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ABSTRACT 2

The heat capacities of the urea -n- undecane, urea -1-
decene, urea -l1- hexadecene and urea -l- eicnsene adducts have
been neasured in the tenperature range 12—3OOOK. F'or each the
smooth heat capacity and the entropy per mole of urea has been
calculated at various tenperatures.

In all except the urea -1- decene adduct strongly
co-operative anomnalies in the heat capacity were observed.

The heat capacities in the anomalous regions were investigated
in greater detail and the excess enthalpies and entropies
involved were calculated in each casec. Although a co-operative
ancmaly was absent in the urea -~l-decene adduct heat capacity,
several regions of anomalously high heat absorption were
observed. The excess entropy involved was calculated and
found to be comparable with the entropies of the co-operative
anomalies of the other adducts .

The heat capacity anomaly in the urea - n- undecane adduct
waB compared with similar anomalies previously reported in  other
urea -1~ alkane adducts, and with a heat capacity calculated
using a statistical mechanical nmodel that had been developed for
this systenm by earlier workers. This nodel incorporates the
Ising and Weiss treatments of co-operative phenomena.

An attempt is made to explain the different natures of the
anomalies in the heat capacites of the 1~ alkene adducts by
postulating a different head-tail arrangement in the urea
channels for each of the 1- alkenes studied. The configurational
heat capacities of these arrangements of alkene nolecules have
been calculated using an Ising model and applying the XMonte
Carlo technique.

The heat capacities of the thiourea - cyclohexane and

thiourea ~ 2, 2 dimethylbutane were also neasured in the range,
I - 300°k,
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Again regions of anomalously high heat absorption were observed
and an attempt has been made to explain them by considering the
ferroelectric properties of the thiourea lattice and the onset
of rotaticn of the guest molecules. The latter has been
represented by an Ising - Weiss model similar to that used for
the urea adducts, but considering six possible rotationsal
configurations of the nolecules.

In addition during these experimental investigations a new
heater has been installed in the calorineter vessel and the
accuracy of the new arrangement checked by measuring the heat

capacity of a standard substance.
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Chapter 1. Introduction

Section A. Discovery of Urea and Thiourca Inclusion nggounds.
Urea inclusion compounds were discovered by Bengen (1940)

whilst he was involved in the investigation of the possible

quantitative determination of milk fat, by separating the fat out

from the milk by addition of urea. During these experiments

Bengen added a few drops of n-octanol to onc of the samples,

so as to achieve better separation. At the boundary of the

alcohol surface appeared fine crystals, which Bengen analysed

and found to contain urea and n-octanol only. He repeated

the preparation of these crystals in the absence of wmilk, and

then proceeded to prepare similar crystals with various

organic reagents replacing n-octanol. Bengen's choice of

organic reagents was not always successful and eventually he

deduced the following rules. (1) The molecules must have

more than 4 to 6 carbon atoms and (2) ths carbon atoms must

be linked to form a straight chain.

After the war the knowledge of Bengen's discovery was
made freely available (1946, 1951), and much rescarch was

done to establish the nature of the compounds.

In 1947 Fetterly (1947) and Angla (1947) reported their
indspendent discoveries of the related triourea series of

compounds.

The information obtained by determining the structure of
these compounds led them to be called inclusion compounds.
In addition they are referred to as occlusion compounds, complexes

or adducts. The last term will frequently be used in this thesis.



Section B. The structure of Urea ahd Thioureca Inclusion

Compounds.

In view of the weak interactions expected between urea and
n-hydrocarbon molecules, the existence of stable compounds
between them would hardly have teen predicted. Their chance
discovery set an interesting problem as to their nature, a
problem which wes eolved by deducing the structure of the
compounds by X-ray crystallography. These investigations by
Smith (1952), Hermann and Lennc’ (1952), and several other
observers, showed that the urea molecules form a hollow channel
just large enough to accormodate the hydrocarbon molecule in

ite planar zigzag configuration.

Smith examined powder patterns of urea adducts with

various straight chain compounds from C_ . - 050, and found

that they were cssentially identical. lge then did a detailed
single-crystal study of the n-hexadecane adduct from which he
deducel that the unit cell consists of six urea molecules in
the hexagonal space group P612 or P652 with a = 8.230 : 0.004 E,
and ¢ = 11.005 p 0.005 2. The urea wolecules are linked hy
hydrogen bonds between the oxygen and nitrogen atoms (see Fig. 1)
in such a way as to form a continuous helix of urea molecules,
which form +the walls of a hexagonal shaped cavity or chamnel.
The channels are surrounded by six identical rarallel channels
with the result that the complete structure is rather like a
honeyconb. Bach urea molecule helps to make up the walls of

threec such channels, and in this way the channels are interconnected.

Smith's more complete study of the urea -n-hexadecane and
n-bromodecane adducts revealed at room temperatur5?¥£e hydrocarbon
is in its extended planar configuration and is randonly
orientated about dits long c axis. L-ray analysis is unable

to distinguish btetween rotation and random distribution



amongst the energetically favourable sites. In addition
Smith assumed that the packing distances Letween terminal
methyl groups in the channel is 4'039 which is the same as
the pure hydrocarbon, but in a more recent paper (Laves,
Nicolaides and Feng (1965), give a-*value of 3'74X, which is
congigtent with the potential energy calculations of
Parsonage and Pemberton. The opportunity for increased
interaction with the urea lattice (per unit length of the
urea lattice) has the effect of drawing the terminal methyl

groups closertogether than their van der Waals packing reodii.

Hermann and Lenne's (1952) preliminary report of the
structure of thiourea inclusion compounds was followed by
en extensive report by Lennd (1954). Lenné reported that
the ground structure of the thiourea in the adducts belongs
to the rhcmbohedral gpace group R§2/C with a =15° 8A and
c =12 5A. Slx[urea molecules make up the unit cell, which
is hexagonal shaped and rather similar in many ways to the
urea cell. The positions of the nitromen atoms, however,
are slighyly dependent on the guest molecules. The main
differences between the urea and thiourea cages ares —
(1) The greater size of the sulphur atoms compared
with the oxygen atoms results in a channel of larger
dimensions. The edge length of the hexagonal channel
is 5-3YK in thiourea and 4'88 in urea. How this effects
e nature of the guest molecule will be discussed in the
next sections
(2) The =bssnce of any strong hydrogen bands in the
thiourea lattice. This will be discussed in the next
section when considering stability.
(3) In the urea adducts it has beén mentioned that the
guest molecule ig orientated about it*s longitudinal axis

in order to achlieve maximum interaction with the oxygen



atoms. In the thiourea adducts the even larger sulphur
atoms not only influence the orientation of the guest
molecules; but also affect the position of the guest along

the axis of the channel.

10



FIG. 1. The n~hexadecane - hexagonal urea structure.
{(After Smith 1952).

-

(a). Projection along
the "a" axis.

4 4

(b). Projection along (¢). Projection along
the "c* axis. the "bd" axis.
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Fis, 1. The Rhombohedral Thicurea Sétructure.
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Section C. Stability and Composition.

The principal requirement for hydrocarbon adduction with
urea is a long unbranched chain. Alkanes with less than six
carbon atoms will form adducts, but they are unstable at room
temperature. Organic substances which will form adducts with
urea include n-alkanes, n-alkenes, n-carboxylic acids, esters and
ketones (Schlenk, 1949). Branching and bulky substituents can
be tolerated provided the hydrocarbon chain is sufficiently long
for the interaction with the urea lattice to cffset any
unfavourable interaction due to the side groups.. Such a side
group can be tolerated more successfully at the end of the
chain rather than in the middle, where the chain has less room

to manoeuvre.

In contrast n-hydrocarbtons with less than sixteen carbon
atoms in the chain will not form adducts with thiourea, as the
n-hydrocarbon molecules are incapable of sufficient interaction
with the wide thiourea cage. n-Hydrocarbons with more than
16 atoms can form stable adducts, presumably by coiling around
the walls of the thlourea cage. Bvidence of the existence of
this coiling is given by Laves, Nicolaides, and Peng (1965),
e.8., the length of 2, 65 11, 15 - tetrametby%hexadecane in the
thiourea adduct is 21.35A as opposed to 22.64A in the planar

configuration,

The most welcome guest of the thiourea cage is one of
larger cross section such as a branched chaln or a cyclic
molecule. SchliessefniﬁﬁsFlitter (1952) have studied Fisher-
Hirschfelder moleculasfto deduce the dimensional requirements
of molecules adducting with thiourea and they found that the
cross section of the guest molecule should ke 5.8 + O.SE by

o)
6.8 pa 0.3A. Some examples of molecules adducting and
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non-adducting with urea or thiourea are given in TABLE 1.

The values quoted are based mainly on the values of Redlichy

Gabley, Dunlop ~nd Millar (1950) and Redlich, Gable, Beason

and Millar.(1950).

TABLE 1.

The adducting nrouerties of various moleculcs.

Reactant (guest)

n-hexane

2,2-dimethyl butane
benzene

cyclohexane

n-heptane
242,3—trinethy butane
Toluene

nethyl cyclohexane
n-octane

cycloctane

n-dodecone

Adducting with
urea at 2500.

urea/guest. A HE
rol Y ! ol X .
nole ratio K cal/mole ' mole ratio!K ca],,ﬁcb

256,9,11 totranethyl dodecane

2-nethyl pentadecone

506 -
6.1 Te3
6273 9+7
93 161

— ——

- Adducting with
| thiourea at 25°C.

| thiouren/guest: A BE

!

I
i
I 2.6
!

44
" 300 3.6
| - -
. 249 37
' 2"9 e
i - -—
301 —
| - -
' 7 . 9 ——

XHf is the heat of formation of the adduct).

Lenne” (1954) in his study of thiouren cyclohexane found

that cyclohexnne molecules were located near the planes

containing the three sulphur atoms in order to attnin naxinun

interaction with the sulphur atonms.

The effect this hns on the

packing of the cyclohexane molecules in the channel is cleorly

indicated by the constituent anslysis of the adduct, which ghows

the thiourea to cyclohexane molecule ratio to be three to one.

There are several such examples of stoichiocnetry in these
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compounds; ©.g., cyclohexanol, carbon tetrachloride and perhaps
most striking of 2ll the w. w* nethylene-bridged dicyclohexyls.
(Schlenk W. Jr. 1951). In the latter series of sompounds there
is a strong tendency for the nmethylene bridge to coil in order to
accorriodate the terminal cyclohexyl groups in the plane of the

sulphur atons.

Smith (1952) explained extra discrete spots found in the
n-hexadecane =dduct L{-ray pattern, but absent in the n-bromodecane
adduct pattern, by suggesting the n-hexadecane molecule fitted
exactly into two unit cells of the lattice (22'023), He
suggested the terminal methyl groups were displaced slizhtly to
shorten the molecule by the necessery 00822 from its plenar
configuration length, 22084.7&° However, Lenné (1954, 1963),
disagrees with Smith's interpretation of the X-ray data and
claims that the n-hexadecone molecules nre in their extended
configuration. This view is supported by Nicolaides, Laves and
Peng (1965). The onalysis results of Redlick (1950) and
Schlenk (1949), although not conclusive, tend to favour Lenne 's

view.

In recent work Lenne” (1963b) reports examples of
stoichiometry in urez adducts. However, in these cnses the
urea lattice is no longer hexagonal, but rhombohedral (or
pseudorhombohedral) as in the thiourea lattice. This lattice
accommodates much larger nolecules and the distribution of the
lattice molecules is such that the lattice ficld in the channel
is non-uniforn. In consequance, the guest molecules behave in
a similar nanner to those in thiourea, secking maxinunm
interaction with, in this case, the oxygen atoms. Guest
molecules to this lattice include trioxane (unit cells/guest

molar ratio 1 : 2), 6-chloro-undecane (3 : 2), dihydrocitronellyl
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hexadecane (3 3 1)9 and hexadecylcyclohexane (5 3 2).

A HE
7 — —_
Lrea(tetragonal)+ Hydrocarbon(liq) urea(hex) hydrocarbon adduct

K
rd
A VA / (1.1)
N

Urea(tetr)+ Hydrocarbon(gas)

The factors controlling the heat of formation of urea
adducts is best shown by an enthalpy cycle (1.1). A similar cycle
can be drawn for a thiourea adduct formation. The value of the
heat of formation will depend on (1) the comparative strength of
the hydrocarbon - hydrocarbon interactions in the liquid and the
hydrocarbon - urea interactions in the adduct, and (2) the

relative stabilities of the urea tetragonal and hexagonal lattices.

Infra-red studies of urea (Stewart 1957) and urea adducts
(Fischer and Mc Dowell 1960) have confirmed that there is sirong
hydrogen bonding in toth urea lattices. The relative strengths
of the hydrogen bonds are indicated by the nitrogen oxygen
distances, which, together with the bond lengths of tetragonal
(Wyckcoff and Corey 1932 (a)) and hexagonal (Smith 1952) urea

lattices obtained from X-ray data are listed in TABLE 2.

TABLE 2. Atomic distances in the urea crystal lattices.

Urea-hydrocarbon complex Tetragonal urea
C -0 1.28 § 1.25 B
C-N 1.33 1.37
N.e...¥ 2.30 2.31
N - H....0 2.93 2.98

N hund H....O 3-0-4’- 3-03
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It will be noticed there are two types of hydrogen
o)
bond in the hexzagonal lattice, one of length 2¢93 A and
o)
the other of length 3°04 A (2lso sce Fig. 1).

The net shortening of the hydrogen bonds in the hexagonal
lattice is confirmed by Fi%ber and McDowell's report of a
corresponding reduction in the N - H streiching frequency.
On first reflection it might be considered that the empty
hexagonal lattice would be sitable at room tempsrature, but
although observers (Kyri#au 1959) have reported preparing
quantities of the ecmpty lottice, it is generally considered
to ke unstable. The reason is that the hydrogen bonds are
directed so that they have o component in towards the centre
of the channel and in the absencc of guest molecules the
structurc collapses. This property lcgd Fetterly (1964) to

call these bonds 'supported' hydrogen bonds.

The electron arrangement of the sulphur atom inhibits the
function of hydrogen honds with sulphur. N - H.... hydrogen
bonds have been found in many conpounds, e.g., hydroXylamine,
hydrochloride and to a lesser extent armmonia, but the nitrogen ~
nitrogen distances in ort%gﬁbic thiourea (Wyckoff and Corcy
1932b) and in the thiourea adducts (Lenne” 1954) are ruch
greater than the limiting N - H....N bond distances (Pimental
McClellan 1960) (TABLE 3). Mecke and Kutzelnigg (1959) infra-
red studies of thiourea and thiourea adducts showed there was
negligible difference betwoen the respectiive N - H stretohing
frequencies. Thus in contrast to the urea adducts, the thiourea

adducts are not stabilised by the increase in hydrogen bond

strength. The lack of strong directional bonds to link the
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thiourca latticc molcculcs would suggcst the possibility of
dcformation of thc lattice structurc to accommodatc molcculcs
in thcir most favourablc position, c.g.; thc W - W methylone
bridged dicyclohoxyls instcad of coiling could cxtcnd the
sulphur atom rc¢pcat distancce. Howcver, thc A-ray cvidencc
of Lonne (1954) and Laves, Nicolaides and Pong, (1965),

rocfuts this.

TABLE 3. ATCMIC DISTANCES IN TIIT THIOUR.5A CRYSTAL LATTICE

Thiourca Thiourca
(Orthorhombic) (Rhombohcdral)
Intra mol.
—_— o o
C -N 1.35 A 1.26 A
M~ o A
0
0
C =5 1.64 A : 1.75 A
Intcr mol.
0 0
NHQ....S 3.45 A 3.30 A
0 0
NH2....NH2 3.85 4 4.1 A

The lengthoning of € = S bond and the shortoning of the
C - N bond in going from orthorhombic to rhombchcdral thiourca
(Tablc 3) indicatec that thc charged fautomcric forms play a

largor part in the rhombohodral thiourca.

+
NH == —  WH NH —
27 —>~C—3 2~C =8 2>~C—35
NH, > yg~ <<
2 . 2 2

The grcatcer cloctron donsity in the region of the sulphur
atom could thon account for the very strong affinity the gucst

molcculcs have for thc sulphur atoms.
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SECTION D THE STUDY OF THE MOVEMENT OF THE GUEST MOLECULES

(i) Nuclear Magnetic Resonance

Gilson and McDowell (1959) have studied the n.m.r.
spectra of urca adducts with n-alkanes (07—013, C16 and
026) at 2500n The spectra of the adducts were similar,
each having one broad linc of width 7.1 =~ T3 gauss due
to the relatively rigid urea lattice protons and a narrow
line of modulation width attributed to the hydrocarbon,
which has a greater freedom of movement. Use of fully
deuterated urea resulted in a spectrun consisting of only
the narrow band.

Later investigations (Gilson and McDowell 1961) of
the urea d4- n-tridecane and n-hexadecane adducts, using
wide line proton magnetic resonance over the temperature
range 77—2980K, revealed more information of the nature
of the movement of the hydrocarbon molecules. At 770K
the resonance curve of the tridecane adducted consisted
of two components, a broad line of width 108 gauss and
a narrow line of width 3+3 zauss. The two lines gradually
converged into a single line at 119%K. At 140% the
separate components re-appeared with line widths of 68
and 1°8 gauss. Above this temperature the broad line
intensity diminished until it disappeared at 2309%K and the
narrow line decrcased slowly to a width of 10 zauss at
270%, when it tooc disappeared. The second monent decreased
from 12+6 gauss? at 77 K to 2+8 gauss? at 160°K and then
slowly to 2+1 gauss at 2250K, vhen it fell to 0-7 gaussg.
(See Fig.4 ). The behaviour of the n-hexadecane adduct

was similar to that of the tridecane adduct.
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Gilson and lcDowell considcred the most important
contributing factors to the second moment of the resonance
line to bte intra molecular from the hydrocarbon chain and
inter moiocular from the terminal methyl groups of adjacent
molecules in the same channel. They estimated the second
moment contribution from the former to be 20.9 gau552 and
20.6 gau352 for tridecane and hexadecane respectively, and
from the latter to ke .1 gaussz; i.e., assuming a 4 b
separation of the terminal carbon atoms. These estimated
values exceed those obtalned experimentally at 77OK, which
would suggest the hydrocarbon chains are not rigid at this
temperature. In fact an angular amplitude of oscillation
of 450 and 30O would be necessary to account for the reduced
observed values of the second moments of the tridecane and
hexadecane adducts respectively. The steady decrease in
second moments of toth adducts in the rahge 77 - 160K

could be due to an increasing auplitude of rotational

on account of the nature of the urea cell is effectively
free rotation. Gilson and licDowell suggested the sharp
change in second moment zt 2250K could be due to an
expansion of the urea lattice giving the hydrocarbon

molecules more freedom.

In addition Gilson and McDowell reported similar
studies on the thiourea adducts with four cyclic hydroearbons.
Their study on thiourea d4 -~ cyclohexane showed the line
widths and second moments to diminish from 4.6 gauss and
2.7 gau552 at TT°%K to 1.6 gauss and 0.3 gaus52 at 298°K.
The calculated intra molecular second moment for a rigid

cyclohexane molecule is 17.3 a-;auss2 and 3.6 gau552 for one

22
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re-orientating about its triad axis. In pure cyclohexane

at 2980K the second moment is zero (Andrew and Bades 1953),
indicating the freedon of movement of the cyclohexane
nolecules. In the thiourea adduct the observed sccond
moment is even lower than the value calculated for cyclohexane
with freo rotation about the triad axis. This would

suggest that the cyclohexane molocules were capable of

some motion in thec channel. The narrower line found for

the thiourea dj cyclopentane adduct indicates that the

smaller ring has greater freedom alonz the length of the

channel.

Diglectric Properties

Meakins (1955) studied the dielectric absorption at
microwave frequencies of urea adducts with longz chain
conmpounds with polar groups. He found that at 20°C there
was large dielectric absorption at high frequencies in all
cases (Ml x 109 +to 3 x 1011 c.p.s). Study of a
non-polar chain hydrocarbton revealed no dielectric absorption.
Most of +the compounds studied give 1ittle or no dielectric
absorption in their pure state, and so it was concluded that
this effect was due to the special situation of the long
chain molecules in the urea lattice.

The high frequency of absorption is indicative of the
loosze nature of the forces between the lattice and the guest
molecules. The comparatively low freguency observed of the
absorption maximun of 12 - bromotricosane (023H47Br) is a

result of the hindrance to re-orientation by the urea lattice
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encountered by the bromine atom in the centre of the long
chain. The maxima of absorption of the l-bromo-octadecane
adducts occurred at a much higher frequency, as bromine
atoms in the terminal positions have greater freedom to
re-orientate themselves.

The X-ray evidence {Smith 1952) showed that the 1,
10 - dibromodecane molecules in the urea lattice sre fully
extended. In this case the polar groups would oppose
each other and the resultant dipole moment would be zero.
The large dielectric absorption of this adduct indicates
that in the presence of an electric field, the polar
groups orientate themselves independently of the long
chain. Further evidence for the orientation of the polar
groups independent of the chaln isgven by the similarity
of the dlelectric loss factors of several ketoneg of vastly
different chain lengths (017, C31 5 C35 ) studied by
Meakins.

The high dielectric absorption of these polar
components in the adducts, as opposed to very little in
the pure state, would suzgest that the molecules in the
adduct are not abtle to rotate frecly about their long axis.
This 1s notacontradiction of the findings of the n.m.r.
(section D(i))and heat capacities (section D(iii) )
investismtions, as Meakins studied long chain molecules
with bulky substituent groups. Both these factors oppose
the free rotation of the guest molecule within the lattice.

