The terms'“up and 'down' in Tables 10 gnd 11 denote data Lo

obtalned from pressure 1ncrem@pts and* degrements resoec- o

tively. The expre551ons for sample dlSpla ement l}sted in

S

Table ll were used to ellm'nate frlctlona )e@fects bv

o

averaglng the pressur S at which given values of dlsolace—

ment occurred The r sultlng data were fltted to another
A

'quadratlc %9uat1~n in pressure, then onverted to iLV/VO
. W

'12 along with Slater s publlshed results (115 116).,

u51ng the sample welght ﬁbore diamete¥, and densitv) as =7

dlscussed 1n Sectlon 3.1. - The expre351ons for - V/V , L
L4 .
uncorrected or deformatlon of the pressure-vessel are

llsted‘ ‘as a” functlon of the 1nternal pressure in Table ;

. Table 13 llStS values for the compre551on of the

.'a%kali halldes at seﬂggal pressures as determined invthisf
The dé//

‘WOrk{

s ' “,

1at10ns of*® these results from Slater's ‘ ’ ‘
£

values are also llsted alpng.w1th the deviations which,f

kN LT

.- : . . - ) . PR -«

4
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Table QTf Various parameters for the compression-runs on
-~ the alkali halides. : -
. /\ . -~
A S densit @
Sample\. . . G ,3Y
- weight (¢ Temperature’ (g/cm™)

Sodium chloride',  11.3796 30.9°C  2.165 (119)

Potassium brofiide “Ng 6546 29.1°C . 2.750 (119)

A . '

The dlameter of the hydrﬂ&x am of the press was 2.625-in.

‘x\d that of the bore of the pressure vessel was 0. 9997 in.

~ - , . . s
= . . . j N :
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Table 12. Expressions for the compressicn of the alkali

4

halides as a function of internal pressure. -

NaC This work, 3 *pV/VO = -1.578 x-lO_lop2 + 4.812 xf10—6P
Slater (115), -av/V_ = -4.60 x 10" 1p? + 4.20 x 107%p

KBr  This work, ° =av/v_ = -1.2508 x 1071%° + 7.218 x 107°
Slater (115) ';AV/VO = f1°p21+ 6.70 x 10 °p

-1.065'x 10 -

Uncorrected for bore expansion under pressure.

orw
¥
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\one would ekpect from idealvexpadsdon, calculated using
the Qaluesbof the‘bore expansion given in Table‘8. The
expansion constant, f, was given by the.ratio of the
observed and ideal deviations,‘ | ’ |
The values of f“obtained frfom potassium bromide

are very nearly independent of pressure, while the values
.obtained from sodlum chloride are the same as those from"'
‘1>p0taSSIum bromide at 1 kbar (f %.0.38) but drop sharply
atdhigherdpressures.r Igtuitifely, £ shodid be conStantb
.over this small pressure range and, since sodium chlorlde.f‘
is 1ess malleable than pota551um bromide (117), the
\*deCrease in f observed for sodium chloride wasiassﬁmed to
‘result from'noﬁ-hYdrostatic pressuré in the cells it was
concluded that f was eoua1~to:d.38 for the'range ofﬁpfes—
sures and samplevthiCkﬁésses'listed‘in Table 13:
The equationsvdescribing the compression.of phenolyf

(Table 7) ‘were corrected as follows The effect

eXpan51on ‘of the’ bore of the compre551b111ty cell

pressure was_calculated from equatlon 3. l] u51ng

ell parameters listed in Table 8 with f = '0.38. Since

nly 4 bar, the effect of cyllnder deformatlon ‘on the
‘pr ssure was 1gnored. If such a correction were necessary;
would best be made on the averaged data p01nts, before -
rve flttlng. Since (—AV/V ) ; AP2 + BP + C, as llstedQ-

in Table 7, then equatlon [3 5] may, be rewrltten
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-AV/V_ = 2R £ G P> 4+ (A+ 2B £GP + (B + 2(C-1)f G)P + «

It can be shOWn numerically that for phenol at pressures
below 3 kbar the term 2 Af G P3 is negligibly small.

, Corrected values of -AV/VE were thus calculated from the
expre351ons listed in Table 7, using the approximation
-AV/V_ = (A + 2 £ G B)P2 +. (B + 2(C-1)f G) P +C. [3.6]
The flnal corrected values for the compre551on of phenol,
calculated using equatlon [3 6] with f = 0.38, are listed

‘in Table 14.

- 3.3 Analy51s of - the Experlmental Uncertalntles in the

Determlnatlon of the Volume Compre351ons

itude

Thls seéction presents an estlmate of the ma.
of the experlmental errors in the corrected COmpre sion
'vresults which are llsted in Table 14. ThlS analy51 s
necessary in order to assess the rellablllty of the/;jm—
press1onfresu1ts,and 1s also 1ntended to 1nd1cate steps .
whlch can be taken to lﬁprove the prec151on of future N
measurements. |
| The values for the compre551on of the plstons and
support blocks whlch are llsted in Table 5 for Runs 1 and

2 on phenol were obtalned before and after the measurements_

" on Sample 2, u51ng the same plstons and’blocks. They
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agree to within ¥ l'x 10—4 in. at an oil pressure of 480
bar (3300 bar 1nternal pressure), the maximum pressure
~used in this work. This result shows\that the compres—
51on\of the plstons and blocks 1s reproduc1ble to é}
Yo.5x 1074 in. over the 1500 bar pressure range used to
determlne the compre551on of” each ‘phase- of phenol The
cumulatlve standard dev1at10n of all the least squares
flts used in analyzlng the sample dlsplacements was less
than 1. 5 X lO -4 in. within'either phase, and the net re-
produc1b11ity error, as defined.in Section 3.1 was‘less

than 2 x 1074

in. for measurements taken W1tﬁﬁ§§each phase.
.Hence there is an 1nherent‘uncerta1nty of no more than
4 x 10 4 in. in the sample dlsplacements within the 1500
.bar range. ouer whlch measurements on each phase were
obtained. This uncertalnty cOrresponds to error limitsA
of + 2. S% * 2.5%, and * 3.5% for the values of —AV/V
-obtalned for phase I of samples l 2 and 3 respectlvely,
and to error llmltS»Of ¥ 0.8%, ¥ 0.8% and * 1. 2% for the -
values of FAV/V for phase ITI of these samples The
,standard dev1atlons of the curve fits of the pressure—
-averaged data were negllglble (O 1 x 10 4‘in.). |
The dlsplacement gauges, whlch were mounted on the
'top platten of the press, were’ estlmated to 11e no more

-----

- than 2° out of perpendlcular allgnment Such an error
would glve use’ to an uncertalnty of 0. l% in the dlsplace—"
" ment readlngs. The centre p01nt in the bottom platten of

o
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-the press was deterﬁined_from the accurately marked centre
of the top platten by,lowering the tpp platten until the
plattens almost touched.' The p01nts of contact of the
dlsplacement gauges were carefully set equldlstant from
‘this centre point and diametrically opposed to ohe anothert
The overall error in the positioning of the gauges is |
estimated to be * 0. 1251n and the distance between gauges.
was 12;8 in. ‘Figure 15 depicts a»pair of dispiac ment
gauges mountedlperpendicularitofthertop platten~of the
press. If dlvand d2 represent the‘displacements,cf the
4”tWO;gauges,‘the apparent.displacement 4a', calculated
assumlng an accurately centred piston, is glven by

d"e (d + d )/2. If the m1d001nt between ghe gauges is
J‘offset from the true centre of the plstonﬁg? Ax, and x_is

the dlstance between -gauges, then from _ﬁple geometry the

‘true dlsplacement d, is given by‘the,"'ressicn

dl = d2 and no error is 1ntroduceqnby mlsallgnlng the

Agauges, however, in the llmltlng case where one gauge . does
LY

not move (1.e,'d2 = 0), the relatlve error is Qaven by

>
¥

d-d' o a-a _ 2x (% "%\ 3.7]
d T a T x \d +.d, X e

1

Unfortunately, in the runs‘described here, one. dial gauge
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BY

top platten of
the press .. °

RN

displacement
gauges

bottom platten
after '
displacement d

bottom platten
before L
displacement d

applied
-pressure

' Ei ure 15;~’Po$$ible errors in the alignment of the
digblacement gauges. The meaning of the symbols is
discussed -in the text. .- - :
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ldld show a con51derab1y larger dlsplacement.than did the
other so that this source of error must be con51dered
and for AX = 0.125 in. and x = 12 8 in., an 1nherent error
of up to,f\2% in the experlmental value of -AV/V at . any
pressure resulted from p0551b1e mlsallgnment of the dis-
placem gauges. The total uncertalnty in the compresslon‘
jof phenol.I is thus': 4.5%, * 4. 5% and + 5.5%-for samples
.1, 2, and 3 respectlveiy,_while for phenol II, the error
'iimits'are td2.§g?‘t 2.8%, and‘i.3.2% respectiuely.'
#~=xVaidya and Kennedy (120) have obtained compression
values with an accuracy of 1 - 2% at oressures as high as
45 kbar using apparatus 51m11ar to that used here, but
-w1th the dlsolacement gauges held rlgldlv in place by a
metal yoke which fits over the top of the mov1ng plStOn
so ‘that the gauges are allgned reproduc1bly each tlme.
Thls arrangement also ellmlnates the need to measure the

‘ cbmpre551on of the spacer blocks and is recommended for

'future work

3;4,,The‘Volume Compression.and Compressibilities

Corrected for Cylinder Deformation - Results and

Discussion.

The expressions for the volume compre551on of each
sample of phenol 'after correctlon for cy11nder deformatlon

(Sectlon 3. 2), are llsted in Table 14 The compress1b11xty
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of each phase, g = - (vo'l)(aV/aP)T, was obtained by dif-
‘ferentiating the expression for -AV/V with‘respect to P.

Values of the compre551ons and compre551b111t1es of each

<7

sample at several pressures ‘are llsted in Tables 15 and
l16. After averaglng»the results from the three runs, the

equatlon representlng the compre551on of nﬁenol I is:

~8V/v, = -2.821 x 1070 P? 4 2,375 x 107° P [3.8].

-and, - for phenol 11, . -
| . e | o -
_ e 14=10 2 | -5 -
-AV/V, = -6.735 x 1677, P° % 1.291 x 107> P + 0.07891
13.9]
‘where P is the"pressure in bar and the teﬁperature is

10°C. Values of compressiohs and compressibilities of
- phenol -determined from these averaged equations areialso

~given in Tables 15 and 16; The scatter of the. results
from the individual runs @kout fhe mean lies within the
eStima%edlexperimegtal uncertdinties (Sectidon 3.3).

Bridgman'S<values for the'volume‘change'at the I-1I
tran51t10n (Table 2) can be comoared w1th those calculated

from. the compre551on data obtained in- thlS work. Bridgman

L

‘(90) re%orted the I-IT equlllbrlum point at 10°C as

B

1446 kg cm,z'whlch conVerts dlrectly to 1418 bar. After
the correctlon to his pressure scale (94,95) is applied,
this becomes 1433 bar. From equations [3.8]} and [3.9]1,

~ phases Ivand_Il'differ inlvolume at the equilibrium lrne

-
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Table 15. The volume comgressi’On of E\Q,\ngf and II at 10°§2
/ y -
A & _ v _
Pressure Run- Run Run Average :,Std. ‘
(bar) #1 #2 #3 dev.
Pﬁengﬂ I 0 o o - 0 ’ .0 0- ot
500 0.0109 0.0109 0.0116 0.0112 0.0004
1000 0.0207 10.0207 0.0214 [0.0209 0.0004
1500 1 0.0294 '0.0294 0.0291 0.Q2;3‘_0.0002
Phenol II 1500 10.0959 '0:0967‘*6.09?7. 0.0968 '0.0009 s
2000 “0.1015 0.1019 0.1027 0.1020 0.0006
‘2509.'0.1066 0.1069 . ol1674 ©0.1070 * 0.0004
3000

- 0. 1114

0.1116 0.1118

@

0.1116

0.0002



. Table 16.

The volﬁme

compressibilities 'of phenol. I and

"~ Phenol I

;Phénol'li

II at 1o°C
R |
B 3'10§‘bar

' §ress§reLﬂRun:;;%Runf1_{Runkﬂ¥'Average Std.
(bar) $1 #2 82 T dev.
o 2.30 2.30 2,53 2.38 0.13
500 2.07  2.07 2.14  2.09 0.04
1000 1.85 1.84  1.75 1.81 0.06
1500 u‘.f1,62.~ 1.61 1;35' 1.53: 0.15
1500 1.F  1.06  1.05  1.09 0.06
2000 1.07 . 1.02 - 0.98 1.02 0.05
12500 0.99  0.97  0.90. 0.95 0.05
3000 0.90 6;93 0.89 0.05

106.
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~

' byh/ .78% of t e volume at 1 bar w1th a maximum dev1at10n
of 0.10%, compared to Brldgman s value of 6.64%. The

agreement 1s,w1th1n the estimated limits of experimental
error presented in Sectionu3.3, Bridgman also reported
that the compressibility’ofvphase.II'was.less than that

6 par1 at the triple point.

of phase I by about 5 x 10
The value obtalned in thls work is 4 6 x 10 6 'bar—l at
lO°C and 1433 bar, w1th a dev1at on of: about l x 10 q
bar_l for individual runs.- :
The compressibilitv of a:crystal is approk:mately
V prOportlonal to the partlcle Ladlus d1v1ded by the average
_1nter—part1cle force constant.h The»actual relatlonshlp'
'depends on thé crvstal'structure, and'Born and Huang (121)
. have glven~a specific relatlonshlo for the alkall hallde
structures.‘ The actual relatlonshlos for ohenol are not:
known, but it mav-be useful to take the . relationshio
_between the comoreSSLblllty and an average 1nter—molecular
force constant to deduce the relatlve strengths of these:
averaged forse constants of phenol I and II The-average
molecular radius ls-proportlonal to the cube-root of the
molar volume and so the average force constant of each
iphase may be calculated from.the compression and"compresf
fsibility data. The compre551b111t1es of phenol I and II
‘at 1433 bar are calculated from the data given above to be
© 15.7 * 1.5 and 11.0 * 0.6§x lé'ﬁvbar; respectivcly

yielding a-ratio of about 1.4 * 0.18. Thus, at 1433 bar K
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and 10°C, the averagerinter—moleoularlforce constant
for_phénol>i1-is about»40% greater than for phenol I.
Accepting,,for Ehé purpose of estimation,‘a large extrap-
olarion of the compressibility data for phenol II, we can
compare the force constants of phenoi I and II at one
atmosphere’and find a ratio of 1.8 %t 0.2 and hence, a
difference’in the force constants of abour 80%. This
.latte: value may be more pertinent for comparison with -
rhe spectroscopic results'onrépenohed saﬁples at about
100°K, although, of course; tremendous eXtrapolations_are
involved.
| Since infrared data (86) suggest that the hyd znb

bond:in phenol iI is weaker than_tnarfof'phenol I, the
stronger force.oonsrants in”phasegIIfmnst\result'from_some
other interaction. - Unfortunately the far infrared data 
'currentlv avallable (86) are not exten51ve enough or well
enough a551gned to give any rellable 1nformat10n on the
relatlve magnltudes of the average 1ntermolecular force '
constants of Dhenol I and Li It- seems probable, that
the dlfference in compreSSlbllltles of. phases I and I1
"arrses largely from‘stronger van der Waals forces which

presumably ex1st in phenol II because of 1ts more dense

. structure. N
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Chapter IV. The Phase Diagram of Solid Phenol Below 0°C

and Powder X- ray lefractlon Studles of Phases I and II
at —190°C
The study of a high pressure phase is 'greatly .

fac111tated if the phase is metastaole at one atmospnere

and low temperatures since 1nfrared and x- -ray clffractlon

'data may then be obtained without using high pressure

apparatus.. This chapter presents the results of measure-

ments designed to determine the regions of stability of

" both phases of solid phenol. The phase diagrams of pure

and 1mpure phenol below 0°C are reported in Sectlons 4, l to
4.3., The warmlng curve of metastable pnenol II, discussed

in Sectlon 4.4, was obtalned both- to determlne the

-~

approx1mate heat of the transformatlon from metastaple

~r

»phenol II to pnenol I, and to verlfy the transition

temperature at amblent pressure whlch was predlcted by
extrapolatlng the IT -~ I tran51t10n line in tne phase
diagram to zero'bar;”ffne X-ray powder dlffractlon pattern
of the metastable’ phase was obtained prlmarlly to cnaracte—3

rize the phase and 1s reported in Sectlon 4.5 arong with

'some;powder dlffractlon results-for phenol I.

1.1 Methods for the Deteryination,of the 'Phase Diagram of

Phe ol C ’ _' ' EA

e

I“ : . . ’ : L R

As discugsed in Section 1.4,1nonhydrestatic pressure

N
4
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in a piston—cylinder.pressure vessel results largely.from

friction between tne cylinder wallland the Samp}e. Fnrtherf

‘more, if a sample is taken through a pnhase transition ffom

$

a malleable to a non-malleaple pnase;'the rigid pnase -

- prevents pressure from. being readily'transmi&ted' o tne

remainder_ofithe malleable phase, and.a J00rly aefined
pnase transition results. Such an effect wasifeuné for
tne'phenoi I - II-ttansformation.at 10°C; as shown in
Fignre SI(page'32) and would presumably be more prononnced
at leer,temperatures. .Lubrication of the'cylinder walls

witn,eitherfg:aphite or'indinm‘(lZO,lZZ)'or, prefefably, ‘

. the use of a pressure’transmitting fluid (90) are technniques
which are often used to minimize tnis proplem. ‘An alter-

~native metnod 1s to detect pnase'transformations by‘plotting

tne capacitance'g;wresistance of samples which have a large

diameter relative to their thickness as a function of

pressure.

In'this wOork, tne phase transition was aetected

by plottlng the cell capac1tance of tne parallel plate

vdlelectrlc cell (Sectlon,Z,SD) at the arbltrary frequency

of 10 kHz against pressure at several different temperatures.

Since the samples were about 1 mm thick, pressure gradients
_ . : - S o -
due to friction should have been minimal. The temperature

. o ! ) .
of tne cell could pe kept constant to $0.2°C at -40°C,

and to ‘petter than this at hlgher temperatures Beéause‘

the two tnermocouples gave sllghtly dlfferent reaalngs,
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tne temperature can only be considered known to :0.1°C at

.10 C and $0.5°C at -40°C.

