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A1.STRACT 

The heat capacities of three urea-1-alkene adducts 

have been measured from 12-30010. The 1-tetradecene and 

1-octadecnre adc'ucts exhibit co-operative type anomalies 

but the major ano-aly in the 1-dodecene adduct occurs over 

a large temperature rar,e. T'ie excess e -tropi s involved 

were calculated and found to be co-parable with the 

entr ies deterr-ired for other i'rea-1-alkene adducts by 

earlier workers. Two small anor:alies, at 16K and at 

190-240X, also found in previnus 'Meat capacity measurements 

of urea adducts, were observed for tae three 1-alkene 

adducts. 

The possible erect of vibration or translation of t'le 

,uest molecules in the urea charels on the a7'duct heat 

capacity has been estimated by "onte Carlo samplinL technique 

and by considerinL the guest molecules as Ecrn-von-"Carman 

and Einstein oscillators. 

A miniaturised Joule Thomson cryostat s,stem has 

.been constructed and used as a cold strLe with a 

polarisinG microscope. This has been used to study the 

optical birefri7Lence of urea adduct crystal sections at 

low telnperatur s, in order to zain further 

,uest -clecule orrlerin6. 

The heat capacities of the tAiyirea ad'ucts of 

cycloheptane and cycloocta'le Piave been measured from 

12 to 300'C. To explain the complex series of anomalies 



found for both adducts the possibility of both host.  

lattice and guest 	contributions have been 

considered. For a very 1-rge brood anomaly for the 

cyclooctane addlIct the possibility of co-formational 

interconversion has been disc,issed. 

The heat capacities of three tungsten bronzes, 

-711)0.261103' K0.2e03 a-d  H0.46UO  have been measured 

from 12-:PDX. Ammonium and potassium tun_sten 

bronzes exhibit no heat capacity anomalies and the -neat 

capacity contribution from the 7%4' ion is consistent with 

this ion behaving as a restricted rotator. An anomalously 

high heat caoacity re:Lir:in - is observed in 1I 

	

0.40 
710,. 	A 

model of the 11 ions behaving as a 'proton• gas' moving 

in a peAoCle potential has beenconsIdered as a possible 

explrn ion for this ano-laly. 
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C'TA7nER 1 

Introduction  

A channel compound is so named because its crystal 

structure contains infinitely long channels in which 

molecules or ions are held by dispersion forces or by ionic 

attraction. The molecules or ions in the channels often 

retain a high debree of vibrational, rotational and even 

translational freedom down to very low temperatures. 1There 

are many experimental techniques by which the position and 

movement of the molecules or ions in the c annels may be 

studied. The most i-I)ortant of these are X-ray and neutron 

diffraction studies, nuclear magnetic resonance, dielectric 

studies and ':eat capacity measurements. 

In this thesis three types of channel compounds are 

studied. These are: 

(a) Adducts of urea with straightchain hydrocarbons; 

(b) Adducts of thiourea with cycloallsanes; 

(c) Ammonium, potassium and hydrogen tungsten bronzes. 

In the section below the crystal structures, co-posit-

ions and stabilities and molecular freedom in the channels of 

these com)ounds are considered. 

A. TE ADPTTCTS OF MLA 	T:TIOUREA  

Ai)  The Co7.Dositions and Structure of Urea and Thiourea 

Adducts  

Urea adducts were first prepared by Bengen (1940) and 

thiourea adducts were independently discovered by Fetterly 
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(1947) and Angla (1947). Thu major difference between the 

urea and thiourea adducts lies in the dimension of the 

channel in the'host' lattice. These dimensions may be 

explained in terms of the diameter of the approximately 

circular reuion whose perimeter is where the attractive 

and repulsive forces between the host lattice and the guest 

molecu'es ;alance out. In the urea lattice the 'guest' 

molecules are situated in channels 5.3 X in diameter whereas 

in the thiourea lattice the channels are 6.1 X in diameter, 

divided into zones by the large sulp!iur atoms. For this 

reason urea forms its most stable a,Iducts with straight-chain 

unsubstituted or terminally substituted hydrocarbons and 

thiourea with branch-chained or cyclic hydrocarbons. 

X-ray investigation of various adducts of urea with 

.straigt-chain compounds were made by Smith (1952), 7ermann 

and Lenng (1952) and Lenng (1;954). Smith examined powder 

patterns of n-paraffins and straight chain acids, alcohols 

a7.-d esters from C10 to C50 
and found t'-at they were esent-

ially identical. From more detailed single crystal Studies 

on the n-hexadecane adduct he found that the unit cell was of 

the hexagonal space group P61 2 or 1)65
2 and consisted of six 

urea molecules with a = 3.230 t 0.004 R and c = 11.005 ± 

0.005 	The urea molecules are• hydrogen - bonded together 

in three interpenetrating spirals to form the walls of the 

hexagonal channel lattice in the unit cell (see Figure 1.1). 

Each oxygen is hydrogen -bonded to four nitrogens and 

each nitrogen is hydrogen - bonded to 



-in 	(a). Projection along 

the "a" axis. 

	

k 	 

(b). Projection along 

the "c" axis. 

OA\ 

(c ). Projection. along 
the "b" exits. 
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FIG.1.1. The n-hexadecane - hexagonal urea structure. 

(After Smith 1952). 
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two oxygens. The spirals a5:e by chance in either the left 

hand or right hand direction. 

From a-axis Weisenberg patterns and •c-axis rotation 

photographs Smith found that the hydrocarbon molecules were 

in their extended zig-zag form parallel to the crystal 

c-axis. The diffuse bands found in the rotation photograph 

of the dibromodecane-urea adduct suggest that in general 

the repeat distance of the adducted molecule is not 

rationally related to the repeat distance of the urea host 

lattiCe. 

The electron density projection and implication diagram 

indicated that at room temperature the tine average of the 

positions of the plane of the hydrocarbon molecule his 

randomly disersed over positions per endicular to the 

a-axis and at multi)les of 600  to thiS position. However 

X-ray analyF,is is una_le to distinguish between rotation and 

random distribution amongst the energetically favourable 

sites. Smith assumed a distance of 4.o R between terminal 

methyl groups in the same channel (the sum of their van der 

'.Tanls packing radii). However more recently Lavest  

Yicolnides and 7eng (1965) have found the value 3.74 	in 

agreement with the potential energy calculations of 

:Parsonage and emberton (1967). The increased interaction 

between the hydrocarbon and the urea lattice makes this 

close :approach of terminal groups energetically favourable. 

Lenne (1954) has studied the crystal structures of 
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various thiourea adducts extensively. From single crystal 

rotation photographs about the main axis lie found that the 

host lattice belongs to the rhombohedral space group 

102/C with a = 15.3 5), and c = 12.5 X. The pseudob.exagonal 

unit cell co-prises six thiourea molecules and as with 

urea the host lattice contains hexagonal channels (but 

larger than in urea adducts as mentioned above). The 

different size of channels in the two types of adduct and 

the differing arrangement of the urea and thiourea molecules 

are illustrated in Figure 1.2. It can be seen from Figure 

1.2 4) that in every third plane of thiourea molecules the 

large sulphur atoms point towards the centre of the 

channel. The strong van der Waals interaction avilable 

in this plane e.rfects the position of the guest molecules. 

Urea forms adducts with most non-substituted. and 

terminally substituted straight-chain alkanes. Chains of 

less than six carbon atoms however form adducts not stable 

at room temperatnre. e.g. Schlief (1955) has even prepared 

the urea adducts of n-propane and n-butane at lower' 

temperatures and under pressure. Non-terminally substituted 

alkanes will form urea adducts only if the main carbon 

chain is sufficiently long to offset the unfavourable 

interaction of the substituent with the host lattice. 

With thiourea however only n-alkanes of sixteen carbon 

atoms or more win- form adducts. X-ray evidence (Laves 

7v.ico3aides and 7?eng, 1965) su, ests that the alkanes in 
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NH2 	 NH2 > 
NH2 - NH2 

(a) 	 9.11? 7110A  (b).  



these adducts coil around the walls of thiourea. Schiessler 

and Flitter (1.52) concluded from the study of Fisher-

Hirschfelder models of molecules that adduct with thiourea 

that the cross section of the guest molecule should be 5.8 

0.5 X by 6.8 ± 0.3 X. 

In general the urea adducs are non-stoichiometric. 

For instance the ratio of urea molecules to n-alkane mole-

cules is given by 

mole ratio. urea/n-alkane = 0.65n+1.51 

where n is the number of carbon atoms in the alkane. 

Similar relationships hold for n-acids and n-alcohols. Smith 

(1952) has suLL:ested that in the case of n-hexadecane, 

whose length is just greater than twice the host lattice 

c reoeat distance, the alkane is slightly shortened by 

twisting and stoicltiometry is obtained. He proposes this 

on the basis of discrete spots in the rotation photograph of 

the n-lexadecane adduct which may 1Je due to the guest 

molecule stoichior.etry. However Len_ Le (1954, 1963a) and 

Laves, Yicolaides and ;:eng (4965) disagree with Smith's 

interpretation of the X-ray data and assert that the' 

hydrocarbon molecules are in their fully extended 

configuration. 

Lenne (1963b) has reported stoichiometric urea 

adducts but with a rhombohedral (not hexagonal) host 

lattice. This lattice contains larger channels and can 

include guest molecules such as trioxane (unit cell/ 



trioxane ratio 1:2) and hexadecylcycl,'11.xane (5:2). The 

channel field is non-uniform and the guest molecules 

attain maximum van der Waals interaction by being located 

near to the oxygen atom plane of the host lattice. This 

leads to a rational relationship between guest molecules 

and host lattice and to stoichiometry. 

Si ilarly in. the rhombohedral thiourea lattice the 

guest molecules may attain maximum interaction with the 

plane of sul-Inir atoms. Lenne (1954) has shown from X-ray 

data that cyclohexane molecules are situated near this 

plane leading to a molar ratio thiourea: cyclohexane 3:1. 

Other exam-)les of this stoichiometry are carbon tetrachloride 

and w.w bridged dicyclohexyls (Schlenk W. Jr). In the 

second case the methylene bridges coil to accommodate the 

cyclohexyl group in. the plane of sulphur atoms. 

Lenne (1963b) has also reported urea adducts in which 

the urea host lattice is disordered in two dimensions. 

The urea spirals are not in the left or right hand. direction 

as with the hexagonal urea lattice (see Figure 2.1..b) to 

give (++++++) or ( 

 

) or as in raombohedral urea 

 

(+-+-+-). Instead they have arrangements such as (+++---) 

or (++-+--) which wilLalso give a closed canal whose axes 

will no loner-possess any rotation symmetry. Lenne also 

suggests that the guest molecules in these adducts will 

exhibit two dimensional disorder. As one of the adducts 

possessing a disordered urea lattice (according to Lenne) 



is that of n-tetracosane (the n-alkane with twenty-four 

carbon atoms) this is very relevant to the work in this 

thesis and will be discussed further in Chapter 4. 

(ii) Stability of urea and tiourea adducts  

Urea and thiourea adducts form clear hexagonal 

needles whose stability depends on the guest component. 

In general the urea adducts are more stable than those 

of thiourea. Neither type has a true melting point 

because the guest molecules usually escape from the 

channels before the adduct a -ppears to melt. 

The stability of the urea adduct lattice can only 

be understood by ow:paring the nature of the binding 

forces in the adduct with those in the tetragonal urea 

and guest molecule lattices. From infrared studies of 

urea (Strorrt, 1S57) and the urea adducts (Fischer and 

rcDowell, 1960) it was determined that both lattices 

contain strong hydrogen bonding. The length of the 

hydrogen bonds and other bond lengths in the two lattices 

(Wyckoff and Corey 1932a), (Smith, 1952) are listed in 

Table 1.1. 
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TABLE 1.1 Atomic Distances in Urea Crystal Lattices  

Urea-hydrocarbon complex 	Tetragonal urea 

C-0 	1.23 X 	C-0 	1.26 . 
C-N 	1.33 X 	C-N 	1.33 X 
N_7NT 	2.30 X 	N-H...0 2.99 X 

N-11...0 	2.93 X 	N-H...0 3.03 X 

N-11...0 	3.04 R 

Tn tetragonal urea hydrogen bonding between neigh-

bouring atoms results in a rather open framework rather 

like the situation occurring in the formation of ice. In 

the hexagonal adduct lattice the net shortening of the 

hydrogen bonds suggests that the empty lattice would be 

stable at room temperature. However although Kyrieau (1959) 

reported preparing small quantities of the empty lattice 

it is generally thought to be unstable. Thus although the 

hydrogen bonding is -possibly stronger in the }hexagonal 

lattice than in the tetragonal lattice, the hexagonal 

lattice has a higher energy than the tetragonal lattice and 

will be unstable with respect to it unless guest molecules 

are present. Then the increased guest molecules-host lattice 
mtertk.ce$61, 

Apossible wits the hexagonal lattice makes it the most 

stable form. 

Unlike urea adducts the tliiourea adducts are not 

stabilised by stronger hydrogen bonding. This is because 

the electronic configuration of sulphur allows donation 

of electronic density and thus impedes the formation of 

hydrogen bonds. In fact the nitrogen-nitrogen distances 
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in orthorhombic thiourea (Wyckoff and Corey 1932b) and 

in the thiourea adducts (Terme% 1954) are greater than the 

limiting N-H...N bond dista-ice 1=imentiatl and rcClellan 

1960). Also infra-red studies of thiourea and thiourea 

adducts (7kecke and Nutzelnig& 1(...51) showed negligible 

difference between the respective N-H stretching 

frequencies. 

However the ,data of Wyckoff and Corey (1932b) and 

Lenne (1954) shows that the C=S bond is lengthened and the 

C-N bond shortened in going frog orthorhombic to 

rhombohedral thiourea sug,r-esting that tautomeric forms play 

a more important role in the adduct. 

NIT 	 NH2 c=s  
NH2 

This accumulation of electron density on the sulphur 

atom may be an additional incentive for the guest molecules 

to be located near the planes of sulphur atoms. 

(iii) molecular freedom of• the guest in urea and  thiourea 

adducts  

(a) 7Tuclear racnetic Resonance Studies  

Urea adducts have been studied by N.r.R. methods by 

Gilson and McDowell (1959,1961), Umemoto and Danyluk 

(1c;,67) and Bell and,Richards (1969). 

Gilson and McDowell (1961) investigated the wide-line 

proton magnetic resonance spectra of the urea-n-tridecane 

and n-hexadecane adc7.ucts from 77K to 298K. The second 
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moments of these two urea-d4  adducts were below the 

calculated rigid lattice value at 77K and decreased 

rapidly in both cases reaching a fairly constant value at 

160K for both adducts. 't 220-230N there was a sharp 

discontinuity in the second moments of both adducts. The 

second moment for urea-d4- n-hexclecane is shown in FiL,ure 

1.3. Ume,lioto and Danyluk studied the urea-d4  adducts of 

n-dodecane, n-Getradt.:cane, n-he:adecane and n-octadccane from 

SO to 300K using the same technique. They found that the 

second moments all decreased with temperature but that the 

decrease was displaced to higher temperatures in a regular 

manner with increasing chain length. They also observed 

further small but measurable discontinuities in the second 

moments at temperatures ranging from 134 to 236K. 

Gibson and 7cDowell (1961) concluded from their results 

that the hydrocarbon molecules were able to rotate more or 

less freely about their locitudinal axis at temperatures well 

below those for the pure n-alkanes. Umemoto and Danyluk 

confirmed these conclusions and estimated from second moment 

measurements temperatures for the onset of this hydrOcarbon 

molecule rotation. The temperatures are listed in Table 1.2. 

TAELE 1.2 'Transition' Temperatures for Urea-n-alkane Adducts  

 

Adduct  Tt (second moments) 

114 
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144 

n-C12H26 
n-C14H30 
n-C16 H34 -  
n-;C18H38 
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Gilson and McDowell (1961) suggested that the 

dicontinuity occuring at 220-230K in the urea adduct second 

moments resulted from an expansion of the urea lattice 

allowing the hydrocarbon {;renter freedom of motion. 

Bell and Richards studied four urea-n-alkane adducts 

and two terminally substituted alkanes using nuclear 

spin relaxation methods from -150°C to the decomposition 

temperature of the adduct. All the adducts studied 

exhibited at 'T1' minimum at 3.57 -z. The value of T
1 
and 

the temperature at which the minimum occurred was found to 

vary considerably with the nature of the guest molecule. 

For these results bell and Richards suggested two 

possible explanations. First that the guest molecule can 

make torsional oscillations of fairly large amplitude 

about a mean position. Tn. this case as the temperature 

was incren.sed the torsional oscillation:,  would be expected 

to increase until complete rotation is achieved. The second 

explanation is that the guest molecule reorientates between 

tivo potential minima of very unequal depth as suggested 

by the calculations of Parsonage ancemberton (1967). The 

experimental activation energies obtained from T1 

measurements are compared with the potential barriers cal-

culated by Parsonage and -:,emberton in Table 1.3. 
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TALLE 1.3 

10 12 16 20 chain length of n-alkane 

potential barrier/(kJ mol-1 ) 
(parsonage and Pemberton) 

experimental activation 
energy/(kJ mol 	) 

7.1 

3.3 

8.2 

5.3 

3.7 

9.7 

10.8 

6.7 

Excepting the n-hexadecane adduct the calculated 

values are close to the experimental activation energies 

provided that -the:potential barrier due to interactions 

between. Guest molecules in the same channel which was 

calculated to be 3.0 kJ for a separd.tion of 3.74 X is 

included. Fell and Richards suggest that the n-hexadecane 

discrepancy is due to shortening of the guest molecule in 

the channel to obtoin stoichiornetry as postulated by Smith 

(1952). 

Gilson and 7,1cDowell also studied some thiourea adducts 

containing cyclic hydrocarbons. For the thiourea 

cyclo7lexane adduct they reported that tile second moment 

diminished from 2.7 gauss2 at 77K to 1.6 gauss2 at 298K. 

As 3.6 gauss2 is the calculated second moment for a cyclo-

hexane molecule reorientating about its triad axis the low 

experimental values sutLest some translational motion of the 

cyclohexane molecules in the channel. The narrow line of 

modulation width found for the thiourea-d4-cyclopentare 

adduct suggest that this smaller ring has greater trans-

lational freedom along the channel. 



-16- 

(b) Dielectric Measurements  

Mea:_ins (1953) found large dielectric absorption at 

microwave frequences for tl,e urea adducts of various long 

chain compounds with polar groups. He showed that the 

aosorption was due to the orientation of the long chain 

dipoles in the urea crystal lattice. The preen. of 

dielectric absorption in the 1:10 dibromodecane adduct which

should possess a resultant ?ero dipole moment as X-ray data 

shows that the guest molecules are fully extended suggests

that the C-Br di.-,oles are capa le of orientation independently 

of tie main carbon chain. Further evidence for the indep-

endent orientation of polar groups is given by the similarity 

of the dielectric loss factors of several ketones of vastly 

different chain lengths (C17, C31, C3,5). 

TheSe findings to not contradict the 7‘T..E.. studies 

and heat capacity measurements discused in this chapter as 

Yea7r:ins studied guest molecules with - bulky substituent 

groups and long carbon chains and both these factors hinder 

rotation of the molecule about its long axis. 

Lauritsen (1958) was able to calculate t e relax6tion 

times for re-orientation of a polar group from one position 

of minimum potential energy in the urea field to another and 

hence calculate the dielectric properties of urea adducts. 

His calculated values are in good agreement with Meakins 

experimental values. 

(c) fftat capacity measurements  

Pemberton and Parsonage (1965, 1)66) have measured 



the heat capacities of the urea adducts of five n-alkanes 

(C10, C12, C15, C16,  C20) and the 2-methylpentadecane urea 

adduct from 12 to 300K. Gradual transitions were 

observed in all the n-alkane adducts but not in the 

2-methylpentadecane adduct. The transition temperatures 

for the 'even' n-alkane adducts increase regularly with 

chain length and the n-pentadecane adduct has a transition 

temperature rather - higher than the even n-alkane curve. 

Cope and Parsonage (1 969) have studied ti.ie urea adduct of 

another 'odd' n-alkane, n-undecane. This adduct also 

exhibits a transition at a temperature rather higher than 

that ex ected from the even n-alkane adduct relationship. 

These results indicate that the transitions are due to t'.ie 

onset of rotation or re-orientation of the guest molecules 

about their long axes. The absence of a transition in the 

2-methylpentadecane adduct may be explained by the greater 

interactions of the substituted methyl group with the urea 

lattice hindering any rotation or re-orientation of the guest 

molecule. 

To understand the nature of these transitions more 

fully Parsonage and Pemberton (1967) calculated the 

potential energy as a function of the orientation of the 

n-alkane molec'lles in the urea channels. 

First they considered the urea-alkane interactions for 

various orientations of the alkane molecules and in various 

positions along the chancels relative to t e ure' molecules. 
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Molecnles with different chain lengths were considered. 

As the length of the n-alkanes is not rationally related 

to the hostiattice c-axis repeat distance the CH, units are 

in different environments, differing interactions are 

erienced by them and hence the urea-anane interactions 

vary irregularly with chain length. 

"ext the 'longitudinal' interactions between terminal 

methyl groups of guest molecules in 	e same adduct cannel 

were estimated for a seres of relative orientations of 

the two groups. This distance between the terminal groups 

was calculated by balancing the added interactions 

available to the ar.:.- anes and the urea lattice by close 

ap roach with the repulsive force experienced by the terminal 

groups. 1V -th this data thepotential energy barrier to 

rotation. was deterined. This barrier is independent of chain 

length. 

Finally the interaction between alkane molecules in 

different channels (lateral interactions) were determined. 

Various orientation of two al%are molecules and various 

relative st -F.irerings in the channels were considered: These 

interactions are very small but were found to be most 

iri.)ortant. 

Considering n11 three tyes of interaction together 

showed that there were six minima in the graph of potential 

energy versus orientation. However in order to si-p 	the 

mathematical treatment it was postulated that tie guest mole-

cule could re-orientate about its long axis between only two 
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•)otential minima one of lower energy than the other. The 

orientating effect of the urea lattice was represented by 

the term 2V cos 0 where 2V is the difference between the 

greatest and least minimum of the urea lattice-alkane 

potential energy graphs and 0 is the pease angle which 

is a function ofthe,, position oftlie.alkane molecule in the 

channel. 

The restriction of the ar7:ane molecule to two 

possible minima enabled the Ising model (first used tostudy 

ferromagnetism and antiferromagnetism) to be employed. 

Parsonage and -emberton considered arcane ":olecules in the 

same channel as a systeTI of dioles. At low temperatures 

all the molecules will be in the low energy potential 

minima. 

\/\ 

This is probably the' ferromagnetic' arrangement shown above 

for the even n-alkanes and the antiferwmagnetic arrangement 

for the odd n-alkanes. 

The Ising model considers only nearest neighbour 

interactions and the potential energy of interaction is then 

-Jiu1/4t2 where J is a parameter depending upon the nature 

of the longitudinal interactions and ick 1  and /2 are 

either +1 or -1 depending on whether the molecule is in 

the low or high energy orientation. However as Ising showed 
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a one di-nensional array is incapable of exhibiting a 

co-operative transition and hence the weaer lateral 

hydrocarbon interactions must be imf,ortant. The urea 

lattice can be considered to be the analogue of an external 

field in a magnetic :Using model. This gives then a three 

dimensional array with an external field. As neither the 

simpler three dimensional array without external field 

or the two dimensional array with eter;--.1 field have been 

solved exactly Parsonage and Pemberton were compelled to 

use an approximate solution. They did this by using a 

Weiss or 	:z-Williams model for the lateral interactions 

whilst retaining the exact Tsing model for the longitudinal 

i-teractions. The interaction in the Weiss model for the 

ith molecule in a channel is giveaby 4,0)44where 

is the average value ofitt taken over all guest molecules in 

the same plane (perpendicular to the urea host lattice 

c-axis). 

The partition f'nction for his model was then calcul-

ted using a matrix method due to ter TTaar (1954). 

was determined for various temperatures (by iterative solu-

tion of the derived equations relating c4A.L>with the 

partition function) and the temperature at which <>4.  1 

goes to <>4> WO was determined. This transition 

temperature was largely unaffected by variation of V, 

was very dependant on the value chosen for J, and varied 

in a linear fashion with J11  
• 

As T is approximately 
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proportional to chain length the model correctly predicted 

that he transition temperature is proportional to chain 

length. The model also predicted that the transition 

temperature of the odd adducts would be higher than those 

of the even series. 

The use of the Ising model restricts the entropy 

of transition to R In 2 whereas the experimental values 

in all cases were larger than this - perhaps because the 

guest molecfll es have more than two potential minima to 

re-orientate between or perhaps because they flex on 

re-orientation (i.e. behave lilce springs rather than 

rigid rods). l'Tevertheless Parsonage's and Femberton's 

T-Iodel is successful at predicting the temperature of 

transition and gives a good indication of the nature of the 

transition. 

Cope and Parsonage (196'4 measured the heat caacities 

of three urea 1-aihene adducts. Two ofthe-adducts (-C,.ose 

of 1-hexadecene and 1-eicosene) showed co-operative-ty)e 

anomalies but the third, the 1-decene adduct, co:Ttai'led 

several anomalous regions in which there were smooth 

shallow humps in the heat capacity versus temperature 

curve. The transition temperaturesof the urea-1-1exadecene 

and 1-eicosene adducts were slightly lower than the corres-

eonding urea-n-alkane adduct transition temperatures. Cope 

and Parsonage were able to show that the smooth humps in 

the urea-1-decone adduct heat capacity curve had an excess 

heat and excess 
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entropy similar to the co-operative anomaly of the urea-n-

decane adduct (their treatment is given in Chapter 6 

prrt (ii) of this thesis). 

The theoretical treatment of the urea-1-alkere adeucts 

is more complex than that of t e n-alkane adducts. This is 

because whereas the n-alkane molecules have only one 

possible ordering along the channels the 1-alkones may be 

ordered in three different ways (see Figure 1.4). 

FIGURE 1.4  SC EMATIC DIACRAM OF ORDII=G•OF 1-ALE  

MOLECTTLES ALO.  THE UREA C'1AN-NTELS  

Head-Tail Ordered 

read-7ead Or.Jered 

Disordered 

Cope (167) determined the barrier to rotrtion for the 

1-alkene molecules in the channels using a treatment similar 

to that of Darsonage and Pemberton. The adaptation of the 

1-sing-Weiss model employed for the urea-n-alkane adducts 

to the 1-alkene adducts with head-tail order is simple 

requiring only alteration of the longitudinal interaction 

parameter. However if the 1-alkenes are Lead-tail disordered 

along thechannel this model can no longer be used. 