By considering the re-orientation of the polar group
about the long axis from one position of minimun potential
energy in the urea field to another, Lauritsen (1958) was
able to deducc tho relaxation times of these re-orientations

and calculate valucs £Hr the dielectric properties, which
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F'f{' 5. Intersection of the van der Waals

sPheres of the host and wesl
atoms . In this exampte the guest is a
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are in good agreement with Mezkin's experimental values.
Lauritsen deduced these potential energy minima by
assessing the contributions to the potential energy using

a 6 - 12 potential, (1.2.).

i 1 (ToO 12 ro 65
Vir) = ¢ 2CL) - (70 | (1.2.)
where r 1s the distance between itwo atoms and ro the sum
of their van der Wasls radii, and also by using a simpler
potentinl (1.3).
L B
V(r) = C  volume of overlapped by van der Yaals spheres;
- (1.3.) "
The overlapping of the van der Waals spheres is clearly
shown in fig. 5 where the polar group is a ketone. The
angular dependence of the potential enerzy of the guest
mnolecule can be seen by examining fig. 5 and is demonstrated
for both above potentials and for deduction from dielectric

data at room temperature in fig. 6e

ant Capacity

Pemberton and Parsonage (1965, 1966) nmoasured the heat
capacities of five urea-n-alkane adducts (Cio, Ci2s C155
C16; Cpp) and the urca - 2-methylpentadecane adduct.
Gradual transitions were observed in the heat capacities of
the n-alkane adducts,; but not in that of the urea - 2-

methylpentadecane adduct. The transition temperature of
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the 'even' n-alkane adducts increased approximately
lincarly with increasing chain length. The transition
temperature of the only ‘'odd' adduct (015) studied was
slightly higher than this linear relationship would
suggest. The variation of the transition temperature
with n~alkane chain length and the absence of a transition
in the heat capacity of the 2-methylpentadecane indicated
that the transitions were associated with the n-alkane
molecules, and probably due to the onset of rotation or
re-orientation of these molecules about their long axis
in the urea cage. The larger interactions of the
2-methyl group with the urea cage hinders any rotation
or re-orientation of the 2-methylpentadecane molecule
about its long axis.

Similar transitions are exhibited by many of the
pure n-alkanes (Finke, Gross, Waddington and Huffman 1954,
Broadhurst 1962) at temperatures approximately twice those
of the corresponding n-alkane adducts. The distances
separating two adjacent parallel n-alkanes in the adduct is
about 823 X as compared with 446 X in the purse state, and
since the attractive part of the potential energy
between two long parallel chains is approximately
proportional to r~5 (wherc r is the distance separating
the two long axis) (Salem 1962), the lateral interactions
(g:g§)5= 0047 times smaller

in the adducts than in the pure state. Therefore, it at

of the n-alkanes are about

first seems strangs that the transition temperatures of the
adducts ;g'as high as observed.

In order to explain these transitions, Parsonage and
Pemberton (1967) firet cstimated the wmolecular interactions

experienced by the alkanz nolecules.
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(i) the urea alkane intcractions. Thege were estimated
for various orientations of the alkane molecules and in various
positions along the channels relative to the urea molecules.
Several nealkanes of differing chain lenths were considered.

On account of the CH2 units being in different environments,
pnd consequently having different interactions with the urea
molecules; the potential barrier to rotation varied erratically

with chain length.,

(ii) the alkane lateral interactions. The interactions
between alkanes in adjacent channels were estinated. Various
orientations of both alkaneg molecules and the staggering of
the molecules were taken into consideration. As mentioned
tefore, these interactions were very small but nevertheless

important; as was shown.

(iii) the longitudinal interactions. The interactions
between the terminal methyl groups were estimated for selected
relative orientations of the two groups. The distance
separating the terminal groups was estimated by comparing the
forces of the urea lattice interactions. Having obtained this
position the potential energy barrier to rotation was determined.
This barrier was of course independent of chain length and of
value 293 ard 780 cal/mole of hydrocarbon for set I and set II

parameters respectively. (See Chapter 7 D (ii)).
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The calculations showed that there were six minima in
the graph cof potential energy versus angle of orientation.
The treatment of the system was however sinplified by
considering the alkane mcleculeg capable of occupying two
possible orientational positions with respect to the urea
lattice. The corientating effect of the lattice was taken
as V cos ¢ where 2V is the difference in potential between
the greatest and least minima of the calculated potential
energy graphs, and ¢ is the phase angle related to the
position of the molecules alongz the channel. Parsonage and
Pemberton then represented the n-aslkane adducts in the urea
channels by an Ising nodel. The Ising model potential energy
of interaction was then - J;ﬁll//*Z, where J is dependent cn the
nature of the longitudinal interactions an%fll aanL o3 Are
either +1 or -1 depending on which of the twe orientational
states they are in. A sinmilar treatnent of the lateral
interacticns in the other twec directions was not adopted as
so far no exact solution has been fcund for the three
dimensicnal lattice Ising meodel. Instead the energy of
interaction is taken ae J/ll-t,</u;>u1\ere-</.(;>is an average of
/Lli over all the alkane molecules. This approximation was
first used by Bragg-Williams and Weiss. <<;ﬁ‘i>' is
therefore a neasure of the long range order exisiing, since
if;:p{} = 0 there is no long range order, but iff;“i>'= 1,
there is completse order in the system. Therefore, a Bragg-
Williams or “eiss meodel was employed for the lateral interactions,
whilst an Ising nodel was chosen for the longitudinal
interactions. The role of the urea lattice was analgous to
that of an external field in a magnetic systen.

The partition function for this nodel was evaluated using
a natrix method (ter Haar 1954). The variation df’{;“i>

with tenperature was determined by solving iteratively the
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derived equations relating(/u ;}with the partition function.
This was solved for various values of J, J' and V and it was
found that the transition temperaturs, (i.e., temperaturs
when </ii,.;}§$1 goes to '\’//LA.() = 0) was very dependent on the
value chosen for J, tut largely unaffected by variation of V.
An approximate linear relationship existed between the value
of J' and the transition temperature. J' is approxinately
proportional to the chain lenzth and so the model correctly
indicated that the transition temperature is related to chain
lengthe. The results also predicted that the transition
temperatures of the 'odd' adducts would be rclatively higher
than those of the even series.

The experimental values of the entropy increase with
chain length, which is congtrary to the Ising miifgpfﬁfgif£§29¢a.
of a constant entropy of R In 2, or R In W where ¥ is thg(guest
molecule. The shapes of the heat capacity curves are
doninated to a large extent by the use of the Bragg-¥illiams -
Weiss approximation for the lateral interactions and are not
accurate represcntations of those observed experimentallyld

However there is sufficient agreement between experimental
results and theoretical predictions for one to conclude that
the representation of the systen by:this Ising - Vielss model

gives a good indication of the nature of these transitions.
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SECTION E THIS THESIS

The work reported in this thesis is an extension of the
study of Parsonage and Pemberton (Section D (iii».

Their theory predicted that the transition temperaturs
of the 'odd' n-alkane adducts would te relatively higher than
those of the ‘'even' series. Only one 'odd' adduct was studied
by them and indeed the transition temperature was observed to
be relatively high compared with the transition temperatures
of the 'even' adducts studied. In this work, the first task
wag *o study in a similar way a second 'odd' adduct (n-undecane,
C11 H24) and so providing further evidence to assess this
prediction.

It was also mentioned that the predicted transition
temperature was very sensitive to changes in the hydrocarbon
longitudinal interactions (J). The truth of this was tested
by studying the heat capacities in the range 12—300°K of three
l-alkene adducts, 1l-decene (C10 H2O)’ 1-hexadecene, (016 H32),

and l-eicosene (C The interpretation of the result

20 o)
is complicated by the different possible arrangements of the
unsymmetrical alkene molecules in the channels. The values

of the interactions betwsen terminal methyl-methyl, methyl-
methylene, and methylene-methylene groups were oalculated in an
‘attempt to interpret the heat capacity transitions observed
experimentally.

Finally the heat capacities of two thiourea adducts
(cyclohexane (C6 H12) and 2, 2-dimethylbutane were measured
from 12—300°K. An attempt is made in this thesis to
understand the divemttransitions found in the heat capacities
of these adducts.
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During this research the calorimcter heater was re-designed
and the calorimeter recalibrated. The accuracy of the
apparatus was tested by measuring the heat capacity of a standard
substance, benzoic acid. Throughout this work an automatic
shield control system has been developed and satisfactory
completely automatic control was eventually obtained during the

heat capacity measurements on the last adduct to be studied.
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CHAPTER 2,
APPARATUS FOR MEASURING HEAT CAPACITIES 1IN THE RANGE 12 — 300%K -
THE ADIABATIC CALORIMOTER SYSTIS

A. Introduction.

An adiabatic system is onc in which there is no heat
intcrchange with its surroundings. In this cxperimeontal work
a vossel, tic calorineter;, is maintaincd in adisbztic conditions,
whilc the hcat propcertics of a sample enclosad in the vessel are
measursd. A porfect adiabatic systom is impossibls to attain
in practice; but all offorts are made to approach this condition
as closely as possible. The way this is achicved ig discussed
in detail later, but esgentially it is by surrounding the
calorimetor by metal shields, which are maintained at the samec
temperature as the calorimeter. Yhen there is no temperature
difforence betweon the calorimeter and its surroundings, it
follows from the second law of thermodynamics, there will be no
net heat flow.

The first systematic and reliable low temperaturec specific
heat determinations date from the design of the 'vacuunm!
calorimeter first used by Bucken (1909) in Nernst's laboratory.
Lange's (1925) calorimeter was the first intended to be operated
adiabatically, and Scuthard and Brickwedde's (1933) refinement
of the calorimeter is the basis for the design of the calorimeter
used in this research. This apparatus was consitructed by Kington
and Bdwards (1962) and has been described in detzil (Edwards 1959).
Later, Pemberton (1966) used the spparatus to measurc the heat
capacities of six urea - hydrocarbon adducts. In this rescarch
the apparatus used to measure the heat capacities of four further

urca adducts was as described by Pemberton; but before continuing
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with a similar study on thiowreaadducts, certain modifications
were carried out on the apparatus and the calorimeter was
recalibrated.

The most significant development of the apparatus during
this rescarch has been the automation of the procedure for
controlling the temperature of the surrounding shields. This
work has been the responsibility of Stroud, but the fsatures of

this control are outlined in Sesction J.
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B. The Cryostat and Refrigerants.

The calorimeter vessel and shields are suspended inside a
copper can (J), see Fig. 7, by nylon threads, which hang from a
brass plate (F). At the coumencement of each series of runs,
the copper can is soldered to the brass plate with an indium/tin
eutectic solder (Johnson Matthey Ltd). The brass plate was
supported to the main frame of the apraratus (P) by a 1 inch
diameter monel metal tute (G). The monel metal tube led 1o a
glass linse.

The coolant was stored in a large glass Dewar (S), which
completely surrouanded the copper can. The Dewar was mounted
inside an iron can (T), which could be raised on runners and
bolted to the main frame, so as to make a vacuun tight seal
with the frame. The can could be evacuated using a high
capacity Kinney pump situated in a pumphouse at ground level.
Alternatively, the can could be vented to the roof of the
tullding by way of a two inch pipe.

Liguid nitrogen is used as a coolant for measurements in the
range 18 - 3OOOK, but in the range 48 - 780K, it is necessary to
reduce the pressure above the liquid nitrogen using the Kinney
pump, resulting in the evaporation of the liquid and consequent
cooling of the mother liquid. Nitrogen is solid below its
triple point, 64°%K.

For the range 12 - 480K hydrogen is used as the coolant.

In order to minimise the loss of hydrogen, the system is pre-—
cooled with liquid nitrogen, which is forced out of the apparatus
by nitrogen gas, before transferring the liquid hydrogen from its
contalner to the Dewar by way of an evacuated glass siphon; which
fite in the opening (R). The heat capacity of materials falls
of f rapidly below 80°K and the pre-cooling to 78%K saves a
considerakle amount of hydrogen, which would have heen lost by
evaporation. When the system has cooled to 3OOK, pumping is
commenced on the liquid hydrogen and the system is eventually

cooled to about 12OK. The triple point of hydrogen is 14OK,
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C, The calorimeter vessel,

The calorimeter vessel was constructed of a platinum - 10%
iridium alloy by Johnson Matthey Lid., and had a total weight of
~115g. and a capacity of 41 cm3. The cylindrical body of the
calorimeter (3s1 om. dismeter; 6e5 cm. longs and 0e04 cm. wall
thickness) was gold soldered to circular top and bottom plates
(307 cm. diameter). The bottom plate carried two re-entrant
tubes (0.8 cm. diameter) to hold the thermometer and the heater.
The thermometer tube extended the lehgth of the calorimeter and
was joined to the top plate. In addition a short (0.8 cm.
diameters 1 cm. long) German silver tube with brass collar was
soldered to the top plate of the calorimeter. The vessel was

loaded and eventually sealed by way of this tube.

D, The thermometer.

The thermometer (called "C") was a platinum resistance
thermometer of the coiled filament type described by Meyers (1932).
The thermometer "C! was constructed by Pemberton (1966) and was
calibrated over the range 12 - 3OOOK by comparison with
thermometer "A". Thermometer "A" had previously been calibrated
by Edwards against a similar thermometer made available by Dr. J.
A. Morrison of the National Research Council of Canada.  The
calibration of this thermometer was based on the Provisional
Temperature Scale of the National Burcau of Standards below 9OOK.
Above 9OOK and below 0°C the temperature was defined as a function
of the resistance by the Callendar - Van Dusen equation

t=100 Rt _-Ro £t [t __ 1), g% T E__1] (1)
R100 - RO ~ 100 ¢ 100 B LlOO{ i}OO ¥

and above 0°C by the Callendar equation

©=100 Rt R0 i3 |31 | )
R100 - RO T 100 100 / C

where t is the temperature in °C, R is the resistance of the

|

thermometer at the appropriate temperature and f and & are

constants characteristics of the thermometer.
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The resistances quoted in the calibration of both "A" and
Morrison's thermometer were in international ohms, but for the
calibration of thermometer "C" the resistances were converted
to absolute ohms to coincide with the units in which the
standards of the measuring circuii were quoted.

The thermometer was fitted into the calorimeter by way
of the re-entrant tube of the base of the calorimeter. To
ensure a tight fit gnd good thermal contact, a piece of aluminium
foil was wrapped around the thermometer and the thermometer was

coated with Apiezon T grease.

5. The Thermometer Circuit and HMeasurement.

The resistance of the thermometer was determined by finding
the ratio of the potential drops across the thermometer and the
standard 10 ohm resistancs. The latter potential drop was a
measure of the current through the thermometer. The potentials
were measured on an H. Tinsley vernier potentiometer (type 4363)
in conjunction with an H. Tinsley galvanometer (typs 4500L).

The potentiometer was calibrated and the corrections were applied
to the values obtained. The standard 10 ohm resistance was
found by Pemberton in 1963 to ke 10.0044 absolute ohm at 20%.
The current through the potentiometer was supplied by a 2 volt
accummulator tattery. After each measurement the direction of
this current and that through the thermometer was reversed and a
further reading noted. The nean of the forward and reverse
values was then accepted.

The current through the thermometer was supplied by five
(or six) six volt 50 amp. hour 'Silver Hxide' accummulators.

The 10,000 ohm resistance snsured the maintenance of a nearly
constant thermometer current (-~ 3 milli amps) despite the change
of resistance of the thermometer. The current through the

thermometer could bte reversed by switch C. Switches C and E were
Leeds and
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Nor thrup pinch type switches with copper - berylliumblades.
hen runs were not in progress the current was passed through
the duonmy resistance thermometer which could be set at the

appropriate value.

F, The Heater.

The original heater, used by Pemberton and for the measurements

on the urea adducts, was constructed of{s.w.g.38)cotton~covered
varnished manganin wire, total resistance - 400 ohms, wound non-
inductively in two layers around a brass former over an insulating
layer of cigaretts paper. In order to promote good thermal flow

the layers were separated by a piece of aluminium foil, and a further
piece of foil was wrapped around the outer layer to ensure efficient
thermal contact with a brass sheath, within which the heater former
was soldered. Finally, the brass sheath was soldered with Wood's
metal into the second re-entrant well of the calorimeter vessel as
shown in diagram 1Qz,

Finke reported that use of such a heater results in an
appreciable temperature gradient along the outside surface of the
vessel. In view of this it was decided to aim at a more even
heating distribution by winding the heater wires around the outside
of the vessel. (See diagram10b ).

This heater was constructed in the following way. Two copper
rings Of(S-W-geO)wire were soldered onto the inside of the Tlanges
formed by the overlap of the bottom and top plates. Grade K
solder (8ee footnoto i) was used and applied with a small gas iron
using Baker's filuid for flux. The outside surface of the vessel
was coated with a layer of varnish (Soe footnote ii) and a coil
of(ﬂ-wogc40) cotton-covered, manganin wire of resistance 410 ohms
was wound uniformly and non-inductively around the calorimeter and
then held in position by more varnish. In order that no hot

manganin wires should be exposed to the shields, the mangamin wires

Footnote iz 60% Sn/40% Pba
ii: Insulating varnish " Oxford Cryogenic Ltd).
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were terminated before the end of the cylinder and(s.w.g. 34)
copper wires were soldered to them. The two copper wires were
then lead through separate holes drilled in the flange of the
bottom plate. These wires were fixed in position in the holes
by varnish and then cut shortly after the holes and bent to form
hoolks. To one of these hooks was joined a single lead of (BeWeg.
38) copper wire, the single junction heater lead, and to the other
hook was joined a double lead, the double junction heater lead.
The significance of the choice of leads is explained in the notes
on the heater circuit.

Finally the wires on the surface of the vessel were covered
by a layer of cigarebte paper stuck down with varnish, and a thin
coppegtsheet was soldered to the two copper rinys using Grade K
solder, so as to completely surround the wires without making
contact with them. In this way no heater wire was directly
exposed to the surroundings.

* Thickncss 4 thou.

G The Heater Circuit and Measurements.

The heater current was supplied by two six volt accummulators.
When heating was not in progress the current was passed through a
dummy heater, the resistance of which was selected to be similar
to that of the heater. A switch genged to switch B, the on-off
switch for the heater current, served to activate a''decatron’
timer"(Labgear type D.4108), which together with a ten second
"add ou register''(type D.4109) gave an accurate value for the time
of heating.

In order to measure the energy supplied to the calorimeter
during a run, it was necessary to measure with the vernier
potentiometer the potential drops across the standard 1 ohm
resistance, Rs, and across Rx, Vi and Vv respectively (See
diagram 11). In addition it was required to know the exact
value of Rs (1+0001(3) abs. ohms at 20°C), the ratio of the
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potential divider Ry : Rx (100.015 : 1 at 2000) and Rx (100.015
abs. ohms. at 20°C).
The energy supplied to the calorimeter =ay then be calculated

in the following way-

Let Rh be the resistance of the heater, Rl the resistance
of the lcads to the base of the side shield and r the resistance
of each lead froa the shield to the calorimeter heater.

Let the current passing throuzh Rs be i, and the currents
through the potential divider and the calorimeter heater be
i, and i, respectively, (i.e., i, = 25 il)a

1 2 2

Then by Kirchhoff's law

and by Ohm's law

i o= Vi and il = Vv

Rs Rx
e iy= V- Vv
- Rs Rx

The energy supplied in unit time to the heater,

B = i,” Rh

(Rh + r)i2 = (Rl + Ry + r)il

Eh = (Rl + Ry + r) i, - r
i
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. . 2
Eh = (R1 ‘+ Ry + r) i, i, - i,r
In addition the calorimeter gains heat through heating in
the three copper wires. It is assumed that half this heat goes

to the zhield and half to the calorimeter.

Inergy obtained in unit time by the calorimeter from the
wires,
"2 . 2 2
T
By = 3 A0+ 17+ i)
2 , 2 -
= 7 (12 + 1l + 1112)

«'« Total energy supplied to calorimeter in unit time,
E = Eh + BEw
= (Rl +Ry)ii, + rii, -1 2 4 i%r 414 2r +ii. T
1t T TRt T 2 gl 1te

(The choice of one double and one single heater lead results

in the only significant terms of r, i 2r, being elimintated,

2
leaving only terms involving il).

ice.;, E = (Rl + Ry) i.d

.. . 2
. (2111 + 1.°) r.

2 1

or very hearly

E = (Rl + Ry + r) i,i,

E = (Rl + By + r) (W ) (¥ __ Vv
Rx Rs Rx
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10000 ohms.

It

Ry
Rl = 4 ohms.

r o= O+l ohm.

Clearly for measurements to Oe1% Rl is just significant,
but r can be ignored.
Thuas the final value for the heat supplied in unit time to

the calorimeter is

E = (Ry + R) ¥y no- Iy 2.1
(=) (g = ) (2.1.)
or E -~ (Ry/ﬁx + Rl ) Vv ( Vi - W )
Rx Rs Rx

H. The Shields and Wiring Systems.
(Letters in brackets refer to fige T )
Heat transfer between the calorimeter vessel and its

surrcundings is minimised by the following methods. The
calorimeter vassel (A) is completely surrounded by brass shields
(F) which are maintained at the samc tempsrature as the calorimeter.
The system is ernclosed within a vacuum can (J) and evacuated to a
pressure of 10-6m.m. of mercury. Ths electrical leads between
the calorimeter and the shields are chosen to be as thin as
rractical. In order to prevent a big heat leak along the
electrical leads, the leads, which enter by way of the monel metal
tube (G), are first vwrapped zround two rings (X and Y) attached to
the brass plate (E) which is in direct contact with the coolant,
and then wound around the side shield in order to attain thermal
equilibrium with the side shield and consequently the calorimeter.

The surface of the calorimeter vessel is polished and the surfaces
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of thc shiclds are plated with rhodium to reduce their radiative
properties. The shields are suspended from the brass plate (E)
and the calorimeter suspended from the shields by non-conducting

nylon threads (D).

After completing the measurcemcnts on the urea adlucts the
shiclds werc completely rewired, but no major modifications were
made. 16 copper wires (S.9W.G 40) and 6 constantan wires (S. ¥.G.
34) wore wound individually insidc 22 helical grooves in the side
shield. The wires werc insulated from and fixed to the shield
by varnish. The constantan wires were lod dircectly through the
holes 2t the bottom of the side shield, 2nd the holss were filled
with insulating varnish. Prior to rcaching ths holes, the copper

wircs were soldered to thicker (S.7.G. 26) copper wires.

The thicker wires were chosen as it was found that the
thinner copper wires broke sasily when subjected to the twisting
and bending that is difficult to avoid during the soldering of

these wires to the wires from the calorimeter.

The wires around the shield wore covered with cigarctte
papers and a coil of manganin wire (S.W.G. 36 410 ohms) was
wound uniformly and non-inductively over the papers to form the
side ghield hsater. The heater w=s coversed with: clgarette

papers and then stuck down with varnish.

The top and bottom shield hecaters were also rewound.
Manganin wire (S.7.G. 36) was used and the resictance of the top

and bottom shicld heatere were 70 and 65 ohms respectively.