"In a typical set of runs, the sample was taken

'through the I - II transition several times, tnen left

oVernignt at 2, 5 kbar ‘and room temperature Before
commenCing a run at a given temperature, tne sample was

again taken through the transition to achieve furtner

purification (see Section ‘4.3). The cell capa:itance was

s then determined as a function of increasing and decreasing

pressure by changing the pressure by fixed increments at

six minute intervals, and reading the capacitance five
minutes after each pressure Charge. Tbis procedure was_
Fe :

adopted -as being more practical than waiting for all reaa-
ings to stabilize before changing the pressure since, at
10°C, this woula nave required 15 or more minutes per point
in the region of tne transition. Tnis procedure of taking

L ¢ - . i
readings at fixed time intervals, rather tnan waiting for

the system to- achievL eguilibrium,. appears to ue a- com: n
s i

practice {(104) .. At -10°C and —28 C, readings taxen at 27

ban pressure 1ncrements were shown to yielc essentiallv tne

\

samne resul S as readings taken at ‘13 bar pressure increments

_and, nence, 7 bar increments_wereﬁusea below -10°C ’ wnile

13 par increments were used at nigner temperatures.

k]

4.2 ‘'The Pnase Diagram of Purified Pienol

[\
\\

Lypical plots of tne capac1tance of the paralleil -
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plate celi against preSSure are shayn in Figure 16.  Tne
pressure at which the transition'was clearly occurring was
chosen by drawinc a straignt line through the points'ieaa—
ing up to the transition and a second line tnrough tne
points clearly formlng part of tne tran51tlon, tnen cnoosing
the p01nt 'of intersection of tne two lInes as the oeslredﬁ

‘»pressure." N ' v ’

Tne I +‘II and'II‘+ I transition pressures, as
determined by rhis procedure, are listed inoTable-l? for
‘each of-the.three samp@es in tne»or&er'in‘whicn;they were'

" measured, and are snown in Figure' 17. i'”ne‘smootn curves:.
’drawn tnrougn these p01nts in Flgure 17 were‘taken to,
1n01cate ‘the I - II and II - 1 tran51tlon llnes, tnat is
tne borders of the»region'of indifference in thisbapéaratus.
'Tne effect of tne hysteresisuwirhin rne apparatus'itseif
was estimated from thelnlank compression runs (Sectlons

2. 3>and 3 1) and was - suobracted to yleld the corrected
transition lines, snown-byithe broken lines in Figure 17.
Bridéman's‘Values for.the.transition Iines (90) . (Section

ul Sa),'wnlch were obtalned at temperatures above 0°C, are

also shown The hystere51s of the apparatus does not

entlrely account for tne fact that our region of 1nd1fference,

is larger tnan Brldgman s, but the remalnlng dlSCrepancy
can be'attributed'to the_method used to determine the
pressures at whicn transformatlons began. The extrapolation'

technlque used here estlmates tne pressure at whlcn a
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TEMPERATURE (°C)
T

0. o 1000 - 2000

'PRESSURE (bars)

RN

Figure 17. The phase diagram of phenol. I and II ,
" . indicate the regions of stability of phenol I and II. The
symbols represent the transition pressures: O, sample. 1;

A , sample 2; [0, sample 3. . The equilibrium pressures. are -
“indicated by the corresponding solid symbols. The transi-
tion lines.are marked by arrows which indicate the direc-
tion of ‘the phase changes. The oug';;gair of transition
lines, and the accompanying das d (1ings, were obtained - %
from this work, before and after correcting. for 'the hyster- <&
~esis ' in the apparatus. The short pair of transition lines
were obtained by Bridgman. ' They bracket his corrected
- equilibrium line.. = - ' T
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transformatlon occurs raplal§ in tnis apparatus but, because

of tne slow early growtn of the new pPhase (65), this|is not

the earllest pressure at wnich tne new phase forms Thnis

effect wnich 1ncreases with oecrea51ng temperature is

B

'clearly evident in Figure 16 ana must reflect the slugglsn—“

. ness of tne tran51t1%%jat low temperatures 51nce tne 51ze

of tne pressure increments Gld not affect tne results

'(Sectlon 4.;1). With reference to- Flgure 17, as the tempe-—

rature is lowered below about‘—30 C the I » II transition:
Decomes 1ncrea31ngly slugglsn and the pressure requlrea to

make it proceed at a reasonable rafe 1ncreases drastically,

whlle the I1 ~» I tran51t10n is not so arfecteo

e

The averages of the I ~ II and II -~ I transition

pressures at each temperature are listea in'Taole‘l7.ana'

are representea in Figure 17 by the SOllQ symbols. Follow-

1ng Bridgman's practlce (90) tnese p01nts were con51aered

y.to represent the I‘A 11 equlllbrlum pressures 'The results

. for 2. 0°C ana 11.5°C suggest thnat Bridgman's values for

. :
tne equlllorlum line‘(Table 2), wnlch nave been corrected
A
for an error 1in nis pressure callbratlon (94 95)‘ are auout~
‘

15 bar too nlgn an effect wnich, because ot tne resultsl

presented in Sectlon 4.3, 1s almost certalnly duc to the

impurities wnlcn Brldgman reported were in his sample The

experlmental uncertalntles 1n the tran51 ©. pressures

-~

obtalned 1n thlS work below 0°C permit only the observatlon

tnat Brldgman s corrected expre551on for the equilibrium
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line, P = 1315 + 1l 75 T( c), wnere P_ . is tgz‘equilibrium
eq__ €q _ |
preéssure in bar, fits the aata between 12°C and .=30°C to a

‘standard deviation of 20 bar Taule 17). P01nts taken below

IEEN

-30°C deviate consrderaoly from Briagman s ‘expression and’

,this presumably reflects a relatively abrupt increaSenin tne

e

apparent I > II tranSition pressure, similar to that owserved

B

(123) for the ice tran31tions ratner thnan a discontinuity
in tne true equilibrium line. A

pAlthough Bridgman's extfepolated equilibriuM[line‘
reaches one atmosphere et aoout 4112°C it is.elear from'
¥ Figure 17 that pnenol II cannot be formea from phase I at
pressures lower than 1300 bar This 1is cgnsrstent.with
the results of earlier workers who nave failed to.produce
phenol II uy cooling pnenol I at atmOSpneric pressure
(Section 1. Sb). Quenchea pnenol IT 1is metastaole at one

)

atmosphere, and reverts back to phase.I.at -48°C‘: 2°C,

judging from tne extrapolation of the I - II trans tormation

- . HRY

after correction for uysteresis (thi\dasned line 1n Figure 17).

~

4.3  Tne Effect of Impurities on the Phase biagram

To investigate the effectiveness of the‘purificationf"

fproeedures used in this work, the pressures of transformation

were determined at 10 C for a sample taken from .the low
melting, 1mpure tail of the ZOne refiner ~ The capaCitance

Vs, pressure curves for tnis run are snown in. Figure 18.

The" first I - II transformatlon occurred at. 1824 bar, as
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COmpared with 1485 bar for a pure sample. Suosequently, he
sample was allowed to sit as phase I for 48 hours—and tne
I~ II tran51t10n then occurred at 1695 bar. For pure and

impure samples, tne II +~ I transformation took place at

N

" 947 bar.

These\results'are consistent with Bridgman's opserva-
tion (124) that the osmotlc preésure'of impurities wnicn are

soluble in one phase and insolub¥ in a second WLII c

tne equ*llbrlum line to nove tcward the reglon of staﬂility

B ) Y
oz t1e second phase Presumaoly, in this case, tne zone
'reflnlng did concentr{te lmpurltres in tne ‘low. meltlng tall

of the tube ’ These

purities were then, prec1p%tated out
oy the first- I - II transformatlon whlch was sm&ftea tOvhlgn

'pressures whlle “tne II - I transformatlon was unafftctecv\

‘,,51nce the 1mpur1t1es fiere not dlssolved 1n phase II Tnese

. * t
‘lmpurltles clearly had not completely redlssolved in phase I

1n‘48 hours. A similar 1nterpretation has"een‘offered to
“explain Certaiqganomalies in the dielectric eiaxation'of

ice I which occur ]ust after it has been formed from ice-II

/

4.4 The Temperature and Enthalpy Change of the Phenol II

(41) L . .

to Phenol I Transformatron at One Atmosphere

. ok
- The warmlng curves of two samples of phenol II and

two. samples ot atntonltrlle were obtalned by the me thods

described irn bectron 2.6. The heatlng rate of the can waSj,



‘ratures of -49.8°C and -47.5°C.

'by assuming neat flow 1nt?fthe cup.was proportlonal to the

120

apout 0.2°C/min. from -50°C to -40°C.
Plots of log (T_-T) vs. time, shown in Figure 19,
. snowed the warming curve of the can to follow tne first order

rate law:

215

=k (T,-T) | el

where-Too is the temperature of the bath, T is the temperature

of the‘ean,‘and k is a rate constant. Deviations of the cup
temperature from this equatlon were taken to indicate the

vonset of a phase transition.

The warmlnglcurves of “the two samples of phenol II
(curves A and Bfrn Figure119)'indicate;transfermation tempe—
The caiibration with
aCetonitriie‘(curves C ane D*in Figure 19) snggests'that

the actual transition temperatures may be as much as 2°C

warmer - than these, but this Stlll ylelds falr agreement witn

the value of ~48°C * 2°C estlmatea from the phase alagram

. 'y‘

(Section 4.2). L _ . s . S
! : / .

The molar heat of transformatlon,

J'-Q)/

AR, was estimated

&

dlfference in temperature between the cup and 1ts surrounalngs

‘Hence, daQ _

JE = - BAT where Q7ls the neat absorbed by the cup, anc-

\1"

AT = T. - = T at tl & t. Tnus,
S0t T e “can _
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Lo = BSAT dt | | [4.2]

o

Q, tne total neat wnicn flowed into the cup durlng
tne transformatlon is equal to tne heat of transformatlon
of tne sample plus tne heut required to raise tne temperature}
of the cup»anavlts contents from T. to Lf, tne initial and‘
~final temperatures at which the warmlng curve of the cup

deviates from equatlon [4 l]. dence,

Q= (C.sample+ceup) (T'f'Ti) o - [a.3]

wiere C refers to the neat capac1ty of the sample Or cup,

as laoelled and n is tne number of moles of sample in tne

_ cup. Since the actual den51t1es of phenol II and acetonlt—

‘rlle at 193°C are unknown, ana since the uncertalnty 1n tne

-

volume of tne samples was large (*lO%), tne rbom temperature

-

dens;ty of phenol 11, l 229 g/cm , (Séction 3.4) and tne

a

den51ty of liquid. acetonltrlle at its freezing p01nt 0. 8512
g/cm (123) were usea to calculate n. For each sample 1n'l “
Flgure 19, p01nts on either side of tne tran51t10n were
vfltted grapnlcally to a straight line to obtaln an expreSSLOn
for tne warmlng curve of the can. This expreSSLOn was;
suptracted from points in- tne area of the tranSLtlon to give
values of AT whlch were then grapnlcally 1ntegrated to. glve
JeTdt and hence B as a functlon of Q (equatlon (4. 2]) Tne

_actual value of B was obtalned for each cup from the runs on

Hl'acetonltrlle, for which: AH is 1. 952 kcal/mole (126), u51ng
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equation~[4,3],‘ Ccup ‘was calcqlated from the weight of the
cup and the heat capac1ty of copper (127), 0. 0924 cal/g C
Csample was calculated from the mass of the sample and - the
heat capac1t1es of phenol (128) and acetonltrlle (129), 0.25
cal/g Cc and 0.46 cal/g°C respectlvely.

Table 18 llStS numerlcal values for eacn of the

-parameters used 'in equatlons [4 2] and [4.3] along witn tne

.parameters calculated from these eq tlons Individual
values of 0.39 and 0.48 kcal/mole féi tH of the pnenol

ITI - I transformatlon were obtalned using- equatlons [4.21

- and [4.3].' Tnese results average to glve ‘ﬁ‘# 0;43:0‘09
kcal/mole, where ‘the error of +20% is due to uncertalntles
1n the amount of ample present “This value is Sllghtly

:hlgher than the value of- 0. 3l kcal/mole, obtalned by

1‘extrapolat1ng Brldgman s 1sothermal data toﬂ*llZ C, the

temperature at whlch the I >II equlllbrlum occurs at one -
;»atmosphere. Such a dlfference 1s expected because of the
irreversible condltrons under-whlch theAII - I transforma—
tlon occurs at —47 C to —50 C and one\atmosphere.

An accurate knowledge of tne welght of sample used
would 1ncrease the prec151on -of, results determlned from thlS
apparatus, but the- ultlmate prec1sxon would probably not bei
,better than a few percent The apparatus is, however,.a .F
useful tool for obtalnlng approxlmate values of heats and
temperatures of transformatlon, and is well sulted to”f>
loadlng at llqurd nltrOQen temperatures, a prerequlslte for
neasurements on quenched hlgh pressure phases of SOlldS.‘

o

a’
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radlatlon sources - Values: for the wavelengtns of the fff 4y
| radlatlon from each source were taxen fron tne therature‘a_' _
.(112) and are llsted in Taole 19 along with the filter |
materials. The samplelro film dlstance was 60.0 mm and the
, measurements were corrected for fllm snrlnkage wnlcn varied
B

A\

4.5 . Powder X-ray Diffraction Results

Al

AN

A numner of x- ray powder dlffractlon pnot09rapns were

obtalned for phenol I and II at —l90°2 u51ng a variety of

from 0. 00% to 0. 18% but was usually less than 0.13.
For a system sucn as phenol I, which is orthornombic,
(82), the value of eacn a spac1nq, d, is given by tne

expre551on (129, 130)

3]

12

c?

|3 _,
(NT N
o+

l? = + [4.4]

S
_.U|%§<
b,

. &
where h, k, and 1 are the Miller 1nd1ces of tine rerlecblon in
questlon -and a,-p, and c are ‘the sides of tne unit cell

The lnten51ty of each dlffracted ‘beam;, I;kl” 1s

proportlonal to the lntegrated cross-sectional optlcal

den51ty of the ring 1t produces on tne photographlc plate

(131). Eor A Debye Scherrer camera, hkl’ may be calculated

(132 133) by the expression

2
- sz .1 +‘cos 28 :
hkl © ™hkl —72 , o S [4.5]
, - ..81n BAcos 8 .

125

ok
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¢

Table 19, The wavelength and filter material of each

radiation source.?
- Source A (A°) Filter
Cr . 2.2909 - Vanédium‘Pento#ide
Cu 1 5418  Nickel
Mo - . 0.71069 Zirconium

a
The wavelengths used here are the 1nten51ty welghted mean

values of the Ka llnes for each source (112).
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where m is multiplicity of the:reflecting plane, F, is the

4 , , hkl
‘structure factor of the reflecting plane, and

I
6 = Sin Ia-

The sample‘to.film distance of a fiat plate camera 1s not
' constant'as‘in the Debye-Scherrer camera, but rather increases
with 8. ,This causes an expansion of the diffractidn rings as
0 increases and nence reduces the cross sectdional intensity
of eacn rieg.‘ I} is ea51ly snown:that,'for a flat_plate
camera | |

./__

Ihkl - mpikl[l +2cos 2¢ ] [Sin.Ze}. [4‘6]i
. - 71sin"8 cos 9| |tan 26 ‘ :
The pomderlpattern of phenol I at roomdtemperature
was calculated from the unit cell and structure factors
reporteo by Gillier Pandraud (82) (Section l.Sa)»using
equations [4.4] and [4. 6]f and 1s given in'Table 20 along
i with the unit cell parameters ‘Three photodrapns of_ione
‘refined phenol I, taken with copper Ka radiation using‘i
~different -exposure times, were_uSedeto determine the d-
"-spaCings at -190°C * 5°C. The relative intensities of the ‘;v
_lines on the best powder pnotograph were measured to an
estimated accuracy of +10% (Section 2 8) and by comparing
the low temperature relative intenSities and d spaCings Witn
those at room tcmperaturt it was pOSSible to index the d-

spatings found for phenol I at —l90° : .The indexed d-
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spacings were then‘used to‘célculate the unit cell of phenol I
at -190°C which was subsequently refined by a least squares
procedure uslngbthe program DRBFINE (l34). Table 20 lists
the unit cell parametefs_of-phenol I at -190°C along with the
d-spacings calculated‘from’the unit cell and the ooserved
’powder pattern\at —196°C; Each experlmental a-= spac1ng ‘1s, in
‘most cases, the averagz of those measured from three photo—

grapas and\ the error llmlt given:.is the standard deviation

about the mean value. The uncertalntles in the cell para-

meters at +190° C were calculated by the program DREFINE .

From the unit cell parameters llsted in lable 20, the

" volume expan31on of phenol I from-—l90 C to room tcmperature .
is 6.* 2%. This correspoﬁd to a mean thermal expansxv1ty

- of 321 x lO /,C‘ The expan51oh along the a axrs, tne.
directlon of the hydrogen bonded spine'of the‘polymeric'phenol
;chain (Section’l.Sa), 1s betweenbo‘and‘l%; while tne b and
"c_akes expand by 1.5 i-0.6%.and 4.0 ;-0 5%, respectlvely,
1ndlcat1ng that the chalns move SLgnlflcantly fartner apart

as pnenol I is heated but change only sllghtlyaln lengtn. fg{

A 51m11ar effect has been’

single crystals of acetic

‘hydrogen bonded polymahlc chalns

which is also composed of A

'In acetic acid a volume expan51on of 6% between -180°C apd
5°C was accompllshed solely by 1ncrea51ng tne 1ntercha1n1
dlstances, since no change was observed in the length of the

nydrogen bonded splne (135). These results are consxstent
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f‘with the expansivities of other molecular crystalsvsince
compounds in whlch Van der Waalswlnteractlons represent the
only. 1ntermolecular forces may - expand con51deranly (an
average of 2% in each dlmen51on over 100°C forggyclohexane‘
‘and neopentane (136)), while ice I, in which the primary
lntermolecular force is thne hydrogen bond expands by only
about 0.5% along each ax1s between —180 C and —10 Cc (137, 138)
The powder pattern of phenol II at -190°C was
determlned from photographs of sevgral samples. prepared from
two lots of zone reflned phenol and is: recorded ln'Table 2l.
The experlmental d- Spac1ngs reported are the averages of
those measured from photographs taken with chromium, copper
and molybdenum Ka radlatlon. The number of photographs
w&th each radlatlon whlch were 1ncluded in the average is
”lshown 1n the last column of the table for each llne ‘The

i

error-reported for each experimental d—spacing isvthe’
standard deviation aboutlthelmean ’Slnce d- spac1ngs
calculated from small values Qf 8 are less reliable than
those calculated - from large values of 6 (139) the d4spacings
calculated from small angle reflectlons on photograpns u51ng‘
copper and molybdenumbsources were welghted by one haif in
calculatlng the average ‘values of d, as were ‘the d-spacings
,‘determlned from photographs on whlch tﬁi approprlate llne
;was very Weak | @he ¢chromium plctures ‘were plagued by ngglng_

~whlch obscured reflectlons 2, 3 and '4 and which may have

hldden weak llnes 1n51de reflectlon 1 ) The source-of this
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problen was not located, however possible causesiare Lt
discussed on page 246 of refetence 130. | °~¥

The presence of phenol I in the phenol IT samples
would have been indicated by reflectlons at 4. 974 A°, 4.683
" A°, 4. 265 A° and 3.782 A° (Table 20), all of which were
-entlrely absentz Similarly, the absence of reflectlons at
3. 90 A° and 3.66 A°f (140) confirmed that.no ige I was
present. ' When samples of’ phenol‘II which. had Deen
characterlzed by tnelr powder photographs were warmed to
—25°C for 30 minutes, then cooled to -190 c, the resultlng
dlffractlon patterns showed tnat complete transformatlon
‘to phenol I had occurred" » “ -

Although the prlmary purpdse of the X-ray dlffractlon
studies was to unamblguously characteflze the two phases
of phenol an attempt - ‘was made to lndex the d- spac1ngs of
phenol II on the ba51s of an orthorhomblc unlt cell using
the Hesse- Llpson method (141, 142)...Thls requlres the
constructlon ofja dlfference table of values of l/d in
‘whlch one seeks oft-occurrlng dlfferences whlch -on the

ba51s of equation [4.4], may 1nd1cate values of h /aﬁ@

k fb or ‘1 /c ;; Since the dlfference table revealed values

correspondlng to 1 = 1; 2 and 3 for a value of.; ﬁﬂf 10.6,
llne 2 was lndexed as 100 Llnes 1 and 3 wer@‘arolttarlly
llndexed as 011 and 101 respectlvely 51nce the volume of the h
resultmng unmt cell was con51stent w1th the known den51ty

5pf phenol II as discussed below. The - observed d—spac1ngs.

