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ABSTRACT

The methylchloromethane (MCM) compounds ((CH3)h C

Cc1 with 0<n<4) exist in several different solid phases
(n-4) . P

®

(or polymorphs). The high temperature solid phases of the

compounds come under Timmermans' classification of "plastic"

-~y
f

crystals. The discovery of a second plastic polymorph of

© CCl, by Post (1959) led to extensive X-ray and differential

scanning calorimetric (hsc) séudies of the entire group of
MCM compounds. The present resegrch deélé specifically with.
l,l,l-trichloroethanp.(n=i)'and-2,2-dichlbropropanel(n;Z).
Opticallbirefringence of the different solid phages.has been
measured with the object of obtaining information. about their
structures, their stabilities and the sequences of their
transforﬂations from one phaée to another. The results of
the investigation lead to conclusions that differ somewhat:
from those derived from X-ray and DSC studies. For example,
the plastic crystal phases of '1,1,1-trichloroethane are not

both cubic, as earlier X-ray measurements indicated, and

their stabilities seem to depend upon the purities of the

specimens. The sequence of phase transitions also differs

from that found in DSC studies.,

)i



2,2-dichloropropane has three solid phases and oﬁly
one is cubic. The cubic phase is unusually stable; th}s may
be attributable to a stabilizing influence of the surfaag (glass)
of "the sample cell. The optical birefringence results gib% a
different view of the transitions than that deduced {rom
existing meagre thermal data.

The information gleaned from the optical b%refr'ugence
measurements has subsequently led to an extensive inve'tigatio
of the thermal properties of 1,1,1-trichloroethane with a
high precigion adiabatic calorimeter. It has confirmed the
general description of the interrelation ﬁetween the differen§
‘phases given here as well as the strategic role played by

igpurities.

iv



a8
CHAPTLR

1

TABLE OF CONTENTS

INTRODUCTION
101 Polymorphism and Plastic Crystals
1.2 The Methylchloromethane Cqmpounds

-

BIREFRINGENCE

.2.1 Background for Experimental Measurements

2.2 Calculation of Birefringence fyom Theory
EXPERIMENTAL TLCHNIQULS
3.1 Method A

A Theoretical Aspects of Measurement

B The Optical System

C The Optical Cell

D Method of Measurement
3.2 Method B
3.33 Thermal Analysis
3.4 Materials
RESULTS
4.1 Thermal Anélysis

4.2 Birefriﬁgence

DISCUSSTON

CONCLUSIONS
REFERENCES

~

Page

10
10
15
18
18
18
21
23

123

24
25
27

. 28

28
35
47 .
52
54



TABLE

1.1

LIST OF TABLES

‘X-ray Data for Methylchloromethane (MCM)

Compounds

Transition Temperatures for Different Phases
of MCM Compounds

Heats and Entropies of Transitions between
Different R@ases of MCM Compounds

Temperatures of Phase Changes from the
Thermal Analyses of MCF and.DCP

Birefringence of the Solid Phases of MCF and
DCP :

Temperatures of  Phase Changes from the
Birefringence Study of MCF and DCP

Summary of Calorimetric Measurements on MCF

vi

Page

36

39

40

49



FIGUREL
2.
2.

.

1
2
.3

.4a

.4b

.la

.1b
.2a

.2b

L1ST OF FIGURLS

Indicatrices for a uniaxial crystal
Indicatrix for a biaxial crystal

Random wave normal and extraordlnaly and
ordinary rays 'o

Wave normal perpendicular to optic axis
have normal parallel to Opth axis

Types of Jntersect}on between the faces of
a crystal and its indicatrix

Parameters used in analysis of birefringence
measurcments

Details of optical system
Apparatus for thermal analysis

Portion of a cooling curve for WCI(T)
(thermal analysis)

Portion of a heating curve for MCF(I)
(thermal analysis)
5,

Portion of a cooling curve for DCP
(thermal analysis)

Portion of a heating curve for DCP
(thermal analysis)

Plot of ,Keffl versus temperature for MCF

Plot of [K versus temperature for DCP

effl

Phase changes in MCF(1) deduced from
thermal analyses

vii

PN ~,

Page
12
12

14

14
14

16 .

19

22
26
29
30
31
32

33
34

37



FIGURE

4.6

4.7a

.0 o

4.8

Pﬁase changes in DCP deduced from thermal SN\ 37
analyses
Plot of temperature versus time for DCP 2
(birefringence measurements)
3
44
45
Phase transitions in MCF and DCP deduced from 46
birefringence studies, '
7
\
o
%

viii



CHAPTIR 1

INTRODUCTION

1.1 Polymorphism and Plastic Crystals

; Polymorphism in crystals simply mcans that different
fjérystal structures are formed by the same substance. The -
structures may be stable or metastable but will usually be
characterized by well-defined physical properties such.as
meltiné points, heat capacities, etc.

The labelling of polymorphs is an arbitrary procedure
but it is most convenient to use numbers or letters secquen-
tially from the highest temperature down. The subsequent
discovery of additional phases, in overlapplng temperature
regions, can be accommodated by using the designations Ia, Ib,

-

--- 0or a, a'--- etc,

T

For molecular crystals, one would expect tHe crystal
symmetry of the polymorphs to decrease with decreasing tempera-
ture, This can be rationalized because the principal cause
of'polymorphicfchange must be orientational ‘ordering or dis-
ordering of the molecules on their lattice sites. At low
temperatures, the thermal energy is insufficient to surmount
the potential barriers that restrict or hinder rotation of the

molecules so that the molecular orientations become subject

——



to asymmetric intermolecular forces.