The exterior surfaces of all the shields were covered with
Al. foil to reduce heat exchange with the czn in contact with

the refrigerant.
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The 22 wires from the side shield were led from the shield
ag one cable for a distance of about three feet, before being
spaced out and individually stuck down by varnish onto two brass
rings (X and Y). From the inner ring (Y) the wires were taken
as one cable again up the monel metal tube and out of the vacuum
space to a tag board, where the wires were connected to screcned
thick copper wires, which led to the measuring circuits. The
wires left the vacuum space individually by way of grooves cut
in a brass cone (A), which made a tight fit with 2 brass socket.
In order to obtain a perfect vacuum tight exit for thc wires, the

wires were bared and the grooves were filled with Apiezon W. wax.

T, The Differential Thermocouple Circuit.

Once again the systern reported by Pemberton was retained
for the urea scries of measurcucnts, but several changes were

made on reconstructing the apparatus.

The two arrangements are illusir=ted in disgramsa and b (u’)
and it will be seen that they are basically the same in that
the temperature of tho side shield is compared with that of the
calorimeter znd the temperature of the bottom and top shields

compared with the side shield,

In the arrangement desc~ited by Pemberton the constantan
thermocouple wires were joinzd to copper wires at the bhase of
the side shield and held so as to be in thermal coatact with the
shield and in consequence to each other. This was not very
satisfactory as these junctions were close to the side shield
heater and there is tlie danger that thermal gradients are set
up in their proximity. In the new arrangement the constantan
wires were taken all the way out of the vacuum space and joined

to copper wires inside separate holes drilled in a massive brass
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block. The wires and the block were electrically insulated
from each other by varnish. The copper and constantan wires
were wrapped around the outside of the block several times to
attain thermal equilibrium with the block, and the bhlock was
surrounded by a case of expanded polystyrene as a safeguard

against thermal gradients within the tlock.

It will be observed that in the old arrangement, the

constantan lead to the side shield junction was common to both

the top and tottom shicld comparison circuits. Such a common
lead can cause considcerable interaction hetween the thermocouples
of the boltom and top shields. It is of no consequence when one
of these circuits is open, as is the case with manual control of
the shields, but with the automatic control, when all the circuits
are maintained complete, the circuits interfere with each other.
This interference was eliminated satisfactorily by including a
second constantan wire to the side shield as i1llustrated in the

diagran.

It was also feared that the advent of the automatic control
would uncover a noticeable inductive effect in the thermocouple
wires on changing the currents in the various heaters in view of
the prozimity of the heater and thermocouplc wires down the long
unscreensd cable leading to the calorimeter. Howevery; it appears
that the environment of each pair of thermocouple wires is

sufficiently identical for no nst current to te induced.

J. The Shield Control.

Progress has been made during this research towards the
automation of the shield control. This worlk has been the
responsibility of H.J.F. Stroud, and it will be reported in full
elsewhere. However, it is necessary to point out the basic units

of the control and their function (See Fig. 12).
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The input signal from cack thermocouple is amplified by
n microvoltmeter (Pyo — type 11340/8). The microvoltmeter
deflection is displayed on a chart recorder (Loeds and Northrup
Speedomax H recorder). The C.A.T. control unit (Loeds and
Northrup, current adjust type), which is integrally built with
the recorder, responds to a deflection of the recorder ncedle
from zsro by producing a control current, which is a function
of the displacenent of the needle from zero, ths time the needle
has been displaced from zero and the rate of change of
digsplacement. The relative importance of these factors may
be chosen at will by adjustment of the "Proportional",
"Automatic Reset" and "Rate" controls respectively. Different
settings of these controls are roquired for wmeasurements in

{ON

different temperature ranges.

The control current from the C.A.T. unit is then fed into
a transistorised unit (See Fig. 14 ) which gives a process
current, which passes through the appropriate shicld heater.
At present the three shield heaters arc powered by one 60 volt.
d.c. voltage supply, but 1t appears scparate heating supplies
7w1ll have to be included. Increased demand by one shield
results in a reduction of the voltage and consequent reduction
in the current t'irough the other shields. This constant
readjusting of the heater currents results in continuocus

fluctuations and a redvction in the quality of the control.

The zero of the microvoltmeters nmust still be checked
manually. Wit the C.A.T. unit set in the 'manual' position,
the thermocouple is sghort-circuited by switching to an
appropriate position on a rotary thermal e.m.f. free switch
(Croydon Instruswent Co. Ltd). Coarse zero may be obbtained

by adjusting the microvoltmeter "zero adjust" control, but
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fine adjustment is effected by change of the potential drop

acrogs the one ohm. resistor by varying R as shown in Fig. '3

The control of single shields were occasionally
automated during the heat capacity measurements on the empty
calorimeter, benzoic acid and the thiourea - cyclohexane adduct,
but the control was exactly as descrilted by Pemberton during
measurements on the urea adducts. The thiourea - 2, 2. -
dimethylbutane measurements were undertaken with fully
automatic shield control, except for the hydrogen run, when
the cold sink was too small. In this case if the shields
were overheated at any stage, there would be no mcans to cogl

them.
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CHAPTEi{ 3 —  EXPERIVENTAL PROCEDURE

4A) THE ASSEMBLY OF THE CALORIMITER SYSTEM

The sample is loaded into the calorimeter by way of the
Gorman silver tube (see Fig. 10). A silver tube (see Fig.15 )
of external diameter 1 m.m. was soldered into a hole drilled in
a brass disc and then attached to the glass line by picein wax (D).
The brass cap is then scldercd to the brass rim of this tube using
a low melting point solder (40 Pb; 40% Sn: and 20% Bi). In
addition to the use of this solder a significant rise in the
sample temperature is prevented during this operation by the poor
thernal conductivity of the German silver tube. The calorimeter
vessel (C) is then evacuated to a pressure of about 5 x 10° m.m.
of mercury. In cases when the sample is unstable, the vessel is
surrounded by an acetone/cardice bath.

When the vessel is evacuated, the system is isolated from
the pumps and a dose of helium (B) admitted into the
vessel. The purpose of the helium (pressure about 1 cm. of
mercury) is to promote heat exchange between the sample and the
vessel. The vessel is sealed by pinching the soft silver tube
close to the brass cap with a pair of pliers, cutting the tube
at the seal, and applying a small amount of low meltinz point
solder to complete the seal. Finally the thermometer, with
its wrapping of aluminium foll and coating of Apiezon T grease
is ecased into position, During the filling and sealing
operations a careful record is kept of the weights of the vessel
and components. Apart from the weight of fhe sample, the
weights of the silver tube, low melting point solder and Aplezon

T grease are czlculated in order to apply thc appropriate
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corrections to the calerimetor calibration (Heat Capacity of
Apiczon T grease - Woestrum, Chisn Chou, Osborne, and Flotow -
1967) . _

The vessel is then mounted in position within the shields.
Cars is taken to have the vessel in exactly the same position
with respect to the shields cach time. The various electrical
conncctions are made, and the circuits checked for correct
values of resistance and the abscence of short circuits. The
copper can is soldered into position around the shields using
cutectic Sn/In solder. In order to prevent any decomposition
of the sample and charring of clectrical wiring during this
solderingz operation, the can was immersed in an ice/water bath.
The vacuum can was cvacuated by the pumping system (see Fig.15)
over a period of several days until a pressurc of about 1 x 10

m.i. of mercury was achieved.

B) THE HEAT CAPACITY MEASUREMENTS

Basically the heat capacity of the calorimeter and sample
is deternined by measuring the inltial tcmperature, introduing
a known amount of heat, and after equilitration measBuring the
final temporature. The heat capacity is thoen cqual to the
"heat in" divided by the tomperature rise.

In practice corrections must be made for heat exchange
with the surroundings and for internal hsatinz by the
thernoncter current. Instead of one initial and one final
temperature reading, two series of wvalucs of the temperature
are required over a period of about ten minutes befors the

heating peried and after cguilibration. The 'fore' and 'after!
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tecmperature drifts with time, so obtained, are then
oxtrapolated to the mid-time of the heating period, and the
values of the temperatures at this time taken as the initial
and final tcemperatures. In practice the drifts of the
thermometer current and voltage are measured, their ratio
glving the resistance of the thermometer and hence the
temperature. The difference of these two temperatures is
the temperaturc rise, and their average is the temperaturec
assigned to the heat capacity. This is only true if the
tomperature rise is chosen such that the heat capacity
effectively varies linearly with temperature over the
temperature range. Temperature intervals are chosen of
about 2 %K below 20 °K, 4 - 5 °%K at about 80 °K and about
7 %k at 300 . In the regions of anomalous heat capacity
smaller temperaturc intervals are chosen to expose the shape
of the curve.

The heat supplied to the calorimeter is determined by
taking several measurements of Vi and Vv (see Fig.1l) during
the heating period; and inserting their average values of the
product Vi, Vv in equation(21)derived in section G
chapter 2.

A programns haes been written for the University of
London Atlas computer, which evaluates the heat capacities
in abs. Joule OK—l from the temperature drift and heating
data and the thermometer and potentiometer calibrations.

The heat ocapacity of the sample is obtained by
subtraction of the corrected heat capacity of the calorimeter

from the bulk heat capacity.

w7
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CHAPTER 4 THE CALIBRATICHN OF THiz #MPTY CALORIMETER

Al CALIBRATION

The calorimeter usced for the hecat capacity measurements
on urca adducts was calibrated by Pemberton (1966).  After
the modificatisns were made (Chapter 2, F), thc calorimeter was
recalibrated, and in view of the significant change to the
heating arrangenent the calorimeter was checked Ly mecasuring
the heat capacity of a standard thermodynamic substanve,
bengzoic acid.

The heat capacity of the empty calorimeter was measured
from 12 X - 305 °g at similar temperature intervals and
adoyting similar heating rates in dego_l min.~1 to those to
be used during the heat capacity measurements on samples.

The value (TABLE 4 ) of thc heat capacity was plotted against
temporature and a smooth curve drawn through the points. The
temperature intervals had been chosen such that the corrsction
for curvature was ncgligible. The heat capacity of the empty
calorimeter at intervals of 1 °K was cstimated from the curve
(TABLE 5 ). These values are sultable for lincar interpolation.

The hesat capacity of a sample of benzoic acid was then
neasured over a similar temperature rangc. The sanplc was
obtained from the National Burcau of Standards (¥.B.S.),
Washington. The hoat capacity of samplss of the same batch of
benzolc acid has been measured by several observers (Cinnings
and Purukawa at the N.B.3. 19533 Colc, Hutchens, RHobie and
Stout 1960; and Osbornc, ‘estrum and Lohr 1955).  The
values of the hcat capacity were comparcd with thesc of the

N.B.S. and other observers. (TABLE T). (See Fig. 17).
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TABLE 4. EXPERIMENTAL VALUES OF

5 EMPTY

CALORIMETIR HEAT CAPACITY IN ABS. J. Dug-1

Temp. 9K
95<91
100-40
10498
10953
114-19
119+06
124455
129+ 87
13540
14115
147-10
15326
159« 61
166.19
17239
17823
184,30
190445
196467
20298
209+ 62
216428
222483
229.30
235.85
242448
249402
255465
262.55
269435

£, 70
4432
471
4+51
4062
4+73
508
5421
543
565
5+86
6206
628
647
6+ 69
5474
5+98
6e17
6412
634
630
672
6460
6+54
646
.71
6463
6+55
6.81
705
665

L%}

15276
15708
16131
16+512
16+ 858
17+254
17+612
17-936
18210
18-499
18-797
19+044
19-311
19514
19726
19.876
20+151
204303
20459
20+544
20718
20+918
20956
21.090
21.269
21.408
21.547
21.705
21.912
22.049

61



TABLE 4. (Continued) 62

Run No. Tomp. o A 7° Cp
31 275 489 6 455 22.294
32 282 «42 6«60 22 4040
33 288 .91 6«49 22.338
34 295 <37 644 22.488
35 301 +77 6 <39 224604
P36 5019 472 8173
P37 5521 423 9-071
P38 59 36 417 9-869
P39 6329 383 10-275
P40 67 <10 3484 114419
H41 1241 1.20 0+525
HA2 14-30 257 0-551
H43 16 -82 2493 0845
H44 1952 3-38 1-150
H45 2249 3-00 1-651
H46 2524 2+79 2186
H4T 2795 3-03 2744
H48 30+98 3-15 3423
H49 34416 323 4-118
H50 37°38 3+33 4+989
H51 4090 371 5783
H52 44 +43 3°53 6-675
H53 4798 3+44 T477
H54 7046 427 11-987
P55 T4°72 4-28 12664
P56 78+98 4+28 13-351
P57 8326 432 13°880
P58 8758 4437 14-408
H indicates rofrigerdnt uscd was hydrogcn. (i.e., solid N).

P indicates rofrigsrant used was nitrogen at rcduced pressure.
Otherwise liquid nitregsn at atmospheric pressurc was used.



TABLE

Tomp. %K
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
21
28
29
30
31
32
33
34
35
36
37
38
39
40

5

L% ]
0401
0+480
0566
0+652
0+746
04847
0954
1075
1-221
1:372
1554
1-744
1:937
2-129
2334
2559
2777
2.998
3.216
3-436
3667
3893
44128
4357
4602
4.851
5+093
5334
5.573

SMOOTHED VALUES OF THE HEAT CAPACITY OF THE EMPTY
CALORTMETER FROM 12~ 305K IN ABS, J. DZG~l AT ONE DEGREE INTERVALS

Temp. K

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

Sp

5+819
6071
6317
6 +556
6 800
7023
7253
T+487
7719
7949
8-179
8+398
8 602
8-807
9 -016
g -223
94442
9 «656
9 «863
10 064
10 +259
10 +450
10 «642
10841
11031
11-213
11 -389
11 -568
114736

Temp. %K

70
T1
12
13
14
5
76
17
78
19
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

Cp
11893
12 «063
12.232
12394
12.558
12708
12 .866
13 <019
13175
13322
13 .468
13607
13733
13 -857
13984
14 +107
14 225
14 .337
14 +448
14 559
14 «670
14 4780
14 +886
14 988
15 «092
15.193
15290
15 -387
15 +485

63



TABLE 5. (Continusd).

TemEo OK

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

Cp

154582

15.676
15.768
15.858
15949
16.039
164130
16217
164301
164385
16468
16+549
16628
16708
16.786
16+ 864
16+943
17-019
17-092
17-165
17-237
17307
17-374
17441
17-508
17-573
17+636
17701
17758
17-817

Temp. %K

129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

17. 874
17.931
17-986
18.038
18. 091
18.144
18. 200
18. 252
18.302
18.352
18. 401
18+ 448
184495
18.544
18:593
18-642
18. 689
184736
18-779
18.823
18-866
18.908
18-950
18-992
19-033
19.073
19.114
19-155
19+197
19-237

Temp, K

159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
17¢
180
181
182
183
184
185
186
187
188

64
%2}

19.277
19- 315
19. 352
19. 388
19.421
19+ 455
19. 489
19. 526
19.562
19-598
19-632
19. 666
19.700
19-733
19.766
19799
19.833
19.867
19.898
19.928
19.958
19.988
20017
20046
20074
20.102
20+130
20+158
20.182
20207



TABLE 5, (Continued).

Temp X
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

p
20232
20+257
20+ 283
20+309
20+336
20+ 361
20+385
20« 409
20432
20-454
20+478
20500
20523
20547
20-5T1
20594
20617
20+639
20662
20683
20-704
20-725
20+746
20765
20783
20802
20822
20842
20+862
20+881

Teup. K
219
220
221
222
223

g—Rl

20901
20922
20+943
20+ 963
20+ 986
21-010
21032
21054
21077
21-100
21-122
21+143
21164
21-186
21+209
21-231
21252
21-273
21-293
21312
21-332
21352
21+373
21395
21-418
21440
21-461
21-481
21-502
21524

Temp. %K
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278

65

tp
21546
21+569
21.593
21.617
21.639
21.662
21.686
21.711
21735
21.760
21.784
21.808
21.831
21.852
21.875
21.900
21923
21.947
21.971
21.992
22.011
22,030
22.050
22.070
22,090
22.109
22.129
22.147
22.164
22.180



TABLE 5. (Continued).

Temp . %K
279
280
281
282
283
284
285
286
287
208

Cp
220197
22« 217
22 236
22+ 256
22+ 274
22292
22+ 310
22¢ 327
22+ 343
22° 360

TemE.OK
289
290
291
292
293
294
295
296
297
298

tp
22,378
224 396
22+ 413
22+ 430
22+ 447
22+ 463
22479
22494
22¢510
22+ 527

Temp. K
299

301
302
303
304
305

66

Cp
22¢ 544
22+ 562
22+ 581
224599
22 615
220 632
22+ 649
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TABLE 6. EXPERIMENTAL VALUES OF THE HEAT CAPACITY OF

BENZCIC ACID

Wt. of Benzoic Acid in calorimeter

Molecular wt. of Benzoic Acid

o=

28-2167g. (in vacuo)

122 18{{-

Ho. of moles of Bonzeic Acid in colorimeter

Heat Cepacity, Cp, in Abs. Joules %K -1 .

Run No. Temp. K
1 19484
2 84401
3 88+ 30
4 92.6/
5 9718
6 101.98
7 106+ 86
8 111-81
9 11692

10 122-15
11 127+ 37
12 132-37
13 137+45
14 142+91
15 146+53
16 15213
17 157-87
18 163+87
19 169-99
20 176423
21 182+70
22 189-27
23 195+95
24 202+61

Cp
12+ 864
13.373
13754
14. 166
14607
15. 003
15« 407
15.814
16-236
16640
17+ 094
17-529
17977
18-535
184787
19+395
19+889
20+282
20+862
21+489
22109
22720
23-385
23+969

0-23106¢1.

Cp/mole

55 674
57.838
59525
61.308
63-217
610931
66+ 680
68+441
TG 267
722016
73+981
75863
77+ 802
80« 217
81-308
83939
86077
87-778
90288
93-002
95685
98+329
101-21

103714



TABLE 6. (Continued).

Run Noe. Ternp. K
25 209+ 25
26 21588
27 222448
28 229+ 07
29 235+47
30 241+95
31 248939
32 254484
33 26138
34 267-98
35 27456
36 28114
37 28779
38 29451
P39 5612
P20 60466
P41 €536
P2 7004
P43 4445
Hi4 13+69
H.5 15-18
H46 17-91
HAT 2134
H48 24479
H49 28433
H50 31+92
151 3554
H52 A0+10
H53 45°18
54 49443
155 53-27

6+ 71
656
666
654
6.4
652
6+41
6+50
6 60
6+ 68
6456
659
669
619
4258
4+50
4+94
4445
Le48
1.22
2+18
3+92
344
3-54
3.65
362
3.63
551
428
384
3485

Lp

70593
25. 328
26.043
26+ 593
27269
27914
284500
29-109
29+657
300306
31-029
31-862
32643
33-198
10137
10-737
11-239
11-841
12+214

1+322

1+368

1-983

2+95

3781

4+395

5522

6-382

T+292

84330

9 *Q42

9 *644

69
ngmole

106. 44
109 62
112.71
115. 09
118. 02
120481
12335
125.98
128435
131-16
134-29
13789
141-27
113+68
413872
46468
28643
51246
52861
5-721
5+921
8+582
124616
16+364
19-887
23+899
27621
31559
36+053
39133
41+738



TABLE 6. (Continued).

Run Mo. Temp. QK
156 27686
157 284 08
158 29136
I59 29867
I

JASIY

T+15
Te25
1+33
7-38

Cp
31+559
32-188
324837
33-823

Indicates rocfrizerant used is ice-water

70

ngmole
136.58
13931
14211
14638



TABLE 7.

Temg.CK.
0

5
10
15
20
25
30
35
40
45
50
55
60
65
70

80
85
90
95
100

cp
0.0

193

519
10-99
16+55
21-90
2702
31458
35717
3950
42+81
45-88
48465
51-24
5352
55485
58.13
60422
62+ 25
6417

SMOOTHED VALUES OF THE HEAT CAPACITY OF BENZOIC
ACID IN ABS. JOULES. %% -1 worm —1.

Cp(l.B.8). Temp.X.
0.0 110
0243 120
1-923 130
5+ 856 140

1100 150
16+54 160
21492 170
27-08 180
3168 190
3577 200
39+50 210
4281 220
45+88 230
4865 240
51«24 250
5352 260
55485 270
58.13 280
6014 290
62,05 300
63.93

Lp
6781
T1e33
1502
18- 85
82.80
86458
90+ 50
9457
98.72

102.78
107.02
111.31
11561
11971
123.88
128.00
132+

137-07
141.90
146-72

Cp(H.B.S).
67«69
1151
15-27
79-09
8290
86+ 75
90. 70
94470
98- 75

102.89
10711
111.40
115+78
12022
124-71
129.24
133.81
138440
14303
14766

71
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DISCUSSION OF THE ACCURACY OF THE CALORIMETER

- The root mean square percentage deviations from the
smooth curvc were determined for the measurement on both the

empty calorimeter and the benzoic acid sample.

TABLE 8 Root mean square percentage deviations

of heat capacity valuecs from a smooth curve

12-25 K 25-70 %K 70-300 %K
Impty calorimeter 0*90 0249 011
Benzoic acid 086 052 017

The significant decrease in accuracy at the very low
temperature is due to the decrease in both the sensitivity of
the thermometer and the heat capacity of the calorimeter. The
values shown above are slightly higher than reported elsewhere,
but the deviation of the measured benzoic acid smooth curve
from that reported by N.B.S. (Ginnings and Furukawa 1953) is
within bho aobepbed limits. (Fig. 17).

A major source of error im the absolute accuracy of
measurements such as these is due to the existence of non-
isothermal surfaces. Temperature gradients on the surface
of the calorimeter can be appreciable both before and after
the attainment of the steady state of the heating period.

Those beforc are often dependent on the heating rate but
usually result in negligibly small errors. Those during the
steady statc can result in significant errcrs and arc

indopendent of the heating rate. A larger heating rate sets
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up larger temperature gradients, but the time of the heating
period is correspondingly shorter.

