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ABSTRACT 

 

MEASURING THE THERMODYNAMIC PROPERTIES 
OF ADENINE; TOWARDS A MODEL FOR THE 

ORIGINS OF LIFE. 

 

 

Alexander Rowland Lowe           Advisor: 

University of Guelph, 2013        Professor P. R. Tremaine 

 

Models for the origin of life in hydrothermal environments require the 

thermodynamic data for aqueous adenine solutions. Apparent molar volumes were 

measured using a Anton Paar DMA 5000 densitometer and apparent molar heat 

capacities were measured using the cylinder cell Nano-DSC III 6300 nano-calorimeter 

from 10 to 90 °C. This calorimeter was compared to the capillary cell version using 

standard potassium chloride solutions and both were shown to yield equally accurate 

results. NMR spectroscopy was used to measure the self-association constants and 

enthalpies of self association up to 55 °C. The standard partial molar volumes and 

standard partial molar heat capacities for an adenine monomer dimer equilibrium mixture 

and adenine hydrochloride were measured from 15 to 90 °C, and for sodium adeninate 

from 10 to 40 °C. The New experimental data for the adenine species AdH2
+, AdH, Ad-, 

and (AdH)2
  used to derive parameter for the density model that can be used to calculate 

adenine equilibrium constants under hydrothermal conditions. 
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Chapter 1:  

Introduction 

1.1. Introduction 

 

In 1936 Russian theorist, A.I. Oparin introduced his theory of the early earth, 

which he postulated that amino acids were synthesized in a harsh reducing atmosphere 

(Oparin, 1936). Experimental research into the origin of life and prebiotic chemistry 

started with the experiments by Stanley Miller when he synthesised amino acids using 

Oparin’s criteria (Miller, 1953; Miller et al., 1997). Miller’s experiment was conducted in 

a sealed container with a mixture of methane, ammonia, water and hydrogen, which was 

refluxed and exposed to electrical sparks which generated radicals (Miller, 1953). The 

experiment produced a few amino acids as well as other small organic products. This was 

a landmark experiment which demonstrated that inorganic species can react to form a few 

prebiotic molecules. It was later shown that the environmental conditions, theorized by 

Oparin, did not exist on the early earth approximately 4 billion years ago.  

Many synthetic pathways which produce prebiotic molecules, have been well 

documented in the literature (Walde, 2005). These experiments were performed in highly 

controlled laboratory environments, and the pathways found may not have been 

accessible in the early earth environments (Stueken et al., 2013). Other types of 

information, such as kinetic data for the decomposition reactions of biomolecules, are 

useful for understanding their thermal stability. These decomposition kinetic 

measurements were pioneered by White in 1984, who placed amino acids, nucleic acids 

bases, nucleosides and nucleotide in phosphate buffer solutions and found that the 
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reaction half lives were only several minutes (White, 1984). Kawamura and his research 

group developed novel methods to monitor the decomposition kinetics of 

oligonucleotides, nucleotides, nucleosides and amino acids at temperatures up to 300 °C 

(Kawamura, 2005; Kawamura, 2004). More recently, Balodis et al. (2012) measured the 

decomposition kinetics of adenine, adenosine, uracil and uridine heated up to 250 °C.  

To complement the kinetic data, thermodynamic properties of prebiotic molecules 

can be used to identify the appropriate reaction conditions for the synthesis of prebiotic 

molecules. The thermodynamic data can be used to develop chemical equilibrium models 

for chemical reactions which may have occurred within early earth environments. Origin 

of life theorists can use these to refine their theories about the conditions needed for the 

synthesis of prebiotic molecules from abiotic material.  

 

1.2. Hydrothermal Vents and Abiotic Synthesis of Biomolecules 

 

The existence of hydrothermal systems was unknown prior to the discovery of 

geothermal springs on the Galapagos Rift in the 1970’s (Corliss et al., 1979). One type of 

the hydrothermal environment is the black smoker hydrothermal vents. These 

environments are found in the deep ocean and support a vast network of primitive living 

organisms. Many of these organisms are extremophiles which can live up to temperatures 

of 115°C (Thornburg et al., 2010). The organisms are chemotrophic, feeding off reduced 

organic and inorganic chemical species.  

In subsurface rocks, the ocean water is exposed to high temperature and pressure 

environments which are highly reducing and capable of providing the conditions 
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necessary to create nucleic acid molecules. After the water passes through the vent, at 

temperatures as high as 400 °C, it enters a completely different environment: the ocean 

outside the vent is near freezing temperature, and is oxidizing in nature. The pH range 

changes from 2–3 in black smoker effluent to pH 5-6 in the ocean. However, the heated 

rocks in the inner chamber of the hydrothermal vents are far too hot and in the ocean the 

water is too cold, so the formation of biological molecules must occur in the plumes of 

the hydrothermal vents or within or near the cooler walls of the chimney (Martin et al., 

2008). 

 The question remains as to whether or not these hydrothermal vents could have 

acted as reactors to concentrate and synthesize abiotic molecules in the chimneys of the 

hydrothermal vents (Martin et al., 2008; Baaske et al., 2007). It is known that 

hydrothermal vents possess pores of varying sizes which can be used to synthesize 

nucleic acids (Baaske et al., 2007). These types of hydrothermal environments are 

thought to have been plentiful in the early Archaen era (Stueken et al., 2013). Theoretical 

calculations by LaRowe and Regnier (2008) based on the LaRowe and Helgeson (2006) 

database support this hypothesis. The attractive feature of hydrothermal vents is that they 

possesses many different types of gradients which include temperature, acidity and redox 

conditions. Theses conditions could theoretically support the formation of simple organic 

molecules (Shock and Canovas, 2010).  
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1.3. Structures of Nucleic Bases, Nucleosides, and Nucleotides; Self-Association 

of Purines and Pyrimidines. 

 

The nucleic acid bases are important because they serve multiple roles in biology. 

They function as the molecules of short-term energy storage and transport, while also 

used to regulate metabolism. After combining into longer strands they serve as the 

information genome for the construction of a fully developed organism (Nelson and Cox, 

2005). As such, it is important that we understand their thermodynamic and kinetic 

properties if the mysteries of life’s origins are to be discovered.  

Figure 1.1 shows the general structure of the five common purine and pyrimidne 

nucleic acid bases and their nucleoside and nucleotide derivatives. Adenine, and guanine 

are of the purine family of nucleic acid bases, and cytosine, thymine and uracil are part of 

the pyrimidine family of nucleic acid bases. The chain of ribose nucleic acid, RNA, is 

composed of a ribose sugar and phosphate, which are located on the 5' and 3' portions on 

the ribose ring with one of the four nucleic acid bases attached to the 1' position. This is 

known as the glycosidic bond (Nelson and Cox, 2005). In deoxyribose nucleic acids, 

DNA, the hydroxyl moiety on the ribose ring, at position 2’, is substituted for hydrogen, 

and uracil is replaced by thymine which contains a methyl group located on the 6 position 

of the pyrimidine ring. These molecules are not just found in the DNA and RNA chains, 

but also exist as individual sub-units to serve other roles. The nucleotides are composed 

of a phosphate and ribose moiety attached to a nucleic acid base, and nucleosides which 

include only a ribose moiety attached to a nucleic acid base. 
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The primary structure of DNA and RNA is a linear combination of nucleotides to 

form strands. The secondary structure adds more complexity, including contortions 

generated by base pair interactions between adenine and thymine in DNA, or uracil in 

case of RNA, and the interaction between cytosine and guanine. These hydrogen bonding 

partners of nucleic acid bases are known as Watson-Crick base pairs. This base-pairing 

relationship is important for the tertiary structure of DNA which is commonly known as 

the double helix and the secondary structures of RNA (Nelson and Cox, 2005). 

Intermolecular hydrogen bonding between nucleic acid bases is the main contributor to 

the structures, but base stacking and self-association of the bases assist with the 

stabilization of these structures (Syponer et al., 1996).   

 

1.4. Chemical Equilibrium Constants. 

 

Chemical equilibrium is the state in which both reactants and products are present 

within concentrations which have no further tendency to change with time (Atkins and de 

Paula, 2002). Equation 1.1 is a generalized equilibrium reaction: 

 

A+ B + D   A B C DC        (1.1) 

 

where A and B are the reactants, and C and D are the final products of the reaction. The 

Greek characters ν with the superscripts a, b, c and d are defined as the stoichiometric 

coefficients of reactions. Stoichiometric coefficients of reactants are negative integers 
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while products are positive integers. The product of the activities of the reactants and 

products raised to the power of their stoichiometry defines the equilibrium constant, K. 

 


 
 

    
C C CD D D

A B A B A B

v v vv v v
C D C D C D

mv v v v v v
A B A B A B

a a m m
K Q Q

a a m m
     (1.2) 

 

Activities, a are defined as the products of the product of the molality (mol kg-1) of the 

solutes, m, and the activity coefficient of ionic solutes in solution, γ. 

 

a m            (1.2a) 

 

The reaction quotient, Qm, is defined as the quotient of the molalities of product over 

reactant, 

 


C D

A B

v v
C D

m v v
A B

m m
Q

m m
 .        (1.2b) 

 

The activity quotient, Qγ, is defined as the quotient of activity coefficient of products over 

reactants. This form is the general treatment for ionization reactions involving acids and 

bases and can be applied to other equilibrium processes. 

 
 
 


C D

A B

v v
C D
v v
A B

Q          (1.2c) 

 The ionic strength of the solution is needed to calculate activity coefficients for 

electrolyte solutions. The ionic strength is calculated using Equation 1.3: 
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21

2 i i
i

I m z  ,         (1.3) 

  

where i represents the species, mi is the molality of the ion and zi is the charge of the ion. 

The ionic strength is used in activity coefficient models to explain the deviation from 

ideal behaviour. The theoretical model for calculating the activity coefficients of a solute 

in dilute solution is the Debye-Hückel equation: 

 

o
ln

1

A z z I

B a I
  


 ,        (1.4) 

 

Here terms of A and B are the Debye-Hückel constants that are dependent on the solvent 

and temperature, z is the charge of the ion, and oa  is a theoretical term which is the 

distance of closest approach between anions and cations. The B term is fixed between the 

values of 0.5 to 2.0.  This model works well to estimate activity coefficients for dilute 

solutions with ionic strengths below 0.1 mol kg-1
.  

For concentrated solutions, the Pitzer ion-interaction model is more effective at 

modelling the activity coefficient. The Pitzer ion-interaction model includes short range 

and long range solute-solute interactions, which allow it to be regressed to experimental 

data for a specific solute.  

Electrolyte species for which the activity coefficients are unknown can be 

estimated using a model species as a substitute (Lindsay, 1980). The activity coefficients 

for aqueous sodium chloride have been used previously because of the extensive amount 
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of data that has been collected and modeled by Donald Archer (Archer, 1992). This 

approximation for activity coefficient can be used for molalities up to 1 mol kg-1, and at 

temperatures up to 300 °C. At this point, ion pairing effects appear change the activity 

coefficients so that the approximation is no longer useful (Lindsay, 1990; Lindsay, 1989). 

 

1.4.1. Thermodynamic Relationships to Gibbs Free Energy 

 

Equilibrium constants are related to the standard Gibbs free energy of reaction, 

ΔG° as shown in Equation 1.5, 

 

-R lnoG T K  ,        (1.5) 

 

where R is the ideal gas constant, T is the temperature defined in Kelvin and K is the 

equilibrium constant. The partial derivatives of the standard Gibbs free energy of reaction 

with respect to temperature and pressure yield the standard partial molar volume of 

reaction, ΔV°, enthalpy of reaction, ΔH°, and entropy of reaction, ΔS°.  Equation 1.5 is 

the partial derivative with respect to pressure.  

 

  
     T

G
V

p
        (1.6) 

Expression for the ΔH° and ΔS° are derived from the temperature-dependent partial 

derivatives of the Gibbs free energy. 
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       (1.7) 

 

-
p

G
S

T

       
        (1.8) 

 

The partial derivative of the enthalpy of reaction yield the standard partial molar heat 

capacity of reaction, ΔCp°,  

 

p
p

H
C

T

       
        (1.9) 

 

These standard partial molar properties are the fundamental properties that are used for 

modelling the thermodynamic equilibrium constant of reactions as a function of 

temperature according to the expression: 
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C V
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T T T

    (1.10) 

 

The subscript “r” refers to the reference temperature, T, and pressure, p, which are taken 

to be 298.15 K and 0.1 MPa respectively. The standard partial molar heat capacities and 
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standard partial molar volumes of reaction are assumed to be independent of temperature 

and pressure. 

 

1.4.2. Apparent and Partial Molar Properties 

 

The partial molar property of a solute 2Y  is expressed as the partial derivative of 

the extensive property of solution Y: 

 

1

2
2 , ,p T n

Y
Y

n

 
   

,        (1.11) 

 

where n2 is the number of mols of solute, n1 is the number of mols of solvent, p is 

pressure and T is the temperature in Kelvin. The apparent molar properties Yφ,2 describe 

the change in the property solution Ysol relative to that of the pure solvent Y1
*. Equation 

1.11 describes the apparent molar property for a simple binary solution: 

 

 1 1

,2
2

solY n Y
Y

n


         (1.12) 

 

The equation can also be expressed as molality where 1 kg of solvent is present in 

solution.  
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  .        (1.13) 

 

Here M1 is the molecular weight of water, (g mol-1) and m2 is the molality of the solute in 

solution. The partial and apparent molar properties of a solute in solution are related by 

the following expression:  

 

,2
2,2 2

2

=
dY

Y Y m
dm




 
  

 
.        (1.14) 

 

As the molality of solution approaches zero, the apparent molar property of the solution 

becomes the standard state partial molar property at infinite dilution, Y°: 

 

,2
0

lim
m

Y Y
  .         (1.15) 

 

Electrolyte species exhibit strong concentration dependence. To effectively model 

concentration dependence, extended forms of the Debye-Huckel limiting laws must be 

used. One of the most useful models is the Pitzer ion-interaction model, which is a virial 

expansion of terms related to the molality of the solution (Palmer et al., 2004; Pitzer, 

1995). 

   1/2
,2 2 ( ) ln 1 2

2

DH
Y

Y

A
Y Y v v z z bI RT v v B m

b
      

     
 

   ,  (1.16) 
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where v± is the stoichiometric coefficient of the ion; z is the absolute charge of the ion; I 

is the ionic strength of the solution; b is a term set at 1.2 dm3/2 mol -1/2; AY
DH represent the 

Debye-Huckel slopes for the property; BY is the second virial coefficient and m is the 

molalities of the solution (Palmer et al., 2004; Pitzer, 1995). Further virial coefficients 

can be included in the expansion for large data sets with broad concentration ranges. 

 

1.4.3. Mixing Rules for Multi-Component Solutions. 

 

The apparent molar property of a complex solution Yϕ
exp can be defined by the 

following expression (Young and Smith, 1954).   

 

 exp 1 1







sol

i

Y n Y
Y

n
,        (1.17) 

 

where n1 is the mols of pure solvent, n2 are the mols of solute and n3 are the mols of the 

excess solute.  

The experimental apparent molar property of solution is estimated using mean 

molecular weight, Mmean, of all species in solution and are defined by:   

 

 i i
mean

t

m M
M

m


          (1.18a) 

t im m ,         (1.18b) 
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where Mi and mi represent the molecular weight and the molality of the ith species, 

respectively and the value of mt is the total molality of the solution (Price et al., 2003; 

Sorenson et al., 2003). The experimental apparent molar volumes, expV , can be 

expressed as;  

 

   exp

s

1
  

/1000
i i s w

t s s t

m M
V

m m

 
  

 
       (1.19) 

 

and the experimental apparent molar heat capacity of solution can be expressed as; 

 

   , ,exp
,   

/1000
p s p si i

p ps
t t

c cm M
C c

m m


 

     
(1.20) 

 

The experimental apparent molar property of the solution is equal to the sum of all 

fractional contributions of the apparent molar properties of all species in solution at 

equilibrium: For properties measured at constant temperature such as, experimental molar 

volumes Vϕ
exp ; 

 

exp
,   i
i

i t

m
V V

m
        (1.21a) 

 

where the apparent molar volumes of the species, Vϕ,i, are known either from a 

measurement or an equation of state. The apparent molar property of electrolytes must be 

calculated using the total ionic strength of solution.  
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Experimental apparent molar heat capacities, exp
,pC  , are measured by changing the 

temperature of the solution. Chemical relaxation contributions which arise from the shift 

in equilibrium as the temperature changes need to be considered. 

 

exp
, , , 

 
  
 
 reli

p p i p
i t

m
C C C

m
       (1.21b) 

 

The apparent molar heat capacities of the species, Cp,ϕ,i, which we seek to measure, must 

be calculated at the total ionic strength of solution. The relaxation heat capacity term Cp
rel 

is given by the expression (Woolley and Hepler, 1977)  

 

2
rel

22Rp

H
C

T
  

 .         (1.22c) 

 

The value of α represents the degree of reaction at the average temperature of the 

nmeasurment and ΔH° is the standard partial molar enthalpy of reaction. By definition the 

relaxation contributions to the heat capacities are always positive. 

 

1.5. Instrumentation 

 

1.5.1. Vibrating Tube Densitometer  

 

In order to measure apparent molar volumes of solutions, accurate densities of 

solvent and solutions are needed. The vibrating tube densitometer measures the density of 
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solution by accurately measuring the resonant frequency of a tube containing the 

solution. To relate the resonant frequency of vibration to the density of solution, Hook’s 

law is used to relate the mass of a mechanical oscillator to that of the resonant frequency 

of oscillation: 

 

0.5
1

2
   
 

k
f

w
                  (1.23 a) 

 

where f is the resonant frequency of the oscillation; k is Hook’s constant for the spring, w 

is the mass. The mass of the vibrating tube can be expressed as a function of volume, v, 

and density, ρ. The resonant frequency of oscillation can be expressed at a function of 

density.  

 

0.5
1

2

kv
f

 
 

  
 

        (1.23b) 

 

The density of an unknown solution with respect to the reference solution, liquid 

or gas can be determined from the expression; 

 

 2 2-  -s w s wk            (1.24) 
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where ρs and ρw are the densities of the solution and water respectively, kρ is the 

instrumental calibration constant, and τs and τw are the period of vibration for the solution 

and water.  

The calibration constant is determined from accurate reference solutions 

described by well-defined equations of state. The periods of vibration measured in this 

work were obtained using an Anton Parr DMA 5000 densitometer. It can measure 

relative solution densities between the temperature ranges of 0 to 90 °C. For these 

experiments water and sodium chloride solution were used as the standard reference 

solutions. For aqueous solutions it was assumed that viscosity effects do not vary 

between dilute solutions measurements (Picker et al., 1974). Minute variations in the day 

to day pressure do not affect the calibration constant or the density values. An increase in 

temperature affects the properties of the glass tube. Thus the densitometer must be 

calibrated at every temperature. Accurate equations of state for the density of water and 

sodium chloride solutions were developed by Hill (1990) and Archer (1992) respectively.  

 

1.5.2. Picker and Privalov Heat Capacity Calorimeters 

 

The Picker calorimeter was developed, in the 1970’s at the University of 

Sherbrook, to measure the heat capacity, Cp, of solution relative to the solvent (Picker et 

al., 1971). The Picker calorimeter was designed as a twin flow cell instrument which 

would measure the difference between heat capacities of two parallel cells, as shown in 

Figure 1.2. Cell 1, contains the reference liquid, water, and the other contains the sample 
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solution, Cell 2. The heat capacity of a solution is defined as the heat, Q, required to 

increase the temperature, ΔT, of one gram of solution.  

p

Q
c

T



         (1.25) 

 

For a flow cell calorimeter the heat capacity is expressed at a function of the heater 

power, P and the mass flow rate, fm.  

 

m

P
Q

f
          (1.26) 

 

The calorimetric cells are in close proximity to each other. The fluids moving into the 

tubular cells are thermostatted by a temperature control fluid, so that the injection 

temperatures are equal. When the solution and the liquid run through the cells the power 

is adjusted so that the ΔT is identical. This allows the heat capacities of solution and 

sample to be measured as a ratio of power and flow rate: 

 

1

,1,1 ,21

,2 2 ,12

,2

mp m

p m

m

P

fc fP

c P fP
f

 
  
   
 
  
 

        (1.27) 

 

 The power ratios, P1/P2, can be accurately measured but control of the mass flow rate  fm 

to ±105 is difficult to maintain (Tremaine and Arcis, 2013). The calorimeter as shown in 

Figure 1.2 was designed to work as a one loop system with a delay line which solves the 
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problem. In the delay line there is a solvent and solution interface with each other. The 

volumetric flow rate, fv, of the solution and solvent at the interface are equal. 

 

1 2v vf f           (1.28) 

 

The volumetric flow rate is related to the mass flow by fluids density at the delay line. 

 

,m v T delayf f            (1.29) 

 

Equation 1.27 is rewritten in terms of fv·ρTdelay
 at the temperature of the delay line Tdelay:  
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,         (1.30) 

 

and, from equation 1.28 
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p T T

c P

c P
.         (1.31) 

 

The result is that the mass flow rates in equation 1.25 can now be neglected and replaced 

with the much easier to measure fluid densities. The experimental measurements are 

typically reported as the heat capacity-density ratios. These ratios corresponded to the 

power increment in the calorimetric cells, according to Equation 1.32:  
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Vibrating tube densitometers are used to measure the densities of the solutions to very 

high precision, so as to calculate cp and Cp,ϕ. Heat leaks are a common problem for the 

calorimeter, but can be corrected using standard solutions of sodium chloride (Desnoyers 

et al., 1976). For nearly two decades the calorimeter was produced by Partick Picker 

under the Sodev company. The instrument has made a large contribution to the values of 

Cp° for many aqueous species under ambient conditions and served as inspiration for the 

design of higher temperature calorimeters (Tremaine and Arcis, 2013).    

 In 1995 Privalov and his research group designed a twin fixed cell calorimeter 

which can be used to measure heat capacities and enthalpies of protein folding (Privalov 

et al., 1995). Commercial calorimeters of this type are now sold by TA Instruments, 

formerly Calorimetry Science Corporation, who developed two different cell designs, one 

cylindrical and the other coiled capillary as shown in Figure 1.3, (TA Instruments., 2012). 

The cylinder cell nano-calorimeter can reach temperatures as high as 160°C and pressures 

of 0.6 MPa. The capillary cell nano-calorimeter has a temperature limit of 120 °C and a 

pressure limit of 0.3MPa. Operating procedures designed to measure heat-capacity-

density products of solutions, cps·ρs, have been developed by Earl Woolley’s group at 

Brigham Young University (Woolley, 2007; Ballerat-Busserolles et al., 2000). 
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1.5.3. TA Nano-Calorimeter  

 

A full description of the TA Nano-III differential scanning calorimeter can be 

found in Chapter 2. The relative difference between the heat capacity density product of 

solution and water, (cp,s·ρs - cp,w·ρw), is related to the difference in power ΔPs between the 

reference cell when filled with water and the sample cell when filled with solution.  

 

 , ,[ ] - [ ]c
s p s s sample p w w reference

k
P c c

r
      

 
                                (1.33) 

 

The measured values of ΔP corresponds to the difference between the reference 

cell and sample cell with respect to the scan rate, r, and cell constant, kc. When both cells 

are filled with water, the power difference ΔPw corresponds to the small structural 

difference between the cells. The power to heat or cool each cell includes both the heat 

capacity and density, because the fluid expands and contracts during heating and cooling 

cycles. As a result, measurements of ΔP yield the heat-capacity-density product for the 

solute relative to water, (cp,s·ρs – cp,w·ρw) (Woolley, 1997; Woolley, 2007; Ballerat-

Busserolles et al., 2000), according to the following expression: 

 

 , ,[ ] - [ ]c
w p w w sample p w w reference

k
P c c

r
      

 
    (1.34) 

 



 21

By subtracting these two equations an expression is created for the heat capacity density 

product of solution and water without any extra information relating to the differences in 

the cell’s structure. 
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      (1.35) 

 

Dividing by the solution density, ρs which is measured using the DMA 5000 densitometer 

(see Section 1.2.5), yields an expression for the massic heat capacity of solution, cps. 
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      (1.36) 

 

To calibrate the calorimeter, the equations of state for water and sodium chloride from 

Hill and Archer are used for the heat capacity density product (Archer, 1992; Hill, 1990). 

 

1.5.4. Application of NMR to Equilibrium Constant Studies. 

 

Proton NMR spectroscopy uses the absorbtion of electromagnetic radiation by the 

nuclei of the atom to identify the structure of a molecule. The hydrogen nucleus has a 

spin quantum number of 1/2 and has two corresponding magnetic quantum numbers, q, 

where q = 1/2 and q =-1/2, Figure 1.4. Thus, in an applied magnetic field the spin states 

of hydrogen become oriented in one of the two directions with respect to the applied 

magnetic field. Figure 1.5 shows the excited spin state and the ground state (Skoog et al., 
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2007). The difference in the energy between the nuclear quantum states is proportional to 

the energy needed to flip the lower energy quantum spin state to the higher energy state.  

The applied magnetic field is generated by powerful magnets which are generally are 

supercooled with liquid nitrogen or helium. For NMR experiments, the resonant 

frequency of radio waves possesses the energy needed to flip the spin of the lower energy 

state to higher energy state. Relaxation processes such as, spin-lattice relaxation and spin-

spin relaxation return the nuclei back to the ground state. The rate of relaxation from 

these processes must be faster than the rate of radio frequency absorption in order to 

record spectra. Should the rate of absorbance be faster than the rate relaxation the spectra, 

lines will broaden and no more energy will be absorbed. This process is known as 

saturation. During the relaxation process a radio frequency is emitted with is 

characteristic of relaxing nuclei in the sample. This frequency is called the “free-

induction decay” (Skoog et al., 2007).   

The main component of an NMR spectrometer is a highly stable supercooled magnet 

and in the centre of it is where the sample is placed. Surrounding the sample is a set of 

transmitter-receiver coils. The transmitter coils emit a pulsed radio frequency, generated 

by a radio frequency amplifier which is controlled by a pulse switch and frequency 

synthesizer (Akitt, 1983). Once the pulse is finished, the transmitter coils become 

receiver coils that record the free induction decay of the sample as it returns from the 

excited states to the ground states. The signal is then processed and analyzed by a Fourier 

transform program, then plotted as a frequency-domain spectrum (Skoog et al., 2007).  

The resonant frequency of absorption, energy of the absorption and the intensity of 

the signal are related to the strength of the applied magnetic field. The chemical shift is 
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caused by small magnetic fields generated by the electron in the s-orbital of hydrogen. It 

has a spherical symmetry and circulates around the nucleus, thus generating a magnetic 

field in the opposite direction of the applied field (Skoog et al., 2007). The magnetic field 

generated by the electron in the s-orbital can be increased by attaching more electron rich 

components, and thus the electron density of the s-orbital. The resonance frequency of 

the proton is typically expressed as the chemical shift, δ, 

 

 
spec

referencesample

f

ff 
         (1.37) 

 

which is the difference between the resonance frequency of the analyte, fsample, and that of 

the reference sample, freference, over the operating frequency of the applied magnetic field 

of the spectrometer, fspec. The chemical shift are expressed in parts per million, ppm.  The 

most common internal reference is tetramethylsilane. This allows NMR spectra with one 

another from magnets of varying strengths. The intensity and resonant frequency of 

absorption are also affected by the concentration, substituents and the environment where 

the proton exists (Skoog et al., 2007). 

NMR spectroscopy has been exploited in organic chemistry to elucidate structures 

of organic molecules. Depending on the substituents in the molecular structure, the 

chemical shift will precede up-field towards the reference solute, which is the result of 

increasing the electron density around the nuclei, otherwise known as nuclear shielding. 

Down-field chemical shift proceeds away from the reference solute due to a loss of 

electron density around the nucleus, this is also known as de-shielding. Aromatic 

molecules such as, purines and pyrimidines have proton chemical shifts within the area of 
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7 to 8 ppm due to the magnetic anisotropy effects. The aromatic structures allow for 

electrons to move around the outer ring creating a ring current. This induces a magnetic 

field which is responsible for the down-field shift.  

Resonance bands from individual protons can be split through bond interaction to 

the nearest neighbouring proton. This type of interaction occurs within three bonds of 

other protons on the same molecule, thus result is a split absorption peak, if the frequency 

is faster than the radio frequency of the instrument. However, protons with any kind of 

dissociative behaviour will readily exchange in solution leaving only a single peak. This 

is known as chemical exchange. Rapid chemical exchange results in sharp single 

resonance peak, while slower chemical exchange results in broader peaks. 

Work on more soluble nucleobases, nucleotides and nucleosides; has shown that 

self-association in aqueous solution to form dimers and higher order stacks (Tribolet and 

Sigel, 1987). The large magnetic anisotropy of purines and pyrimidines is known to 

induce changes in the chemical shift of neighbouring molecules in dimeric and 

oligomeric associated species (Cheng et al., 1980; Dimicoli and Helene, 1973). The rate 

of chemical exchange in solution between monomers and stacks is fast enough to make it 

impossible to resolve the individual signal between monomers and stacked shifts in the 

spectra with current technology. It has been documented that stacking of the aromatic 

species are additive resulting in up-field chemical shifts (Dimicoli and Helene, 1973). 

The chemical shift represents a weighted average of all stacked species in solution as 

expressed in Equation 1.38. 

 

obs 1 1 2 2 1 1....... n n                (1.38) 
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The subscripts represent the number of layers of stacks, α represents the fraction of 

species and δobs is the chemical shift of the species (Martin, 1996). This can be exploited 

to measure the self-association constants for purines and pyrimidines by plotting the 

chemical shift of the aromatic protons with respect to concentration (Martin, 1996).   

In the simplest case of forming dimers in solution it is possible to express the 

reaction as the following; 

 

 
2

2A A              (1.39) 

 

The dimerization constant KD, can be expressed using the species molalities m or the 

fraction of monomer α and the stoichiometric molality mt of the stacking species as 

shown in Equation 1.40.   
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                (1.40) 

 

The observed chemical shift is written in terms of the chemical shift of the monomer, 

δmono , the chemical shift of the dimer δdimer  and the fraction of monomer αmono as show in 

Equation 1.41.  

 

 obs mono mono mono dimer1                  (1.41) 
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Combining equation 1.40 and 1.41, the observed chemical shift can be written in terms of 

the dimerization constant KD, the stoichiometric molality of adenine mt, and the chemical 

shift of the monomer and the dimer. 
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     (1.42) 

 

1.6. Equations of State for Modelling High Temperature Thermodynamic 

Properties 

 

1.6.1. The Density Model 

 

In the 1950’s, the ionization constants of water were observed to follow a linear 

trend as a function of density. From this observation Marshall and Frank developed an 

equation of state (Equation 1.42) which was used to describe the ionization constant up to 

1000 °C at a pressure of 10 bar (Marshall and Franck, 1981; Mesmer et al., 1988). 
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    (1.43) 

 

Using the same thermodynamic reaction ships as stated in section 1.2.2, it is possible to 

use the density model to calculate the standard Gibbs free energy of reaction: 
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   (1.44) 

 

The regression parameters a,b,c,d,e,f, and g are independent of temperature and pressure. 

The first four parameters, a to d, describe the short range hydration effects of the water 

around the solute. The key to the density model is the term employing the density of 

water, ρw which is used to model the long range polarization effects at high temperature 

with the regression parameters e, f and g. Using the thermodynamics relationships in 

section 1.2.2, the density model can be used to express other thermodynamic properties 

of reaction enthalpy, entropy, heat capacity and volume, (Mesmer et al. 1988). 

 In 1985, Anderson presented a truncated version of the density model using only 

three fitting parameters, (Anderson et al., 1991): 

 

ln
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          (1.45) 

and 

 ln wG R aT b f              (1.46) 

 

This version has proven to be successful at predicting solute properties up to 300 °C. The 

expression for the standard partial molar properties of reaction, are as follows. For the 

first derivative with respect the temperature the thermal expansion coefficient of water, 

αw, is included: 

 

 - ln -o
w wH R b f fRT          (1.47) 
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o
wS Ra Rf            (1.48) 

 

For the second derivative with respect to temperature the only fitted term remaining is the 

shared parameter f and the expansion coefficient of water: 

 

-o w
r p

p

C RTf
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        (1.49) 

 

Taking the first derivative with respect to pressure leaves only the shared parameter f 

with the isothermal compressibility of water βw: 

 

-o
wV Rf             (1.50) 

 

These functions have been used as parameters by Anderson to model solubility constants 

Ksp for minerals in aqueous solution (Anderson et al., 1991).  

 

1.6.2. The Helgeson-Kirkham-Flowers Model 

 

The Helgeson-Kirkham-Flowers model, HKF model for short, is another model 

which has been developed to extrapolate standard partial molar properties of aqueous 

solutes to hydrothermal conditions. This model is more descriptive than the density 

model because it models the standard partial molar properties of the molecules as a 
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combination of solvation and non-solvation parameters (Tanger and Helgeson, 1988; 

Helgeson HC, 1976; Helgeson et al., 1981).  

 

n BornY Y Y              (1.51) 

 

The non-solvation components, ΔnY°, are structural parameters relating to the interaction 

of solute and solvent that dominate at low temperatures. The non-solvation components 

are represented as empirical fitting parameters which are independent of temperature and 

pressure: 
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The values of 228 K and 2600 bar represent the anomalous behaviour of supercooled 

water at those temperature and pressures. The values of T represent the temperature of 

interest, the value of p is the pressure of interest and pr is the reference pressure.  