Cope (1967) therefore used an Ising-Monte Carlo method 
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to study the urea-1-alkene adduct transitions. 	chose 

a cube of 512 molecules as his model and considered both 

the head-tail ordered and head-tail disordered arrangements. 

Allowance was made for the fact that in the crystal each 

hydrocaron has at least six neighbours whereas in the 

model it has only four. The energy of tie cube was 

determined from the su--  of the Ising interactions. The 

change in enemy, QE, of re-orientating one of the Guest 

molecules 	/(AL goes from +1 to -1 or -1 to +1) is 

determined. If the 4E is negative (the energy of the cube 

is lowered) the change is automatically accepted. If 

E is positive e 4'E/487.  is  co-l.pared- with. a random number 

between 0 and 1. If the exponential is greater the 

change is accepted, if less it is rejected. No sets of 

molecules were considered one initially completely 

rotationally ordered ardthe other initially coaetely 

rotationally disordered. Each molecule of the two sets was 

giver the chance to re-orientate repeatedly until the 

properties of the -t,ro sets of molecules converged. T .en the 

average of the energy for many cycles of the cube of 

molecules <E> and the average of the energy squared for 

the same number of cycles of the cube of molecules <-72,› 

were determined. Prom these quantities the heat capacity 

(Cp) could be evaluated from the relationship: 

Cp/P. 	<E2)  
512 • (1-LT)-  >2 



where B is the ;as constant, T is the temperature. 

Thecalculations were carried out for various 

temperatures with head-tail order and disorder for the 

three urea-1-alkene adducts. It was found that the head-

tail ordered and disordered arrrngements both predicted 

co-operative-type heat capacity anomalies. Thus it was 

impossible to explain the non-co-operative anomaly of the 

urea-1-decene adduct from these calculations. 

Cope (1967) also measured the heat capacity of the 

thiourea adducts of cyclohexane and 2,2-dimethylbutane. 

Both adducts exhibited a rather complex series of 

anomalies in their heat capacity versus temperature curves. 

The heat capacity of the- thiourea cyclohexane adduct is 
• 

shown in Chapter 7, Figure 7.1. 
The anomalies in thiourea adducts have two possible 

sources: the host lattice and the guest molecules. The 

orthorhombic thiourea lattice is ferroelectric at low 

te-peratures, Solomon (1956), Goldsmith and White (1959) 

and undergoes ferroelectric-antiferrelectric transitions 

in the 160-200K temperature range. The heat capacity has 

been measured by Chaneand 1.Testrum (1961) (Figure 1.5). 

The ferroelectricity in thiourea is unique in that it is 

associated with the displacement of complete molecules 

rather than with the motion of ions within the crystal. 

The rhombohedral tiiourea adduct lattice may also 

exhibit ferroelectric-antiferroelectric transitions at low' 
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temperatures although the different arrangement of rlole- 

miglt alter the size of the transitions and the 

temperatures at which they occur. The two adducts studied 

by Cope showed heat capacity anomalies at similar temperatures 

(17W.) to those in the orthorhombic thiourea lattice. In 

thiourea the heat capacity anomalies have an excess entropy 

of 0.9 JX-1  mole-1  compared with ,̂d6.3 JY,-1  mole-1  for the 

thiourea cyclohexane and 2,2 dimethylbutane adducts. 

Obviously the host lattice transitions cannot account lbr 

all the .heat capacity anomalies in the thiourea adducts. 

The guest molecules may begin to rotate or re-orientate 

themselves at sufficiently hiLh temperatures arid the onset 

of this movement could account for the other anomalies 

observed in the heat capacities of the thiourea. adducts. 

Parsonage (Cope 1967) devised. a model to.  attempt to 

predict the major (130K) transitim in thiourea 

cyclohexane adduct. The intermolecular interactions were 

determined to find the most favourable positions of the 

cyclohe:,ane molecules relative to themselves and to the 

t'aiourea lattice. From these calculations he decided that 

t:tere were six favoured confi urations. The longitucUnal 

interactions were treated by the exact Ising model and the 

lateral interaction by the Tsing-Weisrs model as used 

Parsonage and Pemberton (1967). Tie configurational 

partition function was determined using the matrix method 

of ter 71aar (1954). 

However this model predicted a rather broad transition 
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between 50K and 90K and variation of the coupling 

parameters although increasing tie tc7per-ture of the 

transition did not sharpen it at all. 

B. TT.TE TU7(STE7'T LROYZES  

(±) Co-position and structure  

7181Aler (1024) observed the formation of golden yellow 

metallic crystals while passing dry hydrogen over heated 

acid sodium tungstate. This was the first account of the 

formation of a tungsten bron7e (so named on account of its 

metal-like appearance). 

Tungsten bronzes are non-stoichio-etric compounds 

with :he general formula mxwo
3 

where Y is a metal (most 

commonly an aihali) or or TM4. Simi ar compounds of the 

type 1'xZ03  may also 	prepared where Z may be 

r/olybderum, vanadiu-m, niobium and titanium. In all these 

compownds x is a variable falling inthe range 0 < x ( 1. 

The crystal structures of the tungsten bronzes were 

first :investigated by 'TALL and Magneli (1954). There "are three 

ce-era] factors which deter-,ine the structure of the 

compound rxN0
3
. First as x decreases so does the symmetry 

of the crystal structure. Secondly the particular structure 

adopted by a bronze is governed to a considerable extent 

by the ionic radius of M. Finally all bronzes strictures 

are formed by the linking together of IJO octa'ledra at 

their corners. The two limiting structures of vaxwo3 
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with x = 1 and x = 0 are shown in Figure 1.6. °1TaW0,' has 

the perovskite type structure. Each unit cen.consists of 

a WO6  octa cdra, the six 0 atoms being placed at the centres • -  

of the 'faces of a cube. Eight sodiumSare located at the 

corners of this cube. Figure 1.6 b) shows the WO3  

structure which is a distorted Le03  structure with the 

tungsten atoms slightly displaced from the centre of the 

cube leading to W-W distances in the crystal which are 

alternatively short and long. 

Tn fact for NaxWO3 with 0.30< x(0.95 a cubic 

structure is found which is intermediate bctweenthe 

hypothetical Na xW03  and undistorted NO3 
i.e. 1-x sodium 

atoms are missing from the cube corners of the Ya
x
WO
3 

unit cell. For lowersoaum contents than 0.30 the structure 

sym7etry is lowered in several stages down to monoclinic. 

at very low x. The phasE diagram for NaxNO3  (Ribnick, Post 

and 	196” and the relationShip between the crys als 

phases formed is shown in Fig 1.7. 

Other metals with small ionic radii and hyrogen form 

tungsten bronzes with similar phase diagr=s. lioweVer with 

alihali metals of larger ionic radii (K, Rb, Cs and NH4) 

a further crystal structure is formed in which the WO
6 

octahedra are joned in six membered r'nLs to give a 

hexagonal symmetry)  (ragneli, 1953) 	The hexagonal 

structure is shown in Fig 1.$. Thelinxiumum value of x in 

NxWO3 is 3  for the,  hexagonal structure. The radii of 
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the inscri.=ed spheres in this structure-,is 1.63 R 
compare-' with 0.96 R 	for the cubic and o.:)6 and 
1.29 X  for the tetragonal strictures. 

X-ray studies of the tun :ten bronzes are 

dominated by the scattering of the heavy tungsten 

atoms and hence do not show the oxyLen and sodium 

,ositions. 	Kowever. Atoji and flundle (1960) studied 

"a 	 TO. 	by neutron diffraction methods and 0.75 
;ound that the sodium atoms were at the cubic cell 

corners as predicted and formed an ordered sub- 

lattice. 	"eutron diffraction studies of 11
0.23 .'O T, 

and ITurditch (,1 967) confirmed that the 

crystal structure wos identical to that of "a0.1703 
(Tetragonal TI phase). 	Ilowever here no evidence 

for orderinc of the hyroen atoms was found. 

(ii) Stability  

The ar:Iali metal tungsten brc=es are very 

unre-ctive. 	They are stable in air, insolsble 

in water and very resistant to-- r - E, acids. 	In 

the prc-e-,ee of ar:alis the tunusten bronze-  are readily 

oxidised to tuncstates. 	In contrcst the hydroccn 

tungsten bronzes are very reactive being  

attac7:ed by air and quantitively oxidised by hot 

dichromate -,olution. 

(iii) electrical and naGnetic ,usceptibility, 

mcnsurerlei'ts 

Single crystals of alkali metal bronzes with 

>0.25 exhibit electrical conductivity. 	gall 

by Dickens 
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effect and Scebec': effect ne- sure—ents together 

with the observed constancy of ther-lal coefficient 

of re7istance for different allea7 i metal bronzes 

su,est that the char_e carriers are free 

electrons in the common 'TO_ matrix. 

- elow x= 	0.25 a different mechanism of 

conduction is oiler ti—c. 	"c!Teill and Conroy 

(1962) found that for a single crystal. of Ya7X1 0.025 5 

the resistivity decrc sed with incre-_ting to-.1perature 
according to the relationship 	 r loGioix 	This semi- , 
conductor behaviour has since been noted for 

L4 	037 and in both cases an activation energy 
-0.397  

of 0.02e'r wrs found for the conduction process. 

Creiner and Shan7es (1962) have measured the 

of the cubic tun„sten 

bron- cs and found weak, tem,,errturc i7:'ependent, 

par-magnetism. 	They found that the magnetic 

susce pt7:11iLy,X, varier as X 0( Y3 and not as 

reCie",:cd by the L-nd theory )6 0‹:-:. 

(iY) 	—ucic-r rn,-ctic  

7ith the metallic-type electrical conductance 

and i-laLnctic susceptibilities of the tungsten broil:-es 

it might be expected that the n.-1.r. signal for the 

sodium or tun,stennuclei would be shifted to lower 

—ag:Istic fields relative to ti,e signal of their nuclei 

in non-metallic erviro=cnt. 	This shift which is 

ob - crve-' for many metals 's !mown as the Kright shift 

and is proportional to the density of conduction 

clectrons at the nucleus. 	Electrons in s-t.,-pe 



orbit-is or bands can contribute to the s':iift whereas 
those -131 p or d orbitals cannot. 	Stu,lics by Barnes, 
ITultsch and Jones (1959) and other wor%e:::-  s:_i_ur very 

or zero Knit s_lifts for t- InGsten brom-e 
sua;c:,tirc, that the 5d orbitals of tun_st,n rather 
than the s orbitals of the alkali metals must contribute 
to the conduction band. 



C. T"TS TTTESIS  

The work in this thesis falls into two main parts. 

The first is an extension of the work of Parsonage 

and Cope (see section A (iv) of this Chapter). Of the 

three urea-l-alkenc% adducts wliose heat capacities they 

measured t'lat of 1-decene was unique in having no co-operative 

- type anomaly in its heat ca:_)acity but instead exhibiting 

smoothy 77nomalous humps over a large range of tem)ernture. 

Ising !Tonte Carlo,  calculations Were unable to :1-edict 

this non-cooperative anomaly. In this thesis the heat 

capacities of three further urea-1-alkene adducts, 1-dodecene 

(C7.124)' 1-tetradene (c1 . :23) and 1-octrdecene (C1036) 

have been measured from 12-3007: to give more information 

abut the guest molecule transitions. It was also thought. 

possible thatoi)tical birefringence measurements on urea 

crystal sections at low temperatures might clarify the 

nature of the guest molecule transitions. To this end a 

low tennierature microscope stage was constructed and. used 

in cnn,'urction with a polarising microscope to investigate 

the birefringence of various urea adducts at low temperatures. 

Cope (1967) measured the heat capacities of the thiourea 

addicts of cyclottexane and 2,2 dimet-Tlbutane. In view of 

the very cor,ilex nature of the anomalies found in the heat 

capacities of these adducts it was decided to study the 

heat ca„-acities of two furtLer cycloalkane adclucts, those of 

cycloheptane (C71114) and cycloOctane (C
8
11
16
) 



It was hoped that these measurements mi,ht show which 

anomalies were due to the host lattice and which were 

due to the --uest molecules. 
We 

The second part ofAthcsis is concerned with 

measuring the heat cap-cities of some tungsten bronzes. 

The 7.r. a. spectrum of ammonium tungsten bronze has 
recently b:en studied by ')r. 2. G. Dic'zens and co-wor::Lrs 

of the. Inoruanic Che:-Istry Department, 0:.7.ford University. 

7arrowin; of the second moment of the bronze suggests 

increasin1 rotational freedom of the N14+ ions with 

increasing temperature. To study the thermodynamic 

prouerties of the MI, ions the heat capacities of 

(II-100.26"°3 and 70.2L703  were measured from 12 to 

3001C. 

7.7.'%.7.. measurements of roudard (1970) on hydro,en 

ti,n,:ten'bronEe sug vests that the 7+  ions possess a 

significant amount of molecular freedo:1 at low temperatures. 

As the hydrogen tons cannot have any rotational freedom 

they most probably accuire vibration or translational 

71.etion along the channels at temperatures  above zero' 

degrees .7Celvin. The heat, capacity of — UO, 	s 
-0.:0 j  

measured from 12 to 300X to give more information 

about the nature of this motion. 



ChAPTER 2 

The Adiahatic  Caloriiiieter System 

(i) Introduction.  

The most accurate and convenient way of measuring the 

heat capacity of solids at lo, temperatures is the method 

of electrical herting. In this method the temperature rise 

of the sample of solid and its container (of known heat 

capacity) is determined when a measured quantity of 

electrical energy is sup,-.1ied. An adiabatic caloril:.eter 

system is one in which no heat is interchanged between the 

calorimeter and its surrouncings during heat capacity 

measurements. Perfect adiabatic conditions can never be 

realised in practice but heat interchange betveen the 

calori eter and surroundings may be minimised by suspending 

t e calorimeter in a vacuum and surrounding it by metal 

shields which are kept at the same temperature as the 

calorimeter. 

The first adiabatic calorimeter was employed by Lange 

(1924.) 	The calorimeter system used in this research used 

Southard and Drickedde's (1933) refinement of the Lange 

calorimeter as the basis for its design. The cryostat was 

constructed by Kington and Edvards (1962) and the sample 

container, thermometer and thermocouple system by Pemberton 

and Parsonage (1966). Cope (1967) used this calorimeter 

system with certain modifications to study adducts of urea 

and thiourea. 



nr. 

In this research the apparatus which Cope describes 

was used to study three urea and two thiourea adducts and 

the tungsten bronzes. The control of the temperature of 

the adiabatic shields was automated by Stroud (1969) and 

this system was used for all the compounds studied. 

(ii) The cryostat and calorimeter vessel  

The adiabatic calorimeter system is shown in Figure 

2.1. The calorimeter vessel and shields are suspended from 

a brass plate (F) by nylon threads. Before starting on a 

series of heat capacity measurements the copper submarine 

(J) was soldered to the brass plate using iridium/tin 

eutectic solder (Johnson Matthey Ltd.). The brass plate 

was connected to the main frame (P) by a one inch diameter 

monel metal tube (G) which led to a glass line. 

The submarine was immersed in a large glass Dewar 

vessel (S) whicl contained the refrigerant. This Dewar 

was mounted inside a large iron can (T) which was raised on 

runners to make a vacuum tight seal when oolted to the main 

frame. The can (T) could be evacuated by a Kinney high 

capacity pump or vented to the roof by two inch connecting 

pipes. 

The refrigerantused for measurements in the temperature 

range 77-300K was liquid nitrogen; between 50 and 90K 

liquid nitrogen was cooled by evaporation (nitrogen is solid 

below its triple point at 64K). For measurements in the 

range 12-50K liquid hydrogen was the refrigerant. The 
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system was precooled with liquid nitrogen whic.,  was then 

forced from the Dewar with nitrogen gas and liquid hydrogen 

was introduced through (R) by means of a glass syphon with 

an evacuated glass jacket. As the heat capacity of materials 

fals rapidly below 80K precooling saves a considerable 

amount of hydrogen otherwise lost by evaporation. When 

the system had cooled to 30K the liquid hydrogen was 

pumped on and the terlperature eventually reached was below 

12K (-triple point of hydrogen is 14K). 

The calorimeter vessel (Figure 2.2 was manufactured 

from a platinum -10 iridium alloy by Johnson Matthey Ltd. 

and weighed 115g. with a capacity of 41cm3. The 

cylindrical body of the calorimeter (3.1cm diameter, 6.5cm 

long and 0.04cm wall thickness) was gold soldered to 

circular top and bottom plates (3.7cm diameter). The 

bottom plate contained two re-entrant tubes (0.8cm diameter), 

one to hold the thermometer and one originally intended 

for the calorimeter heater. A sort German silver tube 

1 cm long, 0.8cm diameter) was soldered to the top plate and 

was used for loading the calorimeter. 

(iii) The calorimeter heater and heater circuit  

The calorimeter heater used by Pemberton was housed 

in a second re-entrant tube in the bottom plate of the 

calorimeter vessel described above. However Finke (15(,5) 

reported that this form of heating leads to an appreciable 
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temperature gradient along tine outside surface of the 

vessel. To minimise this effect Cop( wound the heater 

wires around the outside of the vessel. 

A coil of cotton covered manganin resistance wire 

(s.w.g. '0, resistance 410 ohms) was wound uniformly 

and non-inductively around the varnished outside surface 

of the calorimeter. Copper wires (s.w.g. 34) which were 

soldered to the manganin coil were lead through separate 

holes drilled in the flanges of the bottom plate and fixed 

in the holes with: varnish (cryogenic insulating varnish, 

Oxford Instrument Co. Ltd.). These wires were cut shortly 

after the holes and bent to form hooks. To one of these 

hooks WFS joined a single lead of s.w.g. 38 copper wire 

and to the other hook was joined a double lead of the same 

wire. The reason for this choice of leads is explained 

later. 

The manganin wires were then covered with a layer of 

cigarette paper stuck down with varnish and a t in copper 

sheet (thickness 4 thou) was soldered to copper rings 

soldered to the top and bottom flanges, so asto completely 

surround the manganin wires wit_out making contact with them. 

The calorimeter heater current was sup lied by two 

six volt accumulators and controlled by a decade box(1 ohm 

- 10,000 ohms). When not in use the accumulators were 

discilarged through a dummy heater maintained at a similar 

resistance to the calorimeter heater. A switch 



ganged to switch A, the heater current on-off switch 

(see Figure 2.3), activated a "decatron timer" (LaJgear 

type D.4108), which together with a ten second "add on 

register" (type D 4109) gave a value for the time of 

heating accurate to 0.003. 

To measure the energy supplied to the calorimeter 

in a heating period the potentials Vi and Vr across the 

resistances Ri and Rv (Figure 2.3) were measured using a 

Tinsley vernier potentiometer (type 5590B) reading to 0.1 

microvolts in conjunction with a Tinsley galvanometer (type 

4500L). The resistance of Ri was 1.0001(3) absolute ohms 

at 20°C and Rx was 100.015 absolute ohms at 20°C. 

A major difficulty in the measurement of energy input 

in high precision calorimetry has been to determine the 

heat supplied to the calorimeter by the calorimeter heater 

leads (Ginnings and West, 1964). These leads mustnot be 

too thick (or heat will be conducted along them and will 

cause serious errors iparticularly at temperatures below 

4oK) and not too thin (as their resistance should h4 

negligible compared with the heater resistance). With 

the compromise chosen the heat develoiped in the leads 

cannot be ignored. It is then a question of deciding how 

much of this heat finds its way to the sample container. 

To overcome this problem one single junction and one 

double junction both of 38 s.w.g. copper wire were used 
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for the neater leads. Dy this choice of heater leads the 

heat supraied to tle calorimeter could be determined to 

an accuracy of better than 0.1c,i, by measuring the current 

and voltage between the heater leads at the base of the 

side shield (Cope 1967). 

(iv) The t_ermometer and t  ermomoter circuit  

The thermometer used in this research was a coiled 

filament platinum resistance therrr,om(2ter (called ucn) 

of t e type described by ',Layers (1932). It was constructed 

by Pemberton (1966) and calibrated from 12-300K by 

comparison with thermometer "A". Thermometer "A" was 

calibrated by Edwards (1959) against a tbermometer made 

available by Dr J. A. Morrison (then of the National 

Research Council of Canada). This thermometer was 

calibrated using the Provisional Temperature Scale.of 

the National l) reau of Standards below 90K and from 90K 

to 0°C the resistance of the thermometer was defined by 

the Callendar-Van DuSen equation 
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and above 0°C by trie Callendar equation 
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where t is the temperature in °C, Rt is t e resistance 

at temperature t°C and and 0 are constants characteristic 

of the thermometer. 
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The resistances of both "A" and Morrison's 

thermometer were quoted in international ohms but for the 

thermometer "C" the resistances were converted into 

absolute ohms to be consistent with the units of the 

standards of the mersuring circuit. 

The thermometer fitted into t,le re entrant hole in 

the bottom plate of the calorimeter vessel (see Figure 2.2) 

A snug fit and good thermal contact were ensured by 

wrapping the therometer with a piece of aluminium foil 

and coating the t ermometer with a little Apiezon T 

grease. 

The thermometer current was sup,2lied by five six volt 

accumulators. The measuring circuit is shown in Figure 

2.4. A 10,000 oh :s resistance in circuit kept the tkermo-

meter current virtually constant at ap-.)roximately three 

milliamps des7)ite the change in the resisuance of the 

thermometer. The potential across thethermometer was 

measured, onthe•vernier potentiometer, and the current 

passing through the thermometer was determined by measuring 

the potential across a calibrated ten ohm resistance 

(Pemberton 1966) in series with tike thermometer. The 

direction of t e current nassing through the t ermometer 

was reversed by the switch X. An average value of 

termometer current and potential for the two current 

directions was used to eliminate switch contacts and other 

parasitic potentials. 
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X was a nine-pole, four-way selection switch (Pye 

type 6001) and was of the make-before-break variety with 

a thermal e.m.f. specified as less than 0.2/A(  for 1°C 

across the switch contacts. The switch was housed in a 

metal box to prevent contamination by dust. 

When the thermometer was not in use the current was 

switched through tHe dummy thermometer (a decade box 

adjusted to a resistance similar to that ofthe- thermometer) 

to keep the batteries under constant load conditions. 

(v) The adiabatic shield asse 	(For letters in brackets 

see Figure 2.1.) 

In an adiabatic system convention, conduction and 

radiation of heat must be minimised. The adiabatic shield 

assembly was constructed to ensure this. 

The calorimeter vessel was suspended from and 

completely surrounded by three brass shields (F) which 

were kept at the same temperature as the vessel. This 

assembly was enclosed in a vacuum can (j) and the pressure 

inside this can was maintained at 10-6mm of mercury while 

heat capacity measurements were taken (minimising convec-

tive heat transfer). 

Transfer of heat along the calorimeter and t ermometer 

leads was minimised as fol ows. The leads were chosen 

to be as thin as practically possible and on entering 

the system by the monel metal tube (G) were wrapped around 

two rings (X and Y) attached to the brass plate (E). 



This plate and hence the wires are. in direct thermal 

contact with the refrigerant. The wires were then wound 

around the side shield so that they attained thermal 

equilibrium with it and therefore also with the 

calorimeter. Non-conducting nylon threads suspended the 

top shield from the brass plate (E) and the calorimeter 

from the ton shield. 

T e calorimeter vessel was polis.,_Ied and the outside 

of tie shields were plated with r odium to reduce heat 

transfer by radiation. The exterior surfaces of the shields 

were covered with aluminium foil to reduce heat transfer 

with the vacuum can (J) which was in contact with the 

refrigerant. 

The shield system was completely rewired. after 

completing to urea adduct measurements. No alterations 

were made to the system. 22 wires (16 copper, s.w.g. 40, 

and 6 constantan, s_w.g. 34) were wound around the side 

shield, one wire being placed in each of the 20 helical 

grooves. The wires were insulated from (and fied to) the 

side shield with varnish. At the base of the shield the 

constantan wires were passed straight into holes situated 

in the grooves and fixed there by filling the holes with 

varnish. 

Howeverthecopperwires being thinner tended to break 

more easily and so before the base of the shield they were 

soldered to short lengths of thicker (s.w.g. 26) copper 



wire which were then passed through the holes. To 

prevent the soldered junctions causing short circuits 

between the wires and the shields small pieces of silk 

ribbon were stuck under the junctions. 

The wires around. the shield were then covered with 

a layer of cigarette papers and a coil of manganin 

resistance wire (44o ohms, s.w.g. 36) was wound uniformly 

and non-inductively over the papers forming the side- 

shield eater. This heater was then covered with a layer. 

of cigarette paper which was stuck down with varnish. 

The top and bottoth shields were as used by Cope. 

Their resistances were 70 and 65 ohms respectively. 

From the top of the side shield the 22 wires were led 

as one cat,le for about three feet and then were 

individually wound around and stuck don by varnish to 

the rings (X) and (Y). From the inner ring the wires were 

led as one cable up the monel tube and out of the vacuum 

space at 0 to a tag board, where they were soldered to 

screened cables leading to the measuring circuits. 0 was 

a brass socket with grooves through which the wires passed. 

The socket made a tight fit with a brass socket and to 

ensure a perfect vacuum the wires were eared and the grooves 

were filled with Apier.on W. wax. 

(vi) The differential thermocouple system 

The system described by Cope (167) was used for all 

tie heat capacity measurements in this research. It is 
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sovn diagrammatically in Figure 2.5. As can be seen 

the side shield temperature was compared with that of the 

calorim ter and the top and bottom sields were then 

compared with te side shield. 

The constantan wires were joined to copper leads 

inside the equal temperature junction (a massive brass 

block surrounded by polystyrene) to ensure that no thermal 

gradients were set up between these junctions. 

It was possible that in,. uctive effects might have 

-occurred in thethermocouple wires when controlling the 

shields automatically due to the changing of currents in 

the various heater wire's. However no such eflLects were 

found presumably because each pair of t ermocouple wires 

had an environment sufficiently similar for no net current 

to be induced. 

(vii) The automatic shield control  

A completely automatic adiabatic shield control has 

been constructed by Stroud (1969) and this system was used 

from12,,3001( for all heat capacity measurements made in this 

research. A brief description of this control system is 

given here. 