A simple view of holeculdr solids might be to consider
the existence of a temperature-dependent cquilibrium hetween
two kinds of molecules - '"rotatiomal® and"librational'. " This
model has been prescﬁted by Chaihara and Koga (1971). They
proposed that, at £hc transition temperature, there would be
an abrupt displacement of the equilibrium., At the rotational

transition point, the fraction of rotating molecules (i.e. the

fraction of molecules with sufficient energy to overcome

4 '

potential barriers to rotation) in the lower temperature phase
"is of the magnitude of 1/00 of the total number of molecules
and that this fraction is sufficient to '"trigger" the tran-
sition. The transition-would proceed with the motioﬁs of the '
molecules influencing oﬁe another cooperatively. The tra?sition
would be completed wheh the fractizon of rotating molecules
became 1/3 ofﬂthé total.

The highest temperature polymorphs of some molecular
crystals are classified by the term '"plastic'". This term was
first used by Timmermans (see, .for example, Timmermans (1961)

¥

low entropies of fusion (less than 5 e.u.), high melting points

for a general discussion) to describe molecular crystals with

and low enthalpies of fusion. As the'name implies, plastic

crystals deform rather easily.\ To achieve a given strain rate,Cj
* N

the stress that needs to be applied to a plastic crystal is

only a few percent of that needed for a non-plastic crystal of

L3

comparable chemical constitution. In general, plastic crystal



1}‘
phascs arc only formed by systems of globular-shaped molecules.

When globular and non-globular isomers are compared, e.g.
neopentane with n-pentane, the liquid temperature rangé of
the latter roughly corresponds to the plastic crystal plus
liquid ranges of the former (Timmermans, 1961).

The structure of plastic crystals is always one of
high symmetry (usually cubic). A cubic structure implies
that the molecules can reorient without serious hindrance.,
Thus, in many plgstic crystals, as the temperature is lowered
below the freezing point, the d521ectric constant either dfops

AT
slightly .or may even continue to rise until it drops sharply
when a lower transition point is reached. In non-plastic

crystals, the dielectric constant drops sharply at the

freezing point.

1.2 The“Mekhylchloromethane Compounds

The methylchlgromethane (MCM) compounds (i.e. the
compounds with the structural formula (CHS)n C C1(4-n)’ where
~O<n<4)1 which are the subject of this thesis, come under
Timmermans' classification of globular molecules. Through
much experimental investigafion, it was established that all -
of them form at least one plastic crystal phase in the solid
state. The most extensive investigations have been carried
out ét Adelphi University by R. Rudman and &olleagues who have
used the techniques of single crystal X-ray diffraction and
differential scanning calorimetry (Rudman and Past, 1966 aﬂd
1968; Rudman; 1970; Silvér and Rudman, 1970 and 1972): Tables

1.1, 1.2 and 1.3 summarize the structural and thermal data
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derived. by them, Although the results are extensive, some’
general and some specific ﬁuestions persist regarding the
structures and stabilities of some of the phases as well as
the sequences of‘the .transitions,

The queétions arise mainly because‘of the'diffiquity_
"in éontrolling the temperature of the X—ra& sample and in
varying the temperature.smoothly. This meant tha£ it was
difficult to maintain the X-ray specimens. in 5 particular
state for a long ?ime.' In DSC expériments, the problem of
obtéining thgrhal equilibrium arises, especialiy in the régioﬁ
of phase transitions, where considerable molecular reorient-
‘ation is taking place and the heat capacities take on large
values. This makes the transition temperatures imprecise .
and fs/indicated by the different transition temperatures
obti}ned on heating and cooling the sample through the trans—
itions. In both methods, the specimen studied was Very small
so that purity levels were uncertain. In the bir@fringence ,’,
experiments to be described in this ghESis,xthe apparatus
permitted close ‘observation of the.various phases for days at
constant temperature (within one degree).

In the case of CC14, which has been previously reported
to mélt at 250°K and to have a solid tran51t10n atw225 °K
'(Higks, Hooley and Stephenson, 1944), the discovery of a
third phase existing. in tHe.tempeﬁd%:re range of phase I
‘(Post, 1959),'initiated the research of-the MCM compounds by

- Rudman and colleagues. The new phaée which formed on freezing

CCl, was called phase Ia and was found to be face-centred cubic.



The phase obtsined,by previous researchers was'calied phase Ib
and-was thought to be weakly birefringent. This birsfrinéence
was verified with a highly sensi£ive and accurate teth%@qu@
(Koga and Morrison, 1975). It was also found that phase Ia
and Ib can.co-exist under Eertain-conditibﬁs and that the
phase Ia-to-phase Ib t%ansition was reversible. This revers-
ibility is not obséfved in calorimetric measurements (Mogrison
and Richards, 1976)'which suggests that the nature of the |

sample container may be important. (The birefringence cell

was made of glass whereas the calorimetric vessel was made of

»>

copper.)

The question then aroselas to whether the other MCM
compounds undergo similar phase transitions. Silver and.
Rudman (1970) found no.evidence of a pﬁase ib~in't-butyl
chloride nor ‘in neopentane, However, they did find a phase Ia
and phase Ib in both méthyl cﬁlor%fgrm'(l,l,l—trichloroethane'
which wiilhbe abbreviated to MCF) and 2,2-dichloropropane (DCP).
They determined that the phasé.Ia's in both compounds had
face-centred cubic structures whiie phase Ib was' primitive -
cubic in MCF and rhombohedral in ‘DCP.