*
!

EXE
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QEIeﬁindexed on this basis and the unit'cell parameters

were refined'using_the program DREFINE. The refined unit
vcell, the d-spacings calculated from it, and the deviations

: hetweeh,the_experimental and calculated d—spaoings are

listed in Table 21. Generally the calculated d-spacings

. - lay within one standardjdébiation of the experimental ones

P

'iand all calculated valﬁes were within the outer limits of
thehobservedllines onvthe:powder photographe.

| ‘"From the éompresSion_results reported in Section
3,4,’the ratio of the'molar volume of phenol II to that
of phenol I at 10°C and atmospherlc pressure, Vv‘(lO°C)/
';V (10°C), is 0. 921 + 0.002. If the unit cell deflned in
"Table 21 is assumed to contain 24 molecules, the ratlo of

- e
molar volumes, 7. (<190° C)/V (25°C), equals 0.909. Thus,

-Iw,
as far as one can determlne from available data, the
'~postu1ated un;t cell is consistent with the density of
- phenol II and it also ratlonallzes the powder pattern

rather,wgl;.
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Chapter V. The Dlelectrlc Propertles of Phenol I add II

Thls chapter presents ‘the results of dlelectrlc

¢

studles on phenol I and II. " Section 5 1 outllnes the'

experlmental methods used in the study, wh11e Sections 5.2

2
Voo

@
I

to 5.4?present and‘discu%s“the results obtained for the

two phases. The;correction'to‘the‘dlelectric conStantsu
for the defornatlon of the dlelectrlc cell under pressure;“
and the results of the‘calculatlon of ‘the’ electronlc polar4
1zat10n of phenol are used in Sections 5.2 to 5. 4 . but
these tOplCS are not dlscussed untll Sectlons 5. 5 and 5 6
respectlyely, so.as‘nothto 1nterupt’the cont1nu1ty of the
‘presentation. | |

5.1 Methods for the Determlnatlon of the Dlelectrlc

Constants of Phenol I and 1T

The ob]ect of thlS work was to determlne dlelectrlc
constants of phenol at 10° C as ‘a funct;on of pressure,
51nce such measurements can ‘be used in conjunctlon w1th the
prev1ously determlned compre551on data,(Sectlon 2;3 and 3l4)'
to calculate molar,polarizations. Additional objectives |
were to determine the dielectric constants'of phase I asba_pp,‘
function of temperature, inntiew of~the,dubiouslnature‘ofj
Smyth's data (Section 1. 5. a),'and.to attempt-tobevaluate
the contrlbutlons of electronlc and atomlc polarlzatlon to

the molar polarlzatlon of each phase.

N . i

Chan and Chew (22) report that a pressure of 10 bar
é‘ .

. 137
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in a cOaxial cell is enough to avoid cracks in the plastic
phase of solid cYciohexane. However, measurements on

» : . _
phenol, using the coaxial cell with a constant applied
preseure ot 1 kbar at temperatures from -70°C to +40°C,
showed anomalous behavior whiéh,was attributed to the for¥vi
mation of cracks as the”sample‘was‘cooled. dA detailed“
discussion is presented in Section 5.2. Since it was not
practical_to'attempt to‘measdre the isobaricvdielectric
constant of phenol as a function of temperature by means
of coolingdand wafming curves,’the_dieleottic constant
was insteadtmeasu;ed isothefmally as a fuqctiontof pressure
in the coaxial cell at a variety of teﬁperatufes. The'
dielectric constant isobars could be readily calculated
from suoh’data, and it was assumed that the onset of
'cracklng 1n the sample would reveal itself by cau51ng the
'hystere51s curvee to become non-reproducible and poorly

def;ned. Ev1dence obtalned from measurements on'phenol I1

whiéh_tends_to_supportethls assumptlon is presented in

v Sectlon 5 3.

In a typical set‘of.measurements the cell constant
was determined at room temperature as a functlon of fre-
Hquency, as dlscussed in’Section 2 Sa. The cell was~then
loaded in a dry box w1th a prewelghed sample of about 2 g
of zone-refined phenol. ThlS was enough to ensure that

‘the central electrode would remaln covered w1th sample‘
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idescrlbed 1n Sectlon 5.3.
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. &7 | |
when %&ESsure'Qas applied. The sample was annealed overF'
night at 35 o a%d a pressure of about 1500 bar before
measurements were made. At each temperature the pressure
was changed by 125 bar every half- hour and the dielectric fﬂ
readlngs were taken at several frequencles 25 minutes after

each pressure change."At_each temperature, readings were

- ~taken while increasing and while decreasing the pressure-.

'before,the temperature was changed. During each set of
measurements on‘phenol I, care was taken not to form any‘”
phenol,lI, lest the volume change at the tran51t10n

caused the position of the central electrode, and there-
fore the cell constant‘to be altered. After all of‘the

data required for phenol I had been obtained'from each

»samole, the Sample was taken'throughithe I- II transition

at +35° CfﬁnﬁQWas allowed to sit at: about 2000 bar at +35°C"

d&-,"
N

untll the measured capac1tance and conductance had stab-
1llzed- this requlred several days. The d1e1ectr1c
measurements on phase I1 were then made u51ng the proceaure

i [

The capacitance and conductance data for each phase

were converted to dlelectrlc constants and losses us1ng

the cell constant whlch had been determlned before loadlng

fﬁthevcell Since the capac1tance of the empty cell at 10°cC

was found to be w1th1n 0. 05% of its value at 35 C “the
cell constant was.assumed to be 1ndependent of temperature.

The cell. constant was stable with tlme because, after

#
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measurements ot phas@bl u51ng sample 2 were completed at
four temperatures, the measurements at the first tempera—
ture were repeated and found to be unchanged*"The error
1ntroduced by sllght varlatlons in the cell constant w1th
temperature was thus estimated to be no greater than 0.10%.
Methods for calculatlng the pressure dependence of the
cell constant _are dlscussed in Section 5.5. There was
‘some evidence that the I - II tran51t10n in phenol could
cause sllght changes in the cell constant. - This isﬂdis-
cussed in SeCtions'S;Q_and 5.3 whére the results obtained

of rhenol T and II are presented.

5.2 The DieiectriC’Constants of Phenol I ag a Function-

of’Temperature and Pressure

Values of the dlelectrlc constants of phenol I at

'several frequenc1es, uncorrected for the pressure depen-

-dence of the cell constant were: obtalned for 1ncrea51ng

-

and decrea51ng pressures dL varlous constant tempera

as dlscussed in Sectlon 5.1, us1ng three zone reflhed%'

samples of phenol | From the frequency dep@ndence of E"

the dlelectrlc constants measured at 50 kHz were generally
found to be free oﬁ space charge polarlzatlon* (Sectlon o
1.3a) and these values are llsted in- Table 22 for each

2

See 'p.159 for a detailedsdiScuSSion.
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Table 22. Dielectric constants of phenol I at 50 kHz,

uncorrected for the distortion of the pressure vessel, at

‘various temperatures and apparent pressures.

P (bar) ie'(éxé):

Sample "#1

Temperature=6.55C

4

Increasing Pressure

é'(sﬁooth)a;

500

951
1082
1218
1358
1503

1640

1762

2.9021
2.9054

2.9091
2.9132

2.9179
2.9217
2.9252

2.8878
2.9013
2.9053
2.9093
2.9134
2.9179
©2.9218
2.9254

' Decreasing Pressure

Temperature=24,5°C

Increasing Pressure

P (bat) 'c;(exP)

700
945

1067

-~ 1210
1344
1494
1623
1768

:~e'(Smooth)

-+ 2.8984

2.9021

2.9068
"2.9117

2.9168

2.9209

2.9257

2.8900
2.8982
2.9023.
2.9070
2.9117
2.9166
2.9209
2.9259

2.8910

& P(bar) €' (exp) €' (smooth)
800 - 2.9273
683 2.9214 2.9217.
532 2.9141 . 2.9141
418 2.9072 2.9077
270 2.8990 2.8992
131

2.8909 .

-Decréasing Pressure

bear)

1100

€' (exp) €' (smooth)

- 2.9281
2.9232 2.9233
2.9184 2.9186
269112 2.9113
.2.9049 2,9053
2.8966 ., 2.8969
2.89190

2.8907
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1759  2.9362 2.9361-

2.8994

€' (exp) €' (smooth)
820  2.9043F - 2.9019 - $2.9327
936 2.9075,  2.9058 2.9274 1 2.9274
1076 = 2.9110 2.9X03 ©2.9221 . - 22,9220
1230 2.9154 .9154 2.9170, 2.9170
1361 . 2.9196 2.9197 2.9120 2.9118
1500 2.9241 2.9241 2.9056 2.9043
1631 2.9281 2.9282 W - i
1762 2.9325 :2.9325
- Temperature=10.0°CP
1ncreasing,Fressure. : Decreasing Pressure
AP(bar) €' (exp) €' (smooth) - P(bar) e'(exp) €' (smooth)
600 - 2.8854. 950 - 2.9225
908 2.8941 2.8942 834 2.9179 2.9184
1053 ©2.8984 - 2.8982 -~ 689 - 2.9128 2.9129
1181 2.9021 . 2.9019 . 547 . 2.9065 2.9067
1361 2.9071 ©2.9073 407 - 2.9002 2.9002
1500 ''2.9116 2.9115 : 270 2.8933 2.8934
1628 . 2.9153 - 2.9153 137 2.8867 2.8867
1773 2.9199 2.9200 S .
Sample #2
Température=34.9°Cv . 7 : o= RS
Increasing Pressure | ' DeéreasingnpreSSure ﬂl
P (bar)- é'(exp) e‘(smooth)’ P(bar)""e’(ekp) €' (smooth)
350 - 2.8996 " .1250 . - 2.9414
555 2.9049 2.9050 1139 T 2.9372 .. 2.9370-
703 2.9089 2.9078 1022 . 2.9320, 2.9323
882 . 2.9140 2.9134 888 2.9271 02,9271
996 2.9167 2.9164 783 . 2.9226 2.9227
1164 2.9205 2.9208 o 640 | 12,9173 - 2.9170
~1329  2.9253 2.9250 495 2.9111 2.9111
1463 ' 2.9275 2.9283 339 2.9051, 2.9049
1597 = 2.9318 2.9318 205 . 2.9003
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Temperature=25.0°C

%

Increasing Pressurd * Decreasing Pressure
_P(bgr) €' (exp) ¢€'(smooth) . P(bar) €' (exp) €' (smooth)
300 - . 2.8902 1050 - 2.9337 .
535 2.8972 2.8967 © 939 2.9291 2.9293
655 . 2.9007 2.9003 . 797 2.9229 2.9233 .
806 2.9047 2.9045 | 666 2.9173 2.9175
954 2.9086 2.9087 . 538 2.9114° 2.9114
' 1084 2.9124 2.9126 453 2.9058 2.9073
1224 2.9164 . 2.9166 » 319 2.9004 2.9008
: 1369 2.9208 2.9208 = 208 2.8952 2.8952
1511 2.9249 .9248 ' - o -
1668 2.9292 /259293

1799 . 2.9329 2%9330

Temperéture=10.0°c

-Increasing Pressure ' - Decreasing Pressure
P(bar) €' (exp) €' (smooth) P(bar) €' (exp) €' (smooth)
400 - 2.8896 1000 . - 2.9286
495 ©2.8936 2.8922 831 2.9222 0 2.9228
663 - 2.8970. 2.8966 695 2.9181 2.9182
823 2.9007. 2.9008 552 2.9125 2.9125

959 2.9044 © 2.9043 ' 399 2.9057 2.9057
110960 . 2.9079 2.9078 - 270 2.8996 2.8993
1221 .2.9109 2.9111 - . - 151 2.8926  2.8925
1366  2.9148 2.9149 o . -

1506. 2.9187 2.9185 - '
1640 2.9221 2.9219

'j{l?SSJ 2.9256  2.9256

. Temperature=-0.3°C

Increasing Pressure : Decreasing Pressure
P(bar) ¢'(exp) . €' (smooth) P (bar) €' (exp) . £'(smooth):
500 o= e 28942 900 - 2.9260
780 2.9013 2.9004 ~° 754 2.9205 2.9215
¢« 959 2.9047 2.9044 _ 606 2.9171 2.9166
Y0 T1110 2.9078 2.9079 +.552 2.9140 2.9146
' 1235 2.9108 '2.9108 . - 450 2.9111 ©2.9105
1383 ~.2.9140 2.9141 - : 407 2.9085 . 2.9088
< 1500 = 2.9167 2.9167 - 302 . 2.9050 2.9044
" 1640  2.9195 2.9199. . 282 2.9031 2.9035

11764 2.9229 2.9227 - . 145 v 2.8967 2.8972
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<@ SamEle #3
Temperature320,25C’

Increasihg Preéshre Decreasing Pressure
P(bar) e€'(exp) €'(smooth) , P(bar) €' (exp) * €' (smooth)
300 - 2.8979 ‘ 979‘ 2.9413 2.9450
470 2.9032 2.9032 854 2.9371 2.9392 -
629 2.3082 2.9081 ' 714 2.9323 - 2.9326
786 2.9130 2.9129 566 2.9253 2.9252
917 2.9171 2.9170 455 2.9185 . 2.9190

- 1062 2.9212 2.9214 - 305 2.9098 - 2.9098
1215 2.9262 2.9262 139 2.8992 2.8991

1375 2.9312 2.9311 : :

1511 = 2.9352 2.9352

1637 2.9391 2.9391 :

1759 2.9427 2.9429 o>
Témperature=10.ldq»"

Increasing Pressure ‘ Dedgreasing Pressure
P(bar) €' (exp) €' (smooth) P (bar) s'(ekb)‘ é'($mooth)
500 - 2.9031 950 - 2.9435
677 2.9096.  2.9082 860 $2.9366 - 2.9400
808 2.9130 2.9123 720 - - 2.9327 2.9343
954 2.9166 2.9165 ‘ 589 = 2.9279 2.9286.
1093+ . 2.9206 2.9206 447 - 2.9216 - 2.9214
1235 2.2247  2.9247 322 - 0 2.9148 - '2.9146
1381 , 2.9290. - 2.9289 . - 165 2.9044 2.9044
1503 2.9324  2.9325 817  2.9372 2.9382

Temperaturé=-0.7°C_ |
Increasing Pressure o Decreasing Pressure
P(bar) e€'(exp) €' (smooth) ~ P(bar) 'é'(exp) €' (smooth)
400 - . 2.9059 800 . T - 2.9400
672 - . 2.9123 - 2.9119 - |  .680 2.9334 2.9355
808 2.9150 2.9150 i, 552 - 2.9296 2.9299
939 2.9180 =~ 2.9179 404 2.9231 2.9229
1102 2.9217 . 2,9216 r 276 2.9160 ~2.9160
1233 2.9247 . 2.9246 .- 134  2.9078 2.9077
1375 2.9280 2.9282 ' ‘ T '

1506 2.9314 2.9314 _ .
1640 2.9346 . 2.9348 - . S
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¢
Temperature=—10.2°C
Increa51ng Pressure Decrz2asing Pressure
P (bar) '(exp) €' (smooth) P (bar) €' (exp) €' (smooth)
500 - 2.9097 ° 700 . - ' . 2.9402
791 2.9174 2.9160 555 2.9310 '2.9337
948 = 2.9197 2.9195 - 396 12,9256 2.9250
1102 2.9229 2.9229 ‘ 304 2.9213 . 2.9213
- 1224 - ° 2.9256  2.9256 . 134 - 2.9139 2.9139
1369 2.928%4 2.9288 '
1492 2.9316 2.9313
1614 = 2.9341 2.9340
1745 2.9367 2.9369

a

. Values of €' .read from the smooth curves drawn through
xthe experlmental values of ¢

~ These readings were taken after pasSlng the sample
fqthrough the I-II and II-I tranSLtlons. The cell
constant .is” belleved ‘to have been sllghtly altered
during thd tran51tlon. :
ﬁd : L
These Values were clearly too hlgh due to electrode
polarlzatlon. . '

.»:L{_‘_ L » . ‘]:f‘,"-‘ oot
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‘affected p01nts are marked with asterlsks.
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o)

sample atﬁpll the temperatures at which'measurements were

made. The measurements on sample 1 at 10°C were made after

the sample had undergone the I > ITI and II'» I transitions,
‘.'),

whereas the measurements at other temperatures were made

before any tran51t’ons took place. The dlelectrlc con-

ﬁstants at 10°C in sample 1 were lower than thosq et 6. .5°C

f
and 24.5°C (Table 22} and since there was no fwldence of

'electrode .larlz tion in these ‘three results d1t‘w_as._

concluded \that e\cell constant had changed slightly

duringsthe transitions;f On the assumptlon that the

“Ydlelectrlc constants~at 750 bar- vary llnearly with temper—

ure, the values of ¢ \obtalned at 10°C were multiplied
4

by 1.00183 to correct for the change in the cell constant

atvthat temperature. Also; in samples 1 and 2, the‘fre—

,quency dependence of €' clearly 1nd1cated that the 50 kHz

ivalues of e' ‘at hlgh temperatures and low Pressures . were

affected By space charge polarization. In Table 22, the

s

TS 1llustrate the results in- Table 22, the di-

'S i

' electrlc constants at lO C for the three samples are

plotted in Flgure’20 against the apparent pressure. The

u.[

results 1n both the flgure and the table are not corrected -
for the pressure dependEnOe of the cell constant and

p01nts taken 1mmed1ately after alterlng ‘the dlrectlon of

pressure change whlch were far removed from the compre551on
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and decompre551on curves are not 1ncluded Smooth curves,
such as.a,ib, and c in Flgure 20 were drawn through. the
‘data points'that were obglously.on.the‘compression and
decompreSSion_curves, and,readings tahen from»these fitted
curves are included-in Table 22.

The apparent pressures at whlch the same value of
the uncorrected dlelectrlc constant occurred on the
vsmoothed compression and decompression curves were then
averaged to minimize hysteresis effects.($ection 1.4b). S
These dielectric constants were then corrected'for the |
change in the cell constant with pressure by multlplylng

i

them by the factor C /C » the ratlo oﬁz}he cell constant
~at pressure P to that~at,ambient-pressure, derived and
given in Section 5 5. The averaged pressures were cor-
rected for the expan51on of the bore of the dlelectrlc
cell under pressure u51ng equatlon [3 1] and assumlng a
value of 0. 75 for the expan51on constant, f. The expan—
.'sion constant was set to 0.75 because the ratlo of - the;
sample 1ength to dlameter was 2 8 in the coaxial cell, ;;
compared to 0.5 in the compre551on cell for whlch £=0.38.
jA deviation of 0. 25 in f would cause errors of only 0 1%
and 0: 08% in the pressure and cell constant at 3 kbar
respectlvely. ‘The resulting, corrected values of the
dlelectrlc constants as a functlon of pressure were

,1f1tted to quadratlc equatlons 1n pressure by the method

.of least squares.r Thls reduced theiexperrmental'results

S',' o
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in Table 22 to twelve quadratlc equatlons, onq@@b;‘each of:

the four temperatures at whlch measurements were made onmﬂl‘

o
each sample. - These equatlons are @1s_ed in Table 23 along
with the pressure range over Wthh the data extended the
?umber of data points used in ‘each least squares flt, and
tkthe standard and maximum dev1atlons for each fit. Thev,
*standard and maximum dev1atlons were all less than 0.0001
and 0. 0002 respectlvely, and the dev1atlons were random,
so the fitting procedure 1ntroduced no 51gn1flcant error

&

into the results.