A block diagram of the component parts of the control 

system is shown in Figure 2.6. The differential 
gojv G-A,ofrve6er - ivy/ t'P her  

thermocouple potential is amplified by a Klicrovoltmeter 

(Pye-type 11340/5) and is displayed on a chart recorder 
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(Leeds and Northrup Speedomax II recorder). A current 

adjustirit type (C.A.T.) control unit (Leeds and Northrup 

3 action C.A.T. control unit) which is integrally built 

with this recorder responds to the deflectibn of the 

recorder pen from zero producing a 'control' current which 

is made up of three components. First the 'proportional 

band' current which is proportional to the displacement 

of the recorder pen from the null position. Second the 

'reset' current which is a function of the time the pen 

has been displaced from the null position and third the 

'rate' current which depends on the rate of change of 

recorder pen displacement. The relative importance of 

these three currents is adjusted to give the best shield 

control using the 'Proportional', 'Automatic Reset' and 

'Rate' controls. 

The resultant control current is then fed into the 

transistor output unit (see Figure 2.7 (a)) and this 

supplies the 'process' current which energises the shield 

heater. All three heaters are powered by a single 6.0 volt 

d.c. voltage supply. When more than one shield is control-

led automatically the fluctuations in current demand of 

one shield cause variations in the current sup,Jied to the 

others ma'ang control for the C.A.T. unit more difficult. 

This effect was minimised by incorporating ballast 

resistances in the ton and bottom circuits which greatly 

reduced the fractional change in total current supiAied 
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with varying demands of the heaters. 

The zero of te D.C. amplifier circuits was adjusted 

manually. The control of t e C.A.T. unit was set on 

manual and the tAerh:ocouple was shorted out by switching 

to the 'zero osition' on a rotary thermal - e.m.f. 

free switch (Croydon Instrument Co. Ltd.). Coarse 

adjustment of the zero was then made using the control 

on the microvoltmeter. Fine adjustment was effected by 

changing the potential drop across a one ohm resistor 

by varying Y (see Figure 2.7 (b)). 

An e:-,ample ofthe,charts of the three shields 

controlled automatically during a heat capacity run is 

shown in Figure 2.8. 
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CHAPTER 3 

Experimental  Determinati.)n of heat Canacities 

Assembly Pis the calorimeter system 

The sample was introduced into the calorimeter vessel • 

through the German silver tube in the top plate (Figure 2.2). 

A hollow silver tube of external diameter lmm was soldered 

into a hole of suitable size in a brass cap which was then 

soldered with the tube onto the brass rim of the German 

silver tube. A low melting point solder was used (40 Pb; 

40' Sn; 2O' Bi) and the low temperature necessary to solder 

on the cap together with the very low tHermal conductivity 

of German silver ensured that h at-sensitive adducts did not 

decompose. 

The top of the silver tube was then fixed with Apie/zon 

W wax to make a vacuum tight seal with the glass-line (see 

Figure 3.1). then the sample was unstable to pumping at 

room temperature it was surrounded by an acetone-cardice bath. 

The calorimeter was evacuated to about 5 x 10-5mm then the 

system was isolated from the pumps and a dose of helium 

(pressure about 1 cm of mercury) was introduced into the 

calorimeter. This was to improve heat e change between the 

calorimeter heater ant the sample. 

The silver tube ws then sealed just above tIle 

calorimeter by squeezing :a.rd with a pair of pliers. The 

tube was then cut at te seal and a small amount of low 

melting point solder was applied to tine cut surface. Finally 
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the thermometer with a coating of Apiezon T grease was put 

into position. 

Weighings were made during the loding procedure to 

determine the wieghts of the sample, the empty calorimeter, 

t e silver tube, the low melting point solder and the 

Apiezon T grease. These were determined so that the 

appropriate corrections could be made to the heat ca,acity 

of the empty calorimeter. 

The vessel was then mounted in position within the 

shields. Ey making find adjustments to the three nylon 

threads suspending the calorimeter it was situated in 

exactly the same position with respect to the calorimetry 

rig for each set 4if heat capacity measurements. The .  

thermometer, calorimeter and thermocouple wires were then 

connected to the appropriate wires at the base of the side 

shield and the circuits were checked for the correct 

resistances and absence of short circuits. The copper 

submarine was soldered into position around the shield 

_asembly using Sn/In Eutectic solder (Johnson Ma-6they Ltd.). 

Decompostion of the sample and charring of the electrical 

wiring during soldering is ,prevented by surrounding the 

submarine with and ice/water bath. The submarine was 

evacuated for -bout two drys until a vacuum of 1 x 10-6mm 

of mercury was achieved. 

The hydrogen tungsten bronze sample decomposed in the 

presence of oxygen. To avoid any decomposition of the 



sample tie loading procedure was carried out in a pOlyt!ene 

'dry-bag' whic'_ had first been repeatedly Flushed through 

with oxygen-free nitrogen gas and then placed under a 

slightly greater than atmospheric pressure of the nitrogen 

for a bout an hour. When the brass cap and silver tube 

had been soldered into positionthecalorimcter was removed 

from the dry-bag, attached to the glass line and pumped out. 

(ii) The heat capacity measurements  

The heat capaicty of the sample and calorimeter is 

defined by 

Jr) 
(_Y 

T 

where L:r is the temperature rise of the sample and calor-

imeter due to a heat input Q. !owever finite temperature 

increments ( 1 	) must be emPloyed in real systems and 

so when C is not a linear function of T a curvature 

correction should be employed. however e=,. cept in regions 

of abnormally .high curvature the correction will be less 

than 0.15 if t e Z:lr's are less than 105 of the temperature 

and thus may be neglected. 

A correction must be made for heat exchange between the 

calorimeter and surrounds and for internal heating by the 

tiermometer current. This 	effected as follows: instead 

of taking justone temperature reading before heating t e 

calori eter and one after the calorimeter had equilibrated, 
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two series of readings were taken over a period of about 

ten minutes in each case. From t;ese readings the fore 

and after 'drifts' of the temperature with time were 

determined and tle e-act temperature of t.e calorimeter 

when tie calorimeter heater was switched on and switched 

off were calculated. 

The heat sup,,lied to the calorimeter was determined 

by taking several measurements of Vi and Vir (see Figure 

2.3). The average values of these quantities were then 

inserted in the equation 

E R 	_f _ s.) 	 .iy 
Rv -F7F; fry 

where E is t:e heat sup lied, s is t'e resistance of the 

leads from tLe base of tlie side shield to the measuring 

circuits and the other quantities are as shown in Figure 

2.3. 

A programme has been written for the London University 

Atlas Computer evaluating t.e heat capacity of tie sample 

plus calorimeter in absolute Joules K
-1 

from the 

temperature drift and heating data and the thermometer 

calibration. The heat capacity of the sample was then 

obtained by subtracting the corrected heat capacity of the 

calorimeter from the bulk heat capacity. The empty 

calorimeter .seat capacity was determined by Cope (Cope 

1967). 
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C 	4 

T".1-] 	ANT ./ 	Ic OF  TTTI:, C7TA—TET, CO" OTT--)S, 

t.\ "rea A.c  ducts 

(A) :reparation  

The literature contains many different metnods for 

the preparation of urea adAicts ( -enLen, 19i10), (7imriers-

c:lied, 1950), (Schlen%, 1951), (Ker-nann, 1962), (I'fcAdie, 

1962). Two slightly different methods were used in this 

tesis for -Lie preparation of iirca adducts, the --iethod 

chosen depe:Idini on the ,hysical nat -re of the guest. 

The adducts of 1-e,-decene and 1-tetradecene were 

prepared by ar'linc, tile .hy - rocarbon slowly to a satuarated 

rlethanoltc solution of urea until the hyrocar,on was in 

e:_ces -  with re3ect to the urea. The rli'zture was th 

warmed un 	the precipitate 	 for-ed clissci7_y c'. 

For the 1-octadecene aluct and the lonL chain n-alizone 

(prepared for 	T-easurements) the method 

of "cA'ie (1962) was used. "ere 	hydrocar-,,on (liquid 

or solid) was a -1(led to a saturated retlianolic soluti:or. 

The mixtre 	s 	war-ed to 60°  u 	-n 	C a7(1 isoproponol ' 

added drop 1.y drop until a hol-loceneous solution was 

obtained. 

Tn oth methods of preparation the ad'uct crystals were 

allowed to form slowly overiliLnt then filtered and wash=ed 

wit_ a little n-pcntane. The adducts were -ter left to 

dry in air for several hours. 



The reagents reagents used in add'tct preprraLion were: 

C,)m)ound 	Scrirce 	Grade  

urea 	"opkins and Williams Ltd. Analar 

-net' anol 	Hopkins and Williams Ltd. Analar 

isoprop=o1 	Hopkins and Williams Ltd. Analar 

n-pelitane 	 G.P.R. 

1-dodecene 	L.P. Research Sample 	S 240 

1 -tetradecene 	,_. .D.','. 	La'.7oraLory 
Reagent 

1-octreoene 	1.D.-. 	Laboratory 
1,ea6ent 

n-octac'ecrne 	 Ltd. 	Pure (better 
than 9.5) 

n-eicosane 	Researc_I Fample 

n.- -'ocosane 	Noch-Light Tabs Ltd. 	Pure 

n-tetracosare 	. Researc:: 	S 

n-ocfrcosane 	Noch-Light L- :,s Tet. 	Pure 

n-dotriacortane 	Losearch Snm2le 	1202A 

The purity of the three 1-alkeres used in calorimetric 

measure-lents was c:lecked by gas c1iroato6raphy. TTo 

.detectable impurity was found. The insra-recl absorption 

spectra of the 1- alkenes were also ..!cas'!red. In aition 

to all the characteristic absorptions of the 1-alkere 

molecules: (Showell, Russell and Swern, 1962) small peas were 

also roted for all the 1-aihenes at :_out S.,770- 	and for 

1-dodecene and1-tetradecene at 1 700 cm-1. 

The 1700 cm-1 dea!zs coincide with Lhe very strong C=0 

stretching freoue,Icy absorption and therefore are pro:.;ably . 
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indicative of very small amounts of alke'ydes or ketones 

being present. 

The 970 cn 	peas coincide with the 960 cm 	peak 

characteris,ie of a trans inLerralisomer. 

(') Analysis  

The urea: guest molecule ratio was calcul7ted by 

deter-ini-L theweight of urea in a k-)own weibht of adduct. 

was effected by h_tlrolysing t-e urea to a--ouium 

carbon-1:' a6ainst standard hy-'rocloric acid. Cope (1967) 

tested the r'et_iod with pure urea a-icl achieved a,reenent 

of analytica'ly ''etermined wei,ht to actual weiLlit to 

within 0.3. 

The procedure used in this thesis was as ollowS:  

About 0. 6 of urea adOuct were dissolved in water and the 

solution was m-de up to 250-11s. Four 25 "11 aliquots of 

solution (1 control an' 5 Er-) es) were treated in 

the followinL way: 

Con!rol 	 22ilples 

2 r1.1 of 0.5% UgC7_, 
solution. 'added am 
-7ixture aLitated. 

13 nls of e:c1:-ye suspension 
added arld. rli:ztures left 
sto,,;:esed averrlit. 

  

(suspension. Is 5 T'.17).17. 
urease taLlets in 50 7-ls 

7ater) 

1 ml of 10 	so .n 
	2 r-ls of 
	soln 

added 	 added 

Few drops of screeled methyl ora- e indcator 

0.T-  7C1 added until end 
point reached. 

0.7711C1 added until end point 
then nitrwen 
solution, for 5 -rains 	acid 
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• 
The titre used to calculate the weight of urea in the 

adduct was the mean of the three sam)lcs -,, i us -Cie control 

titre. The effect of the mercuric chloride solu on 

was to "all off' the enzyme solution ard the ritrogen 

was was used to displace any car,,on dioxide in solution. 

The three 1-alkene adducts studied calorimetricly were 

analysed before acl after the calori-leter r-ensurements; 

these results are listed in Table /1.1. together with 

Pedlichts (1950) analyses in alduct solutions. 

TA Li:.',  il.. 1 A'-ALYS1  01' TP TITLA-1-AL7= AD2TICTS  

urea/Guest 

Ad-luct  co of urea 	weight ratio 	molar ratio  

	

before after 	 present work 1.edlich 

1-dodecene 	76.9 	77.3 	 9.43 

	

1-tetr-idecene7 74.9 	3.30 	().31 , 

	

1-octadecene 7:.2 7.2 	3.3 	12.74 

The density of these add-/cts was required in order to 

deter: .. ine a buoyancy correction to their weiGhings. This 

was deter-ined fro-7 tl'e a7alysis results above and -Liao 

X-ray data of 	(1 952) for unit cell'composition,  and 

• dimesibnli. 

(C) X-ray 7uailysis  

recouse of the proposal '_ -)r Lenu (1953) that for 'any 

urea aelclucts including urca-n-tetracosane the -rea alttice 

e),hiLits ttwo-dimensio-lal disorder' it was thouGht advisable 

to study 	lecrys.als of urea-n-alkanes an,' urea-1- 
al%enes 	 technioues. 
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Single-cryst1 rotation photogradhs a:_mut the 

adduct c-a-.is were made by "iss r.s. 0s-bourne of the 

C3.emistry Departme't, imperial College usim., a Unicam-

S.C. Gorierleter. The urea a 'ducts stndied were t" ose of 

n-eicosane, n-etracosane and n-dotriacontane, 1-dedene, 

1-dodecene, 1-tetradece-e, 1-hexadene, 1-octadecene and 

1-eicosene. 

All the adducts stuclied gave rotation photographs 

consistent with a hexagonal unit cell and and the 

repeat r'istance was 11.1'. - 0.15 X in good a rec lent with 

S-ith (1952). A typical dlmtograph, the n-hexadeccre 

adduct is shown in Figure .1.1 (a). T e n-tetracosane and 

r.-dotriaco 	a'clucts e:_labited rather blurred urea 

lattice poi:- ts,However tl_ese are best explained by a 

-listorted urea lattice fro-  poorly formed crystals.  

ra;her V an by 1.:(3- 1i,-,e-sioral dsordcr in the urea 

lattice. The rotation p'ioto raph f ,r the urea-n-tctracosane 

,.tlduct is shown in ri,ure 11.1 	(14. 
All p,otographs &owed, to a greater or less e -Aelit, 

diffuse bands at their centre Cue to the ordering of the 

guest molecules. Disclete lattice points are not 

Ly tre L ,est-molecdes becu-se their lattice 

repeat distance is not rationally related: to the urea 

lattice repeat distance. 
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(ii) T' iourea A-'ducts  

(AN Tre nration 

The thiourea adducts of cycloheptane and cycloOctare 

were prep-red by the sane :,rocedure 	t o urea 1-dodecene 

and 1-tetradecene adducts. Various workers (Iledlich, 1950) 

(Lenne, i954), (Cope, 1967) have noted the instability 

of thiourea adducts in air at room Le'lperature. :101v-ever it 

was found fro-,  analysis results (see section B (ii)) and 

from physical appearance (a white powder is deposited on 

the :-urfrce of tiourea cCduct cr,stalL1 on deco-position) 

that the adducts of cycloheptane and cycloOctane are ciuite 

stable. Thc t'doure,a-cyclohep--ane adduct showed ho siLns 

of deo'iposition o.t 12 C for at least 24 hours whereas the 

cycleoctane r.dduct first showed signs of deo71,-)ositiOn 

after aLout 5 hours. 

Therefore t'.e two tiourea adducts after filtration 

fro-1 their -other liruor were washed wit:1 a liLtle of 

their re--?ectivc com'tuent cycloalkares and dried in air 

about 12°C for two ho-rs. 	• 

The rea6 rts used were: 

thiourea 	"o;:alls and 	Ltd. 	Analar 

methanol 	7op'..c.ins and 71illians Itd. 	Analar 

cyclohexane Hoiikins and 7illiams Ltd. 

cycloheptane Koch Light Labs Ltd 	Puriss 

cyclooctane 	.'.rota LiLht Labs Ltd • 	Pure 

The purity of the cycloheptane and cyclooctane used was• 

checked by gas c'h.ror7:etoGraphy. "ro 	was ,1.etected in 
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( ) Analysis 

The weLcht 	thicurea in a brown weii„ht of thiourea 

adduct may be determined by o:_idisini; the thiourea to 

urea. T'lis oxidation is quantitative if_iodine in alkaline 

solution is employed as the oxidisinc, a,ent (Cuthill and 

At'-ins, 193V. The followirG 	rocedure was adopted here: 

Standard sodium thiosul)hate oo17:ticn 

Ampoule) was titrated ri,a'nst 25m1 of approximate]; O.IN 

solution in 10 ml of 47'T sulphuric acid. The end 

point was indicated by the disappearance of the blue 

starch-iodine complex. 

A-  aqueous solut'on of a krown concentration of 

thiourea adduct (to give about 0.2L thiourea per 250 mls 

of solutor) was prepared. 25 -ls of tl-C_F: solution was 

treated with 10r1l of 2N sodium ydroxide, the solution was 

well shake-1 and t'-ten 50 mis of tie iodine solution were 

added. This mixture was stored in the dark for 13-20 

,7i:mtes to ensure complete oxidation of the thiourea to 

urea. 

The excess iodine was then back titrated with sodium 

t; iosnips.ate solill'on (20 mls of ii*T 	04  were first 

added to the stored solution). 

The o,idation proceeds accordi_l_ to the equations: 

21'Ta011 + 2 -) NaI0 + 7aIr + 11,0 

1120 + /INTa0I + CSChT-2)2 	CO 	)2  +L aI + 	SO4 



Z moles 12  EE 1 mole CS(Nli2 ) 2  

Cope (1967) sowed by comparing the weight of pure 

thiourea found from this analysis With its actual weight 

that the procedure was accurate to about - 1 ' J • 

- thiourea-cycloheptane and thiourea-cyclooctane 

a 'nets were analysed twice before heat capac=ity -Ireasnre-

ments were made. These analyses were made during t. le 

drying of the adducts at one ha- ir intervals to determine 

the rate of adduct decomcosition. The adducts were again 

analysied after st_le heat capacity runs. These analyses 

are listed in T - -le /1.2. 

' A.=LE 4.2.  A-ALYSES or T 'T-"1 DA-CYCLOAL A''Th; Anr'"CTS  

thio"rea 	 thiourea/guest .1:olecule Adduct  

1 	2 	After 	wt ratio 

cycloheptane 69.11 69.6 70.0 	2.:32 

cyclooctane 67.0 	67.4 	2.02 

molar ratio  

 

(C; 	aaaJysi ,  

Tenne (197') fro-- si ,le crystal rotation photo,ra„:_s 

of thiourea-cycloaex-ne fo=ind that the cyclohexane molecules 

for-led discrete lactice points due ta 	 beiag 

situated near tie sulphur atom plane in the thiourea 

c..-nnels and forming an or -'ered three dimensional array. 

Single crystal rotation ii.o -Locrap s of thiourea 

heptane and thiourea cyclooctane were ta:cer. by 7 'iss 11. S. 

Os Bourne of the Chemistry T)edartment, Imperial College. 
The photographs of both adducts were consistent with a 



rhomboahedral unit cell and the c-axis lattice repeat 

distance 12.5 ± 0.1 X agreed well with that found for the 

cyclo-hexane adduct. ( see Figures 4.2 (a) and (b)) 

Kowcver neither the cycloheptane or the cycloOCtane 

ade.uct exhibited any lattice structure due to the guest 

molec,Ile. This effect is disc'isaed in Chapter 7(iii). 

Tungclten 'ronzes  

The three bronzes studied in this thesis were prepared 

and analysed both quantititavely and. structurally by 

"r. D. Yurphy and Dr. P. C. Dicl:ens of the Inorganic 

Chemistry Department, Oxford. 

(a) :reparation 

A-i-onium tungsten bronze was prepared by heatinio  

a-lmonium paratungstate to 400-450°C in an atmosphere of 

hydrogen. 

5(NT-,) 0.1210,.:c: 	5 	c 12.wo,.111,0 4 2 	purip 	j 

2,1,43:-45ec 

(y7)D.26U03 

• The potassium tun,sten bronze was pepared by heatillg 

together potassium tunstate, tuacsten -etali and tungsten 

trioxide mixed in the correct proportions to Live the bronze 

:C0.26'103. 

The hydrogen tungsten bronze, 110.h0UO3  was prep- red 

by treating polycrystalline rung ten trioxide with zinc and 

hydrochloric acid in the absence of air. 
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A-nnlysis  

All three bronzes were analyE ed t:lernoeravimetrically. 

The hydrogen and a-nonium tun_sten bronzes were both 

oxidised to tunLsten tri,-,ide. The potassium tun_steu 

bonze was converted with oxy en to potassium tun state and 

tunesten trioxide. The 1„,-4-  ion was also estimated 

quantitatively by atomic absorption spectroscopy and the 

-::11 ratio was determined by X-ray fluorescence 

spectroscopy. 

70th the hydrogen and an-onium -ole fractions v rc 

also deter-- pined by oxicf_at'on; :lydro en by oration with 

warrl dotassiun dichrenate solution and annoniun by 

reaction wit:1 silver thiocyanate. The a-monium content 

was also deternined by the NjePahl met.uod. 

(e) (3tructnra1_ analysis  

The stucture of the potassinn tungsten bronze was 

first determined 	Magneli (1953) using X-ray nethods. 

found -diat the' unit cell was hexaL,oral (space group 

D 1  
	- C6  P-cm) with six WO, units per unit cell. 7nit cell 6.  

diensions for - 	7/0 were a' = 7.40 	0.01 X, 0.27' 3 

c = 7.56 = 0.01 R. rurphy (196e) found that. (''711.00.2671°3; 

possessed the sane crystal structure with 	.39 t 	015 • 

c 	7.56 	0.015 X. 

The structure of the cubic hydrogen tungsten bronze 

has Leen studied by Dickens and Wisenan (1970) using neutron 

diffraction. The space group is cnbio 13  . The WO., 
m 
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octahedra are distorted in the sodiiri, lithium and 

1-y-drocen bronzes, the decree of distortion IncreasirL, in 

the order 7,1 > Li 	 Na,;›,  



ChAPTER 5 

Optical.  Lirefrinence Measurements 

(i) Introduction 

Crystals may be classified by their optical 

properties into three different types: t'ese are isotropic, 

uniaxial and Liaxial crystals. For an isotropic crystal 

the velocity of light in tLe crystal is the same in all 

directions whereas for ananisotropic crystal (uniaxial 

or biaxial) the velocity varies with the direction of 

propsagation. 

A ray of light entering an anisotronic crystal will 

in general be divided into two rays travelling with 

different velocities and plane polarised at right anL;les 

to one another. Crystals of the hexaGonal, tetragonal 

and trigonal systems have only one direction, the optic 

axis in whicb double refraction does not occur and thus 

are known as uniaxial crystals. Ort orhombic, monoclinic 

and triclinic crystals possess two directions in which 

double refraction does not occur and are known as biaxial 

crystals. 

The optic axis of the hexagonal crystal system is the 

c - axis (see Figurel.1). Thus if we consider the 

hexagonal urea ost lattice, neglecting the occluded guest 

molecules, light passing along the c axis should not be 

doubly refracted. If the guest molecules are rotating 

(they have no preferred orientation) then they will have 
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isotropic optical properties like a liquid or gas. 

At low enough temperatures the guest molecules 

may cease to rotate and adopt an ordered low-energy 

arrangement. Two possible types of ordered arrangements 

may be imagined (Figures 5.1 a and b). 

In the anisotropic arrangement the guest molecules 

are alligned in parallel. In Figure 5.1 a) t!)e molecules 

are all pointing in the same direction (as in a 

ferromagnet) but the arrangement in which all tLe molecules 

point in the opposite direction to their nearest neighbours 

(as in an antiferromagnet) would be another possible 

anisotropic arrangement. For t.e anisotropic arrangements 

light passing along the c - axis will be doubly refracted. 

In Figure 5.1 b) t- e guest molecules are arranged in 

cyclic closed systems and this type of arrangement yields 

an isotropic section and so light passing alom:  the crystal 

c - axis will not be doubly refracted. 

Similar guest molecule arrangements may be envisaged 

forte t-iourea - cycloalkane adducts. 

If the guest molecules of the urea or thiourea' 

adducts undergo a transition on cooling from a rotating 

(isotropic) phase to an anisotropic phase t en light 

passing along the crystal c - axis will change from being 

singly reracted to doubly refracted and optical bire- 

fringence will be observed below the transition tel:Iperature. 
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However if the guest molecules go from the rotating 

phase to an isotronic ordered arrangement (as in Figure 

5.1 b)) no optical birefringence will be oLserved. 

The optical observation of polymorphous phase 

transitions was first achieved by Koptsik, Strukov and 

Nevedpmslcaya (1960). They measured the variation of 

olytical birefrigence 	th temperature for crystal 

sections of ammonium sulphate and ammonium fluoeryllate 

of unspecified thic:cpess cUtperpendicular to their 

ferroclectric axes. For these measurements they used 

a 'solarising microscope fitted with a thermostatic stage 

cooled with liquid nitrogen and a 7,-;erek Compensator. 

They found for both compounds that t e optical birefringence 

changed sharply at the ferroclectric-paraelectric phase 

transition temperature. 

In the present wor7: the variation of otical 

birefringence with temperature was studied using a 

polarising microscope with a miniaturised Joule-Thompson 

rapid-cooling cryostat as tie cold stage. 

(ii) The  a-Tparatus  

(a) The Joule-Thompson Cryostat. 

The cryostat used was an ,Emicooler' rapid cooling 

cryostat (see Figure 5.2) Jam& made by E.!!.I. Electonics 

Limited. The gas passed through the cryostat was argon. 

With this gas liquid argon (bp- i2g.9t) was produced by the 
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The system Jor regulating the pressure supplied to 

the Emicooler and purifying the argon gas is shown in 

Figure 5.3 The tubing leading from tLe argon cylinder and 

the tubing leading to:the Emicooler was V8 o.d./3/16 i.d. 

cupro-nickel, used here because of its high clexibility. 

All other tubing in the system was 5/16 o.d./1/8 i.d. 

stainless steel (Tubesales Ltd.). All couplings and 

adoptors from the tubing were stainless steel 'Ermeto' 

couplings (ritish Ermeto Corporation Limited). Steel 

adaptors rom the Ermeto couplings to the molecular sieve 

container and the pressure gauges were made by 

Industrial hydraulics Limited. 

The reLulator (hymatic Limited) enabled variation 

of the pressure on the low pressure side from 50 p.s.i. to 

full gas cylinder pressure (about 2500 p.s.i.). Pressure 

gauges (Ludenberg United) read from° to 5000 p.s.i. 

The stainless steel moleeular sieve container was machined 

in the Chemistry Department Vori!;:sop,Imperial College. 

