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ABSTRACT 

The melting behavior of binary compounds can be related to the fundamental 

thermodynarnic property, Gibbs energy. The binary compounds investiçated are inclusion 

compounds. An inclusion compound consists of a host lattice that contains cavities 

(cages, channels. layen, etc.) in which guest molecules reside. Urea and 

perhydrotriphenylene (PHTP) are the host lattices studied here. These molecules fom 

lattices containing long channel cavities where the guest molecules reside. The guest 

chosen was the n-alkane, hexadecane (C ,,H;,). 

The rnelting behavior of binary compounds can be either conçment or incongnient. 

Congruent melting of a binary compound leads directly to the liquid phase. Incongruent 

melting of a binary compound leads to decomposition to give liquid and one of the pure 

(solid) components over a temperature range until melting is complete. 

The melting behavior was determined here using differential scanning calorimetry 

and hot-stage rnicroscopy. The heat capacity and derived Gibbs energy were detenined 

using adiabatic calorimetric methods. 

By understanding the relative stability. i-r. Gibbs energy, of the host-guest 

inclusion compound compared to the pure components. sorne generalizations can be made 

concerning general melting behavior in binary compounds. Lower Gibbs energy for the 

inclusion compound than the pure components tends to favor congment melting, whereas 

a lower Gibbs energy for one of the pure cornponents than the inclusion compound, tends 

to favor incongruent melting. 
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CHAPTER 1 

1. I Introduction 

Inclusion compounds consist of two (or more) components where one component 

foms a host lattice for the other component(s) to reside as guests. Such compounds offer 

a unique opportunity to study structure-property relations. By examining these relations 

we can add to our general understanding of thermal properties of molecular solids, such as 

conductivity~.~.~-z'.j.~.~.~I~ and heat capacity and related lattice dynamic properties. 

f.6.1.7.1.8.1.9.1.10.1.11.1.121.13.1.14.1.15 Studies of the relative Gibbs enegies of inclusion 

compounds and their pure components have shown that Gibbs enerçy is the drivinç force 

for meiting congniency in binary compounds (for the ideal case). 

This work concerns the investigation of the melting behavior of inclusion 

cornpounds with the same West in two different channel compounds : hexadecane 

inclusion compounds with urea (polar host lattice) and with perhydrotriphenylene (PHTP, 

a non-polar host Iattice). Farina and CO-worksrs have ~ u ~ g s t e d ' - ' ~  that the incongruent 

melting in urea-alkanes results fi-om the immiscibility of the liquid components. Althouçh 

immiscibility can influence melting behavior, it is believed that the relative Gibbs energies 

of the inclusion compound and components are the driving force of melting conçniency. 

Through expenrnental determination of the relative Gibbs energies of the inclusion 

compound and their components. some conclusions can be made about how the guest- 

host interactions affect melting conguency. The low vapor pressure of hexadecane guest 

allows the assumption that only [iquid-solid equilbra need be considered. 
1 
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To study melting conçniency, many techniques were impiemented. To determine 

the melting points and enthalpies. differential scanning calorimetry (or d.s.c.) results were 

used to detemine the phase diagram (by the method proposed by Farina et afpl'). Hot- 

stage microscopy was used to observe the physica1 properties of melting. Adiabatic 

calorimetry was used to obtain heat capacities which were used to determine the relative 

Gibbs energies for the inclusion compounds and their pure components. 



1.2 MeIting Behavior 

The melting behavior of an inclusion compound (or binary compound) is either 

congruent or inconçnient. For congruent melting, the binaxy cornpound leads directly to 

Iiquid region, with sold-liquid coexisting at a single temperature (the melting point) with 

the liquid having the same composition as the solid (see Fiçure 1.1). For inconsment 

melting, the binary compound decomposes at a temperature that is lower than its melting 

point to a solid component and a Iiquid. At the end ofthe rnelting temperature range the 

solid component melts leaving one the liquid phase (see Figure 1.1). 

The matter of the melting behavior can be of considerable importance in 

preparation of the binary compound. Solidification of a solution with the appropriate 

composition wi11 form a conpen t  meiting compound; one of the cornponents solidifies 

first and hampers compound formation in t h e  case on incongruent meltinç compounds. 

From the view of material preparation and/or use of these material around their melting 

point, it is important to understand the dnvinç forces responsible for congniency / 

inconcniency of rnelting. 



Figure 1.1 Exrmple of an AxBy compound rnelting (a) congruently and 
(b) incongruently. 



CHAPTER 2 

METHODS FOR STUDYIïVG THERMAL BEHA YlOR 

2.1 Introduction 

To study the melting behavior of binary systems such as inclusion compounds, 

many techniques are available. This chapter deals with such techniques as differential 

thermal analysis, differential scanning calo~metry, and adiabatic calorirnetry with the latter 

two being used to investigate urea and perhydrotriphenylene inclusion cornpounds. 

DiEierential scanning calorimetry has been used to study the thermal effects above 

room temperature ( > 300K ) which include the melting of the inclusion cornpounds. This 

meIting of inclusion compounds is dealt in greater detail in later sections pertaining to the 

individual inclusion cornpounds (Chapter 3 and 4). 

Adiabatic calorimetry allows for accurate heat capacity data below room 

temperature (30 K- 400K). The data obtained allows for in-depth studies into the relative 

stability of host-guest interactions by relating the heat capacity to Gibbs energy. A 

detailed treatment is again given in Chapters 3 and 4. 

The following deals with the instruments and techniques used throughout this 

thesis. A detailed handling of differential scanning calorimetry and adiabatic calorimetry is 

now offered. 



2.2 Thermal analysis 

Differential scanning caiorimetry (d.s.c.) is a vital thennal analytical tool which 

measures the difference in heat flow to a substance and a reference as a fùnction of 

temperature as the two are subjected to a controIIed temperature program. The difference 

between direrential thermal analysis (d-ta.) and differential scanning calorimetry is that 

d.s.c. is a calorimetnc rnethod (Le. measures differences in energy) where as d.t.a. 

measures the difference in temperature. Differential scanning calonmetry has become the 

Ieading thermal analytical rnethod since it fint appearance in 1964." 

There are four main methods of obtaining differential thermal data; cIassica1 d.t.a., 

power-compensated d-s-c., Boersma d.t.a. (or heat flux d.s.c.) and rnodulated (or 

oscillating) d . ~ . c . ~ ~  
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2.2.1 Classical d-ta, 

In order to fully understand the basis of d.s.c., differential thermal analysis or 

'classica1 d.t.a7= must be investigated. There is only one heater figure 2.1) with d.t.a. 

cornpared with the two heaters in d.s.c. (see Section 2.2.2). This heater is maintained by 

the potential E, tiom the sample thermocouple to provide a linear sample temperature 

increase (or decrease) at a set temperature rate. The signai from the sample and reference 

thermocouples are also converted to temperatures (Ts and T, respectively) and the 

difFerence (AT) is plotted as a function of temperature on a d.t.a. plot. 

The themocouples are directly embedded within the sarnple and reference 

materials, therefore. the monitored temperature of the sample, Tm. is equal to the actual 

temperature of the sarnple T. (Tsm = Ts). The same applies to the reference material. Tm= 

T, The result is no thermal resistance R' (and RJ to the heat ffow between the sample 

(and reference) and the t hennocouple. The controlling thermal resistance associated with 

the heat tlow between the thermocouple and the heater is R (and RJ. For sirnplicity these 

values are taken to been equal (R. = R, = R). The difference between T, and T, gives rise 

to the analytical signal.23 

sipal = - T, = Tm - Tm. (2.1 ) 

Now considering that the heat flow into a system. according to Newton, is proportional to 

the temperature difference and thermal resistance between the sample (and reference) and 

surroundings, assuming that the temperature of the sample (and reference) is uniform and 

equal to that of the container and the thermal resistance is constant over the temperature 

range of interestu 



atmosphare 

Heat 
shield 

- 

L~urnaa 
heater 

' Furnace leads 

contra1 TC 

Figure 2.1 Schemrtic of a typical instrument for differentirl thermal analysis 
(TC = themocouple). " 



and 

where dq. and dq, are the changes in heat (or energy) to the sarnple and reference over a 

small change in time. dt, and therefore dq/dt is the heat fiow over two different 

temperatures. Subtracting Eq. (2.3) from Eq. (2.2) gives the signal in terms of the heat 

flowU 

Assuming that the heat capacities of the sample and container remain constant over the 

temperature range of interest. the heat capacity (Cs and Cr for sample and reference 

respectively) can be refated to the heat fiow if the sample is heated at a controlled 

scanning temperature rate (dTs / dtf3 

The same holds true for the reference 

Substituting Eqs. (2.5) and (2.6) into (2.4) and using the assumption that R and Rare 

equal (replaced by R)" 
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The scan rate for the sample and the reference are the same (at a dynamic equilibnum) 

and equal to the operator's scan rate (dT/dt). Eq (2.7) can then be re-written asU 

dT 
si@ = T, - T = R-(Cs -Cr).  

t i r  
(2.8) 

There is now a relationship between the signal and the heat capacity. The temperature 

scan rate (dT/dt) is set by the operator so only the thermal resistance (R) is needed to 

obtain the heat capacity difference. This is not an easy task, since the thermal resistance is 

temperature dependent and a product of the sample and reference rnatenals (as wel1 as a 

produa of the instrument itself). As a result, d. t-a. is semi-quantitative and the thermal 

resistance has to be calibrated for every temperature range and information about the 

sample configuration is needed (Le. pellets vs. powders vs. liquids). The difficulty in 

obtaining thermal resistance is one of the major disadvantages of d.t.a., however, the 

temperature of the sample is monitored directly and there is no sample-themorneter 

temperature lag associated with d. t-a. A summary of the advantages and disadvantages of 

both d.t.a. and dxc. is tabulated in Section 2.2.5. 