The solvation parameters, ΔY°Born, are described by the Born equation, Equation 

1.53, which can predict the solvation of ions at elevated temperature such as 

hydrothermal conditions.  
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       (1.54) 

 

Here NA is Avogadro’s number zi is the charge of the ion; e is the charge of the electron; 

ε0 is the dielectric constant of a vacuum; zi is ion charge and radius; and ε is the dielectric 

constant of the solvent. The free energy of hydration can be calculated using experimental 

data for the dielectric constant of water and the crystallographic radius of the ion. The 

equation describes the long-range polarization effects which dominate the solvent-solute 

behaviour. The solvation components are described by the pressure dependent derivatives 

of free energies of the hydration of an ion for the solvation molar volumes. The first 

derivative of Equation 1.53, with respect to pressure will give the molar volume of 

hydration Equation 1.54. 
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        (1.55) 

 

 The temperature derivative of the free energies of hydration describes the molar heat 

capacities. Equation 1.53, and with second double partial derivative will respect to 

temperature will give the heat capacity of hydration, Equation 1.55. 
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The values of Q, X and Y are pressure and temperature derivatives of the dielectric 

constant as derived by Tanger and Helgeson, (Tanger and Helgeson, 1988). 
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      (1.59) 

 

The treatment of non-electrolytes is slightly different when compared to electrolyte 

solutions. Non-electrolytes lack charge which is a key component to Born coefficient. To 

solve this problem the coefficient is used as regression parameter which is independent of 

temperature and pressure. As a result, the following expressions are used to define 

solvation terms for non-electrolyte species. 

 

BornV Q            (1.60) 

 

,p BornC TX           (1.61) 
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Regressions of the Born coefficient can result in negative and positive values of ω. 

Negative values reflect that the effective charge of the non-electrolyte is an imaginary 

number. This indicates that the electrostatic contributions from Born coefficient has no 

physical meaning so that the validity of the model is questionable (Palmer et al., 2004).  

 

1.7. Thermodynamic Contributions to the Origins of Life. 

 

1.7.1. Thermodynamics Data of Purines and Pyrimidines 

 

The ionization constants of nucleic acid bases, nucleosides, and nucleotides, have 

been well studied and reviewed by Izatt et al. (1971). Izatt’s review covers the reaction 

site for ionization, the temperature dependence of ionization constants up to 50°C and 

metal ion chelation constants at 25°C (Izatt et al., 1971). Adenine has two confirmed 

ionization constants on the 1 and 9 positions of the purine rings which have been 

measured up to 250°C (Balodis et al., 2012). A possible third constant for adenine has 

been proposed on the 7 position of nitrogen, but it has never been accurately measured 

(Izatt et al., 1971; Albert and Brown, 1954). Adenosine has a ribose moiety on the 9 

position of the purine ring, which removes the ionization site. However, ionization of the 

ribose sugar is possible (Izatt et al., 1971). 5’-AMP has a phosphate group which has 

additional ionization sites, and molecules become zwitterionic at neutral pH (Oscarson et 

al., 1995).  

The solubilities of nucleic acid bases can reveal important information about their 

chemical behaviour and they are crucial for the preparation of solutions. The The 
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solubility of the purines and pyrimidines increases in the presence of other nucleic acid 

bases (Ts'O et al., 1963). The ionization equilibra of nucleic acid bases cause the 

solubility to change with pH. Thymine becomes more soluble with increasing pH and 

uracil should to follow the same trend. The solubility of cytosine increases with pH 

below 6 and above 10 (Costantino and Vitagliano, 1967). Adenine is the least soluble 

near pH 7, with a limit of 0.007 mol kg-1 (Costantino and Vitagliano, 1967). As the 

solution pH moves away from pH 7, and the solubility of adenine increases to 0.05 mol 

kg-1 in acid at pH 1 or 0.1 mol kg-1 in base at pH 13 (Costantino and Vitagliano, 1967). 

Temperature dependent solubility data show that adenine becomes more soluble with 

increasing temperature (DeVoe and Wasik, 1984). 

The least soluble purine species is guanine with a solubility limit of 4 x 10-5 mol 

kg-1 at neutral pH. The solubility of guanine increases as the solution becomes more 

acidic or basic (DeVoe and Wasik, 1984). DeVoe’s temperature dependent solubility 

studies allowed him to estimate the enthalpies of solution for adenine, 34.1 kJ mol-1, and 

guanine, 49.2 kJ mol-1. The enthalpies of solution for adenine are in excellent agreement 

with those of Kilday (1978a). Kilday conducted a rigorous study of enthalpies of solution 

for adenine in water, acidic and basic solution, thymine, cytosine, uracil and guanine in 

acidic and basic solution y calorimietry in the late 1970’s at the National Bureau of 

Standards (Kilday, 1981; Kilday, 1979; Kilday, 1978; Kilday, 1978a; Kilday, 1978b; 

Kilday, 1978c). These values are useful for estimating high temperature equilibrium 

constants of purines and pyrimidines. 

 Pioneering work into the self-association of nucleic acid bases was done by Ts’O 

and his research group who initially investigated purine self-association and noted that it 
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only occurs in aqueous solution (Ts'O et al., 1963; Ts'O and Chan, 1964). Of all the 

nucleic acid bases, purines show the largest self-association constants (Tribolet and Sigel, 

1987; Scheller et al., 1981; Mitchell and Sigel, 1978; Schimmack et al., 1975a; 

Schimmack et al., 1975b; Sapper and Lohmann, 1978). The constants decrease as the 

structures progress to nucleosides and nucleotides. Room temperature data exist for a 

large number of nucleosides and nucleotides, at differing pH and ionic strengths with 

different cations (Tribolet and Sigel, 1987; Scheller et al., 1981; Banerjea et al., 1981). 

There are not many temperature dependent data available for the nucleic acid bases as 

well as many of the nucleosides and nucleotides.   

 The standard partial molar properties of the aqueous purines and pyrimidines have 

been compiled in the work of LaRowe and Helgeson, (2006). They were extrapolated to 

hydrothermal conditions using the HKF equation of state. The information for most 

nucleic acid bases and their nucleoside derivatives is largely limited to room temperature 

measurements up to a maximum temperature of 55 °C (Kishore and Ahluwalia, 1990; 

Zielenkiewicz et al., 1994; Patel and Kishore, 1995; Buckin, 1988). The only data 

available for nucleotides were the ionization constants for of 5’-adenosine 

monophosphate, diphosphate and triphosphate up to 125°C (Oscarson et al., 1995). 

Group additivity models were used to estimate standard partial molar properties of 

unmeasured species such as, adenine nucleoties. Many of these additivity models use 

reference compounds, which have the same general structure and some key features, but 

do not display the exact structural features of purine and pyrimidines required to estimate 

standard partial molar properties of regression. For species lacking temperature 

dependent data, coefficients from related species which do have temperature dependent 
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data, were modified by subtracting “estimated” structural contributions from the 

coefficients. The standard partial molar properties of the ionic species of nucleic acid 

bases are also missing from the thermodynamic database.  

Without high temperature data, and because the nucleic acid bases and 

nucleosides are neutral species, the Born solvation parameter ω had to be estimated from 

room temperature data using the correlation developed by Plyasunov and Shock, 

(Plyasunov and Shock, 2001).  
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        (1.62) 

 

Estimation of the Born coefficient requires the Gibbs free energy of hydration ΔG°hyd in 

kcal mol-1 from Equation 1.63. 

 

hyd sol subG G G              (1.63) 

 

The Gibbs energy of hydration is calculated from the difference between room 

temperature Gibbs energy of solution, ΔG°sol, and the Gibbs energy of sublimation, 

ΔG°subl.  
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1.7.2. Thermodynamic Modelling for the Origins of Life 

 

 Despite the lack of thermodynamic information, the HKF model from LaRowe 

and Helgeson (2006) has made a significant contribution to modelling the origin of life. 

LaRowe and Regnier, (2008) have used the HKF model predictions to estimate the most 

favourable conditions for the synthesis of prebiotic species hydrothermal environments. 

In recent work Shock and Canovas, (2010) have calculated the Gibbs free energy of 

formation of simple organic precursor molecules in a variety of known hydrothermal 

environments.  

One of the goals of my project is to measure the thermodynamic of nucleic acid bases 

and their derivatives, in order to gain a comprehensive understanding of the hydrothermal 

properties of these molecules, and thereby provide insight into the chemical behaviour of 

extremophiles and the origins of life.  

 

1.8. Objective of the Thesis 

 

 This thesis has three separate goals. The first goal was to evaluate the suitability 

of the capillary cell type nano-calorimeter for measuring apparent molar heat capacities 

of solutions with respect to the cylinder cell type calorimeter which has not yet been 

examined in the literature. With the structural and operation differences between the two 

instruments, it is advantageous to determine which calorimeter would be best suited for 

measuring apparent molar heat capacities of aqueous solutes.  
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 The second goal of this thesis was to determine equilibrium constants for the self-

association and dimerization of adenine as a function of temperature. Modelling these 

data with respect to temperature will provide the enthalpy of self-association and allow 

for extrapolation to higher temperatures. 

 The third goal of this thesis was to measure the densities and heat capacity density 

products of adenine in order to determine the standard partial molar properties of adenine, 

adenine hydrochloride, and sodium adeninate. Since adenine in solution exists as an 

equilibrium mixture of adenine stacks, I attempted to separate the standard partial molar 

properties of the monomer and dimer from the equilibrium properties. From these data 

the density model was used to extrapolate the thermodynamic properties to hydrothermal 

conditions.  

 The encompassing goal for this project was to add to the thermodynamic database 

for adenine. These data will help us understand how temperature affects the 

thermodynamic properties of adenine. Finally, these experiments will provide new data 

which can be used by origin of life theorists to estimate the best environment for the 

formation of adenine. 
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Figure 1.1: Chemical structures of nucleic acid bases, nucleosides and nucleotides 

(Nelson and Cox, 2005). 
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Figure 1.2: Sketch of the single loop Picker flow micro calorimeter. Arrows 
designate the direction of flow. Td is the temperature of the delay line and fv,i is 
the volume flow rate of the temperature of the delay line. The T is the rise in 
temperature.  ( the figure was reproduced with permission from Dr Tremaine) 
(Tremaine and Arcis, 2013) 
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Figure 1.3: Visual representation of the cylinder cell nano-calorimeter. (The figure 
was reproduced with permission from Dr Tremaine). (Tremaine and Arcis, 2013)  
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Figure 1.4: Splitting of the magnetic quantum states in a applied magnetic field 



 50

 

Radiation

Relaxation to 
ground state 

Ground state Excited state 

Free induction 
decay signal 

A 

B 

C 

D 

Figure 1.5: Excitation of ground state nucleus to the excited state and 
relaxation and emission of free induction decay signal. A; Applied magnetic 
field, B; Magnetic dipole C; Direction of nucleus spin, D; Precessional orbit. 
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Chapter 2: 

A Comparison Between Fixed-Cell, Power-Compensation, Differential-Output, 

Temperature-Scanning Nano-Calorimeters for the Determination of Apparent 

Molar Heat Capacities of Aqueous Electrolytes 

 

2.1 Introduction 

 

Standard partial molar heat capacities of solutes, Cp°, are important 

thermodynamic properties for extrapolating room temperature equilibrium constants to 

elevated temperatures and pressures. They also provide a sensitive indicator of solute-

solvent and solute-solute interactions. Their determination requires measurement of the 

massic heat capacity, relative to water, to a precision of at least ± 0.00001 J K-1 g-1, to 

obtain apparent molar heat capacities at sufficiently low concentrations for extrapolation 

to infinite dilution. The only two commercial instruments with this sensitivity are the 

Sodev Picker calorimeter, which is no longer manufactured, and the fixed-cell, power-

compensation, differential-output, temperature-scanning nanocalorimeter manufactured 

by TA Instruments, the Nano III-DSC formerly produced by the Calorimeter Science 

Corporation. The procedures for measuring apparent molar heat capacities with these 

nanocalorimeters were developed by Woolley (1997), using original CSC 6300 version of 

the instrument which was equipped with cylindrical cells. TA Instruments also produces 

the same version of Nano III-DSC, which is equipped with tubular capillary cells whose 

operating principles are similar to the cylindrical cell models, but is more robust, and 

easier to clean. 
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  I present here a comparison between the two instrument configurations for use in 

measuring apparent molar heat capacities, Cp,ϕ , with identical solutions over the range 5 

to 120 °C at 0.3 MPa.  Values of the heat-capacity-density products of aqueous KCl (0.1 

to 0.5 mol kg-1) were measured and used to calculate the apparent molar heat capacities 

Cp,ϕ for both heating and cooling experiments, which were then compared to the original 

experiment results and equation of state for KCl reported by Patterson et al. (2001). 

 

2.2 Instrument Description 

 

The cylindrical cell results were measured with a CSC 6300 HT Nano DSC III, 

and the capillary cell results were measured using a TA 6300 Nano DSC III.  The 

instruments are depicted schematically in Figures 2.1 and 2.2, respectively.  Both types of 

nano-DSC measure the heat-capacity-density product by measuring the difference in 

power, ΔP, needed to heat the reference cell and sample cell to the same temperature.  

The original version of the instrument, shown in Figure 2.1, is constructed with 

cylindrical cells. The cells of the CSC 6300 are made of 0.99999 mass fraction gold, and 

each has a two coaxial platinum filler tubes to allow the cell to be filled and rinsed. The 

conical structure of the top and bottom is designed to help carry bubbles out of the tube. 

Figure 2.2 shows the capillary cells of the TA Nano-DSC which are manufactured from a 

long thin platinum tube which is wrapped into a coil.  Two platinum access tubes, located 

at the entrance and exit of the capillary tubing, allow solutions to flow through the cell 

and ensure the absence of bubbles while loading. It is easier to fill the capillary cell with 

the solution of interest than the cylindrical cell.  Both cell designs hold 300 μL of liquid 
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or solution. A Peltier thermosensor, placed between the cells, is used to measure the 

difference in temperature between them. A platinum resistance thermometer measures the 

overall temperature of the cavity in which the cells rest, which is controlled by Peltier 

heating/cooling elements.  Power compensation heaters attached to each cell are used to 

ensure that the cell temperatures are equal. The difference in power applied to the 

compensation heaters, ΔP, is related to difference in the heat capacity and density of the 

solutions and liquids in the two cells. The pressure of the cells is controlled with a 

manostat located above the opening of the cells’ access tubes.  

The procedure for using the TA Nano-DSC, developed by Earl Woolley at 

Brigham Young University, involves measuring the difference in power, ΔPs, between 

the sample cell, filled with solution, and the reference cell, filled with water.  The power 

to heat or cool each cell includes both the heat capacity and density, because the fluid 

expands and contracts during heating and cooling cycles. As a result, measurements of 

ΔP yield the heat-capacity-density product for the solute relative to water, (cp,s·ρs – 

cp,w·ρw) (Woolley, 1997; Woolley, 2007; Ballerat-Busserolles et al., 2000), according to 

the following expression:  

 

   ,s s ,w wCell 1 Cell 2

c
p p s

k
c c P

r
           

           (2.1a) 

 

where r is the temperature-scan rate, and kc is the calorimeter cell constant.  Calibration 

runs are carried out before and after each series of measurements, in which both cells are 

filled with water to correct for the structural difference between the cells.   
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Subtracting these results of the calibration runs from equation 2.1a, yields an expression 

for the heat capacity density product of solution and water: 
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The massic heat-capacity of the solution, cps, is related to the experimental parameters 

and the solution density, ρs, by the expression: 
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          (2.2) 

 

in which ρs is measured for the identical solution; the terms cp,s  and  ρs are taken from an 

accurate equation of state for water; and the calorimeter constant, kc, is determined from a 

primary standard, usually NaCl(aq) or D2O, using an accurate equation of state.   

 

2.3 Experimental Methods 

 

2.3.1. Chemicals and Materials 

 

Pure water with a resistivity of 18.2 mΩ from a Milipore Direct-Q 5 water 

purification system was used to calibrate the instruments, and also as the solvent used to 
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prepared the calibration solution of NaCl (Alfa Aesar, 99.99%) and sample solutions of 

KCl (Alfa Aesar, 99.995%). To remove as much water as possible from the dry salts, 

both NaCl and KCl were dried in a convection oven at a temperature of 350°C overnight 

and weighed until constant mass was achieved (Archer, 1999).  A NaCl calibration 

solution, molality m = (0.99960 ± 0.00020) mol kg-1 and three KCl solutions with 

molalities m = (0.50108 ± 0.00021) mol kg-1, (0.28765 ±0.00002) mol kg-1, and (0.10108 

±0.00004) mol kg-1were used for the tests presented here. To de-gas the solution, the 

barrels of the syringes used to inject the solutions were plugged using a luer lock cap, 

then a vacuum was created in the injection syringe barrel by the increasing the volume 

size to four times the initial volume of sample placed in the syringe. The gas bubbles 

were then ejected. This was continued until no sign of bubble formation could be 

observed.  

  

2.3.2 Density Measurements 

 

 The density of solvent and solutions were determined using an Anton Parr DMA 

5000 densitometer, which uses a U-tube made of DURAN borosilicate glass at a pressure 

of 0.101 MPa, to measure the period of vibration after a 600s equilibrium time. The 

density of solutions and liquids are related to the period of vibration by Hooke’s law, as  

it applies to an harmonic oscillator, Equation 2.3, 

 

 2 2
s w p s wk              (2.3) 
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where ρs is the density of the solution; ρw is the density of water; τs and τw are the periods 

of vibration for solution and of water; and kρ is the temperature-dependent and pressure-

dependent calibration constant (Woolley, 2007). The instrument was calibrated with pure 

water and a 1 mol kg-1 NaCl standard solution, using density and heat capacity reference 

values from Hill’s equation of state for liquid water (Hill, 1990) and Archer’s equation of 

state for aqueous sodium chloride (Archer, 1992)  

 

2.3.3 Calorimetric Measurements 

 

The solvent and potassium chloride solutions were degassed and injected to the 

cylinder-type cell using a 5 mL Gastight Hamilton syringe. A leur-lock cap was used to 

seal the barrel, and a leur-lock 5 inch long 20 gauge needle attachment was used in three 

to five injections to rinse and fill the cell. The capillary cell was loaded using silicon 

tubing attached to both of the capillary inlet tubes connected to an Eppendorf pipette. 

Solution was pushed through the capillary cell with any excess solution entering a waste 

beaker. The calibration and measurement procedures reported by Ballerat-Busserolles et 

al.,(2000) were used in this study.  The pressure was set to (0.30 ± 0.01) MPa, and the 

scanning rate set to 1 °C/min. The power difference, ΔP was measured over the 

temperature range from 0 to 115 °C with six consecutive heating and cooling 

experiments.  

 Both calorimeters required a period of equilibration time during which water was 

placed in both the reference cell and the sample cell and the instrument was allowed to 

scan through heating and cooling cycles. Cycling the instrument with water prior to 
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injection of the calibration solution and sample solutions gave the instrument time to 

stabilize and produce a reliable water reference value. Sodium chloride solutions were 

then injected and measured through the same process. The cells were rinsed with water 

and then with the sample solutions. After rinsing with the sample solution a final 

injection was made and the ΔP was measured. 

 

2.4 Results  

 

2.4.1 Relative Densities of Potassium Chloride Solutions 

 

 The experimental values of (ρs-ρw) for KCl were measured at atmospheric 

pressure at 0.1 MPa. The calculated values from the expression generated by Patterson et 

al., (2001) correspond to the relative densities at 0.35 MPa. Since the molar volumes do 

not change very much with small changes in pressure, the relative density from the model 

can be assumed to be equivalent at 0.1 MPa. The relative density values are tabulated in 

Table 2.1, along with the fitted values from Patterson et al. (2001). The differences 

between the calculated values and the experimental values may be due to pressure 

differences.     

 

2.4.2 Relative Heat-Capacity-Density Product of Potassium Chloride Solutions 

 

Presented in Figure 2.3 is a series of 6 power scans from the cylinder-cell type 

Nano-DSC. The heating and cooling cycles all began with steep rate-dependent hysteresis 
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curves for the first 2 to 3 °C, before becoming stable enough to be used as a measure for 

the heat-capacity density product. The value of ΔP from the first heating and cooling 

scans were omitted, with the last five averaged and used in Equation 2.1 to calculate the 

cps for the scans. The heating and cooling cps values were averaged again to get the final 

cps. Figures 2.4-2.6, show the results for the sequential experiments of the water 

calibration scans. Repeated measurements of the same water sample increased the 

reproducibility of the water base line scan. The calorimeter stabilized over repeated 

scans, and the reproducibility between experiments increased. The increased 

reproducibility led to more accurate heat-capacity-density products which was used to 

calculate apparent molar heat capacity of potassium chloride, Cp,ϕ,KCl. 

The calculated values for the relative heat-capacity density products, including the 

separated heating and cooling scan values, are displayed in Table 2.2 for the cylinder cell 

calorimeter and Table 2.3 for the capillary cell calorimeter. The pressure at which the 

relative heat-capacity-density products were measured was the same as that used by 

Patterson et al., (2001). 

 

2.4.3 Apparent Molar Volumes and Apparent Molar Heat Capacities  Comparison 

with Literature Values for KCl  

 

To calculate the apparent molar volume, V ϕ,KCl, the relative densities (ρs-ρw)  were 

used with the values of ρw of Hills (1990) equation of state to calculate the densities of 

solution , ρs in the expression.  
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To calculate Cp,ϕ,KCl for the solutions, the cp,s were calculated from the relative heat-

capacity density product using values of cp,w from Hills equation of state,  and used in 

Equation 2.4. 
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The experimental Vφ,KCl results are listed in Table 2.1,  with the relative densities. 

The values from Patterson et al, (2001) are also included as calculated according to 

Equations 2.5 and 2.6: 

 

  0 1 2KCl ln( )V v v T v T              (2.5)
 

 

  0.5
0 1 2 3KCl ln( )vV A m v v T v T v m         

                                            
 (2.6) 

 

Here, Av is the Debye-Hückel limiting value for Vϕ at the measured temperature range 

(Archer and Wang, 1990), m is the molality of the solution, and T is the temperature in K. 

The coefficients for v0 to v3 are fitting parameters from Patterson et al. (2001), and are 

listed in Table 2.4. The predicted apparent molar volumes for potassium chloride are 

listed in Table 2.1. A comparison of the experimental Vφ,KCl and the calculated Vφ,KCl are 

within the combined experimental uncertainties of ± 0.1 cm3 mol-1.   



 60

The calculated Cp,φ,KCl from these two instruments was compared with the model 

from Patterson et al. (2001) Equations 2.7 and 2.8.  

 

  2 3
0 1 2 4 5KC l ln        pC c c T c T c T c T                           (2.7)  

 

  0.5 2
, , 8 9 10KCl           p p KCl cC C A m c m c m T c m
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Here, Ac is the Debye-Hückel limiting value for the Cp,ϕ,; Cp° is the standard  partial 

molar heat capacity; at infinite dilution and c0 to c10 are the fitting parameters. The fitted 

values from Patterson et al., (2001) are listed in Table 2.4. The resulting relative heat-

capacity-density products of solution, from each of the instruments, were compared by 

calculating the difference relative to the equation of state values from Patterson et al., 

(2001), and are presented in Table 2.5. The experimental values for Cp,ϕ and the modelled 

values from Patterson et al, (2001) are listed in Table 2.6 for the cylinder cell calorimeter 

and Table 2.7 for the capillary cell calorimeter. The Cp,ϕ for the capillary cell and cylinder 

cell calorimeter were compared by calculating the relative difference in Cp,ϕ to that of  

Patterson et al. (2001) listed in Table 2.8. 
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2.5 Discussion 

 

2.5.1. Heat-Capacity-Density Products 

 

Ideally the cps·ρs values between the instruments will be the same, since they 

contain the same solutions. Plots of the relative deviation in the experimental values of 

cp,sρs for the KCl solutions relative to those of Patterson et al. (2001) are shown in 

Figures 2.7 to 2.9. The relative difference graphs versus temperature show the difference 

between the experimental data from the two calorimeters versus the equation of state 

from Patterson et al. (2001). Figure 2.7, shows that the experimental data of the 0.5 molal 

sample from both of the instruments versus the equation of state are nearly equivalent, to 

within ±0.0001, from 15 °C and above. 

The data from the 0.3 molal KCl solution in Figure 2.8 show more bias towards 

the positive range, possibly due to a more dilute solution molality, with results similar to 

those from Patterson’s model for sodium chloride; both calorimeters also show similar 

relative deviations above 15 °C. In Figure 2.9, results for the more dilute 0.1 molal KCl 

in both calorimeters show values that are nearly equivalent to the equation of state, yet 

slightly smaller than the predicted values. The cylinder cell out-performed the capillary 

cell calorimeter in reproducing the Patterson et al. (2001) results. As these solutions 

become more dilute, the ability to measure the relative difference of the heat capacity 

density product becomes increasingly difficult. Small differences between the heat-

capacity-density products can be related back to the instruments cell structure and 

electronics.  
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2.5.1. Apparent Molar Heat Capacities 

 

The Cp,φ,KCl results from the heating and cooling scans of each instrument, as 

shown in Figures 2.10 to 2.15, should ideally be the same, however differences were 

observed. The values of the heating and cooling scan results agree to within 4 J mol-1 K-1, 

with standard deviations of 2 J mol-1 K-1 between the average values of the most dilute 

solutions. The 0.5 molal solutions, shown in Figure 2.10 and 2.11 had the closest values 

for the heating and cooling scans with the smallest uncertainty values. The difficulty in 

measuring Cp,ϕ,KCl can be seen in Figures 2.12 and 2.13 for the 0.3 molal solutions. The 

differences between subsequent scans are also more pronounced in the capillary cell 

calorimeter. In Figure 2.14, the difficulties in measuring Cp,ϕ,KCl for the 0.1 molal 

solutions are apparent, with the capillary cell in the scans below 35 °C. The cylinder cell 

data in Figure 2.15 show equivalent Cp, ϕ,KCl values at 5°C and diverged slightly as the 

temperature rose.  

Listed in Table 2.8 are the relative differences between the apparent molar heat 

capacities from the model and the measured values from each cell. The calculated relative 

difference between the cylinder cell calorimeter and the model were the largest at 5 °C 

3.38 % and the capillary cell the largest difference was 1.30 % with the most dilute 

solution. At higher concentrations the relative difference between the calorimeters and 

the model are effectively equal and no more than 2.5 %. The difference between the two 

calorimeters remained within the range of experimental uncertainty. As the solution 

became more dilute, it was possible to see larger differences in Cp,φ,KCl in the heating and 

cooling scans for each instrument. The literature has demonstrated that the cylinder cell 
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instrument can measure more dilute solutions than was done in this study, with similar 

precision (Woolley, 2007).  

 

2.6. Conclusions 

 

The experimental results (cp,sρs – cp,wρw) from the two instruments agreed with 

each other and with the literature values from the equation of state to within ±0.006 % 

over the entire temperature range. The results for Cp,ϕ agreed with those from Patterson et 

al. (2001) to within ± 2.0 J K-1 mol-1. I conclude that the two designs are equally suitable 

for apparent molar heat capacity measurements. The differences between the final values 

of Cp,ϕ,KCl may be due to the slight difference between the instruments electronic 

configuration and imperfection between the cells of each of the instruments. 

The cylinder cell instrument is capable of performing experiments at higher 

temperatures up to 160°C and pressures of up to 0.6 MPa. It is also easier to prevent and 

detect the formation of bubbles in the cylinder cell. However, if a precipitate forms in the 

cell, removing it is difficult. 

The capillary cell allows the solution to flow through it, simplifying the filling 

procedure. However, bubbles in the tubes can be difficult to remove and can require 

excessive amounts of solution to flush the cell. The capillary cell that I tested was 

constructed with an optimal temperature and pressure range of 130°C and 0.3 MPa. Since 

this study was done, TA Instruments now produces new models of both the capillary and 

cylinder instruments which can operate up to temperatures and pressure of 160°C and 0.3 

MPa.  
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Table 2.1: Relative densities of KCl solutions and the expected values from Patterson et 
al. (2001).  
 

KCl(aq)  m = (0.10108 ± 0.00001) a mol kg-1 p = (0.10 ± 0.01)  MPa 

  This Work Patterson et al. at 0.3 MPa  
T  (ρs-ρw) ·103 a  Vϕ 

a  (ρs-ρw) ·103 a  Vϕ 
b  

°C g cm-3 cm3 mol-1 g cm-3 cm3 mol-1 
5 5.001 ± 0.005 24.95 ± 0.07 4.831 ± 0.005 25.7 ± 0.1 
10 4.922 ± 0.005 25.73 ± 0.07 4.778 ± 0.005 26.2 ± 0.1 
15 4.857 ± 0.005 26.35 ± 0.07 4.730 ± 0.005 26.7 ± 0.1 
20 4.804 ± 0.005 26.86 ± 0.07 4.689 ± 0.005 27.1 ± 0.1 
25 4.754 ± 0.005 27.33 ± 0.07 4.651 ± 0.005 27.4 ± 0.1 
30 4.706 ± 0.005 27.78 ± 0.07 4.619 ± 0.005 27.8 ± 0.1 
35 4.689 ± 0.005 27.92 ± 0.07 4.592 ± 0.005 28.0 ± 0.1 
40 4.675 ± 0.005 28.02 ± 0.07 4.569 ± 0.005 28.2 ± 0.1 
45 4.647 ± 0.005 28.27 ± 0.07 4.551 ± 0.005 28.3 ± 0.1 
50 4.636 ± 0.005 28.34 ± 0.07 4.538 ± 0.005 28.4 ± 0.1 
55 4.622 ± 0.005 28.44 ± 0.07 4.529 ± 0.005 28.5 ± 0.1 
60 4.610 ± 0.005 28.52 ± 0.07 4.522 ± 0.005 28.5 ± 0.1 
65 4.613 ± 0.005 28.43 ± 0.07 4.521 ± 0.005 28.5 ± 0.1 
70 4.608 ± 0.005 28.43 ± 0.07 4.523 ± 0.005 28.4 ± 0.1 
75 4.608 ± 0.005 28.37 ± 0.07 4.528 ± 0.005 28.3 ± 0.1 
80 4.620 ± 0.005 28.18 ± 0.07 4.536 ± 0.005 28.1 ± 0.1 
85 4.615 ± 0.005 28.17 ± 0.07 4.548 ± 0.005 27.9 ± 0.1 
90 4.624 ± 0.005 28.00 ± 0.07 4.563 ± 0.005 27.7 ± 0.1 

a Propagated uncertainties 
b Standard error of the regression 
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Table 2.1 Continued. 
 

KCl(aq) m = (0.28764 ± 0.00004) mol kg-1 a p = (0.10 ± 0.01) MPa 

  This Work Patterson et al. at 0.3 MPa 
T  (ρs-ρw) ·103 a   Vϕ 

a  (ρs-ρw) ·103 a   Vϕ 
b  

°C g cm-3 cm3 mol-1 g cm-3 cm3 mol-1 
5 13.938 ± 0.005 25.737 ± 0.024 13.763 ± 0.010 26.0 ± 0.1
10 13.728 ± 0.005 26.458 ± 0.024 13.603 ± 0.010 26.6 ± 0.1
15 13.554 ± 0.005 27.047 ± 0.024 13.458 ± 0.010 27.0 ± 0.1
20 13.405 ± 0.005 27.544 ± 0.024 13.331 ± 0.010 27.5 ± 0.1
25 13.292 ± 0.005 27.918 ± 0.024 13.217 ± 0.010 27.9 ± 0.1
30 13.193 ± 0.005 28.235 ± 0.024 13.119 ± 0.010 28.2 ± 0.1
35 13.111 ± 0.005 28.493 ± 0.024 13.035 ± 0.010 28.5 ± 0.1
40 13.043 ± 0.005 28.702 ± 0.024 12.963 ± 0.010 28.7 ± 0.1
45 12.989 ± 0.005 28.857 ± 0.024 12.905 ± 0.010 28.8 ± 0.1
50 12.946 ± 0.005 28.972 ± 0.024 12.861 ± 0.010 29.0 ± 0.1
55 12.916 ± 0.005 29.037 ± 0.024 12.828 ± 0.010 29.0 ± 0.1
60 12.894 ± 0.005 29.073 ± 0.025 12.805 ± 0.010 29.1 ± 0.1
65 12.882 ± 0.005 29.068 ± 0.025 12.795 ± 0.010 29.1 ± 0.1
70 12.879 ± 0.005 29.032 ± 0.025 12.794 ± 0.010 29.0 ± 0.1
75 12.882 ± 0.005 28.967 ± 0.025 12.803 ± 0.010 28.9 ± 0.1
80 12.898 ± 0.005 28.854 ± 0.025 12.819 ± 0.009 28.8 ± 0.1
85 12.913 ± 0.005 28.736 ± 0.025 12.845 ± 0.009 28.7 ± 0.1
90 12.939 ± 0.005 28.574 ± 0.025 12.877 ± 0.009 28.5 ± 0.1

a Propagated uncertainties 
b Standard error of the regression 
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Table 2.1 Continued. 
 