All cmponents in t..e system were designed to'have 

a minimum burst pressure at least siN times the maximum 

working pressure (2500 p.s.i.). 

(h') The optical system. 

A Zeiss polarising microscope (t:;peli0A) 	a 

mechanical stage and incorporating a Bertrand lens was used 

to study the crystal sections. To determine t e optical 

birefringence quantitatively a erek compensator was 
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available. 

The Emicooler fitted on to the mechanical stage and 

its perspex window shoed no strain through crossed 

polars. However when the Emicooler was working vater 

vapour condensed and froze on the window. To avoid this 

a box of perspex was constructed with a hole for the 

microscope lens. The microscope lens was surrounded by 

polyurethane foam to make a reasonably airtight fit with 

the perspex box when in position. With this arrangement 

the argon gas from the Emicooler purged the box and 

prevented any water -:apour condensing. 

To determine tie temperature variation of the 

optical properties of a crystal section it was necessary 

to know the temperature of t]e clear perspex 7-indow at 

the centre of the Emicooler. However any tem-*erature 

measuring device on this window would block the light 

passing though the microscope and make microscopic 

investigation of crystal sections impossible. 

This difficulty was overcome by securing a coper-

constantan tiTermocou)le near the window (but not oVer it) 

with a little plasticine. Lir-uids of known freezing 

point were then viewed between crossed polars. Tle liquids 

being isotroic do not exhibit double re.raction and so no 

light is transmitted. On freezing; small anisotropic 

crystals are formed which give birefringence. The e.m.f. 

of the thermocouple at this point was measured. The e.m.f. 



at which birefringence ceased on warming ti..e crystals was 

also noted and the average value of the two e.m.f.s was 

taken to be the literature melting point of the substance. 

Each time the thermocouple was removed and reserured to 

the Emicooler recalibration was necessary. One•such 

calibration:is shown in Figure 5.4. 

(iii) Birefringence measurements of ammonium sulphate  

crystal sections  

In order to test the optical arrangement and determine 

the accuracy of the thermocouple calibrations the variation 

of optical birefringence of ammonium sulphate crystals 

was measured and the results compared with -those of 

Koptsik et al (1960). 

Single crystals of ammonium sulphate measuring 30mm 

x 10mm x 4mm were grown from a saturated solution by 

evaporation at constant temperature over several days. 

Sections of about 100 micrones thickness were then cut 

perpendicular to t e tel 	using a razor blade. These 

sections were then viewed of various temperatures. 

Although the section thicknesses were not accutately 

determined so that quantitative birefringence coparison 

with Koptsik was not possible, qualitatively the crystal 

sections sowed identical behaviour to Koptsik's sections. 

The optical path difference decreased slowly down to 

about -480C were it suddently increased sharply 

corresponding to a paraelectric-ferroclectric first order 

transition. 
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(iv) Preparation of adduct crystal sections 

In the introduction to this chapter it was 

demonstrated that any Ruest molecule 'order-disorder' 

transition would be exhibited most clearly in birefringence 

studies by viewing polarised light nassing along the 

c-axis of the host lattice. This is because in this 

direction the host lattice will make no birefringence 

contribution. Thus crystal sections cut perpendicular to 

the c-axis should be viewed and to obtain first order 

interference colours t ese sections should be less t an 

100 microns thick. however as S:iith (1952) notes the 

urea adduct crystals will cleave readily along the a c 

plane but dill. iracture if c7.eavage is attempted in any 

other direction. It is a-parent from Figure 1.1 that 

only the a c lane passes through no urea molecules-and 

that cleavage along this plane involves only the breaking 

of four hydrogen bonds per unit cell. 

To cut crystal sections perpendicular to the c-axis 

it was obvious ti- at the crystal must be su:)ported in an 

inert matrix to try and avoid crystal fracture. This was 

effected by placing a crystal in a small gelatin capsule 

and imme sing it in butyl methacrylate (containing a little 

- azo-bis- isobutyronitrile initiator). The 

capsule was then irradiated with ultraviolet light for 

about a day. The methacrylate polymerised to give a fairly 

hard non-brittle '3erspex which could be pared down with a 



razor blade to the region containing the crystal. This 

sample was then cut into parallel faced sections 

perpendicular to the crystal c-axis of about 60 microns 

thickness using a microtome with a razor blade cutting 

edge. 

Although urea is insoluble in butyl methacrylate 

the guest molecules are significantly soluble in it and 

while itis likely that the guest molecules would be only 

very slowly removed from the urea channels it was thought 

possible that the urea adducts would be destroyed during 

the polymerisation. For this reason crystal sections 

were also cut from polymer-crystal samples where the 

adduct crystals had not been added until the methat'rylate 

had polymerised to form a very viscous liquid. 

Very thin adduct crystal sections (less than 50 

microns) were also cut along the a c cleavage plane using 

a razor blade. 
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v) 72arefrin,ence studies on urea adduct crystal sections.  

The crystal sections supported in perspex were viewed 

between crossed polars at room temperature. Many of the 

crystal cuts transmitted light in some regions and not 

in others suggesting that the crystal was very strained 

or had fractured. Some sections transmitted no light 

hoq.ever and in these cases the temperature of the emicooler 

was lowered slowly to licuid argon temperature whilst 

the crystal sections were studied for any changes in 

birefringent properties. No changes were observed for 

any of the crystal sections studied. 

The crystal sections cleaved along the a c plane were 

also observed between crossed polars. These sections 

were highly birefringent at room temperature (due to the 

urea lattice contribution). No changes in birefringence 

properties were found on lowering the temperature. 

It was thought that reflection from the top crystal 

section surface night be obscuring any changes in crystal 

optical properties and to reduce this reflection a suitable 

immersion fluid was sought. Such a fluid must be im43cible 

with both urea and the guest component and have a very 

low freezing point. The compound whose properties most 

closely matched those required was Ifluorolube' a fluorocarbon 

(I.C.I. Ltd.). In this fluid urea is completely insoluble 

and long chain hydrocarbons are miscible only to a very- 

limited extent. Fluorolube freezes at about -30°C. Go 

fluorolube was tested as an immersion fluid. However 
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no change in birefringent pro-perties was observed for 

either the crystal sections supported in perspex or.  the 

a c plane sections. 

It must be concluded that these measurements give no 

definite information about the ordering of the Guest 

molecules in the urea channels. No real improvement in 

this system will be achieved unless a more•satisfactory 

method of sectioning the urea adducts perpendicular to 

to their optic axis is found. 'Ion beam machininLi tused 

in electron microscopy to obtain very thin crystal sections, 

might be employed to Get strain-free urea adduct sections 

if the section temperature could be kept low enouLI. 



CTIAPTER 6 

Thermodynamic Properties of some Urea-hydrocarbon Adducts  

(i) Differential Thermal Analysis 7,Teasurements on some  

Urea-n-Alkare Adducts  

Differential thermal analysis (D.T.A.) is a very 

convenient method of determining the temper-Aures at which 

major anomalies in the heat capacity of a compound occur. 

The technique consists of comparing the rate of temperature 

rise of a s- mple of the compound wit!,  that of a standard 

substance on subjecting both to a very similar rate of 

heat input. Itis important to note that D.T.A. involves 

taking non-equilibrium measurements and thus may confuse 

kinetic and thermodynamic effects. However it was 

decided that D.T.A. would afford a simple method of 

determining the transition temperat'ires of various even 

urea-n-alkane adducts. These could then be compared with 

the transition temperatures of the four_ even n-alkane adrlucts 

studied by calorimetric methods ("'emberton and Parsonage, 

1965). 

The instrument used for this study was a Dupont 900 

Differential Thermal Analyser kindly made available by Dr. 

J. A. Barrie. The adduct sample crystals were crushed so 

that they could be introduced into the capillary tubes 

which fit into the heating block of the analyser. Silica 

was used as the standard substance and a heating rate was 

2°C/minute in all cases. The accuracy of the method was 
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tested by employing urea-n-,i.icosane (whose transition 

temperature was known accurately from calorimetric 

measurements) as a sample. The D.T.A. plot fur: this 

adduct is shown in. Figure 6.1 a. The temperature of the 

anorly agrees 	the calorir,etric value to within a 

degree. The urea-ei osane D.T.A. anorly occurs over a 

wider temperature range than any of the other paraffin 

adducts studied (again in agreement with calorimetric 

results). A more typical D.T.A. anon.aly is shown for the 

urea- tetracosane adduct in Figure 6.1 b. 

The transition temperatures determined by D.T.A. 

measurements together with those determined by calori etry 

are plotted against hydrocarbon chain length in Figure 6.2. 

Also plotted are the results of Ising-Weiss model 

calcul,?.tions for four urea-n-alhane adducts (Parsonage and 

Pemberton, 1967). While most of tie experimental points 

lie near a smooth curve, the urea-eicosane adduct has an 

unusually hiLh transition temperature. The D.T.A. measure-

ments show that the Ising- ,reiss calculation points lie on 

a curve of shape similar to the e:,:-)eri7entally determined 

curve. 
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(ii) Experimental neterminatlon of the Heat Capacities  

of some Urea-1-Alkene Adducts  

The heat capacity of the urea adducts were measured 

by the method described in Chapter 3. The experimental 

results for the heat capacity of urea-1-dodecene, urea-i-

tetradecene and urea-l-octadecene are presented in Tables 

6.2 to 6.4 respectively. LT values in these tables refer 

to the te•->perature ranges over which the he -  capacity 

measurements were taen. Cp/mole values refer to heat 

capacity of - the adduct in Absolute Joules per puree- 

T:clvin per pole of Urea (1 mole of urea = 60.058g). These 

heat capacity points were plotted against tenerature 

using a large scale and a smooth curve of best fit drawn 

between the points. From these graphs smoothed heat 

capacity values were read at 5.1c intervals and these points 

are tabulated ir..Tzule 6.5. Small scale graphs of heat 

capacity versus temperature fol the three adducts are shown 

in Figure 6.3. to 6.5. 

A measure of the precision of the experimental results 

is given by the percentage root mean square deviatidn of 

the points from the smooth. curve. The percentage root mean 

square deviations for the three adducts are tabulated below 

in .1.;:ule 6.1. 



Table 6.1 TempercIture Range 

SO-300K Adduct 12-251; 	25-80K 

urea-1-dodecene 0.76 0.26 0.16 

urea-1-tetradecene 0.80 0.34 0.17 

urea-1-octadecene 0.69 0.22 0.11 

In Table 6.6 the adduct entopies determined at 10K 

intervals by graphical integration under a large scale 

plot of Cp/T against T are listed. For this the adduct 

heat capacities below 12K had to be estimated. The heat 

ca-Dacities of urea adducts below 12K have been estimated 

in previous work (Pemberton and Parsonage, 1965 and Cope 

and Parsonage, 1969) using a modified Debye rel.  tions 

(Ahlbery, Llanchard and Lundberg, 1937). However it was 

found that the entropy difference for the Debye extra-

polation and a curve drawn by eye between the lowest heat 

capacity measurements and zero heat capacity at zero degrees 

Kelvin was negligible. Hence for the compounds studied 

in this thesis te latter procedure was adopted. 



TA1DLE 6.2 

EXPERT7,TL7TAL VALUE,S OF THE HEA CAPACTTY 

OF UREA-1-DODECENE 

Wt. of sample in calorimeter = 12.0154g (9.2639g of 
urea + 2.7515g of 1-dodecene) 

Heat capacity of sample, Cp, in Joules -1 

Tleati capaclty per mole of urea, Cp/mole, in Joules 
K 

Run No. T/K 4" CP Cp/mole 

1 156.00 3.41 11.560 74.944 
2 359.58 3.8011.762 76.253 
3 163.33 3.75 11.915 77.245 
4 167.03 3.,1 12.094 78.408 
5 170.67 3.66 12.338 80.312 
6 174.29 3.6!-4 12.465 30.814 
7 177.89 3.61 12.680 82.207 
8 181.63 3.90 12.878 33.488 
9 185.52 3.92 13.061 3/4.676 
10 139.39 3.88 13.321 36.362 
11 194.12 4.59 13.541 87.787 
12 199.03 5.29 13.783 39.391 
13 234.43 5.59 14.126 91.579 
14 210.11 5.88 14.461 93.751 15 216.07 6.16 14.310 96.014  
16 222.05 5.95 15.143 98.173 
17 227.25 5.15 15.435 100.37 
18 232.66 5.31 15.737 102.02  
19 238.71 6.46 16.025 1J3.'9 
20 244.41 5.12 16.260 105.42 
21 247.72 4.5, 16.582 107.50 
22 252.43 4.74 16.765 108.69 
23 257.15 4.90 17.050 110.54 
24 262.36 5.66 17.330 112.35 
25 2, 8.u9 5.,9 17.630 114.30 26 2-1 4.13 6.29 12,104 117.37 
27 230.40 6.49 18.572 120.40 
23 236.72 6.'2 18.376 122.11 
2 293.17 6.64 19.229 134.66 
30  29:.52 6.56 19.613 127.58 

32 
31305.96 

79.36 
6.48 
3.77 

19.969 
7.729 

129.46 
50.108 

33 34.17 4.35 52.635 
34 4.73 93:10177 52.363 
35 93.57 4.56 8.362 54.212 
36 98.16 4.66 8.549 55.425 
37 102-5 4.76 8.842 57.325 



TABLE 6.2(continued) 

Run No. Temp/R AT a Cp/mole 

38 107.53 4.64 9.020 58.476  
39 112.09 4.52 9.269 60.091 
40 116.61 4.56 9.544 61.873 
41 121.32 4.85 9.712 62.965 
42 126.18 4.94 9.941 64.450 
43 131.14 5.03 10.258 66.505 
44 135.70 5.12 10.566 68.500 
45 140.74 5.01 10.741 69.634 
46 145.79 5.13 10.998 71.300 
47 150.96 5.25 11.290 73.195 
48 156.14 5.16 11.571 75.015 
49 161.23 5.08 11.798 76.488 
50 166.24 5.00 12.080 78.316 
51 171.16 4.93 12.306 79.781 
52 176.02 4.86 12.561 81.433 
P1 50.80 3.29 4.807 31.162 
P2 54.19 3.53 5.189 33.639 
P3 57.92 3.94 5.572  36.125 
P4 62.02 4.29 5.992  38.848 
P5 66.46 4.65 6.422 41.635 
P6 70.96 4.36 6.787 43.999 
P7 75.18 4.13 7.178 46.534 
P8 79.35 4.27 7.763 50.329 
P9 83.51 4.07 8.239 53.413 
H1 11.12 1.03 0.308 2.000 
H2 12.24 1.15 0.381 2.469 
113 13.67 2.00 0.509 3.301 
H4 15.63 2.39 0.693 4.494 
H5 18.87 4.49 0.945 6.125 
H6 22.49 3.00 1.355 8.786 
H7 25.46 2.97 1.647 10.678 
H8 28.38 2.87 1.993 12.920 
H9 31.21 2.82 2.316 15.016 

710 34.05 2.95 2.699 17.497 
H11 37.01 3.00 3.110 20.163 
H12 40.31 3.61 3.515 22.786 
H13 44.70 5.21 4.062 26.334 
H14 49.54 4.49 4.668 30.263 
H15 53.79 4.03 5.152 33.409 
T1 74.16 1.95 7.047 45.685 
T2 76.08 1.90 7.265 47.099 
T3 77.77 1.50 7.358  47.702 
T4 79.24 1.46 7.642 49.543 
T5 80.67 1.42 8.074 52.346 
T6 81.98 1.21 8.505 55.137 
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TABLEC,Z(continued) 

Run No. Temp/k AT CD EPL—..11131e 

T7 83.11 1.04 8.262 53.564 
T8 84.24 1.23 8.126 52.647 
T9 85.55 1.38 8.151 52.840 
T10 87.09 1.72 8.000 51.869 
T11 89.13 2.37 8.153 52.856 
T12 91.48 2.33 8.246 53.459 
T13 93.78 2.30 8.359 54.191 
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TABLE 6,3 

EXPERIYENTAL VALUES OF THE FEAT CAPACITY  
GP ITZEA-1-TETRADECEEE  

Wt. of sample in calorimeter = 18.2869 g (13.7079 g 
urea + 4.5790 g 1-tetradecene) 	-1 Heat capacity of sample, Cp, in Joules K 	-1 	-1 Heat capacity per mole of urea, Cp/mole, in Joules K mole 

Run No. Ter112gO T Cp/mole 

1 194.73 5.58 20.420 89.478  
2 200.43 5.86 20.996 92.002 
3 206.21 5.76 21.573 94.531 
4 211.59 6.05 22.097 96.827 
5 217.52 5.87 23.042 100.97 
6 223.34 5.83 23.234 101.81 
7 229.09 5.76 23.626 103.53 
8 234.95 6.02 24.236_ 106.20 
9 240.86 5.89 25.084 109.92 
10 246.79 6.06 26.389 115.63 
11 252.70 5.84 30.599 134.08 
12 258.37 5.56 32.451 142.20 
13 264.57 6.89 26.595 116.54 
14 271.34 6.79 27.106 118.78 
15 278.37 7.25 27.729 121.51 
16 285.61 7.22 28.399 124.44 
17 292.73 7.15 28.939 126.808 
18 299.72 7.04 29.622 129.801 
19 95.18 3.87 12.737 55.812 
20 99.22 4.21 13.125 57.512 
21 103.38 4.55 13.489 59.107 
22 107.70 4.55 13.762 	- 60.304 
23 112.19 4.45 14.081 61.701 
24 116.57 4.32 14.409 63.139 
25 121.03 4.62 14.775 64.743 
26 125.61 4.53 15.063 66.443 
27 129.99 4.25 15.355 67.284 
28 134.17 4.15 15.767 69.089 
29 138.47 4.45 16.120 70.636 
3o 142.97 4.55 16.363 71.701 
31 146.74 4.27 16.681 73.094 
32 151.13 4.54 17.070 74.799 
33 155.71 4.60 17.631 77.257 
34 160.36 4.70 18.048 79.085 
35 165.11 4.83 18.230 79.805 
36 169.66 4.78  18.413 80.684 
37 174.50 4.88 18.914 82.879 
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TABLE 6.3 (continued) 

Run No. 2ERPA AT IR cp/mole 

38 179.51 5.00 19.162 83.966 
39 184.67 5.33 19.596 85.868 
40 189.94 5.26 20.014 87.699 
P1 55.59 3.27 8.023 35.156 
P2 58.76 3.07 8.441 36.988 
P3 62.24 3.85 8.958 39.253 
P4 66.18 4.04 9.516 41.698 
P5 70.26 4.06 10.016 43.889 
P6 74.64 4.68 10.591 46.409 
p7 79.41 4.84 11.302 49.524 
P8 84.15 4.60 11.950 52.364 
P9 89.29 5.65 12.234 53.608 
H1 14.36 1.50 0.738 3.234 
112 16.71 2.32 1.061 4.649 
H3 19.11 2.52 1.403 6.148 
H4 22.81 4.82 1.903 8.339 
H5 26.76 3.34 2.710 11.875 
H6 30.49 4.08 3.306 14.487 
117 34.51 3.91 4.059 17.786 
H8 38.63 4.34 4.889 21.423 
H9 43.67 5.75 5.775 25.305 
H10 48.96 4.86 6.739 29.530 
H11 53.34 3.90 7.573 33.184 
T1 245.65 2.51 25.524 111.84 
T2 248.03 2.37 26.534 116.27 
T3 250.33 2.30 27.863 122.09 
T4 252.56 2.20 29.473 129.15 
T5 254.64 2.03 34.228 149.98 
T6 256.51 1.77 41.942 183.79 
T7 258.52 2.31 27.209 119.227 
T8 260.80 2.37 26.303 115.26 
T9 263.13 2.38 25.949 113.71 
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TABLE 6, 4 

EXPEREEITTAL VALUES OF THE  HEAT 
CAPACITY OF TEREA-1-OCTADECENE  

Wt. of sample in calorimeter = 20.3782 g (15.3244 g of urea 
+ 5.0538 g of 1-octadecene) 

Heat capacity of sample, Cp, in Joules 
Heat capacity per mole of urea, Cp/mole 

Run No. 	Temp/K 	AT 

K-1 

in Joules 

CD 

K-1 mole-1 

Cp/mole 

1 121.15 3.90 16.360 64.115 
2 125.18 4.15 16.746 65.628 
3 129.28 4.06 17.118 67.085 
4 133.46 4.30 17.577 68.884 
5 137.85 4.50 18.012 70.589 
6 142.29 4.40 18.567 72.764 
7 146.72 4.45 19.094 74.829 
8 151.09 4.30 19.877 77.898 
9 155.10 3.73 26.051 102.09 
10 158.83 4.21 20.644 80.904 
11 163.06 4.23 20.158 78.999 
12 167.27 4.19 20.471 80.226 
13 171.58 4.42 20.783 81.449 
14 175.96 4.36 21.133 82.820 
15 180.44 4.62 21.492 84.227 
16 185.01 4.56 21.854 85.646 
17 189.56 4.56 22.326 87.496 
18 194.21 4.75 22.906 89.769 
19 198.03 4.63 22.948 89.933 
20 202.80 4.72 23.531 92.218 
21 207.59 4.77 23.851 93.472 
22 212.31 4.70 24.338-  95.381 
23 216.94 4.64 24.882 97.513 
24 221.56 4.59 25.175 98.661 
25 226.19 4.50 25.647 100.51 
26 230.84 4.65 26.115 102.34 
27 235.61 4.92 26.626 104.35 
28 232.61 5.26 26.270 102.95 
29 237.80 5.16 26.977 105.72 
3o 242.92 5.10 27.338 107.14 
31 245.13 5.07 27.526 107.87 
32 250.47 5.64 27.998 109.72 
33 256.05 5.58  28.401 111.30 
34 261.55 5.49 28.965 113.51 
35 267.14 5.73 29.470 115.49 
36 272.94 5.94 29.931 117.30 
37 278.92 6.09 30.585 119.86 



TABLE e4 (continued) 

Run No. 	Temp/k AT 22 Cp/mole 

38 285.53 7.20 31.239 122.43 
39 292.64 7.10 31.981 125.33 
40 299.05 7.04 32.580 127.68 
P1 59.42 2.82 9.541 37.391 
P2 62.66 3.61 10.094 39.558 
P3 66.19 3.42 10.564 41.400 
P4 69.87 3.96 10.785 42.266 
P5 73.98 4.28 11.279 44.202 
P6 78.15 4.08 11.824 46.338 
P7 82.21 4.03 12.376 48.502 
P8 86.22 4.00 12.884 50.492 
P9 90.23 4.00 13.332 52.248 
P10 94.24 4.01 13.779 54.000 
P11 98.33 4.17 14.144 55.430  
P12 102.05 3.56 14.475 56.728 
P13 105.57 3.48  14.868 58.268 
P14 109.31 4.00 15.221 59.651 
H1 14.10 2.15 0.803 3.147 
H2 16.32 1.99 1.093 4.283 
113 19.05 2.30 1.469 5.757 
H4 21.09 1.81 1.858 7.282 
H5 23.10 2.22 2.183 8.555 
H6 25.75 3.01 2.677 10.491 
H7 28.98 3.36 3.300 12.933 
H8 32.87 4.41 4.150 16.264 
H9 37.08 4.01 5.052 19.799 
H10 41.41 4.64 5.936 23.263 
H11 45.74 4.01 6.805 26.668 
H12 50.00 4.52 7.670_ 30.059 
1113 54.30 4.07 8.502 33.319 
1114 58.19 3.71 9.341 36.607 
T1 149.02 2.00 19.384 75.966 
T2 150.71 1.41 19.748 77.392 
T3 152.05 1.26 19.964 78.239 
T4 153.23 1.11 20.251 79.364 
T5 154.20 0.82 20.728 81.233 
T6 155.06 0.90 23.539 92.249 
T7 155.84 0.67 37.785 148.08 
T8 156.64 0.93 27.992 109.70 
T9 157.67 1.10 20.570 80.614 
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TABLE C.E 

ELDOTHED V:'.T.Y119 07 THE HEAT  

Cr '__CTS 	07 IT'  E'1 -1-AL171.E ADDUCTS  

0°C = 273.15K 

HELT CAPACITIES, C PER DOLE OF UREA Iii JOULES K
1 

YIOLE
-1 

T/K 1-DODECEIIE 1-TETRADECETE 1-0OTAD7CITIE 

0 0.000 0.000 0.000 
5 0.481 0.444 0.343 
10 1.615 1.573 1.510 
11 1.971 1.870 1.887 
12 2.402 2.201 2.272 
13 2.929 2.598 2.682 
14 3.506 3.088 3.109 
15 4.105 3.632 3.640 
16 4.636 4.205 4.180 
17 5.130 4.770 4.636 
18 5.648 5.443 5.197 
19 6.297 6.096 5.791 
20 6.933 6.749 6.456 
25 10.38 10.30 9.920 
30 14.64 14.12 13.80 
35 18.42 18.21 18.11 
40 22.53 22.25 22.20 
45 26.59 26.31 26.06 
50 30.64 30.43 3o.00 
55 34.16  34.59 33.95 
60 37.53 37.93 37.96 
65 40.60 40.97 40.75 
7o 43.42 43.82 42.50 
75 46.21 46.53 45.09 
80 50.88 49.58 47.58  
85 52.81 51.76 49.88  
90 52.95 53.83 52.06 
95 54.58 55.82 54.25 

100 56.23 57.77 56.11 
105 57.86  59.53 57.97 
110 59.53 61.02 59.83 
115 61.18 62.59 61.72 
120 63.26 64.34 63.62 
125 64.51 65.86 65.57 
13o 66.17 67.29 67.55 
135 67.84 69.46 69.53 



TABLE6.5 (continued 

2L- 1-D0D7CF.,ITE 1-17THADECEIE 1-OCTI_DECE:TE 

140 69.51 71.10 71.51 
145 71.13 72.27 73.83 
150 72.81 74.26 76.78 
155 74.48 76.88 88.08 
160 76.16 78.98 79.24 
165 77.86 80.11 79.64 
170 79.38 80.77 80.93 
175 81.14 82.50 82.54 
180 82.85 84.27 84.18  
185 84.59 86.03 85.80 
190 86.28 87.84 87.44 
195 68.00 89.62 89.47 
200 89.77 91.69 90.67 
205 91.76 93.79 92.77 
210 93.71 96.06 94.36  
215 95.57 99.34 96.48 
220 97.48  101.3 98.35 
225 99.33 102.3 100.2 
230 101.1 104.2 102.1 
235 102.8 106.1 104.3 
240 104.3 108.4 106.4 
245 105.9 111.6 107.8 
250 107.8 119.8 109.4 
255 109.7 153.8 111.0 
260 111.7 116.3 112.8 
265 113.6 116.1 114.7 
270 115.6 118.0 116.6 
273.15 116.9 119.2 117.8 
275 117.6 119.9 118.5 
280 119.6 121.9 120.4 
285 121.4 123.9 122.4 
290 123.5 126.0 124.3 
295 125.4 128.0 125.2 
298.15 126.6 129.2 127.4 
300 127.4 130.0 128.1 
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TALLE 6.6 

THE EMTROPY (ST  - So) OF UREA 

1- ALi.KE7'TE A0DuCTS 	JOTTLES K-1  (MOLE UREA) 

0°C = 273.15K 

1 -DODLCENE 

	

0 	0.00 

	

10 	0.83 

	

20 	3.45 

	

30 	7.63 

	

40 	12.89 

	

50 	18.80 

	

60 	25.)o 

	

70 	31.25 

	

30 	37.45 

	

90 	43.73 

	

100 	45.48 

	

110 	54.99 

	

120 	60.33 

	

130 	65.50 

	

iho 	70.53 

	

150 	75.44 

	

160 	00.24 

	

170 	84.;5 

	

180 	89.59 

	

190 	94.17 

	

200 	93.68 

	

210 	103.2 

	

220 	107.6 

	

230 	112.0 

	

240 	116.4 

	

250 	120.7 

	

260 	125.0 

	

270 	129.3 
273.15 	130.7 

	

280 	133.6 

	

290 	137.8 
298.15 	141.3 

	

330 	142.1 

1-TETRADECENE 

0.00 
0.74 
3.19 
7.8 

12.46 
13.32 
24.59 
30.39 
37.11 
43.20 
49.07 
54.74 
60.19 
65.45 
70.59 
75.58 
30.52 
85.38 
90.10 
;4.75 
99.35 

103.9 
108.5 
113.1 
117.6 
1<.2.2 
1-8.5 
132., 
134.3 
137.2 
141.6 
145.1 
1 115.9 

1-OCTADECENE 

0.00 
0.75 
3.14 
7.09 
12.22 
18.01 
24.19 
30.44 
36.46 
42.33 
48.03 
53.55 
58.91 
64.15 
69.31 
74.41 
80.14 
84.97 
89.91 
94.34 
93.91 

103.4 
1.07.9 
112.4 
116..3 
121.2 
125.6 
129.9 
131.3 
134.2 
138.5 
142.0 
142.8 

T/ IC 
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The three adducts studied all showed a large region 

of anomalously high heat capacity. 	lowever the urea-1-

dodecene major anomaly did not possess such a sharp peak 

as the other two adducts and appeared to occur over a much 

greater temperature range. The excess heats of the major 

anomalies in the urea-l-tetradecene and urea-1-octadecene 

adducts were determined by measuring graphically the area 

between the smooth heat capacity curve (see dotted lines in 

Figure 6.4 and 6.5) and. the peaks. To determine the 

anomaly entropies the corresponding areas for the Cp/T 

versus T plot were masured. These quantities are listed 

together with the transition temperatures (the temerature 

at which: the maximum value of heat capacity occurs) in Table 

6.7. 