Figure 2.2 is a simplified d.t.a. thermograph of the Iinear heating of a polymer until 

its decornposition, which serves as an exarnple of an experimental d.t.a. plot. At Tg, the 

polymer undergoes a glass transition which is typical of rnost polyrners. as the polymer 

goes fiom a ngid glas state to a more flexible mbber-like state. Since this transition 

contains no absorption or evolution of heat, the enthalpy of the transition is zero 

(AH,,=O). The heat capacities of the two States are different, and therefore a change in 

baseline is observed. Peaks which are the result of an increase in AT ( = T,-T,) are said to 



Figure 2.2 Schematic difirential thermograph showing types of changes 
encountered with polymeric material. 
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be exothemic (such as adsorption and crystallization) and those which are a result of a 

decrease in AT are said to be endothermic (such as melting, vaponzation. and desorption). 

Figure 2.2, shows examples of both exothemic and endothermic peaks. The fa11 in AT 

f ier  oxidation is the result of decomposition of the polymer to a variety of products.24 



2.2.2 Power-compensated d.s.c. 

A power-compensated d.s.c. can be divided into IWO loops, an average 

ternperature control loop and a differential ternperature control loop (Figure 2.3). The 

average temperature control loop supplies the power to both the sample and reference as 

dictated by the programmer, to maintain the sample and reference temperatures equal at 

an average temperature. The temperatures of both sample and reference are relayed From 

platinum thermocouples embedded in the sample and reference heater pans (Figure 2.4). 

to an average temperature computer. The whole loop determines the average temperature 

which is charted as temperature rnarkings on a d.s.c. plot. 

The differential temperature Ioop controls the differential power which is sent to 

either the sample or reference in order to maintain an average temperature. The 

temperatures of the sample and reference are relayed fiom the platinum thennometers to a 

differential temperature amplifier via a comparator circuit. The amplifier supplies power 

to the sample and reference heaters in the direction and magnitude necessary to maintain 

an average temperature. This loop provides the differential power which is plotted as a 

fiinction of the averaçe temperature to give a tùll d.s.c. plot (Figure 2.5). 

Unlike d.t.a., the therrnometers are located outside the sample and reference pans, 

therefore R' and R: are no longer zero. Since the individual heaters are located directly 

beneath the sample and reference pan, one can assume no thermal resistance (R = O and 

R = O ) and the temperature of t h e  heater on the sample side are equal (Ths=T,) and the 

same for the reference side (Thr = Tm). Since the prosrammer controls the ternperature of 

the sample and reference heaters, T ,  and Tm are the same temperature. TSm = Tm. With 



Diffemntial Temp Contml Loop Average Temp. Control Loop 

Sample Temperature Smple  Tempcnturc 

Recorder (Tcrnpenhirc ~MorMnpls) 

Sample 
Holder 

I 
1 \ Dinérential Poner Pawer (Avernge) 

Figure 2.3 Block diagram, Perkin-Elmer dimerentir1 scanning calorimeter?' 
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Figure 2.4 Schematic of differentirl scanning calorimeter sampfe holder and 
furnaces. 2.5 



Figure 2.5 D.s.c. curve of sulfapyridine heated rit a rate of 5 K min-'.'" 
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d-s-c. one is measuring the differentiai power need to maîntain the sample and reference 

pans at an equal temperature. Therefore, the signal is directly related to the differential 

powerU 

and at dynamic equilibrium the scan rate is equal to the programmer's scan rate dT/dt 

There is now a direct relationship between the heat capacity and the signal modified by the 

programmer's temperature scan rate with no contribution from thermal resistance. Since 

the monitoring temperature is not in direct contact with the sample. Tm is not equal to Ts 

and the difference is a product of the instrument's thermal resistance (RJ , the scan rate 

(dT/dt), and the  sample's heat capacity. Usinç Eq. (2.2) and ( 2 . ~ ) ~ "  

one can obtain an equation which represents the sarnple temperature laç with respect to 

the sample temperature. The signal is not dependent on thermal resistance, although the 

temperature Iag is. Typically the temperature las sives nse to variations in the 

temperature within a few tenths of a Kelvin. Most times the ternperature laç can be 

adjusted with the use of standards that have transitions within the range of interest. 

Standards typically used include cyclopentane (Tphuc = 172.3 8 K, solid-solid), indium 

(T,,,.i = 429.7485 Y solid-liquid). lead (Tmd, = 600.6 1 K, solid-liquid). as well as othersz'. 



2-23 Boersma d.t.a (or Heat-Fiux d.s.c.) 

The Boersma d. t.a. (or more commonly heat-fi ux d.s.c.) is very sirnilar to the 

power-compensated d.s.c. except for a slight vanation in its design. Figure 2.6 is a 

schernatic of a typical heat-fl ux d.s.c.. In this device, the sample and reference pan are 

heated by constantan (nickel-copper alloy) thermoelectric pans. The sarnple and reference 

pans sit on a raised platform which sits on the constantan pans. Heat is transferred up 

through the constantan pans to the sample and the temperature (Tm) is measured at the 

contact between the constantan pans and the platform. 

Due to the location of the heaters. there is a resulting thermal resistance (R) 

associated with the heaters. As a result. the  signal fi-om a heat flux instrument would have 

the fom" 

This is similar to the signal for classical d.t.a. (Eq (2.8)) except that R is a ninction of the 

instrument's design and can be corrected for. The thermal resistance is still a function of 

temperature, but most heat flux instmments automatically correct the signal for the 

thermal resistance at any temperature. The relationship between T ,  and Ts (or the 

temperature Iag) can be addressed in the same manner as the power-cornpensated d.s.c. 



Figure 2.6 Schematic of heat flux d.s.c. ceIl. '' 
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2.2.4 Modulated d.s.c. (or Oscillating d.s.c.) 

Modulated (or oscillating) d.s.c. is really no more than an extension of power- 

compensated or heat-flux d.s.c.. With modulated d.s.c., a small perturbation (such as a 

sine wave) is applied to the Iinear temperature and the resulting data is mathematically 

deconvoluted so that the reversible and irreversible nature of thema1 effects can be 

exarnined 22. In this treatment of data, siçnals with overlapping peaks can be resolved, 

there is an improvement in resolution and sensitivity, and metastable meltinç can now be 

detected more readily. This new technique definitely improves the viability of d.s.c. as a 

tool for thermal analysis. 
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2.2.5 Summary of the similatities and differences of d.t.a. and d.s.c. instruments 

In 'classical d-ta.' the thermocouples are in direct contact with the sample and 

there is no sample temperature Iag. The thennal resistance (R) is a product of the 

instrument, sample geometry, and temperature which are difficult to rneasure. This 

thermal resistance can be corrected with the use of standards, making the technique semi- 

quantitative. 

In power-compensated d.s.c., the thermocouples are located below the sample, 

therefore, T, does not equal T s m  and a temperature lag as described with Eq (2.12) is 

observed. With separate heating pans located in direct contact with the sample pan there 

is no thermal resistance as a product of the instrumentation. The temperature difTerence 

associated with the sample temperature laç can be corrected quite easily with use of 

standards. Since the instrument must be calibrated for each sample (as well with any new 

scan rates), it is only serni-quantitative. 

Heat-flux d.s.c. has the same properties as power-compensated d s c .  except for 

the thennal resistance (R) associated with the heater assembly, which must be corrected at 

each temperature. 

A summary of the advantaçes and disadvantages of both d.t.a. and d.s.c. is given in 

tabular form (Table 2.1, 2.2 and 2.3)". 



Table 2.1 Advantages and disadvantages of classical d.t.a2** 

Advanrages D isadvan tages 

Simple to set up experiments 
Cornmerciai insuuments available 
Small simples (fav mg) 
Rapid e-xperiments 
Heating and cooling 
Ease of investigation of thermal 
history effects 
No temperature lag 
Good for very high temperatures 

OnIy semiquantitative for AH esperiments 
Not an equilibrium mcthod 
Not an  absolute measuremcnt (rcquires calibration) 
Thermal evcnts may appcar to overlap due scanning 
nature 
May not be accurate for C, near transitions 
T > 100 K for commercial instruments 

Table 2.2 Advantages and disadvantages of differentid scanning 
ceiorirnetry'*. 

Advantages Disadvantages 

Commercial instruments available 
Small samples (few mg) 
Rapid eqeriments  
H a t i n g  and coding 
Determine AH 
Ease of investigation of thermal 
tiistory effccts 
High-pressure esperiments possiblc 

Not an quilibrium rnethod 
Not an absolute meanirement (requires calibration) 
Thermal events overfap 
May not be accurate for C, near transitions 
T > 1 O 0  K for commercial instrumcnts 
inherent tempcmture hg 

Table 2.3 Advantages and disadvantages of Boenman d.t.a. (or heat-flux 
d.s.c)18. 