The old heating arrangement was particularly suspect of
having a large steady state temperature gradient. Most of
the heat from the heater flowed into the Lottom plate and
around to the main body of the vessel. In consequence a
large quantity of heat is directed through a narrow section
of metal, resulting in the setting up of large temperature
gradients. The bottom shield was controlled to be at the
sane temperature as the side shield, which in turn was kept
at the temperature of the calorimeter at the thermocouple
junctionyi.e., at a temperature colder than the bottom plate.
The result was a net heat flow from the bottom plate to the
shields. The heat flow in the opposite direction from the
relatively cold top ulate was insufficient to compensate for
this. This effect would result in an increase in the values
of the heat capacity and would te morc pronounced at the higher
tenperatures on account of the radiation from a surface teing
proportional to the fourth power of its temperature. The
wiring of the heater around the main body of the vessel allows
the main part of the calorimeter to be heated directly and in
s0 doing eliminates any such large thermal gradients at the
outlet. Wiring in this way has also brought all parts of the
wire in close thermal contact with the body of the calorimeter,
and the danger of overheating of the wire and consequent heat
flow down the connecting wire to the side shield is avoided.
Such a danger existed in the old heating system as the heater
was so constructed that the wires lay in layers and the heat
generated in the middle layer had to pass through other layers

in order to reach the outer metallic surface.
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In view of the changes made in the thermocouple system
before these cxporiments it is nccessary toc consider the error
causcd by the pnssible offset of the temperature of the contrel
shiclds. Wost (1963) hassaid that the error duc to offsetting
is negligible providing the value offset is constant and
rcasonably small. Offsetting of the controls to attain zero
heat drift is practised by some observers, particularly for
measurencnts at hish temporatures, when large temperaturc
drifts can make any accurate determination of the temperature
rise very difficult.

The large root mcan square deviation of the points frem
a smooth line is a matter of scme concern. There are two
main ways in which this typc of orror may be intrcduced - in
the evaluation of the temperaturc risc and in the control of
the shields.

By virtue of the teamperature intervals chosen and the
gensitivity of the potentiometsr employed, the accuracy of the
measurcment of the tempcrature rise should approach t,O-"l%
(this error is much larger at the low temperatures). A gmall
error in the estimation of the drifds, from which the initial
and final temperaturcs are calculated by extrapolation, can
lead tc a large crror in the value of the temperature rise
and in consequence the heat capacity. Yith this in mind it
has been decided to roturn the vernier poggfiometer to the
manufacturers to be serviced, as during the measurcments
occasional inconsistencies were neticed, which could not be
eliminzted by cleaning of the contacts.

The shiclds were controlled manually during the experiments
on the empty calorimster and benzoic acid. The very rapid
response of the calorimeter to the heatinz made control of

the shields very difficult at the beginnin, and the end of the
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heating periods. Extra heat is roquired by thc shields
within fifteen secrnds of starting the calorimcter heater
current. The use of the automatic control improves this
situation, but even this has its limitation in that increase
in the response of the control results in fluctuations during
the stcady state of the heating period. In view cof this it
may be necessary to reduce this effect by decreasing the heating
rato, or by slizhtly increasing the thermal lag by roewiring the
heater with a layer of cigarettc paper inserted betwecen the
wire and the vessel. The increase of the transient period is
te be avoided, but it would in this case have the advantage
of reducing the danger of ¢lectrical shert-circuiting between
the wire and the vessel.

Any error in the shield control is greatly exaggerated by
any increase in the radiative properties of the surfaces; e.g.,
by the tarnishing of the copper foil shield. For this reason
it would be advisable to gold plate the outside surface of

this copper shield.
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CHAPTER 5. THE PREPARATION AND ANALYSIS OF THE UREA

AND THIQUREA ADDUCTS.

Urea Adducts

(1) Preparation

Bengen's criginal accidental preparation of the urea--
octanol adduct demonstrated the ease of the preparation of
the adducts. Although a solid phase preparation has been
reported (Hermann 1962), the preparations are most
successfully accomplished in solution. The hydrocarbon is
added directly, or in a suitable solvent, e.g., decalin
(Zimmerschied, 1950)9 to a solution of urea in methanol.
Schlenk (1951) used a different method, dissolving the
hydrocarton in tenzene and adding finely powdered urea.

The calorimeter samples of the adducts (not eicosene)
were prepared by adding the hydrocarbon dropwise from a
burette to a saturated solution of urea in methanol, until
the hydrocarbon was seen to be in excess. The gquality of
the hexadecene adduct crystals was improved by addition of
isopropanol at 60°C until the mixture was homogeneous.

The urea—eicosenc adduct was prepared by adding solid
eicosene to a saturated solution of urea in methanoleb
This solution was warmed to about 60°C and isopropanol
added from a burette until all the eicosene had dissolved.
(Hcﬁdie, 1562) . The crystals of the adductis were left in
solution overnight and then filtered at the pump, washing
the filtrate with a 1ittle n-pentane. The crystals were
left to dry on an open dish for several hours. The time

of drying was limited by the instability of the adducts;
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in particular the decene and undecane adducts were not left
exposed in this manner for more than two or three hours.

The resgents used for these preparations were

Compound Source Purity
Urea B.D.H. Analar
Methanol B.D.H. Analar
Isopropanol B.D.H. Analar
n-Pentane B.D.H. G.P.R.
n-Undecane B.?. Research Sample S 32.2
1-Decene 35162.2
1-Hexadecene 5231.3
1-Licosene 5227.0

The purity of the hydrocarbons was checked by gas
chromatography and found to be better than 99% pure in
every case.

In addition; infra-red spectra of the hydrocarbons
using sodium chloride plates were investigated.  All the
characteristic absorptions of the hydrocarbon were observed.
The l-decene and to a lesser cxtent l-eicosene samples had
an additional absorption with a double pealk at about
1700 cm ﬁl. This was considsred to be the result of trace
quantities of aldehydes or ketones formed by the atmospheric
oxidation of the l-alkene group. The absorption coincides

with the reported range of the very strong C = O stretching

frequency absorption. The intensity of these absorptions
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at 1700 cm -1 was indicative of only very small amounts of
the carbonyl group being nresent. A mass spectrograph on
the decene sample showed no sign of wmolecules having a
greater mass than the decene molecule. Any molecules of
shorter chain length or contalning carbonyl groups would
not be prefcrentially adducted with urea, and consequently
it was considered safe to continue with this sample without
further treatment.

The infra-red absorption in the region 900 — 1000 om L
is indicative of the purity of the 1- cne imomer in the
alkenes (Showell, Russell and Swern, 1962). An sdditional
absorption at 968 cm -1 shows the presence of a trans
internal isomer. The hexadecene and decene samples werse

free of this absorption, but the eicosene sample showed an

absorption, which indicated about a 1% impurity (See Fig.18).

(ii) Analysis

The urea : hydrocarbon weight and molar ratios were
calculated by determining the weight of urea in a known
welght of adduct. The urca wag estimated by hydrolysing it
to ammonium carbonate with the enzyme urease, and then
determining the ammonium carbonate by titration with
standard hydrochloric acid. In order to test the complete
action of the urease and the accuracy of the method,
several trial analyses were made on pure urea. In each
case the weight of urca found by analysis was within

+ 0.3% of the actual value.
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The analysis procedure was as follows:s -

Reagents:

Urea solution ( 0.6g of adduct /250 ml. of aqueous

solution).
0.5% HgC12 solution.
Urease suspension (5B.D.H. tablets in 50 ml. of

water).
10% NH4CI solution.

0.1 ¥ HC1 (B.D.H. standard ampoule).

Screened methyl orange.

Shake mixture

Ao Al A2 A3
n n
25 ml. of urea sol-=. | 25 ml. of urea sol—.
2 ml. of Hg012 s01=. I -

!
Add 10 ml. of enzyme suspension.

Leave the mixtures overnight {or for

at least 3 hours) in stoppered vessels.
|
n n
1 ml. of NH401 sol=. | 2 ml. of Hg012 sol—.
|

{
Add a few drops of screened methyl

orange indicator'

Add 0.1 N HC1 until Add 0.1 H HC1l until end

end point. point is reached.

solution for 5 minutes.

|

|

|

! Bubble nitrogen gas through
I

l Add acid once more until end
|

point is restored.
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AO was a control solution. The volume used in the

calculation was A, Ae, Ay — A

39

The mercuric chloride solution inhibited the action of
the enzyme. Nitrogen gas was bubbled through to displace
any carbon dioxlde in solution.

The results of the analyses were slizhtly higher than
the values reported by Schlenk (194¢) and Redlich (1950).
However, these reported analyses were done in solutilon,
whilst the anaylses 1n this work were of the dry adduct
samples. The samples were analysed before and after the

heat capacity measurements.

TABLE 9, ANALYSIS RESULTS OF URTAL ADDUCTS
Guest: % of urea Urea / guest

Wt. ratio Molar ratio
n-Undecane 77.7 (77.4) 3.48 9.06
1-Decene 75.8 (76.1) 3.13 7-.31
l-Hexadecene  75.7 (75.1) 3.12 11.63
1-Eicosene 75.2 (76.3) 3.03 14.2

The density of the adducts, which was required for the
buoyancy correction in the welghings, was calculated from
these analysis results and assuming the unit cell composition
and dimensions as reported by Smith (1952),

The absence of unadducted tetragonal urea was checked
by comparing the A-ray powder patterns of pure urea and
the urea adducts (Fig. 19 ).
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Thiourca Adduots

(i) Preparation

The thiourca adducts are prepared in a similar way to
urca adducts. However, their instability out of solutions
leais to difficulty in preparing a calorimeter sample.

The cyclopentane adduct decomposed zs it was dried and the
dimethylbutanes, cyclohexane and carbon tetrachloride
adiucts were only a little more stabtle. Decompogition is
evident by the appearance of white powder on the surface

of the initially translucent crystals. The reagents used

weres -
Thiourea B.D.H. Lab. reagent.
Yethanol B.D.H. Analar.
Cyclohexane B.D.H. Spectroscopy Grade.

2, 2- Dimethflbubane National Chemical Labogatory
(99.99% pure).

The purity of the cyclohexane was checked by «as
chromatography and was found to he better than 99% pure.,
The 2, 2- Dimethylbutane was used directly from the
National Chemical Laboratory ampoule and in consequence
no check was made on its purity.

The thiourea - cyclohexane adduct was the first
adduct to be prepared for the heat capacity measurements.
The filtration and drying was performed in a cold room at
3 . The procedure was the same for the proparation of
the urea adducts. The concentration of the thiourea in
the methanol solution was such that the solution was
saturated at 3 °c. In order to enabletho optimum time

of drying to Le assessed several trial preparations were
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made before the actual calorimeter sample was prepared.
Too short a drying period resulied in a wet sample, while
too long a period led to the loss of cyclohexane from the
adduct. The trial samples were checked by estimating

the thiourea content in the manner descrilted in the next
section. The actual calorimeter sample was dried.a few
grams at a time, on an open filter paper for ahbout twenty
minutes, and then loaded into the calorimeter. The
calorimeter was stoppered and stored in a chamber inside
an ‘icec bath in tetween the loading operations. A sample
of the crystals was taken at this sitage and a determination
of the thiourea content was made.

"Yhile the necessary weighings were made, the
calorimeter was loft stoppered and eventually the sealing
operation was done in the shortest possible time.

During the sealing and pumping out operations the
calorimster was stored inside a vessel immersed in an
acetone/cardice bath at about - 80°C. The glass line of
the pumping system was arranged so that the volume between
the calorimetcr and trap A (see Fig.15 ) was a mininum,

in order to avoid any large condensation of water in the
cold calorimster.

The attempt to prepare a cyclopentane thiourea
adduct calorimeter sample was unsuccessful. At 3OC the
cyclopentane adduct was extremely unsitable and even at
- 17°C there were clear signs of the crystals decomposing
as the calorimeter was bteing filled. During these
attempted preparations it was found advisable to wash the
crystals with cyclopentane rather than with n-pentane.

The 2, 2- dimethylbutane thiourea adduct calorimeter
sample was prepared at + 3OC in the same way as the
cyclohexane adduct, except that 2, 2-dimethylbutane was

used for the washing.



86
iji) Analysis

Many methods for the estimation of thiourea have
been reported (Prakash Chandra Gupta 1963). Volumetric
methods are based on the oxidation of thiourea to urea.
The choice of oxidising agent is very important as many
only partielly convert thiourea to urea. In the method
employed, the oxidising agent ig iodine in alkaline
solution (Cuthill and Atkins 1937). The method is as

followss -

Reagents.
0.1 I iodine solution
0.1 ¥ sodium thiosulphate sol”. (B.D.H.ampoule).
2 N sodium hydroxide sol”.
4 N sulphuric acid.

Starch solution (indicator).

(a) Standardisation of iodine solution.

The standard sodium thiosulphate solution was
titrated against 25 wl. of the iodine solution in 10 ml.
of 4 H2 S0, - The end point was indicated bty the

‘¢t

disappearance of the blue starch-iodine complex.

( b) Oxidation of thiourca by iodine solution.

An aqueous solution of the thiourea adduct was
prepared with a known concentration of about 0.2 grams of
thiourea / 250 wml. of solution. 25 ml. of this solution
was pipetted into a conical flask and 10 ml. of 2 N Na OH
solution added. Finally 50 rml. of the iodine solution
was added and the solution stored for 10 - 20 minutes in

the dark. I+ was essential to add the Na OH solution and
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then to shake the solution well, before adding the iodine
solution, otherwise turbidity resulted due to sulphur
formed by a side reaction of iodine on thiourea. It was
also extremely important to ensure the iodine solution was
in a large excess of the amount required to oxidise the

thiourca to urea, otherwise incomplete conversion resulted.

(_e ) Back titration of iodine against sodium thiosulphate

solution.

20 ml. of 4 N H2 SO4 were added to the stored
solutions and then the standard sodium thiosulphate soclution
was titrated against the excess iodine.

The weight of thiourea per gram of adduct was then

calculated.

2 Na OH + 12 —>» Na I0 + Na I + H2 0

4 Na I0 + CS(¥H - CO(N“H2)2 + 4 NaIs#+H, SO

2)2 2 74

Therefored moles of I = 1 mole of CS(NI

2 2)2'

Several trial analyses were wade on pure thiourea,
which showed the error in the analysis to ke about * 1%.

The calorimeter samples were analysed before and
after the heat capacity measurcments. The X-ray powder
patterns of the thiourea adducts were not taken, as the
long exposures required resulted in their decomposition.
Suitable low temperature X-ray equipment was not

available.
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TABLE 1o Analysesg results of the thiourea adduct

f thiourea/guest

1
GuesE_ %_ﬁhiourea ' Wt. ratio molar ratio
cyclohexane 73.5 (74.6) ¥ 2.8 3,1
2,2.dimethylbutane 72.2 (72.0) 1 2.6 2.9

f

Pigures in brackets are results of analysis of samples after

the heat capacity measurements.
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CHAPTER 6. THE TXPERLENTAL DSTERMINATICON OF THE HEAT
CAPACITIES OF 30N UREA-HYDROCARBON ADDUCTS

The heat capacities wore measured in the manner described
in chapter 4. The experimental results of the studies on the
urea -hn- undecane, l- decene, l- hexadecene and 1- eicosene
adducts are listed in chronological order in Tables 12, 13, 14
and 15, These tables include the temperature interval (AT) of
each determination and the heat capacity of the adduct expressed
as per mole of urea (Cp mole _1). 1 mole of urea = 60.06gs3
1 cal. = 4.1840 abs. Joules; 0°C = 273.15%. |

For each of the adducts, a large scale graph was drawn of
the heat capacity (Cp) agsinst temperature (T). {Small scale
graphs are shown, figs. 20; 22 and 23. From these curves the
smoothed heat capacity data were determined (Tables 16 and 17).

The root mean square percentage deviation of the

points from the smooth curves was calculated (Table 11 ).

TABLE: 11 The root mean square percentage deviations of the
experimental heat capacity determinations from a
smooth curve.

Temperaturs Range

Adduct 12-25°K 25-80%K 80-300%
urea -n—- undecane 0.73 0.19 0.21
urea -1- decene 0.23 0.16 0.11
urea —-1- hexadecene 0.60 0.26 0.14

urea -1- eicosene 0.34 0.19 0.13
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TABLE 12. EXPERIMENTAT, VALUES OF THE HEAT CAPACITY

OF UREA — n - UNDECANE

Wt. of adduct semple in calorimeter = 11» 3888z.

urea + 2*5397g. of n - undecane).

Heat capacity of sample, Cp, in Abs. Joules Deg.

Heat capacity per mole of ureca, Cp/mole in Cals.

Run Wo. Temp. K ANy Cp
1 118+ 64 6275 10419
2 123« 77 3052 11453
3 12803 4o G4 9» 808
4 13317 5031 9 768
5 138.56 5448 10°123
6 144 04 567 10+ 396
T 149467 5477 10- 614
8 155 79 530 10°969
9 161. 28 5469 11228

10 167 04 5+83 11-477
11 172-96 5¢99 11741
12 179+ 01 6012 11945
13 185. 02 5.99 12+ 384
14 191 05 6e11 12+ 722
15 197. 09 6-01 13+ 068
16 20294 5. 68 13-460
17 208. 58 5+ 69 13+ 663
18 214. 15 5.52 13+ 890
19 219.01 6+ 58 14+149
20 2250 45 6+ 45 14+525
21 231.95 6+ 63 15- 021
22 238, 50 6453 15- 383

(808491g. of

-1

mole

Dog,

Cp/mole

16902
184579
15+ 911
15+ 846
16+ 422
16 865
17218
17794
18-214
18618
19+ 046
19+ 377
20+ 090
200638
21-199
21-835
20172
22532
22953
23°563
24+ 367
242955



TABLE 12. (Continued).

Run No.

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
21
42
P43
P44
P45
PA6
P4T
148
H4A9
H50
H51

Temp. K. JASR\
245.08 6.74
251.71 6.65
258.35 6.83
265 .04 6.72
271.62 6.65
278.18 6.82
284.77 6.72
291.43 6.87
298.13 6.80

19.56 3.57
83.70 4.69
88.41 4.73
93.16 4.777
97.95 4.82
102.80 4.87
107.58 4.71
112.32 4.75
117.08 4.75
121.73 4.54
126.53 5.01
57.56 5.28
62.82 5.18
67.85 4.98
72.23 3.81
1594 3.63
12.31 1.52
14.27 1.91
17.34 2.88
21.39 4.11

15.681
-0317
429
-884
-216
-631
.078
-483
-935

+999
.281

.580
.881
0213
494
873
.322
<957
939
.909
.125
. 619
.017
.354
687
- 377
526
.965
.189

o T T T
™ ® ® -3 -3 o O O

O WO OO0 o 0 1 1 1 O

1

=t

H O O O O O O Ul U1 \O

91

Cgfmole

25
26.

26.
27.
27
28.
.326

29

29,
30.
11.
811

11

12.
.184
13.
13.
14.
15.

12

o~

16.
19.
075

16

438
014
651
389
928
601

984
716
354

296

323
19
394
122
152
368

8.314
9.115

9.
10.
10.
0.
0.
1.

761
308
868
612
853
565

1.929



TABLE 12,

Run No.

052
H53
H54
H55
H56
H57
a58
59
160
761
T62
763
T64
T65
T66
T6T
758
T69
770
71
72
T73

(Continued).

Temp.OK

25047
29+28
3295
36453
40+04
43465
4712
5037
5370

114442

117-01

119-07

120+51

12126

121.91

122447

123.06

12372

124439

125.07

125475

126+64

AL

2189
373
3+61
352
3+46
3+70
322
327
3440
3+08
3+10
2+03
0+85
067
0+60
0+53
063
067
068
0+65
068
110

Cp
1662
20068
2-500
24929
3352
3728
42095
Ae426
4758
9+403
9=746

10+434
11-423
12-529
13+257
14042
11782
10+106
94673
90616
9+527
9¢860

92

Cp/mole

2e 696
3-353
4056
4751
5+438
6048
6°643
7+180
TeT19
15+254
15810
164926
184531
204325
21506
22+779
19¢113
16394
15+692
15599
15455
15995



93
TABLE 13. EXPERTIENTAL VALUES OF THE HEAT CAPACITY
OF UREA — 1~ DECZIE

Wt. of adduct sample in calorimctcr = 14#47113%.
(10+9692g. of urca + 3+5021g. of 1- Docenc).
Heat capacity of adduct sample, Cp, in Abs. Joules %K “1,

Heat capacity of zdluct per mole of urea, Cp/mole in Cals. OK'_1 mole—la

Run io. Tomp. K AT Cp Cp/molc
1 8156 438 9109 11 920
2 85+96 4«42 9 «50T7 12441
3 90+70 5406 9 «843 12881
4 9599 556 10221 13°376
5 10128 5 «04 10672 13 966
6 106 +53 5445 11.120 14 +552
T 11142 437 11460 14997
8 11629 5«40 11 *867 15 530
9 12174 551 12261 16 =045

10 12731 564 12+572 16°452
11 13293 566 124946 164942
12 13904 4496 13238 17324
13 144 +08 5413 13°508 17677
14 149431 532 13697 174924
15 15528 6 +69 14°042 184376
16 16192 6+13 14 *532 19+017
17 16869 6+86 15°064 19°713
18 17561 7402 15+480 20258
19 182428 632 15815 204696
20 18871 6+51 16-110 21-082
21 19516 6°39 16542 216417
22 20147 627 17+063 22329
23 20778 b2 17°551 22 %968

24 21038 6 *64 17+642 23087



TABLE 13. (Continued).

Run Ho. Temp. %K AN Cp Cp/mole
25 21703 678 18-106 23+ 695
26 223,82 6493 18637 24+ 389
27 23073 T+C5 19+187 25+ 109
28 23766 7+01 19- 603 250 653
29 244463 7406 204112 26 319
30 251460 7210 20+ 691 27+ 078
31 258468 728 214378 27°976
32 266492 7+ 31 21+999 28+ 789
33 274418 7+49 22¢588 29+ 560
34 20148 T+42 234011 300113
35 288-176 T°51 234547 30+ 814
36 296416 T+63 24+150 31+ 603

H37 1283 2°01 04519 04679
H38 15413 2455 04766 1-002
H39 18+09 3636 1-081 1-415
HAO 22-34 5.10 1+651 2+161
H41 2681 3.79 2294 34002
HAZ2 30445 344 24837 3-713
H43 33.80 3«34 3337 40367
H44 37.14 3.34 3+845 5+032
H45 4072 3471 4+341 54681
H46 4481 4447 4+921 6440
H4T 49+14 4418 5+523 7276
P48 50-14 4463 54760 7+538
P49 55+40 d69 6404 8+381
P50 60+06 467 7-134 9+338
P51 65216 5456 7646 10006
P52 70+76 567 8+043 10525

P53 76+57 5495 8668 11+343
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TABLE 14, EKPERIMENTAL VALUES OF THE HEAT CAPACITY
OF UREA ~— 1 -~ HEXADECENE ADDUCT
Wt. of adduct samvle in calorimeter = 21¢2297g.
(1640709g. of urca + 5+1588g. of 1-Hexadecene).,
Heat capacity of adiuct smample, Cp, in Abs. Joules %K 1,
Hoat capacity of adduct per molc of urea, Cp/mole, in Cals. mole"l OK—'I.