TALE 6.7  properties of the major anomalies in the heat 

capacities of urea-l-tetradecene and urea-l-octadecene 

Adduct 	 1-tetradecere 1-octdecee 

Transition Temp/K 

Excess heat 41 H/J 	(mole urea)-1  
-1 Excess heat, 4E0 (mole alene) 

Excess entropyAS/JX-1(mole urea)-1  
Excess 	entropy,,nS/J;K.-1(mole 	ar,:.- ene)-1 

256.6 

370.4 
363.4 

1.22 
12.0 

155.9 

151.2 

1.00 
12.7 

In Figure 6.6 are plotted the 'extra' heat capacities 

(difference between actual heat capacity and the value 

expected in the absence of the transition) for urea-1-

tetrndecene and urea-1-octadecene. 

The major anomaly in the heat capacity of 1-dodecene 
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adduct was spread over to treat a temperature range to 

allow an accurate 'smooth heat capacity' baseline to be 

drawn. however emberton (1966) showed that the heat 

capacity of the urea-n alkane adducts excluding anomalous 

regions could be represented to about 1T4c, by adding the 

component heat capacities in the correct ratio. Cope and 

Parsonage 1969) later used a similar method to determine 

the excess heat and entropy of the urea-1-decene adduct 

in whiCh the anomalous region is exhibited as smooth humps 

over a very large temperature range. 

The same procedure was adopted to determine the excess 

heat and entropy of the 1-dodecene adduct anomaly. The 

relationship used to estimate the adduct heat capacity 

excluding irregular contributions was: 

c;814-lah8gct 	Cpane adduct + (Xene 	Xane) Cpene 

Where ene = 1-dodecene, ane = dodeoane, Cp is the heat 

capacity and X the mole fraction. The Cpane adduct 

and the Xane values were taken from Pemberton and Parsonage 

(1965) rmd the Cpene values were from Finke, Gross,' 

Waddington and Huffmann (1954). 

Lelow 40K and from 200K to 300K the e..perimentally 

measured and estimated urea-1-dodecene heat capacities 

differed by only about 1*:. lloweVer between 40 and 200K 

the difference in measured and. estimated heat capacities, 

L1Cp, has the form of a well defined peak with a very long 

high temperature tail (see Figure 6.6). By graphical 

integration under this curve the excess heat,IH of the 
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adduct ano-aly was determined. The e::cess entropy, AS, 

was determined by gra.,;i.ical integration under the .a.Cp/T 

versus T curve. 

= (12 ± 20) J(mol urea)-1  

= (1210 - 190 J(mol hydrocarbon)-1  

LS = (1.1 ± 0.1) ,1-(1  (mol urea)-1  

= (10.8 ± 0.9) ‘1",:-1(mol hydrocarbon)-1  

Tr estimating the error in ACp it is useful 

2SCp in. terms of secific heat capacities, Cg, and 

masses, ". 

to rewrite 

molar 

ACp 	(7  BreaXere"ene) Cgen e adduct - (7 urea + 

Xare7ane) C'and adduct 

Cp, S'ACp is  

- en.eCene + :aneCene 

given by The error in 

g4cp = (Cgene adduct "ene 

(Cgane adduct "ane 

(?`urea 	2 / 
urea + Xene ene) 	SC'ene 

x2/ k  r '("'urea + Kaneuare) 	tp.C'a  ane 

adduct)
2 

2 ) 

errors 

ad=uct) ) 2 

Errors in -ole fractions lead to molar heat capacity 

and taus • an estimate which assumes that these errors are 

independent gives far too large a value for 'ELCp. 

For the 1-Oodecene adduct anomaly temperature range 

8C2ene aduct and SC9ane adduct are ap;)roximately 

constant at 0.18 and 0.08 per cent of the parent quantities. 

SXete and gXare are both taken as 0.002. These figures 

x  lead to an error of 20 J(mol urea)-1  in .6,11.  and 0.1 JK 

(mol urea) -1 in LS 

LCp should also contain a contribution from the 

differ(_rce-  in heat capacities of adducted n-dodecane and 
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1-dodeeene. In estimating this contribution for the 

1-decene adduct tCope and Parsonage, 1969),L\Cp was 

estimated using the procedure discussed above for the 

Urea-l-hcxadecene adduct as the urea-n-hexadecane adduct 

and the urea-1-hexadecene adduct both have particularly 

clearly defined anomalies 
	

(1Cp here excluded the excess 

heat of the major transition). This gave = (2.9 t 1.2) 

-1 / 	%-1 JK kmol hydrocarbon) 	As the urea lattice holds the 

alkenes and alkanes in. an extended configuration the 

difference in their molar entropy contributions should be 

inde7pendent of chain length. Thus we may use the AS 

value for urea-1-hexadecene adduct to give a corrected 

entropy value 4151 for the urea-1-dodenene of (7.9 ± 2.1) 

-1/ 	-1 JK 	kmol hydrocarbon) -1. 

Although similar esti'i-tes of L1Cp for urea-l-tetradecene 

and urea-1-octadecene were thought desirable the lack of 

any heat capacity data for the corresponding- n-alkane adducts 

or for pure 1-tetradecene and 1-octadecencrendered the 

calculation impossible. 

The three 1-alkene adducts each exhibited two fiirther 

small anomalies. These were of similar magnitude and occurred 

at similar temperatures to .those previously observed by 

Pemberton (1966) and Cope,(1967). 

The first type, known as the low tempernture anomaly, 

was a small excess heat (about 5J (mol urea)-1) at around 

16K.. The anomaly for urea-1-tetradecene is shown in Figure 
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6.8. A more complete study of these low temperature 

anomalies is hindered by the inaccuracy of measurements 

in this tem?eraLure range and by the small magnitude of 

the anomalies. Uowever as in all measnreents made with 

thjs calorimeter system other than those on urea adducts 

no 16K anomaly was observed the effect can be safely a Lri-

buted to the urea adducts. 

The second type, known as the high temperature anomaly, 

were small heat excesses observed in the temperature region 

210-250K. Although the *ercentage root-mean-square 

deviation of points in this range in somewhat greater than 

the quoted values for the 80-300 h range these deviations 

are too small to throw any doubt on the e:Astence of the 

anomaly. The excess heats and entropies for the high 

temperature anomalies are summarised below. 

Adduct 	1-Dodecene 1-Tetradecene .1-Octadecene 

4111/0 (71o1 urea-1) ) 	2.45 ± 1.8 	14.6 t 1.9 	11.7 - 1.2 

4H/(J (-col alen0-1 ) 23.0 ± 17.0 143.2 ± 18.6 	149.1 ± 15.3 

• AS/W-Vol ure4-1 ) 0.010 ± 0.003 0.J671  0.003 0.045 1- 0.005 

QS/(Y:.-1(Mol alken4-1 ) 0.094t 3.075 0.657t 0.073 0.624t 0.064 
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Discussion of t:.e cat r';,acity A-omalies of the  

TTrea-l-nr,:enes studied.  

The to 7 temperature ( 	Li 	tE..:,perature 

(23'-'-!!07) anomalies 

femberton (1966) suL,ested two possible e:.)lanations 

for the -hiLh te-perature anorialtes. The first was that put 

forward by '..-,ue'ir-rein and 7uffman (19W to explain the 

aro-alously high heat capacity region in pure urea 

255-265K. They su„,ested that this was due to 

neltirg of a urea-water eutectic. 'Towever the anomalies 

in the urea adducts are found ',.etweer. 20, an:: 607 lower 

t:.an the urea-woter eutectic 	rt , 	2 6 2X (Chadwell and 

7oliti, 1938) a- -  it see-ns unlikely that t:_e properties of 

aqueous urea s Ilutior will be r•ogified to t'As extent 

in the urea aeducts. 

secrne elantior was first pro:  used by Gilson 

a-d. "c1-)o-ell (1 ,'61). 'o 	tie sudeen drop in 

the second -,0-ents of 	spectra of urea-dl,-alkane 

adeucts at 224-2:30-  they sugge3ted that the urea lattice 

expanded liLhtly in this te”.17.erature rare. This would allow 

the cu::t-oec-les Lreater notional freedom. T'owever as 

it is tl,ought that tie ,uest rolecules already have corsid- 

ara-le rot-tinral freeeor a lore e-itrooy c'larc,e would 

-ot be e- „ected. 

The heat capacity -eas'Irements mode by Luehrgein and 

:flu': 'Pr) all ( I rj-: 1! 61 on pure urea covered the te7iperature range 

20-32 	and so it is not known w:Lether the heat capacity 
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of 	urcn exhibits an a-omal, near 167, si-ilar to 

those found in the urea-n-alhane and 1-jaiizane adducts. 

Tn view of the uncertainty in the origin of the low 

and high temperature adduct anomales it was decided to 

study t-he possible vi ratio-al ane. translational motion 

of the L-lest molecules a'ong the urea channels and to see 

what contri:_utio-,  to the addmct heat capac it, this notion 

of c,ueFt molecules i uht ma'-e. 

(1) "-nte-Carlo Studv  of Translation of Cuost "olecules  

The followimg c mp'Itatiors were carried out on the 

Atlas Computer, TIniv ers!ty of Lorden. 

To simplify the computation the guest molecules 

(n-hexndecane was chosen for detailed study) are co-sidered 

to occupy the sites of a simple 	ic lattice. A cube of 

512 molec -les is chosen, g per cube side. ITotation of the 

guest molecules in the lattice is not concidered and the 

lateral 	loncitudinal guest rolec-ae interctions are 

determined by avera:,inc; those calculated by :arsonage and 

7er-barter (1967) over all guest molecule orientations 

(see Figures 6.9 and 6.10). 

In a real adduct crystal the number of guest molecules 

near the cryst- 1 surfaces is negligi)le comp-red with t'he 

number in the interior of t:e crystal. 7owever with a 

model of 512 molecules al,-o-t half of the molecules are 

on the surface. In these calculations the molecules on t'le 

surface are made to e:ziicrence equivalent interactions to 

those ir s'_e centre of the cube by surrounding the cube b, 
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'Ghost' systems i.e. the cube is snrroundc:1 by cubes of 

-olecules whose config.lrations match the central cuoe at 

all ti-- es. 

The energy ( ) of a -olecnle (a) in tie cube is 

detcr-i-ed by sur--ing its two longitudinal interactions 

and its lateral interactions with molecules in the 

snrroundinG c'=-els within 25R of either end of ( ). The 

total ( . ) energy of the cube is the sum of the T7,  for all 

512 riolec - les. E is deter-ined for a cube of molecules 

with all -,-)lecules initially in an ordered array. Then ore 

-olec-le is allowed to rove a random distant between 0 

and t::t in a pos'Aive or negative-  direction alorj the 

charnel. The new ET  is calculated. Tf the energy of the 

new config,,ration of -olec,iles is lower t 	the original 

one t - le new co-fiz„n ation is accepted. T' the re- T energy 

is higher the 7alt7riann factor of the energy increase 
_ Z-7 e 	- - 	 3s c—pare' with a random number etween 0 and 1; 

if the factor is larger, the --ove is acce,,ted, if it is 

origial configuration is ret . ined. Thi6 

process is re -oeated for all the - lecules in the CIAljR. 

After a certair. 	r 	er of cycles of the cube the average 

energy <E) and the average of .the square of the energy 
<L2> n]-e deterT-ired. The heat capacity of the riodel 

-ay then be deterr, ined from the formula 
,<E2> _x1,1:,>  2  

N 

Inhere h is the as constant, C is the heat capacity, T 



the temperature and " the nurlber of molecules cosidered. 

2 
A plot of- <E21>. - (E, 	versus number of cycles of 

cube for hexadecane rolecules at 2007c is shown. in Figure 6.11 

‹E'2/>  117 	 ;› t 	e observed that the 	<7C 	term 

still has relatively large fluctuations ever. after 1000 

cycles 	the cube. raryirc x (ti e maximum allowed move 

for a molecule' did not i-prove convergence and neither did 

.frrt'n,s with a cube w'_th al,:rnate rows translated by 

half a lattice repeat distance. The effect of moving 

random molecules in the cube (instead of the no_mal netilod 

of proceedirg r 	n 	-olecnle to the next in a row and 

then from one row to the next etc.' was also tested. This 

nlso did not i-,)rove the co7verence. 

The position to which t 	-olec-les in the cu e had 

moved rfter -any cycles of the cube were noted. It was 

found that the olecules ben.erally -oved very l'ttle from 

their ori, inal .ositiars 11^ this was true even in the case 

where alternate rows were translated :;3,-  'half a lattice 

repeat distance altho,IL,h t-  is arrargenent 'las a higher 

energy than the lirstag_ered cube. This rules out the 

possibility thnt there is little -olec-Ilar movement because 

the initial syste- is the confiL-ration of lowest energy. 

Thus 	th-t t .e l:-c': of co-vergerce of 

</ \ 2 
E) 	and the small movement of the nolecles 

from t eir on final dositions was a 'cinetic effect and that 

if the cube was cycled eroug', times the true e7lavi,,ur of the 

molecules 'icht 	establis' ed. 



• • 

2,•51 	 
0 	5c.lo 	6 o 	-7c) 	 gap ZOO t-CA 

o c- C=1 C.ICS N t"bcr 4 



-125- 

"owever computat . ons en, o;ing a greater number of 

cycles of the cube could not be made due to the prohibitive 

am ,  unt of computer time required. 

(2) 	rn-von Tcarman an Einstein Oscillators 

The possibility of guest molecules be .avinL as o-e 
• • • dimensional rorn-von N.,-.rman oscillators and Einstein 

oscillators in the urea lattice has. been considered by 

Dr. 'AT. G. 2arsoraLe. 

Einstein (1907) first applied :lanc',:ts theory of 

quantised oscillators to t:-e vil,r- tions of a crystal. 

;:is -odel consisted of oscil)ators all vibrating with the 

sane frequency, 1/ . The energy levels available to an 

oscillator are 

E = h 1) (n + 1) (1) n = 0, 1, 2 	 

a-d t e part:_tion function is Liven by 
oci 

n 	0 	LET 	1 - e-111) 
1̀ 13T  

Tilt entro2y, S, is related to the .:71rtition function, q, by 

S = k_ 	lnq + T ding 
dT 

. S  - In (1 - e-h)) /1cDT  + h .0-119/k,T 
(1 -eh y 7k 

 

 

TTowever Einstein's model wasfbund to agree only qualitatively 

with e:rperimentally determined low tem,erature heat capacities. 

7e concluded that the failure of his formula to agree with 

exieriment at low temperatures was tie result of the use of 

a si-ule frequency and 	vested that a whole band of 
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S = -k
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1 	- 	e -711 •1) /k • T 

-126- 

frequencies be employed in the t,,eory. 

/ 
Debye (1912) and Torn and von Karmen (1912) followed 

this su/:gestion and achieved a. substantial improvement 

in the theory. Whereas Debye treats solids as continua 

/ 
the theory of Dorn and von Karmen allows for the fact that 

real solids have a discrete lattice structure. 

In one dimension the Llorn-von ':1-raL,  lattice 

consists of equidistant identical particles. -ar ionic 

forces e:zist between the -olecules which ray be represented 

b weightless springs obeying 7ookels low W-iCA join the 

p-iticles. If 'a' is the separation distance of the role- 

cubes 	_is• their mass and M is 7ookeis constant then it 

can Je shown from considerations of the equations of 

-otion of the :'olecnles (d.e Launay, 1956) that 

sina7ak
1 	(5) 

2 

-where k
1 is tile .wave nuviter. The entropy of a one-dimensional 

array is L,iven by 

-1) 
	oc 

If we consider an infinitely long array the frequency 

summation may yereplaced 	an intei,ral over frequency 

• distribution and (6) may be rearranged to Live 	1 

.:LC;7. = 	/r,(1 - Q -°<51n..1112.2,.)Jkl-• + 	1  

[VI  

N.  S,  r1.,  fil' .. 	 i 	_ c< Sin  k a 	1  
dfc (7) a 

"13 	0 	 0 	
2 1 — e—vsjAV 

Therefore for an Avogadro Number of,oscillators and putting 
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,,ro 	0_,  
o (3) 

The first integral in (o mfly 	inteLr7ted by parts. 

jla  (I _ 	s;A. ae  E e 2„, 	e_0(si.A.5 )1%, 
0 

71  
&c:.; cos G .ctg  

 

_ 

= 1[ 
2. 

Tf 

0 

e oc  co's 6 	, 
easq-07, 	 - 1 (9) 

The integrand in the second term of (9) tends to unity as 

(6) tends to zero. Thus the into rand is well-be laved 
may be 

throughout tlie ran 0e 0 to 7VV2 and / enumerated by Simpson. 

ntegration. The second integral in (3) may also be 

evaluated by ci-li-J:on integration since the il‘tergrard main 

tends to nnity at (C tends to zero. 

. Hooke vs constant, 0( , is given by  

oC = 
	

(10) 

27Tk..T 

where f is the f rce con:-.tint for nlolecnle-molecule 

interaction which for n--1-!;_ane ,nolecules mny be estimated. 

- fro- Figure 6.9. 

For an Avogadrovs '.vumber of Einstein oscillators the 

entropy is given by 

SE: = 	- 	(1 - e KIT 
R" 	 ve-17-rr 

The choice of value for %),, is not obvious. As for each 

molec7Ilar Cisplacement two 7'olecular distances are altered 

tlle best assign-10,A is probably 

+hYE. 	1 
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The upper 	for V E is the raxi-um value of 1) for 

orn-von Kaman model with 

1:47 
ZT 	 (13) 

Dr. 	. G. 7:nrsonaLe has written a computer pro. rar-. fi7TdinG 

SW 	- Euld S for the two values of y E , (12) and (13), 

for various values of 4K . The results are shown th T, le 

6 below. 

TA:1.E 6 D7T11n7TEF, r'or. .(')R77-Vr"T 	_17D ET-STDI7 OSCILIATOaE 

oc 

 

S /R EvX 

 

SE(12)/R 

 

SE*13)/R 

       

1.000 
0.700 
1.500 
3.000 
10.000 
30.303 
100.000 

1.714 
2.060 
1.333 	_1 
7.556x10 1 2.127x10_ 1 

 6.992x10.; 
2.7)94x10-' 

1.367 	1.01 1 
1.713 	1.377 	. -1 9.S67x10-1, 	6.333x10-1 4. i 66.x.10",', 	2.033x10_ b 
6.2,63x10--', 	4 0Qhx10 ' 

''' ' 	-11 1.363x10- , 6.333x10_42 
1.336.:10-2' 	3.720.%10 

Fro71 PiLure 6.9 the value 	f for_n-alknne rulecules 

will Ue 'NJ 5 -_= 10- kc-ls cm-1. "ow we can see if the 
-/ 

trIsition fr 	ror::1.-von Xarman to Einstein Oscillators 

(q 
	

for n-alknne riolecTzles in urea channels mijit 

_-.o 	oiter the low or •iLh temperature anomalies. 

T iNa 220-240X then 	^- 0.9. This will Live an 

entropy of transition of ,i3.4 R if (12) is used for 

and ev0.7 	(13) is used for y T • These values are 

at'least an order of mauniLude larder than the entropies 

of the hit;11 temperature anomalies in the urea adducts. 

Clearly then, this T-odel will not predict the 

VE 
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temperature anomalies. 

If T 	16K then of ^-• 12. This leads to an entropy 

of transition of ti 0. 2 1 whetter (12) of (13) is used for 

E. 
	This value falls well within the range of entropies 

found for the low tempernsrre anomaly (1-2 ,TIC-1  (mole 

\ 
hydrocarbon) ). Due to the inaccuracy of the experimental 

he-t capacity poirts around 16K, the broadness of the anomaly 

t. .e crude model employed, itis not possible to come to 

any  definite  conclusions about the origin of the low 

temperature anomaly. 7ewever these calculations suggest 

that atrunsition of the guest -olecules fro- ] orn-von 

Karmnn oscillators to 	 oscillators may well be 

res onsible for this anomaly. 

(b) The major anomalies  

The he -t ca ,acities of the urea ailf'ucts of 1-dodecene, 

1-tetradecene and 17oci,adecene were studied in this thesis 

primarily to gain more information al,out the major 

anomalies of the urea-1-alkene series and to try to 

undcrstamd the :iead-tail ordering of the guest ,molecules 

in the -rea charnels. v'owever th anomalies found for these 

three adducts do lLttle to clrrify the situation. 

Toth urea-1-tetradccene and urea-1-octadecene ex hi it 

major co-opelative-type allomalies 	the xansition 

temperature of the1-octndecene adduct is in the same temp-

erature recion as the anomalies found for 77rea-1-hadecene 

and urea-1-eicosene (Cope and larsonage, 1969). The 
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1-tetradecene adduct anomaly, however, occurs at 256N, 

about 100N higher than would be expected by comparison 

with the other 1-alkene adducts. 

The 1 -dodecene adduct exhibited a broad peak from 4O 

200N i.e. a non-co-opelative-type ano-,aly rather similar 

to the anomalous regions found in 1-dece:le. Ising--"onte 

Carlo calc',1ations for a head-tail disordered adAict lattice 

(Cope, 1967) failed to reproduce the n _ -co-operative 

anomaly found for -rea-1-decene. The origin of tiis lac 

of co-offev-tion in the1-decene and 1-dodecene a-?ducts 

remains obscure. 

The hid h temperature of transition in the 1-tetradecene 

might be m,lained on the .-Psis of head-lead tail-tail 

ordering of the 1-letradecene molecules. Cope (1967) showed 

that the ene-ene potential barrier to rotation is very 

high and so, it is )ossible that two molecules might begin 

to rotate together like one long molecule. T!owever in this 

case the entropy should only Le half that found for other 

1 -alkene add cts - in fact the entropy for 	1-tet.radecene 

adduct ano,-aly is so- ;ewhat larger than for other 1-ai';:ene 

adducts. 

(iv) proposals for further  work 

It seems 	li:cely that a real unCer5tanding of the 

molecular rearrangement of the 1-arcene molecules in the 

urea channels taat leads to the major ano-alies ir; the 
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ad,luct 'eat capacities will be achteved until the head-

tail ordering of the guest molecules is definitively 

determined. 

The only technique certain to Live this information 

is t-.e neutron diffraction study of adduct sinLle crystals 

co:- ta'.rine fully deuterated 	-olecules. T is 

metLod could actually 1^cate the osition of the deuterium 

atoms and ],ence determine the orderil-!6. rrnfortunately none 

of the 1-alkenes are et available fully deuterated, and 

even if t'.ey were t,e time and cost of a fall neutron 

diffraction study of dun: one adduct would pro--aLly prove 

In :principle it would be possible to obtain information 

on the head-tail ordering by r-cas1lrin6 the entropy of 

solution of the a-I,ucts in a suitable solvent near room 

tem)ernt-ire. since one woull e:,pect the entropy of the 

sollition to c-:ange reLul-rly with chain-lerhjth of the 

olefin any anomalies conld Lc attributed to the adduct. 

From the %co.snrcd valucsof '300 - So it would t en 

„;cossile to say whet.,er the ano-lalous entropy was 

retained aG the lowest temper tures. 