Advanrages Disadvantages 

Commercial instruments avaihble 
Small smnptes (few mg) 
Ftapid e..pcnments 
Heating and cooting 
Ease of investigation of tlicrmal 
history effécts 
HigIi-pressure esperirnents possible 
Quantitative AH determinations 
Good for very h i a i  temperatures 

Not an equilibrium mcthod 
Not an absoIutc measurcincnt (rcquires calibmtion) 
Thermal events mq appmr to overlap due to 
scanning nature 
May not be accurate for C, neéér transitions 
T > 100 K for commcrcial instruments 
Tettiperatiire lag 
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2.2.6 Aeat capacity measurements using d.s.c. 

In al1 d.s.c. experirnents the signal for each instrument is a fùnction of the heat 

capacity of the sarnple. D.s.c. can (and has) been used for the measurement of heat 

capacities. D.s.c. offen many advantages for the measurement of heat capacities over 

more traditional methods (such as adiabatic calorimetry). The most important advantage 

is the relative ease in obtaining the heat capacity over a wide temperature range fairly 

quickly. Also. srnaller sample sizes are required (milligrams cornpared to grams). This 

allows for expensive and hard to puri@ samples to be easily examined. Another advantage 

is the ease in which a sample is loaded. A sample can be loaded within a matter of minutes 

compared to hours with an adiabatic calonmeter. Finally, with rnost commercial 

instruments the heat capacity can be measured during cooling. and this cannot readily be 

perforrned with more classical methods. 

It may seem that with these advantages there should be Iess of a need for such 

classical techniques as adiabatic calorimetry, however, the disadvantages tend to harnper 

d.s.c. as a replacement of classical techniques in the rneasurement of heat capacities. The 

biggest disadvantage aises from the largest advantage, that being the relative ease of 

d.s.c.. Since d.s.c. is so easy to use, it is also very easy to abuse. Unless extreme care is 

taken, many systematic errors can be introduced leading to poor heat capacities. Another 

disadvantage is that rnany d.s.c. instruments today are not equipped to handle low 

temperatures (below IOOK). For most solid-state chemists, this is unacceptable since 

many of the transitions and phenornena associated with solid-state chemistry occur at low 

temperatures. Finally. d.s.c. can obtain fairly accurate heat capacities (within a few 
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percentages) but is still not as accurate as traditional adiabatic calorimeten (within a 

few tenths of a percentages or Iower). 
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2.3 Adiabatic calorimetry 

As the name suggests, adiabatic calorimetry is a calorimetnc method (measures 

changes in energy) under adiabatic conditions (thermal isolation with the surroundinçs). 

Adiabatic calorimetry is an excellent technique for obtaining very accurate heat capacities, 

through measurements are extrernely long and data intensive (compared to d.s.c.). New 

computers and data acquisition software allows for more efficient handling of the large 

amounts of data generated. The program AC4AUTO.BAS has been developed here for 

use with PC-DOS based computers and has improved data collection and manipulation 

trernendously. To make matters more difficult, adiabatic calonmeters are not 

cornmerciaily available. Despite these disadvantages. adiabatic calorimeters provide high- 

quality heat capacity determinations over a wide range of temperatures (near O K to above 

room temperature). 



2.3.1 Instrumentation 

Heat capacity is typically rneasured under constant pressure conditions (C,), 

however, measurements have been performed with constant volume conditions (C,). 

In adiabatic calorimetry, the heat capacity is defined as the energy input, Q, diMded 

by the change in temperature (temperature before (TI) and after (Tz) heating) 

at an average temperature, Ta,, : 

The energy input into the system is a finction of the heater voltage and resistance as well 

as the length of tirne the energy (heat) pulse is applied 

where Vh is the heater voltage, t is the Iençth of time the voltage is applied and l%, is the 

heater's resistance. 

To measure temperature a hiçhly accurate and reproducible thermometer is 

needed. Typical thermometers for adiabatic calorimetry are the platinum resistance 

thermometer (temperature rançe ftom 20 K to above room temperature) and 

semiconductor resistance thermometers (frorn millikelvin (mK) temperatures to 30 K). 

These themiorneters rnust be calibrated to within a few millikelvins using the 1990 

International Temperature scale2' in order to meet the requirernents for adiabatic 

calonmeters. Since temperature is so important and must be accurate to within a few 
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rnillikelvins, the effects of electromotive forces (EMFs) at the junctions in the 

thermometry circuit rnust be accounted for. This is usually done using an a.c. bridge or by 

applying a d.c. current both in the fonvard then reverse directions and averaginç the two 

(see Figure 2.7). This averaging is performed automatically by the software. 

In order to obtain the necessary adiabatic conditions, a number of conditions must 

be met in the construction. Figure 2.8 is a schematic diagram of the adiabatic 

102.1 1 calonmete8 used to study the heat capacities of urea perhydrotriphenlyene and their 

inclusion compounds with n-alkanes. AI1 wires used in the apparatus must be very fine 

and soldered with thermal-fi-ee solder in order to minimize heat leaks. The who1e 

apparatus is hung from nylon filaments (poor conductors of heat) and suspended in an 

evacuated chamber. The vacuum is maintained using a two-pump system, a rotary pump 

(rouçhing pump) and a diffusion pump. to give necessary pressures below 10" mbar. To 

achieve constant temperatures the sampie is surrounded by an adiabatic shield. This shield 

maintains adiabatic conditions between energy pulses and gives nse to a zero temperature 

drift rate (in practice, k 0.003 K min" drift rates can be tolerated). 

The sample being rneasured was located in a sample vessel (Figure 2.9). The size 

of the sample was usually around one gram and sample geometry is not a problem as with 

d.s.c. because the sarnple is in a helium atmosphere and thermal equilibrium is achieved. 

The sample vessel was sealed tiçhtly with brass screws as well as a fine (O. l mm diameter) 

indium O-ring. The sample vessel sat within the heater themorneter assembly and 

Apiezon T grease (Fisher, low-vapor pressure (5 x 1 Torr) sealinç agent and lubricant) 

was used to make good thermal contact between the sample vessel and heater. The 



Figure 2.7 Schernatic circuit for the d.c. determination of the resistsnce o f  
210 a thermorneter- 
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4 Vacuum tint 

Figure 2.8 Schemrtic diagram of the adia br tic ca~orirneter.~'~ 
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Figure 2.9 Sample vesse1 and heaterlthermometer assembly 
(ediabatic celorimeters Il, KT, IV and V).'*" 
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themometer was located on the heater sleeve such that when the sample vessel and the 

heater were assembled. the themometer was located in the center of the sample. 

The temperature of the system was influenced by t h e  surroundings. For 

temperatures below room temperature, a cryogenic fluid was needed. The calorimeter 

was enclosed in a vacuum jacket (sealed with 1 mm diameter indium wire) and this can 

was immersed within the cryogenic fluid. Large double-walled glass Dewars were used to 

hold the cryogenic fluid. For temperatures from 77 K to above room temperature, liquid 

nitrogen was used as the cryoçenic fluid. For temperatures below 77 K. liquid heliurn was 

used. For liquid helium, a second Dewar was needed and was immersed in a Dewer 

containing liquid nitrosen. The calorimeter was cooled using cold helium exchanse ças 

before the transfemng of the liquid helium. More information regardinç this adiabatic 

calorimeter is aven elsewhere t 10.2.1 1 

Since adiabatic calorirnetry is an absolute measurement technique, standards are 

not used for calibration of heat capacities. Standards are only used to test the instrument's 

performance or new calorimeters. Typical standards include benzoic acid (for low 

temperature to room temperatures) and commercial sapphire (for hiçh temperatures). The 

heat capacity obtained is compnsed of that of the sample. indium. vessel and Apiezon T 

grease heat capacities. To obtain just the heat capacity for the sample the heat capacities 

for indium LI22 IS , Apiezon T grease"', and empty vesse1 m u t  be known over the entire 

temperature range of interest. 
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2.3.2 Theory 

The determination of heat capacity in an adiabatic calorimeter can be summed in 

Figure 2.10 which shows t h e  determination of heat capacities at two temperatures. In the 

figure, TI"' is the fonuard projected temperature at the midpoint of the energy pulse. TF' 

is the reverse projected temperature at the midpoint of the energy pulse. The heat 

capacity is then the energy pulse divided by the difference of T:" and T~"' as in Eq (2.14) 

and the temperature is the average temperature of T~"' and T:" as given by Eq (2.15). 

One of the major advantages of obtaining accurate heat capacities is their use it the 

determination of the chernical thermodynarnic parameters such as enthalpy chançe (AH), 

entropy chançe (AS) and Gibbs energy chançe (AG) : 

A G =  AH-  TAS. (2J9) 

Gibbs energ  is one of the major parameters in this thesis as it reiates to the  relative 

stability of rnaterials. This becomes important when studying the meltinç of 

supramolecular compounds (such as inclusion cornpounds) as it shows that such 

compounds will melt conçruently if the stability of the host lattice is less then the host- 

guest inclusion compound and incongruently if the inclusion compound is less stable 

compared to the host latticeX5. This relationship will be descnbe in great detail in later 

sections. 