The dielectric constants obtalned at 10°C can be

¢

used with the known compre551ons of phenol at that temper-'

'ature (Sectlon 3. 4) to determine the molar polarization of-
phenol 1 as a function of preSsure. Values of €' at 50 kHz
and lO°C calculated from the equatlons in Table. 23 ‘are

llsted in Table 24 at several pressures The mean of the

b
'/

three expressrons in Table 23 for e at‘lO t 0.1°C is

-9

e =.i;§324£¥ 4.4278 x 1of5 P -2.9302 x 10 °p2 [5.1]

where'? is.the pressure ih har. Values‘calculated from

thlS expression are 1nc1uded 1n Table 24 along w1th the-
'standard dev1at10ns of . the values of e' about-this mean at
'feach pressure. The standard dev1at10ns range from C. 0064
;.at Pv; 0 to 0. 0088 at P 1500 and correspond to a pre—,

ecision of about 0.3%. The ratios, of the measured values

~of €' for each sample in Table 24 to those of the mean
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‘ﬂfé A Table 25 lists values of the molar polarlzatlon,.F
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are constant to within 0.15%. This suggests that the dis-
crepancy between measurements on different. Ssamples is
largely due to slight changes in the cell constants caused
by the initial compactlng of the samples. Equation [5.1]

1&vﬁppresented by curve d in Figure 20.

' 'L‘

’

calculated from the results in Table 24 u51ng the Clausius-

Mossotti equatlon_'Sectlon l.2a). The molecular weight

!

was taken’ to be 94.11 and the den51t1es were calculated

u51ng the volume compre331ons listed in Table 15 and ‘the

relatlonshlp

d = 1.132/(1 + AV ) 05.2)
7 L

,wnéié,;as{ih Section 3. l the den51ty of phenol I at at-

mgspherlcqpressure and lO C was assumed to be the same as
that at 25 C, 1.132 g/cm’ (70). At atmospheric'pressure

" and 50 kHz, the molar polarlzatlon is~ 32 05 + O 10 cm3'
and is the sum of the. electronlc and atom1c polarlzatlons,,
i.e. P =,Pe ; ﬁé (Section 1. 2a), 1f there is no contrlb—
utlon from dipolar reorlentatlon. ﬁé is calculated in
Sectlon 5.6 to be 26.91 * 0.30 cmS and so P 5+ the atomic
?%lariaation, is 5.14 + O.~'40'cm3 at 10°C and one atmosphere,
assumlng that there is no contrlbutlon to the polarization
from orlentatlonal relaxatlon.:

: To 1nvest1gate whether or1entat10nal relaxatlon

was present the frequency dependence of e' and E"»Was ;'
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s

subsequently measured over a range of 100 Hz to 100 kHz at

n

tempergtures ranglng from —70°C to +40“C, and ln no case
was there any dlsper51on ~or loss whlch c@uld bevattrlbuted

- m P \‘_/, ¢
to dlelectrlc relaxatlon.A This observatlon,*coupled w1th

Sl x 5 e A ',;

the fact that. the value 5 14 cm3 is not abnormallv large“"

for P (143 144), makes it hlghly unllkely tna;»any dl—'vhi:w .

electrlc relaxatlon occurs. to hlgh frequency of - these"

measurements. 'It is p0551ble that dle%ectrlc relaxatlon

. . v

does occur at frequenc1es less . tnan 100 Hz at 35°C.‘ Such,’

2 )
@a relaxation would be slower than that 1n 1ce I extraj‘

‘%’fi‘«

&kb & .
polated to 35° C (39) by a factor of 10 and since-reﬁ
laxatlon 1n other phases of 1ce and 1n the clathrate h

‘ hydrates is faster than,that in ice (145 146),.any relax-
ation 1nvolv1ng a 31gn1f1cant degree of dynamlc mlgratlon
of Bjerrum defects (3) along the hydrocen bonded chalns 1n
phenol is unllkely Since 1t is dlfflcult to 1ma91ne any -
"other mechanlsm for- dynamlc dlsorder in phenol I, the
crystal 1s.very probably orientationally orderéd‘or‘
'statically disordered. . ‘
| It is necessary to determlnerhether the’ decrease

in- molar polarlzatlon with pressure in- ‘Table 25 is real

or whether the error limits are so large that it could be ‘
constant‘. The obv1ous uncertalntles are the 5% error |
limjits. in —AV/V ,.an uncertalnty of _0 005 pf in the lead

hcapacitanCe (Sectlon 2. 4a), and the’ assumptlon of 75%. of

: . . o -~ , S

) .. . ER)) . EX A

~
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i

ideal expansion of the bore. The last column in Table 25°

Tk

lists values of the molar polarization, F, calculated

using the limits of these uncertainties which tend to

'minimize the drift of P with pressure. These valueﬂ

: clearly show that the decrease of P w1th 1ncreas1ng

. U4 ' -
, 'length refractlve 1ndex, n_ (Sectlon 5. 6)

’.local fleld (Sectlon 1. 2a) whlch are almost certalnly

iculeS-ls zero. As dlscussed 1n Sectlon l 2a, this

pressures is real.

The observed decrease in polarization is undoubtedly

fldue to a comblnatlon of the effect of pressure on the
Afmolecular polarlzablllty, aa-+ de»(20),_and den51ty

Ldependent dev1at10ns from the Lorentz expre551on for the

\

present in phenol I and whlch result from a breakdown in’

the assumptlon that the field due to nelghbourlng mole-

naverage of such a field is zero. In the case of phenol
)th 1t 1s very llkely that both the average and 1nstan—
\taneous flelds are non- zero, and hence an increase  in

densrty would almost surely affect the local field

(18 147) ‘ Decreases 1n b&th ua and o ,w1th 1ncrea51ng

- 5 . et

)
‘.pressure have been reported for. sollds (20), but 1t is -
- not p0551ble to determlne ‘how much each changes w1thout

/knowlng the pressure dependence of the 1nf1n1te wave-

The express1ons for the pressure dependence of the

I3 11,4

;fdlelectrlc constant at 50 kHz and varlous temperatures
' e X :
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‘given in Table 23 may "be used to determlne the 1sobar1c
htemperature dependence of the dlelectrlc constant of phenol‘
I in the follow1ng way.. . The sma11 dlfferencestetween the

. values of the,dlelectrlc constantsfat 10°C were sho&n
.earller to be largely due‘to sllght errors’in the‘value

of the cell constant used for each sample. To correct for
‘these errors, adjusted dlelectrlc constant isotherms were
determlned by multlplylng the equatlons in Table'?3 by a.
féctor, constant for all temperatures of a given sample,
isuch that the dlelectrlc constant of phenol I~ at 10°C and
‘750 bar equals that of the mean 2.9140. Such corrections

/

. essentially adjust the cell constant of each of“the three s
samples so that they glve the same value of the dlelectrlc
constant:at 10° C'and 750 bar. The most accurate value'of
the dlelectrlc constant was considered to be that at 750
ibar 51nce 1t is near the centergpf the'hystere51s }oop.
From.the d;electr1c~constants in Table 24, the'multipf
lication factors are(1;001§6l 1.06127}e§nd,o.99§82'for |
,.spmples:lé‘Z,_and‘3 respectivety.‘ The adjusted values of.
- dieiectric constant, at 0, 500‘ 1000 fand'1500 bar are
Qﬁlotted in Flgure 21 and llsted ln Table 26

The p01nts in Flgure 21 and Table 26 which corres-
‘fpond to measurements at 35 C on sample 1 and 25.0°C and
’.34 9 C on sample 2, deviate 51gn1f1captly from the general o

trend in a way which is entlrely cons1stent w1th the onset

of electrode polarlzatlon as the samples approach the

I
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Figure 21. The dielectric constants of phenol I at
50 kHz, after adjusting the cell constants. The
symbol @ indicates the value at 10°C and 750 bar at
which the results from the three samples were forced
to coincide. The symbols O, A,0 indicate the values
obtained from samples 1, 2, and 3 respectively.  The
solid and dashed lineés indicate isobars given in
Table 27 as Fit II and Fit-I, respectively: A, 1500
bar; B, 1000 bar; C, 500 bar; D, 0 bar.
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i

melting point. Since the @resence of electrode'pclafiz—
ation is indicated by an increase.in €' with decreasing
frequency; it is essential to‘determine whether the in-‘
accuracy of the bridge at high frequenc1es (Section 2.4)
affects the apparent dielectric constants of materials in
. which no electrode;polarization is present.. 1In fact, the
values of €' obtained from phenol at lo& temperatures and
values obtained for liquid carbon tetrachloride and cyclo-
hexane (Sectlon 2.5a) showed a decrease in €' of 0.0040%*
0.002 as the frequency was raised from 20 kHgz to 50 kHz

in spite of. the factlthat nc electrcde polarization was
present in these saméles. The absence of electrode polar-

ization was shown by the constant values of ¢ between ¢

. ,‘
~

1 kHz and 10 kHz. The decréase in €' between 20 kHz and
50 kHz is undoubtedly due to the 1naccuracy of the brldge
above 10 kHz. It did not have a'serlous effect on the
.accuracy of the measurements, but it does suggest that a
_decrease in €' of less than 0.0042'between 20 kHz and

"50 kHz does not indicate electrode polarization. The
35.0°C and 34.9°C measurements in Table 26 reQealch a
diSctepancy.of 0,0080 and 0.0055 betweendthe 50kHz and
ZO»RHz'vaIUes Qf €' and it must therefofe‘be concluded
that electrode polarization was ptesent in both cases.

Slnce the dev1at10n between the 50 kHz and 20 kKHz values

of €' from the 25 0°C run was only 0.0042 there is no
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proof that electrode polarization affected.this‘measure—
ment. Unfortunately no data below 10 kHz was obtained
.for sample 2 at 25°c.

The data listed in Table 26 for each pressure were
fltted to llnear equatlons in temperature by the method
of least»squares using all the data points below *30°C.
These‘isobars are shown by the broken llnes in Figure 21
andhare listed as Fit I.in Table 27 along with their
standard deviations. Because the values of e' at 25.0°C
do deviate significantly from the,éeneral'trend, the
least squares fits ofzthe isobaric data were repeated
without using these points. The resulting isobars are
listed as Fit IT in Table 27‘and are shonn by the solid
lines in Figure 21. | ‘J',;.-'V' _ -

B In the original experlmental data (Table 22), the
w1dth of the hystere51s .below 10°C is so great that the
'values of,e' at 1500 and 1000 bar in Figure 21 are rather
uncertain at theseuteﬁberatures. Further, the standard |

deviations of the 1sobar1c curve fits for these pressures

~vare of the same order as the dlfference between ! at

4

.-10 C and +35 C. .Therefore the slopes of the 1000 and
1500 bar isobars- llsted 1n Table 27 are qulte unrellable.
The data below 1000 bar is‘more\reliable and shows a
.greater:temperature dependence (Figure 21). The slopes of
‘these 1sobars are, therefore, better deflned but are sub—

-Jject to the 30% uncertainty arlslng from the exlstence of the

<
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Table 27. Thé dielectric cohstahtNOf phenol I at 50 kHz as

Fit 12

‘Pressure

(bar)

.
500
1000

1500

CFit 11°€

Pressure -
{bar)

0
500
1000

1500

a

a function of temperature for several pressures.

-

-

-~
o

Dielectric Constantb;

oy

Dielectric Constanta, '

3.276x10°

4.119x10"

7.116x10"

4

4

- 1.732x10°°

T

T

S.‘A

5

T

r/

2.8870 -

2.9063

'

2.9248

+

2.9424

4.663x10°
2.631x10°

9.687x10"

3.814x10"

T is the temperature (°C).

C

4
4
5

5

T

T

.T

T
~~

Calculated from all of the data below 30°C.

Calculatedvfrom all of the data below

Stahdard
Deviation <’

0.0035 " .
0.0022
0.0018

0.0026

" Standard

.Deviation

‘0.0018

2020010
,0.0014

0.0026

24.9°¢,
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two fits. -

Itvis interesting to'qualitatively compare the re-
',sults in Fighre 21 to the 0 bar isobar reported by Smyth and |
FH;bchcock (88) and to data obtalned in this 1aboratory by
. gooling and warmlng a‘sample of phenol at @ constant
pressure‘oﬁ,l'kbar in the coaxialfcell. The'three setsb.
-of results are shown in ﬁggure 22w Curve A in the fichre
‘:corresponds to Smyth's results, while curves B and D are
tge l;Olkbarwand 0 bar isobars, respeCtively;”previousl§5
dgpicted in Figure 21. The data obtained by cooiing‘and |
‘warming the phenOl sampie~at ixkbar is depicted by cdrvelé

XYZ. Thls sample had been taken through the I+ II and

o

L‘f$1tlons prlor to taklng these measurerents, sg

-~
-

the cell constant may have changed somewhat durlng the H

gtran31t10n. On:the assumptlon that the cpll constant had

c

changed the orlglnal.data were multlplled by the factor

hO 9856 to- brlng the p01nt at- 10°C 1nto agreement w1th

. , Ce o ‘ s e
curve B. . - R ) S

- 'J

cThe 1ncnease 1n)ﬁlelectrlc co;jfant w1th decr@a51ng
e

~temperature shown bffllnes B and D 1 he-behav1or ex-

>

pected except.an the rare cases;where the temperature

}dependence df the polarlzatlon is: unusually large and
; S »
ntlal decrease inm Smyth S valuesjof

&R
: pos1t1ve. Thd’gxpo‘

e’ w1th temperature undoubtedly arises from cracks 1n

~hls_samples,§h ﬁroblem:nnﬁigentvln_the technique‘herusedp:

O

YLD
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FigUre 22.° Dielecfriq constant isobars fot phenol I 7
. obtained by dlffere methods. - Curve A represents the
‘cooling curve of Sfyth and Hitché¢ock at 0 bar. Curves

XY and,YZX represent coallng and warming curves,  res-

'pectively, ‘pobtained 1in the coaxial cell at 1 kbar. o "
 j.L1nes B and D are the 1. Q kbar and 0 kbar lsobars I
“w . taken from Flgure 21. e, .;.:‘ Cl "Q
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(88), and from the lnfluence of electrode polarigatlon}

In suppokt oflthis latter'point, his values of €' increase
'rapidly with decreasing‘frequency above_35°C. With
freferenCe‘to the 1.0 kbar-cooling curve of'phenol’lgxz}%n/f/i‘
- _ =

Figure 22) , cracks appear t0'have~fofﬁEd,as.the sample
~was cooled from X to Y because €' decreased. The sample
must have- comoacted to some degree at the lower temper-
”Aatures however 51nce, after reaching p01nt Z, the warming
curve follows the 1.0 kbar 1Sobar rather closely. « The
appearance of cracks under an applled pressure as high

as 1 kbar is partlcularly noteworthy because phenol I is

h usually regarded as a relatlvely plastlc\phase.‘ ; U

-
-

it is clear from the aboveaiesults, that the tech—
4 nique of determrnlngyfhe temperature dependénce oﬁ the

‘lsobaric dielectric constant of a solid in-a coaxlal Cell
-'by coollng and warmlng the sample at constant pressure is

an unrellable one. Chan and Chew (22 136) have had some

' " -

-~ A "

-suCCess uélng th1s'techn1que on cyclohexane and neopen-;
jtane, but, because shearlng of the sample is necessary to fp.
o . 7 .

_convert the un1ax1a1 stress generated at”the‘plston face

‘to hydrostatlc pressure, pressure gradlents wlll be present~ 3
in all but the most plastlc-substances. Because_of these'

'pressure gradlents, the practlce of 51multaneous measure4

" ment of d1e1ectrlc constant arid sample volume 1n¥the

same coax1a1 vessel (136) is part;cularly suspect. ~Tﬁls

technlque does y1e1d mean values of €' at given values
. S &

‘
T

b I
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of mean sample density so long as no cracks are present

—

but su ues would scarcely be the isobaric ones in

any sample of appreciable, rigidity, sincevthe pressure

‘165

gradients must become much more severe at low temperatures.

For this reason the method of determining' the isothermal

. dielectric constant of‘a solid as a funct!on of the

average,pressure between the compress1on and decompre551on
‘curves at several temperatures - as dlscussed prev1ously

in this chapter, is preferred Althoughvit 1S more time

: I
ﬂ?he dlelectrlc constant 1sobars obtained using

3

thlsﬁhetgoghare certalnly more rellable 51nce failure to

observe well defined compression and decompre551on curves

clearly 1nd1cates the temperatures ‘at whlch the pressure.f

Vot &

gradlents ape 'so severe as to render further measurements

-

"t C . ; ’ N ' ¢
meanlngless.- , : .

n.

The temperature coeff101ents of the dlelectrlc

9T

-are deflned by the equatlons 1n Table 27 An uncertalnty

&
!

of about 30% 1n each coeff1c1ent 1s ev1dent from the

- constant (BE)P, at atmospher1§: pressure and 500 bar,

S

£
+ -

IR e ’ X e B . ; b’

ex1stence of two p0551b4e fltS. Further ev1dence of thelr'

N

.rellablllty can- be obtalned by u51ng the Clau51us Nossottl

. t

eguatlon (Sectlon d. 2a) to calculate the 1sobar1c thermal

..

expan51v1ty of phenol I at atmospherlc pressure and at

500 bar The thermal expan51v1ty at pressure P is

def;ned as E
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\
1 .a L
LY V .
Ap = (-B_T) ) [5.3]
. . 0 P S .
' whe-e, in this case, V, is the molar volume at atmospheric
i o .
. ‘ , ) ,
pressure and }0°C. a, can readily be related to the ,

dielectric coﬁstant, €', using the Clausius—Mossotti*ﬁ

equation, so that

/

¢ v Y v
. _ _P -3 = [3e)
"% T g TeD (ev2) (5?) o B4l
SR o : ' P '

R : 1 ' 1
where VP’ £, and.&ae/aT)P are the molar volume, dielectric

' * constant andftempggaFUre coefficient of the dielectric
constant at'préssur; P and, in this case, 102C{; This
) equétion'assumesthaF,théf;olag"po{?rizat{on, P, is
, , o R ‘ :
  §ndepéndeht of tempefathre.. If{this gssumptipn,fg re-

placéd\by the‘morv iausible_one that the mélar polariz— o

.ation, P, is a function of depsity only, so that

. »<—V’ : (2§>‘(=(§E> 5~ (g? / 5) | ' [5\;] ' |
o | . 'av p'rvaVTF Vo Vvo' T. ..

o

-, then the thermal expanSivity/at pressure P.is gived by
-5 then th « X tipressure. g by

R e} -
. A .4 PN VP -3 @E) ‘r -
. S R €+ T/ T L
o o ) P .
Gp = Y 5 [5.6] E

-1
| 1 - 2 L (3$\'“ )
VY . §P-~ BIV/VO T

,_whereﬂfphis‘the-molar.polarization at pressure P. The

- “term (aﬁla(v/vo))T;was;determined by fitting the average

- 166
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values of P in Tahle 25 to a linear function of v/v using

2

the least sduares method. The data was found to fit the

expre551on

- o [

(5.71

<1<

Flem) = 20.30 + 11.75
B O.