ﬁirefringence measurements can.provide a valuable cﬂeck
on such structural deductions. At any particular temperature, <

the crystals may be cubic and therefore non-birefringent or

-slightly lower than chblc symmﬁtTy and thus weakly birefrin-

gent (|nexﬁ“]m10 3) or of very low symmetry glVlng strongly
birefringent crystals (Ine—n0|>10‘3).
| .An éﬁﬁaratus for crudé thermal analysis was devised in

order to provide « eui’ «  for the hiraf~r’
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~

ments by giving the tempe fure regions for the existénﬁe of
the différent phases.

Thus, this research was started with the.purpose of
providing information about particuiar crystal polymorﬁhs and
the t}ansitions between them. MCF énd DCP were investigated
because 'there seemed to be significant uncertainties in the
‘characterization of their phases. The birefringence measure-

ments on MCF subsequently led to an extensive calorimetric

"study of that substancem(Moryisonf‘Richards and Sakon, 1976),



QHAPTER 2
BIREFRINGENCE

2.1 Béckgrouﬁd for Experimentél Measurements 2

Birefringence or .double refraction refdés to the
existence of more than one refractive index in a cryétal.
Monochromatic liéht passing into a birefringent crystal splits
into two plane polarized waves vibrating in different direc-
tions and often. following two different ray‘paths. The
ordinary'ray obeys Snell"s Law while the exiraordinary ray )

» .
does not. Snell's Law is expressed as

-

n; sini= w sin'r

nj (2.1).

o’
where ny is the refracti&e index of the medium.th%ough which
the incident light Has travelled, i is the angie_of the
incident light and w,is the refractive index of the medium ‘
along the ray péth defined by the angle of the refracted

ordlna?y tay, ro- A description o%gthe optics involved in . |

-

: birefringende measurements can be found 'in Bloss (i961). It Lg
"is briefly summarized in this section and the.figures are taken
from or adapted ‘from figures in ﬁhé reference.

The concept of the optical indicatrix was devised to‘
i11u$traté the relationship between the reffactive indexnof a

o \

'.matérial and the vibration direct%gn’of the light waves
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travel]jngvin the materfall The indicatrix is a surface
connéngng vectors radiating from a coﬁmon point in the.material
and proportiggél to the refractive index for light vibrating
parallel to the éorresponding vector directian. In isotrbpic
ﬁedia (including cubic solids), the refractive index is the same
in any vibration directign and so the indicatrix is a sphere.
"In an anisotropic medium,‘the indicafrix is- an elliﬁ-
soid, There may be either two principal axes (and therefore
two principal refractive indices) or three principal axes (with
three principal refractive indices) perpendicular to each other.
"In the former case, the indicatrix .is an ellipsoid. The indi-
catrix.can resemble either of the two géometrics sﬁéwn in
figuye'z.l. The central section, berpendicular to the
principal symmetry éxis, and dniy this section, 1s a circle
(with radius w). The prinﬁipal symmetry"axis is galled”the
optic axis and the crystals afe said to be uniaxial. € and
are called the extraordinary and ordinary refractive indices,
respectively, but are often represented by ng and n.
When there are three pr1nc1pa1 axes, the indicatrix h\?
is a triaxial elllp501d as shown in figure 2. 2 X, Y and Z
represent the prlnC1pa1 &xes and o, B and y the correspondlng
principal.refractive indices. vy and a are the maximum arnd
minimun refractive indices respectively and B an inte}mediate
value. Any other vector drawn from the'center to the surfac&
of the indicatrix is some value between y and o (e.g. y', o

and B). There are two circular, sectlons, both of Wthh contain

the principal axis of the indicatrix that is 1ntermed1ate in

PN



Figure 2.1

¥

Figure 2.2

Indicatrieces for a uniaxial
crystal

Indicatrix for a biaxial crystal

12
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length between the other two. Their radius is thus equal to
the intermediate principal refractive index, B Thus, there
v N ~

are two optic axes perpendicular to the two circular sections
and the crystals are deécribed as being biaxial.

In a uniaxial crystal, any central section 1n 1its
indicatrix ;ill always have one principal axis equal to w
(see figure 2.3). 'The other principal axis will be inter-
mediate inﬁlength between w and €, Two waves propagating out-
wards from a point source (say in the center of the indicatrix)
can travel iﬁ any direction. One of them always has the same
refractive index w, and therefore the same velocity, regardless
of direcéion; the other has a refréctivé index that varies
from w to e according to the direction of the wave normal,
The direction of the wave normal lies in the same plane as the
ray path and vibration direction and is perpendicular to the
Vibrat;on direction. If the vibration direction is perpeﬂdi-
cular to the ray path (which is always the case for the
ordinary ray), the Qave normal corresponds to the ray path.

" Figure 2.3 shows a random wave normal with.the ordinary
and extraordinary waves vibrating in planes perpendicular to
the normal. The wave normal is OW and is the same as the
ordinary'ra§? The vibration direction of the ordinary wave is
parallel to w, ORE is the éx%raordinary ray and the vibration
direction of the extraordinary wave is €',

In'the simpler.situatigns where the incident light is.
perpendicular or parallel to the oﬁtic axis, the patﬁsaof the

L “ ;
two rays are the same and also coincide with the wave normal.
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t optic anis
'. v

Figure 2.3 Random wave normal and extraordinary and
ordinary rays

| ' . e . ,‘.
.
)

Pigure 2.4a Wave normal perpen- Figure 2.4b Wave normal
dicular to, optic parallel to
axis C * axis
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In figure 2.4a where the waveNnormal is perpendycular to the

optic axis, the wave vibration direction o
X :
1s parallel Bo a vector correspondang to the

an ordinary ray
cfractive index
w, and the Wwave vibration direction for the extraq€dinary ray
is parallel to the vector corresponding to the refraftive index
e. In figure 2.4b, where the wave normal 1is parallel)to the
optic axis, the refractive index is w (no double rq[}actfbn).
Plane polarized light ﬁarallef to the optic axis passes through
the crystal undltered in direction.