KCl(aq)  m = (0.50108 ± 0.00007) mol kg-1 a  p = (0.10 ± 0.01) MPa 

  This Work 
Patterson et al. at 0.3 

MPa 
 

T  (ρs-ρw) ·103 a  Vϕ 
a  (ρs-ρw) ·103 a  Vϕ 

b  

°C g cm-3 cm3 mol-1 g cm-3 cm3 mol-1 

5 23.927 ± 0.006 26.174 ± 0.014 23.780 ± 0.026 26.3 ± 0.1 
10 23.584 ± 0.006 26.847 ± 0.014 23.493 ± 0.026 26.8 ± 0.1 
15 23.297 ± 0.006 27.402 ± 0.014 23.232 ± 0.026 27.3 ± 0.1 
20 23.061 ± 0.006 27.853 ± 0.014 23.001 ± 0.026 27.8 ± 0.1 
25 22.849 ± 0.006 28.255 ± 0.014 22.795 ± 0.026 28.2 ± 0.1 
30 22.683 ± 0.006 28.562 ± 0.014 22.616 ± 0.026 28.5 ± 0.1 
35 22.562 ± 0.006 28.778 ± 0.014 22.461 ± 0.026 28.8 ± 0.1 
40 22.449 ± 0.006 28.974 ± 0.014 22.329 ± 0.026 29.0 ± 0.1 
45 22.358 ± 0.006 29.125 ± 0.014 22.220 ± 0.026 29.2 ± 0.1 
50 22.296 ± 0.006 29.215 ± 0.014 22.134 ± 0.025 29.4 ± 0.1 
55 22.248 ± 0.006 29.275 ± 0.014 22.068 ± 0.025 29.5 ± 0.1 
60 22.218 ± 0.006 29.296 ± 0.014 22.020 ± 0.025 29.5 ± 0.1 
65 22.199 ± 0.006 29.291 ± 0.014 21.992 ± 0.025 29.5 ± 0.1 
70 22.172 ± 0.006 29.299 ± 0.015 21.981 ± 0.025 29.5 ± 0.1 
75 22.175 ± 0.006 29.243 ± 0.015 21.987 ± 0.025 29.4 ± 0.1 
80 22.196 ± 0.006 29.145 ± 0.015 22.004 ± 0.025 29.4 ± 0.1 
85 22.221 ± 0.006 29.035 ± 0.015 22.038 ± 0.024 29.2 ± 0.1 
90 22.270 ± 0.006 28.870 ± 0.015 22.083 ± 0.024 29.1 ± 0.1 

a Propagated uncertainties 
b Standard error of the regression 
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Table 2.2: Relative heat capacity density products for the cylindrical-cell calorimeter and 
the expected values from Patterson et al. (2001) 
 

KCl(aq)  m = ( 0.10108 ± 0.00001)  mol kg-1 p = (0.30 ± 0.01) MPa 

  This work   Patterson et al 

T  
(cps·ρs-cpw·ρw) ·103 

Heating 
  

(cps·ρs-cpw·ρw) ·103

Cooling 
(cps·ρs-cpw·ρw) ·103 

Average 
  (cps·ρs-cpw·ρw) ·103

°C J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 
5 -27.33 ± 0.18 -27.32 ± 0.17 -27.32 ± 0.15 -26.8 ± 0.5 
10 -25.66 ± 0.19 -25.56 ± 0.17 -25.56 ± 0.15 -25.3 ± 0.5 
15 -24.24 ± 0.17 -24.17 ± 0.17 -24.17 ± 0.15 -24.2 ± 0.5 
20 -23.19 ± 0.17 -23.11 ± 0.17 -23.11 ± 0.15 -23.2 ± 0.5 
25 -22.41 ± 0.17 -22.34 ± 0.17 -22.34 ± 0.15 -22.5 ± 0.5 
30 -21.78 ± 0.18 -21.71 ± 0.17 -21.71 ± 0.15 -21.9 ± 0.5 
35 -21.31 ± 0.18 -21.24 ± 0.17 -21.24 ± 0.15 -21.4 ± 0.5 
40 -20.94 ± 0.18 -20.87 ± 0.17 -20.87 ± 0.15 -21.1 ± 0.5 
45 -20.63 ± 0.18 -20.57 ± 0.17 -20.57 ± 0.15 -20.8 ± 0.5 
50 -20.38 ± 0.17 -20.31 ± 0.17 -20.31 ± 0.15 -20.5 ± 0.5 
55 -20.18 ± 0.17 -20.11 ± 0.17 -20.11 ± 0.15 -20.3 ± 0.5 
60 -20.06 ± 0.17 -19.98 ± 0.17 -19.98 ± 0.15 -20.2 ± 0.5 
65 -19.95 ± 0.17 -19.86 ± 0.17 -19.86 ± 0.15 -20.1 ± 0.5 
70 -19.89 ± 0.17 -19.78 ± 0.17 -19.78 ± 0.15 -19.9 ± 0.5 
75 -19.82 ± 0.17 -19.72 ± 0.17 -19.72 ± 0.15 -19.8 ± 0.5 
80 -19.75 ± 0.17 -19.66 ± 0.17 -19.66 ± 0.15 -19.7 ± 0.5 
85 -19.71 ± 0.17 -19.61 ± 0.17 -19.61 ± 0.14 -19.6 ± 0.5 
90 -19.65 ± 0.17 -19.56 ± 0.17 -19.56 ± 0.14 -19.5 ± 0.5 

a Propagated uncertainties 
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Table 2.2 Continued. 
 

KCl(aq) m = (0.28765 ± 0.00004) mol kg-1 p = (0.30 ± 0.01) MPa 

  This work   Patterson et al 

T  
(cps·ρs-cpw·ρw) ·103 

Heating 
  

(cps·ρs-cpw·ρw) ·103 
Cooling 

(cps·ρs-cpw·ρw) ·103 
Average 

  (cps·ρs-cpw·ρw) ·103

°C J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 

5 -73.9 ± 0.4 -73.9 ± 0.4 -73.9 ± 0.3 -73.6 ± 0.5 
10 -69.4 ± 0.4 -69.2 ± 0.4 -69.3 ± 0.3 -69.4 ± 0.5 
15 -65.7 ± 0.4 -65.6 ± 0.4 -65.7 ± 0.3 -66.2 ± 0.5 
20 -63.0 ± 0.4 -62.9 ± 0.4 -63.0 ± 0.3 -63.5 ± 0.5 
25 -61.0 ± 0.4 -60.9 ± 0.4 -61.0 ± 0.3 -61.4 ± 0.5 
30 -59.4 ± 0.4 -59.2 ± 0.4 -59.3 ± 0.3 -59.8 ± 0.5 
35 -58.1 ± 0.4 -58.0 ± 0.4 -58.0 ± 0.3 -58.5 ± 0.5 
40 -57.2 ± 0.4 -57.0 ± 0.4 -57.1 ± 0.3 -57.5 ± 0.5 
45 -56.4 ± 0.4 -56.2 ± 0.4 -56.3 ± 0.3 -56.8 ± 0.5 
50 -55.7 ± 0.4 -55.5 ± 0.4 -55.6 ± 0.3 -56.1 ± 0.5 
55 -55.2 ± 0.4 -55.0 ± 0.4 -55.1 ± 0.3 -55.6 ± 0.5 
60 -54.8 ± 0.4 -54.5 ± 0.4 -54.7 ± 0.3 -55.2 ± 0.5 
65 -54.4 ± 0.4 -54.2 ± 0.4 -54.3 ± 0.3 -54.8 ± 0.5 
70 -54.1 ± 0.4 -53.9 ± 0.4 -54.0 ± 0.3 -54.5 ± 0.5 
75 -53.9 ± 0.4 -53.7 ± 0.4 -53.8 ± 0.3 -54.2 ± 0.5 
80 -53.7 ± 0.4 -53.5 ± 0.4 -53.6 ± 0.3 -53.9 ± 0.5 
85 -53.4 ± 0.4 -53.3 ± 0.4 -53.4 ± 0.3 -53.7 ± 0.5 
90 -53.2 ± 0.4 -53.1 ± 0.4 -53.2 ± 0.3 -53.4 ± 0.5 

a Propagated uncertainties 
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Table 2.2 Continued. 
 

KCl(aq) m =  (0.50108 ± 0.00007)  mol kg-1 p= (0.30 ± 0.01) MPa 

  This work   Patterson et al. 

T  
(cps·ρs-cpw·ρw) ·103 

Heating 
  

(cps·ρs-cpw·ρw) ·103

Cooling 
(cps·ρs-cpw·ρw) ·103 

Average 
  (cps·ρs-cpw·ρw) ·103

°C J cm-3 K-1 Heating J cm-3 K-1 Cooling J cm-3 K-1
 Average J cm-3 K-1 

5 -123.0 ± 0.6 -123.2 ± 0.6 -123.2 ± 0.4 -123.4 ± 0.5 
10 -115.8 ± 0.6 -116.0 ± 0.6 -116.0 ± 0.4 -116.3 ± 0.5 
15 -110.1 ± 0.6 -110.3 ± 0.7 -110.3 ± 0.5 -110.7 ± 0.5 
20 -105.9 ± 0.6 -106.0 ± 0.7 -106.0 ± 0.5 -106.3 ± 0.6 
25 -102.7 ± 0.7 -102.9 ± 0.7 -102.9 ± 0.5 -102.8 ± 0.6 
30 -100.1 ± 0.7 -100.2 ± 0.7 -100.2 ± 0.5 -100.0 ± 0.6 
35 -98.1 ± 0.7 -98.2 ± 0.7 -98.2 ± 0.5 -97.9 ± 0.6 
40 -96.5 ± 0.7 -96.6 ± 0.7 -96.6 ± 0.5 -96.3 ± 0.6 
45 -95.3 ± 0.7 -95.4 ± 0.7 -95.4 ± 0.5 -95.1 ± 0.6 
50 -94.1 ± 0.7 -94.3 ± 0.7 -94.3 ± 0.5 -94.1 ± 0.6 
55 -93.2 ± 0.7 -93.4 ± 0.7 -93.4 ± 0.5 -93.3 ± 0.6 
60 -92.5 ± 0.7 -92.7 ± 0.7 -92.7 ± 0.5 -92.7 ± 0.5 
65 -91.8 ± 0.7 -92.0 ± 0.7 -92.0 ± 0.5 -92.1 ± 0.5 
70 -91.4 ± 0.7 -91.6 ± 0.7 -91.6 ± 0.5 -91.6 ± 0.5 
75 -90.9 ± 0.7 -91.1 ± 0.6 -91.1 ± 0.5 -91.2 ± 0.5 
80 -90.5 ± 0.6 -90.7 ± 0.6 -90.7 ± 0.5 -90.8 ± 0.5 
85 -90.0 ± 0.6 -90.3 ± 0.6 -90.3 ± 0.5 -90.4 ± 0.5 
90 -89.6 ± 0.6 -89.9 ± 0.6 -89.9 ± 0.4 -90.1 ± 0.5 

a Propagated uncertainties 
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Table 2.3:  Relative heat capacity density products for the capillary-cell calorimeter and 
the fitted values from Patterson et al. (2001). 

KCl(aq) m
 = (0.10108 ± 0.00001) mol kg-1 p = (0.30 ± 0.01) MPa 

  This Work   Patterson et al. 

T  
(cps·ρs-cpw·ρw) ·103 

Heating 
  

(cps·ρs-cpw·ρw) ·103

Cooling 
(cps·ρs-cpw·ρw) ·103 

Average 
  (cps·ρs-cpw·ρw) ·103

°C J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 

5 -27.0 ± 0.2 -26.9 ± 0.2 -27.0 ± 0.1 -26.8 ± 0.5 
10 -25.6 ± 0.2 -25.2 ± 0.2 -25.4 ± 0.1 -25.3 ± 0.5 
15 -24.3 ± 0.2 -24.0 ± 0.2 -24.1 ± 0.1 -24.2 ± 0.5 
20 -23.2 ± 0.2 -23.0 ± 0.2 -23.1 ± 0.1 -23.2 ± 0.5 
25 -22.5 ± 0.2 -22.3 ± 0.2 -22.4 ± 0.1 -22.5 ± 0.5 
30 -21.8 ± 0.2 -21.7 ± 0.2 -21.8 ± 0.1 -21.9 ± 0.5 
35 -21.3 ± 0.2 -21.3 ± 0.2 -21.3 ± 0.1 -21.4 ± 0.5 
40 -21.0 ± 0.2 -20.9 ± 0.2 -20.9 ± 0.1 -21.1 ± 0.5 
45 -20.7 ± 0.2 -20.6 ± 0.2 -20.7 ± 0.1 -20.8 ± 0.5 
50 -20.4 ± 0.2 -20.4 ± 0.2 -20.4 ± 0.1 -20.5 ± 0.5 
55 -20.2 ± 0.2 -20.2 ± 0.2 -20.2 ± 0.1 -20.3 ± 0.5 
60 -20.1 ± 0.2 -20.1 ± 0.2 -20.1 ± 0.1 -20.2 ± 0.5 
65 -20.0 ± 0.2 -20.0 ± 0.2 -20.0 ± 0.1 -20.1 ± 0.5 
70 -19.9 ± 0.2 -19.9 ± 0.2 -19.9 ± 0.1 -19.9 ± 0.5 
75 -19.8 ± 0.2 -19.8 ± 0.2 -19.8 ± 0.1 -19.8 ± 0.5 
80 -19.7 ± 0.2 -19.8 ± 0.2 -19.8 ± 0.1 -19.7 ± 0.5 
85 -19.7 ± 0.2 -19.7 ± 0.2 -19.7 ± 0.1 -19.6 ± 0.5 
90 -19.6 ± 0.2 -19.7 ± 0.2 -19.6 ± 0.1 -19.5 ± 0.5 

a Propagated uncertainties 
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Table 2.3 Continued 

KCl(aq) m = (0.28765 ± 0.00004)  mol kg-1 p = (0.30 ±0.01) MPa 

  This work   Patterson et al 

T  
(cps·ρs-cpw·ρw) ·103 

Heating 
  

(cps·ρs-cpw·ρw) ·103

Cooling 
(cps·ρs-cpw·ρw) ·103 

Average 
  

(cps·ρs-cpw·ρw) 
·103 

°C J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 

5 -73.33 ± 0.38 -73.39 ± 0.38 -73.39 ± 0.27 -73.6 ± 0.5 
10 -69.20 ± 0.38 -69.04 ± 0.38 -69.04 ± 0.27 -69.4 ± 0.5 
15 -65.73 ± 0.39 -65.59 ± 0.39 -65.59 ± 0.28 -66.2 ± 0.5 
20 -63.06 ± 0.40 -62.95 ± 0.40 -62.95 ± 0.28 -63.5 ± 0.5 
25 -61.06 ± 0.40 -60.98 ± 0.40 -60.98 ± 0.28 -61.4 ± 0.5 
30 -59.42 ± 0.40 -59.36 ± 0.40 -59.36 ± 0.29 -59.8 ± 0.5 
35 -58.17 ± 0.41 -58.12 ± 0.41 -58.12 ± 0.29 -58.5 ± 0.5 
40 -57.17 ± 0.41 -57.13 ± 0.41 -57.13 ± 0.29 -57.5 ± 0.5 
45 -56.42 ± 0.41 -56.38 ± 0.41 -56.38 ± 0.29 -56.8 ± 0.5 
50 -55.72 ± 0.41 -55.69 ± 0.41 -55.69 ± 0.29 -56.1 ± 0.5 
55 -55.15 ± 0.41 -55.12 ± 0.41 -55.12 ± 0.29 -55.6 ± 0.5 
60 -54.75 ± 0.40 -54.73 ± 0.40 -54.73 ± 0.29 -55.2 ± 0.5 
65 -54.34 ± 0.40 -54.32 ± 0.40 -54.32 ± 0.28 -54.8 ± 0.5 
70 -54.05 ± 0.40 -54.00 ± 0.40 -54.00 ± 0.28 -54.5 ± 0.5 
75 -53.81 ± 0.40 -53.78 ± 0.40 -53.78 ± 0.28 -54.2 ± 0.5 
80 -53.59 ± 0.39 -53.56 ± 0.39 -53.56 ± 0.28 -53.9 ± 0.5 
85 -53.38 ± 0.39 -53.35 ± 0.39 -53.35 ± 0.28 -53.7 ± 0.5 
90 -53.17 ± 0.39 -53.15 ± 0.39 -53.15 ± 0.28 -53.4 ± 0.5 

a: Propagated uncertainties 
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Table 2.3 Continued. 

KCl(aq)  m = (0.50108 ± 0.00007) mol kg-1 p = (0.30 ± 0.01) MPa 

  This work   Patterson et al.

T  
(cps·ρs-cpw·ρw) ·103 

Heating 
 

(cps·ρs-cpw·ρw) ·103

Cooling 
(cps·ρs-cpw·ρw) ·103 

Average 
  (cps·ρs-cpw·ρw) ·103

°C J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 J cm-3 K-1 

5 -122.1 ± 0.6 -122.4 ± 0.6 -122.3 ± 0.4 -123.4 ± 0.5 
10 -115.5 ± 0.6 -115.3 ± 0.6 -115.4 ± 0.4 -116.3 ± 0.5 
15 -110.2 ± 0.6 -110.0 ± 0.6 -110.1 ± 0.5 -110.7 ± 0.5 
20 -106.0 ± 0.6 -105.8 ± 0.7 -105.9 ± 0.5 -106.3 ± 0.6 
25 -102.9 ± 0.7 -102.7 ± 0.7 -102.8 ± 0.5 -102.8 ± 0.6 
30 -100.3 ± 0.7 -100.2 ± 0.7 -100.2 ± 0.5 -100.0 ± 0.6 
35 -98.3 ± 0.7 -98.2 ± 0.7 -98.2 ± 0.5 -97.9 ± 0.6 
40 -96.7 ± 0.7 -96.6 ± 0.7 -96.7 ± 0.5 -96.3 ± 0.6 
45 -95.5 ± 0.7 -95.4 ± 0.7 -95.4 ± 0.5 -95.1 ± 0.6 
50 -94.3 ± 0.7 -94.2 ± 0.7 -94.3 ± 0.5 -94.1 ± 0.6 
55 -93.4 ± 0.7 -93.3 ± 0.7 -93.3 ± 0.5 -93.3 ± 0.6 
60 -92.7 ± 0.7 -92.6 ± 0.7 -92.7 ± 0.5 -92.7 ± 0.5 
65 -92.0 ± 0.7 -91.9 ± 0.7 -92.0 ± 0.5 -92.1 ± 0.5 
70 -91.5 ± 0.7 -91.3 ± 0.7 -91.4 ± 0.5 -91.6 ± 0.5 
75 -91.1 ± 0.7 -90.9 ± 0.7 -91.0 ± 0.5 -91.2 ± 0.5 
80 -90.7 ± 0.7 -90.5 ± 0.7 -90.6 ± 0.5 -90.8 ± 0.5 
85 -90.3 ± 0.7 -90.1 ± 0.7 -90.2 ± 0.5 -90.4 ± 0.5 
90 -89.9 ± 1.1 -89.7 ± 0.7 -89.8 ± 0.6 -90.1 ± 0.5 

a: Propagated uncertainties 
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Table 2.4: Regression coefficients for equations 2.5 and 2.6 for apparent molar volumes 
of KCl and equation 2.7 and 2.8 for apparent molar heat capacities of KCl from Patterson 
et al. (2001).  
 

Vϕ / cm3 mol-1 Cp,ϕ  / J K-1 mol-1 
v0 -952.266 c0 454230.2 
v1 204.568 c1 -75292.9 
v2 -0.62525 c2 -1336312 
v3 0 c3 0 
  c4 0.30523 
  c5 -0.00029 
  c6 0 
  c7 0 
  c8 99.99 
  c9 -0.3841 
  c10 33.4 
  c11 0 



 75

Table 2.5:  Comparison of relative heat capacity density products for KCl 
solutions with the results of Patterson et al. (2001). 
 

[[(cp·ρ)
exp-(cp·ρ)

model]/(cp·ρ)
model]x104 

T 0.1 mol kg-1 0.1 mol kg-1 0.3 mol kg-1 0.3 mol kg-1 0.5 mol kg-1 0.5 mol kg-1

°C cylinder capillary cylinder capillary cylinder capillary 
5 -1.259 2.708 -0.834 0.398 0.382 2.708 
10 -0.549 2.172 0.378 0.975 0.920 2.172 
15 -0.018 1.587 1.152 1.356 1.024 1.587 
20 0.236 0.805 1.327 1.380 0.520 0.805 
25 0.306 -0.092 1.183 1.142 -0.240 -0.092 
30 0.403 -0.471 1.209 1.103 -0.484 -0.471 
35 0.426 -0.753 1.188 1.017 -0.694 -0.753 
40 0.448 -0.833 1.167 0.990 -0.755 -0.833 
45 0.482 -0.918 1.069 0.909 -0.891 -0.918 
50 0.530 -0.514 1.229 1.077 -0.521 -0.514 
55 0.567 -0.127 1.357 1.217 -0.165 -0.127 
60 0.509 -0.021 1.348 1.148 0.002 -0.021 
65 0.470 0.402 1.346 1.273 0.203 0.402 
70 0.359 0.600 1.191 1.247 0.138 0.600 
75 0.243 0.511 1.080 1.064 0.169 0.511 
80 0.167 0.544 0.909 0.927 0.177 0.544 
85 0.047 0.609 0.773 0.805 0.239 0.609 
90 -0.021 0.779 0.684 0.728 0.383 0.779 
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Table 2.6: Apparent molar heat capacities for KCl(aq) from the cylindrical-cell calorimeter 
and the fitted values from Patterson et al. (2001) 
 

KCl(aq) m = (0.10108 ± 0.00001) mol kg-1  p = (0.30 ± 0.01) MPa 

 This work Patterson et al. 

T  Cp,ϕ Heating   Cp,ϕ, Cooling   Cp,ϕ, Average   Cp,ϕ, 
b  

°C J mol-1K-1 J mol-1K-1 J mol-1K-1 J mol-1K-1 
5 -159.1 ± 2.1 -159.0 ± 1.8 -159.0 ± 1.8 -153.8 ± 0.1 
10 -140.8 ± 2.1 -138.8 ± 1.8 -139.8 ± 1.8 -137.5 ± 0.1 
15 -125.2 ± 1.9 -123.6 ± 1.7 -124.4 ± 1.8 -124.3 ± 0.1 
20 -113.5 ± 1.8 -112.1 ± 1.8 -112.8 ± 1.8 -113.8 ± 0.1 
25 -104.8 ± 1.9 -103.5 ± 1.8 -104.1 ± 1.8 -105.4 ± 0.1 
30 -97.9 ± 1.9 -96.4 ± 1.8 -97.2 ± 1.8 -98.8 ± 0.1 
35 -92.7 ± 1.9 -91.3 ± 1.8 -92.0 ± 1.8 -93.8 ± 0.1 
40 -88.8 ± 1.9 -87.3 ± 1.8 -88.1 ± 1.8 -89.9 ± 0.1 
45 -85.8 ± 1.9 -84.4 ± 1.8 -85.1 ± 1.8 -87.1 ± 0.1 
50 -83.5 ± 1.9 -82.2 ± 1.8 -82.8 ± 1.8 -85.0 ± 0.1 
55 -82.0 ± 1.9 -80.6 ± 1.8 -81.3 ± 1.8 -83.6 ± 0.1 
60 -81.5 ± 1.8 -79.8 ± 1.8 -80.7 ± 1.8 -82.8 ± 0.1 
65 -81.2 ± 1.9 -79.5 ± 1.8 -80.4 ± 1.8 -82.3 ± 0.1 
70 -81.8 ± 1.8 -79.6 ± 1.7 -80.7 ± 1.8 -82.2 ± 0.1 
75 -82.4 ± 1.8 -80.4 ± 1.7 -81.4 ± 1.8 -82.4 ± 0.1 
80 -83.1 ± 1.8 -81.2 ± 1.7 -82.2 ± 1.8 -82.8 ± 0.1 
85 -84.4 ± 1.8 -82.3 ± 1.7 -83.4 ± 1.8 -83.6 ± 0.1 
90 -85.6 ± 1.9 -83.6 ± 1.7 -84.6 ± 1.8 -84.5 ± 0.1 

a Propagated uncertainties 
b Standard error of the regression 
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Table 2.6 Continued. 
 

KCl(aq) m = (0.28765 ± 0.00004) mol kg-1  p = (0.30± 0.01)MPa 

 This work Patterson et al. 
T  Cp,ϕ Heating   Cp,ϕ, Cooling  Cp,ϕ, Average   Cp,ϕ, 

b  
°C J mol-1K-1 J mol-1K-1 J mol-1K-1 J mol-1K-1 
5 -148.1 ± 1.4 -148.1 ± 1.3 -148.1 ± 1.0 -146.9 ± 0.1 
10 -130.4 ± 1.4 -129.7 ± 1.4 -130.1 ± 1.2 -130.6 ± 0.1 
15 -116.0 ± 1.4 -115.6 ± 1.4 -115.8 ± 1.2 -117.4 ± 0.1 
20 -105.2 ± 1.4 -104.8 ± 1.4 -105.0 ± 1.2 -106.9 ± 0.1 
25 -97.1 ± 1.4 -96.6 ± 1.4 -96.8 ± 1.2 -98.5 ± 0.1 
30 -90.5 ± 1.4 -89.9 ± 1.4 -90.2 ± 1.2 -92.0 ± 0.1 
35 -85.5 ± 1.4 -84.9 ± 1.4 -85.2 ± 1.2 -86.9 ± 0.1 
40 -81.8 ± 1.5 -81.1 ± 1.5 -81.4 ± 1.2 -83.1 ± 0.1 
45 -79.1 ± 1.5 -78.4 ± 1.5 -78.7 ± 1.2 -80.3 ± 0.1 
50 -76.8 ± 1.5 -76.1 ± 1.5 -76.5 ± 1.2 -78.2 ± 0.1 
55 -75.2 ± 1.5 -74.5 ± 1.5 -74.9 ± 1.2 -76.8 ± 0.1 
60 -74.3 ± 1.5 -73.6 ± 1.5 -74.0 ± 1.2 -75.9 ± 0.1 
65 -73.8 ± 1.5 -73.1 ± 1.5 -73.4 ± 1.2 -75.4 ± 0.1 
70 -73.8 ± 1.5 -73.1 ± 1.5 -73.5 ± 1.2 -75.2 ± 0.1 
75 -74.0 ± 1.5 -73.4 ± 1.4 -73.7 ± 1.2 -75.3 ± 0.1 
80 -74.6 ± 1.5 -74.0 ± 1.4 -74.3 ± 1.2 -75.6 ± 0.1 
85 -75.4 ± 1.5 -74.8 ± 1.4 -75.1 ± 1.2 -76.2 ± 0.1 
90 -76.3 ± 1.5 -75.7 ± 1.4 -76.0 ± 1.2 -77.0 ± 0.1 

a Propagated uncertainties 

b Standard error of the regression 
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Table 2.6 Continued. 
 

KCl(aq) m =  (0.50108 ± 0.00007)  mol kg-1 p= (0.30 ± 0.01) MPa 

 This Work Patterson et al. 
T  Cp,ϕ Heating   Cp,ϕ, Cooling   Cp,ϕ, Average   Cp,ϕ, 

b  
°C J mol-1K-1 J mol-1K-1 J mol-1K-1 J mol-1K-1 
5 -137.4 ± 1.2 -138.4 ± 1.3 -137.9 ± 0.9 -138.2 ± 0.1 
10 -121.0 ± 1.3 -121.5 ± 1.3 -121.3 ± 1.1 -122.0 ± 0.1 
15 -107.8 ± 1.3 -108.5 ± 1.4 -108.1 ± 1.2 -109.0 ± 0.1 
20 -97.8 ± 1.3 -98.5 ± 1.4 -98.2 ± 1.2 -98.6 ± 0.1 
25 -90.3 ± 1.4 -90.9 ± 1.4 -90.6 ± 1.2 -90.4 ± 0.1 
30 -84.1 ± 1.3 -84.7 ± 1.4 -84.4 ± 1.2 -84.0 ± 0.1 
35 -79.4 ± 1.4 -80.0 ± 1.4 -79.7 ± 1.2 -79.1 ± 0.1 
40 -75.8 ± 1.4 -76.4 ± 1.4 -76.1 ± 1.2 -75.4 ± 0.1 
45 -73.1 ± 1.4 -73.8 ± 1.4 -73.5 ± 1.2 -72.7 ± 0.1 
50 -70.9 ± 1.4 -71.6 ± 1.4 -71.2 ± 1.2 -70.8 ± 0.1 
55 -69.2 ± 1.4 -70.0 ± 1.4 -69.6 ± 1.2 -69.5 ± 0.1 
60 -68.3 ± 1.4 -69.0 ± 1.4 -68.7 ± 1.2 -68.7 ± 0.1 
65 -67.6 ± 1.4 -68.5 ± 1.4 -68.1 ± 1.1 -68.2 ± 0.1 
70 -67.5 ± 1.4 -68.5 ± 1.4 -68.0 ± 1.1 -68.1 ± 0.1 
75 -67.6 ± 1.4 -68.6 ± 1.4 -68.1 ± 1.1 -68.2 ± 0.1 
80 -67.9 ± 1.4 -69.1 ± 1.3 -68.5 ± 1.1 -68.6 ± 0.1 
85 -68.3 ± 1.4 -69.7 ± 1.3 -69.0 ± 1.1 -69.2 ± 0.1 
90 -69.0 ± 1.4 -70.5 ± 1.3 -69.7 ± 1.1 -70.0 ± 0.1 

a Propagated uncertainties 
b Standard error of the regression 
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Table 2.7:  Apparent molar heat capacities for KCl(aq) from the capillary-cell calorimeter 
and the expected values from Patterson et al. (2001) 
 

KCl(aq) m
 = (0.10108 ± 0.00001) mol kg-1 p = (0.30 ± 0.01) MPa 

 This work Patterson et al. 
T  Cp,ϕ Heating   Cp,ϕ, Cooling Cp,ϕ, Average   Cp,ϕ, 

b  
°C J mol-1K-1 J mol-1K-1 J mol-1K-1 J mol-1K-1 
5 -156.3 ± 1.9 -155.2 ± 1.7 -155.8 ± 1.3 -153.8 ± 0.1 
10 -140.3 ± 1.8 -136.6 ± 1.9 -138.5 ± 1.6 -137.5 ± 0.1 
15 -125.5 ± 1.8 -122.3 ± 1.7 -123.9 ± 1.6 -124.3 ± 0.1 
20 -114.0 ± 1.8 -111.5 ± 1.8 -112.8 ± 1.6 -113.8 ± 0.1 
25 -105.3 ± 1.8 -103.5 ± 1.8 -104.4 ± 1.6 -105.4 ± 0.1 
30 -98.3 ± 1.8 -97.1 ± 1.9 -97.7 ± 1.6 -98.8 ± 0.1 
35 -93.0 ± 1.8 -92.3 ± 1.9 -92.6 ± 1.6 -93.8 ± 0.1 
40 -89.0 ± 1.8 -88.5 ± 1.9 -88.8 ± 1.6 -89.9 ± 0.1 
45 -86.3 ± 1.8 -85.9 ± 1.9 -86.1 ± 1.6 -87.1 ± 0.1 
50 -84.0 ± 1.9 -83.8 ± 1.9 -83.9 ± 1.6 -85.0 ± 0.1 
55 -82.5 ± 1.9 -82.4 ± 2.0 -82.4 ± 1.6 -83.6 ± 0.1 
60 -81.9 ± 1.9 -81.8 ± 2.0 -81.9 ± 1.6 -82.8 ± 0.1 
65 -81.4 ± 1.9 -81.4 ± 2.1 -81.4 ± 1.6 -82.3 ± 0.1 
70 -81.6 ± 1.9 -81.6 ± 2.1 -81.6 ± 1.6 -82.2 ± 0.1 
75 -82.1 ± 1.9 -82.3 ± 2.1 -82.2 ± 1.6 -82.4 ± 0.1 
80 -82.9 ± 2.0 -83.3 ± 2.1 -83.1 ± 1.6 -82.8 ± 0.1 
85 -83.8 ± 2.0 -84.6 ± 2.1 -84.2 ± 1.6 -83.6 ± 0.1 
90 -85.0 ± 2.2 -86.1 ± 2.2 -85.6 ± 1.6 -84.5 ± 0.1 

a Propagated uncertainties 
b Standard error of the regression 
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Table 2.7 Continued. 
 

KCl(aq)  m = (0.28765 ± 0.00004)  mol kg-1 p = (0.30 ±0.01) MPa 

 This Work Patterson et al. 
T  Cp,ϕ Heating   Cp,ϕ, Cooling   Cp,ϕ, Average   Cp,ϕ, 

b  
°C J mol-1K-1 a J mol-1K-1 b J mol-1K-1 c J mol-1K-1 
5 -146.1 ± 1.4 -146.5 ± 1.3 -146.3 ± 1.0 -146.9 ± 0.1 
10 -129.7 ± 1.4 -128.6 ± 1.4 -129.2 ± 1.2 -130.6 ± 0.1 
15 -115.9 ± 1.4 -115.0 ± 1.4 -115.5 ± 1.2 -117.4 ± 0.1 
20 -105.3 ± 1.4 -104.5 ± 1.4 -104.9 ± 1.2 -106.9 ± 0.1 
25 -97.2 ± 1.4 -96.6 ± 1.4 -96.9 ± 1.2 -98.5 ± 0.1 
30 -90.6 ± 1.4 -90.2 ± 1.4 -90.4 ± 1.2 -92.0 ± 0.1 
35 -85.7 ± 1.4 -85.3 ± 1.4 -85.5 ± 1.2 -86.9 ± 0.1 
40 -81.8 ± 1.5 -81.6 ± 1.5 -81.7 ± 1.2 -83.1 ± 0.1 
45 -79.1 ± 1.5 -78.8 ± 1.5 -79.0 ± 1.2 -80.3 ± 0.1 
50 -76.8 ± 1.5 -76.5 ± 1.5 -76.7 ± 1.2 -78.2 ± 0.1 
55 -75.2 ± 1.5 -75.0 ± 1.5 -75.1 ± 1.2 -76.8 ± 0.1 
60 -74.3 ± 1.5 -74.2 ± 1.5 -74.2 ± 1.2 -75.9 ± 0.1 
65 -73.6 ± 1.5 -73.5 ± 1.5 -73.5 ± 1.2 -75.4 ± 0.1 
70 -73.6 ± 1.5 -73.2 ± 1.5 -73.4 ± 1.2 -75.2 ± 0.1 
75 -73.9 ± 1.5 -73.6 ± 1.4 -73.7 ± 1.2 -75.3 ± 0.1 
80 -74.4 ± 1.5 -74.2 ± 1.4 -74.3 ± 1.2 -75.6 ± 0.1 
85 -75.1 ± 1.5 -74.9 ± 1.4 -75.0 ± 1.2 -76.2 ± 0.1 
90 -76.1 ± 1.5 -75.9 ± 1.4 -76.0 ± 1.2 -77.0 ± 0.1 

a Propagated uncertainties 

b Standard error of the regression 
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Table 2.7 Continued. 
 