P
o I ¥

{with a maximum'deviation ofﬂOLQl cm3. Hence (SP/S(V/VO)) at
Lt é%g S ﬁ?' L / . _ :
{?f‘ lO C equals 1. 75 _and; :,»:% ependent of x'p'ressure to

within the prec151on of th‘&rﬁta in Table 26 Values of . -~
,'

‘aé at 10°G, calculated u51ng equatlons [5 4] and {5.¢€]
are listed, in Table 28. Values of,? and VP/VO for the”

(, caPculatlon were tﬁﬁen from Table 25, and‘values of

- M

9
. W“ ' o
@ and (ae /8T)_~were calculated from the’ expre551ons in

‘Table 27. $

; The only known value oflgé”for‘phenol I'is tne
j‘;, hERe -n‘,,’ - c [ o
erage value between»¢l90°C'and +20°C at atmospheric

“

pressureydeduced from the x-ray: data in Section 4.5 to be

v PN .
X ;o“4 oc™l. "The values*ikkfablé‘zs calculated

from® equatlons [5 6] are conSLStent with thlS value and

. . sy e

the values us1ng Flt II are 1n better agreement w1tb tneT“

x

X- ray results than those .using Flt I It should be

17 N - (3

p01nted out ‘that the mean expan51v1ty from —190 C to +2O C
probably underestlmates the expansrv1ty at 10° C 51nce
usually 1ncreases with temperature (148).

| The ratlo of the expan51v1ty at atmoscherlc nres—.
sure to that at 500 bar in Table 30 is 1.9 = 0.1 ho.matter.

whichffit or which method bfncalculating the expansivity -

g B . v - . N ’.
. N
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Table 28. Isobaric thermal expansivitiass of phenol I at

‘10°cC.
.
'Thermal,expansivitya,:dp
Atmospheric , o ‘&
Pressure 500 bar ~_0/7500-
' . . R .
\Eﬁuation [5.4] .
Fit 1P° Co1a7x107t T siex107 .,
Fit 112 1.52x107 %" 8.4x107° ' 1.g
< B S — e A
lggpatién [5.6)
Pit TR 711074 8.9x1-7> 19 ¢

N ) b . ' . - o ; -4.'1 ‘ o . .‘ .4—..4 ) ‘: . o ; | .
FLIt 11 2.43x107%, " 1.33x10 .2
ff, . 2. 3xA_3§§g 3§‘»‘_ ¥

. Units are (deg,C) ‘ : o - - ; .
Refers tb/the.two'éets“offexpressiOns given if Table 27.
A -



- Qés aseé.' The only data for ‘molecular crystalslln the
;llterature with which to compare this result is the ratio
1, 2 found by Chan and Chew (136). for cyclohexane I at D°
_For<solld Xenon at about -150°¢C, Swenson (149) has found

' thab the ratio of the expan51v1t1es at 0 and 1000 bars 1s

tyabout 1.4 and this ratlo 1s about 1.5 to. 1.8 for several

1;’organlc liquids (150 151,152) . The ratlo for phenol I is

v‘flarger than those found for these compounds.' This may be:

vbecause the thermal expan51v1t1es calculated here are
based on rather poorly. defined values of (ar'/BT) or 1t
rmay be .simply becausgfth%%clted systems are’ very dls—
similar to phenol 1 in structure.‘ Con51der1ng the uncer-
talntles involved the expan51v1t1es llsted 1n Table 28‘
‘using Flt ITI: should probably only be regarded as being
‘accurate to 50%. “7f _ o =

{_ To summarize this sectlon, a dlelectrrc studyvof

phenol 1 was carrled out at temperatures from —70 Cc to

Y ~!

B ,+40°C over a pressure range of 0 to 1500 bar at i freduenLA”

\/
”c1es from lOO Hz to, lOO kHz No dlelectrlc relaxatlon

was observed over thls temperature and frequency range -

and it was concluded that dynamlc orlentatlonal dlsordervj

“.169

is probably not preSert in’ phenol I. The dlelectrlc con-

stants and molar polarlzatlon were measured at 10° C and

3the polarlzatlon was observed to be a llnear functlon of

=+

‘den31ty to within: the pre0151on of the measurements.”‘The

>
¢
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o

“atomichpolarization at 10°C and atmospheric pressure was |

S

calculated. Dielectric constant 1sotherms were measured

as a functlon of pressure from -10° C to +35°C and these

T were used to cal?uiate the isobaric temperature dependence ’

of the dlelectrlc cgistant ThlS data, in turn, was used
: K 3)-‘ -

. to’ calculate ‘the thermal expan51V1t1es of phenol at 500

‘bars and atmospherlc pressure to a rather low'accuracy.

o

5.3 The Dielectric Constant.: Molar Polarlzatlon of.

Phenol IT at-'10°C

Each of the three samples used to obtain the

dlelectrlc constants of phenol I in the coax1al cell

‘
K

( ectlon 5 2) was subsequently ‘used to determlne the_

dlelectrlc constants of phenol II. ‘As dlscussed in Sectlon'

5.4, the I+ 11 transformatlon was 1nvar1ably accompanled

by a broad dlsper51on whlch at 10°C, extended to fre-:

. \

'quen01es hlgher than the range of the brldge, and whose

magnltude decreased W1th tlme : ThlS dlsper51on is
apparently not an 1ntr1n51c property of phenol 1T (Sectlon

5.4) and 1t'was necessary to .ensure. that it was not present

“,before'the experlmental dlelectrlc constant at 50 kHz

could be con51dered to be the 1ntr1ns1c dielectric con-.
stant of phenol II. Slnce carrylng out the I + II trans—'_‘

formation slowly at warm temperatures had heen found to

minimize the magnitude of the, dispersion (Section 5.4), .

' o L e .
the. samples were taken_through;theﬂtransltlon over a. -

N



.4

| of course, freguency dependent but -at 20 kHz e 1ncreased

' from about 0 005 to 0.12 over the course .of each run., SQ».“ '

‘number of compllcatlng factors whlch are dlscussed below

‘magnltude as - the&run progressed. The magnltude of c"'was, w b

' _ o _'hgﬁh l?l

- W R : ! "
. I i

: . o . - S s L
period -of several hours atvtemperatures near 38°C. The
. ! » . . -

samples were thenlleft at 38°C and 2000 bar until the dls-
persion had largely dlsappeared ThlS requrred three days
for samples 1 and 3, and ten days for sample 2. The
temperature was .then lowered to 10°cC and the dlelectrlc
constant and loss were measured as a“functlon of frequency

for 1ncrea51ng and decreasing pressures, changlng the

pressure by about 300 bar every 30 minutes and making the

measurements 25 minutes later.  The resultlng values of

.at 50 kHz are plotted in quure 23 as 'a functlon of the

l

applled pressure, w1th neltner €' nor pressure corrected t
'for deformatlon of the pressure vessel If condltlons

were 1deal these values, after correctlon for deformatlon

of the dlelectrlc cell ». Would reoresent the statlc di- .
electrlc constants of . phenol II, €7 however‘there are a‘ : ‘p§§€

Kl .

In splte of the precautlons taken, ‘som re51dual “,

P

dlsper51on was present 1n each sample and 1t lncreased in w i
" -\érl N T ’ - -h '4\ r\ﬂk

°

-

' The Cole Cole plots of the dlspers1on region were 51mllar

‘to those shown in Sectlon S 4 except that there was’ evi

dence of sllght D c. conductance in samples l and- 3. The
N

dlfference in ¢ between 50 kHz and 1 kHz was 1n1t1allyf

0.025, 0.026 and O 010 in- samples l 2, and 3 respectiyely;

i
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Figure 23." The apparent dielechric constants of phenol II
.at 10°C, measured in the coaxial cell.at 50 kHz and plotted
against the. applied pressure. The circles,  triangles and
sguares indicate measurements. on samples 1, 2, and 3,
respectively, and the open and solid symbols indicate

measurements made while increasing and decreasing the
pressure, respectively. : : R
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.rellable data p01nts are those at low pressures. 1If the

173

These values approximately doubled over the course of the -
run but did not vary consistently with either pressure or
time.  The dlsper51on effects dld not show any consistent

behav1or and are not well understood (Sectlon 5.4). They

y:(.

proﬁably caused the observed values of €' at 50 kHz to

i

exceed the true static dlelectrlc constant by about 0.01

to d705 ‘excludlng the effects of pressure gradients in '

the cell i

The lack of a pronounced pressure dependence of e

.in Flgure 23 could Lndlcate ‘that the increase lnLF w1th

pressure is just large enough to cancel the decrease in

the cell constant caused’ by the pressure deformation of

-the dlelectrlc cell compounds. The effect might also be

caused by large pressure gradlents in the cell and/or the
formatlon of cracks in- the samples. Since the data in
Flgure 23 do not show well deflned hystere31s, it is im-
pOSSlble to calculate the internal pressure in the cell
by averaglng the apparent pressures at which glven values
of E,Poccur and, hence, the data cannot be corrected for

the preSsure dependence of the cell constanmt. Whichever

of the above effects is, the cause of the pressure, ‘inde-

"pendence of the - apparent dlelectrlc constant the most

values of €' at 2000 bar in Figure 23 are assumed to be -

correct for that pressure, they may be corrected for the

’

pressure dependcnce of the cell constant using the methods
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' glven in Sectlon 5.5 with the expansion coeff1c1ent set to
0.75 as in Section 5. 2, to yield the values 3'0443 3.094
.and'3.095 for the 50 kHz dielectric constants of samples
1; ?f'and 3, respectively. Because of the uncertainty in
the true pressure, and the'evidence;that the phase tran-
sition may have caused small changes in the cell constant
(Section 5. 2), it was necessary to determlne the 7 .»ar
dlelectrlc congstants in a completely dlfferent arpara =% g
t0 check: the. rellablllty of these results. - %J . vhv 4
The parallel plate dlelectrlc cell, shown ‘in Flguret |
11b (Sectlon 2. ib) can be used to measure absolute di-
electrlc constants, prov1ded that the distarice between

the plates is known Pressure gradlents in this type of

‘cell should be minimal 51nce only a small amount of shear

is requlred to convert the uniaxial pressure at the fage

of the piston -to hydrostatlc pressure ‘(Section 2.5). . The

oapac tance of such a cell is given byjthe expression (153)

"Cl .=E !

o [5.8]

LS

‘where s is'the vertical distanoe between the plates (cm),

€' is the real dielectrio constant of the‘sample,vEo is ’
the perrrtittiVity of free space (8.854 x 1072 pf/cm), A is
‘the area of the guarded.plate (cmz), and C' is the real
capaoitance'(pf) ~ To measure the static dlelectrlc constant

'.of'phenol II; the parallel\plate cell was loaded w1th about



0

"}’;volume at pressure P, V.

75 g of sample. 'C' at 50kHz was then determlned as a
functlon of 1ncrea51ng and decrea51ng pressure for each
phase at 10°C. The effects of hystere51s were minimized

by the methods descrlbed later in this sectlon to yield

o

values of the capa01t§ﬁce at varlous averaged pressures.

The capaqltance values were converted. to dielectric
>, N
constants in the follow1ng way:/(The plate area,-A, was /
v o . ' .

determined from its diameter to be 3.661 + 0.003-cm2 and

2 2

. was assumed to be 1ndependent of pressure. - The sample

p’ 1s given by the expre551on

‘s ¥ k -~ [5.9]

”':Where rp 1s the radlus of the boré of the dlelectrlc cell

and s 1is the dlstance betweem the plates at pressure P,
. :

and k 1s.the 'dead space' “in the dielectrlc cell.. The

: . . : ) f"‘ -
'dead space' is the volume of the cell shen. the faces of
: v ¢ .

the pistons are touching one another, i.e. when's = 0. .

k was assumed to be lndependcnt “of pressure, and was deter-

mlned from the dlmen51ons of the cell to be 0. 11068 +

&

0.00010 cm3. The radius of the bore: at pressure P Ly

was calculated from 1ts value at atmospheric pressurt
usang-equatlon,IB,l] with the expansion cohstant,‘f;vsetl
equal to the walue used for the compression cell, 0.38,

because ‘the relative sample and cell dimensions were

comparable in both cases. The amount of sample ir the"

oy



ﬁhULtS 1n Section 3. 4. The dielectric.
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cell was determlned by u51ng the dlelectrlc constant of

- phenol I at 10°C and 750 bar, c' ., which,is'2,914o N
%
(Tablc 24), to calculate S at that pressure through : %

- .equatlon [) 8], and hence. the volume at 750 %ar,

750,J

£ rom. equatlon (5.9]. The sample Jblume ‘at any othe

Lpressure, P’ can be calculated from the compre551on re-
: ;g.’w) "

;%ﬁgfant at préssure,
P, é, was then determlnegbby manlpulatihg equatlons (S 8]

and [S 9] to yleld

] | - B
¥ 5 c: v, -k \/r >
el = el P P 750} (5.10)
P~ €750 (-T-—-> ( ~ )( ) .
o “150 / \Vas0 = ¥\ Z

P

?
where Cp 1s the capacitance at pressure P.
Two runs on zone refined phenol were made in the

parallel plate cell at lO C. .Both samples were taken

'»through the I e II tran51tlon over a perlod of several hours

at 38°C then left at 38°cC and 2. kbar for several days to

m1n1m12e the dispersion in phase II., Measurements on the.

flrst sample, hereafter de51gnated sample 4 to av01d

.Jconfu81on w1th the three samples used in the coax1a1 cell\\\

were made first on phase I, then on phase II then again

‘on‘phase I.’ The resultlng capac1tance values are plotted

'v1n quure 24 against the applled pressure. The two sets

rof results for phase I in the figure agree to w1th1n 0 01

o = .

pﬁ% The dlfference between them is belleved to be caused
_by the extrus1on of a small amount of sample, elther 1nto

i’

#;;35 Y | - ! - :i., . .

Mt

t ‘ /

’Lj 4
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§Figure 24. The capacitance at 50 kHz of the parallel plate
dielectric cell containing sample 4 at 10°C, plotted .against.
. the applied pressuré. . The open and solid symbols indicate
measurements made while.increaSing and decreasing the
pressure, respectively. For phenol I the circles and
Squares, and the smoothed -curves, B and A, drawn through
them, indicate measurements made before and after,
respectively, the méasurements on phase II. '

() .
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the interstlces in the pistons. or past the‘triangular
seéling)rings. The extru51on most prob~bly occurred
durlng or after the’I + II tran31tlon 38° ¢, sindelthe
CIXIsX transrtlon was carried out at lO C, where the sample
'S would be less plastic. For thlS reason the second set of

 data on phase I, taken after the I1 ~ I trar51t10n, were
'used to calculate the dlelectrlc constants of phenol II.
Measurements on the second sample,}sample 5, were made‘
first on hase II, then on phase I, then  again on ohase Il

-

and are shown,in Flgured25 ' In this ‘case, the flrst set ™
of results for phase II 1S con51dered to be the mést com-
patlble with those of phenol I “both because the hlgh
vtemperature of the I - II tran51tlon favoured extru51on and
because 51gn1f1cant dlsper51on was observed durlng the
second run on phase I1.- |
The magnltude of the gasper51on 1h&phase b was
greater in sample 4 than in the flrst set of measurements.
on sample 5 and in both cases it did not vary by more than
a few. percent Wlth either pressure or t1me over the courSe’
“of the run.l The value of C' at 20 kHz was about. 0. 002 pf
for sample 4 and about 0. 0007 pf féy sample 5. From the
values of € calculated later in thlS sectxén, these
values correspond to values of 0. 0045 and 0. 0016 respec-
tlvely for " at 20 kHz and, hence, the dlsper51on in . |

;samples 4 and 5 was lower than that observed in samples -

1-3, for each of whxch s varied from;0.00S'to 0,0l2. '*{
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‘Figure 25. The capac1tance at 50 kHz of the pararlel plate
dielectric cell containing sample 5 at 10°C,’ plotted against’
.the applled pressure. The open and solid symbols denote

' measurements made while increasing and decreasing the

pressure, respectively. For phenol 11, the triangles and
squares indicate measurements made before and after,

_respectlvely, those made on phenol I.
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- TH{s Observation is confirmed by re.increase-in C' between |
_50\§Hz and 1 kHz, which#was 0. Ooszggf and 0. 0033 pf respec-
tlvely forusamples 4 and+S. mhe corresponding 1ncreases -
in €' are about 0. Oll and 0. 007 respectlvely, compared
with 0.05 to OfQZ observed for samples 1 to 3. .
‘lThe values of \Qghcapaoitaﬁce which were-clearly on
the comR<ession and dec ‘ore531on curves for phenol I in
Figures 24 and725 were fltte6 graphlcally to smooth _curves,
'_as descrlbed'ln Sect10n-5,4 for runs using the coaxial cell-
Table 29 lists the expeﬁimental values and the“values read
from the smoothed ourVesx; The capacitance'of phenol I was.
then calculated as a function_of the aueraged‘pressure, ~
and Qas oonverted'to‘tﬁe'dielectric constant uSihg the
“methods and equations desoribed'above. Values of the
' capacitance and'dielectric qohstant'are given in Table 30‘
forvseveral average preSsures,ﬁtpgethernwith‘the SQuared
ratiq of the radius of the.eellﬁbore et pressure'Pﬁto that'

¥

at on atmosphere, (r /r‘)z, and tos volume, \t of the

p’
saﬁble at pressure P, whlch were u d in equations [5. b]
T . . e

to {s.100. R S

The results from sample 4- fF1gure 24) do not show
any clearly defined hystere51s in phase 1I apd thls is
almost certalnly because the‘pressu;;‘ranéenwas not gréat
enough to take the sampleﬁfrom the’true compression Curve

“to the true decompre531on curve or vice versa (Sect1on l 4b)

"The results from sample 5 tend to support this* hypothesxs( . 1{
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Table 30. -The dlelectrlc constants of phenol I and II at .

v

10 C,. measured in the parallel plate cell,‘and
related daty. _ - |
‘ , e -\Q@AMPLE 4
| Sampble_"‘
-Pressure -Capacitance a Volume .

r) ' 2, . 3 o
(bar) - JC‘.(pf) ro/r , Vpﬂ(cm )-w: ~

Phase I . 0 e = 1.00000 - 5.22076 - --
' 250 . 1.1725 1.00013-  '5.19068 2.884

" 500 . " 1.1854 1.00025  5.16229 2.900
750 T T101977 1.00038 5.13605 2.914,
Jooo . 1.2093 -7 1.00050  5.11165 2.928
" Phase II 2000 - .  -1.4489, 10100101 4.66826  3.209,
 SAMPLE 5
Sample

emPressuré-‘e*éaﬁaéifahsey',gff _— volume -~ =
B '(bar) ST C' (pf) - 4.1.-‘." /ro Vp (cm3) '

‘Phase T - ,l};dgﬁ\«ffif = 7 1.00000 5015135 -
Ch. =250 U1.1892 . . 1,00013  5.12147 2.886

i )

5000 :1.2025 "’f,l ooozs-fsﬂs;d§369 2.901
75&" 7§7'*iféi4éf% (1.00038  5.06776 2.914

1ooo i 1 2237 Y [00Q50  5.0469  2.922

)l Av . o T : ] ; ;"_:ﬂ..’\__".
]:;pna§é~iif5:2bgo[[f;'?' 1 3998 18101 4.62592  3.058

L T C } e
ai.rj and ro are the radii of 'the cell bore at pressure P 2t
‘ and at one atmosphere, respectlvely, r, = 0.5605 in.
: o . -
!