For normal incidence on a crystal surface, the

~-directions of vibration of the two refracted rays can be

visualized if the crystal's indicatrix is drawn with its \))
center on the crystal face (figure 2.5). The intersection b,
between the indicatrix énd the crfstal face is either an
ellipse or a circle.

.In the birefringence measpreﬁents only those crystals
that were oriented such that the principal axes iﬁ the indica-
trix were perpendicular to the incident light weré considerﬁél
2.2 Calculation of Birefringence from Theory

In an 1ideal situaé&ohcwhere the crystal structure is
known and is nof too complicated, and where polarizabiiities

'

of the éonst%tuent ions or molecules are available, the bire-

=
'/

fringence of<the crystal may be calculated. The principle of
the calculation was deve]opéd many years ago by Ewald (see
Born and Huang, 1954, for a'disc&ssion of it). and a method

suitable for the modern computer was published by Cowley (1970).
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Eigure 2.5
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| optfc axis
-'I
|
] ‘\\ =7
‘ o
i
|
|
7
"
R\

')

e

-
— — —

. w — oun  — arfe e

]
| : )

?.

Tybes of intersection between the faces.of
a crystal and its indicatrix. The heavy
radii of the ellipse (or circle) indicate

- the crystal's privileged directions for 1ighf

entering by normal incidence on this face.
(Taken from Bloss, 11961 p.82)

.
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~ For MCF and DCP, the detailed structﬁre of pﬂase Ib
is unknown and accurate values of the polarizability of the
molecules are unavailable. Hence, é theoreticél estimate of
the birefringence cannot be made. For MCF the strﬁcture of

phase II is known and the experimental value of Ine-n is

ol

consistent with an order of magnitude calculation using

Cowley's method (Morrison et al, 1976).
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CHAPTER 3 (\ N
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Two methods of estimating the birefringence of the
crystal phases were employed. One technique (method A) was
used to measure Ver§ small birefrinéénces in order to verify
the existence'of cubic phases. (Slight ambiguity resulted
because of small birefringences caused by strain and imperfec-
tions in the system.) This technique is cépable of determifiing
birefringences between 5x10§i and 1x10°3. Larger bifefringénceé

were estimated ﬁsing an Interference Colour Chart (Bloss, 1961)

(method B).
3.1 Method A ' S
A. Theoretical Aspects ‘'of Measurement

@

In figure‘S.l, which is taken from Ballik et al (1973),
the plane which contaiﬁs thé given axes 1is normal to the inci-
dent beam. The axes n; and n, rebresent the crysfal's principal
iﬁdices. Ei rebregents the plane-polarized incident beam and
Et reprééents.the beam transmitted through ﬁhe analyzer.

For an isotropic (n1 = “2) medium and crossed polarizers
in an ideal optical system, the beam is comﬁletely extingdished_
at the analyzer when £he coupled polarizers are rotated. The

reason for this is that the incident beam passes through the-

crystal in the same vibration direction of the wave as it does’

-]

18 -
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n
A
—
BN
\ , E»i
\ 4
Analyser A\ - /Poldrizer
axis \\ 1 axis
\ il
\ A
\ /J -
\ /7
v
\ /
>n,

Figure 3.1 Parameters used in analysis of birefringence
measurements __—
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on entering (since the refractive index is the same in any
vibration direction). For parallel polarizers, the analyzer
transmits a beam of the same intensity as that transmitted
by the polarizer,

In anisotropic mgdia, the incident polarized beam
passes unaltered in the vibration direction o£ the wave 6nly
if it corresponds to either of the principal ax njjor njp.
Thus under crossed polarizers; the beam is extingudished again.
(In practice, a minimum intensity is obtained.) The angles .
at 'which minimhm intensities occfr give the directions of
nj apd n,.

'Ideaily, the maximum intensities occur at 45°, 135°,
225° and 315° from Ehé angles 6f minimum intensity. Tﬂe
incident beam is split into a slow wave and a fast wave in the
crystalaand'can bé resolved into two vector components cérres—
ponding in-directioﬁ-to ny and'pz. The waves emerging from
.the crystal have a phase difference, a. That is, the fast
wave has tra?elled a distance a by the time the. slow wave

_emerges.from the cfysfal. o Vvaries with the‘crystal tHickness,
the 'wavelength of the iﬁcident light and ny and n,. The
inténsity tfansﬁitted'by the- analyzer, I, is thus reléted to-
the angié and amplitude (and therefore intensity) of the inci-
dent light, the phase difference and the dngle of the analy:zer.
Eor'an incident beam normal to both axes ny and nz‘in a;cfystal

..of thicknésg, d, .

'

I, = I (sinze sin? ¢ + cos0 cos?e (3.1)

+2 sin® cos O sin ¢ cos ¢ cos a),
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where o = (Zﬂd/A)(nz-- nl),
and A is the mean wavelength of thé filtered source.