Run No. Temp. O éﬂ_ Cp Cp/molc
1 246043 6009 28.886 25800

2 252453 6.28 29+486 26+336

3 258+79 6443 30-154 26933

4 26507 6.36 30-776 27+489

5 27137 6-50 314552 28+182

6 277+79 6465 32:316 284864

7 284+40 6°83 32+809 29+304

8 291-12 6295 33745 30-140

9 29799 7°11 34359 30+689
T10 13109 3+09 184392 16-427
711 13424 3¢22 18.869 164853
T12 136+91 2+12 19769 17-657
T13 138-46 1°01 20+903 184670
T14 13947 1-03 224004 194654
T15 140+49 1-01 . 23147 20674
T16 141+45 091 29628 26463
T17 142443 1+07 234440 204936
T18 143-57 123 19+267 17+209
T19 144+82 127 19-196 17-145
T20 146452 2412 19-381 17+311
T21 14940 3.64 19+722 17+615
pa2 54467 4255 8785 7847
P23 5915 440 9+626 8-598

P24 63+62 456 10-337 §.2133



TABLE 14. (Continued).

Run No.  Temp. K
P25 6814
P26 7277
P27 7746
H28 3668
H29 3954
H30 42:02
H31 45.03
H32 48462
H33 52426
H34 11+65
H35 13-20
H36 15430
H37 18+70
H38 2226
H39 25+71
H40 29+18
H41 32.71
42 80.10
43 85.07
44 90-10
45 95-18
46 100.36
47 105.58
48 110.90
49 11641
50 120471
51 125.78
52 131.83
53 13787
4 14355
55 14957

4e51
4e 79
4473
321
2450
2445
3-58
3+63
3.66
126
1-57
280
3462
3444
3-38
3+52
3.53
496
4-98
495
5.11
520
5.27
5+39
5.64
5456
5-70
642
569

5-70

6-31

Cp

11. 012
11+ 650
120291
5¢ 281
5+868
6+ 302
62932
7-590
8+ 305
0515
0s 722
1-073
1543
2+ 285
2+907
34628
4+405
12755
13359
13-899
14464
15+009
154573
16+130
16+676
17+095
17-752
18+507
20683
22041
19662

96
CE(mole

9¢ 836
10- 406
10-978

4o 1T

he241

5+ 629

6-192

6179

7418

0+ 460

0+ 645

0°958

1-378

1-987

2596

3+ 240

34934
11-393
11-932
12414
12919
13+406
13+909
14407
14+895
15+269
15856
16+530
18+474
19-687
17-562



TABLE 14. (Continued).

0

Run Ho. Tomp. K
56 155+93
57 162442
58 169410
59 175+33
60 18180
61 188448
62 195°39
63 202450
64 209°79
65 217-09
66 224°39
67 23165
68 238480

AN

6o
6456
6410
6434
658
6+79
7402
Te22
7-40
125
143
7+23
Te11

2]
20180
20772
21536
21+987
2&-481
23+176
23.818
24464
25+240
25+G66
26725
27759
28-384

97
Cp/mole

18+024
18-553
19+ 236
19638
20+080
20+700
21274
21+851
22°544
23°192
23+870
24794
25°352
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TABLE 15. EXPERIMENTAL VALUES OF THE HEAT CAPACITY OF

UREL - 1 ~ EICOSINE

Wt. of addugt sample .u calorimeter = 21+9119g.
(16°4777g. of urea + 5+4341g. of 1 - eicosene).

Heat capacity of adduct sample, Cp, in Abs. Joules %K —1,
Heat capacity of adduct per mole of urea, Cp/mole, Cals.mole ~+Ok%

Run No. Temp. °K a.r Cp Cp/mole
1 81.91 3+98 13.201 11437
2 86438 4498 13.760 11.921
3 91436 5401 14+317 12.403
4 96418 4466 14+896 12+905
5 100493 4485 15428 134366
6 10605 5440 15950 13+818
7 111+50 556 16527 14+318
8 117-05 559 17139 14+848
9 122478 5487 17-704 15388

10 12888 636 184301 154855
11 13528 6447 18982 16+445
12 14179 656 19+686 174055
13 145424 568 20+181 17484
14 15105 5462 224216 19247
15 15677 5+86 22069 19119
16 162480 6219 21-315 184466
17 169+03 6432 21+976 19+039
18 17541 645 224527 19 °516
19 181+90 6+57 23088 . 20-002
20 188455 677 23+751 20+576
21 196+31 6222 24449 21+181
22 20260 6443 05147 21+786



TABLE 15. (Continued).

Run No. Temp. K
23 208 <79
24 214 87
25 221 «15
26 227 «60
27 234 23
28 24Of85
29 247 ¢33
30 252 <34
31 259 402
32 265 «80
33 272475
34 280.08
35 287 ¢40
36 294 <34
37 301-12
P38 5037
P39 55 +38
P40 60+35
P41 65423
P42 69 +86
P43 T4+43
P44 18+99
P45 8379
P46 8882

47 93+88

48 99-41

49 105-40
750 14458
T51 14678

AT

6 00
6 o22
642
6 +59
677
6 +65
6+53
6 «69
6 83
6498
T+13
7«80
T-13
T+04
6+90
5918
484
5-11
464
459
457
454
504
5+05
506
£ +01
5+98
2°71
171

Cp
254729
26272
26812
27592
28295
284917
29917
30+300
304938
31725
32439
33124
34109
34768
35+781

8210
9°167
10°065
10878
11°574
12+187
12+858
13°431
14 +068
14+607
15253
15-879
19+926
20260

99

Cg/mole

224290
22761
23228
23904
244513
25 4052
254745
264250
264803
27485
28.103
284697
294550
30.121
30.999
7113
1942
8806
9424
104027
10+558
11-139
11636
12+188
124655
13214
13757
17+263
17552



TABLE 15. (Continued).
Run No. Temp. °K
T52 148+54
T53 15006
54 15130
55 152+44
T56 153.45
57 15446
T58 155459
759 156-88
T60 158+57
T61 160464
T62 16339
T63 11-03
H64 1239
H65 14-76
H66 17+90
H6T 2057
H68 2376
H69 26¢35
HT0 29+06
H71 32405
72 35+44
HT3 3904
H74 42476
HT75 46469

AT

180
1022
1.23
1406
0-97
105
1022
146
194
2:15
3445
1-02
175
295
319
2+92
2+57
2+59
277

3+58
3+60
3+85
4+01

20,635
20.989
21425
22+ 688
22¢795
22-427
22427
21025
21127
21173
21538
0+421
0*613
0:993
1-441
2+015
2:535
3076
3665
4311
5-073
5840
6636
T+463

100

CEZmole

17.877
18. 184
18561
19°656
22*795
21°626
19°429
18215
184303
18+343
18659
0+365
0-531
0-860
1+248
1+746
2+196
2665
3175
3735
4395
5+059
5+749
64406



TABLE 16.

Heat capacity, Cp, per mole of urea in cals. mole ™t %K ‘19

Tomp._ %K

10
11
12
13
14
15
16
17
18
19
20
25
30
35
40
45
50
55
60
65
70
5
80
85
90

SMOOTBED YWALUES OF THE HEAT CAPACITY
OF UREA

Cp
Os 000
04170
00413
0+ 289
00583
0+ 692
0817
0+950
1+086
1.229
1.382
1547
1.-714
2:572
3494
4463
5404
6289
T-127
T7-922
8696
9+403
10-05
10461
11-33
11-90
1246

~ N - UNDECANE

Temp. K

95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225

Cp
1297
13+ 52
14906
14064
15-35
17-79
1552
15+ 66
16-08
1648
16-88
17+27
1766
1806
18446
18-85
19+26
19+68
20+11
2053
20-97
21442
21-84
22425
22468
2307
2353

101



TABLE 16. (Continued).

Temp.

230
235
240
245
250
255
260
265
270

OK _C_E
24412

2467

2508

2543

25486

26434

26+81

2729

- 27-80

27315
275
280
285
290
295
29815
300

(2]

2812
28+31
2881
29+33
2985
3037
30°71
30+88

102
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TABLE 1T7. SHOOTHED VALUEZ OF THE HEAT CAPACITIES OF
UREA ~— 1 - ALKENES

HEAT CAPACITIES, Cp, PER MOLE OF UREA IN CALS. MOLE~% % 1

TXK 1 ~ Decenc 1 - Hexadecenc 1 - Ficoscne
0 0+ 000 0+000 0+000
5 04114 0.079 0-075

10 0383 0+321 0.271
11 04470 0+402 0e361
12 04575 0+502 04486
13 04699 04619 04607
14 0-838 04748 0747
15 0+981 04893 0-881
16 1117 1033 1008
17 12254 1161 1132
18 C1.400 1.289 1269
19 1557 1434 1-414
20 1726 14595 1+583
25 24649 2e472. 2417
30 3624 3400 3342
35 4599 4+378 4 302
40 5532 5306 54237
45 64482 64183 64152
50 T+404 74038 1033
55 8336 7+899 74899
60 94314, 8723 8723
65 9991 9121 9144
70 1045 1008 10404
75 11.11 1072 10464

80 1174 11-33 1124



TABLE 17. (Continued). 101

_’_I‘__?_K_ 1 - Decene 1 - Hexadecene 1 — Eicosene
85 12+32 1189 11-77
90 1282 1240 : 12¢29
95 13.28 12+90 12:79

100 13482 1337 13.27

105 14436 13685 13. 74

110 14+ 89 1432 14+ 20

115 15+38 1479 14+ 64

120 1583 15-35 15.08

125 16+ 30 1576 15.52 -

130 16+ 70 16029 15.96

135 17-08 17.09 16+ 39

140 1742 20.18 16.82

145 17272 17-18 17432

150 17-99 1757 18.19

155 18+35 17-98 19.84

160 18+81 1840 1836

165 19+35 1882 18469

170 19+83 1924 19.07

175 20+22 19.62 19446

180 20455 20-00 19.85

185 2087 20-41 20925

190 2127 20-82 20467

195 21+70 2124 21410

200 22+14 2167 21-53

205 22+60 22412 21+96

210 23405 22455 22+38

215 23+50 23+00 22+78

220 23+99 2344 23422

225 2451 23+94 2367



TABLE 17. (Continued). 105

T% 1 _~ Decene 1 — Hexadecenc 1 - Eicosenc
230 25403 2460 2412
235 25444 25.10 24459
240 25487 25.42 25.03
245 26+35 25471 | 25451
250 26489 26411 25,98
255 27451 26458 26445
260 2812 2705 26491
265 28463 2753 2738
270 2914 28401 2785
273615 29445 28.33 2813
275 2962 28.51 2831
280 30400 28.98 2877
285 30+42 29+47 2925
290 30+94 29+96 2974
295 3147 30.07 3025
298+ 15 31+80 30.78 30467

300 31+95 30498 3087
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A region of very high anomalous heat absorption was clearly
evident in the heat capacities of all the adducts except that of
1- decene. The heat capacities in these anomalous regions were
investigated furithor adopting smaller temperature intervals to
expose the shape of the curve. The excess heat ( AH) in these
regions waé determined graphically by estimating the area between
the experimentsl curve, Cp: T, and a smooth curve Cpo s Ty where

Cpo is the heat capacity excluding the irregular contribution.

OHH = [(cp- Cpo) aT  .... (6.1)

WJ
The excess cntropy (& S) was determined in a similar

. c
fashion by plotting +/p ¢ L.

AS = (Cp—Cpo) aT  .... (6.2)
T

TABLE 18. THE PROPERTIES OF THE MAJOR /ANOMALIES IN THE HEAT
CAPACITINS OF THE URLA ADDUCTS

Adduct n—-undecane l~hexadecene lemdcosene
# Transition Temp. K. 122.4 ‘ 141.7 153.9
Heat, A H (cal (mole urea)'l) 36.6 35.5 23.4
(cal (mole hydrocarbon) ~T) 332 390 339
Entropy,& S (cal (mole urea)—IQK—l) 0.284 0.240 0.153
(cal (mole hydrocarbon)ulok_l) 2451 279 2.22

* The transition temperaturc is defined as the temperature at

which the maximum value of the heat capacity occurs.
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Although such a strongly co-operative anomaly was clearly
absent from the hsat capacity of the urea -1- decens adduct,
there existed several anomalous regions, which appeared as smooth
humps in the heat capacity. A preliminary drawing of a smooth
curve (CpO s T) under these 'humps' and a calculation of the
sxcess heat involved revealed that the excess heat was indeed
comparabtle to those of the co-operative anomalies found in the
other adducts. 7

Pemberton (1965) showed that the hsat capacity of a urea -
alkane adduct can be cstimated to about 1% by adding the
separate heat capacities of the components. In view of this
and the similarity of the heat capacitices of alkanes and
1- alkenes, an estimate, cxcluding irregular contributions, was
made of the heat capacity of the urca — 1- decene adduct by
combining the heat capacitiss of the urea n-undecane adduct
(0.1162 mole of decanc, 1 mole of urea) from Pemberton's data
with 0.0208 moles of 1- decene (Finke, Gross, Waddington and
Huffmann 1954). This was then compared with the experimental
heat capacity of the urea - 1- deccne adduct (0.1370 moles of
1- decenc, 1 mole of urea). The lines outside the anomalous
regions were very nearly co-incident. The regions of excess
heat absorption occurred over sevoral temperature ranges
(figs. 21, 22, and 25). The excess hcat and entropy were

estimated as before and are given in Table 19.
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TABLE 19.  THT PACUVERTIFS OF THE AFO'LALIES IN THE HEAT
CAPACITY OF URES — 1- DFECENE. '

Tomp. Range 50-75% 75-155°K 165-190%K 250-285°K

Txcess heat (A 1)

in cal (mole urea)_l 442 21.4 4,1 5.9
in cal (mole dccens)™t 31 156 30 43
xcess Entropy (4 9)
in oal (mole urea) *%k™*  0.073 0.181 0.029  0.023
in cal {mole decene)_loK_l $52 1.32 0.21 0.17
P -1

Total AH = 35.6 = 27 cal (molo urea)

= 260 *t190cal (mole deceno) -1
Total &4 § = 0.306 & 0.1; cal (mole ureca) —1oop -1

= 2.24 £ 1.0 cal (mole docene) -1 op -1

The errors quoted arisc largely from the chemical analysis
results. Similar comparisons were made betweecn the urea -
1~ hexadecene and 1- eicosene adducts and thc corresponding
n- alkane adductz:. In thece cases the excess heat and entropy

were insignificant compared with the error involved (scc below).
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1- hexadecene £ 5= + 0.86 % 1.5 cal (mole hoexadecens) 1%
- 0012

1-eicosene NS = +1.80 1.8 cal (mole e:]_cosone)"loK—1
- 0015

The positive and negative signs indicate that the experimental

line (Cp/b 2 T) is respectively ahove or below the control line.

Two further anomalies previously reported by Pemberton (1966)

were observed in thc heat capacity data of all the adducts studied.

(1) The low temperature anomaly — a slight excess heat
( =7 cal (nmole urea) —1) was absorbed at around 16%K. The
inaccuracy of the measurements in this region and the small
quantities of heat involved make any closer study difficult.

No such irregularity was observed in the data on the calorimeter
and benzolc acid, and so it must be concluded thie effect is due
to the adducts.

(ii) The high Bmperature anomaly -~ a smooth hump in the
heat capacity was obkserved in the temperature region 225 - 235°K,
The deviation of the experimental points from a smooth curve is
a little larger in this region than the quoted values for the
root mean square deviation, but even so the error is sufficiently
small not to throw any doubt on the existence of this anomaly.
The properties of this anomaly are summarised for each adduct in
Table 20.



116

TABLE 20. THE THERMODYNAMIC PROP:RTIES OF THE HIGH
TRPERATURYE (225 - 235°K) ANOIALIES IN THE
HEAT CAPACITIEs OF THE UREA ADDUCTS.

Adduct Undecane Decene  Hexadecenc Eicosene
N H in cal mole -1
(mole of urea) 3.33 2.46 5.54 0.14
(mole of hydrocarbon) 30.2 18.0 64.4 2.0
A S in cal mole_loK“1
(mole of urea) 0.0145 0.0107 0.0241 0.006
(mole of hydrocarbon) 0.131 0.078 0.280 0.085

. + -1
EBrror in & H = - 0.57 cal (mole urea) .

+ -1

as 0.0025 cal (mole urea) ~1 % 1.

I

The entropy of each adduct was calculated at intervals of
10% by assessing the area beneath the Cp/T ¢ T curve (Tables
22 and 23).

The heat capacity below 12°K was estimated using the

modified Debye relationship of Lord, Ahlberg and Andrews (1937).
Cv = 6 R D (x) ceesa(6.3.)
where Cv 1s the heat capacity at constant volume, which

approximates to Cp, the heat capacity at constant pressure, R is

the gas constant and D(x) is the Debye function.
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Hence the values of the modified Debye characteristic
temperature, © ; were calculated from the tables and are listed
for each adduct in Table 21. The presence of the low temperature
anomaly complicated this procedure and the calculations were
based on the experimental values below ISOK. The non-rigorous
relationship used to assess the heat capacity in this'region,
no doubt, gives a subsequntly poor estimation of the entropy
in this region. However, the contribution to the total entropy
at room temperature from the region below 10%K is about 0.5%,
and consequently even an error of 20{ in the Debye extrnpolation
would introduce a negligible error in the entropy at room

temperature.

TABLE 21. THE MODIFIED DEBYE CHARACTERISTIC TEMPERATURE,
® ; FOR THX ADDUCT STUDIES.

Adduct : ]
urca —-n- undecane 140
urea ~l1- decene 140
urea -1- hexadecene 147

urea -1- eicosene 150



TABLE 22. ENTROPY (Sp - Sqp) OF UREBA — N-UNDECANE IN

caL. MOLE "% (umms) %k ~t.

1 cal. = 4.1840 Joules. 0 % = 273.15 %%

Temp. oK Sp - 3o Tcop. g Sp -
0 0.000 170 19.52

10 0.112 180 20.62
20 0.796 190 21.70
30 1.098 200 22,78
40 2,370 210 23.84
50 3.763 220 24.90
60 5.203 230 25.95
T0 6.450 240 26.99
80 8.077 250 28,03
90 9.476 260 29.07
1C0 10.83 270 30.10
110 12.17 273.15 30.42
120 13.53. 280 31.12
130 14.90 290 32.15
140 16.09 298,15 32.99
150 17.26 300 33.18

160 18.40
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TABLE 23, ENTROPY (Sp - Sp ) OF UREA - 1~ALKENE ADDUCTS IN
Cul. MOLE ~% (urma) % ~L.

1 Cal. = 41840 Joules. 0°% = 27315 %
T % Decene Hexadecens Licosena
0 0000 0« 000 0000
10 0-112 0096 , 0092
20 0729 0668 0646
30 1754 1637 1+612
40 3064 2+874 2-838
50 4+500 4=247 4203
60 6017 5618 5637
70 T+ 549 7+130 T-082
80 9+ 029 8- 558 8¢500
90 1048 9° 956 9+ 875
100 11- 88 11- 31 11-22
110 1325 12-63 1253
120 14+ 58 1392 13- 80
130 15 89 15+ 18 15° 04
140 1715 16 47 16 25
150 18 37 17- 81 17 45
160 19° 56 18- 97 18 70
170 200 713 20 11 19 83
180 21- 88 21 23 2094
190 23 01 22 33 22«04

200 2412 23242 2312
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PABIE23. (Continued). 2

0.

T K Dccene Hexadecene nicoscne
210 2412 24+50 24-19
220 26432 2557 2525
230 2741 2663 26430
240 2849 - 2770 27-35
250 29+56 - 28-75 28+39
260 3064 29+79 29442
270 3172 3083 30+46
273415 32406 31-15 30-78
280 32+80 31-86 31+50
290 3387 32-90 32+52
298415 3474 33-74 33+36

300 34-93 33-92 33-55
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CHAPTER 7. DISCUSSION OF THE ANOUALIES FOUND IN THE
HEAT CAPACITIES OF Ti.u URTA ADDUCTS STUDIED

(A) THE LOW TMmPERATURE ANOMALY

A typical oxamplc of this anomaly is illustratogFig;shre
Fig. 26. The anomaly is in thc form of a discontinuity in

of the hcat capacityayéwe Cenperature curve,

The inadequacy of the measurcments in this tempcraturc
region ( “416OK) inhibits any conclusions as to thc source
of thc anonaly. The apparent indcpcndence of the gucst
molecules would sugnest that the origin of the anomaly lay
with the host latticc. Any nmajor change in the crystal
gtructurc of the lattice would be unlikely.

Pemberton (1966) postulated as a possible mochanism the
onsct of low frequency librational twisting of the urea
molceules parallel to the lattice channels through flcxing of
the hydrogen bonds. In view of the scanty cvidence available

any further commont would perhaps be unwisc.

B. THE HIGH TEMPERATURE ANOMALY

Pemberton (1966) put forward two suggestions as to the
crigin of the high temporaturs anomaly, 225 - 235 oK9

(a) that it was due to the fusion of an aqueous solution
of ureca.

(L) that it was dus to a slight oxpansion of the lattice
permitting the guest molccules to rotats with zreater frecdom.

The first sugzestion is based on the evidence of tho heat

capacity of pure urca (Ruehrwcin and Huffman 1946). 4 similar
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region of excess heat absorption was observed in the heat
capacity 6f pure urea at about 255 - 265 %. Further evacuation
failed ito remove this anomaly, but on doubling the estimated
weight of water in the calorimeter, the size of the irregularity
was doubled. However, in thc present study the excess heat

was found at a much lower temperature, and in fact well below

the eutectic point ( -11.5 OC,'-'262 °k) of the aqueous urea
solution, (Chadwell and Politi 1938). It scems unlikely that
the conditions in the calorimeter would cause such a significant
modification to the properties of the aqueous ureca solution.

The second suggestion was first put forward by Gilson and
McDowell (1961) to explain the sudden drop in the second moment
of the urea'-d4 - alkane adducts (Fig. 4). Such a change in
the lattice and the consequent greater freedom of the guest
molegules would not necessarily be associated with a large
entropy change, as it is thought that the gusst molecules already
have considcrable rotational frecdom at those temperatores
(Chapter 1. D.).