K . \. N
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greater_than that used forﬁsample 4, and a slight-hyster~

oy

_-since; in this*casej the pressure range used was 200 bar

. ‘e51s can bge seen in Flgugg 25. The pressure range éould-

184

rd e

- not. be extended furthti because the hlgh pressure llmlt

.of. the oress had' been Yeached. Because the hystere51s

‘q.

”was'ngt properly deflned ,1t was 1mp0551ble to Calcula
the pressure dependence of e!,. but, since the pressure
Lrange was great enough to .cause slight hystere51s effects~

n_to appear, the values of the pressure and average capac1~3

N

tance”’ near the centre of the pressure range are probably

'rellable. Accordlngly, the observed capac1tance at 2000 =

vbar was used to calculate the dielectric constant of phenol

1T for samples 4 and S u51ng equatlons [5. 8] to [S 10]

The experlmental values of the capac1tance are: llsted in:.

Table 30, along w1th the parameters used _anc the results 4

,\

The values of ¢ for phase I, whlch gre llsted 1nu~

v

£

‘Table -3Q, .are plotted agalnst pressure 1n Flgure 26 to—;Lf’”‘

gether with’ the functlon descrlblng the results obtalned

from the coax1a1 cell equatlon [S 1] The value at 750ff
K

3

(Aplate calculatlons, ‘as descrlhed prevxouslv. The re— B
ma1n1ng values agree to better than 0 25% and, although
the deviations are not random, the agreement was as good

as could be - expected from the p0551ble errors.,¢7“v

The values of e for phenol II at 2 kbar determlned

) bar was of course used ‘as tho or1g1n for the parallel’ _;;;'
/A : ‘.\:rlr;"

W

4

from samples l to S are’ co&lected in Table 31 .Theevalues_

@
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'Figure, 26.  The dielectric constant ‘of phenol ‘I at 1

~...and.50 ‘kHz . plotted against pressure. The curve represe ts:
“.the - 'lts obtained from the coaxial cell, equation [5 1],~

- and. t o triangles and squares indicate the results from

., samples 4 -5, respectively, from Table 30. @ marks thg

7j;fﬁ01nt at w h the results from the two cells wére forced-

iy

'“_to agree.;
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TabXe 31. The dielectric copstant and molar poiétiiation

of phenol II at 2 kbar and 1p°c>. = - .

E]

. '~ Molar '
) 4 : ) Polarization
-Sample- e _ © P (cm3)
1 I N s 30.27 .
: - St <« o/
2 - 30.70 -
3 30.71
I . © 31,67 °
G . 32058 ¢ 7 30.39
| . _ .
. ‘ . . R " "N o ;.s
?  The density of phenol II at 2 kbar s 1.260 chm%.
‘ ‘ e ' ' 7 0
B




A

.//at,z kbar and 10°C to be £§t7S cm3;with-a,stan%ard devia-
t

@'pressure is,‘of_course, unknown because it was noéﬁpos

U | - .
“from the coaxial and‘parallel plate cells‘ase consistent

with one ghother, although the result\ﬁJom sample 4 may bc
<)\. *- :

somewhat too hlgh due to its d1sper51on. In samples l1.to

3 the effects of the high dlsper51on may be offset by the

presence of pressure gradients in the coax1al cell.’ The

~ mean value of the 50 kHz dlelectrlc constant of phenol 1I

at 2 kbar‘and 10°C is 3.10 = 0 06 where the errql/axmlt is

: . A}
"the standard deviation-about the mean. The molar oolar'

<

-ation of eaéh sample was obtalned us1ng the den51tyd/p -
culated from the compre551ons glven in Chapter III, “and a

molecular welghg of 94.11. The resultsh whlchﬂaréwlisted

ianable 31, show the mean molar polarizatiénxbf‘phenol Ilp

-\ . 4 ’:" o ;

. . 3 - : . |
ion of 0.50 cm™. S o
The molar polarlgatlons of pheno‘fI and 11 are

st ‘\’@,‘:‘/ ,"’,

4plotted agalnst (V/V ) in Figure 27. The experxmental >
uncertalntles-are.too great to pezmit;oie to' conclude .

® ' , : o
that, in spite of the phase transition,>the polarization

_of phenol IT lies on the line defined by the density de-

v

pendence of the molar polarlzatlon of phenol I.. The

varlatlon of the molar polarlzatlon of phaée II with s

~ Ed

. ot . . .
sible to determine the pressure dependence of the di-
: ‘ ) : . .
electric constant of this phase using the available

apparatus,

e . . o~

Since no studies on dispersion free samples_w%?e P

187

#
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The molar polarlzatlon of phenol I ﬁ/d II at

The horizotvtal bars show

NN

The +1ine is the: least -~

20.36?? 11.75
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two maxima,

frequency of 100 kHz at 10°C “but the “two- Cole Cole arcs

_ VT . 189
. . a’ ) . .
carried out as a function of temperature; there is no

direct ev1dence that relaxation processes/EO\hggh fre-

quency of 100 kHz at lO°C do not exist, however the low

; a o

value.of,the molar polarlzatlon tends to suppozt this
hypothesis. For this, réason, using thelarguments given
in Section 5 2 foerhenol I, dynamlc disdrder ~i~ probably
not present in phenol II. T Q (
5.4 The Transient Dispersion in Phenol IT } - :;j
7N R

\ " . The transformatlon of\a‘sample of phen l I into . "
&enol AI in both the coax1al and parallel-plate d1electr1c:

(

PO

cellS\\js 1nvar1ably accompanled bv the appear. .ce of

d1electr1 dls er51oh The dlsper51on decayed with. tlme,
p .

S

. but often did nit lsappear completely. The los: :howed j’f(

bat about 9 kHz at 10°C, the other to hlgh

” were not fully separated (Section 1. 2b). Slnce the obJect :

.’

'hof the dlelectrlc studles was to obtain’ the statlc di-

N

é{:ctrlc constants of phenol II an&“slnce the tran51tory

; nature of the dlsper51on suggested it was not an 1ntr1nsxc
;_property of the‘phase, only a few runs were devoted toi
‘hstudy of the  srorsior 1tself ; The experlments whlch
.were carrleu c.t are descrlbed below, along w1th a dls—

cu551on of the analysls of ‘the data and the 1nterpretatlon

of the resaltsf

Flgure 28 shows Cole-Cole plots deplctlng the t1me-‘

-
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~Figure 28. Cole-Cole plots showing the decay in’ the magni-
tude of the dispersion in a sample of newly ormed phenol I1I
. in the parallel plate dielectric cell at 11.5°C and 2 kbar.
‘The elapsed time since the I + II transformation, the '
" relaxation time, and the Cole-Cole distribution parameter
obtained for each arc "are also shown. ' o -
. ‘ _ ,
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L 4

dependent decrease in the magnitude of the dispersion in

a sample:of newly formed phenol II in the parallel plate
‘cell (Figure 1la) at'2 kbar and about 11.5°C. Within 24
hours of the I + II transitiop, the dispersioo-had decayed
ﬁo the point where no dieieetric relaxation wés detected.
-Figure 29 shows similgz plots. for a sample of zone'refined
phenol in the coaxial cell at about 3375 bar.andv25°C. In‘
this case'tﬁe dispersion had not»disappeared after 25 hours
and the rate of decayload‘become very slow. .In neither . QS
case did the relaxetioﬁ time‘of theﬁTow freouency relax-
ation chanqe:substantially as tﬁe deeay'progressed | _From

a llmlted number of observétlons, the dlsper51on in the
parallel plate cell seemed to dlsappear more rapidly in

thin ples than in thick ones .and, in general, the rate

in the parallel plate cell was faster thenoin the

coaxial c 11. The maghitude.of the dispersion'in newly

' _formed phenol II was qualltatlvely observed to’ decreasc

as the temperature of the trans 1t10n_was ralsed. The rate
of decay.alsOﬂlncreased as the/temperature was raised and"

appeared to be more rapld at low pressures. The data:

obtaihed in thls work do not 1ndlcate whether the mag- r. %p@
nitude of the high frequency dlsper51on is the same, rela-
tive to the low frequency/dlsper31on, for dxfferent
samples. Althouqh no: experiments were carrled out to
'deterﬁioe'lf the hlgh freguencylloss-wa%-proportxonal to

_the:low-freqdency loss as'tﬁe dispersion decayed,fﬁhe low

Lo
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- Cole-Cole plots showing the decay in the magni- :
tude of the dispersion in a sample of newly formed phenol
II in the coaxial dielectric cell at 25°C and 3375 bar.
‘The elapsed time since the I - II transition,
~‘time, and the Cole-Cole distribution parameter obtained
for each arc are also shown. .
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& . .
. refined phenol hereafter desighated samples 6 and 7.

(

:pond very closely to a data p01nt, o was calculated from

V4 193

\R

vailue for the. capac1tance at SO kHz after the low fre-

~quency dlsper51on had dlsappeared (Flgur= 28),‘suggests

that the high frequency dispersion had also dlsappeared

by theLtjhe ahe measurements were taken. ,
: » :

To determine the temperature dependence of the dis-

persion, the requency dependéhce'of C' and C" was measured

in the paralle] plate cell at a constant pressure of 2 kbar

- and a variety of temperatures, using two samples of zone

Y

' Cole-Cole plots of some of the resultant data are presented .

in Flgures 30 and 31. Since the frequency range of the

brldge did not permit capac1tance measurements over'the‘

. complete range of the dlsper510n, no attempt was. made to

)
resolve the two relaxatlon processes u51ng eouatlons such

¥
as equatlon‘[1,20].1 Instead,~the data p01nts on the high
or low frequency end of the overall'dispersion were fitted

to a semicircular arc using the method oué}ined in Section

l;Zb, If the.value'of c’ at the‘centre of the arc corres-

L

,the frequency of that p01nt, otherw1se the parameters of

vthe semicircle were used in equatlon {1 17] to determlne

values of To- The‘values of Tokso'obtained correspond to
. \ _ _ T

the maxima of the observed loSs.with an estfﬁated accuracy-

of +10% but, as such they do not necessarlly represent

the macroscoplc relaxatlon tlmes of Q§e two processes

which combine to produce the‘observed dlsperslon.ﬁ It can

s



002

001

¥

002 |+

_ 0]0]]
C'/pf

1

002 190

o0

H

100

. 50

o
© 00000 2

08

04

193°c

Figure 30

~each plot

- i i
1.40 A 1.42\

. Cole- Cole plots of the transient dispersion in
sample 7 at several temperatures, and the arc to whlch

was fltted. ‘

1
144

Cj/pf

194



195

002 -

001 k

002

oo
“C'/pf
002 .
001 ]
-713°C
| 10 |
o2} 20 3 .
» 001+ o b » -
v4 N i 1 iy T 1
: [36\# 138 . - 140 142 144

C'/pf ; > :

~-Figure 31. Cole-Cole plots of the transient dispersion in
sample 7 at several temperatures, and the arc go.which each
‘plot was fit&ed. .



be seen from Fi'gure 3 that this procedure underestlmated'

the value‘of'vrO for the 1ow frequency process, Tyr and

overestimated_the value of rb for the high freqdency L

process, Té. This error increases as Tl andlrz,approagﬁgﬁ.vxvﬁ
one another. It can also be seen from Figure 3vthat:tne\

value of C_ for the low fréquenCy arc vunderestlnated

bY this procedure and the value of Cs for the ngh fre—*jr"'*”f

quency arc was overestimatedt Obviously jgthe values1’ﬁ“.3

obtalned for the dlstrlbutlon parametef h are only
mean1ngfu1 in a very qualltatlve sense._

- . B A . ‘.V P
v | '

The values of ;o for the two relaxatlon processes

are listed in Tables 32 and 33 for samples 6 and 7Jrespec-
tively, along w1thrthe values of Cb\ C, and h wthh char—

..acterize each fitted semicircle. The values of s whicn_

were obtained from each fit‘were used to construct the

plot of log To_againSt 1/T, shown in Figure 32. If the
S . , . 5 .

A’

is constant over‘the temperature range, such a plot w1ll

fenthalpv of-activation of the relaxation processes, LH

be llnear 51nce« from the Arrhenlus equatlon (154)
‘dllog T

= 0.2186 AH; " (cal/mole)  [5.11]

d (1/7T)

Accordlngly,,the data in Flgure 32 for each relaxatlon

process were fltted to a stralght 11ne u51ng the least
zisquares technlque. ‘The standard deviations for the lo“

~and’ hlgh frequenqy dlsper51ons were 0.086 and 0\076

X
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respectively. The ‘expression obtalned for the low fre-

_quency dispersion, was

log 17 = 2.730 x 10° - 147278 (5.12]

and,“forvthe'hidh frequency dispefsion,

log 1, = 1.094 x 193 - 10.213 REREL

.'-, The Arrhenlus enthalpy of actlvatlon for each process were

calculated from equatlon [5. ll] to be 12. 5 :'0.6)kcal/mole
“‘for the low frequency dlsper51on and 5.0 : 0.5 kca]/mole
for the hlgh .frequency dlsper51on. The error 11m1ts were

‘ calculated from the effect .the standard dev1atlon of each
f1t could have on the slope of that llne. These limits do
not 1nclude the error 1ntroduced by the fact that the Cole~i
Cole plots were" not properly resolved‘

Slnce both dispersion processes are tran51ent. and
51nco no such effect is observed in phase I, the relakatiod
is probably not the intrinsic reraxatxon of some. impurity ‘
(for instance ice) . One possxble explanatlon of the IOW-

1

frequency dlsper51on, 1s that 1t results from Maxwell-
Wagner effects which are caused by the precxpltatlon of
. thin layers of conductlng 1mpur1ty as the sample is taken

'through the tran51t10n (Section 4 3). ‘Since the tran51t1c~

is thought to begin. at the face of the- plston, t
purztles would be la1d down in parallel sheets ahead o

the ‘propagating tran51t10n.‘ Prom-SéctLon l,3b, the
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> o A
relaxation time resultlng from such 1mpur1t1es may be
'calculated assuming that d, >> dz and-02 29 in equation

[1.26] to yield o | | o~

N I . ' ) 4 : 1

r =f. 2 - (5.147 )

) o o a, L

i

where components 1 and’2 are the pure»sample'and impurity,

and 4, ¢ and £ are the thlckness, conduct1v1ty, and d1-

electrlc constant respect;vely. The decay of the dis-

i .
persion could well result. from the impurities slowly

redissolving-in phase II. This would cause a decrease 1n
( P
the magnltude of the dlsper51on Wthh would have llttle

effect on. the relaxatlon tlap since equatlon JS;14] is
apbroxihately independent of the thickness of the'impurity.

The amount of impurity. redu1red to produce such an effect

I,

, may be as 11tt1e as 0.1%, dependlng on'the values of the

5conduct1v1ty and dlelectrlc constant of the 1mpur1ty (45).

5

fThe decay could also ‘be caused by a gradual conglomeratlon
)

of "the 1mpur1t1es 1nto spherblds without changlng ré by
/

: more than a ﬁécfor f two (45). If this low’ frequency

act due to Maxwell—Wagner effects, the

. —

?temperature dependence of the relaxatlon time is ‘simply.

dlsper51on is in

/

due to the change/ln the conduct1v1ty,_ 2,‘w1th temper—-
/

ature. The hlgp\frequency dlsper51on may result from

Maxwell Wagner effects due to a separate 1mpur1ty,\or 1t
/
may be due’ to a molecular reorlentatlon process at the

>
/ \ .
! v X . "
|
|
l/ N .
v [ ’ E : .t

/
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interface between th henol II and the 1mpur1ty which’

causes the low freq ncy dlsper51on. If the latter )
-hypothesis is ccrfecé,Jtﬁe mean~e\thalpy-of activatiqp-is

5 kcal/Tokﬁ with a rather broad dlstrlbutlon of relaxatlon e

;1mes. The reorlentatlon might well result from the

rotation of the pheénol hydrexyl groups at the phenol—

impurity interface. since th¢ epthalpy of activatioh is
about that requireé¢ to break a‘kydrogen bond.
, . 5

5.5 Cor:eCfions to Dielectric Constants Obtained'in~the

Coaxial Cell for Cell Beformation under'P;essufe

In Sections . 5 2 and 5.3, the dielecttic data ob-

ta ned in, the coax1al ce:.l wefe corrected for the varlatlon
-

@ \ _z-',v”

of the cell ‘constant with pressure. Thls‘sectlonudescrlbes

‘the arguments and equatlonS u ed to make the corrections,

“he cell constant Q} the coaxial dielectric cell

changes under hYdfoStaticvpreégure both bgcause of the
expansion of the cylinder bbre'andkbecause of the contrac-

. . . 4 . B
tion of the 1ength and radius of the central electrode.

The expan51on, A b, of the bore radius, b, of the.coaxial
A . : b

cell .may be calculated usina equation..[3.1]. The ¢contrac-

tion" of the length L _and'radius, &, of a,clePdricalf
e :
.ﬁhner electrode may be calculated in the followxng way.

’ ‘If.the changes in length and radius under a pressune P

are defined as AL and ba respectlvely, then at pressure

fP, L = LO+AL, a = ao+Aa,_and b = b +Ab where L ao, and
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bo are, respectively, he length and radius of the inner
electrode, and the radius of the bore, all at ani ient
pressure. Furthermore, the volume of the cyllndrlcal inner

electrode, . is ﬂaZL. " In the pressure range used here,

- one may assume'that'Lo‘>>'AL'and a, >> Aa. Since
(ﬂ) - (_Bx) (@) . (3!) («ie.)
apr ,',aL T oP T aa‘T 3P T

L and a may be related to the compre551b111ty, 8, of the

steel used to construct the cell by tre expre351on
- ' : -1 (oV) S ¢ (aL) 2 (aa‘) -
L 8 = T = 5= =3 \5p [5.15]
. ‘Vo op T Lo ?P T 3% \°P/p ' ,

Where v '1s the volume - of the inner electrode at amblent
pressure. Id&ghe changes 1n\the length and the radlus
of the 1nner electrode are proportzonal to thelr magnltude

(1.e. 1f (AL/L ) = (Aa/ao)y), then fromnequatlon [S.ISLp

1 (aL) o (aa) -1 e e
—_ =5 = — =5 = —=8 [5.16}
,ho, aP T ag \8? T 37 ) { |
Thus the values of L and a at pressure P are calculated by
'°mult1ply1ng thEII values at amblent pressure by (1 - 8P/3)
The compre551b111ty of th% steel 8 .can be calculated from

Poxsson S ratlo( v, and Young S modulus,'E, u51ng the

,QXP'I'Q_SSLOD (155) | 'v '_ :" " ; _:_ 3 -' . | 7, .

't.,ed; (3 - Gv)/E o sam e

‘For Vascomax 350,.18% nlckel m raglng steel, v = 0. 26 and
. ‘ f o ) - . . .
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=7 bar-;;

E =29.1 x 10° psi. (118), so that 8 = 7.17 x 10
‘For a coax1al cell with a cylindrical inner. elec-
trode, the ratio of the cell constant: at one atmosphere,

Co’ to that at Pressure P, C is given by‘the expression

(144):

C, L, log(b/a)
CP

= _°
L log(b,/a,) -

E

If the inner cyllnder is tapered C /C hay be calculatec

by approx1mat1ng the 1nner electrode by 'n’ cylindrical
-electrodes whose rad11 vary from a(l), the maximuh radius,
to a(n), the mlnlmuﬁbradlus a(l) and a(n) at pressdre
" P are obtalned by multlplylng thelr values at amblent'
.pressure by (1 - 8P/3). Thus o

c L log(b/a(l)wam‘

n i L
S i L s,
~ o P i=l._nL' vlo'g(bo/ao(i)), ! o .