A value for a'and, therefore [n2 - nll, can be obtained
from the ratio of the transmitted light intensities for crossed
and parallel ﬁolarize%s (Il/lll) set-at th? angles of maximum
intensity. The equation is

Il/Ill = tan? (a/2) . (3.2)

P
fhe deri&ation of equation 3.2 is given in the paper by Bgllik
et al (1973) and will not benrepeated here. o

For any ?ne value of Il/III, there ére several possible
values of'a. In order to obtain a unique value of a and fhere-
fore of |n, - ng|, measurements need to be made with two, OT
.more wavelength§ of light, An ekample.pf the calculations is

given in appendix m'of the paper by Ballik et al (1973).

B, The Optical System

The optical-system was thé same as that used for
meésuring birefringence ig_fhe'éolid'isotopié methanes (Ballik;
Gannéh and Mofrison,'l9736 anﬁ—was set hp according to figdre
3.2 (taken from that reference). The light source was-a
tungsten fi;gment lamp. The wavelength of the light is altered-
by'using bandpass filters.of wavelengths 4400 and 5690 K.:~The
'fight is then focused by the first lens into the center\quthe
cell. The polariier produees a 1inéarly-polarized beam wﬁich
paéses through thg cell and the second polarizer (analyzer).
The analyzer ‘is mechanicglly coupled to the polarizér suéﬁ
that their transmission axes are eiphpr”parallei'dr perpend{-

cular to each other and thaf the coupled polarizers can rotate
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through 360°. The sgcond lens focuses light~fr6m the center:
of the cell toward the beam splitter where two images are

formed. One is formed at the cross-hair at an eyepiece and the

-other at the aperture where it passes through to the photo-

" multiplier. The output of the photomﬁltiplier was read from

a KeithI%y multimeter (model 171). The crystal section that
could be viewed was about 1.6. mm in-diameter but the area: .

seen by the photomultiplier was no more than 0.035 mmz.

C. The Optical Cell

The optical cell was made from two circular Pyrex '

' optical flats, approximately three cm in diameter, fused

tdgether around the edges. The distance between the flats

was uniform at 0.89 mm (x0.04 mm) exéept at the edges. The

cell could be raised or lowered vertically 1.5 cm or rotated

through, an angle of #15°,

D. Method o%_M;asurement
| To measure jne-n0|<lx10'3, the experimental procedure
was the following: |
1. .Set the polari;eré at aﬁ anglé of 90° fo'ong anotheff.
2. Rotate the cfossed polarizers and observe the angles of

minimum and maximum transmitted light iniensity fof only those

rcrystals in the preferred orientation. (The preferred orien-

.tation is the one in which the principal refractive indices are

in a plane normal to the incident beam. Such crystals .can be

easily recognized since extinction occurs at intervals of 90°.)



24
3. Measure the maximum intensity with the polarizers-crossed.
4. Set the polarizers parallel to each other and measure the

. . . L
maximum intensity. ‘ : b

3.2 Method B.
| When it was necessary to resort to method B (i.e. when'
the birefringence exceeded %lx10’3), advantage was takeh of )
the existence of é scheme wideiywused in mineralogy (Bloss,
1961). With an estimate of the thickness of a erystal fragmeht;
and an Interfefence Colour Chart.(Bloss;.1961 p.144), it is
only necessary to determlne the max1mum interference colour
at 45° off extinction in ordg} to estimate the b1refr1ngence
The pr1nc1ples involved are the same as in method AL
For 1nC1dent whlte light, equation 3.1 becomes a summatidn over
all wavelengths. The colour observed depends on the ‘phase .
difference a. For a oonstant'light'souroe and principal
refractive.indices, o varies with the thickness’ of the crystal-
lites. The strongest colourétions‘occur at 45°, 135°, 225°
and 315° from the angles of minimum intensity.
The optical system 'in method B is the same as that used
in method A but w1thout the filter to alter the incident beam
The first two.steps in the method of measurement are
the same as in method A. The next step is to détermine the
maximum, 1nterference colour with the polarizers crossed and to
estimate the crystal thlckness. Because the solid shattered ,
into fragments of dlmenslons less than 0.89 mm in the blrefrln—
gent phases, the crystal thickness was estimated by taking an

average of the, two measurable dimensions. The dimensions of

the crystal fraghents were obtained from ¢ T o v the



25

: ; - S~
thickness of the cross-hairs on the eyepiece. The thickness’
of the cross-hairs was found to be j045 mm, and the dimensions
of the crystals were éstimafed to within halfuthe width of a
cross-hair. Since the methbd of esximaéipg the thickness of
the crysfallites is rather crude, the ﬁncertginty in the

birefringence is approximately *50%.

3.3 Thermal Analysis

Apparatus .0of simple constrg?tion was used for survey-
fype the%mal analysis of MCF .and DCP. The object was simply
to detect thé'temperaéures at which fransitions occpryed'to
guide the dexermination of’optical birefringence of the
Hiffgrent phases., A sketch of the ébparatus, whi;h was made
complete%y'of glass, 1is shown in figure 3.3, |

The sample was distilled into the apparatus from a
reservoir in whiéh the“saﬁple was degassed by alterﬁate
freezing, pumping and ﬁeiting[ It was then cooled relatively
éibwly with a dfy ice-acetone,slurfy down to 190°K or cooled
quickly with lidpid nitrogen.down to 150°K. Ice-watér or |
wéter_at(room températuré were used aé baths for the heating

of the sample.

.