The entropy of solution must -e determined fro- t,Le eat - 

a_nd f cc enerLy on s 
	

The solvent chosen must be 

one in which urea is very solule w ile the-u-iest -olecules 

have a very low suluility - water or met'..anol would 1Je two 

po3sibLlities. File heat of solution of 1 -mole of urea 



-131 2— 

to infinite diluticyr iv water" is -15.1 kilojoules at 

C: for urea in ethanol at 240C it is 

alSo -15.1 :zilojoules (L Anderson, 1929). 7owever the 

contribution to the entropy from lo :of heart -tail 

ordering on dissolvi.-, the adduct wo-ld be R1n2. This would 

contribute to the heat of solution at room temperature 

so-et' in of t:.e order of 1.5 kilojoules per mole of 

olefin or about 150 joules per mole of adduct. This 

term t:Lerefore would be only about 1 of the total heat 

of solution. This suuL,ests that entro,i_es of solution 

of tIte ar—ucts would be effected so little by any orderirE; 

tern that the precision of t',e e:gperimental measurements 

would be of too low an order to detect any -a-clelirg. 

Casey and Rutr-,els (1969) have devised a model, which 

predicts a thermodynamic sinLularity in a onei.dimersional 

'cl 	fro- the rot;--L'on of non-spherical molecules. 

This differs from previous -,odels (including the Ising 
- 

talich give no singularity in one d1-7ension. The 

one-dimensional ''sing 	IS not ordered above zero. derees 

7elvin because the presence of one incorrectly oriented 

spin will re-ove all lo-  range order in the lattice. 

7arsonat,e are 7emberton (1967) thus considered t-at the 

wea1c. lateral anane-alkane interactions were importa, t 

in ,,roducin; a co-opera ive order-disorder transition. 

ilowever if the rmodel of Casey and Runnels could be 

successfully applied to tile guest molecules in urea adducts 



it would be very interesting to see if tie heat capacity 

anomalies might be predicted by a one di-iensional model. 
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CHAPTER 7 

T4fE1:vrDY"A"-C PROPLTITTES OF THIOPREA-CYCLOTIE7TA"E  A"D 

T7TOITLEA-CYCL06CTA"E ADDITC7S  

ExT)erirental  Determinrtion of the peat Capacities  

The heat capacities of the thiourea adducts of 

cycloheptane and cycloOctane were determined by the method 

d.esci!bed in Chadter 3. The values found for their heat 

capacities are listed on Tables 7.1. and 7.2. Cp/mole • 

values refer to the heat capacity of the adduct per Mole 

of Thiourea (1 mole of Thiourea . 76.133g). These heat 

caoacity points were plotted against tem)erature using a 

large scale an:' a smooth curve of best fit drawn between 

the points. From these graphs smoothed heat capacity 

values were read at 5X intervals and these points are 

tabulated in Table 7.3. Small scale graphs of heat 

capacity versus tcplerature for the cycloheptane and 

cycloOctane ar'ducts togeter with the thiourea-cycloheane 

addict (Cope 1967) are given. in Figure 7.1. 

A measure of the precision of the e:perimental 

results is given by the percentage root mear. square 

deviation of the points from the smooth curve. These 

values for the thiourea. adducts Of. cycloheptane and cydb-

octa e are given below in Table 7.1. 
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TA:'LE 7.1. roeT !ICA"1.  SQUARI nEVTAT7.077S rF T7E, E:.=n774=AL 

"r0Tv'TS FROM A "'OOTTT CUINE  

Adduct 	 Temperature Range  

12-25K 25-?3'' 30-.300X 

cycloheptane 	0.79 	0.23 	0.12 

cycloOctane 	0.26 	0.35 	0.13 

Tn Table 7.5 the adduct entrojles determined at 10X 

interv,- ls by graphical integration under a large scale plot 

of Cp/T against T are listed. For this the heat capacities 

12-: must be estimated. For the cycloOctane ad-luct 

is was effected using the sane procedure as in. Chapter 

6 secti ,n (ii). rowever for the cycloheptane adduct the 

experimental poirts did not extrapolate to zero heat 

capacity at zero degrees Kelvin. These points arc shown in 

Figure 7.2. The entropy values were determined using Cp 

values of curve /a' in the figure. 
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TABLE1.7- 

EXPERIYENTAL VALUES OF THE HEAT 
CAPACITY OF THIOUREA-CYCLOHETTANE  

Wt. of sample in calorimeter = 10.8695 g (7.5543 g of thiourea 
+ 3.3152 g of cycloheptane) 	-1 Heat capacity of sample, Cp, in Joules X 	-1 	-1 Heat capacity per mole of thiourea, Cp/mole, in Joules K mole 

Run No. 222611 d T Cp mole 

1 96.20 2.12 6.610 66.635 
2 98.89 3.29 6.785 68.400 
3 102.41 3.77 7.103 71.605 
4 106.81 5.00 7.275 73.339 
5 111.74 4.86 7.492 75.527 
6 116.35 4.35 7.677 77.392 
7 120.86 4.68 7.779 78.420 
8 125.49 4.57 8.007 80.719 
9 130.16 4.78 8.218 82.846 

10 134.87 4.66 8.521 85.900 
11 139.58 .4.73 8.765 88.360 
12 144.45 5.01 8.996 90.689 
13 149.34 4.83 9.229 93.038 
14 151.35 2.96 9.389 94.651 
15 153.99 2.33 9.581 96.586 
16 155.98 1.63 9.606 96.838 
17 157.61 1.61 9.682 97.604 
18 159.34 1.84 9.829 99.086 
19 161.17 1.82 9.931 100.11 
20 163.07 1.98 10.985 110.74 
21 165.15 2.02 10.317 104.01 
22 167.17 2.03 10.097 101.79 
23 169.20 2.01 10.195 102.78 
24 171.21 2.00 10.268 103.51 
25 173.82 1.97 10.405 104.89 
26 175.77 1.93 10.489 105.74 
27 •177.71 1.93 10.560 106.46 
28 179.65 1.93 10.598 106.84 
29 181.68 2.12 10.846 109.34 
30 183.80 2.10 10.983 110.72 
31 186.14 2.57 11.104 111.94 
32 189.06 3.26 11.203 112.94 
33 191.17 4.50 11.345 114.37 
34 195.78 4.72 11.461 115.54 
35 200.63 5.01 11.610 117.04 
36 205.62 4.94 11.844 119.40 
37 210.54 4.90 12.053 121.51 



TABY071., (continued) 

Run No. 	TornaK 
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41T P.E Ci)113103-e_ 

38 215.42 4.86 12.263 123.62 
39 220.27 4.81 12.498 125.99 
40 225.08 4.80 12.593 126.96 
41 229.84 4.77 12.758 128.61 
42 231.83 3.2o 13.072 131.78 
43 234.61 3.02 13.181 132.88 
44 237.14 2.6o 13.110 132.16 
45 239.63 2.54 13.691 138.02 
46 242.14 2.48 13.881 139.93 
47 244.67 2.40 12.986 130.91 
48  247.18 2.50 12.940 130.45 
49 249.71 2.46 13.006 131.11 
50 252.20 2.58 13.099 132.05 
51 252.35 2.70 12.946 130.51 
52 255.03 2.62 13.041 131.47 
53 257.67 2.58 13.127 132.33 
54 259.86 2.20 13.352 134.60 
55 262.03 2.16 13.921 140.34 
56 264.23 2.24 13.415 135.24 
57 266.52 2.36 13.184 132.91 
58 268.91 2.50 13.456 135.65 
59 271.12 2.40 13.625 137.35 
60 277.29 5.64 13.785 138.97 
61 283.05 5.92 14.024 141.38 
62 289.13 6.28 14.247 143.62 
63 295.13 5.81 14.553 146.71 
64 300.52 4.99 14.790 149.10 
P1 50.82 4.80 3.951 39.830 
P2 55.24 4.50 4.153 41.866 
P3 60.64 3.64 4.567 46.042 
P4 64.26 4.24 4.920 49.599 
P5 67.99 4.16 5.151 51.927 
P6 72.29 4.45 5.293 53.359 
P7 76.50 4.17 5.559 56.040 
P8 80.81 4.44 5.888 59.357 
P9 85.37 4.68 6.205 62.553 
P10 90.16 4.91 6.525 65.778 
P11 95.00 4.76 6.719 67.734 
Ea 12.17 1.62 0.605 6.099 
H2 14.38 2.40 0.647 6.522 
113 16.67 2.30 0.743 7.492 
H4 19.05 2.44 0.912 9.194 
H5 22.06 3.58 1.277 12.873 
116 25.60 3.70 1.632 16.452 
117 30.52 6.00 2.135 21.523 
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TABLE7.2(continued) 

Run No. Temp/k AT 2.E. CD/mole 

H8 35.75 4.46 2.628 26.493 
H9 40.88 5.78 3.165 31.906 
H10 46.18 4.82 3.629 36.584 
H11 51.07 4.96 3.969 40.011 
H12 55.68 4.10 4.192 52.260 
T1 161.79 0.67 9.942 100.22 
T2 162.43 0.50 12.363 124.63 
T3 162.81 0.56 10.970 110.59 
T4 163.73 0.64 10.567 106.53 
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TABLE 7.3 

EXPERITIErTAL VALUES OF TiE HEAT  
CAPACITY OF THIOUREA-CYCLOOCTANE  

Wt. of sample in calorimeter = 20.9881 g (14.0620 g 
thiourea + 6.9261 g cyclooctane) 	-1 

Heat capacity of sample, Cp, in Joules K 	-1 	-1 
Heat capacity per mole of thiourea, Cp/mole, in Joules K mole 

Run No. 	 ijiiDiTeif 	21T 	f_P. 	Cp/mole  

11:35-70 	
60.496 
62.271 

12.110 	65.551 
12.500 	67.663 

3  1-.324.05 	
69.936 
71.695 

13.694 
14.036 
14.484 

li.6.E3319 	

7778gi 
82.906 
83.896 

16.085 	87.068 
16.628 	90.007 
17.272 3 
17.929 

100.09
9094 

18.49  
18.759 
19.150 	103.6 6 
19.638 
19.881
2.44 	

106.30 
5.14 107.62 

29.690

22 	
31-1.6.'86 74 
121.00 

23.389 	126.60 

24.538  26.117 	1111342011..9  .63819742  
27.930 
29.733 
32.000 	173.22 
34.477 	186.62 

6.70 186.30 
175.72 

34.417
6325 

33  : 87 	169.89 
172.88

95:49 29.465 

3.58 
4.33 
4.56 
4.42 
4.46 
4.46 
4.49 
4.60 
4.77 
4.84 
4.80 
4.72 
4.78 
4.85 
4.93 
5.02 
4.07 
4.03 
3.97 
4.84 

4.02 
3.34 
3.96 
5.19 
4.88  
5.70 
5.50 
6.03 
5.66 
6.06 
6.45 

7.27 
7.37 
7.27 
7.97 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

87.32 
91.28 
98.06 

102.56 
107.00 
111.48 
116.00 
120.58 
125.27 
130.10 
134.32 
139.09 
143.79 
148.60 

5538.64484 
162.98 
167.03 
171.00 
175.43 
180.18 

188.47 
192.12 
196.69 
202.21 
208.00 
213.60 
219.39 
225.31 
231.23 
237.49 
244.09 
251.07 
258.4o 
265.76 
273.33 
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TABLE-C(oontinued) 

Run No. Tompik AT il Cp/mole 

38 281.29 7.93 29.660 160.55 
39 289.19 7.87 29.834 161.49 
40. 296.97 7.78 30.315 164.09 
P1 56.02 3.85 7.838 42.427 
P2 60.31 4.20 8.279 44.814 
P3 64.45 4.63 8.933 48.354 
P4 69.28 3.99 9.345 50.584 
P5 74.19 4.84 9.877 53.464 
P6 78.92 4.6o 10.311 55.813 
P7 83.42 4.38 10.903 59.018 
P8 87.71 4.20 11.423 61.833 
H1 12.52 1.40 0.572 3.096 
H2 14.42 1.71 0.656 3.551 
H3 16.65 2.43 0.963 5.213 
H4 20.02 4.23 1.579 8.547 
H5 23.71 3.16 2.287 12.380 
H6 27.70 4.65 3.044 16.477 
H7 31.92 3.62 3.844 20.808 
H8 35.89 4.37 4.604 24.921 
H9 40.87 5.61 5.484 29.685 
H10 46.29 5.23 6.372 34.492 
Bil 51.18 4.60 7.109 38.481 
H12 55.56 4.16 7.778 42.102 
T1 152.72 2.77 17.235 93.293 
T2 155.48 2.74 17.533 94.909 
T3 158.04 2.38 17.845 96.595 
T4 160.40 2.35 18.135 98.165 
T5 165.07 2.32 18.543 100.37 
T6 167.36 2.28 19.072 103.24 
T7 169.48 1.94 19.167 103.75 
T8 171.28 1.63 18.836 101.96 
T9 172.90 1.62 19.110 103.44 

T10 174.97 2.57 19.533 105.73 
T11 178.07 3.68 20.223 109.47 
T12 181.41 2.97 20.646 111.76 
T13 183.89 1.97 20.984 113.59 
T14 185.82 1.91 21.199 114.75 
T15 187.20 0.89 50.383 272.72 
T16 188.37 1.46 22.792 123.37 
T17 190.01 1.80 21.595 116.89 
T18 192.19 2.56 21.848 118.26 
T19 227.97 5.15 30.785 166.64 
T20 232.41 3.74 32.531 176.09 
T21 235.63 2.72 33.782 182.86 
T22 238.04 2.10 34.112 184.65 



TABL5743.(continued) 

Run No. Temp/1 1ST CD Cp/mole 

T23 239.98 1.78 34.724 187.96 
T24 241.75 1.76 35.121 190.11 
T25 243.69 2.07 34.63o 187.84 
T26 245.80 2.17 33.981 183.94 
T27 261.79 2.17 31.729 171.75 
T28 263.97 2.16 32.011 173.28 
T29 266.09 2.08 33.863 183.30 
T30 268.40 2.56 31.238 169.09 
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TABLE 

SI10 Or= LIM OP TIE 117A T CAPACITIES 
OF TIE 	- C 	AID 	OUP.E.A - CY CLOOC TATE 

) 

CYCLO6CTANE 

0C = 273.15K 

T/K 

ADDUCTS 

TEAT CAPACITY IN JOULES K. 1  (I.TOLP, TIIICUREA 

CY CLOPIETTANE 

0 0.000 0.000 
5 2.905 0.920 

10 5.495 2.205 
15 6.735 4.125 
20 10.18 8.520 
25 15.78 13.78 
30 21.01 18.89 
35 26.07 23.94 
40 30.99 28.93 
45 35.57 33.51 
5o 39.29 37.52 
55 41.99 41.50 
6o 45.38 45.29 
65 50.11 48.47 
7o 52.49 50.83 
75 54.97 53.23 
80 58.76 56.57 
85 62.36 60.07 
90 65.63 61.67 
95 67.85 64.08 

100 69.38 66.44 
105 72.74 68.82 
110 74.78 71.20 
115 76.85 73.54 
120 78.22 75.89 
125 80.47 .78.23 
130 83.26 80.61 
135 85.97 82.97 
140 68.53 85.36 
145 91.01 87.80 
150 93.43 91.13 
155 96.84 94.68  
160 99.37 97.87 
165 104.2 100.4 
170 103.0 103.4 
175 105.4 105.8 
180 107.1 110.9 
185 111.3 114.3 
190 113.9 116.8 
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TABL: 74(continued) 

11Z. CYCLOPF7PTArE GYCLOOCTANE 

195 115.2 119.7 
200 116.8 123.9 
205 119.1 129.3 
210 121.2 135.6 
215 123.4 143.8 
220 125.4 152.1 
225 126.9 160.3 
230 128.8 170.2 
235 132.8 181.3 
240 139.6 188.4 
245 130,7 185.3 
250 131.3 176.9 
255 131.6 171.3 
260 134.8 170.4 
265 134.3 176.2 
270 136.6 164.9 
273.15 137.8 161.2 
275 136.5 159.4 
280 139.9 160.2 
285 141.7 161.0 
290 144.1 162.1 
295 146.5 163.3 
298.15 148.3 164.3 
300 148.8 164.6 
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J'oth of the thiourea adCucts studied showed a co-,plex 

series of anosalously high heat capacity regions. 

For the cycloOctane adduct the excess beat of the ano,,alies 

was determined by measurirg graphically the area between 

the actu-1 heat capacity and the value expected in the 

absence of the aro-Ialies. The excess entropy was deterslined 

by -eas7iring tne corres-ondin, area in the Co/T versus T 

plot. These quantities are listed in Table 7.6, and in 

Figure 7.3 the 'extra' heat capacity for the cyclooctane 

adduct is shown. 

The heat capacity anomalies of the thinurea cyclolieptane 

adeuct although including several peaks are spread out 

over a very broad te,nper-ture range. For this reason the 

heat capacity baseline is very difficult to :eber,-line 

accur-rely by eye and a procerlure sinilar to that used 

for - le excess heats and entropies of urea-1-decene (Cope 

and -)arsonage, 1969) and urea-1-dodecene (this thesis 

Chapter 6 (ii)) was sought. 

However the heat capacity of pure cyclo')eptane at 

low teriperat',res (Finke l  Scott, Gross, 'Tesserly and 

7addington, 1956) exhibits phase transitions between four 

phases. The ycloheptane heat ca,)acity curve is 

shown in Figure 7.4. It is impossible to decide whic,i neat 

capacity line should ,Je used and in any case-  this would 

have to extraoolated all through the temperature range. 
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So an estimate of the heat capacity baseline of 

the thiourea-cycloheptane adduct was made by eye - the 

excess heat and entropy are given in Table 7.6 and the 

'extra' heat capacity is shown in Fijure 7.5. It must 

be strcr- sed however that the unc_rtainties in these 

quantities cannot be determined unambiGuously but are very 

high (see Tattle 7.6). 

It was mentioned earlier in this section that the lowest 

measured experimental heat capacity points for the thiourea 

cycloheptane adduct did not extrapolate to zero heat 

capacity at zero decrees Kelvin. The root mean square 

deviation of points from a smooth curve in this region is 

only 5-1 O of the deviation necessary for the curve to 

extrapolate to the oricin. It therefore seems possible 

that this behaviour is caused by a small heat capacity 

anomaly partly occurrirc below 121T"the lowest temperature 

measured. 	Fic,ure 7.2 the possible size of this anomaly 

is s%etched in. TI:is anomaly would lead to an increase 

of about 2°A in S2,)3.15-So. However as only the two 

lowest temperature heat capacity points suaLest this' 

anomaly is prese;,t, its exi:tence is far from certain. 
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TA LL 7.6. A'NTOvALTI.:S T  T TITE T-MTTREA ADmICTS 

Adduct 	cycloheptane 	cyclooctane  

41H/0 (mole t1 iourea)-1) 
	

650 ± 100 	2730 t 40 

All/ (J (mole cycloalkan
4) 

	

1 950 ± 300 	C130 ± 120 

L‘S/(JK'l(mole thiourea-1) 	4 	+.11 	?:.7 	12.21- 0.3 

AS/(J77.-1  (mole cyclooklan0-1) 13.2 	2.1 	36.24 1- 0.9 

Differential thermal analysis measure-,ents were 

carried out on samples of the two thiourea adducts from 

-100oC up to 160
oC (see Chapter 6 section (i) for 

descri)tion of method). D.T.A. curves for the two 

ad-lucts are s'iown in ricure 7.6. below 300'Z the D.T.A. 

measurements were in accord with the heat capacity 

measurements, the thiwirea-cyclooctane peaks showing up 

clearly in the D.T.A. scan.- Above 3002C neither arlduct 

exhibited any observable anomaly up to about 160°C when 

the thiourea lattice melted. 

(ii) Ferroelectric measure.rients  

The ferroelectric behaviour of the-stable, orthor-

hombic thiourea 11-,s noted in Chapter 1 of this thesis. 

In the adducts studied by Cope (1967) and iv the 

cyclohept-ine a 7Cuct certain anomalous regions were 

observed in the heat capacity curve at about 1 70K similar 

to the feroelectric-antiferroeclectric trr—sition 

observed by Chang and Nestrum (1960). It was therefore 

decided to ria':e some electrical measurements on the 

thicrlrea adclucts to see if at low temperatures the crystals 
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exhibited ferroelectric properties. 

For this purpose crystal sections cut perpendicular 

to the ferroelectric axis (the crystal c axis) were 

rer:uired. :fowever similar difficulties to those described 

in Chapter 5 for urea crystals sectioninc were experienced 

in pre,parinc ferroelectric-axis sections of the thiourea 

ar'ducts. For this reason pellets (1-2 rim thick) of finely 

crus'.ed crystals of the cyclohe--ne,cycloheptane and 

cyclooctane adducts of thio,/rea were prepared. 

preparations are often used for ferroelectric 

investivations when single crystals cannot be prepared or 

sectioned ( -urfoot, 1967) as in a powder many of the small 

crystals will _e orientated in the desired direction. 

The electrical measurements on the pellet were 

carried out in t:le "aterials 	ction of the Electrical 

Lncineerinc Department, T-Iperial Colle e and very helpful 

in:7-tr,iction and advice on the prep .ration of samp/_es and 

electrical measrements was giver_ by "r. E. 	lledmann 

of that department. The apparatus employed to observe 

fcrroclectric hysteriesis loopswas  a Sawyer-Tourer 1: :'op 

tr-cer c 	(sawyer and Tower, 1950). Fine silver wire 

electrodes were fixed to the pellet faces with 'silvadas', a 

colloidal silver paint. Two t;pical traces displayed on 

the cat ode ray oscilloscope for the thiourea adduct pellets 

to6eter with a fully saturatcdlysteresis loop are shown 

in F'L-res 7.7 (a), (b) and (c). At roots temperature all 

three acs ducts e2-1)ibitcd hoops very similar to type (a) 
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w'lich is characteristic of a condensor with imperfect 

electrical counections. 7owever on cooling to liquid 

nitrogen temperatures the pellets of thiourea cyclohexane 

a-d thiourea cycloheptane showed loops more similar to 

type (b). Yo thiourea-cycloCictane pellets exhibited 

this change at low tqmperatures. The low temperature 

loops for the cyclohexane and cycloheptane adlucts may 

indicate ferroelectric telavi r for these crystals but 

far more detailed and varied ferroelectric studies would 

be necessary to prove its eistence. 

Treasurements were also made on adduct cry/seal sections 

cut parallel to their (possible) ferroelectric axes. 7o 

saturation was observed in the loops displayed for these 

specimens. 

(iii) Discussion of the -eat Ca ,acity  _4Tomalies of t", e  

Thiourea. Cycloalha-.e Adducts  

Cope (1967) noted the very complex_nature of the 

heat capacity anomalies in the t'adourea-cyclohexane and 

2.2-dimethylutane adducts. The heat capacities of the 

thiourea adducts of cycloheotane and cyclooctane stu,fied 

in this thesis ehibit a similar complexity. The two 

components which may contri:,,ute to anomalies in adduct 

heat capacities, the thiourea lattice and the guest 

molecules will be considered separately. 

(a) The thiourea 1attice 

The heat capacity of pure thiourea is s,own in Figure 
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1.5.7lestrum and "cCullouah discn,ced the heat capacity 

and observed three anomalies: 

	

T/K 	z1S/(STK 1  riole-1) 

169.33 	 0.17 

171.20 	 0.04 

	

150-20o 	 0.70 

Cope found a sharp anomaly in the heat capacity of 

cyclohexane adduct at 170.:PC with a 4.F of 	0.23 

-1/ 	.-1 kmole thiourea) 	and humps in the ran,c 130-160TC with 

3.84,TN-1 (mole thio,irea),-1 . The cyclohept—e acIduct 

exhibited a sharp a-omaly at 163.4K with 	S ti  0.25JK-1  

% 1 (mole thiourea) . _he entropy of smooth humps found in 

the heat capacit; of thiourea cyclo'leptnne in the 150-200K 

telperaturc ra-Le is diffic"lt to esti-late Nut is probably 

similar in r-aLritude to those fourd in the cyclohexane 

addlIct. _ The :_eat capacity of -Lliourea-cyclooctane 

exhibited no sharp 	r the 160-170 terperature 

The shnrp peak at 137.27-7. had ar 0.-7.cess heat and an e-,cess 

entropy several orders of maLnitude 1-rier than the 

ferroelectric anomalies in pure thi,/lrea and t 	is 

unlikely to be clue to a ferroelectric transition. 

-eat capacity measurements su est therefore that 

while the thiourea ar''ucts of cyclohexane and cyclohe?tane 

may 	ferroelectric behaviour si-ilar to pure 

thiourea, thi-lrea-c:clooctane probably possess no ferro-

electric properties. These tentative conclusions are in 

agreement with the ferroelectric measurements made on the 
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thicirea cycloalkar.e ad:lucts. ''rowever it muF- t be 

emphasised again that the ferroelectricity -easurements 

are by no mea7.7s unamb_guous. 

col:lsmith and 7hite (1959) deduced from detailed 

X-ray structure analyses of pure thio 're: at room 

tempErature and at 12(7c. that the transition tom the hiLh-

temperature artiferroelec -Cr!c s,ructure to the ferroelectric 

structure is produced by small rotations of the t ionrea 

molecules. This results in two inOlecules per unit cell 

(there are four thionrea molecules per ,/nit cell) having 

different orientation to the ferroelectric axis fro-

t' e other two molecules. The resultant molecular dipole 

'orient is no lorger zero. 	X-ray structure analysis 

of the thiourea ad nctF at low temperatures miLht reveal 

small rotations of the t_i! -urea m.l_ccules in the host 

lattice. 

It is not unlilely that similar thiourea ad - ucts will 

e::hibit different rea:roelettric properties as the '_ost 

lattice will have var, ing 'nteractinns with different gliest 

molecules. It is also possible that t-e t iourea molecules 

r,a be 	d,isplaced in some ac 	in order to 

el-:)crierce t e -,ost favourable interactions with the guest 

,olecules. Lenne (1954) has reported that the positions 

of the thiourea nitrogen atoms vary from adduct t adduct. 

(b) The g-ucst molecules  

Apart from the anomalous heat capacity behaviour 

observed for thinurea-cyclohe-)tane in the 160-170K region 
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(discussed above) t]le .followin6 anorlalous heat capacity 

reL,ions were observed. 

Thiourea-cyclokeptane 	7o sharp transitions but 

s:'iooth anomalies in heat capacity from 5D-270X. 	Two 

small heat capacity pea7:s - - one at 240K and one at 2607. -

Total entropy of two peas is r\i0.2J7-1(mole thiourea)-1  

and excess enthalpy is 	eN,60J(mole thiourea)
-1. 