0

where a(i) = a1y + 1 latn) - a(l)] /n (5.19]

a%d a, (1) is the value of a(L) at amblent pressure.
The values of é(>C llsted in the last column of

Table 34 for several pressures were calculated from

‘iequatlon [S 18],‘us1ng equatlon [3 1] to. calculate b, and

equatlon [5 lGJ to calculate L and a(i). The,cell para-

-

0 1150 1n., and b - 0. 246 ln., The outer radlus of the

cell c, whlch is requlred in equatlon (3. l], was-l 00 in.

204

- meters at amblent pressure are a_ (l) _0.1461 ih;, a'(n) =
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o . v , _ I : ‘
Table 34. The effect of pressurc on the cell constant of the coaxial

.r

dielectric cecll.

True Apparant Bore

e v U U S O S
£=1.00 0 o 0.24600 ' 1.00000 1.00000
1000 1001.4 - 0.24617 . 1.00109 1.00172
2000 2005.5 0.24634 1.00218 1.00343
3000 - 3012.3 0.24651  1.00328 1.00514
s000 4021.9v' 0.24667 = 1.00437 1.00686.
: =0.7s o o 0.2A666 1.00000 -1.00000
1000 | 1 1001.0 0.24612 20082 . 1.00144
2000, 2004.1  0.24625  1.00164 ' 1.00288
. 3000 | f‘wadpe.z' 0.24638  1.00246 1.00433

4000 4016.3  0.24650  1.00328  1.00577

Calculated fror the bore exvension only. -
b _ y € . o N ' ' :
Calculated from. the bore expansion and the electrode corrression.
© e : . o
~ °The corrected dielectric constants used in this chapter were
"calculated fren values in this column with f -~ 0.75.
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It was found that setting n equal to 10 gave suff1c1ent
.prec151on in the values of C /C Values of-Co/C-P cal-
culated from equation [5.18} by considering the expansion k

[4

of ‘the bore only, i;e. hy‘settingMali) = aé(i)‘and L ;‘Lo
are listed in(the-second last column. of Table 34 to »
,hillustrate the relative cdntributions'of the bore expansion
~and the electrode contractidn.h \alues of C /C ‘are listed :
in Table 34 for two values of the expan51on constant,_f |
(equatlon [3.1]), The correctlon to the apparent dlelec-
trlc constants vas.applied by multiplving‘them by the
*aopropriate value of Co/Cp cal:ulated considering both the

bore expansion and the electrode deformation with f = 0.75.

5.6 The Electronicbéolariaation oﬁvPhenol

‘The values‘for'the static dielectric‘constants_of
phenol I (Section 5.2) yielded the suin of the atomic and
electronic polarization; In order‘to-calculate the'atomic.
‘polarlzatlon, it is nécessary ‘to determlne the electronlc
'V'polarlzatlon of" phenol I.

The electronlc polarlzatlon can be calculated from

the Lorenz-Lorentz equatlon (Sectlon 1. 2a) using a value
of the refractive 1ndex measured at a wavelength long
enough to be free of dlsper51on effects due to electronlc’
absorptlons. The refractlve }ndxces can rarely be deter—"
mined experlmentally at suff1c1ent1v long wavelengths, but
the value»needed can be obtained:from measurements at

. L A - . b .
. e ) T S . PR B
rad - . . .

Vol .
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shorter wavelengths through relatlonshlps which describe

P \ ~

the frequency dependence of the refract1ve 1ndex in regions

removed from the electronlc absorptlons.‘ Such an equation’

is the Sellmeler equation (156), which descrlbes the be &

havior of the refract1ve 1ndex, n, as_a f ctlon of 1ts
: -

wavelength A, by assuming that the Aow fr quency-dis-

v per51on 1s due to 'm’ electronlc transiti ns, so that

£y \f Y
2 _ 2 & B
n” = n_ + > [5.20])

7

e
Bk and A"k may be treated as arbltrary constants, whlle‘
n_ represents the 1nf1n1te wavelength refractlve 1ndex,:
that 1s the refractlve index that would ex1st to 1nf1n1te£;
low frequency of the electronlc transxtlons 1? no other - 4
tran51taons were present. If m =1, the constants B\and

b Y .
Ao may .be calculated by manlpulatlng equatlon [5 20] to ‘vgga

et | S | - n ,;;_

rahéré'ﬁi and'nj_are the refractlve indices - at Ay and AJ
then solv1ng for 12, B. and n_ u51ng‘ the refractlve 1nd1ces
tat three wavelengths in equations [5. 20] and  [5. 21]

T -mmermans (67) has reported the refractlve index

of lquId phenol at 45°cC and several wavelengths. ‘His

values are con51stent with the ear11er results of Ersenlohr
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(157). Since the electronic Polarization is often, to a’
first approxxmatlon, 1ndepengent of den51ty (Sectlon 1. 2a)
the value of P calculated from the liquid ls\useful in

the interpretation of polarization data for solid phases
- of phenol

Table 35 presents Tlmmermans data for liquid
phenol. The parameters of the Sellmeier equation were

calculated to be n_ = 1.51500, B = 2.4132 x 10% nm2, ana

Ao L 184 43 nm, using the values of refractive_ihdex-inf_

dicated by asterisks in Table 35. The otherfvalues of the

refractlve index calculated from these parameters agree

with the’ experxmental ones to WIthln 0. 0002 so the value
o~

of n_ deduced from the data should be accurate to at least

0 001 (156) : Tlmmermans‘ has reported the den51ty of -

.11qu1d phenol at 45. O°C as 1. 054469/cm3 (67), in -‘agreement,

with the more recent data of Fried and Plck)(158). - If
»these values of n"and density are used in the Lorenz- ‘
,Lorentz equatlon (Sectlon 1. 2a), the electronlc polarlz-
ation of_l;quld phenol at 45.0° C'lS calculated to be

e
with the value of 27 0 cm3 calculated by Donle and
Gehrekens (159) from Elsenlohr's-data. The value of
L7 5 cm3 calculated by vath (73) from the same data

probably arose from faulty extrapolatlon, perhaps from

_the use of the 2-term Cauchyrformulat10n=(1561.

P = 26l9l_i 0.02 cm3.5 This value is. 1n good agreement ST

’fTE€W7sodlum_D' refractive indices of phenolscrystals

\
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and thcif melt at 41°C have beén'reported (160) with'Valueé
of 1.5400 and 1,5930.beiﬁg assigned to.the liqdid and
- cryStal respectivély. ‘Since the liqu&d value is some— 
Qhat'lower than Timmermaqi' figUre of 1.54227 at that
temperature, the refractiQe index of the crystals should
probably 6nly be conSidered accurate ﬁo 0. 6025 Assumlng
that"- the densxty of solid phenol is unchanged from its
value - of 1.132 taken at 25°c, (70) the sodlum ‘D molar
'.polarlzatlon of thc solid is 38 17 2:0.10 cm3, while'that
of 11qu1d phenol, from Tlmﬁermaﬁs data,'ls 28.01 cm3
Thus,.theﬂyalues of the molar polarlzatxon at . the sodlum
D llne agree to w1th1n 0. 5% and, the:cfore,'it seems’ »
llkely that the value of P for solid phenbl, whiéh shoﬁld
be determined uslng n , 11es within aboﬁgvl% of ;hé liquid

value , ‘i.e. Pe'= 26.9 = 0.3 cm? for solid phenol .
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o Although the dlei‘

P
T

ratlonallzed by é%ckley and Maryott (233 nslng a modlf—

skl

'1catlon of the Onsager equatlon whlch allows for the non—*e

4

spher1ca1<shape'of the molecules: Their treatment 1gnored]
the.atomlc polarlzatlon and ‘the - anxsotropy of the polar—
1zab111ty of the molecules. ‘Thesefassumptlons should be
less va11d for the fluoromethanes. because the electronch
polarlzatlons of the fluoromethanes are smaller and moxe
anisotropic (177) than those of éhe other haloméﬂhanes.
It_ls therefore of 1nterest to attempt to account for
'the"statie,dielectric COnstants»of‘the~flnoromethanes hy
‘an Onsager treatment. This‘chapter‘describes the’neasure-
ment and ana1y51$ of the statlc dlelectrlc oonstants of ©
the 11qu1d fluoromethanes. Seetlon 6.1,1ntroducé§ft;e\\f//
‘Onsager equat;on; along with Buckley and Maryott's

" modification of it. The experlmental methods 'are des-
.crlbed in Sectlops 6.2 and 6.3, and the results are'.

<
presented and dascussed 1n»Sect10ns 6.4 and 6.5.

211
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6.1 The Onsage; Equation end Other Related Equations . *
TheIOnsagerfeqnation'(l61-163)uaftempts to explain
the'behavior of the static dielectric constants of polar
liguids by assuming the iiquid% to be composed of spherical,
non—assotiated, dipglar molecules‘which possess‘isdtrodic
polarizabiiities."The molezule is represented as a
polarizable point dipole, 1oeated in the‘centre'of an
otherwise empty, spherical cavitvahich is embedded in
a homogeneous medium having-the‘static dielectric con-
stant of the bulk liquid. Following the terminology
used:by Wwilson (162) and Hill (163), the internal field.
actlng on the molecule 1is represented as -the sum of two
flelds, the reactlon fleld R, and the cav1ty field, G
The reaction field is caused by the polarlzatlon of the
surroundlng medium by the 1nstantaneous dipole and exists
in part even in the absehce of an applled fleld -The
dlpole moment of the molecule {; thus enhanced, vtelative S
to its gas phase dipole moment, u_ , by the reaction
‘field and by the cavity‘field. ‘Ihe‘cavity fieid~is *h o
caused by t?e applied electrlc fleld and~actsfbarallel;‘
to‘that field. It should be noted that BSttcher (164) ‘ ' p
ddefines'the‘react;on,fleld in a different way.

The Onsager equation essentially describes the

contribution of molecul

~rgorientation to the total

dielectric constant, th@t';;,wit relates theistatic‘
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dlelectrlc constant €or and themlimiting high Erequency
dlelectrlc constant, €., which would be‘obtai:?d from

a Qole—CoPe plot of the relaxation, to ‘the gas phase
'moleculartdipole»moment. It may be written in the form

(163) "

: 2.
(eo— em)(2co+ €_) 4"“0“0_. ,
5" = — ' [6.1]
c°(€m+ 2)7 . - 9KTV

~ -

where N @E;Avogadro s number, V is the molar volume,

uo is the gas phase dipole moment, k is Boltzmann s con-

*
stant and T is the absolute temperature. € may be

4

-related to the 1sotrop1c molecular polarlzablllty, a,

213

[

by the Clau51us—Mossott1 equatlon (Sectlon 1. 2a) and .making

thls substitution 1n equatlon [6.1] ylelds a second form

of the Onsager equatlon (163)

W% : _ . :
. < - 2
(eo 1)(2eo + 1) a y

9e 3 °11-2% xra -249 )2

-

where v is the volume of the cav1ty surroundlng each di-
_pole and equals V/N , and’
= 4 Zco - 2

S 9 T3\ = .
- o

The 1sotrop1c polarlzablllty, @, in equatlon [6 2}

1s, by deflnxtxon, the sum of the electronlc and atomlc

v = din + ° | 16.2)
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v

polarlzab111t1es of the molecule in the’ 11qu1d state.
Although the only polarlzabxllty data usuaily avallable
is that of the gas phase, the 11qu1d polarizabilities
may be approximated by ‘the sum_of E?e gas phase atOmic<:
de electronlc polarizabilities plus the addltlonal con;
' e

trlbutlon to the atomlc polarizability‘caused by the ﬁW

B

\,.n f

e il e

1nter—molecu1ar lattlce v1brat10ns of the liquid state.

S . R 5.
ThiSvlatter quantlty 1s referred to as the 'lattice mode "’ ;

polarlzab111tv, m? in this work, and it is aséociatedfj

~ VJ
w1th a resonant absorptlon band in the far 1nfra red 7

whose 1nten51tylls.rouqh1y proportlonal to uo/I,.wherev

I is the average oﬁ'the'moments of inertia of the.mole;-
cule about the axls peroendlcular to the dloolar ax;s |
(165,166). This suggests that alﬁ arlses from rotatlonal
oscillations of the moleculehabopt Lt§ equilibrium o ; -
position in the liquid (1655._tif.th£s is so, the dipole

moment derivative of this absorption is pefpehdicula:‘to

tﬁe_molecular dipole, and thus the aniébtropic 1attice
mode polarlzabxlltv parallel to the dipole must be zego,
whlle the lattice mode polarlzablllty perpendlcular/to \
the d;pole may be ratheg large (166)2

The effect of th anisot;Opy,of.the'molecular polarf\
i;ability was not considefed'ih eqhations (6.1] and (6.2] and’

this obviously imposes ‘a serious restraint on their reli-

ability. a conSideratiOn"ofathis anisotropy- (162) leads to an
- : o - o o f
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a
eqguation which dlfferentlate§ between the polarxzablllty

X

in the dlrectlon of the cavxty fleld and that 1n the .
Q

direction of the dipolar axis of  the molecule in calcu-

‘1atihg the reactioh field. The former may be approximated

by the 1sotrop1c polarizability of the molecule, while

the latter is 51ﬁ%ly the polar12ab111ty along the dlpolar

J
3

~axis. This more general form of .the Onsager equatlon is

. “ r ‘ : , ) 2
(e - 1)(2e_ + 1) . a u S |
o o V= 3n | + O (6.3]

S o _a_ - (1 _.2d_ . ,2
950 3 1l 9 3kT(1 5 9 )

| | o
where a is the isotropic polarizabirity: and ad'is the

polarizability a10né the dipolar axis.' The dipolar polar-

" izability, ad, may be approx1mated by the gas phase atomic

plus electronlc dlpolar polarlzatlons ‘since the lattlce

modn polarlzablllty along thlS axis was shown prev1ously

to, be small.- Obv1ously, however,. the lattlce mode polar—

1zab111ty can have a large effectgon the isotropic polar—

.1zab111ty, particularly if the -term uo/I is large;{or

\

the molecule in“qhestion.

'Another*limitation of equatiohs»IG 1) and [6.2]

&

0
is that tﬁey were derlved for spherlcal molecules.

"Buckley and Maryott (23) have extended equatlon [6.2)

to include both oblate and prolate spher01dal molecules.

S
in’ whlch the permanent dlpole is allgned along the ax1s )

of symmetry. Thelr equation’, which assumes the polarlz-'
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Q ,
ability to be isotropic, takes the form
v(ho- l)(2éo+ 1)_'  4 ak o uoﬁl- -1 , -\
‘ : Vo= —mN Z * " a\ 2 kcv.[6" J
989 3 : { - ngR_ 3kT (1. - k )
kas kge and k_ are constants which are calculated fror
the eccentricity, e, of the mclecule.. For a prolate )
spheroid, .
. ': b. N *
. e ‘(a) _
,_(Ol‘
and, for an oblate spherdid , : ‘i‘ e T
. N R
e =
P B ) . N
where'a and b are the axes of the spheroid, with-a being S
the dlpol "axis. In practlce, a and b are determined A -
[ ' : L
by meaSurlng I “the dlameter 'equlr d té\rotate the mole— '

. G . " / .
cule about the axxs in aueetxon using F1sher leschfelder--
Taylor modéls. o '

' . . . v‘ ‘..
For a prolate spheroid: ™ .
3 [1 J[ bootee ]
5 2 ~1 o in — —— L A T
k-;gd'll-'e Lo 2 1 ="¢ L—_} 2 l-oJ_' i _
R ‘o o3 -c.‘i—*.— '(o_l ( 1 1 ,"‘1“'0 ° )
...__-,-}-_o (-—— - * - in ——-—=
1 - e o] e . 1l - o B
.‘ T a B L
- ¥
»
l_el".’
1 1 + ¢ 1 1 1.+ ¢
g = ____}4__.. -1 + =1 - —1
2(0 )[ 2¢ l-n}[l-e} ;‘cnl-c] /,_-'
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For an oblate spheroid:

.—.——J 3

2 + 1 V_'i IR LI eV1 - e? - Tan"} A3 ‘
) to 1l - ¢ ’ e § dl - ef Jl - o5
’ -1 3 ‘
To 2 o ]l - e -1 e . '
e’ . -1 + Tan 3—7
) [ co ( e ’ ) » 1 -e )]

The‘calculations of referenced23_could.onlygbq”re-
: : : i ¥
R

'produced if, in the prolate case, kc =z with 8 defﬁned

as in reference 23, and not'kc = ﬁkR_as stated in_that
referenCe.‘.For a soherical‘molecule k s‘kc,—‘k§‘='lt
and eauatlon (6. 4] reduces to equation (6. 2]

‘The success of equatlons [6 2],.[6 3], or [6. 4] in

descrlblng the statlc dlelectrlc constants of a 11qu1d 1s

'evaluated by calculatlng G, where G ='u§ (calculated)/

: u2 (gas phase) If ‘G equals unlty at many temperatures,

e

'then the f1t is perfect. U51ng equatxon [6. 4], Buckley 6

J
and Maryott were able to treat many systems successfully
4 LY

(23) in splte of the fact that they used the 1sotrop1c _}JN-‘

FP o -g >

7
,-1zab111t1es and thus 1gnored the contrrb-’

I

utions of the atomlc and 11qu1d lattlce polarlzathns ‘to

those pola?xzabllltles. They also found e%plrlcally, fféﬁ

Tues whlch drlfted w1th temperature became con—

~§’,"5 Ly . .‘V‘."o_b.”'



218
'value, rather than being allowed to vary wlth den51ty as
in the original Onsager equatlon. In their work, Buckley
and Maryott forced G to be’ %nlty by. treatlng the eccen-
tricity as a varlable pParameter. A more phy51cally mean-~
1ngful approach is to set the eccentr1c1ty to the value
expected from the molecular shape,‘and to vary the polar--

irability within tae physically meaninginl limits ih an -

‘equal to one .then an‘interpretation using the-ideas pre;
L sented 1n the follow1ng paragraph is justlfled

| Klrkwood and Frohllch (167) have consrdered the
J.case of assoc1ated molecules, and have derlved an equatlon
.1dent1ca1 w1th equatlon '6 2] except that the term ug is

~replaced w1th the term Guz, where G, the 'Correlation

‘"“{uFunctlon"can be calculated from statistical mechanlcal

)

:fdmodels of llquld structure and is. 1dent1cal to the G de-

ﬁihnflned above." erkweod con31ders values of G greater than;

' o,'

funlty to be the result of molecular assoc1atlon which
‘Lfavours parallel AILgnment of. the dlpOleS in the 11qu1d
:whllé ?alues of G less than unlty imply antlparallel
{allgnment It should be stressed that such 1nterpreta-
litlons of values of G which dlffer from unlty are- only
fgivalld after the effects of molecular shape and the anlso- d
-itropy of the molecular polarxzabllltles in the phase ln |

¥,
questlon have been con51dered



6.2 Purification of Materials : , e i ,&
) ' L.

- Matheson reagent grade carbon tetrafluorlde and
fluoroform, and reagent grade-methyl fluorlde and dl- -
‘fluoromethane from the Columbla Organlc Chemlcals Co.

were 1ntroduced into a high vacuum system through a.25 pe
"2 em column containing»sodium hydfoxide pelléts and then
passed through an 80 x 1.5 cm colunn,of high#aCtlvity
‘silica gel at room.temperaturef The silica gel was‘sup-
plied by the Burrell Corporation andpwas previodsly' |

'actiVated Bybheating at 220°C for several houts under a

_ pumping vacuum of less than 10 -5 , torr. The gas asvthen
condensed into a trap at —196\Q_//ﬂ(ier about 25 |
the SOlldlfled gas had been collected it was . dlStl
,1nto a flask contalnlng sodlum hydrdxlde pellets, allowed
to warm up, and held at -90°C for one hour (- 130 C for
CF ). 1t was then dlstllled 1nto a. cell and electrolyzed
at -1 kv/cm and -90°C (- 130 C for‘éF ) for one hour.
After this purlflcatlon stage, the sample was dlstxlled.f/f‘fi)
into th?’prevxously cooled and evacuated capac1tance ce .
To av01d contamlnatlon of the samples,.the vacnum :

| . | » , -
system was thoroughly evacuated overnight, and the silica { -

gel reactivated between runs. Carbon tetrafluoride was ‘ \\\,
_introduced into»the system first followed by fluoroform
»Adlfluoromethane, and lastly, methyl fluorlde. 'ThlS was

‘the order of 1ncrea51ng sample conductance, and should *
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. have minimized the accumulation of ionic impurities in

_the cell. Sample conductances ranged from <1 x 10"13

mho/cm. for CF, to 8.2 x 107 !! mho/em for cu,F, as

(measured.at S kHz and the warmest temperature to which
each sample was taken.