KCl(aq) m = (0.50108 ± 0.00007) mol kg-1 p = (0.30 ± 0.01) MPa 

 This Work Patterson et al. 
T  Cp,ϕ Heating   Cp,ϕ, Cooling  Cp,ϕ, Average   Cp,ϕ, 

b  
°C J mol-1K-1 J mol-1K-1 J mol-1K-1 J mol-1K-1 
5 -135.6 ± 1.2 -136.3 ± 1.2 -136.0 ± 0.9 -138.2 ± 0.1 
10 -120.4 ± 1.3 -120.0 ± 1.3 -120.2 ± 1.1 -122.0 ± 0.1 
15 -107.9 ± 1.3 -107.5 ± 1.3 -107.7 ± 1.1 -109.0 ± 0.1 
20 -98.1 ± 1.3 -97.8 ± 1.4 -97.9 ± 1.2 -98.6 ± 0.1 
25 -90.6 ± 1.3 -90.3 ± 1.3 -90.5 ± 1.2 -90.4 ± 0.1 
30 -84.5 ± 1.4 -84.3 ± 1.4 -84.4 ± 1.2 -84.0 ± 0.1 
35 -79.9 ± 1.4 -79.6 ± 1.4 -79.7 ± 1.2 -79.1 ± 0.1 
40 -76.2 ± 1.4 -76.0 ± 1.4 -76.1 ± 1.2 -75.4 ± 0.1 
45 -73.6 ± 1.4 -73.3 ± 1.4 -73.5 ± 1.2 -72.7 ± 0.1 
50 -71.4 ± 1.4 -71.1 ± 1.4 -71.2 ± 1.2 -70.8 ± 0.1 
55 -69.7 ± 1.4 -69.5 ± 1.4 -69.6 ± 1.2 -69.5 ± 0.1 
60 -68.8 ± 1.4 -68.6 ± 1.4 -68.7 ± 1.2 -68.7 ± 0.1 
65 -68.0 ± 1.4 -67.8 ± 1.4 -67.9 ± 1.2 -68.2 ± 0.1 
70 -67.9 ± 1.4 -67.4 ± 1.4 -67.6 ± 1.2 -68.1 ± 0.1 
75 -68.0 ± 1.4 -67.7 ± 1.4 -67.8 ± 1.2 -68.2 ± 0.1 
80 -68.4 ± 1.4 -68.0 ± 1.4 -68.2 ± 1.2 -68.6 ± 0.1 
85 -68.9 ± 1.6 -68.5 ± 1.4 -68.7 ± 1.2 -69.2 ± 0.1 
90 -69.6 ± 2.8 -69.2 ± 1.4 -69.4 ± 1.5 -70.0 ± 0.1 

a Propagated uncertainties 

b Standard error of the regression 
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Table 2.8:  Comparison of apparent molar heat capacities with the results of Patterson et 
al. (2001) expressed as relative difference for KCl(aq). 
 

[[Cp,ϕ
exp- Cp,ϕ

model]/ Cp,ϕ
model

 ]x102 

 T  0.1 mol kg-1 0.1 mol kg-1 0.3 mol kg-1 0.3 mol kg-1 0.5 mol kg-1 0.5 mol kg-1 

°C cylinder capillary cylinder capillary cylinder capillary 

5 3.38 1.30 0.82 -0.41 -0.22 -1.59 
10 1.67 0.73 -0.38 -1.07 -0.57 -1.48 
15 0.08 -0.32 -1.36 -1.62 -0.83 -1.19 
20 -0.88 -0.88 -1.78 -1.87 -0.41 -0.71 
25 -1.23 -0.95 -1.73 -1.62 0.22 0.11 
30 -1.62 -1.11 -1.96 -1.74 0.48 0.48 
35 -1.92 -1.28 -1.96 -1.61 0.76 0.76 
40 -2.00 -1.22 -2.05 -1.68 0.93 0.93 
45 -2.30 -1.15 -1.99 -1.62 1.10 1.10 
50 -2.59 -1.29 -2.17 -1.92 0.56 0.56 
55 -2.75 -1.44 -2.47 -2.21 0.14 0.14 
60 -2.54 -1.09 -2.50 -2.24 0.00 0.00 
65 -2.31 -1.09 -2.65 -2.52 -0.15 -0.44 
70 -1.82 -0.73 -2.26 -2.39 -0.15 -0.73 
75 -1.21 -0.24 -2.12 -2.12 -0.15 -0.59 
80 -0.72 0.36 -1.72 -1.72 -0.15 -0.58 
85 -0.24 0.72 -1.44 -1.57 -0.29 -0.72 
90 0.12 1.30 -1.30 -1.30 -0.43 -0.86 
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Figure 2.1: Diagram of the cylinder nano-calorimeter. The black cell on the left is 
the reference cell and the white cell on the right is the sample cell. 
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Figure 2.2: Diagram of the capillary cell nano-calorimeter. The black cell on the 
left is the reference cell and the white cell on the right is the sample cell. 
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Figure 2.3: Three repeated power scan experiments of water in both the 
cylindrical cell over a 6 day period; water was changed after each experiment. 
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Figure 2.4: Experiment 1. Standard deviation of power scans of three separate 
water calibration experiments over 6 days; in the cylinder cell calorimeter.  
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Figure 2.5: Experiment 2. Standard deviation of power scans of three separate 
water calibration experiments over 6 days; in the cylinder cell calorimeter. 



 88

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50 60 70 80 90 100

T / °C 

S
ta

nd
ar

d 
D

ev
ia

tio
n 

/ μ
W

Heating

 Cooling

Figure 2.6: Experiment 3. Standard deviation of power scans of three separate 
water  experiments over 6 days; in the cylinder cell calorimeter. 
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Figure 2.7: Relative difference from the calorimeter cps·ρs values related to the 
predicted value from the KCl model for a 0.5 molal KCl solution. 
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Figure 2.8: Relative difference from the calorimeter cps·ρs values related to the 
predicted value from the KCl model for a 0.3 molal KCl solution. 
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Figure 2.9: Relative difference from the calorimeter cps·ρs values related to the 
predicted value from the KCl model for a 0.1 molal KCl solution. 
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Figure 2.10: Cp,ϕ of a 0.5 m KCl solution, heating and cooling scan results from the 
capillary cell, with the model from Patterson et al.(2001). 
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Figure 2.11: Cp,ϕ of a 0.5 m KCl solution, heating and cooling scan results from the 
cylinder cell, with the Model from Patterson et al.(2001). 
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Figure 2.12: Cp,ϕ of a 0.3 m KCl solution, heating and cooling scan results from the 
capillary cell, with the model from Patterson et al.(2001). 
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Figure 2.13: Cp,ϕ of a 0.3 m KCl solution, heating and cooling scan results from the 
cylinder cell, with the model from Patterson et al.(2001). 
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Figure 2.14: Cp,ϕ of a 0.1 m KCl solution, heating and cooling scan results from the 
capillary cell, with the model from Patterson et al.(2001). 
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Figure 2.15: Cp,ϕ of a 0.1 m KCl solution, heating and cooling scan results from the 
cylinder cell, with the model from Patterson et al.(2001). 
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Chapter 3: 

Self-Association of Adenine; An NMR Study 

 

3.1 Introduction  

 

 Self-association studies of nucleic acid bases, nucleosides and nucleotides are 

important in understanding the stability and secondary structure of polynucleic acids such 

DNA and RNA. Currently, the data which exist for purines, nucleic acid bases, 

nucleosides and nucleotides are restricted to the most soluble molecules. Self-association 

studies have used techniques involving sedimentation equilibrium (van Holde and 

Rossetti, 1967; Rossetti and van Holde, 1967; van Holde et al., 1969), osmometry (Ts'O 

et al., 1963; Ts'O and Chan, 1964), dilution calorimetry (Gill et al., 1967), UV-visible 

spectroscopy (Morcillo et al., 1987; Peral and Gallego, 2000a; Peral and Gallego, 2000b; 

Peral and Gallego, 1997; Heyn and Bretz, 1975) and NMR spectroscopy (Tribolet and 

Sigel, 1987; Scheller et al., 1981; Mitchell and Sigel, 1978; Schimmack et al., 1975a; 

Schimmack et al., 1975b; Sapper and Lohmann, 1978).  With these tools the structure 

and thermodynamics of many purines and pyrimidines have been elucidated. A 

comparison of the self-association constants and self-association models, obtained from 

various different experiments, showed that the results are quantitatively equivalent 

(Martin, 1996).   

 This self-association phenomenon is known to occur only in water (Sapper and 

Lohmann, 1978; Neurohr and Mantsch, 1979). It is generally accepted that there are two 

main physical properties involved in driving self-association, namely hydrophobic 
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interactions, and polarization of the π-electron system above and below the ring structure 

of the nucleic acid bases (Schimmack et al., 1975a; Schimmack et al., 1975b; Neurohr 

and Mantsch, 1979; Luo et al., 2001). Studies involving the addition of different organic 

liquids to aqueous systems have shown reduction in self-association constants, supporting 

the importance of hydrophobic effects (Sapper and Lohmann, 1978). Experiments with 

varying pH indicate reduced stacking as the pH increased or decreased away from neutral 

pH (Tribolet and Sigel, 1987; Scheller et al., 1981; Schimmack et al., 1975a). However, 

stacking was still measurable in solutions where adenine derivatives were predominately 

in the ionized form (Rossetti and van Holde, 1967; Tribolet and Sigel, 1987; Schimmack 

et al., 1975a). Adenosine, 5’-adenosine monophosphate and adenosine triphosphate all 

self-associate in aqueous solution despite having a large bulky ribose sugar incorporated 

into their structure. The structure of adenine, shown in Figure 3.1, does not posses the 

extra ribose sugar structures attached to the N-7 of the purine ring. In Figure 3.2 the 

geometry of base stacking is predominately anit-parallel in the case for stacking 

nucleosides and nucleotides of adenine (Neurohr and Mantsch, 1979; Cheng et al., 1980). 

It should be stressed that other geometric configurations are also possible, as well as 

rotation about the plane of the π-electron system (Neurohr and Mantsch, 1979).  

Displayed in Figure 3.3, adenine monomers self-associate into a dimer. 

Equation 3.1 represents the reaction of two adenine monomers forming one 

dimer. 

 

 
2

AdH AdH AdH                                                                                  (3.1) 
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The addition of more monomers to the dimer forms indefinite stacks. 

 

 
1n n

AdH AdH AdH


         (3.2) 

 

The step-wise self-association constant, Kn, can be expressed using the species molalities, 

m, and their corresponding activity coefficients, γ, as shown in Equation 3.3. 

 

 

 

   

   

1 1 1n n n

AdHAdH n nn

AdH AdH AdH

n
AdH AdHAdH AdH

a m
K

a a m m



 
         (3.3) 

 

For non-electrolytes in solution, the activity coefficients may be ignored since their 

contributions are equal to 1.  

This work presents the experimental equilibrium constants for dimerization and 

for the formation of indefinite stacks of adenine.  This work also investigated the 

temperature dependence of adenine self-association, in order to determine the enthalpy 

and entropy of reaction.   

 

3.2 Experimental 

 

3.2.1 Chemicals and Solutions 

 

The D2O for the NMR studies was provided by Ontario Power Generation. The 

isotopic purity of the liquid was 99.7%. The adenine stock solution and diluted solutions 
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were prepared in a glove bag in an argon atmosphere to minimize HOD exchange. The 

solubility limit of adenine in light water is 0.008 mol kg-1 (Costantino and Vitagliano, 

1967), and it is assumed that this value is not significantly different in heavy water. 

Adenine stock solutions were prepared at 20% below the solubility limit. 

Tetramethylammonium chloride (TMACl) (Simga Aldrich ≥99.5%) was dried in an oven 

overnight at 100 °C to remove excess water. A 6.9408 x 10-2 mol kg-1 TMACl stock 

solution was prepared using D2O under the same conditions as the adenine solutions. A 

mass of 1 g of tetramethylammonium chloride stock solution was added to all the adenine 

solutions as an internal NMR standard, for a final molality of approximately 0.007 mol 

kg-1 in all solutions.  

 

3.2.2 NMR Measurements 

 

 The instrument used for NMR experiments was a 600 MHz Biospin Ultra NMR 

spectrometer. The spectrometer, probes and the variable temperature units are maintained 

and calibrated by the University of Guelph NMR Center. The NMR sample tubes used 

were 5mm thin wall, 7” long, Wilmad LabGlass 528-PP-7 tubes rated for use with the 

600 MHz spectrometer. 

 To acquire accurate measurements of chemical shifts, a non-interfering internal 

standard is required (Scheller et al., 1981; Hoffman and Davies, 1988). TAMCl is an 

aqueous ion which has been demonstrated not to interfere with the self-association 

equilibrium of adenine (Scheller et al., 1981). To measure the self-association constant, a 

series of adenine solutions were prepared from a stock solution. The most dilute solution 
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which can be measured with this spectrometer was 10-5 mol kg-1. Four adenine solutions 

with the following molalities were prepared; (4.969 ± 0.008) mmol kg-1, (2.3275 ± 

0.0026) mmol kg-1, (0.45589 ± 0.00006) mmol kg-1, (0.03196 ± 0.00005) mmol kg-1. The 

NMR spectra were recorded at four temperatures: 10, 25, 40, and 55 °C. Each solution 

was allowed to thermally equilibrate for 15 minutes prior to acquiring scans. The number 

of scans were added in multiples of eight. The most dilute solution was scanned 1000 

times. The NMR spectrum of each solution was referenced to the TMACl peak, 

according to the reference shift predicted by Hoffman and Davies (Hoffman and Davies, 

1988). The peaks of the H-2 and H-8 protons, plotted in Figure 3.1, were manually 

selected on the NMR spectra using Topspin 3.1 software. The chemical shift was used to 

measure KD and Kn. 

 

3.3 Results 

 

The NMR spectra are tabulated in Appendix A of this thesis. The self-association 

of adenine was observed through the up-field chemical shifts of the H-2 and the H-8 

protons with increasing concentration. The concentration and temperature dependant 

chemical shifts of protons H-2 and the H-8 are tabulated in Table 3.1 and plotted in 

Figures 3.4 to 3.7. Due to rapid self-exchange in the self-association reactions, chemical 

shifts in NMR spectroscopy represented the time average over all species in solution.  
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3.3.1 Dimerization Model 

 

The following model was used to calculate the dimerization constant for adenine 

from NMR spectra, according to reaction 3.1 using the chemical shifts, δ. The total 

molality of the monomer is defined as mt, which is the stochiometric quantity of adenine 

monomer present in solution:  

 

 
2

2

(1- )
         

2





mono
mono t t

AdH AdH

m m
       (3.4a) 

 

where  22 AdHAdHt mmm  . Neglecting activity coefficients,  
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The mole fraction of the monomer relative to the stoichiometric molality, mt, is defined 

as αmono, 

 

 AdHDt

AdH
mono mKm

m

21

1


           (3.5) 
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by including the dimerization constant, KD and the equilibrium molality of adenine in 

solution. Rearranging Equation 3.5, it becomes possible to solve for αmono as a quadratic 

equation. 

1 8 1

4

D t

mono
D t

K m

K m


                                                                                  (3.6) 

 

To calculate the dimerization constant from NMR data, I assumed that the 

observed spectra are weighted average composition of both species, δobs: 

 

 obs mono mono mono dimer1                                                                        (3.7) 

 

δmono represents the signal for the pure monomer species at infinite dilution and αmono is 

the fraction of monomer; δdim represents the signal for pure dimer species in solution and, 

1-αmono is the fraction of the dimer. Rearranging the definition for the observed signal 

and, including Equation 3.7, the dimerization constant is defined by Equation 3.8, 

(Martin, 1996): 

 

obs mono

(1 8 1)
1

4
D t

D t

K m

K m
  

  
    

  
                                                            (3.8) 

 

The δmono and Δδ terms, which represent the up field shift to the dimer (δdimer- δmono), are 

nuclei dependant parameters. The dimerization constant, KD, is a shared fitting parameter 

which is regressed for all nuclei. The equations were fitted to the experimental results as 
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a function of temperature by the Levenberg-Marquardt non-linear least squares algorithm 

contained in the commercial software package SigmaPlot 11®. No weighting parameters 

were used in the regression.  

Figures 3.4 to 3.7 show the best fits of the dimer model to the NMR chemical 

shift data in Table 3.1. The fitting parameters δmono and Δδ are listed in Table 3.2. Values 

for KD are reported in Table 3.3. The regression of the 40 °C data only used 7 data points 

instead of 8. The chemical shift of the H-2 peak was observed further up-field than the 

previous data point preventing regression of the data. The data point could not be further 

resolved by NMR due to deuterium exchange.  

A linear regression was used to fit the log KD values as a function of inverse 

temperature, using the inverse variance as a weighing parameter, in order to determine 

the enthalpy of dimerization, DH  . The values are tabulated in Table 3.3 and are plotted 

in Figure 3.8. The fitted value of DH  = (-1.8 ± 2.1) kJ mol-1 was found to be 

statistically insignificant. The regression was performed again with only the first three 

temperatures, and yield the value DH   = (-5.0 ± 1.0) kJ mol-1.  

 

3.3.2 Higher Order Adenine Stacks.  

 

For the polymerization constant, the full equal constant or “EK” model was used. 

This assumes that self-association occurred between the stacks and monomers.  

 

1( ) ( )  n nAdH AdH AdH        (3.9a) 

 



  106

It also assumes that stacking is a non-cooperative process, where the formation of stacks 

is independent of formation of the other stacks, so that the stepwise formation constants 

are equal. 

2 3 4 ...    n iK K K K K        (3.9b) 

 

 The equilibrium constant for polymerization Kn, is written in terms of the molality of the 

species in Equation 3.9c. 

 

 

   

n+1

n

AdH

AdH AdH

=n

m
K

m m
                                                                                           (3.9c) 

 

 The the observed chemical shift δobs, is the weighted average of the values for the 

adenine monomer, δmono;  outside adenine monomers at the ends of a stack, δos; and inside 

monomers in between the stacks, δis (Martin, 1996):  

 

obs mono mono os os is is          ,                                                                     (3.10) 

 

where the value of αi is the mol fraction of adenine as either monomer, inside the stack or 

outside the stack.  Equation 3.9 is then rearranged to Equation 3.11 (Mitchell and Sigel, 

1978):  
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 (3.11) 

 

The equation is simplified by assuming that δos is equal to the average contribution of 

δmono and δis, to yield Equation 3.12: 

 

 mono

os 2

is 



                                                                                             (3.12) 

 

This assumes the NMR spectra of the molecules in the stacks are equal to the average 

value of the monomer and the internal stack. This also assumes that adenine at the ends 

of the stack experience half of the solute-solvent interactions of the free monomer and 

half the solute-solvent interaction inside the stack. This assumption sets the average 

contribution from the monomer and inner stack, f = 0.5 as seen in Equation 3.13, 

(Martin, 1996). 

 

os mono

is mono

f
 
 





                                                                                                (3.13) 

 

The use of these assumptions produces a simplified indefinite stacking equation, which 

can be easily fitted to the NMR data to produce a value for Kn. 
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obs mono

(1 4 1)
1

2
n t

n t

K m

K m
  

  
    

  
                                                          (3.14) 

 

The EK model for polymerization is formally similar to the dimer model and will 

produce polymerization constants, Kn =2K2 (Mitchell and Sigel, 1978; Martin, 1996). The 

Δδ is now expressed as (δos- δmono). The regressions were completed in the same manner 

as for the dimer model regressions, using the same software. The refitted values for the 

chemical shift of the monomer and up field chemical shift are equal to those previously 

fit for the dimer seen in Table 3.2, and the EK model equilibrium constants can be found 

in Table 3.4 with the results of the temperature-dependent regression found in Table 3.4. 

It was not possible to use the full EK model with this data set due to the limited number 

of NMR spectra collected. The enthalpy of association was regressed to the first three 

measured temperatures and yielded H°n  = (-5.0 ± 1.0) kJ mol-1. 

 
 

3.4 Discussion 

 

3.4.1 Deuterium Exchange 

 

It is important to note that the H-8 proton undergoes chemical exchange with 

protic solvents such as D2O, which reduces the intensity of the H-8 peak. As the 

temperature increases, the rate of the deuterium exchange increases (Thomas and 

Liveramento, 1975; Liveramento and Thomas, 1974). For adenosine 5’-monophosphate 

at 30°C the rate constant for deuterium exchange of the H-8 is 0.000812 hr-1, based on 
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pseudo-first-order kinetics at a pD of 7. The activation energy under these conditions is 

24.2 kcal mol-1 and the frequency factor is equal to 2.3 x 1014 hr-1. The H-2 peak, 

however, is much more stable than the H-8 peak with respect to chemical exchange.   

 

3.4.2 Dimer Model and EK Model 

 

Fitted results from both the dimer model in Table 3.2 and the EK model show the 

identical infinite dilution shift and up-field shift. The self association constant is 

calculated to be twice that of the dimerization constant. This is not surprising, because of 

the formal similarity of the models. Even though the simplified EK model was used, it is 

still able to produce quantitative data which are comparable to other methods of acquiring 

Kn for purines (Martin, 1996).   

The dimerization self-association constants at 328.15 K are larger than the values 

at 313.15 K and 298.15K, and smaller than those at 283.15 K. Linear regressions of the 

dimerization self-association constants with respect to temperature do not reveal any 

significant temperature dependence. The overlapping standard errors between each of the 

equilibrium constants further supports this. The scatter between all four equilibrium 

constants prevents determination of the enthalpy of reaction with statistical certainty.  

However, if the data point at 328.15 K is omitted from the regression analysis, a reaction 

enthalpy can be determined within statistical certainty.   

It has been reported previously in other self-association studies of purine 

nucleosides and pyrimidine nucleosides that a significant up-field shift must be present to 

calculate the self-association constants (Tribolet and Sigel, 1987; Scheller et al., 1981; 
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Martin, 1996). The self-association constants are estimated by the degree of curvature or 

bend in the regression. Normally the solubility is the limiting factor in measuring the up-

field chemical shifts. However the magnetic ring currents of adenine are strong enough to 

create a sufficient bend without the need for a broad concentration range. The limiting 

temperature appears to be 328.15 K. At higher temperatures the data do not display 

enough of a change to be regressed.  

Tribolet and Sigel measured the up-field shift as a function of pH, in order to 

estimate the self-association constant of sparingly soluble adenosine 5’-monophosphate 

at low pH (Tribolet and Sigel, 1987). A two parameter model was then used to determine 

the dimerization and self-association constants. Schimmack et al. (1975a) demonstrated 

that the up-field chemical shift can be represented as linear function of temperature, for 

six adenine derivatives, as well as caffeine, from -5°C to 50°C (Schimmack et al., 1975a; 

Schimmack et al., 1975b). In Figures 3.9 and 3.10, a similar analysis of our results was 

done by plotting the up-field shift versus the inverse temperature; each proton shows a 

linear relationship with respect to the first three temperatures. The regression parameters 

for the up-field chemical shifts are listed in Table 3.5. The up-field shift at 328.15 K 

stands as an outlier but is within the error limits of the extrapolation.    

The up-field chemical shifts calculated from the regression parameters in Table 

3.5, are listed in Table 3.6 along with the regressed chemical shift of the monomer. Table 

3.7 lists the updated Kn and ΔH°n values for adenine calculated from the temperature-

dependent regression shown in Figure 3.9 and 3.10. These chemical shift data and self-

association constants show a reduced error in the estimation; however this is due to 

adding one more degree of freedom per proton to the regression. The enthalpy for the 
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self-association was calculated to be ΔH°n = (-4.7 ± 0.6) kJ mol-1 from the temperature 

dependant regression. The value is similar to the enthalpy of reaction calculated using the 

first three temperatures listed in Table 3.4.  

 

3.4.3 NMR Versus UV-Visible Data 

 

Currently, only one study has been published on the self-association constants for 

adenine at 25 °C yielding KD = (1.2 ± 0.3) x 104 and Kn = (2.2 ± 0.3) x 102 in a buffered 

solution (Morcillo et al., 1987). The published study by Morcillo et al. used UV-visible 

spectroscopy to measure the self-association constants of adenine by observing different 

hypochromic effects with concentration. The first hypochromic effect was seen only at 

the most dilute concentrations from 1 x 10-6 mol L-1 to 5 x 10-3 mol L-1, and was 

associated with dimerization constants only. The second hypochromic effect appears at 

much higher concentration, from 5 x 10-3 mol L-1 up to above the solubility limit of 

adenine at 3.0 x 10-2 mol L-1, and was equated to the equilibrium constant for the 

formation of indefinite stacks (Morcillo et al., 1987). In total Morcillo measured the 

apparent molar absorptivity of 17 adenine solutions to determine the self association 

constant of adenine.   

 Their reported values are much larger compared to those of this study, by at least 

an order of magnitude. To explain the discrepancy, we note that Morcillo et al. 

demonstrated that the fitting of selected regions of concentration where the hypochromic 

effects occur can produce similar self-association constants to literature. This analysis 

was performed with adenosine and the self-association constant Kn was estimated to 
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equal 18 which is in agreement with the NMR data from Mitchell and Sigel and the 

review from Martin, (Mitchell and Sigel, 1978; Martin, 1996). UV-visible experiments 

for ATP in varying pH were repeated by Peral and Gallego (Peral and Gallego, 2000a) 

and were compared to the NMR work from Mitchell and Sigel, (Mitchell and Sigel, 

1978).  At pH 6.9, Peral and Gallego estimated that Kn = 50 while Mitchells work 

estimated Kn = 1.3. Peral and Gallego explained that the differences in the results were 

from the different concentration ranges measured. Using a narrower concentration range 

yielded the value Kn=1.2.  

In this work adenine solutions were prepared at concentrations from 5 x 10-3 mol 

kg-1 to 3 x 10-5 mol kg-1, which is a slightly smaller concentration range compared to the 

adenine studies done by Morcillo et al.(1987), however the discrepancy is too large to be 

due to the concentration range. The use of UV visible spectroscopy to determine self-

association constants may also not be the best method, as it is believed that it cannot fully 

distinguish between self-association via hydrogen bonding and molecular stacking which 

may affect the hypochromic shift (Morcillo et al., 1987). In NMR spectroscopy it is 

accepted that the chemical shift is representative of stacking monomer units (Cheng et 

al., 1980).  

 

3.4.4 Linear Free Energy Evaluation of 6-Substituted Purines 

 

It is generally accepted that adenine derivatives have the largest self-association 

constants in aqueous solutions (Scheller et al., 1981). The polarization of the π-electron 

system by substituents in the 6 position of adenine is in part responsible for this. Table 
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3.8 and Figure 3.11 show the linear free energy relationship of the self association 

constants of 6-substituted purines with respect to purine, using the positive resonance 

substituent parameters, σ+, (Hansch et al., 1991). The choice of the parameter was chosen 

both on the best fit of the data but also on the idea that resonance is a significant 

contributor to self-association. The self-association constant for adenine appears in the 

expected region. The constant is slightly smaller than dimethyadenine and larger than 6-

methoxypurine and 6-methylpurine. As substituents become more electrons donating, the 

self-association constants increase. The substituents with free lone pairs donate into the 

π-electron system, increasing the overall electron density influencing the polarizability of 

the electron cloud (Schimmack et al., 1975a; Schimmack et al., 1975b). The bulkier 

substituents such as the methoxy and dimethylamine groups will add electron density to 

the π-electron system, but the methyl substituents associated with them inhibit overlap for 

the formation of dimers and indefinite stacks (Schimmack et al., 1975a; Schimmack et 

al., 1975b).  It is therefore important to recognize that polarizability of the π-electron 

system plays a role in the self association of purine as well as steric (Schimmack et al., 

1975a; Neurohr and Mantsch, 1979). 

 

3.4.5 Comparison to Other Purines 

 

 Current thermodynamic parameters for adenine and purine derivatives are 

tabulated in Table 3.9. The more soluble adenine derivatives have had their enthalpies 

and entropies of reaction determined either by calorimetry or NMR studies. The self 

association constants of adenine are slightly larger than for other adenine derivatives with 
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bulky alkyl groups attached to the N6 and N9 atoms. While adding more alkyl groups 

will increase the electron density into π-electron system, there is more interference in 

stacking resulting from their added bulk. Adding the ribose sugar to the 8 position of 

adenine reduced the self association constant significantly. The smallest equilibrium 

constants are those belonging to the nucleotides. Here the ribose-phosphate group have 

large effects on the equilibrium constants by interfering with overlap the most. However, 

this should not restrict the possible geometries of stacking (Neurohr and Mantsch, 1979). 

The enthalpy of reaction for adenine is surprising because it is very small in 

comparison to the other purine and adenine derivatives. The entropy is also positive 

where it should be negative in comparison to other purines. Since self-association is a 

phenomenon that only occurs in water, it understood that hydrophobic effects play a key 

role. Classically, the hydrophobic interactions were seen as positive in enthalpy and 

positive in entropy, but self-association thermodynamic display negative enthalpies and 

entropies of reaction (Neurohr and Mantsch, 1979). In this study the entropy is positive, 

15 J K-1 mol-1, and enthalpy is negative and small, -5 kJ K-1 mol-1. This suggests that the 

solvent is the play a major role in self-association of adenine. Studies involving the 

addition of bulky organic solvents to aqueous samples have shown that self-association 

constants decrease (Sapper and Lohmann, 1978). Thus, water structure serves as 

scaffolding for stacks of adenine. Since there are no bulky substituents to force a 

minimum, distance monomers can stack as tightly as possible for efficient stacking (Luo 

et al., 2001). The increase in the π-electron system plays a role in the self-association of 

adenine, by becoming more polarisable environment. This is perturbed by the addition of 
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bulky functional groups to the ring. This suggests that it is a weak contributor to self-

association of purines.  

Computational studies support the theory that stacking is a solvent-mediated 

effect, which is driven by the hydrophobic contributions. The efficient stacking of 

adenine has been related to a large Lennard-Jones well-depth. Disruption to any of these 

effects will lead to reduced self-association constants as seen by the addition of large 

bulky substituents. It also supports the arguments that self-association of purines are 

driven, primarily, through non-electrostatic effects (Luo et al., 2001).   

 

3.5 Conclusions 

 

In order to measure the self-association constants for adenine, accurate solutions 

of sufficient molality which are detectable to modern NMR spectrometers must be 

prepared. Conducting experiments in heavy water rather than light water adds another 

challenge, since deuterium exchange happens readily with the H-8 proton and to a lesser 

extent with the H-2 protons. This reduces the intensity of the proton absorption spectrum 

of adenine and creates broader peaks. Sufficient spectra have been collected and analysed 

and been used to derive self-association constants for adenine at 298.15 K. These are 

comparable to the self-association constants of other adenine derivatives, and follow the 

linear free energy trend for the self-association constants. The most surprising result from 

these experiments is the weak temperature dependence of the self association. The 

calculated enthalpy of self-association is small and negative, -5 kJ mol-1, and the entropy 

of self association is large positive, 15 J K-1 mol-1, at 298.15 K.  It is surprising as this is 
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not reflected in the documented trends of other adenine derivatives. However, the data 

can be used to understand the relationship between water, hydrophobic effects of adenine, 

and the polarisable π-electron system above and below to interact to create adenine 

stacks.  
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Table 3.1: Chemical shift of H-8 and H-2 protons of adenine at several solution molalities 
(m · 103) mol kg-1. a,b,c 
 

 H-2 δ   H-8 δ  
 m · 103 

ppm ppm 
T = (273 ± 1) K 

4.969 ± 0.008  7.5541 7.5113 
2.3275 ± 0.0026  7.5809 7.5279 

0.455890 ± 0.00006 7.6070 7.5492 
0.031960 ± 0.00005 7.6122 7.5538 

T = (298 ± 1) K 
4.969 ± 0.008  7.5310 7.4831 
2.3275 ± 0.0026  7.5467 7.4935 

0.455890 ± 0.00006 7.5630 7.5076 
0.031960 ± 0.00005 7.5650 7.5087 

T = (313± 1) K 
4.969 ± 0.008  7.5057 7.4517 
2.3275 ± 0.0026  7.5144 7.4591 

0.455890 ± 0.00006 7.5233 7.4649 
0.031960 ± 0.00005 7.5249 7.4629 

T = (328 ± 1) K 
4.969 ± 0.008  7.4782 7.4186 
2.3275 ± 0.0026  7.4841 7.4234 

0.455890 ± 0.00006 7.4894 7.4271 
0.031960 ± 0.00005 7.4919 7.4283 

a Standard deviation of multiple measurements  
b Error in chemical shift from TMACl standard 0.002 
ppm 
c Accuracy of temperature reading from variable 
temperature unit on NMR. 
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Table 3.2: Regression values for the chemical shifts of the monomer and the up-field 
chemical shift for the dimer model and the EK model. a,b 
 

Adenine H-2 H-8 
 T  δmono   Δδ   δmono   Δδ   
 K  ppm   ppm   ppm   ppm   

273 7.614 ± 0.001 -0.33 ± 0.08 7.554 ± 0.001 -0.24 ± 0.06 
298 7.566 ± 0.001 -0.22 ± 0.10 7.510 ± 0.001 -0.17 ± 0.08 
313 7.5252 ± 0.0004 -0.15 ± 0.06 7.467 ± 0.0006 -0.12 ± 0.04 
328 7.492 ± 0.001 -0.08 ± 0.03 7.4277 ± 0.001 -0.056 ± 0.020

a: Standard errors from the regression  
b: The accuracy of temperature reading from variable temperature unit on NMR is ± 1 
K . 

 
 
Table 3.3: Regressed values for the dimerization constant KD and dimerization enthalpy 
ΔH°D of adenine. a 

 
 T  

K 
KD

exp KD
fit1 b KD

fit2 c 

273 27±10 26 28 
298 24±15 24 22 
313 17±8 21 17 
328 25±13 20 14 

ΔH°D = (-1.8 ± 2.1) kJ mol-1 b 
ΔH°D = (-5.0 ± 1.0)  kJ mol-1 c 

a Propagated error from standard error 
b Fit 1 using all four temperatures  
c Fit 2 using the first three temperatures.  
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Table 3.4: Regressed values for the stacking constant Kn and self association enthalpy 
ΔH°n of adenine to form stacks. a 

 
 T  

K 
Kn

exp Kn
fit1 b Kn

fit2 c 

273 54±19 52 55 
298 47±30 47 43 
313 33±16 43 35 
328 50±25 40 28 

ΔH°n = (-1.8 ± 2.1) kJ mol-1 b 
ΔH°n = (-5.0 ± 1.0)  kJ mol-1 c 

a: Propagated error from standard error  
b: fit using all four temperatures   
c; fit using the first three temperatures.  