Changes in temperature with time were recorded with -

-

a Rikadenki recorder, mo@&l*B~107. ‘The temperature was
measured with a fi&e—juﬁcfi%n copper-constantan thermocouple
connected to. the recorder. " In ordef to use the maximuﬁ
sen;itivity of the recofdef and to keep the indications of

the thermocouple on scale, the thermocouple potential was

compensated by an adjustable bucking voltage generated.with
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a simple Zener diode circuit. Wiph this apparatus, a tempera-
ture difference of '0.2° could be detected. Since an accurate
knowledgé of aﬁsolute values of temperature was not vital, a
standard temperature-emf calibration table for a copper-constan-
tan thermocouple was used. The absolute temperatures were

probably accurate to within 3°.

5.4 Materials
Research grade MCF wdg obtained from Chemical Procure- -
ment Labs. Inc. and DCP from the J. T. Baker Chemical Co.
Further purificatign éf both liquids by preparativé vapour
phase chromatography with an XF;ll-SO fluorina£ed Carbowax
columnﬂincrébsed the purity to better than 99.5% for MCF and

" to comparable purity for DCP.

purity of this sample, as determined by calorimetry, was -99.2%.
. The' two samples of MCF will be denoted by MCF(I) and MCF (I1I),

respectively.
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ii} CHAPTER 4

RESULTS

4.1 Thermal Analysis

Typical time-temperature traceg for the thermgl
analysis of MCF(I) and DEP are shown in figure§ 4,1a, 4.1b,
4.2a and 4.2b. Apparent supercooling of the different phases
-alw%ys‘ogcu%red because.the temperature usually changed rathér

L;iépidly (v4 deg/min just before freezing). In order to deli-

neate the transition temperatures in the heating curves more
clearly, "effective'" Newton's Law constants, keff* were

computed from T ' >

daT o
dt ~ keff (Tcell B Tbath) . ‘ (4.1)

where T is the temperature in °K ;nd t, the time in-minutes.
Plots of |kgpg| against T are shown in figures 4.3
and 4.4. .In the absence of transitions that absorb energy,
lkeffr would.be expected to iﬁcréasé slowly but smoothly with
increasing temperature. The tréns;tions.are marked by the
..&eﬁperatures where |k, ¢¢l deé}eases'mérkedxy denoting absorp-
tion of energy. While, és the.error ba;s show, the uncer-
fainties:in the temperatures are faixly large, the semi-
\\“&j QuantitatiQe information derived from ¥he tﬁermal analyses
< : I

was a rather valuable guide for the birefringence experiments.

28
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In MCF(1) it was found that; on cooling, energy was
released after the large transition peak This was indicated
by the difference in the slopes of the temperature vs time
pth at a given temperature.

In figure 4.1la the slope at point A was found to bé
signifieantly less than that at point B. This release of
energy from point C te point D corresponded to the energy
absorped on neating in'tne.193°<T<213°K range. It was tHought
at first that this behavior might be an indication of a trans-
ition to a phase III of MCF, something about which there heve'
been con?lieting fineinés (Rubin et al, 1944; Crowe and
Smyth, 1950; Silver ane Rudman; 1972). However, this "extra™
release and absorption of energy was not observed in later
calorimetric meesurements (Morrison et al, 1976) so’ that the
effect in the therﬁel analysis probably arises from.consider;
able thermal inertia displayed by the I to II transition.

Table 4.1 summarizes -the results obtained from the’
thermal analyses. The correlatiens of phase changes in MCF(I)
and DCP suggested by these results, are depicted in figures .

4.5 and 4.6.

L4

4.2 Birefringence’

The birefringence'studies established the existence
of three solid phases in both MCF and DCP." Both compounds have
a non- birefringent phase, which will be called phase Ia
following the nomenclature.used by Rudman and Post (1968),
moderately birefringent phase called phase Ib and a highly

birefringent phase labelled phase 1T,



TABLE 4.1 Temperatures of Phase Changes from the
" Thermal Analyses of MCF and DCP

~ MCF . _ Temperature of Phase Changes

Freezing, melting . 227 (£3), 228(£2) - 240(x4)

Transition (cooling), 212(£1), 213(2) - 223(+4)
(heating) B

After transition, pre- : 212 - .188, 193(¢10)

transition

pcp - L Temperature of Phase Changes
Freezing, melting | v 219(23), 230(x1) - 237(%2) "
C v . ) .
~Transition (heating) . 221(%2) - 230(x1) . . ,
Transition (cooling), ©174(23) - 167, 179(£5) - 196(z2)

(heating)
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In MCF(I)3 which was 99.5% pure, only-phase Ia and
phase Il were observed. In MCF(I11), which was 99.2%'pure, a
reproducible and moderately birefringent phase ‘(phase Ib) |
formed‘on cooling phase Ia. Phase Ib melted without trans-
forming into phase Ia first.

The measured birefringences are .summarized in table

"4.2, The level of |né—n in phase Ia of both MCF and DCP

ol
is accountable for by strain. Indeed in'MCF(Ij, the initial
values.were. of the magnltude Of 4x10-5 which slowly decreased
to <lx10 5 as the’ phase Ia annealed - .