] : b

6.3 D1e1ectr1c Constapt\@easurements on Ligquefied Gases

Capac1tance measurements were carrled out in a
;guarded, 3—term1na1 dlelectrlc ceil-whlch had‘stalnless
steel plates set‘3 mm apartl:‘The‘cellwconstant was
‘determined to he.2.4870 t'O.dOBOpr‘from room~temperature

measurements on air, and on Eastman spectro-grade cyclo-

o

hexane; and Matheson Coleman andtBell spectro-grade

‘carbon tetrachlorlde and carbon d15u1f1 ,'ail'of which
werd taken from- freshly op¢1ed bottles. The dielectricr
vconstants atvthe exact temperature used ‘Were taken from'

‘ reference 107. The capac1tance o@ the evacuated cell
AT

. was used to detérmxne the témperature dependence of the

,cell constant, assumzng that the 1ead capac1tance dld

N

:not change from 1ts‘%oom tehperature value of 0.020 of.:f
'Thls callbratlon was carrled out before 1ntroduc1ng the'-
;flrst sample of each fluoromethane. and the resultlng.
vcallbratlon curves are shown 1n Flgure 33 Capac1tance'
was measured u51ng the GR 1615A brldge.'callbrated as_‘
dfdescrlbed in Sectlon 2. 4 PR ’r:.j_ﬁ.‘f:.:“_y

¢

B k
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(c,+CO/pf

2.48

S

-400

v

. T -

S

'nglgure 33. The capacxtance of
~as g function of’ temperature.
' values obtalned ‘before . runs on

CHF3.~ A @‘H 2. :v . CH3F.._I-

T/°C

the evacuated dielectric cell
‘leferent*symbols refer to. .
each. compound O CP4. D '

- T
s

G



‘.was effected by feedback from an iron- tonstantan th¢
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- Temperature control was achleved by surroundlnq the

cell with an lnsulated box which was cooled by a control ed

stream of cold nltrogen gas. . Regulatlon of the gas spream

A
couple which“was placed inside a 25 ml bulb of isope

.inside the cold’'box. A calibrated copper-constantan

o couple, surrounded by 1nd1um for good thermal contact, was

_glued to the out51de of the cell to m0n1tor 1ts temperature.
To ensure that thls thermocouple dld in fact ‘1nd1cate
p'the sample temperature, i.e., that were no effects due to
temperature gradlents along the sample the dlelectrlc

constant of a sample of carbon dlsulflde was measured in

o the dlelectrlc cell'at -78°C, using both‘this method of

/

temperature control and a constant temperature bath T;e

..;‘/

results were 1dent1cal and, hence, the accuracy ofythesg 4)
temperature measurements is belleved to be the Qaﬁé as

the accuracy of the thermocouple callbratlon, whlch was

'+ 0.3°C at -160°C and 0.1°C at -80°C (Sectlon 2.2). The

: detalls of ‘the. cell and box are shown in Flgure 34.

Runs were carried out on two samples of each com-~.

pound Each sample was dlstllled 1nto the cell in situ-

’-,and was. allowed to reach thermal equ111br1um ' Capac1tance

‘ ?;readlnGS were then taken at 5 lO, 20 'and 50 kHz before'

e

'r;changlng the temperature.g Although some electrode polar-

t.lzatldn was observed for CH3F the,SO'kH;,value of the
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Figure 34. The dielectric cell for measurements on liquefied
gases in its insulated box. The high, low, and guard elect-
rodes are designated H, L, and G; a, the connection to' the
vacuum line; b, coaxial cable to low and gjuard electrodes;

' ¢, coaxial cable to high electrode; ‘4, "evacuated quartz v
observation window; e, baffle. The "entrance_and exit ports
“for thewgold nitrogen gas.are shown by the large arrows.

The brgkén line represents copper braid shielding which was.

b :

set atfthe guard potential.

o
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dxelectrlc constant‘was taken to be correct since it agreed
‘\\yxth the values -at 20 kHz and 10 kHz to within 0. 025% and
0. 045% respectlvely in the worst. case., The results obtalned
for each compound are llsted in the flrst two columns of
Table 36 and are Lllustrated in Fxgure 35

)

6.4 The Molar Polarlzatlon of Carbon Tetrafluorlde

The d1electr1c constants for carbon tetrafluorlde
glven in Table 36 were fitted to a llnear equatlon 1n
‘temperature, as shown in Flgure 35, u51ng the least squares

technlque. The expressxon so obtalned was

e = - 2.673 x 1073 T(°k) + 1.2936 [6.5]

so that, at -132 2°C the value of the statlc dlelectrlc |

constant is 1. 647 0. 005. The error estlmate is based
_o&.uncertalntle; 1nvthe cell constant and dlfferences in

the results of the two runs. The value of € at that temp-
: erature is 1mportant because the only recorded den51ty
.ﬁn~for llqu1d carbon tetrafluoride is 1.624 g/cm3 at -l32.2°C
(168) U51ng these numbers, thevmolar polarization,
'F.=_§é *\P ., Was calculated from the Clau51us-Mossott1-
:equatlon (Sectlon 1 2a) to. be 9.61 0.06 cm3, assumlng
_a value of 88.00 for the molecular welght. This result

compares thh a value of P = 9.73 cm3 and a maximum error

of ¢+ 0.08 cm3; reported for carbon tetrafluorlde in the gas

~
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closed cixcles represent measuremenés on

-140 - -3
" (°C) |

Figure 35. The static dielectric constants 0 T

fluoromethanes as a function of temperature.«:ghe ooen and
Tent,samples

of each compound. e P
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phase by ‘A. Baugh Tlpton et al. (169) in the range 20°C to
,350°C.‘ Clearly the dlfference between the two values is
vonlj marglnally 51gn1flcant ‘ : )\‘

The thermal expansxv1ty of carbon tetrafluorlde

at -132.2°C was, calculated to be 3 40 + 0.03 x 10” /°C by

using the value of -%% obtalned from: equatlon [6 5] in
‘ P

equation [5.4]. g

6.5 The Static Dlelectrlc Constants of Fluoroform, Di-

fluoromethane, and Methyl Fluoride

The dielectric constants of the polar fluorometha1es""

are llsted 1n the first two columns cf Table 36. From
the uncertalnty in cell constant, and from the reprod-
Vuc1b111tywof duplicate runs, the absolute error is estlmated
to be 0 8% for all values, with a precision of : 0.3%
.between two samples of the sane compound.

;h ' The values of G llsted in Table 36 were. calculated

f rom the spher01dal Onsager equatlgn, eQuatlon [6. 4] at
various levels of SOphlStlcatlon as outllned below. The .,
.qas phase dlpole moments were taken to be 1.851 for
methyl fluorlde (170), 1.97 for dlfluoromethane 171y,
and 1. 649 for fluoroform (l70). All molecular welghts
. were taken from-referenCe-99. The ;;maxnlng data for all
of these'calculations is llsted'in Table 36. The denSLtles
of\methyl fluorlde (172), difluoromethane (173) and fluorof

form (174) were taken from the data of other workers. .The>

oy ) .
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to be 0 9 for CH_F, 1.2 for CH,F., and l.l for CHF

L L 229
C

- ' >

densities listed. for methyl_fluoride and fluoroform agree
with those of'shinsaka/andrfreeman}(i73)hto within.0.18%.'
The polarizations, F; werepconsideiedato be interchangeable
with the polarizabilities, a, through the Clausius—MoSsotti

equation (Section 1l.2a). The values of the gas- phase

‘atomlc plus electronic polarizations, Fa + F , were obtalned

from reference 170 except for CH2F for whlch P is unknown.
Values. of the electronic polariza. ns, Pe, were obtained

for methyl fluoride and difluoromethane from the bohdv

polarizabilities (175); and the value fcr fldoroform was

'Athat measured by Brldge and Bucklngham for the gas (176).

Columns 1 and 2 of Table 36 show that the spherical
Onsager equatlon, equatlon [6 2], cannot descrlbe these

systems well, although the G values .are closer to unlty

when atomic polarization is included. . The datz for the

prolate spheroid, methyl fluoride, is particﬁlarly inter-

esting, since its shape should cause the Onsager ﬁalue Of G

‘to be less than unity'(Zﬁ) The ax1al ratlos, b/a, were

determlned from Flsher—leschfelder-Taylor atomlc models
3 2F2 3= The
values of lelsted in column 3 of Tableul were calculated
using these axial ratios and theISpheroidal modification_‘
to Onsager's equation, equatlon [6. 4]. These resultsbshow
that the large values of“G in columns 1 and 2 cannot be
explayhed‘by molecular shape alone. Ih no case was the

drift in G with temperatufe-reduced by'assyming“a constant
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arbi;rary cavity volume.
An Onsager equationlwhich conslders both molecular
shape,'and“the anisdtrdpy of mélecula:_polatizability-has
not yet been‘derived however a comparison of ‘the sphefical
Onsager equatlons, [6 2} and [6.3], does yleld some useful-@m
generallzatlons about the spheroxdal equatlon, [6.41. | - From
ﬁ\ ) equatlon (6. 3], it 1s apparent ‘that the dlpolar polarlz—
rlablllty will affect the resultlng values of Glmuch more /
’?strongly than wlll the cav1tyvf1eld; or 1sotrop1c; polar—
izability, particularly if coviS‘large‘(ZO). Hence, if
"the liquid polarlzabllltles do not dlffer 51gn1f1cantly
v . from the gas pkase values, the value of the polarlzablllty
' : parallel to the dipole should be used in place of the
isotropic polarizanility of the_gasrxn eguation [6,4)»t61
ngiQe the‘best'Onsager Fit. - If‘thé polarizaticn parallel-
to the cavity field in the liqnid is very muchflarger than"
the. polarlzatlon in the gas phase, because the contrlbutlon ;
of the lattlce mode polarlzatlon 1s large, then the caV1ty

A\};

‘fleld term could have a sxgnxflcant effect on the" G values.
01 “ .

If thlS is the case, 51nce the lattlce mode polarlzatlon a

does not affect the polarlzablllty in the dlrectlon of

the dlpole (166), a value intermediate between the iso-

: tropic polarizability of the liquid and polarizability in
- the ¢ fien of the dipole in the gas will give the best '
"fit. Tae encuiing diacussicn aasumes'that these general-

~ izations are also valid for the spheroidal Onsager equation.

w : : : o »
. N 1

O
,



7:electron1c pglarlzatlon (176 l77)qalong that axls,(;o

: :'~\ 3

) shown above the column The large dlscrepancy between thef’x

. N - ’ Lo .
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Following the“arguments preSented‘fn?Section é-lt
an attempt was made to flnd a. pla951ble value of the molar f

polarlzatlon whldh would yleld values of G near. unlty,‘when

23

used 1n conjunctlon w1th the measured values of eccentr1c1ty f

‘in equatlon JG 4] The polarlzation along the dlpolar i'

-

axis can be crudely estlmated for methyl“%luorlde and

fluorofOrm by addlng the component of the an1sotrop1c
A -»‘)u_

-

the 1sotrop1c value of P a The values so obtalned are

shown 1n Table 36.@ Column 4 of Table 36 llStS values of
e for methyl fluorlde and fluoroform calculated from -““’?”
A

these crude anlsotroplc polarlzabllltles.‘ The values of G

for dlfluoromethane in column 4 were calculated u51ng the

l B . B

: anlsotroplc value of P alone because the atomlc polar-.”

1zatlon 1s not known Use of these anlsotroplc polarlz-f‘

atlons does not slgnlflcantly 1mprove the values of G.-' o

\

Column 5. llStS values of G whlch were forced to approach

r

unlty by u51ng the rather large values of the polarlzatxon

a"

estlmated anlsotroplc polarlzataon and that requlred to R

'.‘~.‘

irn —molecular forces favours parallel allgnment of the

S e

set G near unL*v must lndlcate elther that the lattlce
v1bratlons of the llquld«make a very large contrlbutlon'ﬂ>

to t! *av;ty fleld polar;zatxon, or that the presence of
SN

< i3
dlpoles in the llq01d and hence, values of G greater

_than unlty.

-

»
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.J, In Section 6.1, it was p01nted out that the 1nten51tV‘

of ‘the far infrared. absorptlon whlch is attrlbuted to the.
lattlce v1brat10ns of the liquid is approximately prop— |
ortlonal,to Mo /I. From the Kramers- Kronlg relatlonshlp
.(l78); the contribution of thls band to the polarlzatron

w1ll be hlghly dependent on its position and

”a very rough correlatlon between u 2/I a _ £t ude of
the lattlce mode polarlzatlon would be expected N Table 37f
,_llsts‘values of u /I for ‘several halomethanes calculated from

the values of Mo listed in thls wnrk and in refefence 23,

and the moments of 1nert1a, I, determlned g%dﬁpmlcroane
%fQFeng spectra (179).. ,Because the far 1nfrared abs8rption
\jgw‘f\aSSOC1ated with the lattlce vrbratlons merges w1th the

. ) absorptlon*from relaxatlon (180) it is not p0851ble to

calculate the lattlce mode contrlbutlon to the 1sotrop1c la -

‘polarlzatlon from the far infrared spectrum w1th certalnty
A Kramers-Kronlg treatment of the ‘far 1nfrared spectrum
of CH I (165) 1nd1cates however that the total absorbance'

1

fr'm 20 cm to 70 cm -1 would 1ncrease the lsotroplc

polarlzatlon from the "sodium D"'value of 19.3 to 24, and :

so the contrlbutlon of the lattlce modes mlght weéll be

51gn1f1cant From the relatlve valuesQEf‘u /I for the

f_fluoromethanes, the effect of lattice v1brat10ns on the‘

.Tff}q cavxty;fleld polarlzatlon would‘f'nﬂow the order CH3F >

e o

CH2F2 5 CHF3 Hence,’although tﬁxs effect mlght account kffi*if'

'for the hlgh values of the molar polarlzatlon requlred to og

LR




Table 37. Values of uoz/ I for several halomethanes

«
\,

)

a

. u . N ‘
| 2 (0%/g om®) x 10%¢
N I ’
CH 4F 1040
\ CH3C1 . 554 -
4 ‘
,FH’3B: 370
¢H3I‘ ‘249
CH2F2  - j  457
fF»CHZCIZ 92
/ CQF3 335
guc13 38
a I+ 1 : S o
I =2 X » where z is the dipolar axis.

233
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set G = ] for CHaF, and p0551bly for CH Fz,'the hlghififﬁ

“value requlred for,‘QHl'-‘3 cannot ‘be ehtlrely accounted for

‘n ~or

by theicohtributiohiof the'liquidwlat.ieefmogeslf”?he:v N
hlgh values of G lxsted in columns 3 and 4 of Taﬁle 36 f;i
nfluoroform must" thus 1nd1cate, at least in. part that the
.molecular dlpoles tend to allgn parallel perhaps due to

] - 2

hydx‘ogen bonding (181-184) Lo T e

sIf the lattlce v1brat10ns do 51gn1f1cantly ;nfluence
'_the lsotroplc polarlzatlons of the fluoromethanes they
mlght also be expected to 1nfluence those of the methyl

'halldes. Table 38 lists the values of molar polarlzatlon,

, .»s,,. v .

' whlch are requlred to set the values of G for the methyl
hhalldes equal to unlty. The calculatlons were made. uslngﬂ
‘the measured eccentr1c1t1es and the dlpole moments llsted
'by Buckley and Maryott (23) in equ 1on 6. 4] n Table
38 _the molar polarlzatlons obtalned fo;\methyl chlor1de
and methyl bromlde are in close agreement with' the SOdlum
vf'D' values of the molar polarxzatlons whlch ‘were. used by |
Buckley and Maryott and Whlch underestlmate the sum. of
the 1sotrop1c atomlc and.electromxc polarlzatlons to some\
degree ‘ Methyl lodlde however, requ1res a polarlzatlon

: whlch 1s 22% smaller than thxs lower llmxt 7 These results fﬂ

' can be ratlonalxzed usxng arguments sxmllar to those used T

'“4above, if the tendency for antxparallel dxpole allgnment

P

rinereases infthe(brder-CHSF5<“CBSle{ECH3B} <-q531'because, -



s

’?_The'isotropic

V*._Ta

e

ble 38.» The dlscrepanc1es between the gas phase molar

‘i_to the soher01dal Onsager vquatlon using molecular

,Lpolarlzatlons and,those requlred to flt the methyl halldes

e'eccentr1c1t1es. ‘
P, the gas P', the polarization
- phase molar required to set G = 1.
polarization  in equation 6.4 Py - P
3. ’ E . 3 _ L.
- (em™) ~tem™) o P
"cHF - 9.00% 12.2 +0.36
CH,CL 11.7° 12.5 C +0.05
CHBr  14.6> 14.6 . 0.00
oo v T - :
cHr o 19.3° , 14.9 -0.22

The sum of the anisotropic electronic polarization along

t the dipolar axis, and the isotrop%c atomic polarization.:

*sodium D'

[

value of the molar polérizatioﬁ,

235



f?These ‘two effects may roughly cancel each other for CH.C1

polarlzatlon ’

the serles or, b

236

"v1brat10ns is- expeeted to lncrease 1n the reverse order.

3-

Tfand CH3Br, so that thelr statlc dlelectrlc consta \ts can

'”fbe fltted to equatlon (6. 4] using the measured eccentrlc—

'@&1es and he sodium D values.of the molar polarlzation5

6.6 Conelus'on

In'the,absence of an exact knowledge of the-polar?
lzatlon parallel to the dipolar axis and the cav1ty field
deV1at10ns of G from unity do npt necessarlly

imply liquid st ucture The statlc dlelectrlc constants of

the fluoromethanes can be ratlonallzed either by assumlng

51gn1f1cant para lel dlpole correlatlon in all members of
assumlng a 51gn1f1cant lattlce mode polar-

1zatlon which ' follows the order. CH3F > CH2F2 > CHF3, and

)

.'that a degree of parallel dlpole correlatlon is present in

CHF3. An’ 1ncrea51ng tendency for antlparallel alignment of

the methyl halldes, with 1ncrea31ng 51ze of the halogen, is

consistent with both arguments.

;
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