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ABSTRACT 

1. The vapour pressures of L-serine-water solutions have been 

measured at 288.15K and 298.15K using a differential static 

method. From these the activity coefficients for L-serine as 

a function of concentration at each temperature have been 

calculated. 

2. The integral enthalpies of finite dilution of aqueous solutions 

of L-alanine, L-arginine, L-cysteine, glycine, L-serine and 

L-valine ha�e been measured at 298.15K using an LKB 10700-1 flow 

microcalorimeter. These have been used to calculate the relative 

apparent molal enthalpies and the relative partial molal enthalpies 

of the particular solutes as a function of concentration. 

3. The relative partial molal entropies of water in aqueous solutions 

of the amino acids L-alanine, glycine, L-serine and L-valine have 

been calculated from activity data and from enthalpy of dilution 

data. 

4. The results have been discussed qualitatively in terms of the 

proposals of Frank and Evans for water-solute interactions. 
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I.A. INTRODUCTION 

1-luch interest has been stimulated in recent years over the study 

of the thermodynamic properties of aqueous solutions of simple organic 

compounds, since their behaviour can be considered to reflect on that of 

more complex biocher.1ical systems. The focus of these studies has been 

the role and nature of water-solute interact ions. 

In particular, Kauzmann1 proposed that for proteins in aqueous 

solution the interaction between non-polar amino acid side chains and 

water played a major role in maintaining their tertiary structure. He 

introduced the expression 'hydrophobic bonding' to describe the manner 

in which non-polar groups were driven to associate because of their 

1 

ordering effect on the local aqueous environment. The discussion was in 

terms of the concepts proposed by Frank and Evans2 and later Frank and Wen3 

that the presence of a non-polar solute molecule caused an increase in the 

order of the water surrounding the solute. This region of increase d 

order was labelled an ' iceberg ' by these authors, with the caution that 

the word should not be taken too literally. The thermodynamic behaviour 

of aqueous a�1ino acid solutions has been studied as a model for the more 

complex solution behaviour of proteins. The er.1phasis has been on the 

determination of the effect of the non-polar, hydrophobic groups on the 

solution behaviour of amino acids so that at some later stage some assess-

ment might be made of the contribution of this hydrophobic interaction to 

the conformational stability of proteins. For example, measurements of 

the solubilities of amino acids and related substances, in water and in 

organic solvents, have been used to assess the contribution of protein 

side chains to the free energy of transfer from water to the organic 
4 solvent • Direct measurements of the enthalpies of transfer of amino 

acids from water to water + urea solutions5 and to water + ethanol 

solutions6 have been made for similar reasons. The effect of the amino 



acid side chains on their solution behaviour has also been considered 

from the measurement of partial molar heat capacities of amino acids in 

aqueous solution
7

• 

To further our understanding of the observed thermodynamic 

behaviour of amino acids in water from a r.wlecular point of vie\•/ a con­

sideration of firstly the structure of water, and secondly the thermo­

dyna.'!lic properties of other types of solutes, should prove helpful. 

\vater Structure 

2 

The structure of liquid water is exceedingly complex, and there 

l.S at present no one model \vhich can be used to explain all of the observed 

properties of either pure water or of dilute aqueous solutions. All of 

the experimental information for pure water ( thermodynamic properties, 

physical properties, spectroscopic properties, X-ray diffraction data ) 

suggests that liquid water possesses some kind of partly broken down ice 

structure. The many theories which ha.ve been proposed to give explicit 

expression to this widely accepted but vague idea can be broadly classified 

as either continuum models or mixture models. 

The main continuum model is associated with the names of Pople8 

and Bernal<). It is proposed in this model that when ice rnelts the 

flexibility of the hydrogen bonds becomes greatly increased so that the 

regular crystal lattice of ice is destroyed by the bending or distortion 

of the hydrogen bonds rather than by their rupture. It has not yet been 

possible to develop the model to any great extent on a quantitative basis 

and its use for the qualitative discussion of solute effects is not easy. 