The estimate of |n,-n,| for phases'II is a iower limit.
When they formed, the crystallites 'were so small that it was
-a‘difficult to estimate their. dimen%ions. ' Moredver,-tney.
scattered most of the 1nc1dent light and colour changes could
only be recognized w1th great dlfflculty

Since the phase changes could be observed through the
-eyepiece, and the changes correlated with the temperature of
the cell, the variation from run to run with the rate of
heating and cooling could be observed. The amount of variation
is indicated by the uncertainties given for the transition
temperatures in table 4.3. . | “ w
: Because of supercooling, fairly sharplfreezing and
transition temperatures were observed for-cooling,.while, for
heating, the transitions and melting:occurred over a tempera-
ture range or over a period of hours In table 4.3 the |

temperatures llsted correspond to the temperatures at which

. the solids were completely melted or transformed. Rapid
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TABLE 4.2 Birefringence of the Solid Phases of MCF and DCP

MCE "' DpCP
. Phade Ia . <1x1075 . <1X107
Phase , ©.003(%,001) .. .011(£.006)
Phase IT >107* >10°2 -
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TABLE 4.3 Temperatures ‘of Phase Chanéés from the
Birefringence. Study of MCF and DCP

MCF Temperature of Phases Changes

Liquid » Ia, Ia » liquid 229(x£4), 253(%6)

. 1
Liquid -+ Ib, Ib -+ liquid * , 249 )
Ia = Ib, .Ib + Ia 214 ,y
Ia > II, II » Ia 208(+8), 231(3)
Ib » 1I, II + Ib .| 198 , 230 .0

. -
DCP .Temperature of Phase Changes
Liquid » Ia, 1Ia = liquid 248 , 243(%5)
Liquid - Ib, Ib -+ liquid 221(x7), 253
Ia » Ib, . Ib » Ia £ 206 %*
Ib ~ II, II - 1Ib 169(£7), 201(29)
NOTE: Temperatures given with no variation were single

observations. -

*Transition not observed

1

*%At 206°, Ib transformed ihto_Ia'after one day.

(B
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heating may have'gaused.supgfhgating or the transitions may 
have been affected by hysteresi%. Figure 4.7a,b,c,d is a
secgion of a temperature-time plot for DCP and illustrates
how the various phases can changé or persist as the fempera—
ture is varied lover a long period of time. Similar plots can
be dpawn for results for MCF(I) ggd MCF(IT). -

The sequence of phase transitions is repfesented
schematically inhfigure 4.8. The large differences in the
temperatures given for cooling and heating are undoubtedly due
to the non-equilibrium conditions pertaining. Thus, the
temperatureé for the transitions obtained in the birefringence

studies are rather rough compared to what can be obtained

with careful calorimetric measurements.

<%
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DISCUSSION

The phenomenological understanding of po;ymorphisﬁ
in MCF and DCP before this birefringence stddy was underpaken
was the following:
(i) MCF and DCP formed a face-céntred Eubic phase Ia and an
orthorhombic phégé IT. Similar to CC14,.b6th solids ‘formed
a second plastic phése labelled phase Ib. However, in MCF,
phase Iblwas reported to be cubic while, in DCP and CC14, it
was rhombohedral.
(ii)" Little was known about the sequence of transitions in
DCP. In fact, Silver and Rudman (1970) described phase Ia
and phase Ib aé‘occurring,"nearly simultaneously',
'(iii) The différence in-tpansitiqn temperatures'on.heating_
and cooling were great due to the effects of supercooling
and hystereéis.
(iv) Some researchers (e.g. Silver and Rudman, 1972) had -
questioned tHe'existencé of a phase III in MCF. |

The present study has added the following information:
(i)"Tﬁere are two plastic phases in MCF aﬁd DCP but only -one
©is cubic. The other has a birefringence comparable to that
of phase.Ib in’C.Cl4 for thch the structure has been deter-

mined to be rhombohedral. ] : N

47
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(ii)/!No evidence was found for the ex&stence of phase III.
(iii) The stabilities of the plastic phases appear to be
determined by imﬁuyities. For example, it was found that MCF(I)
only formed phase Ia while the less pure MCF(II) formed phase

Ib as well as Ia.

The bi;efringence study of MCF led to a calorimetric
investigation of MCF(I) and MCE(II) in which it was established-
that the thermal properties -of the phases I were measureably
different, In particular, -the.melting points, eﬁthalpies of
transitjﬁh and fusion were differeﬁt and thi; general result
"is coﬁgistent.with the birefringence deductions.

The,additignal‘information obtained from the calori-
metric results (Morrison, Richards and Sakon, 1976) giving |
accurate enthalpies and mdbre precise transition temperafures
is summarized in table 5.1.

| In general, there are some basic similéritieS'in the
polymorphs apd the phase transitions in ;olid CCL,, MCF and
DCP.. They all form.£wo_plasFic o ystal‘phases and ogeklow
temperature .solid phase. Structural studies (X-ray and
birefringence) show that one phase I is cubic in the th;ee o
compounds and the other, rhomboheqfal in Cb14 and DCP (and .
.possibly'iq MCF).-.Melting.and freezing of both piastiq phases
in all three compounds haye beennobserved (for CC14, Morrison
and Richards, 1976 and Arenfsen and van MiltenbUrg, 1972; for \\ )
MCF, Mo}rison et al, 1976; aqd for DCP, this reseafch). Only
in MCF has the Ia to II transition and its reverse been
observed. The forﬁation of.pﬁpse IT i§ well-de¥ined and con-

siétent while ‘the formation of ohase Ia and nh. - Ib BRI



TABLE 5.1

Summary of Calorimetric Measurements on MCF

-

Transitions

»

in Temperatures of -
MCF (1) transition (°K) - AH (J/mole)
Liquid » Ia 234 «
[
Ia -~ IL
I1 - Ia -, 224.,3%0,1 745075
Ia » Liquid 243:0£0.3 2380%45
Transitions in Temperatures of AH (J/mole)
MCF(II) transition (°K)
Liquid » Ib
JIb » 11
- -
I > Ib 223.9:0.1 7715£100
240.940.3 2125%50

Ib + Liquid

49
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on experimental conditions.
The.summari by Rudman and Post (1968) c;n now be
altered to show- that highdpurity MCF exhibits only tweo solid.
' polymorphs, phase Ia and II. Lower purity MCF exhibits an
additional phase I which is. intermediate in birefringence

"between that of phase Ib in CCl, and of phase Ib in DCP.