The comparatively low value for the heat of transition of
the urea - l-cicosene adduct is consistent with Gilson and
McDowell's explanation in the light of a susgsstion that will
be made later in this chapter concerning greater restriction

of the l-cicosene guest molecules.
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C. THE MAJOR ANOMALY IN THE HEAT CAPACITY OF THE
UREA — N— UNDECANE

In view of the anomalies observed in the heat capacities of
the urea -n- alkanc adducts (Chapter 1, D (iii}), thc presonce of
a similar anomaly in the urea -n- undecane adduct was to be
sxpected. It would also be expected that the properties of
this adduct would be similar to those of the other 'odd' alkane
adduct studicd, n-pentadecanc. Herce 'odd' refers to the
number of carbon atoms in the chain. Indecd tho transition
temperatures of both these '0dd' alkanc adducts are relatively
higher than those of the 'even' alkane adducts (Fig. 27).

This arises from the relatively larger barrier to rotation
experienced by an 'odd' alkane guest molceculc dus to its
interaction with its neighbours in adjacont channels.  This

is demonstrated in the illustrations below, remcmbering that the
alkane moleculcs are sufficiently far apart for tho attractive

forces to dominatac.

'odd' alkane 'cven' alkane
TN e ::>
“ e favourad N L o

a0 » \\ PO / \
< //) position S <(/
o > < S
\\\ P ,"4'

Tt - S

;:>. />> unfavoured ::> ;>>
~ S ::> position ::> \f>
< <
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The interactions in the unfavourecd position are similar,
whilst in the favoured position there are n+1/2 large carbon-
carbon interactions with the 'odd' alkane, as opposed to n/2
with the 'even' alkane system. n refers to the number of
carbon atoms in the chain. The greater diffcrence between the
favoured and the unfavoured positions of the 'odd' alkanes
leads to a larger lateral potential barrier, i.e., a greater
lateral interaction. The theory of Parsonage and Pemberton
(1967) predicts an approximately linear relationship between
the transition temperature, Tt, and the lateral interaction
paramecter J'.

The size of the heat of transition is largely controlled
by the stronger longitudinal interactions, which are not
expected to differ between 'even' and'odd' alkanes in the
channels. However, other factors are obviously involved as
the hcat of transition varies with the dkane chain length
(Fig. 27). In view of the slightly greater rotational barriers
of the 'odd' alkancs, it would be expected that the heats of
transition would be correspondingly higher than those of the
'even® alkane adducts. This is true for the urca -n- undecans
adduct, but not so for the urea -n- pentadecanec adduct.

The anomalous contribution to the heat capacity, i.e.
the configurational hcat capacity,is plotted against temperaturc
(Fig. 29). In addition the theoretically obtained valucs
from the data of Parsonagc and Pemberton (1967) are also
praesented (Figo 28). The solution of the two-dimensional
Ising lattice gives a heat capacity which exhibits a logarithmic
relationship with i T - Tcl s where T is the tomperaturc and

Tec the eritical or transition temperature.
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C = A log (T - Te) T > Tc ....7(1)

C “= B log (TC - T) Te ;* T 00.91(2)

The plot of the configurational heat capacity, C, (or
2Cp = Cp -—- Cpo’ where CpO is the smooth curve drawn to
exclude the anomalous contribution) against log ! T - Te !

net d

(Fig. 30), shows that this relationship doesfstrictly apply in

this case. Similar curves are drawn for the urea - alkene
transitions (Figs. 31, 32, 33, 34).
The Ising - ‘'ciss model chosen by Parsonage and Pemberton

(1967) to reprosent thesc urea — alkanc systems, and the urea —
n-undecane system in particular; predicts a major change in the
order parameter and a maximum in the configurational heat
capacity at a somewhat higher temporature than that observed
experimentally. This can however ke explained hy appreciating
that the actual nature of the lattice makes it impossible for

all the molecules to be in their most favoured or unfavoured

statc simultancously. In consequence, an exact calculation,
bearing in mind the hexagonal naturc of the lattice, would present
a smaller lateral interaction and as a result the theoretically

prodicted transition temperature would be lower.



aH  0s

-
cal

mole ! mole”
K

400

g o

560

300

. 00

100

{27

Ftﬂ 27 Tlne Trn,ns(.tton Tenpe.rad:u.res and the
‘ ‘Heats and Entropies {per mole of alkane)

of Traansition of the Urea - n- Alkane acdelucts.

No. of carbon atoms wm alkane

qp 1 12 15 e 20,100

Fu.“ 1|ﬂes o.re. d.ro_wn tl\reusk the. ‘ev¢v\"
alkane adduct Pouﬂ:s dr\.l.:_



Flalg Co.Lcu(a.(:ed Lro.‘-u.es OF' L'L.e _‘HEQ»L' Cm!:o.c;.(’.?r o:f ureq-

- T “
ﬂ—unﬁtzca.-\z P(.OL‘(:‘Q_i Q_q augl Ce MF”QE“"Q R VQ-‘LLCS -
Heat Ca‘xm.tr are oblaoaed ws tng tha ISLu‘j - Weilss  model . :
er mole o?
n-wnclecane +3
cal mole™*K~!
- 2
-}
Tem Pera.':u,re K
o % ] 1 P 3
o 120 130 10 iso t6o 5
’ 2]

N8, The SL:\PE of che Curve (_A_,-JQ(.’ delermamed &‘f
the Weiss a{)(ar“oxcl«o_tio.\ QMPLDTBCL,



Fi g. 29 Urea ~ a-Undecane

R e

At cluuct .

129

CGQ F:a wrotcesnal

Haet Curucc':!{.
a Ce
cal. mole~‘{wrea) ®K™




130

Fiﬁ_ 30 WUrea - n- Undecane Cp: LO«,Tﬁ"Tf

s
Con cij wrafeonal

. + Te>T
Heat Cq{oo,cz.l:

& T T

cal {mole usa) ™' °K =
-3

+

FES‘ 3] Urea — 1- Hexa clecene Cp : Log JTe~T/
- b
ConFiqurational
Heat Co.fu.cu‘: + Tc. >T
cal (mole wea)™ ‘ @ TJ.<T
L3
=2




Fis. 32 Urea ~ (-Hexadecene Addluct.

131,

Caapnswatfon.u.l
H.a.f: Cafa.u'.t.t

ace

cal. mole™ (urea) ?k™

s Temp. °K

90

oo ue 10 i}o [ X%

150

160



Fiq.33 Urea — n-lEicosene

132

ConFiiu.ro.é;onal Heat Ca.{u-‘-t.bz (ACP)

ACP

cels mole™t (wrea) k!

Te ='|ss-?°1<

Y L + N X *
° 110 T30 o Ty 5o 150 e
Frg- 3% Teme- X
+ Te>T
ac
P © Te<T

cals. mola* (uraa) k™!




133

D. THE MAJOR ANOMALISS IN THE HOAT CAPACITIES OF
THE UREA - 1 — ALKENE ADDUCTS

(i) INTRODUCTION

Following the studies of the ursa -n- alkane adducts,
similar investigations were undertaken on somc urea -1- alkenc
adducts with a view tc studying the effect of the different
longitudinal interactions. Prcliminary calculations suggested
that the alkenc molecules would have greater interactions with
their neighbours in the same channel, with the result the
rotational transitions would be expected to occur at somewhat
higher tempoeraturcs than in the alkanc adducts.

Bxperiment proved this to be wrong. The transition
temperatures of the uroa ~1- hexadecens and 1- cicosenec adducts
werc found to be respectively 11 K and 35 % lower than thosc
of thc corresponding urea - alkanc adducts. No co-operative
anomaly was found in the heat capacity of ths urea - l-deccne
adduct. A further complication arose in that the entropy of
the anomaly in the urea -1- eicosenc heat capacity was
approximately half the valuec measured in the eicosans adduct,
whercas the cehtropics of transition of the urca hexadscane and
hoxadeccne adducts wore similar.

A more scarching trcatment of the tcrminal intcractions
revoaled that the -rcoscncc of the cenc terminal group not only
affocted the longitudinal interactions, but also significantly
modified the lateral intcractions.

The effcet of the possible arrangemcnts of the alkcne
moleculcs in the channels was also considered. Therc arc three

possible arrangeuents.
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(a) complctc order (hcad - tail, hcad - tail).
) =41~ | —]

(— indicatcs torminal group is singls bond, ancs

'{[indicatcs crminal group is doublc bond, cnc).

(b) complote ord:r ( -hcad, hcad - tail, tail-).

Il 1 1

(c) complots disordcr.
=l (— l— —{

Latcr in this scctiony an attompt will bc madc to oxplain

the diffeorent naturcs of these anomalics in the light of the
sffcet of the torminal group intcractions and the various
arrangem:nts of the molcculcs in thc channcls. The systom will
bc reopresentcd by an Ising modcl, similar in many rcspocts to
that uscd for thic urca alkanc adducts, but with a fow
simplifications. Application of the Hont:z Carlo tcchniquc
cnablcs the ordor and the configurational heat capacity of the
systom to bec calculat:d for diffircent arrangcmonts of the

molcculcs in the channcls.
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ii). TERVIWAL GROUP INTERACTIQNS

In the purs crystslline statc of the alkanosand alkenes the
moleculcs are arranged with their chains parallel. Thizx ig also
50 in ihe urea hylrocarion odducts, but in this casc the latoral
spacing of the Qy‘IOC“”]On wolecules is nuch %reﬂt ag it is
controlled by tho dinmcncicns of the urea lattico.

Ir ths polid pure hydrocarbon the terminal groups are sp ced
apart by the gun of their van der Vaal's radii, i.c., ~4.0 A in
the case of anc, anc. The longitudinal spacing of the hydrocarten
molecules in the adducts is determined by hoth its strongz lattice
interactions and the intemaction of the terminasl sroupse The
closer appreach of fwo terainal groups of wdrocarbon molecules
in the urca lattice results in repulsion interaction of the
hydrocarbon with the urce latticey; 1.e., increased intcraction per
lenzth of urea lattice. The terminal groups will therefore
approach until their net repulsive force is balanced by the
attraction of the urca lattice. By equating these forces the
distancc separating neishbouring hydrocarbon molccules may Le
calculated; and in addition the longitudinal rotational barricrs
may thon be sstimatod.

The urea - hydrocarbon and hydrocarkbon - hydrocarbon
interactions were calculated using the Lennard - Joncs 6 - 12
potential, summin: the interactions from 211 pairs of atoms.

-4 | @ - ¢

r

-

6

or E -~ Ar —6 + Br -12 XX 7(4)

where £ is the potontial znergy when the atomsare r apart,

*
and & and & are paraneters devending on the atoms involved.



The paramctors uscd in this werd arc the sam: ns those ussd by

Parsonage and Fouberton (1967) 2nd arc listcd in Tabls 28

TABLE 28. IWTDRIOLECULAx FORCE PARAIISTTRS HOR ¢
FVARTCHS YATHRS OF ATQUS. THI VAR

=)
TC IUALY O 7()

Q
(W]
Hd

jo]
2

CC 3,73 % 10° 1.36 % 10 3,73 2 107 4
C—11 1.33 = 107 2 1.33 x 107

He] 5.15 = 16 /.63 = 100 5.15 x 16" 1.
02 ¢ 3,63 & 107 1.61 % 107 3.63 ¢ 100 4.
w02 1,31 w102 2.5: % 107 1.31 % 107
0-0+4—¢  3.79 x 10° 2.63 x 10 3.79 = 107
004 1,37 x 16° 3.30 x 107 1.37 x 107
H—% 3.54 x 105 1.25 x 1C 3.54 x 105
0—0 3.50 % 107 8.64 x 100 3.58 x 107

n W\ N =2 \I1

10 U1 O W D W W
A R e T o U R N B N
e L DR VR
o e S e T T SR OO Sy o LU R
O 0O 0 0 O O 0. O

t
In the Sot I ths valucs of @ arc 2 T 76 ¢ (suw of the van

2or Yaals rodii of the atoms), and the of e* ,vrﬁ chosc

*
so that the attractive purt of the sotontial (— L€ 4L;fg )

<
';'J
5
O]

conforned to thoe Slater — Kirkuood expression for the disperson
interaction

Parsone;s and Penborton comparad theCll, ~ CH, potential
/.'. I i

cnergy of interaction curvas obtained in this ray, with those
obtained by oxperincntal zocond virial coef¥icicnt data, and in
vicw of the _oor agcoment of the repulsive | art of the petontial,
they adjustod the value of the ropulsive parameder 3., vhilst
retaining the gawe atiraciive paramcter, A, so as to obtain
roasonable azreencnt with the experimental datn. This new sct

of parancters was c¢nlla? set IT.



137

Ths urea-hydrocarion interaction was investizated in this
waygoand it was found that tho potentizl energy of interaction
per L of the urea channel was 3.40 and 2.6C Keal mole -1 usinyz
the parameters of set I and sot II respectively.

In the consideration of the terminal interactions, 2z was
talen as the distance alons ths central axis scparating ths
terninal carbon at%ms. In tho calculatisns, Z was varied by
intervals of C.05 X between 3,50 and 4.2C A. Criecntations of
ths two terminal groups with respsct to cach other were considered
from O to 360° at intervals of 150° The phase of the crientation
was considersd zerc when the main chains of ths hydrocar388® were

coplanar and the terminagl carboeon atoms wore on the samc side of

ot

hz central axis. Intoractions wers considored hetwocon the
torminal methyl or mothylcne zroups only.

he bond lengths were chosen as in the "Tables of Interatomic
distances and confizurations ir molccules and ions', (spccial
publication of the Chorme Soc. 1958), and are listed in Table 25
1090\54‘ was taken as the angle betwcen bonds at an sp3 carbon

o 2
aton, and 120" at an sp~ carbon aton.

TABLE 25,  INTEZRA ToMic DISTAICES USZID IN CALCULATION OF THE
POTENTILL BUERGY OF TRRMINAL INTCRACTIONS.

0
Bend : Distance (4)
- C -1 1.09

C ;‘.’»C 103-'-“{
= C—C 1053
- C=2C 1.54
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The naturs of tho hydrocarhon chain is such that the carbon
atoma in the ollinas molcculo arce coplanar, and the ¢ — 1 bonds of
pach ~ GH, — ‘rou. arc ot 54 5T to this lano. Tha additicnal

hydroson aten at the torninal carbon atom is in the szne plane

In tho allzene moloculz a difficulty arises in the nature of

tha arrangens:t o the doubls bond with rospoct $o the anin

chair, e r infro~rad

Rpdeliffe and (1¢56) to report that in the 211yl halides

actrozcoric investi aticrse have lsd

thore oxists tn rotationzlly isonoric forms, but with: tho

srodoninant fora nin— Llanar, i.c., the halids sroup is positioncd

3o az to oclijsc the Jnutle bond, cof. (B). The rroportion

of the planar fort vaorias fron onc halids te avothse, from

'small' in the chlorid. to 'virtunlly nil' in the ichide.
These two possible arrangeucnts about the C9 —_— C3 bonrd

- \ -
arc shown boleow (a) and (B).
H. H

ﬁ \. ot - C
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It is considered (Bright-Wilson, 1959, and Wood, 1967), that
in the case of the l-alkenes, i.ec., whon the halide is replaced
by the hydrocarbon chain, the double bond is eclipsed by one of
the bonds from the C3 atom, A large distortion of the urea
lattice would be necessary if the double bond was eclipsed by
the main chain, and in consequence 1t is eclipsed by either of
the C3 — H bonds (b ). The choice of which 03-— H bond is
eclipsed is unimportant when considering the cne -~ ane
interactions, but lcads to two possitle types of cne - enc

intecractions.

(1) mirror image cne ~ cne interaction

i~ il - L
'.%‘. i" i
2y .
/ ¢ » "f ’—)E . c'- 3
S AN
\\V_ . mCa Tl . ~
s o g _
i ’D ( ?0 %

i

(i1) non mirror imagc ene - cnc interaction

b i
'\ , / " H\ ‘ 1
/'."5 / & HE’ ‘V(
\ c j . NN / \
c S ST <
. E A
j 4 D H | O A

= it
Dottcd lines indicatc double bond 1s cclipsed by C3..,‘H.

Bold lines indicate dcuble bond is eclipscd by C3 - H.

The barricr to internal rotation in propylene has bLeen shown
to be of the order of 2 Kcal mole ~1 (Calorimetric ~ 1950 cal
mole ~% - Kilpatrick and Pitzer, 1946;  Spectroscopic - 1978
+ 17 cal mole ~1- Lide and Mann 1957) and consequontly the

arrangements arc nct easily interconvertcd.
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The hydrogen atom,; He, bonded to the terminal carbon atom
is 541.8 X from the central axis of the molecule as opposed to
1.4 Ay, which is ths distance from the axis of the hydrogen atoms
of the main chein. A large repulsive interaction with the urca
lattice; however, is not forthcoming, as in contrast with the
hydrogené of the @nain chain, this hydrogen atom is directed nocar
the oxygen atoms instead of the carbon and nitrogen atoms (see
Fiz. 5) on account of tho non-planar nsture of the molecule.
Thus this hydrogen atom and the main chain may occupy their
morc favourable positions with rospect to ths urca lattice
without any further distortions of the molecules. In addition
there 1s no significant increasc in the barrier opposing the
rotation of the hydrocarbon molecules duc to thc ureca lattice.

The interaction potential energy was assessed in this way
for the terminal anc - ane interaction. This is displayed in
Figs. 35, 36, for two important values of the phasc angle.

The slopes of the curves (the force of repulsion or attraction)
were compared with the attractive foree of the urca lattics.
That spacing,; 2z, whore these two forces werc equal and opposite
was considered the equilibrium spacing. The valuc obtained
was 3.78 X using the Set I paramcters (the potential relating
to the Sct I paramecter is referrcd to as Pot I on the graphs)
and + 4.0 X uging the S¢t II parameters. Lavesy Nicolaides,
and Peng (1965) have rceported a value of 3.74 X from A-ray data.
Clecarly the Set II have given a far too repulsive potential.
The interaction encrny varies with the phase of the terminal
groups. It is a maximwn when the phasc is zero and a minimum
when the phase is 180° (Fig. 41).

The ane - sne and the cne - ene intcractions exhibit
different features on account of the terminal atoms in the ene

group Leing located further away from thc central axis. The
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calculation of tho cquilibrium spacings in thc cne - ene and

ene - ane systems revealed a much closcer spacing of the torminal
groups (Fizs. 37, 38; 39, 40). In conscquence, the barricrs
to rotation at thesc equilibrium spacings arc large compared
with those of the anc - ane system. This is particularly

s0 in the casc of cns - oanc. In ene — ane the harricr is
reduced on account of the locus of the two hydrogens, which

are the major contributors to the terminal interactionS H and

C

Hds describing circlos of different radii centred at the

longitudinal axis.

P i
—_—— .. k//ﬁic y
< I5
. 6. o
f/ ~e G
H.ﬂ ) HG / N,
Mothyl (zne) He, Methylene (ene)

The barricrs to rotation at the calculated equilibrium
spacing of ene — anc groups are .>» 500 cal and »1000 cal using
Set I and Set II paramctcrs respectively (Figs. 45, 46), as
comparcd with ~- 140 and ~ 100 cal mole -1 (here per mole really
refors to pew Avagadro's number of interaction) in the ane -
ane interactions. Clcarly if this were tho case the rotational
transition tempceraturcs would e much larger in the alkcone
adducts than thc alkenc adducts, Experiment has shown that
this is not so and it wust be cconcluded that these terminal
intcraction calculations do not give a completc understanding

al

of the problem. The apparent discrepancy inrfhe assossmant
of the spacings probably arises from the fact{thc hydrocarboen

meolecules are packced in the channels at room tomperaturec,
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which is far above thc temperature of the transitions. The

packing of rotating molecules will clearly be less closce than

those of stationary molscules. Until X-ray data on the lengths

of the alkene moleculcs in the urea channcls becomes available,

no cenclusion can be drawn as te thc spacing of these groups.

In subscquent calculations the spacing of the terminsl carben

atomscfor all three types of interacticns is chosen to be

3,70 4. Hence thc longitudinal interaction paramcter, J,

is chosen ag half the rotational energy barricr at this spacing

using the Set I paramcter in the potential cnergy equation.

The valucs for J are 146, 125, and 433 cal molc “1 for the

ane - anc, cnc - ane, and cne - cne interactions respactively.
The high value for the cne - cno paramcter is probably

an undcrestimats in reality on account of the closec packing of

these groups in tho actual crystals. The sizc of the

rotational barrier is shown in Figs. 43, 44. If the moleculss

ordercd in tho channel hcead - hoad, tail - tail

— = =l = —] ji— —

1

it is feasible that they would commence rotation in pairs, the
cne - cne intcractions lecking the two molccules together.

Such a rotational transition would have an entropy value of

half that which would be cxpected if the molocules wore rotating
frcely with respect te cach other. Such a low value for the
cntropy was found to Lo so in tho rotational transition of the
urcae - 1- cicescnc adduct and it is thercforc considered that
the sicoscne melccules are arranged in this way. If this were

so the cicoscne moleculc would bchave as a C,. molccule, i.c.,

40
the latceral interactions and in consequencce the transition
temperaturc would be approximatcly doubled. However, Figs. 43,

44, show that theo two molocules would not necessarily be locked



143

sc as to be coplanar, in fact the most encrgetically favourabls
arrangements would be for the palr or molecules tc ke locked so
that th¢ planocs of their main chains werc at anzles tc cach
other of 60° or 20° depending whethor tho enc - cne interaction
was of the mirror image or non-mirror imagc typc respcctively.
Such an arrangement would result in a greatly rcduced latcral
intcraction and hence a much lower transition temperature.

The naturc of the rotational transition in the Hexadecens
and 1l-decens adducts can also be oxplained by the arrangcment
of the molecculcos in the channcls. The brnad unco-cporative
naturc of the doccne anomaly would perhaps indicatce that the
decens molecules have a variety of possible environments,

i.0.; thoy arc in a disordcrcd arrangsement in tho channgls.
The co-operative ancmaly of the urca - l-hexadecenc adduct
would similarly suggcst that the arrangement of the molcculcs
wag ordered, this ftimc with all ene - zne longitudinal

interactiong, i.¢.,

= = =

The temporaturc of the transition is less than in tho

urca - hexadccanc adduct, but this probably stems from cither

a smaller longitudinal interaction betwcoon ncighbhouring
molecules in the channcls or froem a rcduced lateral interaction
arising in a2 similar way to that suggested for the cicosenc

molccule
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(iii)  ISING - MOWTE CARLO M THOD

The Ising - Yeiss model used by Parsonage and Pemberton
(1967) to daescribe the behaviour of the alkanes within the urea
lattice has %ecen discussed in Chapter 1. D(iii}. The adaptation
of this theory to ezxplain thc behaviour of the head-tail ordered
alkenes in the urea lattice is simple, as it requires only the
changing of the valuc of the longitudinal coupling parameter.