The mixture models take up the idea that liquid water contains 

molecules in two different structural situations, one in which the 

molecules are bound into a hydrogen-bonded network and the other in which 

the molecules are not hydrogen-bonded to their neighbours and are 

therefore able to pack more closely together. In the 'water-hydrate' 



3 

or clathr:J.te model of Claussen 10, and Pauline; and l·l<J.rsh 11 
the network 

is supposed to be similar to the solid '.vater structures observed in the 

crystals of some non -metal hydrates, which contain �uch l arger cavities 

than are present in the ice network. This ;:,ore open network is presu:-:1ed 

to extend throu�;hout the volUITie of the liquid, and non-bonded vmter mole-

cules are supposed to exist within the cavities of the network as inter-

stitial or clathrate molecules. In this model solute molecules could be 

accommodated as interstitial molecules without disrupting the network. 

7. 
Tile other main mixture model is th:J.t of Frank and \ven:J. They 

proposed th:J.t the network structure is confined to aggregates or clusters 

of finite nUQbers of molecules , and that these aggregates are dispersed 

among non-hydrogen-bonded and more closely packed water molecules. The 

water molecules in a non-bonded region are ima gined to be a ble to switch 

rapidly and cooperatively into a neh10rk cluster, v1hich in turn mo.y 

suddenly revert in a cooperative manner to the non-bonded state. This 

concept has led to the adoption of the pict uresque title of 'the flickering 

cluster model' for this theory. 

Solute effects can be discussed qualitatively in the flickerint:; 

cluster model in terms of a shift in the balance of 'equilibrium' between 

the more dense non-bonded water and the less dense network or cluster 

water. This point will be taken up in the follovting secti ons. 

Ionic Solutes 

A useful group of solutes for comparison with the zwitterionic 

amino acids are the simple electrolytes 11hose behaviour provides infor-

mation about ion-\vater interactions in aqueous solution. Solutions of ions 

are characterised by negative enthalpies and entropies oi hydration as shown in 

Table I.1. Ionic solutions also exhibit negative partial molal heat 

capacities of the solute at infinite dilution, as shown in Table I.2 for 

the a�cali metal halides. 
-& 

For a given anion the negative values of C 
p,2 



become larger as the size of the cation increases. 

TABLE I.1 

Thermodynamic Hydration Functions of Gaseous Ions at 298K12 

(AX�refers to the process: 
n 

+ + j.; (g, hypothetical 1atm.) _,. l·l (solution, hypothetical 1m)) 

� -1 � -1 -1 Ion - AHb/J mol -..151/J mol K Ion 

+ 1128.0 130.9 H 

Na + 443.6 109.6 
+ 359.9 74.0 K 

+ 314.3 58.9 Cs 

Be2+ 2560.7 425.1 

. 2+ t·;g 1996.4 310.8 

" 2+ .Oil 13?7-3 202.9 

-
F 

Cl 

I 
-

OH 

+ -Na +F 

+ +I -Cs 
+ K + Cl 

Tf>BLE I.2 

473.6 133.1 

339.8 76 . 1 

267.9 37.6 

423.0 148.9 

917.1 242.7 

582.2 96 .5 
-

699.7 150.1 

Standard Partial l·lolal Heat Capacities of Alkali Hetal 

Hulides in Water ut 29dK13 

Solute -C� 2/J K-1 -1 Solute -c� IJ K-1 mol-1 mol 
' p,2· 

NaF 73. 2 LiBr 65.8 

KF 102.6 NaBr 84.5 

RbF 123.5 KBr 113.2 

CsF 135-3 RbBr 133.1 

LiCl 62.5 CsBr 148.5 

NaCl 81.4 Nai 72.2 

KCl 109.8 KI 102.9 

RbCl 130. 6 Rbi 124.8 

CsCl 142.8 Csi 137-5 

4 



Frank and \ven
3 

suggested that structural changes in the water 

surrounding the ion in solution were responsible for the large negative 

heat capacities ctnd the entropies of hydration of the ions. The ionic 

solution model they proposed envisages three distinct regions about the 

ion (Figure I.1). 