 
 
Table 3.5: Regression parameters for the up-field chemical shift of adenine. Where the 
slope of the regression in units T-1 and the intercept is (Log(Δδint)

 which is unit less. 
 

Slope Log(Δδint)Proton 
T-1 unit less 

Δδ H-8 926.601 -3.892 
Δδ H-2 966.617 -3.904 

 
 
 
Table 3.6: Chemical shift for adenine monomer and the regressed up-field chemical shift 
for the indefinite stack using the EK model and regressed up-field shift data. a,b 
 

 H-2 H-8 
 T  δmono   Δδ   δmono   Δδ   
 K  ppm   ppm   ppm   ppm   

273 7.6138 ± 0.0008 -0.3248 ±0.0060 7.5543 ± 0.0007 -0.24111 ± 0.00013
298 7.5664 ± 0.0008 -0.2186 ±0.0040 7.5095 ± 0.0007 -0.16497 ± 0.00009
313 7.5252 ± 0.0002 -0.1528 ±0.0028 7.4669 ± 0.0002 -0.11705 ± 0.00006
328 7.4913 ± 0.0003 -0.1104 ±0.0020 7.4286 ± 0.0003 -0.08570 ± 0.00005

a: Standard errors from the regression  
b: The ccuracy of temperature reading from variable temperature unit on NMR is ± 1 K .
 
 
 
 
 



  122

Table 3.7: EK stacking constans the self-association enthalpy of adenine calculated using 
regressed up-field shift data. a 

 
 T
K 

Kn
exp Kn

fit b 

273 54±19 55 
298 47±30 43 
313 33±16 35 
328 50±25 29 

ΔH° = (-4.7 ± 0.6)  kJ mol-1 c 
a Propagated error from standard error 
b fit using all four temperatures  
c fit using the first three temperatures.  

 
 
Table 3.8: Table of EK stacking constants, substituent parameter, σ+ a, and self 
association ratio of 6-substituted purines relative to purine reference. 
 

6-subsituted purines Kn σ+ log (Kx/KH) 
6-dimethylaminopurine b 61.7 -1.7 1.39 
Adenine c 47.2 -1.3 1.28 
6-methoxypurine b 7.69 -0.78 0.49 
6-methylpurine d 6.7 -0.31 0.43 
purine e 2.2 0 0 
6-chloropurine b 5.26 0.11 0.32 
6-cyanopurine b 0.91 0.66 -0.38 
a;(Hansch, et al, 1991) 
b;(Marenchic and Julian, 1973)  
c;This work  
d;(Gill, et al, 1967) 
e;(Ts'O, et al, 1963) 
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Table 3.9: Thermodynamic data for EK stacking of adenine derivatives and purines. 
ΔH°   ΔS° 

Purines  Kn 
kJ mol-1 J K-1 mol-1

6-substituted    
adenine a1  47 -4.6 15 
adenine a2 46 0 32 
purine b,c 2.1 -17.6 -52.0 
purine d 2.4   
purine e 2.2   
6-methylpurine b 6.7 -25.1 -67.0 
6-chloropurine f 5.3 -22.6 -62.8 
6-cyanopurine f 0.9 -23.8 -62.8 
6-methoxypurine f 7.7 -29.7 -62.8 
6-dimethyladenine f 61.7 -38.1 -94.1 
6-dimethyladenine g 38.0 -39.3 -102.1 
caffeine h 4.8 -14.0 -34.0 
Methyl and Ethyl Derivatives of Adenine    
N9-ethyladenine g 12.5 -22.2 -54.0 
N6,N9-dimethyladenine g  24.7 -29.3 -72.0 
N6,N9-dimethyladenine  45.3 -28.0 -90.4 
N6-dimethyl-N9-ethyladenine g 45.9 -26.8 -58.2 
Adenine Derivatives With Ribose Sugar    
6-dimethyladenosine g  21.7 -25.9 -61.1 
6-dimethyladenosine d 29.0   
6-dimethyladenosine i  33.3 -26.8 -60.7 
adenosine j 19.0   
adenosine k 15.0   
inosine j 4.7   
Purine Derivatives With Ribose Sugar and Phosphate    
5'inosine monophosophate l 1.4   
5'guanosine monophosophate l 1.3   
5'adenosine monophosophate l 1.9 -14.5 -42.3 
5'adenosine monophosophate k 1.3   
adenosine triphosphate k 1.3   
adenosine triphosphate m  8.2 -21.3 -54.4 
a;This work a1 Temperature dependant a2 Not Temperature dependant b;(Gill, et al,
1967) c; Value for Kn (Ts'O, et al, 1963) d;(Peral and Gallego, 2000b) e;(Dimicoli and 
Helene, 1973) f; (Marenchic and Julian, 1973) g;(Schimmack, et al, 1975b)  h;(Origlia-
Luster, et al, 2002) i:(Bretz, et al, 1974) j; (Martin, 1996) k; (Tribolet and Sigel, 1987)
l; (Neurohr and Mantsch, 1979) m:(Heyn and Bretz, 1975) 
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Figure 3.1: Adenine with numbered atoms 

Figure 3.2: Head to tail (anti-parallel), left 178° 
rotation, and head to head (parallel), right 5° rotation, 
stacking of adenine. The figure was modified from the 
6-methylpurine model (Chen et al., 1980).  
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Figure 3.4: Chemical shift of H-8 and H-2 protons vs molality at  
10 °C. KD = 27 ± 10; Kn = 54 ± 19. 
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Figure 3.5: Chemical shift of H-8 and H-2 protons vs molality at  
25 °C. KD = 27 ± 15; Kn = 47 ± 30. 
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Figure 3.6: Chemical shift of H-8 and H-2 protons vs molality at  
40 °C. KD = 16 ± 8; Kn = 34 ± 16. 

7.43

7.44

7.45

7.46

7.47

7.48

7.49

7.50

7.51

7.52

7.53

0 1 2 3 4 5 6

mmol kg-1

δ
 p

pm

H2

H8



  129

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7: Chemical shift of the H-8 an H-2 proton vs molality at  
55 °C. KD = 25 ± 13; Kn = 50 ± 25. 
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A

B

Figure 3.8: Log KD vs 1/(T/K): (A) Regression of all four equilibrium constants; (B) 
regression of first three equilibrium constants. 
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Figure 3.9: Log (Δδ H-2)  vs 1/(T/K) : Fit of the first three temperature measurements. 



  132

-1.50

-1.30

-1.10

-0.90

-0.70

-0.50

0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

1/(T/ K)

L
og

 (Δ
δ 

H
-8

)
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Chapter 4:  

Standard Partial Molar Volumes and Standard Partial Molar Heat Capacities of 

Adenine 

 

4.1. Introduction 

 

Over the past 50 years the thermodynamics of purines, pyrimidines and their nucleic acid 

base derivatives have been measured in order to better understand changes that occur in 

aqueous solution (Ts'O et al., 1963; Ts'O and Chan, 1964; Cheng et al., 1980). A variety of 

methods have been used to measure thermodynamic quantities associated with proton and 

metal ion interactions for the nucleic acid bases, nucleosides and nucleotides (Oscarson et 

al., 1995; Izatt et al., 1971). The self-association of purine derivatives and pyrimidine 

derivatives has also been investigated (Martin, 1996). A variety of techniques have been used 

to measure equilibrium constants with respect to pH and metal ion concentrations (Izatt et 

al., 1971).  

 Adenine, the subject of this study, is a particularly important purine as it is one of the 

nucleic acid bases found in RNA and DNA. It derivatizes with ribose sugar and adenosine, 

and serves as a co-enzyme to proteins for regulatory function. Adenosine monophosphate, as 

well as the other polyphosphates, serves as a co-factor for biochemical regulation and as the 

energy currency for the cell (Nelson and Cox, 2005). Adenine is a major component of all 

living things. This includes extremophiles, which can live in environments as hot as 121°C 

near deep ocean hydrothermal vents on the sea floor (Martin et al., 2008). “Origin of life” 

studies suggest that hydrothermal vents are a suitable location for the formation of prebiotic 
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molecules (Martin et al., 2008; Shock and Canovas, 2010). Thermodynamics can be used as 

a tool to estimate the reaction conditions for these molecules. The standard partial molar 

volumes and standard partial molar heat capacities of adenine have been measured 

previously, but volumetric data is limited to the neutral species in the range from 10 to 55 °C 

(Kishore and Ahluwalia, 1990; Zielenkiewicz et al., 1994; Lee and Chalikian, 2001; Buckin, 

1988). Recently, two heat capacity studies of adenine have been reported in the literature, but 

these are limited to 25°C (Kishore and Ahluwalia, 1990; Zielenkiewicz et al., 1994). 

Experimental data for the adenine anion and cation are absent from the literature.  

The equilibrium species of adenine in solution are the adenine cation, AdH2
+, and 

anion, Ad-, as well as the neutral adenine monomer, AdH, and dimer (AdH)2. Equations 4.1 

and 4.2 are the ionization reaction of adenine written in their isocoulombic forms. 

 

     
+ +

3 2 ( ) 2aq aq lAdH +H O AdH +H Oaq                (4.1) 

 

     ( ) 2aq aq lAdH +OH Ad +H Oaq
                  (4.2) 

 

Balodis et al. (2012) measured the ionization constants of adenine. The data for both 

protonation reactions of adenine were modelled up to 250 °C using the mean heat capacity 

and the density model.  Adenine in aqueous solution will self ionize into anionic and cationic 

species as per Equation 4.3. 

 

  ( ) 2 ( )aq2AdH Ad +AdHaq aq
                  (4.3) 
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This self-ionization equilibrium constant can be calculated from the equilibrium constants of 

Equations 4.1 and 4.2 and the ionization of water.  

In Figure 3.3, the dimerization equilibrium represents the stacking process whereby 

adenine monomers overlap each other according to Equation 4.4. 

 

     2
2 aq aq

AdH AdH                  (4.4) 

 

Adenine derivatives and nucleotides are known to stack beyond dimers (AdH)2 and trimers 

(AdH)3 up to indefinite stacks (AdH)n (Mitchell and Sigel, 1978). For simplicity, only the 

dimer-monomer equilibrium is considered here. 

 Thermodynamic modelling of adenine has been done by LaRowe and Helgeson 

(2006), in an attempt to extend the standard partial molar volume, V°, and standard partial 

molar heat capacity, Cp°, database up to hydrothermal conditions. This provides 

thermodynamic data which can be used to estimate the chemical activity in the biology of 

extremophiles and can also be used to help predict the origin of life. 

 The purpose of this work was to measure the standard partial molar volumes and 

standard partial molar heat capacities of adenine and adenine hydrochloride from 15 to 90°C, 

and for the sodium adeninate from 10 to 40°C. These data can be used to improve current 

thermodynamic models and their ability to predict the low temperature behaviour of adenine. 

Better models can also be fitted to the new data in order to extrapolate to hydrothermal 

conditions.  
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4.2. Experimental 

 

4.2.1. Chemicals and Materials 

 

Pure water with a resistivity of 18.2 mΩ from a Milipore Direct-Q 5 water 

purification system was used to calibrate the instruments, and was also as the solvent used to 

prepare the calibration solution of sodium chloride, NaCl (Alfa Aesar, 99.99%). To remove 

as much water as possible from the salt, NaCl was dried in a convection oven overnight at a 

temperature of 350°C and weighed until constant mass. Solid adenine, AdH, (Acros Organics 

>99.5%) and adenine hydrochloride, AdH2Cl (Fluka ≥ 99.0%) were dried in a vacuum oven 

at a temperature of 40 °C to constant mass. The vacuum oven was chosen to prevent 

decomposition of the solid while drying.  The dried solutes were kept in a vacuum desiccator 

in a refrigerator set to 4°C. The low temperature storage limited degradation of samples by 

microbes. Standard sodium hydroxide solutions were prepared using 50% w/w sodium 

hydroxide, NaOH (Fluka 50% w/w). Standard solutions of 0.1 mol kg-1 sodium hydroxide 

were prepared and standardized with potassium hydrogen phthalate, with a minimum of three 

measurements used to determine the solution molality. NIST traceable standard buffer 

solutions from Thermo Scientific, pH 4.01, 7.00 and 10.01, were used to calibrate an InLab® 

Routine Pro pH probe which was connected to a SevenEasy pH meter from Mettler Toledo 

Ltd.  
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4.2.2. Adenine Solution Preparation 

 

The preparation of accurate adenine solutions is a time-consuming process which 

requires patience and careful attention. The adenine solution concentrations were limited by 

the solubility of adenine, which is approximately 0.008 mol kg-1 for the neutral species, 0.05 

mol kg-1 for the hydrochloride salt at pH 2, and 0.1 mol kg-1 at pH 11 for the monosodium 

salt species, NaAd (Costantino and Vitagliano, 1967; DeVoe and Wasik, 1984). Adenine and 

adenine hydrochloride solutions were prepared at least 20% below their solubility limit. A 

mass of solid adenine or adenine hydrochloride was weighed by difference on an analytical 

balance in a 30 mL beaker using the average mass, from multiple weighing of the beaker 

when empty and the average mass of the breaker when full of adenine. A minimum of three 

weights were taken to calculate the average mass of adenine in the beaker and the standard 

deviation of the mass. Volumetric flasks (250 mL) were pre-weighed using a top loading 

balance. The solid was transferred into the pre-weighed volumetric flask from the 30 mL 

beaker by rinsing it with a squirt bottle until no solute was visible in the 30 mL beaker. The 

beaker was rinsed an additional six times in order to ensure that the entire solid was 

quantitatively transferred. Sonication in a heated water bath was used to help dissolve the 

solute. Sonication was done over 10 minute intervals between the temperatures of 25 to 40°C 

over a period of at least four days. Adenine hydrochloride solutions were prepared in one 

day. Three separate samples of adenine and adenine hydrochloride solution were prepared by 

mass with approximately equal molalities. Once the solute was dissolved, the stock solution 

was diluted to the desired molality with water and weighed on a top-loading balance. The 
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adenine solution molalities were (5.8001 ± 0.0011) mmol kg-1, (5.8033 ± 0.0016) mmol kg-1, 

and (5.7979 ± 0.0016) mmol kg-1. Adenine hydrochloride solutions were prepared at the 

following molalities: (40.0020 ± 0.0016) mmol kg-1, (38.776 ± 0.007) mmol kg-1 and (40.555 

± 0.004) mmol kg-1. The solutions were stored in 250 mL Nalgene bottles in the refrigerator 

until measured. 

Sodium adeninate solutions were prepared by adding standardized sodium hydroxide 

solution to the adenine solutions and diluting to the desired molality. The addition of sodium 

hydroxide to solution increases the solubility of adenine to 0.1 mol kg-1 (Costantino and 

Vitagliano, 1967). The molalities of adenine and sodium hydroxide were kept as equal as 

possible in solution. Each adenine sodium hydroxide solution took at least three days to 

prepare. The sodium adeninate solutions were prepared with the following molalities: 

(24.321 ± 0.007) mmol kg-1, (25.001 ± 0.005) mmol kg-1 and (22.4129 ± 0.0010) mmol kg-1. 

The solutions were stored in 250 mL Nalgene bottles in the refrigerator until measured. 

To de-gas the solution, the syringe barrels used to inject the solutions were plugged 

using a luer lock cap. A vacuum was created in the injection syringe barrel by increasing the 

volume size to four times the initial volume of sample placed in the syringe, and the gas was 

quickly ejected. This was continued until no sign of bubble formation could be observed. 

 

4.2.3. Densitometer Measurements 

 

The densities of solvent and solutions were determined using an Anton Parr DMA 

5000 densitometer, by measuring the period of vibration after a 600s equilibrium time. The 
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density of solutions and liquids relative to water is related to the period of vibration by 

Hooke’s Law as applied to a harmonic oscillator, 

 

 2 2
s w p s wk                               (4.5) 

 
 
where ρs is the density of the solution; ρw is the density of water; τs and τw are the periods of 

vibration for solutions and water; and kp is the calibration constant (Woolley, 2007). The 

period of vibration was recorded for all of the solutions in order to determine their  relative 

densities.   

The densitometer was calibrated with pure water and a 1 mol kg-1 NaCl standard 

solution, using density reference values from Archer’s equation of state (Archer, 1992). The 

calibration was performed before and after every two sample solutions. The pH of adenine 

hydrochloride and sodium adeninate solutions was measured prior to injection into the 

densitometer in order to calculate the degree of hydrolysis. The relative densities of the 

solutions were calculated from each calibration constant and averaged together, and 

uncertainties in the relative densities were calculated through propagated uncertainty.  

 

4.2.4. Calorimetry Measurements 

 

The heat-capacity-density products of water (cp,w·ρw) and solution (cp,s·ρs) were 

measured using a CSC 6300 HT Nano-DSC III calorimeter, equipped with cylindrical gold 

cells as described in Chapter 2. Measuring heat-capacity-density products of solution 

involves, measuring the difference in power, ΔPs, needed to maintain equal temperature 
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between the sample cell filled with solution, and the reference cell filled with water. The 

power to heat or cool each cell is a function of both the heat capacity and density, since the 

fluids expand and contract during heating and cooling cycles. As a result, measurements of 

ΔP yield the heat-capacity-density product for the solute relative to water in the reference 

cell, (cp,s·ρs – cp,w·ρw) according to the following expressions: 

 

   , , 1  2

c
p s s p w w sCell Cell

k
c c P

r
           

              (4.6a) 

 

where r is the temperature scanning rate, and kc is the calorimeter cell constant (Woolley, 

2007; Ballerat-Busserolles et al., 2000). The calibration and measurement procedures 

reported by Ballerat-Busserolles et al. (2000) were used in this study. Calibration runs were 

carried out before and after each series of measurements, in which both cells were filled with 

water to yield Equation 4.6b;  
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             (4.6b) 

 

Subtracting the results of the calibration runs from Equation 4.6a yields an expression for the 

heat-capacity-density product of solution and water: 
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The massic heat capacity of the solution, cps, is related to the experimental parameters and 

the solution density, ρs, by the expression: 

 

( ) p w ws w c
ps

s s

cP P k
c

r


 

  
                   (4.7) 

 

where ρs is measured for the identical solution; the terms cp,w  and  ρw were taken from an 

accurate equation of state for water; and the calorimeter constant kc. The instrument was 

calibrated with pure water and a 1 mol kg-1 NaCl standard solution, using densities and 

massic heat capacities from equation of state for water from Hill (1990) and NaCl (aq) from 

Archer (1992), in order to calculate the heat-capacity-density products. 

The solvent and solutions were degassed and injected into the cylinder-type cell using 

a 5 mL Gastight Hamilton syringe. A luer-lock cap was used to seal the barrel, and  5 inch 20 

gauge luer-lock needles were used for 3 to 5 injections to rinse and fill the cell. The 

calorimeter requires a period of equilibration time, during which water is placed in both the 

reference cell and the sample cell and the instrument is allowed to scan through heating and 

cooling cycles. Cycling the instrument with water prior to injection of the calibration solution 

and sample solutions gives the instrument time to stabilize and produce a reliable water 

reference state. The pressure was set to 0.30 ± 0.01 MPa, and the scanning rate set to 1 °C 

min-1 with the ΔP measured over the temperature range from 5 to 115 °C with six 

consecutive heating and cooling experiments.  

The cell constant kc was calculated for the heating and cooling scans. After rinsing the 

reference cell with water followed by sample solution, a final sample injection was made. 
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Equation 4.6 was used calculate the massic heat capacity of the sample solution using the 

values of ρw and cp,w from Hills (1990) equation of state. Values of ΔP from the first heating 

and cooling scans were omitted, and the last five values averaged and the standard deviation 

calculated (Woolley, 2007; Ballerat-Busserolles et al., 2000; Woolley, 1997).  The relative 

heat-capacity-density products from the heating and cooling scans were averaged and then 

used to calculate the final massic heat capacity. The uncertainties in the relative heat-

capacity-density products were calculated from the standard deviation in the power scans and 

the associated uncertainty in the reference values of water, (Hill, 1990) and sodium chloride 

solution, (Archer, 1992).  

 

4.3. Results 

 

4.3.1. Neutral Adenine 

 

The relative densities (ρs-ρw) were measured at atmospheric pressure (0.1 MPa.) The 

values are listed in Tables 4.1 to 4.3. The apparent molar volumes were assumed to be 

unaffected by the slight increases in pressure, and were used to calculate the density of the 

solution ρs at 0.30 MPa using the Hill (1990) value for water at this pressure. The 

uncertainties in the relative densities were estimated by calculating the propagation of errors 

based on the standard deviation of the period of vibration, the uncertainties in the density 

from the equation of state Archer (1992) for sodium chloride solutions and the equation of 

state for water from Hill (1990). We note that because the adenine solutions are so dilute, the 
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small difference between, cp,w·ρw at 0.10 MPa and 0.30 MPa is significant in the calculation 

of Cp,ϕ. 

The experimental values for the relative heat-capacity-density product (cp,s·ρs- cp,w·ρw) 

measured at 0.30 MPa are listed in Tables 4.4 to 4.6. The uncertainties in the relative heat-

capacity-density products were estimated by calculating the propagation of errors from the 

standard deviation of the power scans. The uncertainty in the calibration constant and the 

uncertainties in the density and massic heat capacities were calculated from the equation of 

state for sodium chloride from Archer (1992) and water from Hill (1990).  

Neutral adenine forms ionic and dimeric species. The molar fraction of ionic adenine 

species, formed from Equation 4.3, was calculated using the equilibrium constants from 

Balodis et al. (2012). Values for the degree of adenine self-ionization, αi, are tabulated in 

Table 4.7. Table 4.8 lists values for the degree of adenine dimerization, according to 

Equation 4.4 and using the dimerization constants presented in Chapter 3. Figure 4.1, are the 

fraction of adenine species present as monomer and dimer.  At the highest temperature 

measured, less than 0.0025 of adenine was ionized. In this section the apparent molar 

properties of adenine will be treated as the equilibrium mixture of the monomer and self-

associated species which we define as AdH*, where mAdH* = mAdH + 2m(AdH)2
 

The apparent molar volumes were calculated using relative densities at 0.10 MPa  
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where MAdH is the molecular weight of adenine and mt is the stoichiometric molality of 

adenine. The apparent molar heat capacities were calculated using the massic heat capacities 

of solution from the expression. 
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The apparent molar volumes and apparent molar heat capacities for adenine are tabulated in 

Tables 4.1 to 4.6.  

The solutions used in this study are extremely dilute, and as adenine is a non-

electrolyte, the apparent molar properties Yφ can be used directly to estimate the Y° for 

neutral adenine monomer in solution.  

 

Y Y                          (4.9) 

 

The mean values for the standard partial molar volume, V°, and standard partial molar heat 

capacity, Cp°, for adenine are tabulated in Table 4.9 with the mean experimental molar 

volumes, Vϕ
exp and mean experimental molar heat capacities, Cp,ϕ

exp of the triplicate solutions. 

Figures 4.2 and 4.3 plot the value of V°(AdH*) and the Cp°(AdH*) of adenine, respectively, 

together with values from the literature for comparison (Kishore and Ahluwalia, 1990; 

Zielenkiewicz et al., 1994; Lee and Chalikian, 2001; Buckin, 1988; Fucaloro et al., 2008).  
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4.3.2. Adenine Hydrochloride 

 

The speciation of the experimental adenine hydrochloride solutions was calculated 

using the ionization constants reported by Balodis et al. (2012). These are listed in Table 

4.10 and plotted in Figure 4.4 The relative density values for adenine hydrochloride solutions 

at approximately 0.1 MPa are tabulated in Tables 4.11 to 4.13. The apparent molar volumes 

were assumed to be unaffected by the slight increases in pressure and were used to calculate 

the density of the solution at 0.30 MPa using Hills (1990) values for water at this pressure. 

The uncertainty for the relative densities of adenine hydrochloride was calculated the same 

way as explained for the relative densities of adenine in Section 4.3.1. 

The experimental values for the relative heat-capacity-density products of AdH2Cl(aq) 

at p = (0.30 ± 0.1) MPa are listed in Tables 4.13 to 4.15 with associated uncertainties 

calculated from the standard deviation of the power scans. The relative heat-capacity-density 

products were calculated using the same procedure as adenine in Section 4.3.1. 

A sample of each adenine hydrochloride solution was taken to measure the pH. From 

the solution pH and the temperature measurement the equilibrium mixture of each adenine 

hydrochloride solution and the molalities of excess hydrochloride, was determined using 

Equation 4.10 with the ionization constants calculated from equation from Balodis et al. 

(2012): 

 

2 2 2

*
2

,

            

  (1- )                
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where mst is the stochiometric molality of adenine hydrochloride; αAdH2Cl, is the extent of the 

reaction; and mHCl,ex is the excess amount of hydrochloride in solution. The values for the 

degrees of dissociation to form adenine, αAdH2Cl, are tabulated in Table 4.17. The values for 

the fractional composition of species, Fi, were calculated using the following equation: 

 

2

 = i
i

AdH Cl HCl AdH

m
F

m m m 
               (4.11) 

 

where mi is the molality of the species in solution at equilibrium, and i can be adenine 

hydrochloride, AdH2
+Cl-, adenine, AdH* or hydrochloric acid, H+Cl-. As plotted in Figure 

4.4 the adenine hydrochloride solutions primarily contain adenine hydrochloride, with small 

amount of free adenine as well as free and excess hydrochloric acid. Dimerization of adenine 

was not included in this analysis as no self-association constant has been measured under 

acidic conditions. 

The apparent molar volumes, Vϕ
exp, were calculated from relative densities at 0.10 

MPa.  
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where, MAdH2Cl is the molecular weight of adenine hydrochloride and mAdH2Cl,st is the 

stoichiometric molality of adenine hydrochloride; MHCl is the molecular weight of excess 
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hydrochloric acid and mHCl,ex is the excess molality of hydrochloric acid in solution. The 

apparent molar heat capacities, Cp,ϕ
exp, were calculated using the massic heat capacities of 

solution measured at 0.30 MPa: 
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The apparent molar volumes and apparent molar heat capacities for adenine are tabulated in 

Tables 4.11 to 4.16.  

The experimental molar properties, Yϕ
exp, were treated with Young’s rule to remove 

contributions from neutral adenine and hydrochloric acid present in the solution from 

reaction 4.10. Equation 4.13 is the Young’s rule equation was used to isolate the apparent 

molar volume of adenine hydrochloride in solution Vϕ.
 

 

2 2

exp
, ,,

 =  +  + HCl HCl AdH AdHAdH Cl AdH Cl
V F V F V F V  

            (4.14) 

 

Here FAdH2Cl is the fraction of adenine hydrochloride in solution; FAdH 
is the fraction of free 

adenine in solution; FHCl is the fraction of free and excess hydrochloric acid in solution; and 

Yφ,i is the apparent molar property of each species in solution. Values for the fraction of each 

are taken from Table 4.10. 

For heat capacity measurements a chemical relaxation term, Cp
rel, must be included to 

correct for the perturbation from equilibrium of the system as it is heated up and cooled 

down. 
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*
2 2

exp rel
, HCl , ,HCl AdH pAdH Cl , ,AdH Cl , ,AdH

 =  +  +  +   p pp p
C F C F C F C C          (4.15a) 

 

The relaxation heat capacities are defined as Equation 4.15 b. 
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                (4.15b) 

 

The enthalpy of reaction ΔH° is equal to 21.56 ± 1.5 kJ mol-1 from Balodis et al. (2012) and 

used to calculate Cp
rel. R is the ideal gas constant and T is the temperature in Kelvin. The 

term αAdH2Cl is the extent of reaction for the production of neutral adenine AdH*. The values 

are listed in Table 4.17. The fraction of species Fi calculated from theses values of  αAdH2Cl is 

listed in Table 4.10. The apparent molar property values, Yϕ, for hydrochloric acid were 

calculated from equations by Sharygin and Wood (1997). Values of Cp,ϕ,AdH* were taken from 

Table 4.9. The resulting values for the species Vϕ,AdH2
+Cl- and Cp,ϕ,AdH2

+Cl- at the ionic strength 

of the solution are listed in Tables 4.11 to 4.16. 

To calculate the standard partial molar property of adenine hydrochloride the ionic 

strength effects were subtracted using a simple Debye Hückel relationship,  

 

0.5DH
YY Y A I   ,                            (4.16) 

 

where DH
YA  is the Debye Hückel limiting slopes of the apparent molar property, and I is the 

ionic strength of the solution. Values for the Debye-Hückel limiting slope were taken from 
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Archer and Wang (1990). The mean values of V°, and Cp° are tabulated in Table 4.18 and 

plotted Figures 4.5 and 4.6. 

 

4.3.3. Sodium Adeninate 

 

The speciation of the experimental sodium adeninate solutions was calculated using 

the ionization constants reported by Balodis et al. (2012). Values are listed in Table 4.19 and 

plotted in Figure 4.7. The relative densities of the sodium adeninate solutions were measured 

at atmospheric pressure at 0.1 MPa. The relative density values are tabulated in Table 4.20. 

The apparent molar volumes were assumed to be unaffected by the slight increases in 

pressure and were used to calculate the density of the solution at 0.30 MPa using Hill’s 

(1990) values for water at this pressure. The uncertainties for the relative densities of sodium 

adeninate were calculated the same way as explained for the relative densities of adenine in 

Section 4.3.1. 

The relative heat-capacity-density products NaAd(aq) were measured at a pressure of 

0.30 MPa and were calculated using the same procedure as adenine in Section 4.3.1. The 

values are listed in Tables 4.21 with associated uncertainties calculated from the standard 

deviation in the power scans.  

A sample of sodium adeninate solution was taken and the temperature and pH of 

solution were measured. The temperature and pH were used to calculate the pOH of solution 

using the ionization constants model of water from Marshall and Frank (1981). The pOH was 

used in conjunction with the ionization model for adenine hydrolysis in basic solution from 

Balodis et al. (2012) to calculate the degree of adenine hydrolysis, αNaAd, in basic solution. 
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The results are listed in Table 4.22. The values were calculated from the following 

expression for adenine hydrolysis: 

 

NaAd st NaAd st NaAd st NaOH,ex

NaAd      AdH     +     NaOH

   (1-α )m      α m       α m +m


            (4.16) 

 

where mst is the stochiometric molality of sodium adeninate, αNaAd is the extent of the 

reaction and mNaOHex is the excess amount of sodium hydroxide in solution. The fractional 

compositions of species are displayed in Figure 4.7. Values of Fi were calculated using the 

following equation: 

 

 = i
i

NaAd NaOH AdH

m
F

m m m 
               (4.17) 

 

where mi is the molality of the species in solution at the measured temperature, and i 

represents the species; sodium adeninate, Na+Ad-; adenine, AdH*; or sodium hydroxide, 

Na+OH-. The solutions contained mostly sodium adeninate with small quantities of free 

adenine as well as the excess sodium hydroxide. Dimerization of adenine is not included in 

this analysis as no self-association constant has been measured under basic conditions. 

The apparent molar volumes were calculated using relative densities at 0.10 MPa:  
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where MNaAd is the molecular weight of sodium adeninate and mNaAd,st is the stoichiometric 

molality of sodium adeninate; MNaOH is the molecular weight of excess sodium hydroxide; 

and mNaOH is the excess molality of sodium hydroxide in solution. The apparent molar heat 

capacities were calculated using the massic heat capacities of solution measured at 0.30 MPa. 
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          (4.19) 

 

The apparent molar properties of sodium adeninate underwent the same data 

treatment as adenine hydrochloride using Equations 4.13 and 4.15 with the following 

modifications for sodium hydroxide:  

 

exp
NaAd ,NaAd NaOH ,NaOH AdH* ,AdH*V =F V +F V +F V                 (4.20) 

 

Here, FNaAd is the fraction of sodium adeninate in solution; FAdH* 
is the fraction of free 

adenine in solution; FNaOH is the fraction of free and excess sodium hydroxide in solution   

and Yϕ,i is the apparent molar property of each species in solution.  

For heat capacity measurements a chemical relaxation term, Cp
rel, must be included to 

correct for the perturbation from equilibrium of the system as it is heated up and cooled 

down.  

 

exp rel
p, NaAd p, ,NaAd NaOH p, ,NaOH AdH* p, ,AdH* pC =F C +F C +F C +C             (4.21a) 
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The relaxation heat capacity was calculated using Equation 4.18b. 
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               (4.21b) 

 

The value for the enthalpy of reaction ΔH° = (-24.19 ± 6) kJ mol-1 from Balodis et al. (2012) 

was used to calculate the Cp
rel; R is the ideal gas constant; and T is the temperature in K. The 

value of αNaAd is the degree of hydrolysis, for the production of neutral adenine in solution 

with increasing temperature and is listed in Table 4.22. Values for the apparent molar 

properties of sodium hydroxide were calculated using the model from Patterson et al. (2001). 

The apparent molar volume and apparent molar heat capacities of adenine at 283.15 K were 

calculated from the density model provided in Equation 4.22 and 4.23, with the parameters 

listed in Table 4.25. The resulting values of Vϕ and Cp,ϕ for the species Na+ + Ad- are listed in 

Tables 4.20 and 4.21. The mean values for V° and Cp° are tabulated in Table 4.23 and plotted 

in the accompanying Figures 4.8 and 4.9. 
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4.3.4. Temperature Dependence of Standard Partial Molar Properties 

 

4.3.4.1. Modelling the Temperature Dependence of Standard Partial Molar 

Properties with the Density Model 

 

The following form of the density model described in Chapter 1, was chosen to fit the 

temperature dependent values for the standard partial molar properties of adenine and its ions 

for extrapolation up to hydrothermal conditions.  