Figu re  2.1 0 Schematic of temperature as a function of tirne during two hert 
capacity measurements by rdirbatic hert- pulse ca~orirnetry?~ 



34 
2.3.3 Advantages and disadvantages of adiabatic calorirnetry 

As presented, adiabatic calorimeters can give very accurate heat capacities which 

are essentiaI in the determination of such thermodynamic parameters such as entropy. 

enthalpy. and Gibbs energy. The major disadvantages are that these instruments are they 

not commercially available and data acquisition is tedious and intensive. Other advantages 

and disadvantages are summanzed in Table 2.4". 



Table 2.4 Advantages and disadvantages of adiabatic ca l~r imetr~ '~ .  

Advantages Disadvantages 

Equilibrium rneasurements Not avaihble coinmercially 
Absolute method Slow metiiod 
Accurate heat upacity determinations GenenlIy only in heating direction 
Can observe gradml contributions to heat May require large sample (a. I g or more) 
capacity Requires adiabatic conditions 
Sampie morplioIogy and geometry relatively 
unimportant 



CHAPTER 3 

UREA INCL USION COMPOUlMlS 

3.1 Introduction 

Urea inclusion compounds have been known since the 1940's when ~ e n ~ e n ~ . '  

accidentally discovered the formation of the needle-like crystals in a mixture of urea 

((NH&CO, Figure 3.1) and rnilk. He was able to show that 1-octano1 was included in the 

crystalline addua. It was not understood until 1952 when srnith'" presented the X-ray 

data which showed that urea formed a host framework in which guest molecules could 

reside. His paper is considered the birth of urea inclusion chemistry. Since then the field 

of urea inclusion chemistry has grown immensely. branching also into thiourea and 

selenourea incl usion compounds. 

The structure of pure urea crystals is tetragonal (Figure 3.2) and they are held 

together by hydrogen bonds. In urea inclusion compounds the urea makes a hexagonal 

~tnicture~.~. The urea molecules are held together by hydrogen bonds in helical nbbons 

(Figure 3 -3) and woven together to form hexagonal channels (Figure 3.4). Each urea 

inclusion crystal grows either as a right-handed (P6122) or lefl-handed (P6522) 

enantiomorph. The channels are parallel to the c-axis and there are no connections 

between channels as in some channel-type materials (e.g. zeolites). 

The chemistry of the urea inclusion compounds is related to the hydrogen bonding 

within the urea framework. The potential of the urea to hydrogen bond to the guest is 

limited because the hydrogen bonds in the urea fiarnework point away fiom the channel 

36 



Figure 3.1 Chernical formula naid stnicture o f  urm. 



Figure 3.2 Pure urea packs with a tetragonat structure? 



Figure 3.3 Urea molecules in the inclusion compound are held together by 
hydrogen bonds in a helieal ribbons. Both enrntiomers are 
shown here?' 



Figure 3.4 Hexagonal chrnnels in urea inclusion compounds sccommodate guest 
mo~ecuies.'-A 
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and only the faces of the urea molecule (the nitrogen atoms) are hirned towards the 

guest. This leaves "smooth" channel walls and as a result the guest molecules are held oniy 

loosely (mainly van der Waals forces), thus for the purposes of our studies the inclusion 

compound can be considered to be a binary compound. This loose bonding allows for 

greater freedom such as torsion, libration, translation and reorientation within the 

channels. This fieedom within the channel makes urea inclusion compounds 

nonstoichiometn'c. To determine the mole-ratio for the urea-n-alkanes one needs to know 

the length of the hydrocarbon included. Knowing the C-C bond distance is 1.54 4 the C- 

C-C bond angle is 10ga28' and the van der Waals radius of a CH3 group is 2.0 A the  

Iength of the hydrocarbon can be approximated by'-2 : 

1= 1.256 (H - I )  + 4.0 A 

where f is the length of the hydrocarbon and n is the number of carbons in the 

hydrocarbon (assuming a11 trans configuration). 

From the X-ray data the urea c-repeat distance is I 1 .O I A and the number of ureas 

per unit ce11 is six. Knowing this in conjunction with the hydrocarbon lençth. the mole- 

ratio can be determined as fo l~ows~*~  : 

m=O.6848 (n- 1)+2.181 

where rn is the mole-ratio and ,I is the number of carbons in the hydrocarbon. 

The mole-ratio can also be determined usinç d.s.c. peak areas'.' From this 

treatment an equation for the mole-ratio is obtained : 

m =0.69 n + 1.5 

where m is the mole-ratio and 11 is the number of carbons in the hydrocarbon. 
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The urea inclusion compounds are selective as to the guest molecules that can 

be included since the repeat distance is 1 1 .O 1 A and the channel width is 5.50-5.80 A3". 

Long-chain hydrocarbons. n-alkanes and n-alkenes, will al1 form inclusion compounds so 

long as the main carbon chain length is greater than six carbons. A carbon chain length of 

six is the lower limit for stable urea-paraffins3? Some substitution is allowed such as 

halogen substitution on the first carbon (e.g. 1-bromooctane), and for the srnaller halogens 

(such as fluorine) substitution can occur on other carbons besides the first. For the oxygen 

derivatives of the n-alkanes and 11-alkenes the hydroxyl and carbonyl group still allow 

inclusion compound formation. 

Apart from inclusion with the n-alkanes and n-alkenes and their derivatives. urea 

will also form inclusion compounds with aldehydes, ketones, carboxylic acids, dicarboxylic 

acids, amines, nitriles, thioalcohols and thioethers provided their main carbon chain is 

sufficiently long (usually greater than or equal to six carbons). Some aromatics can form 

inclusion compounds as long as they contain a long chain substituent (e.g. 

octadecylbenzene). 

The urea inclusion compound is not a static compound and the dynamics of both 

the motion of guests within the channel'.".' and the host urea in the hexagonal lattice 

structure 3.9.3.10 have been studied. 



3.2 Preparation of urea-hexadeeane 

Urea foms  chamel inclusion compounds with most long chain diphatic 

hydrocarbons. As previously stated- the structure of pure urea is tetragonal, however in 

the presence of the long chain hydrocarbons the stnicture becomes hexagonal allowing for 

long channels in which the hydrocarbons are located3? This channel structure only allows 

a selected number of hydrocarbons to forrn inclusion compounds. 

The formation of urea inclusion compounds is a simple matte?? Urea- 

hexadecane was prepared by the addition of hexadecane (Aldrich, 99%) (-5 mL) to 

powdered urea (Fisher. 98%) (saturated) in hot rnethanol (-30 mL). These crystals were 

filtered and washed with methanol and allowed to air dry. The urea-hexadecane was 

examined using d.s.c. and adiabatic caiorimetry and compared to the literature 

3 123.13.3.153.15 values- ' 
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3.3 D.s.c. thermcgams of urea and urea-hexadecane 

A Pyris- l Perkin-Elmer d.s.c. was used to examine the urea-hexadecane. The 

sample was lightly ground with a mortar and pestle to give finer crystals (which allows for 

better sample to pan contact). Aluminum pans and lids were used to contain the samples. 

The mass of the empty pan and Iid was determined, the sample added and then the mass 

was determined again. The pan was then sealed with a press that crimped the lid tightly to 

the pan. To calibrate the instrument, a sample of high grade (Aldrich, 99.999 + %, m.p. 

155 OC ) indium was used. The indium meIts at 428 K which falls close to the temperature 

region where urea-hexadecane melts. 

Urea-hexadecane was heated at a scan rate of 10 K / min from 343 K to 433 K, 

then held isothermally for 1 minute, cooled down to 343 K at a scan rate of I O  K / min., 

then held isothermally for 60 minutes and then re-heated to 433 at 10 K / min. The sample 

showed two endothermic peaks on the first heating. On cooling and re-heating only one 

endothermic peak was observed (solidification and melting of urea). A sample of pure 

urea was run under the same conditions (except that it was held isothermally for 1 minute 

after cooling) and one endothermic peak was observed at 406 K (literature value: 406 

K)~.'' on the first heating. On cooling and re-heating, only one endothermic peak was 

observed (solidification and melting of urea). Plots of the thermographs (with the 

corrected onset temperatures) are given in Figure 3.5 and Figure 3.6. 

The onset temperature is the ternperature where the upside slope of the peak 

intersects the baseline. This is the point at which the compound beçins to melt and is 

known as the onset ternperature (Figure 3.7). 



Figure 3.5 Eeltting and cooling d.s.c. thermogrüms o f  ureü, (a) Hctrtcd from 

343 - 433 K rt IO K / min. (h) AcId üt 433 K for 1 min, 

thcn ctiokd ta 343 K at 10 K 1 min, (c) Hcld at 343 K for  1 min,, 

then hcatcd to 433 K iit 10 K 1 min. 



HeId at 343 K 
for 60 mins. 

Figure 3.6 Hcating and coaling d,s.c thermagrüms of  ureii-hexadcctinc. 

(a) Hcatcd f ram 343 - 433 K tit 10 K 1 min. (b) Acld tit 433 K for I min., 

then coalcd to 343 K at I O  K 1 min. (c) Rcld at 343 K for 60 mins., 

thcn hc;itcd ta 433 K üt 10 K 1 min, 



Figure 3.7 Simple d i n g n m  o f  an  onset temperature. 
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As explained in Chapter 1, rnelting is either congruent or incongment. By 

exarnining the thermographs one cm conclude that the peak that occurs around 400 K in 

urea-hexadecane is due to the melting of solid urea. The low-temperature endotherm is 

attributed to the breakdown of the inclusion compound into urea (solid) and the 

hexadecane (liquid). The temperature of this endothermic peak does not correspond with 

the melting of the host or the West and there is a peak at higher temperatures attributed to 

the melting of solid urea This is incongment rnelting. As temperature is increased to the 

melting point. the polar urea and non-polar hexadecane would separate and form solid 

urea and Iiquid hexadecane (first endothermic peak). As the temperature is tùrther 

increased, the solid urea melts and forms an irnmiscible solution of the two liquids. 