Thiourea-cycloOctane adduct: 	Major cc-operative 

ano-laly at 137.217,. and very 1arEe :broad 	,fro- 

16D-2:37. 	The exce:- s enthalpy and entro„.y of the 127.2K 

anomaly cannot be deter7,ined accrrately becar!_se the low 

temper a,ture tail of the 160-2707 -anema_; partially ma.:ked 

the 1 -- 7.2Tt transition. 	The excess enthalpy is, of the 

order of 150S(mole thiourea)-1 and exce.:.s entropy is about 

1,mole thiourea) -1 
	

16o-22o7r, anomaly 	excess 

_at of 	ti 26.DOJ(mole thiourea)-1  and excees ertropy of 

(role theurca)-1  

To try and explain the oriLin of the -thiourea cycle- 

haptare 	cycloOctae adduct hL.at capacity anomalies 

all the, 	sible motional proceer:e: available to the 

cycloalkane molecules must be considered. 	As with the urea- 

hyCrocarbon complexes the c:/cloalLlane  ;'iolecules in the 

thiourea channels may posserotational and translational 

frcedo-. 	Tt also has een suL,ested that straight-chain 

hy''rocarons 1.6.,lat flex (i.e. be' ave a 	:1 i:?L;S rather 

thar riLid rod - ) in the urea cha-nels. 	7owevcr -oae than 

small angles of internal 	tion will cause unfav 'arable 



-160- 

irteractions with the urea lattice. For cycioalkane 

-iolec'lles in tie larger tiourea channels flexing will 

also te possible and may lead to conversion from one 

cycloaEcane confor,nation to anot_ier. The ef_ect on the 

ad:uct heat capacity of possilile co-foxnational inter- 

conversions will ,e disens ::ed it the next section. 

(1) Corfor—ti-nal interconversi'ns  

Cope (1967) in his discussion of ,he heat c' 

of ti_io-tren-cyclohexane did not consider the possil,ility 

of cc:.for-latio=1 tflip irgl. '-owever consideration 

of the strain energy of the possi_ble conforr,-tions of 

th-t only the _air form will exist -t 

ordin-ry tempelatnrcs. In order to un,ers,a-d the psssibility 

of interconversion of cc-forriatior of cycloallzanes it is 

first necessary to con-icier tare factors comprising the 

straw - energy. 

-ealdrie:son 	, 1964, 1 967 (a, 10 and (0) has 

co7p/tted te energi - of the cyclohexaae, cyclobeptane and 

cyclooctr.ne rings. The strain enervy of a ring is T-n4ade up 

of three main factors: bond angle strrin, torsional .strain 

clue to rotation arounc7  a single bond (i.e. the extent of 

ecli)sing of sir stituent h:drog ens), and non-bon:led 

interactions . ,.,enOric'zson fo-:nd t at c'ar'es in ';,oncl 

length were not a si_nificrult factor in the .energy calcul-

ations. 

The chair for- of cyclohexane (Figure 7.0 (.a.)) is 

unique amongst t Le cyclorrm, ,es crn2or--tions in that all 
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the e,,ere,y comporenets listed al,ove are -iirimised. The 

be- t for- (riunre 7.3 (b)) of cyclohexane has an. energy 

6.9 kerlc,/,-ole hiGher than, the chair for-1. However, the 

boat form, nnli":e the c:,air, is flexi,Ae as it ca-,  exist 

in an entire s,,ectrum of confornrtions all possessing 

unstrained tetra edral an;:,les and in fact one of these 

corformatiors, the twist boat (Figure 7.8 (c)) has an energy 

1.6kcals/mole lower than the for'' (I.). 

FTC ."7 • n co-rcn—-Trr-,Ts OF C7CLO-EA'E 

(c ) 

Therefore the chairs form of cyclohexane is 5,3 1:ccals/-,ole 

77ore stable enerGeticall_y.than any other corforrlation and 

at ox%71ira1'y tomp-ratures will 	the only co-formaton 

observed. 

Cycloeptc.ne also has a boat a-d chair for71 which can 

only be interco7verted Ly deforr,ation.of bond anGlesi 

However in this case bothforms are flexible and the. two 

enerGetically favoured conforations are the twist chair 

and twist boct. 	le four for'-is and their enemy diagram are 

s]lown in Figure 	The twist chair form is 2.4 heals 

-ole-1 more stable eneretically than the twist boat. As 

the entropy Lain for olecnles 	rrom the c: air to 

the boat form would be fairl_ small cycloheptane would. Le 

expected to exiot entirely 	the chair form to well above 
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300R. 

The nine forms of celoCietane with definable symmetry 

are shown in FiL,ure 7.10. 71.114 e cyclohexane ard cyclo- 

heptane 	conformation of cycloOctane _laving the lowest 

energy is not immediately obvious. *`ac ine calculations 

of 'terdrickson (1967 (a)) and Eixon and Lifson (1967) 

sug_est that the boat-chair form (Figure 7.10(d)) is 

energetically favo,,rerl over the other forms by 1-2 ':cal/mole. 

Wi:Jerg (1965) surLested that (e) is a four hundred calories 

per mole less stable than the exterded crown for- (L . 

'o neverUibergls boat-chair model contains an unnecessary 

restraint and relaxation of this -restra!L-t will 1 0- er its 

energy somewlat. 'he energy differe_:ces ( A 1E ) :Teter 'fined 

for 	ri-e cyclooctane forms by -e-dr'c':son with the 

i-oat-chair for as an energy aero are listed in Table 7.7. 

TA:Tr. 7.7 	E 
 - 	r. 	.ter C1rCl".0XC'IA'rE CO''TP' ' 7-c  

-1 rFor'" ) 11E/(kca3s mole ,  

7C 	 0 
CC 	 1.9 

1.4 
TC 	 3.7 
C 	 72.3 

10.3 
Crav- 	 2.3 
TCC

(
D
2
) 	 1.7 

T'C 	 2.0 

These ercrcy values led -end.rie:so7.: to suL_est that 

at room temperature cycloocta-e will exist as a mixture 

of several conformations. Tnis sub ,estion is su,)lor.,ed 

the eleclron dif_'raction studies of Alneningen, Fastiensen 

and Selp (19(:!:) 	cycloOctare. They fourd that 
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the structure o.:)served 	cycloOctane at 40°C could only 

be ex.ained by the existence of a mixture of cycloOCtane 

corfor-ers. 

The 160-2807c. anomaly in the heat capacity of f:iourea- 

cyclooctane has an ecess heat of -s 2600J(r!ole tl,iourea) 
. and an excess entropy of a,11.2JK-1(Hole thiourea) 1 	This 

is an c7cess heat of -,7800 J (mole of cycloOctane)- 

1.86 kcals (mole cycloctare) 1 . The entropy of the anomaly 

;er 7ole of cyclooctane is equivalent to 11 In 80 and so 

the ano-,aTy 	o.viously ;s very difficult to e: _;la 

on tie bas1:7, of reoriert-rtion between potent? al mini a. 

ollever t'c excess lent of the anomaly is very 	to 

c: ,ected for conversl.on of boat-c'tair cyclooctane to 

enery forms. 	he large nu-1.)er of hijler energy 

farms and their treater fl 	may ex)lain the lar,,e 

entr2py of tIle 

The -.sence of any si-ilar a.norn-ly in the neat 

ca: rcity of the tni urea-cyclo_epta:-.e adrhict -i_ht be 

ex ccted fro-  t' e energetic stability of the twist c. air 

-olecrle. The two small heat ca,acity x;ea1cs at 240 rnd 260': 

have an entropy whic r-j_ht be consistent with conver3ion 

of the cyclo7leptare c1-Lair for to t',. -boat .forni, but the 

ent7a1:)y of t7.-:e pea7..c.s 	"-1?0J(role cycloheptane)-1  is on4y 
a tiny fraction of the necessary conversion energy, 2.4 k cals ,  

(2) Tiotation and trans17tion 

ine thic,urea-cyclooctane ad'uct exii:Jits a major 

co-oper- tive-type ano'ialy in its heat ca)acity at 137.2":. 

-1 
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Thiourea-cyclohexane has a similar pea'.: at 128.7( (Cope, 

1967). Cope su7nested that this cyclohe.7:ane ar'dct transition 

miLht be due to reorientation of the cyclohe::ane -olecules 

between potential mini-a in the thiourea caannels. The 

1'37.2K transition may likewise Ue due to reorie'taLion 

of t' .e cyclOrict-_ne -olecnles between pote-tirl 	in 

Vie thiourea ch-n-e)s. 

There is not a cimilar co-operat've-type anomaly in 

the heat capacity of thiourea-cyc?oheptrne. 	place of 

such an anomaly there is a inroad region of anomalous heat 

capacity ;,ehaviour fro- 50-270-. 7,w ever way the nature 

of the rotational tra7sition in cycloheptane'snould dif -er 

so entirely in its de,:ree of co-operation is not understood. 

Translatio:- of the cycloalkare molecules alorIL 

thiourea channels is a possile for- of molecular 

-ovever ('lson and vcnowell (1961) condude from ‘T.".11. 

studies 	t t' ..e trr:slatio-al motion of cyclo'lexane 

along, thinurea char gels is ht-dired any' 46:_eref-)re 

it s :err, unlikely that the lar,jer cycloheptr.ne and cycl-

Octazle -olecul_es will have any si nificart translatihral 

freedo-. also the uniform thio-rea:cuest riolecule ratio 

for t'_e t!.ree cycloalkanes of 	3.0 suGLests that the G 'est 

-iolcenles 	neal: t e sulp.mr atoms lane and that tra-s-

lational mot ion is unimportant. 

(c) 	stnies  

It was noted in Chapter 4 t ot tae sinLle crystal 
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rota ier :.hotograps of th: urea Gycloheptare and 

cyclooctare a,'•'•?cts showed no discrete lattice -oints 

arising fro- t' ._e ordering of the cycloalkane molecules 

in the thiourea channels. re 1-16 (195/!) found discrete 

points in the slrgle crystal rotation 2hotogr 2h of 

L iourea-cyclohe)_ane which he put down to cyclohexane 

-,olccules beig situated at each sul,'Iur atom, plane in the 

thianrean 'annels an.,:! hence LiNirigar an orrere lattice 

of cyclohexane -olecules. The absence of cycloalkane 

lattice ,oints in the cyclo'.:_eptsre and cyclooctane adduct 

-photoLrahs may. be due to: 

( 0 
 

positional disorder of the cycloa7zane 7oleculcs in 

te thif‘nrea channels 	7owever it would be ex )ected since 

all t:iree cyclazareE have very sir7ilar tliiaurea:Lxest 

7-olecule ratios tha_ they word:* have air-llar channel 

(ii` "otion of the cycloarzanc molecules attenuating the 

intensity of the cyc_oa11.7=e lattice2oints. to below tie 

observable level. Corfor-ation intereonersion nigh 

lely the cyclohexane adduct photograph exftibits the guest 

• 

--olecule lattice points w.tereas cyclohe„)tane and cyclooct7ne 

do not. 

If the absence of lattice .oints were due to the 

interconversions of confo=ers, low temperatures -r y 

2_,otogra,hs 	'_t exhibit _ucst molecule lattice points as 

the lowest-energy conformation mi ht be the only form 

e:: sting at these te-ioert-ires. 
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(iY) rro -)osals for further work 

It has already beer suLcested in this chapter that 

low temperature X-ray studies on the thiourea cycloolka'le 

adducts may Give very useful evidence aLout the ferroelctric 

properties of the thiourea lattice and the positioning and 

-lotion of the Guest molecules. 

-ow --tudh o '_er useful work cao be carried out depends 

to a larj,e extent w.lether the t'lioure-7 aduct lattice can 

be cleared successful_ly into thir sections perpendicular to 

the a''duct lattice c-axis. If this can be achieved ore 

refined ferroelectricity measurements should disclose if ae 

adduct lattices are ferroelectric and if so in what 

temperature reLlors. Also the study of optical birefriLe ce 

of sue' scctiors at low temperatures niGht Live more 

information about t:le ord,erinG of tie Guest molecules. 

Furtaer useful heat co,acit, meas-trements could ,e 

made on he thi -)-rea a ,dducts of com-plotely deuterated 

cycloalkares. Tae ferroelectric properties of the thiourea 

latice should be unaltered and auy conformational inter-

conversion of the cycloalkane molecules would be sustantially 

linc_arLed although the vibration of the riLiG seGments would 

be altcred by the substitdlon of deuterium for hydrogen. 

-ow ever a'-'y retatsinal - rn -sitiens would be canGed sig,- -1.fi-

ca:_tly by substitution of deuterium because of t e alteration 

of the various Guest molec-le-Luest -olecule and Guest 

molecule-'Lost lattice i Leractions. 
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C!IAPTER 8 

Thermodynamic 7roperties of some Tunsten Lronzes  

(1` Experi-rental T)eterrination of the 'cat Capacities of 

(1'774)0.26W°-9  N 	p.1,10 3 —0.26"3 and 0.4m 3 

The heat capacities of ammonii,m, potassium and 

hydrogen tungsten bromes (for—ulae shown above) were 

determined by the method descr:Lbed in Chapter 3. These 

values between 12 ane 300X are listed in Tables 3.2, 0.3 and 

Cp/mole values refer to the heat capacity of the 

bror7e per Gram Formula 7eIght of tronze. The heat capacity 

points were plotted against temperature using a large scale 

and a smooth curve of best fit was drawn between the points. 

From these graJ,s smoothed heat capacity values were read 

at 57 intervals and these points are tabulated in Table 3.4. 

-mall scale graphs of heat capacity versus temperature for 

the rorzes are shown in. Figures 3.1 and '.2. 

A —ensure of the precision of the experimental results 

is given by the percentage root mean square deviation of 

the pin, is from t' :.e sroot' curve. These deviatins for the 

three bron7- es are listed below in. Table 3.1. 
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TATLE 3.1 izt.-- r-r 7iti.VT 	T)EVTAT!ONF OF TPE L ' ,ELTYLVTAL 

POINTS FROM A S70nOTH CUEVE 

fronze 

("4)0.261'103 

`0.26WO3 

710.4011°3 

Temperature Range  

12-25T; 	25-30K 	30-300K 

12 	4.5 	1.2 

3.5 	2.8 	0.9 

7 
	

2.9 	1.0 

it will be noticed i-m-ediately that the precision of 

the tungsten bronze heat capacity points is of a far lower 

order than that of the urea and thiourea adducts. in the 

case of t e urea and thiourea adducts the sample heat 

capacity varied between 305 and 70-4, depending on the 

temperature and weight of sample. However for the bronzes 

the createst mass of sar- 'le that coul-' be prepared in 

one batch was about fifteen grans. This ;Teic.,%t of sample 

contributed between 	and 204  to the total heat ca:acity. 

The sample percentage heat capacity was particularly low 

below 40-. T _e loss of precision in heat capacity measure-

-erts on the tungsten bronzes stems directly from this 

small sam:31e heat capacity percentage. 
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TABLE Ba., 

EXTERILEHTAL VALUES OF THE HEAT  
CAPACITY OF A::.:01T1 TUNGS TEN BRONZE  

Wt. of sample in calorimeter = 16.2884 g_i  
Heat capacity of sample, Cp, in Joules K 
Heat capacity per mole of ammonium tungsten bronze, Cp/mole 

in Joules K-1 mole-1 

Run No. Temp/k 41T a. qp/mole 

1 88.49 5.41 2.122 30.784 
2 93.97 5.17 2.329 33.787 
3 98.88 4.99 2.442 35.426  
4 103.81 4.83 2.540 36.848 
5 108.58 4.71 2.637 38.255 
6 113.37 4.88 2.785 40.402 
7 118.44 5.27 2.917 42.317 
8 123.66 5.16 3.071 44.551 
9 128.76 5.02 3.215 46.640 
10 133.83 5.10 3.276 47.525 
11 138.87 5.00 3.415 49.541 
12 143.83 4.94 3.542 51.384 
13 148.52 4.89 3.633 52.704 
14 153.46 4.97 3.721 53.981 
15 158.51 5.15 3.860 55.997 
16 163.58 4.92 3.923 56.911 
17 168.59 5.09 4.066 58.985 
18 173.88 5.52 4.153 60.248 
19 179.36. 5.42 4.278 62.061 
20 184.83 5.54 4.341 62.975 
21 190.24 5.23 4.491 65.151 
22 195.53 5.28 4.604 66.790 
23 200.77 5.23 4.710 68.328 
24 204.68 5.21 4.672 67.771 
25 210.31 6.06 4.793 69.532 
26 216.35 6.06 4.859 70.489 
27 222.32 5.99 5.037 73.072 
28 232.91 9.55 5.073 73.594 
29 242.35 9.45 5.182 75.175 
30 251.68 9.36 5.215 75.654 
31 260.85 9.18 5.501 79.803 
32 273.22 9.57 5.516 80.021 
33 282.33 8.67 5.504 79.847 
34 291.25 9.48 5.510 79.934 
35 300.08 8.53 5.622 81.558 



• 
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TABLE2.2(oontinued) 

Run No. Temp/k AT Cp/mole 

P1 57.66 6.07 1.193 17.307 
P2 63.06 4.70 1.262 18.307 
P3 67.53 4.31 1.481 21.485 
P4 72.06 4.73 1.535 22.268 
P5 76.63 4.44 1.704 24.720 
P6 81.26 4.83 1.784 25.880 
P77 85.95 4.55 1.993 28.912 
P8 90.43 4.40 2.199 31.901 
H1 12.81 3.18 0.001 0.014 
B2 15.19 1.87 0.002 0.029 
H3 17.27 2.02 0..115 1.66s 
H4 19.77 2.31 0.114 1.654 
H5 22.35 2.63 0.065 0.943 
H6 25.32 3.26 0.222 3.221 
H7 29.27 4.28 0.273 3.960 
H8 33.60 4.31 0.414 6.006 
H9 38.18 4.79 0.530 7.689 
H10 43.48 5.81 0.675 9.792 
1111 49.41 6.os 0.875 12.694 
112 55.07 5.24 1.106 16.045 
1113 60.02 4.68 1.219 17.684 
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TABLE 8,3 

EXPL,FRITEITTAL VALUES OF THE HEAT  
CAPLCITY OF POTASS17.1 TITTGSTEN BRONZE  

Wt. of sample in calorimeter = 14.7124 g_i  
Heat capacity .of sample, Cp, in Joules K 
Heat capacity per mole of potassium tungsten 

mole- 
bronze in Joules K-1 

Run No. TerriLD IC 4T Op Cp1L1018_ 

1 96.13 5.47 1.899 31.185 
2 101.48 5.20 1.987 32.631 
3 106.66 5.13 2.079 34.141 
4 112.95 7.45 2.234 36.687 
5 120.31 7.23 2.355 38.674 
6 127.71 7.57 2.493 40.940 
7 135.32 7.66 2.720 44.667 
8 143.54 8.84 2.824 46.376 
9 153.20 8.76 2.965 48.691 

10 160.57 8.70 3.135 51.480 
11 168.17 8.65 3.259 53.519 
12 177.31 9.66 3.42o 56.163 
13 186.89 9.47 3.552 58.331 
14 196.24 9.31 3.687 60.548 
15 204.89 9.08 3.786 62.174 
16 214.41 10.00 3.919 64.358 
17 222.33 9.90 4.067 66.788 
18 234.10 9.75 4.181 68.660 
19 244.33 10.80 4.223 69.350 
20 255.41 11.64 4.286 70.385 
21 267.16 11.96 4.351 71.452 
22 278.97 11.88 4.393 72.142 
23 290.59 11.79 4.426 74.840 
24 301.05 9.50 4.561 74.900 
P1 57.86 6.48 0.980 16.094.  
P2 63.95 5.71 1.142 18.754 
P3 69.43 5.19 1.253 20.577' 
P4 74.53 4.86 1.363 22.383 
P5 79.78 5.62 1.403 23.040 
P6 85.23 5.28 1.605 26.357 
P7 90.88 6.03 1.762 28.936 
P8 96.78 5.70 1.909 31.350 
H1 13.19 3.14 0.003 0.049 
H2 16.15 2.00 0.002 0.033 
113 18.53 1.65 0.004 0.066 
H4 21.70 3.48 0.074 1.215 
H5 25.40 3.71 0.150 2.463 



TABLE 8.3 

Run No. Temp/j( .63 ..a. Cp/mole 

H6 29.83 4.98 0.215 3.531 
117 34.21 3.75 0.328 5.386 
138 38.21 4.21 0.442 7.259 
119 42.89 5.13 0.537 8.819 
0 48.85 6.79 0.745 12.234 

Ell 55.12 5.74 0.926 15.207 
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TAT1T.E 344 EXPEIZI,T7TAL V.ALTIL;S. OF • T' :E :TEAT C.A,PACTTY OF 

,.10 
3 

of sa-iple 

Heat capacity 

Heat caaacity 

run "o. 

in calorimeter = 14.7124g 

of sarliple, 	Cp, 	in Joules K-1 

per mole of  " 0.40.1103 in Joules 

TemotC 	,AT 	E2 

K-1mo1e-1 

Co/-ole 

1 
2 
3 
i 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
13 
19 
20 
21 
22 
23 
211 
,-/r.) , 
26. 
27 
2' 
29 
3D 
31 
32 
33 
34 
35 
36 
-1 
7T2 
-3 
4 
=r) 

83.60 
33.10 
92.64 
;7.43 
103.26 
109.55 
11 	.51 
121.29 
126.93 
131.70 
136.79 
1 112.13 
147.01 
153.68 
17.53 
164.31 
169.91 
175.41 
1'0.32 
136. 7!1 
192.60 
199.20 
205.95 
212.33 
219.62 
226.45 
231.43 
233.19 
2411.37 
251.'3 
253.34 
265.53 
273.05 
221.26 
239.81 
2 0.89 
12.90 
15.03 

12'.N ;. 
25.61 

4.6o 
4.38 
4•73 1.3.35 
4.91 
6.66 
5.04 
5.93 
5.5' 
5.80 
5.05 
5.14 
5.57 
5.92 
- .31 
5.33 
5.66 
5.57 
5.45 
5.h1 
5.77 
5.66 
6.51 
6.96 
6.33 
6.81 
"r.01 
6.29 
n.'1 
6.69 
6.63 
7.31 
7.27 
3.10 
3.30 
3.35 
9.70 
2.03 
2.75 
2.92 
3.55 
5.46 

1.509 
1.693 

1.935 
2.095 
2.260 
2.464 
2.51 6 
2.747 
2.794 
2.922 
3.033 
3.231 
3.400 
3.293 
3.534 
3.645 
3.3'2 
3.902 
1  /11..T 
/1.174 
4.352 

1  /L117 
11.675 
4.93.5 
5.103 
5.323 
5.353  
5.4'2 
r 	r ..) 	--,c .--' ) 
5.1!79 
5.621 
5.593 
r).704 
--0.01D 
-0.0'3 
-0.0-)4 
0.060 
'.1 	6 

22.115 
21;-.7.6 
27.6 )3 

33.1'0 

37.582 

!g60:1! 
40.233 

42.7;6 
1:4.1:21 
47.5  
/19.796  
4'.22;  
51.759  
53.335 
55.674 
57.149 
.5!..7 /1 
60.019 
61.132 
63.73; 
65.775 
67.474 
63.4% ) 

	

73.010 	, 
75.90:.3 
78.034 
73.473 
n.11'  
79.015 
'0.2'15 
'22.325 
31.915 
03.r.41 
-0.146 
-0.62, 
-0.053 
0.079 

	

1. 	52 
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TA7LL C./1 

Run no. 

(continued) 

Ter1PR 4T a Cp/mole 

116 30.17 11.13 0.164 2.402 
117 34.76 5.27 0.301 4.403 
TT3 40.53 6.32 0.400 5.353 
77f) 46.211 5.06 0.511 3.363 
1113. 51.20 1!.f7.7 0.679 10.091 
711 55.79 4.33 0.349 12.434 
71 53.6? 5.:7-9 0.270 12.259 
P2 (4.57 5.51 1.042 15.261 
P3 70.31 5.74 1.213 17.766 
p4 75.23 5.30 1.3!":9 20.4;.0 
P5 111.00 5.32 1.2,) 23.925 
176 05.34 4.71 1.302 26.352 
Ti 206.21 9.06 4.43'.' 65..014 
T2 215.30 9.12 4.57::. 67.073 
T3. 4  T L 

. 22 	59 9.46 
2.54  

4.762  
5.037 

69.744 
73.772 

T5 24
232.59 S. 1.15 C. 5.366 73.5'.0 
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TADLE 

T/K ( 

3.5 	(continued) 

d0.26 103 .1(0.26
NO3  'T_ .401/x3 

195 66.19 60.4 61.01 
200 67.41 1.56 62.41 
205 63.6D 62.57 63.01 
210 69.66 63.53 65.21 
215 70.63 64.47 66.61 
220 71.64 65.33 63.01 
225 72.57 66.13 69.77 
230 73.43 67.00 72.13 
235 74.29 67.77 75.23 
240 75.19 60.51 77.09 
245 75.7.2 69.26 77.95 
250 76.55 69.3 73.54 
255 77.23 70.64 79.07 
260 77.79 71.29 79.41 
265 70.43 71.09 79.95 
270 79.05 72.47 00.39 
273.15 79.22 72.30 30.62 
275 79.60 73.01 30.79 
200 30.05 73.1 31.21 
225 (20.50 73.Y3  31.65 
29 20.91 74.41 32.07 
295 31.32 74.21 72.49 
292.15 31.65 75.06 32.72 
300 :1.72 75.19 02.09 
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TAT:1_,E 9.6 T7TE ENTI,1):-Y ( T-So  ) OP A"7.T07\TITTM, .70'rAS ,..-'..iir•T AND 

"Yr1R-GEN TIT^TGSTEv 'ILOYZES 17T JOuTLS K-1 7,'OLE-1  

0°C = 

T/r( 

273.15-: 

-Tro 3  3.2611 
°3 70.howo3 

0 0. 	0 0.00 0.00 
10 .11 0.11 0.31 
20 0.48 o.44 0.13 
3o 1.41 1.34 0.63 
4o 3.14 2.93 1.35 
5o 5.43 5.11 3.54  
6 0.24 7.72 5.64 
7o 11.30 1.).53 3.04 
30 14.53 13.60 13.66 
90 13.13 16.71 13.43 
100 21.70 19.90 16.32 
110 25.26 23.12 19.31 
120 20. 	5 26.37 22.36 
130 32.44 29.62 25.48 
140 36.02 32.36 23.64 
lo 31%.57 36.10 31.32 
16o 43. 	9 39.33 35.01 
170 46.53 42.55 33.1, 
10o 5-).05 45.72 41.35 
1 ^0 -:;.48 43.37 4l4 ..59 
200 56.33 51.97 47.63 
210 •0.22 55.08 50.75 
220 63.50 53.07 53.25 
233 66.72 61.01 56.35 
27p rc 	r, („,...,,, 63.89 63.14 
250 72.93 66.71 63.32 
260 76.01 69,49 66.42 
270 73.97 72.19 69.:-13 
273.15 79.33 73.03 70.36 
2330 31.37 74."5 72.33 
290 34.70 77.44 75.25 
2,3.15 -6.( 6 79.51 77.53 
300 87.47 79.97 78.05 
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The heat capacity curves of ammonium and potassium 

tun,sten bronzes show a simple sigmoid temperature 

de-Dendence without any anomalous regions. The hydrogen 

tunLsten aronze heat capacity curve is of a similar form 

up to 1 90K, curve 'a', but above this temperature a fairly 

sharp rise in heat capacity with temperature is observed. 