 

 2
1 228

  



w

v
V v k RT

T
               (4.22) 
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The short range hydration effects of water are represented by the parameter vi for the V°, and 

ci for the Cp°. The value of 228 is a solvent dependent parameter which is the temperature at 

which anomalous behaviour of super-cooled water (Angell, 1983). The long range 

polarization effects for V° and Cp° use a shared regression parameter, k. The isothermal 

compressibility of water βw (MPa-1) at 0.10 MPa, was used to extrapolate standard partial 

molar volumes, and the thermal expansivity of water, αw (T
-1) at 0.30 MPa, were used to 

extrapolate the standard partial molar heat capacities. These values for water were calculated 

using the equations of Hill, (1990) and Archer, (1992).  
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The fitting of the model to the data as a function of temperature was done using the 

Levenberg-Marquardt non-linear least squares algorithm within the commercial software 

package SigmaPlot 11®, using weighing parameters which are the inverse of the uncertainty 

estimate of the values of V° and Cp° at each temperature. The experimental values for the 

species of AdH*, AdH2
+Cl- and Na+Ad- were regressed tabulated in Tables 4.9, 4.18 and 4.23 

respectively. Figures 4.2 and 4.3 illustrate the fit of the density model for adenine and 

Figures 4.10 and 4.11 display the residuals of the regression. Figures 4.5 and 4.6 show the fit 

of the density model to the adenine hydrochloride. Figures 4.12 and 4.13 display the 

residuals of the fit. Figures 4.8 and 4.9 displays the fit to sodium adeninate data Figure 4.14 

and 4.15 plots the residuals of the regression. The regression coefficients can be found in 

Table 4.24.  

 

4.3.4.2. Single Ion Values 

 

The standard partial molar properties for single ion values of the adenine anion and 

cation are listed in Table 4.25. The calculation is based on the conventional thermodynamic 

scale, where the standard partial molar property of a proton (H+) is equal to zero at all 

temperatures and pressures.  

 

  0aqY H    
                 (4.24) 

 

The standard molar properties of the chloride anion were estimated using the equation of 

state from Sharygin and Wood (1997) for HCl(aq), at a pressure of 0.10 MPa for the standard 
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partial molar volumes and 0.30 MPa for the standard partial molar heat capacities. The 

standard partial molar properties of the adenine cation were calculated using the following 

expression: 

 

2 2AdH AdH Cl Cl
Y Y Y                      (4.25) 

 

together with values for the standard partial molar properties, Y°AdH2
+Cl-, of the cation were 

calculated from the density model in Section 4.3.4.1.  

The standard partial molar properties of the adenine anion were calculated using the 

standard partial molar properties of sodium chloride calculated from Archer’s equation 

(Archer, 1992), and Shagryin and Wood’s equation for the hydrochloric acid (Sharygin and 

Wood, 1997),  

 

Ad Na Ad Na Cl Cl
Y Y Y Y           ,              (4.26) 

 

using values for the standard partial molar properties Y°Na+Ad-, from the density model 

reported in Section 4.3.4.1.  
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4.4. Adenine Dimerization 

 

4.4.1. Partial Molar Properties of Adenine Dimers from Apparent Molar Properties 

 

  The speciation of the experimental adenine solutions was calculated using the 

association constants measured in Chapter 3, Table 3.3 Fit 2. The fraction of monomer and 

dimer as a function of temperature is tabulated in table 4.26. To separate the monomer and 

dimer contributions in the equilibrium mixture, Young’s rule was used: 
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               (4.28b) 

 

where, Yϕ
exp, is the experimental apparent molar property; FAdH is the fraction of adenine 

monomer present in solution; and F(AdH)2 
is the fraction of adenine dimer in solution.   

For heat capacity measurements, a chemical relaxation term Cp
rel must be included to 

correct for the perturbation in the equilibrium speciation of the system as it is heated up and 

cooled down. The chemical relaxation is calculated using Equation 4.28a and 4.28b: where, 

αD/2 is the extent of dimerization as tabulated in Table 4.8; ΔH° is the reaction enthalpy for 
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dimerization, which we took ΔH° = (-5 ± 1) kJ mol-1; R is the ideal gas constant and T is the 

temperature in K.  

 In this case, we seek to determine values of, Yϕ for the adenine monomer and dimer. 

Currently the equilibrium constants and enthalpy of dimerization are available. If molality-

dependent values for Yϕ
exp were available it would be possible to extrapolate the standard 

partial molar properties of monomer and dimer at constant temperatures from Equations 4.27 

and 4.27. Instead, we attempted to derive properties for each species from the temperature 

dependence of the apparent molar properties of adenine. This has led us to develop two 

models for calculating standard partial molar properties of adenine monomer and dimer. 

 

4.4.2. Model 1: Temperature Independent Standard Partial Molar Properties of the 

Adenine Dimer. 

 

To estimate the standard partial molar properties of the adenine dimer the density 

model was combined with Young’s rule; Equations 4.27 and 4.28, for the standard partial 

molar volumes and 4.28a for the standard partial molar heat capacities. The temperature 

dependence of Vϕ
exp was described by the expression  

       
2

exp
1 3AdH AdH= +k -R +   wV F v T F v ,            (4.29a) 

where 

   1+k -R 
wAdHV v T              (4.29b) 

and 

2( ) 3AdHV v .               (4.29c) 

The expression used for Cp,ϕ
exp was 
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2

exp 2
, AdH 1 3AdH = -R  +     
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p w pC F c k T F c C ,          (4.30a) 

where 
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and 

2,( ) 3p AdHC c .               (4.30c) 

 

The standard partial molar volumes of the monomer species were described by parameters v1. 

The v2 parameter was set to zero. The standard partial molar heat capacities of the monomer 

were described by c1. The c2 parameter was set to zero. The standard partial molar volumes 

of the adenine dimer are equal to v3, and standard partial molar heat capacities of the adenine 

dimer are equal to c3, so that both dimers are independent of temperature and pressure. The 

fitted coefficients are tabulated in Table 4.27 and the results are displayed in Figures 4.16 

and 4.17. The residuals of the regression are displayed in Figures 4.18 and 4.19. The fitted 

values of V° and Cp° are tabulated in Table 4.10.  

 

4.4.3. Model 2: Caffeine as a Model System 

 

 The second model utilized the standard partial molar properties of caffeine 

dimerization to assist in modelling the data directly in terms of the monomer and dimer. To 

estimate the Y° of adenine monomer and dimer, the standard partial molar properties of, 

ΔY°, of the caffeine dimerization reaction from Origlia-Luster et al. (2002) was used:   
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o o
products reactantsΔ °= -  Y Y Y                (4.31) 

 

Caffeine is a purine with a structure similar to that of adenine, and is the only purine to have 

its monomer and dimer Y° properties reported in the literature. Equation 4.28 can be written 

to solve for the standard partial molar property of the dimer.  

 

   2

o o
AdH AdH=Δ ° + 2Y Y Y                 (4.32) 

 

Using this equation and Young’s rule, we can write the expression for Yϕ
exp in terms of ΔY°:  

 

       2

exp o o rel
pAdH AdH AdH AdH=  + 2 Δ ° + 

      Y F Y F Y Y C  .            (4.33) 

 

The fraction of monomer, F(AdH), can be written as (1-αD) and the fraction of dimer, F(AdH), 

can be written as αD/2. The values in Table 4.8 were used for the fit. Equation 4.30 can be 

simplified to the following: 

 

 
exp  +

2
o D

rAdHV V V
                    (4.34) 

 

 
exp o

, rAdHC = C  + Δ C °+ 
2

relD
p p p pC

 
                (4.35) 
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The temperature dependent values of ΔV° from Origlia-Luster et al. (2002) were 

averaged to yield ΔV° = 15 cm3 mol-1. A linear regression fit to their value for ΔCp° was 

performed and used to fit the model. The values for Cp
rel were calculated using the same 

enthalpy of reaction as used in Section 4.4.1, ΔH° = (5 ± 1) kJ mol-1. The fitting equations 

and values for the parameters are listed in Table 4.28. The standard partial molar heat 

capacities and standard partial molar volumes of the adenine monomer and dimer are 

tabulated in Table 4.29. The fit is displayed in Figures 4.20 and 4.21. The residual of the 

regression for Model 2 are displayed in figure 4.22 and 4.23. 

 

4.5. Discussion 

 

4.5.1. Comparison of Standard Partial Molar Properties with Literature Values 

 

The standard partial molar properties measured here for adenine and adenine 

hydrochloride are the first set collected up to 90 °C and the first set of sodium adeninate data 

that has been measured up to 40 °C. The mean values of Vϕ
exp from triplicate adenine 

solutions are presented in Figure 4.2. The triplicate adenine solutions are within agreement of 

each other by 1.3 cm3 mol-1, and compared quite well within the experimental uncertainty 

and to work done by Fucaloro et al. (2008) from 15 to 25 °C, as well as the data used to fit 

the HKF model (Kishore and Ahluwalia, 1990; Zielenkiewicz et al., 1994; Lee and 

Chalikian, 2001; Buckin, 1988). The values from Zielenkiewicz et al. (1994) are 6 cm3 mol-1 

larger than the data from this study and it is not clear why their value is inflated.  
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The mean Cp° values for adenine are plotted in Figure 4.3. The triplicate 

measurements of adenine solutions are within agreement of each other by 8 J mol-1 K-1. The 

measured values are much smaller than those reported by Kishore, whose results were higher 

than ours by about 30 J mol-1 K-1 of Kishore and Ahuwalia (1990). The values of 

Zielenkiewicz et al. (1994) are higher than ours by 12 J mol-1 K-1. This difference in the 

standard partial molar heat capacity measurement may be a result of using different 

experimental conditions. The heat-capacity-density products of this study were measured 

under a pressure of 0.30 MPa. This increase in pressure is used to prevent boiling of the 

solution inside the cells and to slightly increase their densities within the fifth significant 

figure. The relative density of dilute aqueous adenine solutions must be measured to a 

precision of ± 1 x 10-5 g cm-3 so that pressure effects on the density of the water become 

significant as a result the density values measured at 0.10 MPa must be corrected to estimate 

densities at 0.30 MPa for the calculation of Cp,ϕ. Assuming that the apparent molar volume of 

solution does not change with the small pressure change, then the relative densities will not 

increase either. Thus, the sum of the relative density at 0.10 MPa, Δρs,0.10MPa, and the density 

of water at 0.3 MPa, ρw,0.30MPa, will equal the density of solution in the calorimeter at 0.3 

MPa, ρs,0.30MPa:  

 

,0.10 ,0.30 ,0.30s MPa w MPa s MPa                   (4.36) 

 

 The standard partial molar heat capacities from this work are lower because of the 

difference in pressure conditions. The experimental values for the density and massic heat 

capacity of water from Kishore et al. (1989) data were measured at atmospheric pressure. 
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Since the V° of adenine from Zielenkiewicz et al. (1994) are larger than our values, the 

density value used to calculate the value for Cp° from Zielenkiewicz et al. (1994) may also be 

inflated from the density measurement of the adenine solution. 

The mean Vϕ
exp of adenine hydrochloride are in excellent agreement with each other 

at standard deviation of ± 0.16 cm3 mol-1. The mean Cp,ϕ
exp of adenine hydrochloride are in 

good agreement with each other with a standard deviation of ± 3 J mol-1 K-1. No literature 

values for the standard partial molar properties of adenine hydrochloride were found. This 

includes measurements at 25 °C. 

The uncertainties associated with sodium adeninate solutions were due to signal drift 

in the densitometer. This was caused by the etching of the glass from exposure to hydroxide 

species in solution (Knauss and Wolery, 1988). The uncertainties of the relative densities are 

still small, and propagated uncertainty estimates Vφ for sodium adeninate are no larger than 

those for AdH* and AdH2Cl. Higher temperatures were avoided in order to prevent 

irreversible damage to the cell. The uncertainty associated with the density measurements 

and uncertainties are calculated for the Cp,φ for sodium adeninate. Currently, there are no pH-

dependent self-association data for adenine. If such data did exist, separation of the Y° for all 

species would prove to be exceptionally challenging. The challenge would be in trying to 

develop a model which can consider the apparent molar properties of all species including 

the possibility of ionized adenine stacks. 

The thermodynamic properties of a set of nucleic acid bases and nucleosides were 

previously examined by Vanessa Mann (Mann, 2009). Included in this set of measurements 

were apparent molar volumes and apparent molar heat capacities for adenine at temperatures 

ranging from 15 to 90 °C. The apparent molar volumes of adenine, plotted in Figure 4.24, are 
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in good agreement with this work. Her heat capacity measurements plotted in Figure 4.25 

were made at a lower pressure of 0.13 MPa instead of 0.30 MPa. The solution measured was 

twice the concentration used in our work, and thus above the room temperature solubility 

limits. There is a large disagreement between the apparent molar heat capacity data from 

Mann at temperatures below 40 °C and those from this work. It is probable that precipitation 

and redissolution of solid adenine inside the cell during heating and cooling may have 

skewed the data.  

Dr. Mann’s thesis research also examined adenine hydrochloride in aqueous solution. 

The heat capacity values are approximately 400 J mol-1 K-1 smaller than the results of this 

work. Here plots of of the experimental ΔP values suggest that the calorimeter may not have 

been functioning properly. Other species examined from 15 to 90°C include cytosine, uracil, 

and thymine, their nucleoside derivatives including guanosine, and their cationic species.  

The value in Mann’s work is that it identified the challenges in conducting the 

experiments and for the preparation of accurate dilute solutions. The most dilute solution 

measured was guanosine, at approximately 0.002 mol kg-1. The solubility of guanosine is 

approximately 0.0019 mol kg-1 (Tewari et al., 2003). The preparation of accurate 0.001 mol 

kg-1 solutions might be possible, but accurate measurement will prove difficult. The solubility 

of guanine however is approximately 4 x 10 -5 mol kg-1 at 25 °C (DeVoe and Wasik, 1984). 

The preparation of accurate guanine solutions, which would be detectable by both the 

densitometer and calorimeter, would be an impossible task to accomplish with current 

technology. The ionized species of guanine are more soluble, but require a large molality of 

supporting acid or base in order to reach detectable concentrations of ion. This would limit 
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the measurement of the apparent molar properties of guanine, since a large portion of the 

solution would be acid or base.  

 

4.5.2. Comparison of Standard Partial Molar Properties with HKF Model 

Predictions 

 

Thermodynamic modelling of the five primary nucleic acid bases and their 

nucleosides and nucleotides was reported by LaRowe and Helgeson in 2006 using the revised 

HKF equation, (LaRowe and Helgeson, 2006). The HKF model is described in Chapter 1. 

The experimental database of thermodynamic values for these species is extremely limited. 

Temperature-dependent standard partial molar properties of nucleic acid bases and 

deoxynucleosides were limited to a maximum of 55 °C. The only data available for 

nucleotides were the temperature dependent ionization constants and standard molar 

enthalpies of reaction of 5’-adenosine monophosphate, diphosphate and triphosphate up to 

125°C from Oscarson et al. (1995). In order to generate the thermodynamic parameters for 

the standard partial molar properties, LaRowe and Helgeson (2006) used group additivity 

models to estimate standard partial molar properties of unmeasured species. Many of these 

additivity models are based on reference compounds, which have the same general structure 

and some key features as the nucleic acids bases, but do not display the exact structural 

features of these purines and pyrimidines.  

Since the calorimetric database for adenine was limited to 25°C, the Born solvation 

parameter for aqueous neutral adenine, ω, had to be estimated from room temperature data 

using the correlation developed by Plyasunov and Shock (2001): 
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The Gibbs energy of hydration was calculated from the difference between room temperature 

Gibbs energy of solution, ΔG°sol, and the Gibbs energy of sublimation, ΔG°subl.  

     
hyd sol subG G G                 (4.38) 

 

The regression coefficients for the non-solvation heat capacity contributions in 

Equations 4.40 and 4.41 were estimated using adenosine as a model system: These 

correspond to the expressions 
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where ΔC°p,n is the non-solvation contribution to the standard partial molar heat capacities. 

The terms c1 and c2 are non-solvation parameters used for the regression. LaRowe and 

Helgeson (2006) estimated the c2 parameter for adenine by subtracting the ribose 

contribution (estimated from the difference in c2 values of pyrimidine nucleosides and 

pyrimidines) from the c2 values of adenosine which used temperature-dependant heat 

capacity data from Patel and Kishore (Patel and Kishore, 1995). The c1 value for adenine was 

regressed using the 25°C data point for adenine and the estimated c2 value (LaRowe and 

Helgeson, 2006). 

 Figure 4.26 displays the standard partial molar volumes predicted by the HKF model. 

The HKF values are smaller than the experimental data by 0.92 cm3 mol-1 on average across 

the temperature range at standard pressure. At 15 and 90 °C the difference is 1.86 and 1.64 

cm3 mol-1 at the respective temperatures. This is in reasonable agreement with the model and 

the experimental data points below 55°C. The HKF model prematurely predicts the curvature 

away from the experimental standard partial molar volumes towards negative values. Figure 

4.27 is a display of the standard partial molar heat capacities of adenine predicted by the 

HKF model. Clearly, the assumptions used to estimate the non-solvation coefficients, for the 

HKF model poorly predicts the standard partial molar heat capacities of adenine at 0.3 MPa. 



 168

 

4.5.3. Fractional Contributions of Standard Partial Molar Properties to Measured 

Values 

 

 The difference between the Young’s rule calculation and the experimental properties 

for adenine hydrochloride are tabulated in Table 4.30. The calculated Young’s rule molar 

volumes are larger by at least 4 cm3 mol-1 and increase with temperature to a difference of 10 

cm3 mol-1. The Young’s rule heat capacities are essentially equal within the experimental 

uncertainty over all temperatures measured. Tables 4.31 and Table 4.32 list the fraction 

contributions of the individual species to the experimental molar volumes and experimental 

molar heat capacities. 

 In Figure 4.28, the fractional contributions of the apparent molar volumes of adenine 

hydrochloride to the experimental molar volumes are 0.97 and begin to drop with increasing 

temperature. The fractional contribution of monomer rises, while the contributions of free 

hydrochloric acid have the least contribution to the molar volumes, with a contribution of 

approximately 0.01. 

 In Figure 4.29 the fractional contributions to the apparent molar heat capacity are 

again dominated by the adenine hydrochloride species. Contributions from adenine are large 

and increase steadily with temperature. Hydrochloric acid contributions over the observed 

temperature range contribute at most 0.04 to the experimental molar heat capacity. The 

relaxation heat capacity is the second largest contributor to the experimental heat capacity 

than the heat capacities of the hydrochloride species and the neutral adenine species.  
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It is interesting to observe that the free and excess hydrochloride species contribute 

the least to the experimental molar volumes and experimental molar heat capacities. The 

fraction of hydrochloride species is larger than that of adenine; its contribution to the 

experimental molar properties is smaller than that of neutral adenine.   

 The differences between estimated sodium adeninate values and the experimental 

molar properties are listed in Table 4.33. In these solutions there is more variation in the 

amount of excess sodium hydroxide. Solutions with the greatest amount of excess sodium 

hydroxide have the largest difference between the Young’s rule estimate and the 

experimental property in both volumes and heat capacities. The solution with the least 

amount of excess sodium hydroxide displayed a negative difference between the estimated 

and experimental property. Table 4.34 and 4.35, and Figures 4.30 to 4.31 are the fractional 

contributions of the measured experimental property of sodium adeninate. Analysis of the 

fractional contributions of sodium adeninate solutions shows that contributions from neutral 

adenine remain constant throughout the temperature ranges examined. The chemical 

relaxation effects increase as the contribution from free and excess sodium hydroxide 

decrease.  

 Adenine nucleotides are known to self-associate into small amounts of indefinite 

stacks in both high and low pH solutions. Adenine should behave in a similar fashion, but 

with no equilibrium constant available it is not possible to predict the contributing fraction of 

the species, if any exist. The amount of neutral adenine present in both adenine 

hydrochloride solutions and sodium adeninate solutions is small enough that neutral adenine 

stacks will not contribute to the experimental molar properties. The fractional compositions 

of adenine hydrochloride and sodium adeninate are the major contributors to the 
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experimental molar properties. As such, the estimated values for the ionized species are the 

best thermodynamic values available. 

 Model 1 is used to describe the experimental molar properties of adenine as a 

combination of the standard partial molar properties of the adenine monomer and dimer. The 

standard partial molar volumes of the monomer are displayed in Figure 4.16 and the standard 

partial molar heat capacities are shown in Figure 4.17. Listed in Table 4.36 are the 

differences between the adenine monomer results and the experimental properties.  

In Figures 4.32 and 4.33 the fractional contributions of the individual species of 

adenine over the experimental values for each experimental property are shown. For the 

molar volumes the adenine monomer contributions clearly dominate the equilibrium mixture 

and increase with temperature as the dimer dissociates into monomer. For the heat capacity 

the monomer dominates over the dimer contribution. The relaxation contributions are less 

than 0.009 of the fraction of the overall heat capacity of the solution.  

The convergence of the fractional contribution of the monomer to the experimental 

molar properties is correctly portrayed by Model 1, since the amount of dimer decreases as 

the amount of monomer increases. However, Model 1 underestimates the molar volume of 

the adenine dimer.  

The differences in the monomer values as calculated by Model 2, to the experimental 

values, are tabulated in Table 4.38. The standard partial molar volumes and standard partial 

molar heat capacities of the monomer are larger by 1 cm3 mol-1 and between -2 to 16 J mol-1 

K-1, respectively, when compared to the experimental values.  

Listed in Table 4.39 and displayed in Figures 4.34 and 4.35 are the fractional 

contributions of the individual components over the experimental values for experimental 
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property. A similar trend is observed in Model 2 as was seen in Model 1 for the standard 

partial molar volumes. 

The standard partial molar heat capacity of the monomer is the dominant contributor 

to the experimental heat capacities. The dimer fractional contributions are on average 0.10 of 

the total experimental property. The relaxation heat capacity contributions are less than 0.009 

of the fraction of the overall heat capacity of the solution. The standard partial heat capacities 

of reaction ΔCp° have more of an influence on the experimental property than the relaxation 

heat capacities.  

Model 2 provides a more realistic description of the adenine monomer and dimer than 

Model 1. The standard error of regression for Model 1, which is 0.233 and tabulated in Table 

4.27, is better than the standard error of regression for Model 2, which is 0.354 and tabulated 

in Table 4.28.  The standard error of regression of Model 2 is better than the density model 

regression of adenine, which is 0.386 and tabulated in Table 4.25. The density model 

assumes that the dimer and indefinite stacks do not contribute to the experimental molar 

properties of solution. Fractional contributions of the monomer to the experimental molar 

properties increase with temperature as expected. However, the fractional contribution to the 

apparent molar heat capacities decreases with increasing temperature, and the reaction heat 

capacities used in the model continue to increase. This may cause Model 2 to underestimate 

the standard partial molar heat capacity of the monomer at higher temperatures.  
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4.5.4. Standard Partial Molar Properties of Reaction 

 

The standard partial molar heat capacities for the ionization reactions of adenine in 

hydrochloric acid and sodium hydroxide were originally estimated by Balodis et al. (2012), 

based on non-linear regression of the equilibrium constants from the van’t Hoff equation and 

the density model. The use of regression models to approximate thermodynamic parameters 

generally produces coefficients with larger uncertainties than thermodynamic parameters 

which are measured directly.  

The standard partial molar volumes of reaction and standard partial molar heat 

capacity of reaction for Equation 4.1 have not been previously measured. The values were 

calculated using the following equation for standard partial molar properties: 

 

     
2

AdH HClAdH Cl
Y Y Y Y                    (4.43) 

 

The standard partial molar properties of adenine and adenine hydrochloride come from the 

experimental values listed in Tables 4.9 and 4.19 respectively. The standard partial molar 

properties of HCl are from Sharygin and Wood, (1997). Table 4.40 and Figures 4.36 and 

4.37 show the standard partial molar volumes of reaction and standard partial molar heat 

capacities of reaction for the protonation of adenine in hydrochloric acid. The values were 

compared to the estimates of Balodis et al. (2012) and agree with each other within the 

experimental uncertainty of the calorimetric measurements of ± 8 J mol-1 K-1. This work has 
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provided the best experimental values for the first ionization reaction of adenine from 15 to 

90 °C. 

The standard partial molar volumes of reaction and standard partial molar heat 

capacity of ionization according to Equation 4.2 have not been previously measured. The 

values were calculated using the following equation for standard partial molar properties for 

the ionization of neutral adenine in a sodium chloride solution: 

 

         
° ° ° °

AdH* NaAd HCl NaCl AdH*Δ Y =Y +Y -Y -Y
ion              (4.44) 

 

The standard partial molar properties of adenine were taken from the experimental values in 

Table 4.9. The standard partial molar properties of sodium chloride come from the values 

from Archer (1992), and the standard partial molar properties of HCl are from Sharygin and 

Wood (1997). The reaction is then corrected by subtracting the reaction heat capacity for the 

ionization of water:  

 

   2( *), 
    

AdH NaAd H Oion OH
Y Y Y               (4.45) 

 

Values for the ionization of water come from Patterson et al. (2001). Table 4.41 and Figures 

4.38 and 4.39 show the standard partial molar volumes of reaction and standard partial molar 

heat capacities of reaction for the deprotonation of adenine in sodium hydroxide solution. 

These values were compared with the fits of Balodis et al. (2012) and are 63 J mol-1 K-1 

smaller than the estimates. Silicate contamination in the density measurements is a possible 
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explanation for the low heat capacity of reaction. These experimental values are currently the 

best data available for the second ionization reaction of adenine.  

Standard partial molar heat capacities of reaction, ΔCp°, and standard partial molar 

volumes of reaction, ΔV°, for the dimerization of adenine can be found in Tables 4.42 and 

Figures 4.40 and 4.41. These values were calculated using the following equation. 

 

 2
o o o o

products reactants AdHAdHΔ ° =  -   = -2 Y Y Y Y Y              (4.42) 

 

 The values for caffeine from Origlia-Luster et al., (2002) are tabulated in Table 4.42 

and plotted Figures 4.42 and 4.43. At the time of writing, caffeine was the only known 

molecule with a similar structure to adenine, which has gone through a similar measurement 

and analysis of standard partial molar heat capacities and standard partial molar volumes. 

The volumetric reaction data for Model 1 is independent of temperature. The reaction heat 

capacities for caffeine increase with temperature, yet Model 1 suggests that adenine reaction 

heat capacities decrease with increasing temperature. Without molality-dependent data for 

the experimental molar properties of adenine, it is difficult to accurately model the reaction 

heat molar volumes and reaction heat capacities of adenine dimerization. Since the reaction 

values for Model 1 are extremely large it is not the best possible model for describing 

reaction properties for adenine dimerization. Model 2 is the better model even thought the 

reaction values are borrowed from caffeine.   



 175

 

4.5.5. Extrapolation to Elevated Temperatures 

 

The density model is adequate for fitting the low temperature behaviour of adenine as 

seen in Figures 4.2 and 4.3. However, it is difficult to fit the density model to the molar 

volumes of adenine due to the lack of curvature, which is described by the     (T-228) term. 

In Figure 4.5, the V° for adenine hydrochloride approaches a plateau around 255°C before 

beginning to decrease around 300°C. In Figure 4.6, the Cp° for adenine hydrochloride 

decreases to a negative infinity with the increase in temperature. Extrapolation of the V° and 

Cp° data for sodium adeninate as seen in Figures 4.8 and 4.9, both show positive infinity at 

hydrothermal conditions. This result was unexpected for the anionic species of adenine, 

suggesting that higher temperature data is required.  

 Regressions of Model 1 and Model 2 to the adenine equilibrium mixture are 

improved fits to the low temperature data. Model 1 over-estimates the standard partial molar 

volumes and Model 2 demonstrates only slight improvement which attempts to accommodate 

for the lack of curvature in the molar volumes. The standard partial molar heat capacities of 

the adenine mixture are modelled quite well by all three models. The extrapolation of the 

standard partial molar properties of the adenine equilibrium mixture to hydrothermal 

conditions shows that V° and Cp° increases with temperature. The Cp° is a much more 

dramatic increase compared to the V°.  

 The sharp rise increase in the standard partial molar heat capacity of adenine is 

related to the change in the compressibility of water as it increases with temperature. As the 

temperature increases, the volume of water expands and becomes more compressible. The 
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standard partial molar properties of non-electrolyte and hydrophobic species, such as 

adenine, are expected to increase towards a positive infinite value because they are repelling 

water with increasing temperature. A negative infinity is observed for electrolyte and 

hydrophilic species, as they attract water molecules with increasing temperature (Levelt 

Sengers et al., 1992).  The HKF model from LaRowe and Helgason (2006) predicts that 

adenine behave as a hydrophilic species with increasing temperature and approach a negative 

infinite. The density model extrapolation is based on our experimental data and show that 

adenine will increase to a positive infinity with increasing temperature. Demonstrating that 

adenine is hydrophobic.    

 

4.6. Conclusions 

 

The standard partial molar volumes and standard partial molar heat capacities of 

adenine, AdH* and adenine hydrochloride AdH2
+Cl- in aqueous solution have been 

determined over the temperature range of 15 to 90°C at pressures of 0.1 MPa for the volumes 

and 0.3 MPa for the heat capacities. The first reported standard partial molar volumes and 

apparent molar heat capacities of sodium adeninate Na+Ad- have been measured under the 

same pressure condition, but at the temperatures of 10 to 40 °C. Young’s rule has been 

applied to correct for contributions from free adenine, and excess acid or base. Corrections 

have been made to apparent molar heat capacities for relaxation contributions. The values 

have been extrapolated to calculate the standard partial molar properties at infinite dilution. 

The adenine monomer AdH and dimer (AdH)2 species required further treatment to estimate 

their standard partial molar properties. 
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To our knowledge, these are the first reported experimental values for standard partial 

molar properties of the adenine monomer and dimer species. From these data standard partial 

molar volumes and standard partial molar heat capacities of reaction were estimated for the 

ionization and dimerization of adenine.  