Cooling of the urea-hexadecane results in only one peak. This peak is lower in 

temperature than the meltins peak and is attributed to t h e  solidification of urea. On re- 

heating, only one peak is observed. This peak is the melting peak of the urea (shified 

slightly and Iower in enthalpy due to some decomposition). This cooling and re-heating 

support the fact that urea-hexadecane melts incongruent ly and canno t be prepared directly 

fiom the mek 

From the areas of the endothermic peaks (ArLqH), the mole-ratio of urea to 

hexadecane in the sample can be calculated. The AFWH of the urea peak was determined to 

be 247 f 2 1 / g. The AFwH of the urea-hexadecane peak was 189 + 6 J / g. So in 1 gram 

of compound there is 0.7728 urea or 0.0 127 + 0.0005 moles. The number of moles of 

hexadecane would therefore be (1 .O380 k 0.000 13) x  IO-^. SO the mole-ratio of urea to 

hexadecane is 12.25 f: 0.45. 
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3.4 Hot-stage m icrosco py 

A single crystal of urea-hexadecane was melted on a hot-stage microscope and the 

melting behavior was observed. The hot-stage microscopy apparatus was supplied by D. 

Jackson of  Biology, Dalhousie University. The apparatus consisted of a black and white 

video carnera, a melting point apparatus and video recording instrument (S-MIS).  Once 

the melting was recorded, stili M e s  were captured on computer and arranged in order of 

increasing temperature followed by coohg (see Figure 3.8). The melting behavior 

observed is consistent with the d.s.c. results, Le. incongruent melting : 



Figure 3.8 A needle of urea-hexadecane as it melts incongruently. a) 
Before heat is applied, b) the onset of melting of the inclusion 
compound, c),d), and e) various stages in the region of melting 
(urer(s) + hexrdecrne(l)), f) onset of the melting of the urea (s), 
g) and h) various stages after uren(s) has metted giving 
uren(r) + hexadecane(1). i) Solidification of urea upon cooling. The 
sample was heated on n melting point apparatus and filmed using a 
B&W video camem and recorded on S-WS. 



3.5 Aeat capacity of urea and urea-hexadecane 

In order to fiilly undentand the thermal properties of a compound one must look 

at its properties at low temperature (below room temperature). The heat capacity data 

was used to calculate Gibbs energy. 

The heat capacity for urea-hexadecane was obtained from 10 K to 300 K by 

Pemberton and ~ a r s o n a ~ d . ' ~  and extrapolated to 380 K (no thermal anomalies were 

observed in the d.s.c.). The smooth fit data for urea-hexadecane is given in Table 3.1 and 

the graphs of heat capacity. Y S and G are given in Figures 3 .9,3.10,3.11 and 3.12 

respectively. The Gibbs energy (G) can be  related directiy to the heat capacity through the 

change in enthalpy (H) and the change in entropy (S) by the equation 

G = H - T S .  

The values for H and S are obtained from the heat capacity throuçh the integrals 

T 

and 

These integrals were evaluated using Simpson's Rule and presented in Tables 3.1, 3 -2 and 

The heat capacity for urea fi-om 10 K to 3 10 K was obtained fiom Andersso~ 

Matsuo, Suga and ~erloni'. l5 and presented in Table 3.2 and grap hed as heat capacity. H, 

S and G in Figures 3.13. 3.14. 3.15 and 3. L 6 respectively. Finally the  heat capacity, H, S 



Table 3.1 Smooth heat eapaci!y, H. S and G data for  urca-hc~adceüne'~~ 52 

Note : Data below 300 K is from reference 3.13. 
Data above 300 K is by extrapolation. 



1 0  K -300 K Reference 3.13 1 
'300 K - 380 K E~?ra~olation ! 

Figure 3.9 Heat caprcity (C,) of urea-hexrdecane 



/ 10 K -300 K Reference 3.13 
1300 K - 380 K E.\-tr;ipolation 

Figure 3.10 Enthrlpy (H) o f  urea-hexndecnne 



1 10 K -300 K Rcfcrcnce 3.13 i 

j 300 K - 380 K Estrapolation 

Figure 3.1 1 Entropy (S) of urea-hexadecane 



l I O  K -300 K Refercnce 3.13 . 

300 K - 380 K Estrnpolation 

Figure 3.12 Gibbs energy (G) of urea-hexndecene 



Table 3.2 Smmth heat canacity, E. S and G data for  urea3'15 

Note : Data above 300 K is by extrapolation; otherwise data 
is from ref. 3. EI 



10 K to 3 0 0  K Rcfcrcncc 3. IS i 
300 K to U I O  K Extnpolatniion / 

Figure 3.13 Heat capacity (C,) of urea 



Figure 3.14 Enthalpy (A) of urea 





[ IO K to 300 K Rcfcrcricc 3-15 
! 300 K to 400 K Estrapolataiiori 

Figure 3.16 Gibbs energy (G) o f  urea 
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and G for hexadecane from 12 K to 320 K was obtained fiorn Finke, Gross, 

Waddington, and ~uffman~."  and presented in Table 3.3 and graphed in Figures 3.17, 

3.18, 3.19 and 3 -20. A greater treatment of the data is given in Section 3 -6.  



Table 3.3 Heat capacity, H, S and G data for  hexadeca~e'"~ 

K J K' morl J mol-' J K" mol*' J m01-l 

Note : Data above 320 K is by extrapolation; othenvise data 
is from ref. 3.14 





Figure 3.18 Enthrtpy (H) of hexrdecrne 



Figure 3.1 9 Entropy (S) of hexadecrne 





3.6 Gibbs energy of urea-hexadecane 

As explained before, the Gibbs energy is an indication of the stability of a 

compound. It was proposed, from the d.s.c. thermographs of urea-hexadecane (Section 

3.3) that when the inclusion compounds melts, it melts into solid urea and Iiquid 

hexadecane. This incongruent melting was cofirmed by hot-stage rnicroscopy. From the 

thermodynamic analysis, the Gibbs energy for the solid urea plus liquid hexadecane is 

lower than the Gibbs energy for the inclusion compound (G,+Gguat < Gr,l,.. uimpauld) 

(Table 3.4 and in Figure 3 -2  1). At the melting point of the inclusion cornpound (3 84 K) 

the lower energy system (solid host + liquid guest) is preferred and the cornpound melts 

inconpently. 



Table 3.4 Gibbs memes of urea, huadecane m d  urea-huadecane o 69 



Figure 3.2 1 Gibbs energy diagram for uren-hexadecane and 
urea + 1/12-25 hexadecane 
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3.7 Phase diagram 

To calculate the phase diagram for urea-hexadecane, the rnethod derived by M. 

Farina et aL3-" was used. 

For an AB. inclusion cornpound and refemng to Figure 3.22, the solid-liquid 

equilibrium can be expressed by the following 3-3 : 

+A Curve A-El : ln(1- XE) = -- 
RT 

Lc +C Curve El-Ez : tn(l- X,) t n ln X, = - - 
RT 

LB +B Curve E2-B : In X, = - - 
RT 

where Xg is the mole fraction of component B; A = Ld,'RT4; B = Lw'RTB: C = (LcjRTc) + 

nlm-(n+I)ln(n+l); L4, LB and Lc are the melting enthalpies (AhJT) of the correspondinç 

components and TI, TB and T<- are the melting temperatures of the correspondinç 

components, where C is the compound AB,. 

This method assumes the following: complete immisibility of the solid phases, 

absence of solid metastable phases, instability of the adduct in the Iiquid phase, ideal 

behavior of the Iiquid phase and constancy of al1 the melting enthalpies with temperature. 

For urea-hexadecane, the Iiquid phase is non-ideal (hexadecane and urea are 

imrniscible). This non-ideality is due to the difference in polarity of the two pure 

components (urea - polar ; hexadecane - non-polar). To account for this non-ideality an 

interaction term, W. is introduced to Eqs. (3.7)-(3.9) Ieading to the followinç new 

equations3' : 



Figure 3.22 T/x diagram o f  a hypothetical ABI add~ct' . '~ 



+C- Curve Er-E2 : In(l - X,) + n ln X, = - - 
RT 

Note that equations (3.7)-(3 -9) follow from (3.1 O)-(;. 1 2) with W=O (ideal case). 

The best fit value for W for urea-hexadecane that açrees with the observed melting 

behavior, was found to be 18 H I  mol. This large interaction term is consistent with the 

finding that liquid-liquid phase separation is favored for W > ~ R T . ~ . "  and W is comparable 

to the value found for the C2&-PHTP phase diac~arn.'.~ Table 3.5 contains the meltin~ 

temperatures and melting enthalpies used to calculate the phase diagram shown in Figure 

3-23. The value n denotes the mole ratio of urea to hexadecane, which in this case is equal 

to 12.25 f 0.45. The phase diagram is consistent with the experimental results in that it 

shows incongrnent melting of urea-hexadecane at its melting temperature. 