4
Analysis of calorimetric data for melting shows thé impurity

to Be essentially insoluble in solid MCF (Morrison et %1,
1976); This suggests that pérhaés the imguritiés act as
nucleation sites for the crystallization of phase'Ib.

| In DCP, phase Ia was found to be more stable than
‘phase Ib. Phase Ib transformed into'phase Ia at.high tempera-
tures and, once formed, phase Ia never transfofmed into phasen_‘
Ib.or II.eVen'at very low temperatures (120°K). However, it
is possible. that phase Ia may be étabilized by’ the ‘glass
optical-‘cell. In their biréfringgncg‘studies of CC14, Koga
" and Morrison (1975) found thai.the phasé Ib to Ia transition
did occur ‘and.that phase la persisted for several days. Also
van Miltenburg (1971) found that the phase Ia -to Ib transition
.'dié.not occur for CC1, ih a full élass contaiﬁer and he has.
suggesfed that the.material from which the sample conéainer
is made, influences the trahgitién. Thig is gupportéd by tﬁe- )
finding that phase Ib was more stable than. Ia (in fact, the .
ph%ée Tb to.Ia transition did'not éccur) in calorimetric :
measurements of CCl, using saﬁpie containers ﬁade from metal

(Arentsen and yan Miltenburg, 1972 and Morrison and Riéhaxd§,

©1976). -
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In t;e'DCP,ait ﬁas-been shown that thé liquid éan
freeze into phase Ia ;r phése Ib but not ”heariy simultan91
ously'. Phase.Ib can transform into Ia or II but the Ia ¥ II
transformations never occur. A caiofimetric study by van
-Miltenburg (1972)'revéa1ed only two solid phgses. This is-
not in disagreement with'the present study since it haé been
shown that the II =+ Ib - liquid sequence does occur and that
the phase Ib to Ia transformatlon 1s slow, It is 11kel§ that,
in order to-oBtain phagéfla the solld will have to be heated
slowly or heated before reachlng the Ib. to 11 tran51t10n
tembérature. Once phase Ia is obtained, it may be: reproduced
if fréezing of the DCP is done immediafely after melting. The
.formation of phase Ia will probably be enhanced with tﬁe use
of a sample container ma@e of glags. |

In sum, the combination of X-ray, birefringencé aﬁd
"calorimetric gtudies can reveal much about the polymorphs'
and- their transitions' in the solid methylch}éromethane

compounds .
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CHAPTER 6
CONCLUSIONS

The restlts described in this thesis together with
data derived from some other kindé.of experiments show that
two qiffgrent solid phases of MCF can exist in the same
temperature range. "One 1is cubic and‘the:other non-cubic.
They are labeiled phases Ia and Ib, in fhe‘terminology ‘
adépted by deman and Post (1968). However, the déductions'
made here abouttthem differ significantly from proposals.
,madg by.Rudﬁanvand Qqét. In the.first place, it is now clear
that the.efistence of.the phases depend? éritically on the
‘ purities of the MCF specimens.' Thus, Qe have been able to
'ob?ain either Ia or Ib and to é;ansfdrm them reversiblf into
the iower symmetry phase II. This behavior contrasts with
that o'f“CCl4 where phase Ia is metastable with respect to
phése Ib.. In the ;econd place, phgse Ib:is markedly bire-
fringent and so {dts structure .is cleafly‘non-cub%c: * Rudman
‘and Post. (1968) proposed that this phase was prfhitive cubic
and that its formation:rgquire& special thermal trpatmenf of
the speciﬁen tube. It is always possible that thé phase Ib
ébserveg in this:research may be different from pheﬁone |

observed by Rudman and Postfbdg this is doubtful.

-
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Because there is much less information available about
the thermal properties of DCP, less firm deductions can be
made about polymorphism in. that Substance. However, the

birefriﬁéence study shows unambiguously that three solid phases

‘exist - one cubic and two-non-cubic,

It is'possible that birefrihgence measurements on
t-butyl chloride and neopentane would field a second plaetic’
phaee in these compounds which has not been observed Since
very weak birefringenees are difficult to .detect wifh the
X-ray diffraction apparatus, a phase Ib may have been over-.
looked. Further calorimetry -on the MCM coTpounde (GH3)n
CC1(4_n) for n = 2, 3 and 4 would give accurate fransition
temperatures and additional thermal data. This has been
done recently for MCF (Morrlson et al (1976)) ghd has proven
to be invaluable in the understanding of the polymorphlc
transitions in sql;d MCF. .
| The stfuctural data which are in doubt should now“be,
rechecked with X-ray measurements. This 1is especiaily impor-
tant for MCF since the present research ‘indicates that phase
Ib probably was not obtained by Rudmanlaﬁd Post (1968) in ’
their sfructueal studies. |

The need for a study of the factors 1nfluenc1ng the "
relatl;e stab111t1es of the different phases of these compounds.

is also 1nd1cated. Thus, further research is requlred before

a more comprehensive c%mparison of the 'MCM compounds can be

b,

made.
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