The case of the head-tail disordered alkene arransemont is
complicated by the non-uniformity of the longitudinal parameters.
Indeed this system cannot bec treated in this way.

This problem has been tackled by considering the alkene
molecules as occupying the sites of a simple cubic lattice.

Domb (1960) has shown that in general the nature of the
fransition depends much more on dimensionakility than on details
of the crystal structure. A set of 512 moleculss is chesen
forming a cube of side 8 molecules. The longitudinal
interaction can be arranzed to bte the same throughout the system,
corresponding to an ordcred enc-ane arrangerient in the channels,
or it can wvary throughout the system, corresponding to a head-
tail discrderad arrangement in the channels.

The lateral interaction chosen is dependent ori the length
of the molecule. In addition an allowance is made for the fact
that in the crystal each hydrocarton has at least six neighbours,

while in this theoretical lattice it has only four.

T1r111 LiyTl
TT477 LTTLT
TT117 TrLrd
rrrTe Lertrl

a) A rotationally ordered b) A rotationally disordered
lattice Jattice
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Each molecule is considered to have two possible
rotational positions, corresponding to configurations A ,
such that /U = + 1 or /ﬁ‘ = - 1. The interactioh between
nearest neighbours only is considered. The total energy of

the system is of the form
B = :E: !
u__gkk'/“k/“k

where I is the energy, B is the relevant interaction parameter
and/U K and/k’k, are the configurations of two neighbouring
molecules k and k'.

Two sets of molecules are considered. One is arranged,
initially (a), so that all the molecules are in the same
configuration, i.e., %E,/ik: = Y N, where N is the number
of molecules, and the other set is arranged to be completely
disordered, (b), i.e., E? / k = 0. The properties of
these systems ggenow investigated using the Monte Carlo method
(Fosdick 1963). In this method each molecule is examined in
turn. If by changing its configuration, there is an energy,
AL, decrease, then the new configuration is accepted. If the
new configuration leads to an arrangement of higher energy, the
move is given a "Boltzmann - chance" of being accepted. By
this is meant that the Boltzmann factor, e E/kT is compared
with a random number between O and 1, and if the factor is the
greater, the move is accepted, if it is the smaller, the molecule
is retained in its original configuration. It is necessary to
make some assunption about the potential energy of the molecules
at the surface of the cube. In these investigations periodic
boundary conditions are maintained throughout the investigation,
i.e.y the system is surrounded by ghost systems composed of
molecules with configurations which match the central system at

all times.
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This proccdure is continued for toth scts of molecules
until the properties of ths sets converge, This convergence
is tested by cxamining the rclationships (15) (76) over the
previous 25 cycles, whorc ~ne cyclc is a zet of 512 é;g?s, one

for zach moleculc.

S 0,005 veues  (7.5)

{
[

.A ...‘ ’<;:Oool e e s o (7"6)

vhere U and U' are the cncrgics of tho molcculos in the first
and sccond gets and < > indicates that the average value is
taken.

When this convorgeoacy test has been satisficd z further
27 cycles of both sots of molecules arc undertaken. The two
scts of the molcculos are combined after cach third cycle and
the average cncrgy of tho molecules, < Il> , and thc average
of the squarc of the onorgy of cach molcculg { U2>is
dctermincd. A running average is maintained of theso two
valucs and the final valucs after 27 cycles, arc used to
calculatc the heat capacity, C, cmploying the rolationship
between the heat capacity and the fluctuation of the molecular

cnergics about the mcan.

<> — LoD
(RT)2 N

f=s] [
|

where R is the gas constant, T is thce tempeoraturc, and N is
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the number of molocules considored. The valuc of thc long
range order paramotor ( %rzzzb//lk}) is also calculated after
cach third cyclc. K '

Thcse calculations were donc for vavious values of temperaturc
on the University of London Atlas computer using a programme
written by Dr. N.G. Parsonage.

For those situations wherc the systom 1s supposed to ko
"frozen™ into a hcad - tall disordercd configuration, tho
programme begins by making an allocation of hcad - tail
orientations using pscudo-random numbcrs.

The following arrangements of the molcculcs werc studicd
in this way.

a) 1-Hexadccenc, cnc — anc ordorcds i.c.y longitudinal
and lateral coupling paramcters arc 125 and 67 respectively.

b) M-lcxadccancs i.0., longitudinal and latcral paramcters
wore 146 and 67.

c) 1-Hexadccenc, discordcred; 1.c., longitudinal coupling
paramcters werc 146, 125 and 433 corrcsponding to anc — anacy
anc — cne, and cnc - cnc interactions respectively and the
lateral parametcr was 67.

d) 1-Dccone, disordereds 1i.c., as for (¢) exccpt latcral
parancter was rcduccd to 47.

The valucs for C/R and thec long rangc order paramctor
obtained for these arrangements werc plottecd against tomporature
(Figs.47, 48, 49, 50, 51). It was hoped that this method would
denonstrate btoth the co-operative naturc of the transition in
the heat capacity of the hcad - tail ordercd arrangcment of
molccules, and tho non-co-operative nature of the transition in
a hcad - tail disordorcd arrangemnt.  The C/R s T curves
certainly confirm the co-opcrative naturc of the ordered

arrangencnt, but thcy also prodict very similar bohavbur fer the
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disordecrcd arrangcment of molccules. Therc is howcver
broadening to a certain ocxtent in the head - tail disordered
systoms studied. In considering thc actual valucs of C/R it
must be remembered that in the head - tail disordered arrangement,
with interactions of 433, 125 and 146, thc total heat of
transition will be greatcr than in the ordercd arrangerment,

with intcractions of either 146 or 125. A plot of the rcduced
heat capacity (allowinz for this cxtra heat) against tcmperature
would show a smeller maximurm in the heat capacity of the
disordercd arrangomcnt,but is net given herc owing to the

- difficulty in cstimating thc reduction factor in the disordercd
syston. The plet of the long rangc order parametcrs against
temperature indicates that thorc is a significant amount of
rotational order left in tho hcad - tail disordcrcd arrangement,
even at 3OOOK. This order is probably associated with the
configurations of the molecules involved in enc - cnc interaction.
Thus this mcthod docs indicatc that after thz bulk of the
transition in the disordered arrangement, therc is still a
significant amount of rotational order left.

No attempt has been made to reproducc the proposed cicosenc
arrangement. The molccules could be cffcetively locked
togcther by choosing an infinite cnc - cno coupling paramctor,
but this would lcad to no change of configuration being
accepted. 4 simpler solution w-uld be to assume that two
cicoscne molecules bchaved as onc now moleculc, and to ostallish
a now lattice with 512 of thesc new molecules. The longitudinal
coupling parametor would be then 146 (all anc — anc) and a
suitable lateral parametcr corrssponding to the longer molcculce
would have to be choson, bearing in mind that not all of the
carbon atoms of the ncw molcculc would e  in the samc planc,

The prescnce of a fairly sharp transition in the heat

capacitics of the head - tail disordered systems and the
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orcler
cxistence of a certain amount of rotationalf aftcr the transition

suggosts the possibility that the low experimentally deduccd
entropy valuc of the l-cicoscne anomaly could be indicative of a
lack of head - tail order in the l-eicoscne adduct. If this is
50 it 1s hard to undcrstand the non-co-operative anomalics

observed in the hceat capacity of the l-deccnc adduct,
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(iv) COMMENTS AND PROPOSALS FOR FURTHER WORK

The indication is that thc alkene molccules arc arrangcd in
the channcls in the manner doscribed in the previous scctions

and illustrated again telow.

1-Decenc (disordered head - tail)

1-Eicosene (ordered hoad — head, tail - tail)

11 [l [ —I{}

However the arguments put forward arc by no moans
conclusive and further inveostigations arc nccessary. X-ray
data on thc alkene adducts similar to that described by Laves,
Nicolaides and Peng (1965) would certainly throw some light as
to the hecad - tall arrangomecnt of the moleccules. Perhaps
bettcr would ko ncutron diffaction studics, as in this casc the
positions of the hydrogen atoms would be located.

Thc alkenc molecules in their pure state exhibit a similar

phenomenon. Up to C the alkenes are apparently head - tail

10
ordcred in tho crystallinc form, whilet from Cl6 upwards therc
is complete hcad - tail disorder. (McCullough, Finke, Gposs,

Messerly and Waddington, 1957). The conscquent rcsidual
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entropy at 0% of R 1n 2 of thc hexadecenc, etc., is demonstrated
by comparing the entropies at 2980K of the alkane and alkecne

homologous scries (Fig. 52).
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FigS1L.——The entropy difference between liquid #-paraffing
and l-olefins at, 298.16°K. as a function of number of earbon
atoms.  The diameters of the circles represont 0.1% of the
ohsorved entropy values for each pair of hydrocarbons.
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Such an cntropy diffeorence is not exposed in these
measurcments on thc ureca alkanc and alkene adducts; as the
molccules are confinad to thc channels and arc thoreforc unahle
to change the order in which thcy arc packed.

Comparison of the vapour pressurcs of the alkcne molccules
in the adducts (Pl) and in their pure form (PZ) would cenable

the cntropy differznce between the two states to be cvaluated.

Howover the vapour pressurc of the alkcne in the adduct is so
low, and the contribution to tho centropy from the packing rrder
so small, that thc method would be inscnsitive in detecting this
residual entropy.

Another thermeodynamic mcthod which may be a littlc more
succossful in peveeding bhis head-boil orderordiuorder 1§ Th0 measurement
of the enbhalpies of solution of thc adducts. Choicc of an
efficient solvent giving a low heat of solution, and a direct
comparison of corrosponding alkons and alkane adducts (c.f. the

gtudy of thc heat of transformation of ol to [3 - gquinol -

16
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Richards and Evans, 952 ) \4u1d enable bhe small enthalpy
diFferences due bo the  f/ff. o nk degrees of headt g ol
arder to be revealed. 1 . If the alkene
molecules werc rotating in vairs, as 1s suggestod for l-eicosene,
bhere might be o Furbher, observable increment in > bhe
enthalpy differenc  Lebween the |-olkene and n-alkane

‘adduch systems,
A major differcncc between the relative behaviours of the

l-deccene and l-hexadcecne molecules is that whoreas in the pure
crystalline state the l-decene molecculcs are orderod and the
hoxadecenc disordered, in the urca latticc the opposite is
thouzght to be the casc. In the purc statc the packing is done
at the crystallisation tempcraturc, and prcsumably at thesc
temperatures, in contrast tec deccene, the larger molccules have
insufficient frcedom to rearrangc themselves in thc ordercd
fashion. Packing inside thc urea lattice is done at room
tomperature and in solution,when it is expected that the
molecules are randomly arranged. The crdering of the Cl6 and
020 alkenes in the urcea lattice can be explained in torms of
packing in cexact unit cells. The lengths of the l-hexadccenc
and l-eicoscne molecules are very nearly simple multiples72 and
2%—respective1y9 of the length of the urea lattice unit cell,
but ho such simple relationship exists for the length of the
1-decene molecule. he choice of head - head, tail - tail or
head ~ tail ordering may bc controlled by thc most cfficicnt
way of packing into thce unit cells or on the cther hand it may
stem from thc quest of the ene group for a particular
cnvironment. A specific location of the ene group would also
£0 a long way to justifying the postulation of unit cell
packing, whereas previously (Chapter 1, (B) ), arguments were

laid out against the packing of n~hcxadecane in two unit cells.
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The possibility of the guest molccules moving along the
length of the channel hss not been considercd so far. If ene
groups vicre prefeéhtially located in a specific position in the
channel, the prescnce of a neighbouring, and similarly restricted,
cnc group could well restrict any motion alonz tho channecl
sgevercly. Thc abscence of any significant high temperaturc
anonaly, 225 - 235 OK, (see Table 20) in l-cicosenc could
possibly be explained by this lack of translational freedom.

So far three alkcnc adducts have been studied and all three
have been found to bchave differcntly, Study of furthor urea-
alkenc adducts in this way would probably revcal what indced
controls the packing of the molecules; the sizc of the molcculo
or its ability to fit insidc an intexral number of unit cclls.

Clocarly much intercsting work has yet to be donc in this

field.
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CHAPTZR 8. THS BAPERLIENTAL DETERMINATION OF THE HEAT
CAPACITIDS OF THIOUREA - CYCLOHEXANE AND
THICUREA 2, 2 DIETHYLBUTANE ADDUCTS.

The preparation of the calorimeter sample was conplicated
in both cases by the instability of the adduct (see Chapter 5
B(i) ). The heat capacities were determined between .12 and
3OOOK in the manner described previously. Partial and fully
autcmatic contrel of the shields was naintained in the
measurements on the cyclohexane and the 2, 2 - dimethylbutane
adducts, respsctively. he experinental values of the heat
capacities are listed in Tables 30, 31, and the heat capacities
at various temperatures corresponding tc smooth curves drawn
through the experimental points are presented in Table 32. The
root mean square deviations of the experimental points rrom the

smooth curves are shown in Table 26

TABLE 26. THT ROOT MISAH SQUART DEVIATIONS OF THE EXPIRIMENTAL
POINTS FROM A SMOOTH CURVS FOR THE HEAT CAPACITIES
OF THE CYCLOHEXANE AND 2, 2 DIMITHYLBUTANE THIOUREA

Temperature range
12-25°K 25-80% 80-300°K
cycé&hexane (13gn) 0.76 0.16 0.13
2,2 dimethylbutane (10gn) 0.37 0.29 0.15

As explained in Chapter 6, the Debye characteristic
temperaturesie'were calculated and found tc be 109 and 117 for
the the cyclohexane and 2, 2 dimethylbutane adducts respectively.

The entropies ST - SO were evaluated for both adducts for various



values of temperature,T, up to T = 3OOOK.
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The error introduced

by the Debye approximation for the low temperature region was

again insignificant.

A number of anonalous regions were observed in the heat

capacities of both adducts studied.
in greater detail and the shapes, enthalpies and entropies
Tables 27, 28.

involved in the transitions were assessed.

These regions were studied

TABLL 27. THE PROPERTILS OF THE ANOMALITES IN THE HEAT
CAPACITY OF THI THIOUREA CYCLOHEAANT ADDUCT.
/ - % -1 OK—].
£ H cal mole L2 5 cal nole
o nole of mole of nmole of rmole of
Tenp., K thiourea hydrocarbon thicurea hydrocarbon Nature
128.8 89 273 0.69 2.12 Very
sharp
130-150 26 79 0.19 0.56 Broad
153-161 2.8 8.7 0.02 0.06 Broad
170.8 11 34 0.065 0.20 Sharp
210-240 6.5 20 0.03 0.09 Broad
TABLE 28. THE PROPERTIIS OF THE ANOMALIES IN THw HEAT
CAPACITY OF THE 2, 2 DINEZTHYLBUTANE ADDUCT.
L H cal mole L /'S cal mole 1L
role of mole cf rnole of nole of
TemE.OK thioureg hydrocarbon thiourea -hydrocarbon HNature
69,9 25 73 0.36 1.04 Sharp
89.5 94 217 1.05 3.09 Very
Sharp
169.6 19.5 57 0.115 0.34 Sharp
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In addition there was a discontinuity in thc heat capacity
of the 2, 2 dimethylbutane at ~16% adduct comparable with the
low temperature anomaly reported in the heat capacites of the
urea adducts. Owing to the extra large scatter of the points
in this region in the study of ths cyclohexane adduct,it is not
possible to say whether such an anomély is present in the heat
capacity of this adduct.

The transition at 69.9°K in the thiourea - 2, 2 dimethyl-
~butrne ndduct heat capacity displayed a characteristic novel to
this present study. The transition had a long relaxation time
and in consequence a long period was required after the heating
run ( ~3 hours in the caserz&jﬁm75) before equilibrium was
reached. On the first occasion the sample was cooled below
the temperature of this transition, the post transition state
was "frozen in'. This was revealed by large warming drifts
between the heating periods below the transition temperature,
as the crystals slowly changed to their more ordered form. A
cooling rate through the transition region of about 1% per 50
minutes was required to avoid the 'super cooling',. This |
feature introduced added complications to the hydrogen run as
the rapid evaporation of the refrigerant necessitates that the
sample should be cooled as rapidly as it is expedient to do so.
In this case the sample was again cooled through the transition
region at a rate of 1K in 50 minutes. A slicght anomalously
high region of heat absorption ( ~~1 cal mole —1) was then
observed in the region 45 - 55OK¢ There is insufficient
evidence to conclude whether there is an increase in the heat
capacity in this region or whether the anomaly is as a consequence
of the sample being cooled too rapidly through the transition at
69.9OK. The curve (Table32 ) has been drawn ignoring these
points, but a second curve passing through these points is
indicated in bracksts. The entropy involved is insignificant

when estimating the total entropy of the sample.
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In view of the difficulties experienced in preparing the
calorimeter samples, it is possible that one or more of the
anomalieg

were due to the solvents used or to unadducted thiorwreas
The properties of the anomalies in the heat capacities of the
pure compounds involved are listed in Table 29. However, any
impurity would be present in very small gquantities and in such
circumstainces the properties of the anomalies would not

necessarily resemble those of the pure compound.

It should be noted that the snomilics in the hoat capacity
of the cyclohexane adduct at ‘~/1550K and 17OOK correspond
approximately to those in pure methanol. Ths hezts of the
anomalies are irn the right proportions and if duve to an
impurity of methanol would indicate the prescnce of 0.002 moles
(0.084g). The srror introduced to the smooth heath capacity
and the total entropy of the adduct is insignificant compared

with the conponent anavlsis error.
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TABLE 29, THE ANOMALIES IN THE HIAT CAPACITIES OF TIE
SOLVIENTS, ETC. USED.
Compound Properties Reforences
Mathanol 1) Solid I-Solid II. Ahlberg, Blanchard

Temp. 145 160,

H = 154 cal mole

2) Solid ITI - Liquid,
175.22%.

H = 757 cal mole ‘1.

& Lundberg. (1937).
Kelley. (1929).

n-Pentane

1) Soiid = Liquid.

Megserley & Kennedy,

143.47%K. _ (1940).
H = 2011 cal mole Parks and Huffman,
(1930).
Thiourea See Chapter 9.
Cyclohexane 1) Solid I-Solid II. Aston et al. (1943).
186.09 K. _1 |Parks, Huffman and
H = 1600 cal mole . | Thomas. (1930).
2) Solid IT - liquid.
279.84°K. A
H = 624 cal mole .
2, 2 1) Solid I - Solid II, Kilpatrick and
dimethylbutane 126.81 K. Pitzer. (1946).

H 1293

2) Solid II =» Solid III,

140.79°K. _
H = 68 cal nole

3) Solid III - Liquid,
174.28%K.
H = 138 cal mole

cal mole_1

°

-1

Douslin and
Huffman. (1946).
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TABLE 30 :
THE THIORUREA — CYCLOHZEXANE ADDUCT
t. of adduct in calorincter = 1344719 z.

(9-9018@. of thiourca + 3¢5701g. of cyclohoxane)

Hoat capacity of sample, Cp, in abs. Joules K -1,

-1e X
Heat capacity of adduct, Cp/mole, in cal. nolc 18271 (thiourca)

Run No. Toemp. %{ LT % Cp Cp/mole
1 80«21 4448 74292 13+398
2 84 74 4455 7589 13+944
3 89«33 4463 7859 142440
4 9399 464 8+070 14 +828
5 98 «62 4 65 84359 15359
6 10333 4474 8578 15 761
7 108 10 476 8 856 16 =272
8 112 *90 4 +85 9 +128 17°319
9 117 #78 493 9 *426 17319

10 12277 501 9+746 17+907
11 127415 3473 21757 394976
12 131461 518 11534 21192
13 136793 5+40 11+015 20239
14 11252 574 114353 204860
15 148435 5°90 11 *549 21220
16 153°43 533 11462 21+060
17 158*79 5°37 11657 214418
18 16423 5452 11758 21604



Table 30 (Cont'd).

Run No.

19
20
21
22
23
24
25
26
27
28
30
31
32
33
34
35
36
37
38
39
P40
P41
P42
P43
P44
P45
™6
47
T48

Tenpe OK

169475
17559
181.66
187.55
193-55
20000
206446
212.87
219+29
225476
232.81
239-68
246465
25368
260+66
267+53
27447
281+59
28385
206+29

53+03

57456

6207

6661

T1+21

1517
126443
12726
128.08

A %

5¢58
600
613
5463
638
6449
6+41
6e41
6441
650
6+80
6-93
702
7402
6:91
680
7-03
717
T34
7+48
437
4+55
445
4+61
4456
4e54
0-81
0-86
0-78

Cp

13.050
12.265
124457
12659
13013
13316
13562
13.922
1£.287
14660
14.961
15.086
15-390
15+649
15-963
16-273
16+644
17055
17-436
17-953

5466

5817

6-180

64472

6756

7+016

9.888
104323
13.288

182

CE{mole

23.978
224535
22.888
23+258
23911
24467
244919
25580
26251
26936
27-490
27719
28277
284753
29+330
29900
30-581
31-337
32-037
32986
10-043
10-688
11-355
11-892
129413
12-891
18-168
18-967
24+415
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Run No. Tormp. K A % Cp Cp/mole
T49 12862 0-28 67740 124 .464
750 128+ 86 0420 103 *291 189.785
151 12923 055 26 +089 4T+935
T52 129+ 92 0-82 11°493 21117
H54 1421 125 0-887 1-630
H55 16+ 48 234 1144 2102
H56 19- 23 2+92 1463 2688
H57 24e 11 Ae42 2-282 4+193
H59 2893 2+99 2+780 5+108
H60 320 44 2491 3246 5+964
H61 35 52 3.11 3+690 6-781
H62 38 75 326 44100 T+533
H63 4213 338 20437 8-152
H64 4579 3490 4759 8+747
H65 4952 354 5112 9+393
T66 168225 1+62 124337 22668
T6T 169 +69 1425 12+689 23315
T68 170°93 1-24 13+666 25+110
T69 172+20 1-29 124133 22293
T70 173+51 130 12041 22+124
71 12797 1+ 66 31647 58+148
72 130403 247 15364 28230
T73 132+69 282 10+903 20+033
T74 13551 2-78 11-283 20°731
75 138+ 31 2+ 67 11278 20722
T76 141°21 2+99 11+310 20-781
77 144+ 20 2:96 11+454 21-045
T73 147416 2491 11+ 746 21 +582

79 15011 2:93 11-388 20 +924



Tablc 30 (Cont'd)..