The melting temperatures and enthalpies o f  urca, 
urea-hexadeczne and hexsidecane 

Mclting tcmpcmturc (T) 

Mciting enthai pics (L) 

9 

Rcf, #3.14 

Prescnt work 

Prcsent work 

b 

Hexadccanc 

Urea 

Urea-hexadecanc 

53.36 kJ mol -' 

I4.4 * 0.9 kJ mol " 

6.4 * 0.3 kJ mol *' 

291.34 K 

406*1 K 

381 1 K 

Ref. #3,14 

Prcscnt work 

Prcscnt work 



/ 
rC (s) + Urea (s) 

rc 1 
Urea 

Figure 3.23 Calculnted phase diagram o f  urea-hexadecane (brsed on 
the method of Farina ct RI?). IC = inclusion compound. 



CHAPTER 4 

PHTP INCLUSfON COMPOONDS 

4.1 Introduction 

The moIecuIe perhydrotriphenylene (PHTP ; see Figure 4.1 for structure) has only 

been known for a short period of tirne. It was first synthesized in 1963"' as a mode1 to 

study optically active polymers. PHTP can exist in ten stereoisomenc forms. Of the ten, 

six are enantiornetric pairs (either right handed or left handed) and four are meso-fonns 

(containing at least one mirror plane)"2(Figure 4.1). Naming of these stereoisomers is 

based on the central carbon ring in which the carbon-carbon bonds are divided evenly into 

two classes. endo-cyclic and exo-cyclic. The et~do-cyclic bonds are narned either cis or 

trms (C or T) and the exo-cyclic bonds are named syn or nlrli (S or A). Of these isorners, 

only the ATATAT isomer (racemic mixture) was studied within this thesis. From this 

point on "PHTP" will be used to descnbe this particular stereoisomer. 

PHTP is a special organic molecule which not only forms inclusion compounds but 

also belongs to the D3 symmetry group. In the solid state, PHTP possesses one three-€oId 

axis (c-axis) and three two-fold axes, but no plane of symmetry (and thereby has the 

enantiometnc forms) (Figure 4.2). The rnolecular packing of pure PHTP has two 

modifications, one being metastable. The metastable modification (which melts at 

1 17'~)" c m  be obtained by the rapid cooling of the melt, but changes completely to the 

stable modification (which melts at 125.2 "c)'" within a few hours. Figure 4.3 shows both 

modifications. 



u S C A C A C  

A C S C  

Figure 4.1 Stereoisomex-ic forms of PBTP. (Racemic - consisting of both 
the right- and left-handed enantiomers; M a o  - each contains a mirror 
phne, thus no enantiomer pain. Dot represents a hydrogen atom 
coming perpendicular out of the plane of the pper)." 



Figure 4.2 Symmetry of PHW. "' 



a& - 
(BI 

Figure 4.3 Stable (A) and metastable (B) forms o f  PHTP. *' 
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PHTP cm form channel inclusion compounds with a wide variety of guest 

molecules. There is no hydrogen bonding of the host lattice (like that found in urea). The 

inclusion compound is held together rather Ioosely (mainly van der Waals forces) so there 

is greater Qexibility of the host lattice towards guest molecules than in more strongiy 

bonded systems such as urea As a result, molecules such as linear hydrocarbons, 

branched hydrocarbons and planar molecules can dl be included. Table 4.1 Iists some 

guest moIecuIes of PHTP inclusion compounds and the mole ratio of host to guest 

molecules. 

In general, PHTP forms hexagonal rings around the guest molecule(s) and these 

rings are superimposed. This gives rise to long channels in which the guest molecules 

reside. These charnels run parallei to the c-axis of the structure and can range from 5.7- 

6.7 A in  idt th".^, with a distance of about 14.3 19 between centers of adjacent channe1s4.'. 

Figure 4.4 shows an example of a PHTP inclusion compound structure. 



Table 4.1 Composition and melting point a f  same seleded PHTP-inclusion 

PHTP-mest molar ratio 

Guesr ,Y-rcy andvsis Independent analysis .Lfelting point 

(OC) 

n -Nonane 
n -Hesadecane 
n -Tetracontane 

Cyclohexane 
Diosane 

ChIofoform (RT) 
Carbon temch1oride 

Butadiene 

Caprylic acid 

L~ur ic  acid 
Palmitic acid 

Polyetliy Iene 

1 -4-crans -PoIybutadiene 

Poly(et hylene glycol) 

b d 
a Gas volumetric analysis. Thermogravimetry. IR analpis. Acidmetric lit ration. 

Estnctian with boiling solvents. ' solid-solid pliase tnnsition. "efcrred to 1 monomenc 
unit. 



Figure 4.4 Structure of PFWP-ch~orofom. *6  
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4.2 Preparation of P m  and PHTP-hexadecane 

Uniike urea, PHTP is not commercially available and rnust be synthesized. High 

temperature and pressure equipment was required. 

To begin with, dodecahydrotriphenylene (DHTP) was needed as a starting 

materiai. The DHTP was prepared by the Friedel-Cr& alkylation of benzene4-gl.g. In this 

reaction, 950 g of 1-4 dichlorobutane (Aldrich, 99%) was reacted with 500 rnL of benzene 

(Aldrich 99%) and 500 g (in srna11 portions) of water fiee küCI3 (Aldrich. 98%) over a 48 

hour penod (without exceeding 20°C) (Figure 4.5). This produced a viscous reddish- 

brown mixture which was stirred over a 12 hour penod. The mixture was then hydrolyzed 

with ice. The fine yellow crystals of DHTP that were produced were washed with 

acetone, suction filtered, and allowed to air dry. The melting point of these crystals was 

503 K compared to the literature value of 505-506 K.'." 

Hydrogenation of DHTP to PHTP'.' was camed out by Prof T. Fyles, University 

of Victoria. In heptane solution, DHTP was subjected to high temperatures (- 300°C) and 

high pressures (- 200 atm &), with Pd/C (Aldrich, 10% Pd) as the catalyst (-25 g of 

D m  per run gave -50% PHTP by mass, -5 g of pure Dj PHTP). Hydrogenation can 

produce a mixture of up to ten stereoisomers. At short reaction times, the main products 

are of the cis contiguration which slowly convert to an equilbnum mixture that consists of 

-60% of the required Dj symmetrical PHTP (also the least soluble). Separation consisted 

of the filtration of the hydrogenation mixture to remove the P d K  catalyst. The solvent 

was ailowed to evaporate. The resulting crystals were evacuated at 1 Torr for 16 houn. 

This produced a white crystalline material. This crystalline matenal is the PHTP-heptane 



Hz - 1 (Mixture of isomers) 
Pt/C 

heptane 

Figure 4.5 Preparation of PATP. 
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inclusion compound. To recover pure PHTP, the material was recytallized fiom 2- 

butanone (500 mL for 5 g). The crystals were allowed to air dry and the resulting white 

needles had a melting point of 125 * 2 OC compared to the literahire value of 125.2 'C ". 

These white needle crystals are the pure D3 PHTP. Tt is this isomer of PHTP which forms 

the  inclusion compounds that were examined. 

There are various methods for prepaiing the PHTP inclusion compounds"~8. Methyl 

ethyl ketone (MEK) (Aldrich, 99+%) (30 mL) was used as a solvent to dissolve the PHTP 

(-3 g) in order to prepare the hexadecane adduct. Hexadecane (Aldrich, 99%) (-5 mL) 

was added directly to this solution and over a period of time (7- 10 days) needle-like 

crystals of PHTP-hexadecane fomed. The mole-ratio was known from X-ray difiaction 

rneas~rements".~ to be 9.03 PHTP : hexadecane. 
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4.3 DAC. thermograms of PEITP and PHTP-hexadecane 

The conditions and calibration for PHTP and PHTP-hexadecane were the same as 

for urea (Section 3.3). ïhe d.s.c. instrument used to examine the melting points was the 

Pyris-1 Perkin Elmer D.S.C. 

High grade indium was used to calibrate the instrument. The melting point for 

PHTP and PHTi?-hexadecane falls within the region at which indium melts, making it an 

excellent choice for the standard. 

PHTP and PHTP-hexadecane were heated at a scan rate of 1 O K / min. from 343 K 

to 43 3 K, then held isothermally for 1 minute at 433 Y cooled at a scan rate of 10 K 1 

min. down to 343 K, held again isothermally for 1 min and re-heated to 433 K. On first 

heating, both samples gave only one endothermic peak with PHTP-hexadecane melting at 

a higher temperature (4 16 * 2 K; literature value 4 18.1 5 lC4.') than PHTP (3 98 * L K ; 
literature value 3 98.3 5 K".') and hexadecane (Iiterature value 29 1 3 4  K'."). On re-heating 

of the PHTP-hexadecane, the endothermic peak corresponded with the first melting peak 

and thus confirms that the compound melted congruently and can be prepared from the 

melt. Plots of the thermographs are given in Figure 4.6 and Figure 4.7 with the onset 

temperatures (corrected with indium). Table 4.1 lists the melting points for some PHTP 

inclusion cornpounds with linear hydrocarbon guest mole~ules."~ 

The enthalpies of fiisicr! [A&€) for PHTP and PHTP-hexadecane were determined 

to be 26.4 I 0.5 kl (mol PHTP)-' and 2 1.6 * 1 .O ki (mol PHTP)-' respectively, with 

uncertainties determined f?om duplicate mns. 