Above 21x:Y; the 'seat capacity curve again ado,ts a similar 

shape to t_Le ammonium and potassium tungsten bronze curves 

but is displaced to higher beat capacity values than curve 

'a' extrapolated to high temperatures (dotted line in 

FiLure 3.2). This tetral heat capacity (difference is 

heat capacities of dotted line and full curve in Figure 

3.2) is shown in Figure 	The extra-polation was made 

by eye and so will be accurate at best to only - + 
	

This 

will lead to an error in the extra heat ca acity of about 

20. 

'/hether the heat capacity of to hydroLen bronze remains 

displaced from t, _e c,tra)olatior of curve 'a' at temperatures 

above 3007 or returns to this baseline cannot be determined 

from these ,eat capacity measurements. 

(ii) 'discussion of  the heat  capacities of tI:e turL,sten 

(a) Ammonium and :otassinm  tun sten lBronzes  

As -mentioned in section (i) of this chapter the heat 

capacity - temperature curves of these two bronzes contain 

no anomalous regions. The tungsten trioxide lattice in 

both bronzes is hexa,onal and has the following unit cell 

dimensions: 



250 0 	 ZSO 

T/ K 
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K0.2 71'103 a = 	7.110 	± 	0.01 c= 7.56 ± 0.01 (ma,:_xeli 1953) 

("4)0.261T03 a = 7.39 ± 0.01 c= 	7.56 1- 	0.01 (vurphy 1969) 

Thus as the structures are ident!cal at room tc-per- 

ature, and the absence of heat capacity anomalies precludes 

the aossibil:;.ty of trans4_tions to other crystal phases at 

lower temperatures, the higher values of the heat capacity 

of the ammoniu- tungsten bron- e must 	due to a contribution 

to the heat capacity from the armoniu.r- ions W:ich is greater 

than that from the potassium ions. 

Assuming that the Cp-Cv contribution to the heat 

ca)acities of both .-ronzes is very similar the difference 

in contributions of the ammonium and potassium ions may be 

assigned to three molecular -)rocesses: 

(1) The difference in lattice vibrations of the ammonium 

and potassium ions in the he.%aL,onal channels. 

(2) Tnternal vi rations of the ammonium ions. 

(3) Torsional oscillations of the ar,!-onium ions. 

The magnitude of the contribution to the ',eat capacity 

from (1) is difficult to estimate. 	has a greater ionic 

radius t: 	but a lower mass. At high ter,2erature t e 

he77.t capacity co tri:,ution of vi,ration of both ions will 

reach the limiting value of 3R, but the -Atainment of t'.is 

value will occur at a hif.her temperature for v744- as tie 

lighter ion. Davies and Staveley (1957) and Trorfee, 

Staveley , 7alters 	Yigley (1960) deduced from comparison 

of the heat capacities of 	idium and potassium salts of 
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tetraphenylberon ai'J stannihalides that the lattice • 

vitrations reacied their limiting values between 100 and 

"estrum and Justice (1969) pointed out si!-/ilar 

be aviour for fie heat capacity contributions of the 

cations in 'c_C104  and CsC104. 

As the internal viurations of the N71t.  make only a 

very 	contribution to heat capacity uj  to room 

temper-itnre (2) can be approximated with Sufficient accuracy 

from the frequency assignments of WaLner and TTornig (1950) 

to the infra-red absorption s ectrum of amrionium chloride. 

The frequencies contributinL to tie heat capacity and their 

contribution at -190°C, -78°C, and 23°C are ivenc 	in Tai. 

3.6. 

fl 7T tr, 	 + 
• 77717E.T.Z 7rAT 	"MT .ES CO'-'7. 	("-7 TO 

TEAT CA AC'TY (Op lilt 	4 
-1 o0 C 	-73°C 	23°C 

, Frequency kern-1  ) 	1403 	1 1!02 	1433 trily dee- ieratc 

Frequency (c -1-1) 	179/1 	178: 	1762 dn'hly de:elerat- 

	

Total hc7t c -  acily 	0 	0.05 	1.63 
contribution/(TTC %1. 

	

(mole "1141-) 	) 

Tle contl-i-ntio-i to the heat ca acity of the torsional"  

oscil'ations o tie r_mtnoriuri (3) was deter—ired from the 

,qmatio-) 

.6.Cp = 1/0.26 ( P  ( :100.26Y03  - 	co.26 3) 	1  — 70 	) - C 3 i n t (.". - . 4  (C 

where Cpf, \ 	etc. are measured heat ca,acities in 
‘ 4/O.2e°3 ' 

-1, ; JK 	mole 	4Cp,versus T shown in ri ure 0.4. 1!:elow 100K 
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it must be remembered that 4Cp is ,probably less t an the 

heat capacity contribution from the torsional oscil'ation 

f the amr'onium ions because the difference in lattice 

vibrations (1) has not been allowed for. 

Jani (1964) and others have shown that the ammonium 

ion does not rotate freely in simple ammonin- halides but 

instead oscillates about one v-7 bond. 7owever for 

am-oninn salts wit dolyatomic anions with low nniformly 

r'istributed charge and high crystal symmetry the possi-!sility 

of free rotation of the Yilit  ions is greatly enhanced 

rorPM, Stnveley, Walters and Wiety (1960) showed t11--,t the 

as--on-'mm ions in am7,oni-im sta-nic , lorides and stanribro-liCes 

have a heat capacity contributio-: corresponding to a 

restricted rotator with a fairly low lote-tial barrier to 

rotation. "estrn— are Justice (1f)69) found similar 

behaviour for the a-...,--lon4 um 'ors in a--onin'l perc7-11orate. 

The 'arion' ir the a-,--onin- tun, sten bronze has a very 

low clarge (only - 0.26 per WO, unit,) and t_e cl,ar)e is 

delocali::ed into conduction bads over the whole UO3  lattice. 

The he.::a:-onal lattice _ivies a highly s*-1-etrical crys'tal 

field. Thus it would be e::.ected t _at the a-s-,oniur:' ions 

should behave as restricted rotators with a low (ptential 

barrier to rotation. 

As the three- dimensional restricted rotator can.iot be 

treated mat' erratically the rotation of the am-loninr,  ion was 

considered as divided into three components at right angles, 
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one direction along the lattice channels and tie other 

two perpendicular to it. The )otertial fu-ction, V, of a 

restricted rotator in ';ne dimension is given approxim- tely 

by 

V = 0.5 Vo (1 - dos q), 

where n is the nu-fiber of Jotential minima and Vo is the 

potential_ tarrier heig t. 

For the ammonium tungsten bronze the number of  

potential minima for an vH4+  ion rotating al.out an axis rlon,-, 

the lattice ch.arnels would be si_L; in the ot er two directions 

the number of i)otential minima will depend on the axis 

around 	the 'H4*  ions is considered to rotate. If it 

rotates about a three-fold axis (one v-" bond) n will equal 

3. "owever, if tie 114  ion rotates about a two-fold 

axis n Will equal 4. 

Pitzer and Gwinn :1942) .1,7_ve determined the rotational 

heat caoacity of a re:=3tricted rotator for various values 

of r, Iro and tem)ercture. Using a valnc - or the mo-ient of 

-110 	2 f inertia of t' 	m c a',onium ion of 4.326 	lo 	- cm (Leung, 

Taylor' and -avers Jr, 1968) the heat capacity for the. 

oscill:-tion of thewril4  ions was calculated employing 

various values of n and Vo. Three of these calculated 

curves are compared in Figure 0.6, wit the eperime'ltal 

curve. 

Although none of the calculated c-rve:--: com .letely 

m-  tc es the e_Li.erL7lertal curve they all e.;.:Libit its 

general fentures. The curve 	n.= 3 in two directions 
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and n. 	 6 in the other with two different potential ' 

barriers best fits the e:„erimental curves as miLht be 

expected. Fmooth humps in the experimental curve are most 

probably due to uncertainties in drawing the curves of 

best fit through the ex erimental heat capacity points 

rather than to any phsical phenomena. 

(b) 'Tydrocen tungsten bronze  

.37-droLen turgsten bronze exhibits a region of 

anomalously high. heat ca,acity from 1S,'07. u)wards. a ,is 

anomaly ray primarily be due to a phase transiticr,  of the 

-r0
3 

lattice or to some change in the or'ering or movemeut 

of the hydrogen ions. Of course these two processes may 

not be disconnected: a phase transition in the YO, lattice 

mi,;_t allow the hydr,gen ions greater freedom above 190K 

and they would then make a greater heat capacity contribution. 

hibnic:c, Post and Yank (1963) determined the phase 

'iaLrar of Ta WO3  (see Figure 1.6). It may be observed x  

that -Lae crystal symmetry decreases with decreasing sor'Aum 

cnnteut. 'Towever for 	_ronze of fixed sodium co-Itont the 

symmetry may decrease with decreasing temperature. Also 

regions of the diagram occur in w,ich two crystal diases may 

coexist. 

Similrrly it is ,;:osoible that . 	 O. 	ado ,As a 

cubic structure at roam temperr,ture will pass .into a lower 

s:mmetry phrse as the temperature is lo-:cred. In most cases 

the transition from one crystal phase to another occurs at 

one tern-lerature and t'-_e heat capacity e:ilibits a discontinuity 
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at tliis !transition' temperatrre. For the hydrogen tungsten 

bronze t e heat capacity increases anomalously over about 

50'7. "owevcr, the cubic form of0 Lt0  WO3  may pass into 

another pure phase as the tem ,crature is lowered but the 

transition may be 'continuous' rather than discontinuous. 

rbbelohde (1957) discussed X-ray structural evidence for 

various compounds showinL that chane of one phase into 

another may be conti-mous an73 occur _:ot at a single 

temperature but over a ran;a of temperatures. 

The second explanation of the anomaly is that it stems 

from some cl,=;..,e in t: le order or motion of the hy,'rogen 

ions not occasioned by any change in t .e crystal lattice. 

Cat er systems containinG IT+  ions or hydroGen molecules 

'dissolved' in metallic con: actors whose heat capacities 

have been studied are 	2 —ace and 	1957a) and Ta-K2  

('Pelly, 1940). 

7alladistm blac7c 	sore large quantities of 7ty0roLen 

Las an(' forms two :phases et and76 (both face cen„red cubic 

structures). The q phase has a low hydrogen content but the 

f _1-1-- se is - tyr'ro ,  en-rich, 'avi-L the approximate formula 

7d27. race and Aston studied the low temperature Ileat 

capacity of this .phase and found, in adeition to a broad 

peak at 60K, an anomalous rise in heat capacity at 290K very 

similar to the "Aydroger tunLstn -ronze Icat capacity 

behaviour. Study of the het capacity of 71d2D (1Tace and 

Astor, 1957b) revealed a sir-filar anomaly 'to the 13d2  system 

but commencing at 270K. 'Kelly studying tantalum containints 
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small amounts of dissolved 'Iydrogen discovered broad _,aaks 

in the heat capacity-temperature curves, the temperature of 

transition increasing with quantity of hydrogen dissolved. 

"ace and Aston (1957b) sug estcd that the 60K peak 

was (-hie to rotation of -dTri, molecules in a 2b114  7Pd 

lattice and that the 290TC anomaly was 	econtribution from 

the )rocess 

2 	Pd = 27d7. 

'Telly showed that the entropies of his peaks were consistent 

with TT' ions havin.g three potential energy minima 

available below the transitio-: arc' eight 	available 

above it. 

ovrevcr since the palladium-hydrogen and tartal'Im-

al-drogen systwls bo-C-  contain 71+  ions with similar 

-etallic-conductor environments just as does the hydro ;en 
tungsten bronze, a single -olecular process which might 

the heat ca)acity behaviour of these compounds was 

sought. 

"OTO"e  "OD  

In the calculations described below the 7+ ions in the 

hydrogen tungsten bronze are considered as a 'proton gas' 

analogous to the electron Las model of electrons in 

metallic conductors. 

The simplest form of t'lis model is the free electron 

gas in which valence electrons of the constituent atoms are 

considered tin fort.,  a conduction 'Los' the electrons being 

free to move anywhere-within the s eci-en and e-Aerioncing 
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no interactions with the ion cores. At absolute zero of 

temperature the electrons will fill up quantum energy levels 

of increasing energy. The filled levels etend from 0 to 

the Fermi energy; levels above E
F 

are empty. 

—ouever as the temperature is raised the Izinetic 

eneruy of the electronns increases some levels are 

occupied which yore vacant at absolute zero, and some levels 

are vacant which were occuJied at absc,lute zero. The 

probability th-t a Ft-te at energy E will be occusied in an 

ideal elecLron gas in thermal equilibrium is giver by the 

Ferri-nirac distribution function 

f(E) = 	1 	(1) 
e (E-./1)/7 +1 

where kB is the T!oltzmann constant and _a is the 

chemical potential. and is a functiOn of temperature. 
/
t‘ 

is chosen so that 

if(Ei) = 1\T (2) 

where 	emir' to ,.lie total nu—ber of -5;-rticles in t'_e 

system. 

The free electron gas —odel does not t. he into 

account the p,,.riodic structure of the crystal lattice. Lracg 

reflection which is a characteristic fe-cure of _s:_--ray and 

neutron. ,nopa_ation in crystal occurs also for electron 

waves in crystals and leads to energy caps. That is to say 

there exist regions of energy for w ,ich real solutions of 

the Schr8dirLer equation do not e::ist. 

nn the free electron model the allowed energy values 

Ers t 
.1: 
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are distri..uted from zero to infinity with 
.L.2 	2 = 	jkx + ky2 + kx2 ), 	) 
2m 

provided that t e co-ponents of the wavevector 
omlit 

satisfy 

kz = 0; — 2 7r 47T 	; 6 • • • • (4) 

   

L 	L 
for periodic boundary conditions over a c'foe of side L. 

is "'lang.'s constant/27r and m is the electron mass. 

7e may now consider electrons which are nearly free but 

with ever, y caps. For a lin.ar lattice, lattice constant 'a 

the IraG, reflection condition is 

k = ±  7 G = 	n'T/a 	(5) 

where C = ± 2n7/a is a reciprocal lattice vector and n 

is an intecer. T --us the first reflecti:-n 	t.tercfore 

the first energy ca:) occurs at 7, 
	

+ 7V a . An mercy versus 

wavevector plot for this model is shown in Figure 0.5. 

.:,he rccion in k space between - 7V/a 	71/a  is called 

	

rIllouin zone of 	lattice. Te allowed values 

of the electron 1.7 -vevector 	first bril3ouin zone are 

6ive,1 -y 

	

k = 0; ± 2 7T /L ; 	4 7P`/T, 	. • 1,-  7/1_, 	( 6 ) • 

where we have cut the series off at "IT/T 	71Va. 

The free electron --lofel has wavef-inctions which are 

.ravellinL w ves. Tut for the e-erLy La, -odel the solutions 

of the SclIr13-,er equation at k = t 1T/a are Trade up equally 

of waves travellinG to the ribht and to the left: the 

solutions are standing, IT-ves. 	expansi_on of a suitable 

periodic potential function as a Fourier series sur'med o:-er 

all reciprocal lat ice vectors the wave eoniatior of an 
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electron in a crystal may be determined (Kittel, 1966). 

From this it may be shown that appro:Amate solutions for 

the electron energy at the boundaries of the first forbidden 

zone are = ed(cilzr- 
E 

0*(6'12)7  

 

    

where 21T1  is the energy Ga-,D. 

(1) EnerGy -,ap model  

_To see if the electron energy gap model discussed alone 

miht. be  adaii.ted to y, ions in the tungsten ',1,ronze structure 

calculations were carried out to determine that average 

/\ 
energy \E/ and average of the square of the energy ‘E2? 

of a .:)roton Gas at a temperature T and hence to deter7ine 

the ?roton gas heat capacity. 

Jr 
EX(L' 

0 	
. crgs 	

+ —" L 

00 

. dE 
(7) 

. d 	00 f(L';) .dE 
^̂ .01. 

where L is Avogaflro's 7umber. The •:;roton mass was ta!zen. 

as 1 and the lattice constant as 1.5 X. The equation for 

.(E2> (equation (C))  is obtained by replacinG the E's (f-Irst 

terms in te integrands of the numerator) by E2's. 

Icfore these equations car be solved the chemical 

potentia1,1. , in f(E) must be determined. This was 

effected as sur-r,  7ted in equation (2) LY equating the 

denominator of (7) vith tae total number of )articles in the 

system. The denominator may be integrated analyLically as 
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folloas: 

b=1, a=e 	V. / 	 x=E- 	u=ae'Y'lz+b 

Then du= axex-  dx 

	

= - 	( 	')] •• • oeurd
u

.27E) 	xI L P►- k — ecx b 
Denominator= 1.1-47 wE-1):1 E--  EL-, r(E-- ))] .°  E_ 	 i-7* 

= total nuriber of H+ ions in system. 

N was determined from (9) for various temperatures by trial 

and error i.e. a computer program was writ en to determine 

the value of (9) for manyit's at one temperature. The 

value of ,Afor which (9); most nearly equalled the number 

of :=4-  ions was used. This process was then repeated for 

different temperatures. A,,u- versus T plot is shown in 

Figure C.6: Theseiti_ values were were then inserted into 

equations (7) and (0). 

The numerators of (7) and (0) cannot be determined 

analytically and so they were calculated using Simpson's 

mule. A computer .program was written to accomplish this 

with 300 strips for each inte_ral. The heat capacity of the 

proton Gas was determined from the energy fluctuation 

foci 6
2›..sy 

ula : 	 (10) 
IL 	(k,T) 

where C is the heat capacity. Plots of C versus T for two 

different values of are Given in Figure 3.7. Varying 

„A/ is equivalent to chancing the value of x in H x j 

The heat capacity of the enemy gap 7odel increases 

over a wider ran,e of temperature and at a much lower 

For independent calculations on the heat capacity of 'Fermi- 
ions' and employing a similar model see Dash & Dretz(1960). 

1 
	

(9) 
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temperture than the anomalous increase in the hydrogen 

tungsten bronze. However the total increase in heat 

capacity of the model (multiplied by three to scale up to 

three dimensions) is 	C/R e",-1  2 per -'ole of 
	

ions which is 

in good agreement with anomalous heat capacity increase 

in the hydrogen tungsten bronze. To see if the energy gap 

model was unsuccessful in its prediction of Cp versus T 

behaviour because of unjustified appro:Arations (uniform 

density of energy states and only oneforbidden band) a more 

realistic model was studied. 

(2) The 't_ronig--e--,ey "o0e1 

This model wss devised by ..aorig and Denney (02!) to 

inveIti_ate the characteristic features of electron 

propa&ation and approximate the periodic )otertial with 

a perio;:ac square with potential in one dimension. 

ipotential, 

1.  
i 

-.( 74T-----  .-1, 	0 	a 	(col)) 
-ronits-  ard 71enney .one-dinension  ..)criod4c potential 

The wave equation of a one dimensionl system is given by 

d
2
W 	(17%-v)11' 	= D 	(11 ) 

dx- 

The running wave solutions have the form of a plane wave 

modulated with t-  e periodicity of the. lattice. If we use a 

Elocli Punction to represent the 	T.rc function 

e  • X uk(x) 	 (12) 

-We 

7i -pre 
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where uk
(x) is a periodic function in x wit ,-,eriod 

(a + b) and can be determined by substituting (12.) into 

(11) 
9 
d u + 2ik du + 2-i (E - Ek  - V)u = 0 	(13) 
2 	2 d-:, 	dx 

w 	lek2/2m. h ere E,_ = 	In the reLion 0 <x < a the equation . 

_as the sol,/tion 

U = Aei(cd - k)x 

1  
with o = (2mE/ 

2 
 ) 2  

+ ( 1 	) 

Tn the region a <:x 	a + b the solution is 

u  = C e 	+ D e- ( g + i&)x 

[2m (Vo - E)/t 2j with p= 

The constants A, 13, C and D are chosen so that u and du. 
dx 

and continuous at x = 0 and x = a, and by the g,driodicity 

required of u( x) the values at 	must equal those at 

x = -b, giving the four linear homogeneous ecuationzt 

• = C + D 

(o( 	k) A - 	a + 
- e 	1̀ )a  + 3 e- i( A  

i ( a - -* 	. 	( c< + k) a
=(

.  i( 0( - : ) iN e 	- i ( a +k) r. e-i  	(3 -. Sc. ) C e 4 le- iz )b 

- ( p + ik)De  

These four equations can be solved only if the 

- 	- c - 
k) a 	C e  ( g - 	b + 1) e 

( p 

determinant of the coefficient vanishes or 

- oC 	S trig 	sin OC a + cosh ieb coso( a = cosk(a 	b) 	(101 
2ap 

The forbidden and allowed enemy bancls for the model of a 

:)rotor gas were determined by findine for what ranges of E 

(16) had solutions. A plot of E versus k(a + b) is shown 
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it Figurt .10. before the values of AL 	and<V,› 

can be determined tile density of energy states, e(E), where 

9(E) + b  . dk 
dE 

must be evaluated for eac E and this is accomplished by 

I  differentiating (16). 	<E> is then given by 

<E> = jo▪ -E. c(E)f(L)dE 1-,P= F.--Hf(E)dE 	Es E.G(E)f(E)dE4-.. 
+ 

    

,,f(E),. SEL  
+ 
(E)f(L dE + 

 f
-S g(E)f(E)dE 
E+ 

(17) 

where E E and E. etc are upper 	of allowed bands and - = 

E E+, E+ are lower limits of allowed Lands. Computer 4., +
Dro[,rams were written to determine and store g(E) for each 

E and then deter,,,ine the chemical pote-tris and heat 

capacities of the proton has for var ous temperatures. "eat 

ca.factty-te-peratnre plots for various values of b, a and 

Vo are s own in Figure C,.11. 

It will 	observed tl_at altTho'ugh varying the width 

of the 	barrier, b, alters the shape of the heat 

capacity curve it does not increase t e tem3erature at which 

e 	_cat capacity rises raiJidly. Decreasing the vale .e of 

a (see a = 1R, b = 4R curve) increases tle te-l„,erature at 

which: the heat ca acity rises and so does increasing the value 

of Vo. 

The curves all tend to C/kil  = 0.5 aS T tends to hero. 

Obviously the heat capacity for rotons movirk; in a periodic 

potential should tend to zero ai. zero decrees 'celvin. The 

discrepancy is due to t 'e type of ,otential used in t ie 
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the -,eri,,dic square well. pottential. 

The most serious failure of the Kronig--enney model 

in this case, however, is that it cannot be made to predict 

the experimental heat capacity anomaly found for the h, 'rogen 

tungsten bronze. ,y increasing the ratio b:a and increasing 

Vo it is possible to a'-e the heat capacity for the model 

increase at hig ler tem;erat-ires but then t e increase is 

very gradual. This absence of a co-operative-type 

anomaly in the model heat capacity is probably due to one 

factor ignored in constructing the model. The motion of 

one hydro;-en ion in a periodic 3otential has beer considered 

the interaction of the ion with other "+ ions kas not bden 

treated. This interaction may well lead to a co-operative- 

type anomaly :Jut the mathematics will teen be for a many- 

body )roble -n' may be very dirTicult to treat. 
1 

(3\ E2  enerbv eistri-,Ition model  

A calc”lation was also made to see if the hydrogen 

tungsten bronze heat capacity anomaly night be reproduced by 

a model containing no energy gaps but a non uniform (tensity 

of energy states. 

7.7etweer thevalues E = 0 and  t2 (G/2)
2 
 uniform 

2m rt2u/2)2(=E1)  
energy distribution was assumedbut above 	 

2 m 
the distributinn was varied wit. E2. The energy state 

distribution is s own in Figure .12. 'Titly this model the 

aver.  T.7e energy is given by 

94. 
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<E> = 1- 1 E. 	f(E)dE + Jt E.21, D2  fE)dE 
0 	t,1 	 L 1 	1 	1 2  

• (13) 

Jr-- 
-1 	2.' f(E) dE + c*  I-.; 	. 21, f (E)dE 
0 	;1 	 1/-'12 	E1 

'?ere the factor 1/E1
2 is included in the integrals from E1 

to infinity to avoid discontinuities in the density of 

energy states at El . The chemical _)otentials and heat 

ca,acit7ies at various terr)eraLrres were determined as in 

the energy gap model e-ce)t that the second integral in the 

denominator could no lonL,er oe ir egrnted analytion"ly and 

was evaluated using Simpson's rule with 300 strips. The 

heat capacity versus temperature plot for 	model is 

shown in Figure 3.13. 

The !,eat Capacity for, this model again increases 

rapidly at very low temperatures and over a temperature 

range of 1007C. Thns -Lae E4  dependence model cannot 1:e 

used to e:z)lain the beat capacity anomaly in the hydro en 

tungsten brone. 

(iii) Pro osals for Further llor  

Vile the heat can.)acities of the ammoniu7,1 and :,dtar ium 

tungsten ',drones can be understood by considering tie 'amronium 

ions to be..ave as restricted rotators, more woe,: will be 

neces:::ary on the hirOrogen tungsten bronze system :efore tie 

nature of ti , e motion of the 	ions in the bronze can be 

understood. 

It sould be possi le in the near funre to study the 

heat capacity of —167°3'  7 	 bonze this onze has a .  
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tetraconal lattice unlike t' :.e cubic H0.40N0 and any' 

differences noted in the heat capacities of tie two 

1..routes may be due to structural effects ratter than to a 
+ cliffercrt concentration of J4 . 	etter 	,e to 

study -Lie :neat capacity of t .e deuterium analecvc of 

0.4017039  D0.11-1"3.  
Furt":er work with the -ronii-:2enney nodel includinG 

,3reton-proton_interactions micat e useful if the 

1:roves tractable. 
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