Run No.

T80
781
T82
83
T84
785
T86
T87
788
789
T90
191

o)

TemE. K

15305
156445
160.29
164410
133.73
136.82
139.87
14290
148-62
149+62
15044
151+26

>
3
V?

2492
3.83
3.72
377
3.11
3.07
3.04
3002
3-10
083
0+75
093

Cp

11.350
11.664
11.620
11.822
11.122
11344
11.439
11467
11-924
11+365
11-3C0
11-216

184
ngmole

204854
21.431
21350
21.722
204435
20.843
21-018
21+069
21-909
20+882
20+762
20+608
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TABLE 31. EXPERTMENTAL VALUSS OF THE HEAT CAPACITY OF
THIOQUREA — 2,2 DIMETHYLBUTANEL

Wt. of calorimeter sample = 10.2328 g.
(7.3881 g. of thioursa, 2.8447 g. of 2,2 dimethylhutane).
Heat capacity of sample, cp, in abs. Joule O =1,

leat capacity of adduct per mole of thiourea, Cp/mole;

in cal mole ~T %k "1,
Run No. Temp. °%. A Cp Cp/mole
1 80.24 4.84 6.210 15.296
2 85.06 4.89 6.965 17.155
3 89.09 3.27 18.093 44.564
4 93.25  5.04 T.260 17.882
5 98.32 5.12 T.480 18.424
6 103.49 5.22 6.694 18.951
T 108.74 5.30 T.947 19.574
8 114.08 5.38 8.164 20.108
9 119.51 5.48 8.347 20.559
10 125.03 557 8.54% 21.042
11 130.66 5.68 | 8.735 21.515
12 136.39 5.78 8.636 22.010
13 142.21 5.87 9.132 22.493
14 148.16 5.98 9.350 23.030
15 154.21 6.08 9.568 23.517
16 159 .14 473 9.638 23.887
17 163.92 5.82 9.992 24.611

18 169.71 5.74 11.279 27.781



Tablec 31 (Cont'd)..

Run No.

22
23
24
25
26
27
o8
29
30
31
32
33
34
35
36
37
38

P39

P40

P71,

PA2
P43
PAL,
P45
P46
P47
H48
HAS
H50

Temp. oK.

193.90
200.23
206.65
213.08
219.64
226.23
232.75
239.27
24071
251.48
258.26
265.29
272.67
280.24
287.93
295.90
304,42
53.97
59.02
63.72
53.21
58.19
63.00
67.35
71.33
15.50
12.50
14.5%
17.08

VAN |

o~

B
.

0 0 NN DY OO O O OOy ON

.28
.40

A

16
.69
51
53

I
r

.66
.18
.78
.28
.48
.68
.84
.01
.12
.22
.63

Cp

10.963
11.222
11.378
11.652

- 11.927

12,148
12.354
12.616
12.861
13.108
13.318
13.601
13.796
14.055

A
14.820
15.335
4.289
4.872
4,766
122
.165
.G42
.261
<519
811
.432
.614
0.865

co W o\ W

o O W
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CE{mole

27.002
27.640
28.025
28.699
29.37T
29.921
30./429
31.014
31.677
32.286
32.803
33-500
33.980
34,618
35,581
36.502
37.771
10.564
12.000
11.739
12.616
12.722
12.172
12.958
21.131
14.313

1.064

1.512

2.131
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Run No.

H51
H52
H53
H54
H55
H56
H57
158
H59
HE0
H61
T62
T63
T64
765
T66
i
768
T69
T70
T71
P72
P73
P74
PIT5
PT76
PETT
PT78
79
T80

Temp. K.

20,37
24.35
28.03
31.36
34473
38.34
£2.20
46.22
50.19
54.47
59.06
83.72
85.73
86.58
87.50
88.43
89.20
89.55
90.17

1 91.67
93.88
56.75
61.31
66.01
69.18
70.38
T1.46
73.03

167.74

168.98

3.80
3.97
3.25
3.25
3.42
3.68
3.99
3-99
3.90
459
4,46
3.24
0.79
0.69
0.92
0.94
0.59
0.12

1.12 -

1.83
2.57
4.63
4.50
4.87
1.43
0.98
1.18
1.94
1.21
1.27

Cp

1.
1.
1.
2.

2
2
3
3
3

~
et

® ~3 ~3 ~31 &

24

SO g 3

o

(o9}

160
495
849
179

499
.899
.260
.709
<9719
4.301
.616
653
.060
436
.873
.568
.929
183.
.223
.222
.229
.436
<779
.151
10.
46T

34

076

5.765

5.
10.
10.

684
231
979

187

CEZmole

2.857

3.672

4544

5.367

6.155

T.140

8.030

9.135

9.800
10.594
11.369
16.387
17.390
18.315
19.392
21.103
61.401

A451.57

20.254
17.788
17.805
10.926
11.771
12.687
24,818
20.855
14.199
14.000
25.199
27.042
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Run o, Temp. K. AT Cp Cp/mole
T81 170.19 1.16 15.760 38.818
T82 171.49 1.46 10.240 25.222
T83 173.08 1.72 10.208 25.143

84 135.93 5.77 © 8.938 22,015
85 141 .78 5.88 9.142 22.517
86 147 .64 4.71 9.324 22.965
87 177-49 7.56 10.367 25.534
88 184.98 T.42 10.621 26.160

89 192.34 T.30" 10.916 26.88T7
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TABLE 32 SIOOTH VALUES OF THE HEAT CAPACITY OF
THLOUREA — CYCLOHEXANT AND THIQUREA —
2, 2-DIMETHYLBUTANE

Heat Capacity in cal (mole thiourea) '

Temp, % Cyclohexane 2, 2=Dimethylbutane
0 0.000 0.0C0

12 1.172 0.962

15 1.756 1.622

20 2.902 2.764

25 4.114 3.844

30 5.362 5.018

35 6.644 6.264

40 7.760 1.492

45 8.640 8.648 (8.800) *
50 9.480 9.664 (9.768) *
55 10.29 10.62 (10.66) *
60 11.04 11.53

65 11.70 12.49

70 12.29 24.60

5 12.83 14.22

80 13.40 15.22

85 ' 13.94 17.05

90 14.46 21.15

95 14.96 18.05
100 15.44 18.61
105 15.95 19.14
110 16.46 19.66
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TABLE 32 (Continued).

Temp. e Cyclohexane 2, 2-Dimethylbutane
115 17.01 20.17
120 17.56 20.60
125 18.17 21.04
130 20.75 21.48
135 20.68 21.91
140 20.75 22.34
145 21.13 22.76
150 20.77 23.17
155 21.23 23.64
160 21.37 24.00
165 21.69 24.75
170 23.95 25.00
175 22.39 25.30
180 22.75 25.76
185 23.12 26.20
190 23.54 26.64
195 23.97 27.09
200 24.41 27.54
205 24.85 28.00
210 - 25.30 28.41
215 25.78 28.86
220 26.31 29.33
225 26.85 29.79
230 27.31 30.25
235 2757 30.69
240 27.74 31,15

245 28.10 31.62
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TABLE 32 (Continued).

Temp. g Cyclohexane 2, 2=Dimethylbutane
250 28.50 32.07
255 28.87 32.52
260 29.26 32.96
265 29.69 33.39
270 30.14 33.81
273.15 30.42 34.07
275 30.61 34.23
280 31.13 34.68
285 31.66 35.18
290 32.20 35.74
295 32.81 36,37
298.15 33.25 36.80
300 33.50 37.06

* gee texta
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TABLE 33« INTROPY (sT - SO) OF THIOUREA CYCLOHEXANE AND

2, 2 DIMETHYLBUTANE ADDUCTS IN CAL. (MOLE

matourEa) ~t % L,

1 Cal = 4.1840 abs. Joules. 0 °C = 273.15 °K.
Cyclohexanc 2,2 — Dimethylbutane
Temn. T °K. Sqp - o Sp = S
0 0 0
10 0.271 0.192
20 1.441 1.236
30 3.073 2.773
40 4,952 4.554
50 . 6.882 6£.468
60 8.753 8.389
70 10.55 10.46
8o 12.26 12.56
90 13.90 15.47
100 15.48 17.40
110 17.00 19.22
120 18.48 20.98
130 20.60 22.66
140 22.11 24,28
150 23.58 25.85
160 24.93 27.38
170 26.25 28.88
180 27.57 30.32
190 28.82 31.74

200 30.05 33.13



TABLE 33

(Continued).

Temp. T OK.

210
220
230
240
250
260
270
273
280
290

298.

300

«15

15

31.26
32.46
33.65
34.82
35.97
37.10
38.22
38.57
39.34
40.45
41.35
41.56

34.49
35.84
37.10
38.47
39.76
41.03
42,27
42.66
43.52
44.75
45.75
45.99

193
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CHAPTER G, DISCUSSION OF THE ANOMALILS OF THGZ THIOUREA —
HYDROCARBON ADDUCTS.

(4) Host Lattice contributions.

The hecat capacity of purc thiourca has bocon -casurcd by
Chang and Wastrum (1961) and has been discusscd by Weostrum and
McCullough (1963). (Fig. 58).  Anonaloushigh valucs of the
hcat capacity werc roccordnd in the teapcraturc renge 150 - QOOQK,

and thrcec distinct hcat capacity anonalics worce obscrved.

2) at 169.33%K AS ~ 0.04 cal %K ~L nole %
B) at 171.20% 884 0.01 cal %K ~% molo ~t
1 1

c) at ~v200% 28 ~ 0.17 cal %K ~* mole T

In addition a slight huap in the heat capacity was
obscrvod botwoen 210 and 260°K. i

These anonalics arc associateod with the forroelcetric
propcrtics of thiourca, which wors discovercd by Solotion (1956)
and Turther investigatcd by Goldsmith and Whitce {1959) and
Calvo (1960). Goldsmith and White hav~ reoportcd that thiourca
is unique anong known fcorroclcctrics in that it forns nolccular
instcad of ionic crystals. Tho forroclcctric bshaviour is
associatcd with the rclative displaccuents of cntirc nolcculcs
rathcr than with thce notion of iones within the crystal. It is
possible that the thiourca —olceculcs in the rhombohadral lattice
of the adducts may bo capabls of sinilar movencnts. Thoraforc
in attenpting to cxplain the origin of tho anchalics in the heat
capacity of thc thiourca adducts, the vory rcal possibility of

contributicns frem th~ thiourca lattico —wust bs consideorcd.
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In pure thiourea and in the thiourea adducts, similar
transitions in both shape and sigze have been found at about
IYOOK and therefore it seemns likely that the transitions have
a cemnon origin. The fact that the enthalpies of the
transitions in the two adducts do differ to a certain extent,
when it would be expected that the riclecules would have rather
sinilar environnents, is not unduly worrying, as Lenne  (1954)
has reported that the positions of the nitrogen atoms vary from
adduct to adduct. The broad anonaly between 130 to 1500K in
the heat capacity of thiourea - cyclohexane is similar in both
shape and entropy change involved to the broad anonaly in the
heat capacity of pure thiourea. Ko correspondinz?ﬂgg?been
observed in the thirurea - 2, 2 dimethylbutane adduct.

A study of the dielectric properties of the thiocurea adducts
in the temperature region would nc doubt be helpful in
establishing if the transiticns were due to the thicurea lattice.
Valuable infrrnation might also be obtained by neasuring the
heat capacity of a deuterated thiourea adduct, as ferﬁélectric

properties are well known to be often sensitive to deuteration.



Cs, cal deg-t mote-!

358_ The Heat Caf)a.ci(:lf of Thiourea
TEMPERATURE, K
0 100 200 300
| I ]
ssl l [ I /
20
o
°
= 12
>
- -
E @
(=]
> 08 2
O -
o
ar
©
04 8
g
l 0
10 E
TEMPERATURE, K
19
18
/]
z
-
[ |
180 190 200 2i0

TEMPERATURE, ‘K

Heat capacity of thiourea in the region of the dielectric anomalies

196.



197

(B) Guest nmolecule centributions.

The major co-operative transitions in the heat capacities
of the thiourea adducts are almost certainly due ito the included
hydrocarbon. Whereas in the urea adducts the position of the
guest nolecules relative to¢ the latiice was fairly straight-
forward, the greater dinensicns of the thiourea lattice leads
to many more possible positions of locating the guest molecules.
A~ray and analytical evidence indicate that the cyclohexane
molecules are located near the plane of the sulphur atons.
Lenne (1954) has also suggested that the cyclohexane molecules
are inclined at 35° to this plane. The position of the 2,2
dimethylbutane in the channels is not so clear on account of
the shape of the molecule and the sbsence of any symmetrical
packing, as indicated by the coriponent analysis results of
Redlich, Gable, Beason, and Millar. (1950).

Thus, it is evident, that as far as presenting a
theoretical rnodel to explain these transitions, the thicurea -
cyclchexane adduct is the simpler systen.

Dr. N.G. Parsonage has develcped a similar nrodel to that
used to explain the transitions in the urea adducts.

As in the urea adduct study, the inter molecular forces
were assessedy in an attempt to find the nmcost favourable
positions of the meclecules relative to each cther and to the
thiourea lattice. As suggested by other data, calculations
were made with the cyclohexane nolecules at various angles to
the plane of the sulphur atoms and at various relative
orientations with respect to the thiourea lattice and tc their
lateral and longitudinal neighbours. The sulphur atoms plahe
referred to is the plane perpendicular to the axis of the

channel in which there are three sulphur atcms (see Fig. 2.).
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There are six such planes in each unit cell. The cyclohexane
nmolecules were considered to be in their chair forn. The plane
of the molecule is taken as that plane which includes the axis

shown in Fig. 39 , and is perpendicular to the paper.

Fig.

axis

It was found that for a given angle to the plane of the sulphur
atons, in general there were three favoured positions.
This study led Dr. Parsonage to asszign each cyclohexane
nolecule six possible configurations, three at 30O and three
at 0° to the sulphur atonm plane.
The energy of any particular state was then given by
E = AV, + BY, 4 OV, eeew 9 (1)
where V2, V39 V., are interaction parameters determined fronm
the intermolecular potential calculaticns and A,B, and C, are
variables which depend on the configurations of the molecules.
The first term, AV2, in 9 (1) is dependent on the position
of the molecule with respect fo the lattice. V., is the

2
lattice interaction paraneter and

A=[1+(-1)/“] e 9 (2)

where /Kf = 1, 2, 3, 4y 5, or 6, acbording to the configuration
of the molecule. If the nmolecule is in a sloping position with
respect to the sulphur atoms, A is even (i.e.y 2, 4y or 6), and

if it is inthe plane of the sulphur atons, /u is odd (1, 3 or 5),
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l.e., A = 2 if the nolecule is sloping and A = O if nolecule
is in the same plane.
The second tern, BVB, refers tothe interaction of the

nolecule with its longitudinal neighbours. V, is thus the

3

longitudinal interaction parameter and
f‘ ] ]
i H
B - 1, j 1o (=0T e (-7
4 : !

B

M- p 2i

6

rnod %

eeee 9 (3)

/All = 1(1) 6 refers to the configuration of the nolecule as
before and M , = 1(1) 6 refers to the configuration of one of
ite longitudinal neighbours. If either one of these molecules
is coplanar with the sulphur atons (—1%/) = —1, and then B = 0.
If both are sloping

B =

! riod %

If in this case the molecules have the same values of /“ g
i.e., they are sloping but parallel, B again equals zero, but
otherwise, B = 2/6. The "mod 3" restricts the nuaber to the
range O and %, If the number is greater or less than this
range, it is either subtracted from six, or multiplied by minus
one, or both.

The third termS'VﬂC, refers to the lateral interaction of

S

the molecule. V,  is the lateral interaction paraneter and C is
4

given by

c = (1-%{1+(-1)/‘1]- %[1+<(—1)/*2>])i 1-6 2

nod % l

vees 9 (4)
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/ﬂ‘l = 1(1) 6 is the configuration of the nolecule as before
and <;f12:> is the mean configuration of all the molecules.
In the variables A and B it only nattered whether//“ was an
odd or even number, but in C the actual value froa: 1 to 6 is
important. Thig arises ag the three sites considered in
gach of the sloping and horigzontal positicns are not directly
above each other (Fig.60).

Fig. 60. i
E!
. Looking down the axis
. of the thiourea channel.
f3

<;/A 2)> has a value between 1 and 6. < ( -1) //u ?;> has

a value between -1 and +1 and is a neasure of the relative
occupation of the sloping and non-sloping positions. The
adoption of an approzimation of the lateral interaction in this
way is made so ag to avold an exact three dimensional Ising
nedel, for which at present there is nc solutioen. In this

way the exact Ising model is retained for the longitudinal
interactions, but a Welgs approximation is made for the lateral
interzctions. This procedure is similar to that developed for
the urea adducts.

If /M 1 is even

¢ = 1-%[ 1+ SEVN>Y '-/-{i%{&?-) .

od 3
eeee 9(5)
and if A4y is odd
C = -%—[ 1+ < ()] 7&1—%—22 — pod &

eees 9 (6)
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The configurational partition function is then determincd
using the matrix mcthod oxplaincd by tcr Haar (1954). As thoro
arc sixz possiblc configuratione of cach molccule, the matrix is
a 6 X 6 squarc matrix madc up of clemcnts of the form 9 (1).
Thc partition function is thon thc largest oigcnvaluo,/\ g of
the matrix. On account of two roots bcing zcro the cigenvaluc

cquation rcduccs to a quartic cquation of thc form.

>\4— 3y >\3+ a, >\2- a3>\ + 3, = 0 ....9 (7)

N )0 26: el % V3Y}( )
- H. + ] -~ - —— H.H, +H, H  + H
Mo R l o kT/_j 24t

/4 2
N /V3 s V3
- 1-3oxp +20xp| - —=— H2 H4 H6
y kT

_ [:l—exp (_ 6__5_)] (Hl +H, 4 H5)(H2 Hy + By Hg + Hy H,)

kT
2 3
+2[exp _/‘6.13.)] Hy H, I 1 (Hy +H3+H5) = 0
kT
vere 9 (8)
whoroH =oxp[- { __(_1+<( 1)/">)}I 1--( >{}
mod

for i =1, 3 and 5

and H, = cxpj - i-{zv _ (1 +<(-1)/">)} %>
3 kT 2 ) | 6 I4

mod &
for i = 2, 4 and 6
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Equation 9 (7) includes the two unknowns <& (-1)/u 2> and
<<;A42:>. In order to solve for thc partition function,
cquation 9 (7) is differontiated with respect to Vv, to give 9 (8)
and then cquated with cquations 9 (10) and 9 (11) which are
obtaincd by differentiating the partition function,A ;s by V

2
and V4 rospcectively.

>\= ZCXP A (AV2+BV3+CV4) i eeer 909

/U kT N
—;-\/91) = -{1 + <(=1)#>) ees. 9(10)
o R
3 Vs
1 (5_) - v b ayRE T
>\ AV 2.6 kT
41 V2 V3
V42"°V46
n= 2, 3, 4.
1/2A s @[ e T ]
N Ly L LT T p(n)
4n v, V3 2.6 kT
Y41 Va5 Vas
n=5, 6.
1 <Z)\ . Lenms <) [6-n +Zin(s)] B(n)
5V 0 2.6 kT :
A 4 V2 V3
Vv .V

41°°*Vaa )
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Similar, somcwhat morc complicatod trcatment, leads the
to thc following oxprossions for P(1) ..... P(6), the
probabilitics of the included mecleculos being in states 1 to 6

respectiveoly.

(% A 3
P(3)e )\3}1 }\?exp —(——) —1z H 4 (HH +rI4H6+H6H2)-2! xp\ /’-1} HoH H H,

4%4—3>\3a1+ 2)\2 a, - )\a3

for i =1, 3, 5. eeee 9 (12)

and N ?
P(i)= 1 /3Hi - >\2L1_ exp(—;—T—)]..

4)‘4_ 3 }\3al + 2 )\2 a, —)\a3

VA v

\ 63 3

- H, (H, + H, )+)\1—3oxp(—-——)+2exp\(-—-— -
i Yis+2 i+4 KT KT

6
~Alexp| - - Hy(H) + By + Bo)(Hy,, + By )

12 3
+2r;x (-—/(315-)_] HHH(H+H+H)
P 2476 5

|

S 9 (13)

For 2L, 4,0 where u = H.z_ and H)G = H‘._
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The coupling paramctcers choscn from the intcrmolocular
potential cnergy data werc as follows, V2 = — 4003 V2 = 16403
and V4 = - 17. (In cal. por Avagadro's numbcr of interactions).
Uging these paramcters the Ising - Weiss modcl predicted a major
order changc botwoen 50 and 909K (Fig. 61). Thc probabilitiocs,
P(1) (Fig. 62) indicated that below 50°K the molccules were
mainly locatcd at tho configuration, r=emy=4, that is a sloping
configuration. Above 9OOK the sloping sitcs werc occupicd in
approximately egual proportions. Thc population of the
horizontal sitcs gradually increascd thc tomperaturc (Fig. 62).

Thc predictocd order change occurrcd at a lower tompcraturc
and was far lcss sharp than thc major transition found at
~ 130%K in thc hoat capacity of thiocurca cyclohcxane. In
vicw of this it was decided to incrcasc the lateral intceraction
perameter, VA, to - 85 and then to - 170. Although the
temperaturc of thc order changc becamec more compatible with the
experimcntal obscrvation, the sharpncss of the predicted

transition was still not improved.

The two thiourca adducts studicd in this work have been
shown to havc anomalous rcgions in their heat capacitics, which
differ quite considcrably from each othcr. In thc urea adducts
much information was gained by studying a serigs of related guest
molccules, that is, thc homologous series of n-alkanes and
l-alkencs, but the wdoerstanding of the anomalics in the thiourea
adducts is often complicatcd by the difficulty of determining the
location of the gucst molecules in the channel., Howcver similar
studies on guest moleculcs which arc included in an integral
meolar ratio, as is cyclohexane, could lead to a grcater under-
standing of thc problem. The knowlaedge of thc systecm, and indced
the knowledge of intermolecular forces involved, would then
probably be still insufficient to successfuly predict the anomalies
in thc adducts studied, butthalr subsequent successful interpretation

may be possible.
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