Figure 4.6 Heating and cooling d.s.c. thermogrnphs of PHTP. 
(a) Aeated from 343 - 433 K at 10 K / min. (b) Aeld at 
433 K for 1 min, then cooled to 343 K at 10 K / min. 
(c) Held at 343 K for 1 min., then heated to 433 K 
at 10 K / min. 



Onsct =4I6 K 1 

340 350 360 370 3x0 3'30 400 410 420 430 440 

T/ K 

Figure 4.7 Herting and cooling d.s.c. therrnographs of PHTP-hexrdecane. 
(a) Aeated from 343 - 433 K at 10 K / min. (b) Aeld nt 
433 K for 1 min, then cooled to 343 K at 10 K / min. 
(c) Held nt 343 K for 1 min.. then heated to 433 K 
at 10 K / min. 



89 
Melting behavior is either incongruent or congruent (Chapter 1). From the 

d.s.c. thermographs there is only one peak for melting of  the inclusion compound. This 

indicates that the compound melts fiom a solid inciusion compound directly to a liquid. 

This is known as congruent melting. 



90 
4.4 Hot-stage mieroscopy 

A single crystaI of PHTP-hexadecane was melted on a hot-stage microscopy and 

the melting behavior was observed. The hot-stage microscopy apparatus was supplied by 

D. Jackson of Biology, Dalhousie University. The apparatus consisted o f  a black and 

white video camera a rnelting point apparatus and video recording instmment (S-VHS). 

Once the rnelting was recorded. still fiames were captured on cornputer and arranged in 

order o f  increasing temperature and re-cooling (see Figure 4.8). The rnelting behavior 

observed is consistent with the d.s.c. results. Le. congruent melting : 

Ti=416  K 
PHTP-CiaH3r - Liquid 



Figure 4.8 A needie of PATP as it melts congwently. a) Before heat is rpplied, 
b),c) the onset o f  melting, d-h) vnrious stages of the inclusion 
compound and the Iiquid phase, i) solidification of PATP-hexadecane. 
The sample was heated on a melting point apparatus and filmed using 
a B&W video camera and recorded on S-VHS. 
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4.5 Heat capacities of PHTP and PHTP-hexadecane 

The melting behaviour of the compounds can be explained through their relative 

stabilities. These can be determined through the Gibbs energy which in tum c m  be 

obtained corn the heat capacity (see Section 3.5). This heat capacity data was obtained 

4.12413 for PHTP and Pm-hexadecane (nom 30 - 320 K) using an adiabatic calorimeter 

The data below 30 K and above 320 K were obtained by extrapolation. 

A series of seps was ùivolved in detemining the heat capacity of a sarnple. First, 

the mas of the sample holder, bras screws and [id were determined. This mass was used 

in calculating the heat capacity asson'ated with the empty vessel. Then the sample was 

added to the sarnple vessel (filled to about % hll). The mass of the vesse1 with the 

sample. b r a s  screws and lid was detemined again to determine the mass of the sample. 

To ensure a sealed vessel, a thin indium wire (0.1 mm diameter) was used to form an o- 

ring. The vessel was then reassembled with the brus  screws lightiy attached. The vessel 

was then placed in a desiccator and evacuated. The evacuated desiccator with the sample 

was moved into a glove bag and flushed with helium gas. Once Bushed. the helium was 

allowed into the desiccator- The vessel was then removed fiom the desiccator inside the 

glove bag. The screws were now secureIy tightened and the vessel was sealed with the 

helium gas inside. The vessel was weighed again in order to determine the mass of the 

indium wire. The mass was needed to correct the overall heat capacity for contributions 

fkorn the heat capacity of the indium. The heater and vesse1 were then weighed together 

and the mass was recorded. Apiezon T grease was applied between the sample vessel and 

heater to ensure thermal contact. The mass of the sample and heater with the grease was 
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determined so that the mass of grease could be obtained. The grease also contributes to 

the overall heat capacity and must be accounted for. Once the sarnple vesse1 and heater 

were assembled it was suspended inside the shield heater assembly. The wires (38 SWG 

copper wire) that were comected to the heater were pulled through the bottom of the 

shield. These wires were attached to the bottom of the shield using thermal-Eee solder. 

The wires are the leads for the platinum themorneter, heater resistance, and shield 

thennocouple (one wire is constantan). The wires were attached to posts on the bottom 

of the shield which were in tum connected to the top of the shield via wires that were 

wrapped around the shield and held in place by lacquer. The entire shield assernbly was 

suspended 6om the heat sink with thermal free leads (nylon thread). The top of the shield 

was wired to the heat si&. Once the entire system was wired it was tested with the 

voltmeter to ensure al1 connections were closed. The enclosure can was placed around the 

shield and screwed shut with stainless steel screws. The seal was ensured by using an 

indium wire (1  .O mm diameter) O-ring. Mer  being sealed the enclosure can was 

evacuated with both a roughing pump and a difision pump. The roughing pump removes 

the rnajority of the gas so that the diffusion pump wiil not be damaged. A pressure of 

below 2x IO-' mbar. was needed to ensure good working adiabatic conditions. #en the 

vacuum had been achieved the enclosure can was lowered into a Dewar of liquid nitrogen 

to be cooled. 

For adiabatic conditions to be ensured, a shield heater was used to maintain the 

temperature constant ( + 3 mK min-' drift rate). After an acceptable drift rate was 

obtained the program AC4AUTO.BAS was used to set up the unintempted data 
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collection of the heat capacity. Table 4.2 Iists the various masses for PHTP and PHTP- 

hexadecane. 

A small anomaiy in the heat capacity of PHTP-hexadecane was observed at T - 
29 1 K (see Figure 4.9). This is similar to the melting point of hexadecane (29 1.34 K)"", 

and is attributed to a small amount of excess hexadecane in the sample. This was 

supported by the additional finding that this anomaly was not observed in a11 samples 

examined by d.s.c. Based on the enthalpy of this anomaly (2250 J (mol PHTP)'') and the 

known enthalpy of fusion of hexadecane (53 -36 J mol-')" ", it was determined that 3 -5 

mass % of the adiabatic calorimetry sample was pure hexadecane. The heat capacity data 

were corrected for this impurity using hexadecane heat capacity data from the 

1iterature4- " . 

The heat capacity. Y S and G for P H ï P  are given in Table 4.3 and graphed in 

Figures 4.10, 4.1 1, 4.12 and 4.13 respectively. The heat capacity, H, S and G for PHTP- 

hexadecane are given in Table 4.4 and graphed in Figures 4.14, 4.15, 4.16 and 4.17 

respectively. A greater treatment of the data in regards to stability (Gibbs energy) is given 

in Section 4.6. Appendices A and B list the measured heat capacity data for PHTP and 

PHTP-hexadecane (the latter is corrected for hexadecane impurity). 



Table 4.2 Vanous masses used to obtain heat capacity for PBTP and PBTP-hexadecane 

PHTP 

l ~ o l e c u l a r  weight : 246.435 g / mol I 

Mass of vessel + indium wire + sample + heater : 
Mass of vessel + indium wire + sample + heater + 

Apiaon T grease : 

I 

Mass of indium wire : 
Mass of sample : 
Mass of Apiezon T grease : 
Number of moles : 

Mass of empty vesse1 (vesse1 + sample + Iid) : 
Mass of vesse1 + indium wire : 
Mass of vesse1 + indium wire + sample : 

I Molecular weight : 

9.7499 g 
9.8517 g 

10.9674 g 

Mass of empty vessel (vessel + sample + Iid) : 
Mass of vesse1 + indium wire : 
Mass of vessel + indium wire + sample : 
Mass of vessel + indium wire + sample + henter : 
Mass of vessel + indium wire + sample + heater + 

Apiaon T greare : 

Mass of indium wire : 
Mass of sample : 
Mass of Apiezon T grease : 
Number o f  moles : 

0.085 g 
0.47730 g 
0.01110 g 

0.001758 moles 



Figure 4.9 Heat capacity anomaly in PHTP-hexadecane. Dashed Iine 
(-) represents the baseline. This peak corresponds to 
melting of hexadecane comprising 3.5 mass % of the 
adiabatic calorimetry sample. 



Table 4.3 Smaoth heat capacity, H, S and G data for PHTP 

Note : Data below 30 K and above 320 K are by extrapolation 



a Data 
, - I 

SrnootliFit j 
1 I 

Figure 4.10 Heat capacity (C,) o f  PATP. 





Figure 4.12 Entropy (S) of PHTP. 



Figure 4.13 Gibbs energy (G) of PRTP. 