The standard partial molar properties of the adenine mixture of monomer and self-

associated species, adenine monomer, adenine hydrochloride and sodium adeninate were 

extrapolated to hydrothermal conditions using the density model. These results significantly 

extend the thermodynamic database for adenine and can help provide new insight for 

modelling the origins of life. 
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Table 4.1:  Relative densities and apparent molar volumetric data of adenine at m = 
(5.8001 ± 0.0011)·10-3 mol kg-1 a p = (0.1 ± 0.01) MPa a 
 

 T  (ρs-ρw)·103 b,c  Vϕ 
b  

K g cm-3 cm3 mol-1 
288.15 0.273 ± 0.005 88.1 ± 1.2 
293.15 0.270 ± 0.005 88.6 ± 1.2 
298.15 0.265 ± 0.005 89.6 ± 1.2 
303.15 0.261 ± 0.005 90.3 ± 1.2 
308.15 0.257 ± 0.005 91.0 ± 1.2 
313.15 0.253 ± 0.005 91.8 ± 1.2 
318.15 0.250 ± 0.005 92.4 ± 1.2 
323.15 0.249 ± 0.005 92.7 ± 1.3 
328.15 0.247 ± 0.005 93.2 ± 1.3 
333.15 0.242 ± 0.005 94.3 ± 1.3 
338.15 0.240 ± 0.005 94.7 ± 1.3 
343.15 0.239 ± 0.005 95.2 ± 1.3 
348.15 0.237 ± 0.005 95.5 ± 1.3 
353.15 0.233 ± 0.005 96.5 ± 1.3 
358.15 0.238 ± 0.005 95.8 ± 1.3 
363.15 0.232 ± 0.005 97.0 ± 1.3 

a Standard deviation from multiple measurements  
b Errors limits are the propagated uncertainties from 
standard deviation  
c Properties of water from Hill (1990) 
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Table 4.2:  Relative densities and apparent molar volumes of adenine at m = (5.8033 ± 
0.0016) ·103  mol kg-1 a p = (0.1 ±0.01) MPa a 
 

 T  (ρs-ρw)·103 b,c  Vϕ 
b  

K g cm-3 cm3 mol-1 
288.15 0.260±0.005 90.3 ± 1.2 
293.15 0.255±0.005 91.2 ± 1.2 
298.15 0.252±0.005 91.8 ± 1.2 
303.15 0.249±0.005 92.3 ± 1.2 
308.15 0.246±0.005 93.1 ± 1.2 
313.15 0.243±0.005 93.7 ± 1.2 
318.15 0.241±0.005 94.1 ± 1.2 
323.15 0.239±0.005 94.5 ± 1.3 
328.15 0.238±0.005 94.8 ± 1.3 
333.15 0.235±0.005 95.5 ± 1.3 
338.15 0.233±0.005 96.0 ± 1.3 
343.15 0.231±0.005 96.5 ± 1.3 
348.15 0.231±0.005 96.7 ± 1.3 
353.15 0.229±0.005 97.3 ± 1.3 
358.15 0.227±0.005 97.8 ± 1.3 
363.15 0.226±0.005 98.2 ± 1.3 

a Standard deviation from multiple measurements 
b Errors limits are the propagated uncertainties from standard 
deviation  
c Properties of water from Hill (1990) 
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Table 4.3:  Relative densities and apparent molar volumes of adenine at m = (5.7979 ± 
0.0016) ·10-3 mol kg-1 a p = (0.1 ±0.01) MPa a 
 

 T  (ρs-ρw)·103 b,c  Vϕ 
b  

K g cm-3 cm3 mol-1 
288.15 0.267±0.005 89.0 ± 1.2 
293.15 0.263±0.005 89.9 ± 1.2 
298.15 0.259±0.005 90.5 ± 1.2 
303.15 0.256±0.005 91.1 ± 1.2 
308.15 0.253±0.005 91.8 ± 1.2 
313.15 0.250±0.005 92.4 ± 1.2 
318.15 0.248±0.005 92.9 ± 1.2 
323.15 0.245±0.005 93.5 ± 1.3 
328.15 0.241±0.005 94.3 ± 1.3 
333.15 0.238±0.005 94.9 ± 1.3 
338.15 0.236±0.005 95.4 ± 1.3 
343.15 0.233±0.005 96.1 ± 1.3 
348.15 0.231±0.005 96.6 ± 1.3 
353.15 0.230±0.005 97.0 ± 1.3 
358.15 0.227±0.005 97.7 ± 1.3 
363.15 0.225±0.005 98.2 ± 1.3 

a Standard deviation from multiple measurements  
b Error limits are the propagated uncertainties from standard 
deviation  
c Properties of water from Hill (1990) 
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Table 4.4:  Relative heat-capacity-density products and apparent molar heat capacity of 
adenine at m = (5.8001 ± 0.0011)·10-3 mol kg-1 a p = (0.3 ± 0.01) MPa. a 
 

 T   (cp,sρs-cp,wρw)·103 b,c  Cp, ϕ 
b  

K J cm-3 K-1 J mol-1 K-1 
288.15 -0.9468 ± 0.0486 205 ± 20 
293.15 -0.9378 ± 0.0363 208 ± 19 
298.15 -0.9385 ± 0.0389 211 ± 19 
303.15 -0.9237 ± 0.0149 216 ± 18 
308.15 -0.9202 ± 0.0083 218 ± 18 
313.15 -0.9124 ± 0.0090 222 ± 18 
318.15 -0.9004 ± 0.0169 225 ± 18 
323.15 -0.8896 ± 0.0183 228 ± 18 
328.15 -0.8726 ± 0.0115 231 ± 18 
333.15 -0.8692 ± 0.0022 235 ± 18 
338.15 -0.8605 ± 0.0038 237 ± 18 
343.15 -0.8512 ± 0.0049 240 ± 18 
348.15 -0.8365 ± 0.0005 242 ± 18 
353.15 -0.8286 ± 0.0034 246 ± 18 
358.15 -0.8179 ± 0.0007 244 ± 18 
363.15 -0.8059 ± 0.0021 250 ± 18 

a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard 
deviation  
c Properties of water from Hill (1990) 
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Table 4.5:  Relative heat-capacity-density products and apparent molar heat capacity of 
adenine at m = (5.8033 ± 0.0016) ·10-3 mol kg-1 a p = (0.3 ±0.01) MPa. a 

 
 T  (cp,sρs-cp,wρw)·103 b,c  Cp, ϕ 

b  
K J cm-3 K-1 J mol-1 K-1 

288.15 -0.9599±0.0123 212± 18 
293.15 -0.9331±0.0110 219± 18 
298.15 -0.9083±0.0007 226± 18 
303.15 -0.8976±0.0035 229± 18 
308.15 -0.8865±0.0012 233± 18 
313.15 -0.8797±0.0019 235± 18 
318.15 -0.8712±0.0063 237± 18 
323.15 -0.8545±0.0003 241± 18 
328.15 -0.8475±0.0002 243± 18 
333.15 -0.8378±0.0022 246± 18 
338.15 -0.8271±0.0022 249± 18 
343.15 -0.8117±0.0059 252± 18 
348.15 -0.8030±0.0021 253± 18 
353.15 -0.7990±0.0004 255± 18 
358.15 -0.7847±0.0022 258± 18 
363.15 -0.7734±0.0041 261± 18 

a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard 
deviation  
c Properties of water from Hill (1990) 
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 Table 4.6:  Relative heat-capacity-density products and apparent molar heat capacity of 
adenine at m = (5.7979 ± 0.0016) ·10-3 mol kg-1 p = (0.3 ±0.01) MPa a 

 
 

 T  (cp,sρs-cp,wρw)·103 b,c  Cp, ϕ 
b  

K J cm-3 K-1 J mol-1 K-1 
288.15 -0.9816 ± 0.0552 203±20 
293.15 -0.9709 ± 0.0274 207±18 
298.15 -0.9601 ± 0.0194 211±18 
303.15 -0.9367 ± 0.0005 216±18 
308.15 -0.9222 ± 0.0018 221±18 
313.15 -0.9108 ± 0.0134 225±18 
318.15 -0.8962 ± 0.0157 228±18 
323.15 -0.8854 ± 0.0190 231±18 
328.15 -0.8651 ± 0.0205 237±18 
333.15 -0.8522 ± 0.0211 241±18 
338.15 -0.8396 ± 0.0225 244±18 
343.15 -0.8393 ± 0.0115 245±18 
348.15 -0.8330 ± 0.0133 247±18 
353.15 -0.8233 ± 0.0256 249±18 
358.15 -0.8113 ± 0.0203 253±18 
363.15 -0.8033 ± 0.0206 255±18 

a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard 
deviation  
c Properties of water from Hill (1990) 
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Table 4.7: Degree of adenine ionization at a molality of (5.8001 ± 0.0011)·10-3 b mol kg-1. 
a 

 

 T  

K 

Degree of Ionization c 
αi 

283.15 0.0012 
288.15 0.0013 
293.15 0.0013 
298.15 0.0014 
303.15 0.0014 
308.15 0.0015 
313.15 0.0015 
318.15 0.0016 
323.15 0.0016 
328.15 0.0017 
333.15 0.0017 
338.15 0.0018 
343.15 0.0018 
348.15 0.0019 
353.15 0.0019 
358.15 0.0020 
363.15 0.0021 

a All neutral adenine solutions display the same 
amount of ionization 
b Standard deviation of multiple measurements  
c Ionization constant from Balodis et al.(2012)  
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Table 4.8: Degree of adenine dimerization at a molality of m = (5.8001 ± 0.0011)·10-3 

mol kg-1. a,b,c 
 

 T   AdH*   (AdH)2  

K (1-αD) αD/2 
283.15 0.797 0.102 
288.15 0.808 0.096 
293.15 0.818 0.091 
298.15 0.828 0.086 
303.15 0.837 0.081 
308.15 0.846 0.077 
313.15 0.853 0.073 
318.15 0.861 0.070 
323.15 0.868 0.066 
328.15 0.874 0.063 
333.15 0.880 0.060 
338.15 0.886 0.057 
343.15 0.891 0.054 
348.15 0.896 0.052 
353.15 0.901 0.050 
358.15 0.905 0.047 
363.15 0.909 0.045 

a All neutral adenine solutions display the same 
degree of dimerization.   
b Dimerization constant from Chapter 3.  
c Standard deviation of multiple measurements. 
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 Table 4.9:  Mean values for the standard partial molar properties of neutral adenine 
species, AdH*(aq)

 a.  

 
 T   Vϕ

exp b  Cp,ϕ
exp b  V° c   Cp°

 c  
K cm3 mol-1 J mol-1 K-1 cm3 mol-1 J mol-1 K-1 

288.15 89.1± 1.1 207 ± 5 88.3 206.2 
293.15 89.9± 1.3 212 ± 7 89.5 211.7 
298.15 90.6± 1.1 216 ± 8 90.5 216.5 
303.15 91.3± 1.0 220 ± 7 91.5 220.7 
308.15 92.0± 1.1 224 ± 8 92.3 224.4 
313.15 92.7± 1.0 227 ± 7 93.0 227.9 
318.15 93.1± 0.9 230 ± 6 93.6 231.1 
323.15 93.6± 0.9 233 ± 7 94.1 234.1 
328.15 94.1± 0.8 237 ± 6 94.6 236.9 
333.15 94.9± 0.6 241 ± 5 95.1 239.7 
338.15 95.4± 0.7 243 ± 6 95.5 242.4 
343.15 95.9± 0.7 246 ± 6 95.9 245.1 
348.15 96.3± 0.7 248 ± 5 96.2 247.8 
353.15 96.9± 0.4 250 ± 4 96.6 250.4 
358.15 97.1± 1.1 252 ± 7 96.9 253.1 
363.15 97.8± 0.7 255 ± 5 97.1 255.7 
a AdH* is the equilibrium mixture of 2AdH(aq) (AdH)2(aq) 
b Error is the standard deviation of all three adenine solutions. 
c Standard error of standard partial molar volumes 0.4 cm3 mol-1. 
and standard partial molar heat capacities 2.7 J mol-1 K-1 
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Table 4.10: Fraction of adenine species; AdH2Cl and AdH* in hydrochloric acid 
solutions. a,b 

 

m m m 
 

(40.0020 ± 0.0016)·10-3 c (38.776 ± 0.007)·10-3 c  (40.555 ± 0.004)·10-3 c  

 T  

K 
FAdH2Cl FAdH FHCl FAdH2Cl FAdH FHCl FAdH2Cl FAdH FHCl 

283.15 0.939 0.025 0.036 0.938 0.026 0.035 0.940 0.026 0.035 
288.15 0.934 0.027 0.039 0.934 0.029 0.038 0.935 0.028 0.037 
293.15 0.929 0.030 0.041 0.929 0.031 0.040 0.930 0.030 0.040 
298.15 0.924 0.032 0.044 0.924 0.034 0.043 0.925 0.033 0.042 
303.15 0.919 0.035 0.046 0.918 0.036 0.045 0.920 0.035 0.045 
308.15 0.914 0.037 0.049 0.913 0.039 0.048 0.915 0.038 0.047 
313.15 0.909 0.040 0.051 0.908 0.041 0.051 0.910 0.040 0.050 
318.15 0.903 0.043 0.054 0.903 0.044 0.053 0.905 0.043 0.052 
323.15 0.898 0.045 0.057 0.897 0.047 0.056 0.900 0.046 0.055 
328.15 0.893 0.048 0.059 0.892 0.049 0.059 0.894 0.048 0.057 
333.15 0.887 0.051 0.062 0.887 0.052 0.061 0.889 0.051 0.060 
338.15 0.882 0.053 0.065 0.881 0.055 0.064 0.884 0.054 0.063 
343.15 0.876 0.056 0.067 0.876 0.057 0.067 0.879 0.056 0.065 
348.15 0.871 0.059 0.070 0.871 0.060 0.069 0.873 0.059 0.068 
353.15 0.866 0.062 0.073 0.865 0.063 0.072 0.868 0.061 0.070 
358.15 0.860 0.064 0.075 0.860 0.065 0.074 0.863 0.064 0.073 
363.15 0.855 0.067 0.078 0.855 0.068 0.077 0.858 0.067 0.076 

a Fi=mi/(mAdH + mAdH2
+ +mHCl)  

b Ionization constant from Balodis et al.( 2012) 
 c Standard deviation of multiple measurements 
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 Table 4.11: Relative densities and apparent molar volumes of adenine hydrochloride at 
mAdH2Cl = (40.002 ± 0.0016)·10-3 a mol kg-1 with an excess of hydrochloride at  mHCl = 

(0.45 ± 0.04) 10-3 mol kg-1 b, p = (0.1 ±0.01) MPa a 
 

 T   (ρs-ρw)·103 b,c  Vϕ
exp b   Vϕ, AdH2Cl 

  b 

K g cm-3 cm3
 mol-1 cm3 mol-1 

288.15 2.550 ± 0.005 106.77 ± 0.13 111.0 ± 3.2 
293.15 2.517 ± 0.005 107.63 ± 0.13 112.1 ± 3.0 
298.15 2.489 ± 0.005 108.38 ± 0.13 113.2 ± 2.9 
303.15 2.462 ± 0.005 109.10 ± 0.13 114.3 ± 2.7 
308.15 2.441 ± 0.005 109.71 ± 0.13 115.3 ± 2.6 
313.15 2.424 ± 0.005 110.23 ± 0.13 116.2 ± 2.5 
318.15 2.410 ± 0.005 110.69 ± 0.13 117.0 ± 2.3 
323.15 2.398 ± 0.005 111.09 ± 0.13 117.8 ± 2.2 
328.15 2.387 ± 0.005 111.50 ± 0.13 118.6 ± 2.2 
333.15 2.378 ± 0.005 111.84 ± 0.13 119.4 ± 2.1 
338.15 2.370 ± 0.005 112.19 ± 0.13 120.1 ± 2.0 
343.15 2.365 ± 0.005 112.47 ± 0.13 120.8 ± 2.0 
348.15 2.360 ± 0.005 112.75 ± 0.13 121.5 ± 1.9 
353.15 2.360 ± 0.005 112.91 ± 0.13 122.1 ± 1.9 
358.15 2.363 ± 0.005 112.99 ± 0.13 122.6 ± 1.8 
363.15 2.370 ± 0.005 112.98 ± 0.14 122.9 ± 1.8 

a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard deviation  
c Properties of water from Hill (1990) 
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Table 4.12: Relative densities and apparent molar volumes of adenine hydrochloride at 
mAdH2Cl= (38.776 ± 0.007)·10-3 mol kg-1 a with and excess of hydrochloride at  mHCl = 

(0.38 ± 0.04)·10-3 mol kg-1 b p = (0.1 ±0.01) MPa a 
  
 

 T   (ρs-ρw)·103 b,c  Vϕ
exp b  Vϕ, AdH2Cl 

  b  

K g cm-3 cm3
 mol-1 cm3 mol-1 

288.15 2.550 ± 0.005 106.77±0.13 111.0 ± 3.2 
293.15 2.517 ± 0.005 107.63±0.13 112.1 ± 3.0 
298.15 2.489 ± 0.005 108.38±0.13 113.2 ± 2.9 
303.15 2.462 ± 0.005 109.10±0.13 114.3 ± 2.7 
308.15 2.441 ± 0.005 109.71±0.13 115.3 ± 2.6 
313.15 2.424 ± 0.005 110.23±0.13 116.2 ± 2.5 
318.15 2.410 ± 0.005 110.69±0.13 117.0 ± 2.3 
323.15 2.398 ± 0.005 111.09±0.13 117.8 ± 2.2 
328.15 2.387 ± 0.005 111.50±0.13 118.6 ± 2.2 
333.15 2.378 ± 0.005 111.84±0.13 119.4 ± 2.1 
338.15 2.370 ± 0.005 112.19±0.13 120.1 ± 2.0 
343.15 2.365 ± 0.005 112.47±0.13 120.8 ± 2.0 
348.15 2.360 ± 0.005 112.75±0.13 121.5 ± 1.9 
353.15 2.360 ± 0.005 112.91±0.13 122.1 ± 1.9 
358.15 2.363 ± 0.005 112.99±0.13 122.6 ± 1.8 
363.15 2.370 ± 0.005 112.98±0.14 122.9 ± 1.8 

a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard deviation  
c Properties of water from Hill (1990) 
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Table 4.13: Relative densities and apparent molar volumes of adenine hydrochloride 
mAdH2Cl (40.555 ± 0.004)·10-3 mol kg-1 a with and excess of hydrochloride at  mHCl = (0.39 

±  0.04)·10-3 mol kg-1 b p = (0.1 ±0.01) MPa. a 
 

 T   (ρs-ρw)·103  b,c   Vϕ
exp   b   Vϕ, AdH2Cl 

  b  

K g cm-3 cm3
 mol-1 cm3 mol-1 

288.15 2.550± 0.005 106.77±0.13 111.0± 3.2 

293.15 2.517± 0.005 107.63±0.13 112.1± 3.0 

298.15 2.489± 0.005 108.38±0.13 113.2± 2.9 

303.15 2.462± 0.005 109.10±0.13 114.3± 2.7 

308.15 2.441± 0.005 109.71±0.13 115.3± 2.6 

313.15 2.424± 0.005 110.23±0.13 116.2± 2.5 

318.15 2.410± 0.005 110.69±0.13 117.0± 2.3 

323.15 2.398± 0.005 111.09±0.13 117.8± 2.2 

328.15 2.387± 0.005 111.50±0.13 118.6± 2.2 

333.15 2.378± 0.005 111.84±0.13 119.4± 2.1 

338.15 2.370± 0.005 112.19±0.13 120.1± 2.0 

343.15 2.365± 0.005 112.47±0.13 120.8± 2.0 

348.15 2.360± 0.005 112.75±0.13 121.5± 1.9 

353.15 2.360± 0.005 112.91±0.13 122.1± 1.9 

358.15 2.363± 0.005 112.99±0.13 122.6± 1.8 

363.15 2.370± 0.005 112.98±0.14 122.9± 1.8 
a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard deviation  
c Properties of water from Hill (1990) 
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Table 4.14:  Relative heat-capacity-density products and apparent molar heat capacities 
of adenine hydrochloride at mAdH2Cl = (40.002 ± 0.0016)·10-3 mol kg-1 a  hydrochloric acid 

mHCl = (0.45 ± 0.04) ·10-3 mol kg-1 bat a pressure of 0.03 MPa.a 
 

 T   (cp,sρs-cp,wρw)·103 b,c  Cp, ϕ
exp b   Cp 

rel b   Cp,ϕ, AdH2Cl
 b 

K J cm-3 K-1 J mol-1 K-1 J mol-1 K-1 J mol-1 K-1 
288.15 -12.99 ± 0.02 131 ± 3 9.27 ± 1.3 130 ± 7 
293.15 -12.47 ± 0.08 146 ± 3 10.03 ± 1.4 146 ± 7 
298.15 -11.99 ± 0.05 160 ± 3 10.84 ± 1.5 160 ± 7 
303.15 -11.62 ± 0.06 171 ± 3 11.69 ± 1.6 171 ± 7 
308.15 -11.32 ± 0.05 180 ± 3 12.57 ± 1.7 180 ± 7 
313.15 -11.06 ± 0.05 187 ± 3 13.48 ± 1.8 188 ± 6 
318.15 -10.86 ± 0.05 193 ± 3 14.40 ± 1.9 193 ± 6 
323.15 -10.68 ± 0.05 197 ± 3 15.34 ± 1.9 198 ± 6 
328.15 -10.52 ± 0.05 201 ± 3 16.27 ± 2.0 202 ± 6 
333.15 -10.38 ± 0.06 205 ± 3 17.20 ± 2.1 206 ± 6 
338.15 -10.23 ± 0.05 208 ± 3 18.21 ± 2.2 209 ± 6 
343.15 -10.13 ± 0.05 210 ± 3 19.18 ± 2.3 211 ± 6 
348.15 -10.06 ± 0.05 212 ± 3 20.14 ± 2.4 212 ± 6 
353.15 -9.97 ± 0.04 213 ± 3 21.08 ± 2.5 213 ± 6 
358.15 -9.89 ± 0.05 213 ± 3 22.11 ± 2.6 214 ± 6 
363.15 -9.81 ± 0.04 213 ± 3 22.88 ± 2.7 214 ± 6 

a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard deviation  
c Properties of water from Hill (1990) 
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 Table 4.15 Relative heat-capacity-density products and apparent molar heat capacities of 
adenine hydrochloride at mAdH2Cl = (38.776 ± 0.007)·10-3 mol kg-1   hydrochloric acid 

mHCl = (0.38 ± 0.04)·10-3 mol kg-1 b at a pressure of 0.03 MPa.a 
 

 T   (cp,sρs-cp,wρw)·103 b,c Cp, ϕ
exp b   Cp 

rel b   Cp,ϕ, AdH2Cl
 b 

K J cm-3 K-1 J mol-1 K-1 J mol-1 K-1 J mol-1 K-1 
288.15 -12.33± 0.02 137±3 9.27±1.3 135 ± 7 
293.15 -11.84± 0.07 152±3 10.03±1.4 151 ± 7 
298.15 -11.39± 0.04 165±3 10.84±1.5 165 ± 7 
303.15 -11.04± 0.05 176±3 11.69±1.6 176 ± 7 
308.15 -10.76± 0.05 184±3 12.57±1.7 185 ± 7 
313.15 -10.52± 0.05 191±3 13.48±1.8 192 ± 7 
318.15 -10.33± 0.05 197±3 14.40±1.9 198 ± 6 
323.15 -10.16± 0.06 202±3 15.34±2.0 202 ± 6 
328.15 -10.01± 0.05 205±3 16.27±2.1 206 ± 6 
333.15 -9.87± 0.07 209±3 17.20±2.2 210 ± 6 
338.15 -9.73± 0.06 212±3 18.21±2.3 213 ± 6 
343.15 -9.63± 0.06 214±3 19.18±2.4 215 ± 6 
348.15 -9.57± 0.07 215±3 20.14±2.5 216 ± 6 
353.15 -9.48± 0.07 216±3 21.08±2.6 217 ± 6 
358.15 -9.39± 0.07 217±3 22.11±2.7 218 ± 6 
363.15 -9.31± 0.06 217±3 22.88±2.7 218 ± 6 

a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard deviation  
c Properties of water from Hill (1990) 
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 Table 4.16 Relative heat-capacity-density products and apparent molar heat capacities of 
adenine hydrochloride at mAdH2Cl = (40.555 ± 0.004)·10-3 mol kg-1 a hydrochloric acid 

mHCl = (0.39 ±  0.04)·10-3 mol kg-1 b at a pressure of 0.03 MPa. a  
 
 T   (cp,sρs-cp,wρw)·103 b,c  Cp, ϕ

exp b   Cp 
rel b   Cp,ϕ, AdH2Cl

 b 

K J cm-3 K-1 J mol-1 K-1 J mol-1 K-1 J mol-1 K-1 
288.15 -12.95± 0.06 136±3 9.27±1.3 135±7 
293.15 -12.44± 0.04 151±3 10.03±1.4 150±7 
298.15 -11.98± 0.03 164±3 10.84±1.5 163±7 
303.15 -11.60± 0.04 175±3 11.69±1.6 175±7 
308.15 -11.30± 0.05 184±3 12.57±1.7 184±6 
313.15 -11.03± 0.03 191±3 13.48±1.8 191±6 
318.15 -10.82± 0.03 197±3 14.40±1.9 197±6 
323.15 -10.65± 0.03 201±3 15.34±2.0 202±6 
328.15 -10.48± 0.03 205±3 16.27±2.1 206±6 
333.15 -10.33± 0.06 209±3 17.20±2.2 210±6 
338.15 -10.18± 0.05 212±3 18.21±2.3 213±6 
343.15 -10.09± 0.06 214±3 19.18±2.3 215±6 
348.15 -10.01± 0.05 215±3 20.14±2.4 216±6 
353.15 -9.93± 0.06 216±3 21.08±2.5 216±6 
358.15 -9.85± 0.04 216±3 22.11±2.6 217±6 
363.15 -9.79± 0.05 216±3 22.88±2.7 216±6 
a Standard deviation from multiple measurements  
b Errors are the propagated uncertainties from standard deviation  
c Properties of water from Hill (1990) 
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Table 4.17: Measured pH and calculated degree of reaction of adenine hydrochloride 
solutions. a 

 

m m m 

(40.0020 ± 0.0016) ·10-3 b (38.776 ± 0.007) ·10-3 b (40.555 ± 0.004) ·10-3 b  

pH = 2.74 pH = 2.76 pH= 2.75 

 T  AdH2Cl AdH* AdH2Cl AdH* AdH2Cl AdH* 

K (1- α AdH2Cl) α AdH2Cl (1- α AdH2Cl) α AdH2Cl (1- α AdH2Cl) α AdH2Cl 

283.15 0.974 0.026 0.973 0.027 0.974 0.026 
288.15 0.972 0.028 0.970 0.030 0.971 0.029 
293.15 0.969 0.031 0.968 0.032 0.968 0.032 
298.15 0.966 0.034 0.965 0.035 0.966 0.034 
303.15 0.964 0.036 0.962 0.038 0.963 0.037 
308.15 0.961 0.039 0.959 0.041 0.960 0.040 
313.15 0.958 0.042 0.956 0.044 0.957 0.043 
318.15 0.955 0.045 0.953 0.047 0.954 0.046 
323.15 0.952 0.048 0.950 0.050 0.951 0.049 
328.15 0.949 0.051 0.947 0.053 0.948 0.052 
333.15 0.946 0.054 0.944 0.056 0.945 0.055 
338.15 0.943 0.057 0.941 0.059 0.942 0.058 
343.15 0.940 0.060 0.938 0.062 0.939 0.061 
348.15 0.937 0.063 0.935 0.065 0.936 0.064 
353.15 0.934 0.066 0.932 0.068 0.933 0.067 
358.15 0.931 0.069 0.928 0.072 0.930 0.070 
363.15 0.927 0.073 0.925 0.075 0.927 0.073 
a Ionization constant from Balodis et al.( 2012) 
 b Standard deviation of multiple measurements 
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Table 4.18: Standard partial molar properties of adenine hydrochloride a 

 

 T   Vϕ
exp Cp,ϕ

exp V° b Cp°
 b  

K cm3 mol-1 J mol-1 K-1 cm3 mol-1 J mol-1 K-1 
288.15 110.77± 0.14 127.3±2.9 110.0 125.9 
293.15 111.97± 0.16 142.5±2.8 111.7 143.3 
298.15 113.04± 0.15 156.2±2.5 113.1 156.8 
303.15 114.09± 0.14 167.0±2.4 114.3 167.5 
308.15 115.05± 0.15 175.6±2.4 115.4 176.0 
313.15 115.92± 0.15 182.7±2.3 116.4 182.8 
318.15 116.76± 0.17 188.2±2.3 117.2 188.3 
323.15 117.52± 0.17 192.4±2.3 118.0 192.7 
328.15 118.29± 0.15 196.2±2.2 118.6 196.3 
333.15 119.01± 0.16 199.5±2.3 119.3 199.1 
338.15 119.70± 0.12 202.6±2.1 119.8 201.3 
343.15 120.33± 0.14 204.0±2.1 120.3 203.1 
348.15 120.99± 0.10 204.6±1.9 120.8 204.3 
353.15 121.51± 0.11 205.5±1.9 121.2 205.2 
358.15 121.99± 0.12 205.7±2.1 121.6 205.8 
363.15 122.29± 0.13 204.9±2.0 122.0 206.1 
a  The uncertainty is the standard deviation of all three adenine 
solutions. 
 b Standard error of the standard partial molar volumes 0.3 cm3 
mol-1.and standard partial molar heat capacities 3.6 J mol-1 K-1 
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Table 4.19: Fraction of species in adenine sodium hydroxide solutions.a,b 

 

 m m m 
 

 (24.321 ± 0.007) ·10-3 c (25.001 ± 0.005)·10-3 c (22.4129 ± 0.0010)·10-3 c

 T  

K 
FAdH

- FAdH FNaOH FAdH
- FAdH FNaOH FAdH

- FAdH FNaOH 

283.15 0.886 0.014 0.100 0.812 0.006 0.182 0.950 0.036 0.050 
288.15 0.881 0.017 0.102 0.809 0.008 0.183 0.946 0.041 0.054 
293.15 0.876 0.020 0.105 0.807 0.009 0.184 0.941 0.045 0.059 
298.15 0.870 0.022 0.107 0.804 0.011 0.185 0.937 0.050 0.063 
303.15 0.865 0.025 0.110 0.801 0.012 0.187 0.933 0.054 0.067 
308.15 0.859 0.028 0.113 0.798 0.014 0.188 0.928 0.058 0.072 
313.15 0.853 0.031 0.115 0.794 0.016 0.190 0.924 0.062 0.076 
318.15 0.847 0.034 0.118 0.791 0.018 0.191 0.920 0.067 0.080 
323.15 0.842 0.037 0.121 0.788 0.020 0.193 0.916 0.071 0.084 
328.15 0.836 0.040 0.124 0.784 0.022 0.194 0.912 0.075 0.088 
333.15 0.831 0.043 0.126 0.781 0.023 0.196 0.908 0.079 0.092 
338.15 0.825 0.046 0.129 0.777 0.025 0.197 0.904 0.083 0.096 
343.15 0.820 0.049 0.131 0.774 0.027 0.199 0.900 0.086 0.100 
348.15 0.816 0.051 0.133 0.771 0.029 0.200 0.897 0.090 0.103 
353.15 0.811 0.053 0.135 0.768 0.031 0.202 0.894 0.093 0.106 
358.15 0.807 0.056 0.137 0.765 0.032 0.203 0.890 0.096 0.110 
363.15 0.803 0.058 0.139 0.762 0.034 0.204 0.887 0.099 0.113 
a: Fi=mi/(mAdH+mNaAd+mNaOH) 
 b:Ionization constant from Balodis et al.( 2012)  

c: Standard deviation of multiple measurements 
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Table 4.20:  Relative densities and apparent molar volume data of sodium adeninate and 
sodium hydroxide 
 

 T   (ρs-ρw)·103 b,c  Vϕ
exp b   Vϕ 

b  
K g cm-3 cm3

 mol-1 cm3 mol-1 
mNaAd = (24.321 ±  0.007)·10-3 mol kg-1 a  

mNaOH  = (2.31 ± 0.07)·10-3 mol kg-1 b p = (0.10 ± 0.01) MPa a 

283.15 1.709±0.019 90.8±0.4 100± 4 

298.15 1.666±0.020 93.3±0.7 103± 4 

313.15 1.633±0.023 95.2±0.4 105± 3 
mNaAd =(25.001 ± 0.005)·10-3 mol kg-1 a  

mNaOH = (5.36 ± 0.13)·10-3 mol kg-1 b p = (0.10 ± 0.01) MPa a 
283.15 2.177±0.011 79.4±0.8 98± 4 
298.15 2.068±0.009 83.0±0.9 102± 4 
313.15 2.026±0.009 84.5±0.9 104± 4 

mNaAd = (22.4129 ± 0.0010)·10-3 mol kg-1 a  

mNaOH = (0.31 ± 0.03)·10-3 mol kg-1 b p = (0.10 ± 0.01) MPa a 
283.15 1.930±0.005 97.9±0.9 100.0± 3.3 
298.15 1.864±0.013 99.9±1.0 102.2± 2.8 
313.15 1.817±0.005 101.5±1.3 103.9± 2.6 

a Standard deviation from multiple measurements 
b Errors are the propagated uncertainties from standard 
deviation 
 c Properties of water from (Hill 1990) 
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Table 4.21: Relative heat capacity-density-products and apparent molar heat capacity 
data of sodium adeninate and sodium hydroxide 
 

 T   (cp,sρs-cp,wρw)·103 b,c  Cp,ϕ
exp b   Cp 

rel b   Cp, ϕ 
b  

K J cm-3 K-1 J mol-1 K-1 J mol-1 K-1 J mol-1 K-1 
mNaAd = (24.321 ±  0.007)·10-3 mol kg-1 a 

mNaOH  = (2.31 ± 0.07)·10-3 mol kg-1 b p= (0.30 ± 0.01) MPa a 
283.15 -12.88 ± 0.08 80±5 7.61±3.4 95±11 
298.15 -0.30 ± 0.14 148±7 9.96±4.7 161±12 
313.15 20.72 ± 0.12 186±6 11.88±5.8 198±12 

mNaAd (25.001 ± 0.005)·10-3 mol kg-1 a 

mNaOH  = (5.36 ± 0.13)·10-3 mol kg-1 b p = (0.30 ± 0.01) MPa a 
283.15 -16.43± 0.12 63±6 3.7±1.7 106±12 
298.15 -3.26± 0.14 128±7 5.2±2.4 171±13 
313.15 18.00± 0.11 162±6 6.5±3.2 204±13 

mNaAd = (22.4129 ± 0.0010)·10-3 mol kg-1 a 

mNaOH = (0.31 ± 0.03)·10-3 mol kg-1 b p = (0.30 ± 0.01) MPa a 

288.15 -15.22± 0.04 121±6 17.7±7.9 109±12 

293.15 -2.21± 0.13 182±8 19.8±9.3 168±14 

298.15 19.02± 0.11 218±7 21.2±10.3 202±14 
a: Standard deviation from multiple measurements  
b: Errors are the propagated uncertainties from standard deviation 
 c: Properties of water from Hill (1990) 
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Table 4.22: Measured pH and calculation the degree of reaction sodium adeninate 
solutions a. 
 

 m m m 

 (24.321 ± 0.007)·10-3 b (25.001 ± 0.005)·10-3 b (22.4129 ± 0.0010)·10-3 b 

 pH = 11.46 pH = 11.75 pH = 11.15 

 T  NaAd AdH* NaAd AdH* NaAd AdH* 

K (1- αNaAd)  αNaAd (1- αNaAd) αNaAd (1- αNaAd)  αNaAd 
283.15 0.984 0.016 0.992 0.008 0.963 0.037 
288.15 0.981 0.019 0.991 0.009 0.959 0.041 
293.15 0.978 0.022 0.989 0.011 0.954 0.046 
298.15 0.975 0.025 0.987 0.013 0.950 0.050 
303.15 0.971 0.029 0.985 0.015 0.945 0.055 
308.15 0.968 0.032 0.983 0.017 0.941 0.059 
313.15 0.964 0.036 0.980 0.020 0.937 0.063 
318.15 0.961 0.039 0.978 0.022 0.932 0.068 
323.15 0.957 0.043 0.976 0.024 0.928 0.072 
328.15 0.954 0.046 0.973 0.027 0.924 0.076 
333.15 0.950 0.050 0.971 0.029 0.920 0.080 
338.15 0.947 0.053 0.968 0.032 0.916 0.084 
343.15 0.944 0.056 0.966 0.034 0.912 0.088 
348.15 0.941 0.059 0.964 0.036 0.909 0.091 
353.15 0.938 0.062 0.962 0.038 0.906 0.094 
358.15 0.935 0.065 0.960 0.040 0.903 0.097 
363.15 0.933 0.067 0.958 0.042 0.900 0.100 

a: Ionization constant from Balodis et al.(2012) 
 b: Standard deviation of multiple measurements 
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Table 4.23: Standard partial molar properties of sodium adeninate a. 
 

 T   Vϕ
exp Cpϕ

exp  V° b   Cp°
 b  

K cm3 mol-1 J mol-1 K-1 cm3 mol-1 J mol-1 K-1 
283.15 99.2± 1.3 99±8 99.28 98.76 
298.15 102.2± 0.5 161±5 102.16 161.26 
313.15 104.0± 0.8 195±3 104.03 195.46 
a: Error is the standard deviation of all three adenine solutions.  
b: Standard error of the standard partial molar volumes 0.5 cm3 
mol-1.and standard partial molar heat capacities 5 J mol-1 K-1 

 
 
Table 4.24: Table of coefficient for the density model to predict the standard partial 
molar volumes and standard partial molar heat capacities of adenine, adenine 
hydrochloride and sodium adeninate salt. 
 