Table 4.4 Smoath heat capacity, A, S and G data for PHTP-hexndec;ine, conrctcd 102 
for eutcctic 

Note : Data below 30 K and nbove 320 K are by extrapolation 



0 Espcrirncntal Daia 1 
Smootii Fit f 

- - Estrapolation 

Figure4.14 Aeatcaprcity(C,)ofPHTP-hexrdecane,correctedfor 
hexadecane eutectic. 
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4.6 Gibbs energy of PHTP and PHTP-hexadecrne 

As mentioned previously. the Gibbs energy can be an indication of the stability of a 

compound. From the hot-stage microscopy and the d.s.c. thermographs of PHTP- 

hexadecane (Section 4.3). it can be seen that the inclusion compound melts from a solid 

direaly to a liquid (congruent melting). From the Gibbs energy determinations for PHTP, 

PWP-hexadecane and hexadecane4" (Table 4.5 and Figure 4.18) one can see that the 

Gibbs energy of the Pm-hexadecane inclusion cornpound is slightly lower than the 

Gibbs energy of PHTP plus the appropnate portion of hexadecane. Note that the 

difference in Gibbs energy of PHTP-hexadecane compared with its components is only 

about 4 % at the melting point. Heat capacities for a 3 -882 g sample of standard benzoic 

acid contributing 70 % to the total heat capacity with this calorimeter were found to be 

0 4.13 accurate within * 0.5 /o . The small sample masses Iead to a scatter in heat capacity 

results of -5% for PHTP (Figure 4.10) and - 10% for PHTP-hexadecane (Figure 4.14), 

with estimated heat capacity accuracies within 2% and 4%. respectively, making the 

observed difference in Gibbs energy of PHTP-hexadecane and its constituents at the limit 

of detection for this calo~imeter. 



Table 4.5 Gibbs eneees of PHTP, hexadecane and PHTP-hcxadecane LOS 



lnclusi~n ' 

/ Compnund (TC) i 

Figure 4.18 Gibbs energy diagram for PATP-hexadecane 
and PETP + 1 / 9.03 hexadecane. 
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4.7 Phase diagram 

To calculate the phase diagram for PHTP-hexadecane. the method derived by M. 

Farina et al."*" was used (refer to Section 3.7 with W = 0). 

This rnethod assumes the following for a PHTP-n-alkane system: complete 

immiscibility of the solid phases, absence of solid metastable phases. instability of the 

addua in the liquid phase, ideal behavior o f  the liquid phase and constancy of al1 the 

melting enthalpies with temperature. 

For the PHTP-hexadecane, Table 4.6 contains the melting temperatures and 

melting enthalpies used to calculate the phase diagram shown in Figure 4.19. The value n 

denotes the mole ratio of P W  to hexadecane, which in this case is equal to 9.03'.~. The 

phase diagram is consistent with the present results in that it shows congment rnelting of 

PHTP- hexadecane. 



Table 4.6 The mclting temperatures and enthalpics of PHTP, 
PHTP-hesadecane and hexadccane 

Mcltinr tem~cmturc (T) 

Hexadecane 

PHTP 

PETP-hexadecane 

Hexadecane 

PHTP 

PHTP-hexadecane 

Ref. M.11 

Praent work 

416*2 K I Present work I 
Melting enthalpics (L) 

53-36 kJ md-'  

26.4 0.5 kJ mal *' 

21.6 * 1.0 kJ mal -' 

Ref. #-I, 1 1 

Preqcnt wark 

Prcscnt work 



Figure 4.19 

n-C 16 H 34 - PHTP Phase Diagram 

Liquid Liquid + [C (s) 

IC 1 

PHTP 

Calculrted phase diagrrm of hexadecane-PHTP (based on 
the method of Farina and CO-~orker".'~). IC = inclusion 
compound 



CHAPTER 5 

CONCL USTONS 

5.1 Conc~usions 

As stated in Chapter 1, the melting behavior of binary compounds is an important 

property. For a binary compound. the melting is either con y e n t ,  ix.,  the soIid 

compound melts directly to a liquid at its melting point or incongment, i-e., the binary 

compound melts, giving a solid (one of the components) and a liquid, and then at a higher 

temperature the solid melts giving only a Iiquid. 

For the urea-hexadecane compound, the phase diagram (based on the method of 

Farina cf shows that the melting of urea-hexadecane would be inconçment. This is 

aiso confirmed in d.s.c. and hot-stage microscopy. This would produce a mixture of solid 

urea and liquid hexadecane and eventually melt giving two immiscible liquids. F i ~ r e  5.1 

shows that at the meltinç point, the Gibbs energy of liquid hexadecane. urea-hexadecane 

and solid urea form a Iine in the G(x) diagram, thus heating the urea-hexadecane inclusion 

cornpound ieads to the production of solid urea and liquid hexadecane. i-c. incongruent 

melting. 

For PHTP-hexadecane, the phase diagram (also based on the method of Farina et 

al.'.') shows that the melting of PHTP-hexadecane would be congruent. This is also 

confirmed in d.s.c. and hot-stage microscopy. This would produce liquid (PHTP mixed 

with hexadecane) at the melting point. Figure 5.2 show that at the melting point, the 

Gibbs energy of the PHTP lies above the hexadecane-inclusion compound Iine, i.e. 

congruent melting results. 



urea 

Figure 5.1 Gibbs energy, G as a function of mole fraction of urea, x,,,., rt 
T=390 K, the (incongment) melting point of urea-hexndecane. Solid 
circles represent Gibbs energies crlculnted from present data. 



x I 
PHTP 

Figure 5.2 Gibbs energy, G as a function of mole fraction of PBTP, x p t m ,  at 
T=416 K, the (congruent) melting point of PETP-hexadecane. SoIid 
cireles represent Gibbs energies calculr ted from present data. 
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In previous studies of the factors influencing congmency and incongruency of 

melting in ideal binary systems, it was concluded that the important factor is the relative 

Gibbs energy of the binary compound and it ~ o r n ~ o n e n t s ~ - ~ .  For the case of urea- 

hexadecane, there is no longer an ided binary system since urea and hexadecane are 

immiscible in the liquid state. 

To understand the rnelting behavior in the non-ideai case, as it applies to the Gibbs 

energy, the same treatment of the liquid-solid coexistence regions as in the case of the 

ideal binary phase diagram is usedsm2. Consider the generalized phase diagram (Figure 5.3) 

of a binary compound. AB. which melts incongmently to give liquid A and solid B and 

then at a higher temperature, two immiscible liquids (A and B). The Gibbs energy curve 

for the liquid as a Function of Xo (mole fraction of B) shows a mêuirnum (Figure 5.4) in 

order to have the complete phase separation of liquid A and B. In Figure 5.2, the relative 

Gibbs energies of 4 AB. B and liquid are shown at different temperatures and G(AB) > 

G(B). It can be concluded for the case where the Gibbs energy of a constituent 

component is lower than that of the binary compound, incongment rnelting results. 

Farina and CO-workers have suggested5-' that immiscibility of the constituent 

components inevitably leads to incongruent melting If the case where G(AB) < G(B) is 

considered, the Gibbs energy curves of Fi y r e  5.5 would be observed. This would Iead to 

the melting of the binary compound directly to the liquid, AB(s) + A(1) + B(l), as seen in 

the phase diagram shown in Figure 5.6. This is congruent melting and. althouçh unusual, 

it would be still possible to prepare crystals of AB by solidification as they would form at 

the interface of the irnmiscible liquids. A and B. 



Figure 5.3 Generalized phase diagram of r binary system in which compound 
AB meIts incongruently, and the cornpounds A and B are immiscible 
in the liquid state. 



Figure 5.4 Gibbs energy diagram at different temperatures for the binrry 
diagram shown in Figure 5.3. 



O Xs 1 

Figure 5.5 Gibbs energy diagmm at different tempentures for the binary phase 
diagram shown in Figure 5.6. 



Figure 5.6 Generalized phase diagram of a binrry sysiem in which G(AB) c 
G@),  as shown in Figure 5.5, with A and B forming immiscible 
liquids, but AB melts congruently. 
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Figure 5.7 shows the results of the relative Gibbs energies of 4 AB, B and 

iiquid at the melting point of AB for the four cases : G (AB) < or > G(B), ideahon-ideal 

Iiquids. Therefore, although immisciblity of the liquids plays a role in meiting points and 

melting products, the dnving force that determines the congruency of rnelting in these 

extreme (ideal or very non-ideal) systems is the relative values of G(AB) and G(l3). It is 

important to note that this mode1 omits intermediate miscibility cases (minima in Gliquid) 

that could further influence melting behavior. 

For the comparative study of inclusion compounds composed of different host 

materials with the sarne guest species, the general conclusions of the factors which 

influence the meiting behavior of a binary compound have been sumrnarized in Table 5.1. 

The most important factor is the relative stability of the binary compound with respect to 

it constituent components. 



Figure 5.7 Gibbs energy diagrnrns at the melting point of binary compounds and 
the corresponding binrry phase diagrams for : (a) congruent melting 
with an ideal liquid phase; (b) incongruent melting with an ideal 
liquid phase; (c) incongruent melting with a very non-ideal liquid; (d) 
congruent melting with a very non-ideal liquid. 



Table 5.1 Factors conceming meiting behavior in  binary compounds, gencralized as 123 
A,B, where the components are A and B. 

Factor Congruent Melting Incongruent Melting Comment 
Favo red Favored 

A-B like-like Iike-unlike 
interaction (e. g. polar-polar) (e.g. polar-nonpolar) 

A43 enthalpy 
considerations 

ideal solution irnmiscible constituents 

influentid 

infiuential 

influential 



Euperimental heat capacity data for P m  



Esperimental limt capacity data for PHTP-liesadecane 

T C corn 
P T P T 

c CO" C C-off 
P 

K J K-' mol-' K .i K" mol" K J K-' mol-' 

Notc: c , , ~ " ~  arc corrcctcd heüt capücities which take in arcount the 3.5 
müsu % o f  hcxadccane in thc adiabatic calail'meter samplc 
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