  AdH AdH2Cl NaAd 
Parameters Units Coefficients Std Errora Coefficients Std Errora Coefficients Std Errora

v1 cm3 mol-1 104.2 0.4 131.6 0.3 112.7 0.472 
v2 cm3 K mol-1 -959.0 33.6 -1295.5 26.5 -742.3 32.788 
c1 J K-1 mol-1 225.4 2.7 257.4 3.6 249.9 5.343 
c2 J mol-1 -86903.3 10250.9 -462999.0 13898.1 -465235.0 14868.353
k  -0.046 0.0 0.034 0.0 -0.031 0.011 

Std Errorb  0.386  0.793  0.147  
a: Standard error of the coefficient 
b: Standard error of the estimate 
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Table 4.25: Single ion values for the adenine cation AdH2
+, adenine anion Ad-, sodium 

ion Na+ from Archer (1990) and chloride ion Cl- from Sharygin and Wood (1997). 
 

 AdH2
+ Ad- Na+ Cl- 

 T   V°   Cp°   V°   Cp°   V°   Cp°   V°   Cp°  
K cm3 mol-1 J mol-1 K-1 cm3 mol-1 J mol-1 K-1 cm3 mol-1 J mol-1 K-1 cm3 mol-1 J mol-1 K-1

283.15 91 248 103 82 -2.33 17.37 17.16 -145.05 
288.15 93 262 105 100 -1.89 26.24 17.44 -135.94 
293.15 94 272 106 115 -1.52 32.97 17.66 -128.76 
298.15 95 280 106 127 -1.19 38.19 17.81 -123.20 
303.15 96 287 107 138 -0.90 42.31 17.92 -119.02 
308.15 97 292 108 148 -0.64 45.61 17.98 -116.01 
313.15 98 297 108 156 -0.40 48.28 18.00 -113.98 
318.15 99 301 109 164 -0.18 50.44 17.97 -112.77 
323.15 100 305 109 171 0.02 52.17 17.91 -112.25 
328.15 101 309 110 177 0.19 53.54 17.82 -112.30 
333.15 102 312 110 183 0.36 54.58 17.69 -112.83 
338.15 102 315 110 189 0.53 55.33 17.52 -113.77 
343.15 103 318 110 195 0.68 55.82 17.32 -115.06 
348.15 104 321 111 201 0.82 56.08 17.09 -116.68 
353.15 104 324 111 206 0.96 56.13 16.82 -118.58 
358.15 105 327 111 212 1.08 56.00 16.52 -120.76 
363.15 106 329 111 217 1.21 55.72 16.18 -123.22 
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Table 4.26: Fraction of adenine in monomer and dimer species and the standard partial 
molar properties of the adenine monomer and dimer as estimated by Model 1, a 

 
  AdH (AdH)2 

 T   V°  Cp°   V°    Cp°  

K 
FAdH 

cm3 mol-1 J mol-1 K-1
F(AdH)2

 
cm3 mol-1 J mol-1 K-1 

273.15 0.871 104.38 274 0.129 -43 -393 

278.15 0.879 104.38 275 0.121 -43 -393 

283.15 0.887 104.38 275 0.113 -43 -393 

288.15 0.894 104.38 276 0.106 -43 -393 

293.15 0.900 104.38 277 0.100 -43 -393 

298.15 0.906 104.38 278 0.094 -43 -393 

303.15 0.911 104.38 278 0.089 -43 -393 

308.15 0.916 104.38 279 0.084 -43 -393 

313.15 0.921 104.38 279 0.079 -43 -393 

318.15 0.925 104.38 280 0.075 -43 -393 

323.15 0.929 104.38 281 0.071 -43 -393 

328.15 0.933 104.38 281 0.067 -43 -393 

333.15 0.936 104.38 282 0.064 -43 -393 

338.15 0.939 104.38 283 0.061 -43 -393 

343.15 0.942 104.38 284 0.058 -43 -393 

348.15 0.945 104.38 284 0.055 -43 -393 

353.15 0.948 104.38 285 0.052 -43 -393 

358.15 0.950 104.38 286 0.050 -43 -393 

363.15 0.952 104.38 287 0.048 -43 -393 
a Fi=mi/(mAdH+m(AdH)2

) 
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Table 4.27: Parameters for Model 1 for the separation of adenine monomer and dimer 
 

Parameters Units Coefficients Std Error a 
v1 cm3 mol-1 104.169 0.3574 
v2 cm3  mol-1 -959.017 33.632 
c1 J K-1 mol-1 225.392 2.720 
c2 J K-1 mol-1 -86903.33 10250.9 
k  -0.046 0.003 

Std Error b   0.233   
a: Standard error of the coefficient 
b: Standard error of the estimate 

 
 
Table 4.28: Parameter for Model 2 for the separation of adenine monomer, AdH, and 
dimer (AdH)2. 
 

Parameters Units Coefficients Std Error a 
v1 cm3 mol-1 104.264 0.329 
v2 cm3 K mol-1 -874.415 30.926 
c1 J K-1 mol-1 227.784 2.501 
c2 J mol-1 -40743.068 9429.907 
k  -0.035 0.003 
ΔV° cm3 mol-1 -15  

ΔCp° (m) J mol-1 K-2 2.781 0.3 
ΔCp° (b) J mol-1 K-1 -972.334 10.452 
ΔH° kJ mol-1 -5 1 

Std Error b  0.354  
a Standard error of the coefficient 
b Standard error of the estimate 
ΔCp°= ΔCp°(m)T+ ΔCp°(b) 
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Table 4.29:  Standard partial molar properties of adenine monomer and dimer from 
Model 2. 

  Monomer Dimer 

 T   V°   Cp°   V°   Cp°  

K cm3 mol-1 J mol-1 K-1 cm3 mol-1 J mol-1 K-1 

273.15 85 209 155 195 

278.15 87 214 159 220 

283.15 88 218 162 243 

288.15 90 222 165 264 

293.15 91 225 167 285 

298.15 92 228 169 304 

303.15 93 230 170 324 

308.15 93 232 172 342 

313.15 94 235 173 361 

318.15 95 236 174 379 

323.15 95 238 175 397 

328.15 96 240 176 415 

333.15 96 242 177 433 

338.15 96 244 178 451 

343.15 97 246 178 469 

348.15 97 248 179 487 

353.15 97 249 180 505 

358.15 98 251 180 523 

363.15 98 253 181 542 
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Table 4.30: Difference between Young’s rule results for the properties of AdH2Cl and the 
experimental apparent molar properties for the adenine hydrochloride m = (40.0020 ± 
0.0016) ·10-3 mol kg-1. 

 T   Vϕ,AdH2C l - Vϕ
exp  Cp,ϕ AdH2C l - Cp, ϕ

 exp  

K cm3 mol-1 J mol-1 K-1 
288.15 4 -1 
293.15 5 0 
298.15 5 0 
303.15 5 0 
308.15 6 1 
313.15 6 1 
318.15 6 1 
323.15 7 1 
328.15 7 1 
333.15 8 1 
338.15 8 1 
343.15 8 1 
348.15 9 1 
353.15 9 1 
358.15 10 1 
363.15 10 1 
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Table 4.31: Fractional contributions of volumes of the species to the experimental values 
of adenine hydrochloride solution, m = (40.0020 ± 0.0016)·10-3 mol kg-1 
 

 T  FiVϕ,i/Vϕ
exp 

K AdH AdH2Cl HCl 

288.15 0.02 0.97 0.01 
293.15 0.02 0.97 0.01 
298.15 0.03 0.97 0.01 
303.15 0.03 0.96 0.01 
308.15 0.03 0.96 0.01 
313.15 0.03 0.96 0.01 
318.15 0.04 0.96 0.01 
323.15 0.04 0.95 0.01 
328.15 0.04 0.95 0.01 
333.15 0.05 0.95 0.01 
338.15 0.05 0.94 0.01 
343.15 0.05 0.94 0.01 
348.15 0.05 0.94 0.01 
353.15 0.06 0.94 0.01 
358.15 0.06 0.93 0.01 
363.15 0.06 0.93 0.01 
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Table 4.32: Fractional contributions of heat capacities to the experimental values of 
adenine hydrochloride solutions, m = (40.0020 ± 0.0016)·10-3 mol kg-1  
 

 T  FiCp,ϕ,i/Cp,ϕ
exp 

K AdH AdH2Cl HCl Cp
rel 

288.15 0.04 0.93 -0.04 0.07 
293.15 0.04 0.93 -0.04 0.07 
298.15 0.04 0.92 -0.03 0.07 
303.15 0.04 0.92 -0.03 0.07 
308.15 0.05 0.92 -0.03 0.07 
313.15 0.05 0.91 -0.03 0.07 
318.15 0.05 0.91 -0.03 0.07 
323.15 0.05 0.90 -0.03 0.08 
328.15 0.06 0.90 -0.03 0.08 
333.15 0.06 0.89 -0.03 0.08 
338.15 0.06 0.89 -0.04 0.09 
343.15 0.07 0.88 -0.04 0.09 
348.15 0.07 0.87 -0.04 0.09 
353.15 0.07 0.87 -0.04 0.10 
358.15 0.08 0.86 -0.04 0.10 
363.15 0.08 0.86 -0.04 0.11 

 
Table 4.33: Difference between experimental properties and apparent molar properties. 
 

 T   Vϕ,NaAd-Vϕ
exp   Cp,ϕNaAd-Cp, ϕ

exp 

K cm3 mol-1 J mol-1 K-1 

 m = (24.321 ± 0.007) ·10-3 

283.15 11 14 
298.15 12 13 
313.15 14 13 

 m = (25.001 ± 0.005) ·10-3 

283.15 15 43 
298.15 17 44 
313.15 20 45 

 m = (22.4129 ± 0.0010) ·10-3 

283.15 6 -9 
298.15 8 -5 
313.15 9 0 
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Table 4.34: Fractional contributions of molar volumes of species with respect to the 
experimental molar volumes,  
 

 T  FiVϕ,i/Vϕ 
exp 

K AdH NaAd NaOH 

 m = (24.321 ± 0.007) ·10-3 mol kg-1 
283.15 0.014 0.994 -0.008 
298.15 0.022 0.984 -0.006 
313.15 0.031 0.974 -0.005 
   m = (25.001 ± 0.005) ·10-3 mol kg-1 

283.15 0.007 1.009 -0.016 
298.15 0.012 1.000 -0.011 
313.15 0.017 0.992 -0.009 
   m = (22.4129 ± 0.0010) ·10-3 mol kg-1 

283.15 0.032 0.972 -0.003 
298.15 0.043 0.960 -0.003 
313.15 0.054 0.949 -0.003 

 
 
Table 4.35:  Fractional contributions of molar heat capacities of species with respect to 
the experimental molar heat capacity. 

 
 T  FiCp,ϕ,i/Cp,ϕ

exp 
 K  AdH NaAd NaOH Cp

rel 
m = (24.321 ± 0.007) ·10-3 mol kg-1 

283.15 0.036 1.057 -0.196 0.103 
298.15 0.033 0.970 -0.071 0.068 
313.15 0.038 0.943 -0.040 0.059 

m = (25.001 ± 0.005) ·10-3 mol kg-1 
283.15 0.020 1.368 -0.452 0.064 
298.15 0.018 1.082 -0.140 0.040 
313.15 0.022 1.015 -0.074 0.037 

m = (22.4129 ± 0.0010) ·10-3 mol kg-1 
283.15 0.058 0.846 -0.063 0.159 
298.15 0.056 0.867 -0.032 0.109 
313.15 0.061 0.871 -0.021 0.089 
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Table 4.36: Difference between Model 1 monomer results and the experiment 

properties for the adenine. 
 

 T  Vϕ
calc-Vϕ

exp Cp,ϕ 
calc-Cp,ϕ

exp  

K cm3 mol-1 J mol-1 K-1 
288.15 15.3 69.4 
293.15 14.5 65.2 
298.15 13.8 61.7 
303.15 13.2 57.9 
308.15 12.4 54.8 
313.15 11.8 52.3 
318.15 11.3 49.8 
323.15 10.8 47.4 
328.15 10.3 44.5 
333.15 9.5 41.5 
338.15 9.0 39.6 
343.15 8.5 38.0 
348.15 8.1 36.6 
353.15 7.5 34.9 
358.15 7.3 34.1 
363.15 6.6 31.5 
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Table 4.37: Fraction contributions of the adenine monomer and dimer to the experimental 
molar property from Model 1. 
 

 T  FiVϕ,i/Vϕ
exp FiCp,ϕ,i/Cp,ϕ

exp 

K AdH (AdH)2 AdH (AdH)2 Cp
rel 

288.15 1.047 -0.052 1.194 -0.202 0.008 

293.15 1.045 -0.048 1.177 -0.186 0.008 

298.15 1.043 -0.045 1.165 -0.171 0.007 

303.15 1.043 -0.042 1.151 -0.158 0.006 

308.15 1.040 -0.039 1.140 -0.147 0.005 

313.15 1.038 -0.037 1.133 -0.137 0.005 

318.15 1.037 -0.035 1.125 -0.128 0.004 

323.15 1.037 -0.033 1.118 -0.119 0.004 

328.15 1.035 -0.031 1.108 -0.111 0.004 

333.15 1.030 -0.029 1.098 -0.104 0.003 

338.15 1.029 -0.027 1.093 -0.098 0.003 

343.15 1.026 -0.026 1.088 -0.092 0.003 

348.15 1.025 -0.025 1.085 -0.087 0.003 

353.15 1.021 -0.023 1.080 -0.082 0.002 

358.15 1.022 -0.022 1.079 -0.078 0.002 

363.15 1.017 -0.021 1.070 -0.073 0.002 
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Table 4.38: Difference between experimental properties and the standard partial molar 
properties of the adenine monomer as estimated by the Model 2. 
 

 T  Vϕ,
calc-Vexp Cp ϕ

calc-Cp ϕ,
exp 

K cm3 mol-1 J mol-1 K-1 

288.15 0.6 15.3 
293.15 1.0 13.5 
298.15 1.2 11.9 
303.15 1.4 9.8 
308.15 1.4 8.4 
313.15 1.4 7.3 
318.15 1.5 6.2 
323.15 1.5 5.0 
328.15 1.5 3.3 
333.15 1.1 1.5 
338.15 1.0 0.7 
343.15 0.8 0.2 
348.15 0.8 0.0 
353.15 0.4 -0.7 
358.15 0.5 -0.4 
363.15 0.0 -1.9 
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Table 4.39: Fractional contributions of the standard partial molar properties to the 
experimental molar property as determined from Model 2, (Origlia-Luster et al. 2002). 
 

 T   FiV ϕ,(i)/V
exp FiCp ϕ(i)/Cp, ϕ,

exp  
K AdH (AdH)2 ΔrV AdH (AdH)2 Cp 

rel ΔrCp 
288.15 0.900 0.196 -0.016 0.960 0.100 0.017 -0.084 
293.15 0.910 0.186 -0.015 0.957 0.104 0.015 -0.071 
298.15 0.918 0.175 -0.014 0.956 0.106 0.013 -0.060 
303.15 0.925 0.166 -0.013 0.952 0.106 0.012 -0.051 
308.15 0.931 0.156 -0.013 0.951 0.106 0.011 -0.042 
313.15 0.935 0.148 -0.012 0.950 0.106 0.010 -0.035 
318.15 0.940 0.140 -0.011 0.950 0.105 0.009 -0.028 
323.15 0.944 0.133 -0.011 0.949 0.104 0.008 -0.023 
328.15 0.947 0.126 -0.010 0.946 0.102 0.007 -0.017 
333.15 0.947 0.119 -0.009 0.942 0.100 0.007 -0.013 
338.15 0.949 0.113 -0.009 0.942 0.099 0.006 -0.009 
343.15 0.951 0.107 -0.009 0.943 0.097 0.006 -0.005 
348.15 0.953 0.102 -0.008 0.945 0.096 0.005 -0.002 
353.15 0.952 0.097 -0.008 0.945 0.094 0.005 0.001 
358.15 0.955 0.092 -0.007 0.949 0.093 0.004 0.004 
363.15 0.953 0.088 -0.007 0.945 0.091 0.004 0.006 
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Table 4.40: Standard partial molar volumes and standard partial molar heat capacities of 
reaction for the ionization of adenine for reaction, 4.10. a 
 

2AdH   AdH + H  

 T   ΔV°   ΔCp°   
K cm3 mol -1 J mol-1 K-1 

288.15 4±1 57±5 
293.15 4±1 60±7 
298.15 5±1 64±8 
303.15 5±1 66±7 
308.15 5±1 68±8 
313.15 5±1 69±7 
318.15 6±1 71±6 
323.15 6±1 71±7 
328.15 6±1 71±6 
333.15 6±1 72±5 
338.15 7±1 73±6 
343.15 7±1 73±6 
348.15 8±1 74±5 
353.15 8±0 74±4 
358.15 8±1 75±7 
363.15 8±1 73±5 
a: error limits are propagated 
uncertainties from measured values and 
equations. 

 
 
Table 4.41: Standard partial molar volumes and standard partial molar heat capacities for 
the ionization of adenine for reaction 4.16.a 
 

2AdH + OH  Ad   H O

 T  ΔV° ΔCp° 
K cm3 mol -1 J mol-1 K-1

283.15 15±3 137±10 
298.15 16±2 129±10 
313.15 16±3 123±10 
a: error limits are propagated 
uncertainties from measured 
values and equations. 
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Table 4.42: Standard partial molar volumes of reaction and standard partial molar heat 
capacities of reaction for adenine (this work), and caffeine, (Origlia-Luster et al. 2002). 
 

 adenine caffeine 

 T   ΔV° ΔCp° ΔV° ΔCp°  

K cm3 mol-1 J K-1 mol-1 cm3 mol-1 J K-1 mol-1 
288.15 -252 -945 -14.3 -184 
293.15 -252 -947 -14.5 -168 
298.15 -252 -948 -14.7 -151 
303.15 -252 -949 -14.9 -136 
308.15 -252 -951 -15 -120 
313.15 -252 -952 -15.2 -105 
318.15 -252 -953 -15.4 -90 
323.15 -252 -955 -15.6 -75 
328.15 -252 -956 -15.7 -60 
333.15 -252 -957 -15.9 -46 
338.15 -252 -959 -16.1 -31 
343.15 -252 -960 -16.2 -17 
348.15 -252 -962 -16.4 -4 
353.15 -252 -963 -16.6 10 
358.15 -252 -965 -16.8 23 
363.15 -252 -966 -16.9 37 
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Figure 4.1: Fractional speciation of adenine into monomer, AdH, and dimer, (AdH)2. 
using the dimerization constant from Table 3.3, fit 2, in Chapter 3. 
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Figure 4.3: Standard Partial Molar Heat Capacities Cp°AdH* of adenine 
with associated standard deviation.  
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Figure 4.4: Fraction speciation of adenine hydrochloride, AdH2Cl calculated using 
ionization constant sourced from Balodis et al. (2012)  
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Figure 4.5: Standard partial molar volumes of adenine hydrochloride V° 
AdH2Cl and density model fit of adenine data. 
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Figure 4.6: Standard partial molar heat capacities of Cp°AdH2Cl of adenine 

hydrochloride and density model fit of adenine hydrochloride data. 
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Figure 4.7: Fraction of speciation of monosodium adeninate, NaAd, and 
adenine, AdH. Calculated using the ionization constant sourced from 
Balodis et al. (2012)  
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Figure 4.9: Standard partial molar heat capacities of sodium adeninate Cp° NaAd

and the density model fit of sodium adeninate data. 
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Figure 4.10: Residual of the density model to the experimental molar volumes of 
AdH*. 
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Figure 4.11: Residual of the density model to the experimental molar heat capacities 
of adenine solutions AdH*. 
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Figure 4.12: Residual analysis of the density model to the experimental 
molar volumes of adenine hydrochloride. 
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Figure 4.13: Residual analysis of the density model to the experimental 
molar heat capacities of adenine hydrochloride. 
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Figure 4.14: Residual analysis of the density model to the experimental 
molar volumes of sodium adeninate. 
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Figure 4.15: Residual analysis of the density model to the experimental 
molar heat capacities of sodium adeninate 
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Figure 4.16: Regression of Model 1 to the experimental molar volumes of 
adenine and the estimated standard partial molar volumes of adenine 
monomer. 
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Figure 4.17: Regression of Model 1 to the experimental molar heat capacities 
of adenine and the estimated standard partial molar heat capacity of adenine 
monomer. 
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Figure 4.18: Residual analysis of Model 1 to the experimental molar volumes of 
adenine solution 
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Figure 4.19: Residual analysis of Model 1 to the experimental molar heat capacities 
of adenine solution 
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Figure 4.20:  Regression of Model 2 to the experimental molar volumes of adenine 
and the estimated standard partial molar volumes of adenine monomer. 
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Figure 4.22: Residual analysis of Model 2 to the experimental molar volumes of 
adenine solution. 
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Figure 4.23: Residual analysis of Model 2 to the experimental molar heat capacities 
of adenine solution. 
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Figure 4.24: Standard partial molar volume of adenine, this work, and the previous 
work by V. Mann (M.Sc Thesis, 2009) 
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Figure 4.25: Standard partial molar heat capacities of adenine, this work, and 
the previous work by V. Mann (M.Sc Thesis 2009) 
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Figure 4.26: HKF prediction of standard partial molar volumes for adenine and 
experimental values from this work and the literature. Lee and Chalikian, 
(2001) Zielenkiewicz et al., (1994) Kishore and Ahluwalia (1990) 
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Figure 4.27: HKF prediction of standard partial molar heat capacities for adenine 
and the experimental values from this work and other literature. Zielenkiewicz et 
al., (1994) Kishore and Ahluwalia (1990) 
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Figure 4.28: Fractional contributions of adenine hydrochloride and 
adenine hydrochloride species to the experimental apparent molar volume 
at  m = (40.0020 ± 0.0016) ·10-3 mol kg-1.  
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Figure 4.29: Fractional contribution of adenine, hydrochloride, relaxation 
heat capacity, and adenine hydrochloride to the experimental apparent 
molar heat capacities at m =  (40.0020 ± 0.0016) ·10-3 mol kg-1. 
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Figure 4.30: Fractional contributions of adenine, and sodium hydroxide,  
and the sodium adeninate, species to the experimental molar volume at m 
= (24.321 ± 0.007)·10-3 mol kg-1. 
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Figure 4.31: Fractional contributions of adenine, sodium hydroxide, sodium adeninate, 
and chemical relaxation, to the experimental molar heat capacities of adenine 
monosodium salt solution at m = (24.321 ± 0.007) ·10-3 mol kg-1. 
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Figure 4.32: Fractional contributions of adenine monomer, and adenine 
dimer, to the experimental molar volumes as calculated by Model 1. 
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Figure 4.33: Fractional contributions of adenine monomer, adenine dimer 
and relaxation heat capacity to the experimental molar heat capacities as 
calculated by Model 1. 
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Figure 4.34:  Fractional contributions of adenine monomer, adenine dimer, 
and reaction volume of dimerization, to the experimental molar volumes as 
calculated by Model 2. 
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Figure 4.35: Fractional contributions of adenine monomer, adenine dimer,  
chemical relaxation and reaction heat capacity, to the experimental molar 
heat capacity. 
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Figure 4.36: Standard partial molar volumes of reaction for equation 4.10. 
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Figure 4.37: Standard partial molar heat capacities of reaction for equation 
4.10, diamond. Reaction values from regression of mean heat capacity model, 
circle, and the density model, square (Balodis et al. 2012).  
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Figure 4.38: Standard partial molar volumes of reaction for 
equation 4.16 
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Figure 4.39: Standard partial molar heat capacities of reaction 
for equation 4.16, Reaction values from regression of mean 
heat capacity model and the density model (Balodis et al. 
2012) 
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Figure 4.40: Standard partial molar volumes of reaction for adenine 
dimerization as determine by Model 1 
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Figure 4.41: Standard partial molar heat capacities of reaction for adenine 
dimerization as determine by Model 1 
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Figure 4.42: Standard partial molar volumes of reaction for caffeine 
dimerization 
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Figure 4.43: Standard partial molar heat capacities for caffeine dimerization 
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Chapter 5:  

Conclusions and Future Work 

 

5.1. Calorimeter Comparison 

 

 The capillary cell nano-calorimeter was compared with a cylinder cell nano-

calorimeter. Both were produced by TA Instruments. The cylinder cell nano-calorimeter 

has previously been evaluated for its ability to measure heat-capacity-density products of 

solution, but not the capillary cell calorimeter (Ballerat-Busserolles et al., 2000; Woolley, 

2007). The measurements of the relative heat capacity density product of the same 

potassium chloride solutions are within ± 0.006 % of each calorimeter, over the entire 

temperature range. The apparent molar heat capacities measured with each instrument 

agree within ± 2.0 J K-1 mol-1. Despite the differences in the cell configurations, both 

calorimeters performed well in measuring the apparent molar heat capacities of the 

potassium chloride solutions.  

 The cylinder cell nano-calorimeter is capable of performing experiments at 

temperatures up to 160 °C and pressures up to 0.60 MPa. The use of syringes simplifies 

the filling of the cells and makes it easier to prevent the formation of air bubbles in 

solutions. However, should a solute precipitate into the cell, removing it is difficult.  

 The capillary cell instrument allows the solution to easily flow through the cell, 

thus allowing for easier cleaning. Filling the cell is more challenging as bubbles can 

become trapped in the capillary. To remove the trapped bubbles, the cell must be flushed 

with more solution. This version of the calorimeter was limited to temperature of 130 °C 
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and pressures of 0.30 MPa. TA Instruments currently produces newer models of capillary 

can cylinder cell calorimeters which may reach pressures of 0.60 MPa and temperature of 

160°C. 

 

5.2. Thermodynamic Properties for Adenine Dimerization 

 

 Using proton NMR spectroscopy, the chemical shift of the H-2 and H-8 protons 

of adenine was measured. The concentration dependent up-field chemical shift of adenine 

was measured at four temperatures with four solutions. From these data, equilibrium 

constants were calculated using the dimerization model and the equal constant (EK) 

model at each temperature. The results show that adenine will form indefinite stacks and 

dimers in solution. At room temperature, 10% of the adenine species exists as dimer, 

which decreases at higher temperatures. The enthalpy of the dimerization reaction was 

measured as ΔH° = -5 ± 1 kJ mol-1 and the entropy of reaction was calculated to be ΔS°= 

15 J K-1 mol-1. These values are smaller than the thermodynamic values seen with other 

purine and adenine derivatives.  

 

5.3. Standard Partial Molar Volumes and Heat Capacities 

 

Apparent molar volumes and apparent molar heat capacities for three separate 

adenine solutions were measured from 15 to 90 °C. The standard partial molar volumes 

agree within ± 1.3 cm3 mol-1 with literature values (Buckin, 1988; Fucaloro et al., 2008; 

Kishore and Ahluwalia, 1990; Kishore et al., 1989; Lee and Chalikian, 2001; 
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Zielenkiewicz et al., 1994) and the standard partial molar heat capacities agree within 8 J 

mol-1 K-1, (Kishore and Ahluwalia, 1990; Zielenkiewicz et al., 1994). The standard partial 

molar volumes of adenine are in agreement with the literature. The standard partial molar 

heat capacities of adenine are lower than literature values; this maybe due to a pressure 

difference in the measurements taken here versus those reported in the literature. 

Standard partial molar volumes and standard partial molar heat capacities were 

measured for adenine hydrochloride from 15 to 90°C for the first time. Standard partial 

molar volumes and standard partial molar heat capacities for adenine monosodium salt in 

water were measured at 10, 25 and 40°C. Young’s Rule was applied to correct for excess 

contributions from free adenine, and both free and excess acid and base. Corrections have 

been made to apparent molar heat capacities for relaxation contributions and have been 

applied to the apparent molar heat capacity data. From these data, the single ion values 

have been calculated, as well as the standard partial molar volumes of reaction and 

standard partial molar heat capacities of reaction.  

 It was found that LaRowe and Helgeson (2006) estimates for the HKF model 

parameters predicted standard partial molar volumes that were slightly smaller than the 

experimental data opposite limiting near the critical behaviour. Data predicted for 

standard partial molar heat capacities of adenine were much larger compared to the 

experimental values measured. This demonstrated that LaRowe and Helgeson (2006) did 

not have a sufficient amount of data to adequately model the standard partial molar 

volumes and standard partial molar heat capacities of adenine.  

 The density model has been fitted to the standard partial molar properties of 

adenine in order to extrapolate to hydrothermal conditions. Two other models, Model 1 



  265

and Model 2, were used to separate the monomer and the dimer contributions, which has 

never been done previously in the literature. Both models predict that standard partial 

molar properties of the monomer are larger than that of the monomer/dimer equilibrium 

values. The standard partial molar heat capacities from Model 1 are much greater that the 

values predicted by Model 2. The density model was fit to the adenine hydrochloride 

solutions data and the sodium adeninate solutions data and extrapolated to hydrothermal 

conditions. These results significantly extend the current thermodynamic database for 

adenine.   

 

 5.3. Future Work  

 

In order to further understand the processes involved with the origins of life, a 

good understanding of the temperature dependence of reactions are required. The data 

presented in this thesis reveal the change in standard partial molar properties of adenine 

with increasing temperature. These data can be used by origins of life theorists to predict 

the optimal reaction conditions for adenine and its role related to the origins of life. 

 This work represents only a small fraction of what is still left to be done in order 

to complete the thermodynamic data base for prebiotic molecules. For adenine, other 

areas of research are still open, such as studying self-association for adenine with varying 

pH and temperature. The enthalpy of self-association is a novel value with no other 

literature values available for comparison. Using another method to measure the enthalpy 

of self-association would be interesting, and could provide more insight into the nature of 

adenine self-association. 
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The database for adenine and adenine hydrochloride can also be extended to 

higher temperatures. Since standard partial molar volumes and standard partial molar heat 

capacities share the long-range solvation terms used in the density model and HKF 

model, the standard partial molar volumes can be measured and used to guide the 

extrapolation to hydrothermal conditions. Since three temperatures have been measured 

for sodium adeninate values were measured at only, the database should be extended to 

higher temperatures. This work must be done using a vibrating tube densitometer built to 

withstand corrosion and cell dissolution, to avoid excessive cell drift.  

While the database for adenine is nearing completion, other nucleic acid bases, 

nucleosides, nucleotides and derivatives still have not been measured within the 

temperature ranges measured in this thesis. As well, thermodynamic data for the self-

association of other purines and pyrimidines are still unmeasured. If life and its origins 

are to be fully understood, then data will need to be collected for these species as well.  

This work was successful in measuring the standard partial molar properties of 

adenine and adenine hydrochloride from 15 to 90°C and sodium adeninate from 10 to 

40°C. Theoretical geochemists can use the data to update the current thermodynamic 

models for the formation of prebiotic molecules. These data can also be used to 

understand how extremophiles can survive in hydrothermal environments.  
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Appendix A:  NMR Spectra of Adenine
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Figure A 1: NMR Spectra of an adenine solution at 10 °C and (0.03196 ± 
0.00005)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.6122, H-8 7.5538. 
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Figure A.2: NMR Spectra of an adenine solution at 10 °C and (0.03196 ± 
0.00005)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.6070, H-8 7.5492.
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Figure A.3: NMR Spectra of an adenine solution at 10 °C and 
(2.3275±0.0026)·10-3 mol kg-1. Left Zoom in of peaks; Right full 
spectrum. H-2: 7.5809, H-8 7.5279.
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Figure A.4: NMR Spectra of an adenine solution at 10 °C and (4.9692 ± 
0.008)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.5541, H-8 7.5113. 
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Figure A.5 : NMR Spectra of an adenine solution at 25 °C and (0.03196 
± 0.00005)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-
2: 7.5650, H-8 7.5087.

10 8 6 4 2 ppm

2
.

5
1

7
.

5
1

7
.

5
7



  274

 

7.507.557.60 ppm

7
.

5
1

7
.

5
6

Figure A.6: NMR Spectra of an adenine solution at 25 °C and 
(0.455890±0.00006)·10-3 mol kg-1. Left Zoom in of peaks; Right full 
spectrum. H-2: 7.5630, H-8: 7.5076.
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Figure A.7: NMR Spectra of an adenine solution at 25 °C and 
(2.3275±0.0026)·10-3 mol kg-1. Left Zoom in of peaks; Right full 
spectrum. H-2: 7.5467, H-8: 7.4935. 
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Figure A.8: NMR Spectra of an adenine solution at 25 °C and (4.9692 ± 
0.008)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.5310, H-8 7.4831. 
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Figure A.9: NMR Spectra of an adenine solution at 40 °C and (0.03196 ± 
0.00005)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.5249, H-8 7.4629. 

7.457.507.55 ppm

7
.

4
6

7
.

5
2

10 8 6 4 2 ppm

2
.

4
5

7
.

4
6

7
.

5
2



  278

 

Figure A.10: NMR Spectra of an adenine solution at 40 °C and 
(0.455890±0.00006)·10-3 mol kg-1. Left Zoom in of peaks; Right full 
spectrum. H-2: 7.5233, H-8 7.4649.
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Figure A.11: NMR Spectra of an adenine solution at 40 °C and 
(2.3275±0.0026)·10-3 mol kg-1. Left Zoom in of peaks; Right full 
spectrum. H-2: 7.5144, H-8 7.4591.
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Figure A.12: NMR Spectra of an adenine solution at 40 °C and (4.9692 ± 
0.008)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.5057, H-8: 7.4517. 
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Figure A.13: NMR Spectra of an adenine solution at 55 °C and (0.03196 ± 
0.00005)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.4919, H-8: 7.4283. 
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Figure A.14: Spectra of an adenine solution at 55 °C and 
(0.455890±0.00006)·10-3 mol kg-1. Left Zoom in of peaks; Right full 
spectrum. H-2: 7.4894, H-8 7.4271.
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Figure A.15: NMR Spectra of an adenine solution at 55 °C and 
(2.3275±0.0026)·10-3 mol kg-1. Left Zoom in of peaks; Right full 
spectrum. H-2: 7.4841, H-8 7.4234.
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Figure A.16: NMR Spectra of an adenine solution at 55 °C and (4.9692 ± 
0.008)·10-3 mol kg-1. Left Zoom in of peaks; Right full spectrum. H-2: 
7.4782, H-8 7.4186.