FIGURE 1. 1 Frank and \-/en 

\\\ ��i\_� ---------

In region A in the in®ediate neichbourhood of the ion strong 

ion-dipole forces produce an oriented shell of water molecules; this is 

usually referred to as electrostrictive hydration. In region C far 

removed from the ion the normally tetrahedral structure of water is 

largely intact. However, there is also an intermediate region, B,  in 

which the mutually incompatible effects of tetrahedral hydrogen-bonding 

and the radial coulombic field interact to produce a random orientation 

of water molecules. The authors called this a structure-broken region. 

5 

According to this model the observed properties of ionic solutions should 

reflect the relative importance of electrostriction and randomisation. 

Frank and Wen suggested that the region of electrostrictive hydration 

always exists and that small ions and multiply-charged ions such as Li
+

, 



F-
and Ng

2+ 
might induce additional structure of some sort beyond the 

first hydration layer. They remarked that the outward orientation of 

6 

like poles in region A should always produce some degree of randomisation 

or disorder in region B, but that largely singly-charged ions such as I-

+ 
and Cs seem also to have a net structure-breakinG effec t  larger than would 

be expected from such disorder. Care, however, must be used in applying 

the terms structure-making and structure-breaking to characterise the 

effect of ions on the observed properties of water, for the stable 

electrostrictive hydration in the vicinity of a Li
+ 

ion (normally classed 

as a structure-maker) is quite different from a type of hydrogerrbonded 

structure which exists in unperturbed water. 

Hydrocarbon Solutes 

Hydrocarbon solutes are non-polar and differ markedly from ionic 

solutes in their solution behaviour. These compounds have very low 

solubilities and conse quent ly their thermodynamic properties in aqueous 

solution have largely been derived from the temperature dependence of 

the solubility. In Table I.3 the thermodynamic properties of some aqueous 

hydrocarbon solutions are given. The quantities listed are the standard 

partial solution functions defined by the relation 

- & X 2 X o 
2 

111here "'1..2 & is the partial molar property of the solute in the standard 

state (the one molal solution with the intensive properties of the 

infinitely dilute solution), and x2° is the molar property of the pure 

liquid solute. 

The lower hydrocarbons show an interesting thermodynamic 

behaviour in that the positive standard free energy of solution is a 

consequence not of a positive standard enthalpy of solution but rather 

of a negative standard entropy of solution. If the solution process 

involved the breaking of hydrogen bonds in the solvent in order to 

accommodate the solute the enthalpy and the entropy of solution 111ould be 



TABLE I -z .;;; 

Thermod:z-:namic Pro,Eerties of Agueous H:tdrocarbon Solutes at 298K14 

Substance 
-� -1 -AG 1 /J mol -till� /J mo l-

1 
-lls-&-

soln flc� E,soln 
so n soln J mol 

-1 K-1 J K-1 
mol 

-1 

Eethane 10,500 to 13 '179 9414 to 11'}66 70.3 to 76.9 226.9 

E'thune 13,391 to 1G, 150 5314 to 9916 70.3 to d1.o 250.9 

n-Propane 20,502 to 20,543 u0o7 to o745 09.1 to 9d.3 294.8 

n-Butane 2L1-,351 to 25 '104 3012 to . 4017 91.6 to 95.0 303.3 

expected to be positive, which is exactly the opposite of what is 

observed. To account for the observed thermodynamic behaviour in terms 

of the flickering cluster model for liquid water it is suggested that 

7 

hydrocarbon molecules in �queous solution cause an increase in the amount 

of network w�ter ut the expense of non-bonded water in the vicinity of 

the non-pol.:u- solute ::1olecules. The for:nation of more of the netv;ork 

v;ater from non-bonded water in the region surrounding the solute mole-

cules would produce a negutive enthalpy change and a negative entropy change 

on solution of the hydrocarbon. Moreover if the network or 'clustered' 

water is highly sensitive to temperature changes, an increase in the 

proportion of network water would increase the total heat capacity of 

the system, which would account for the observed large positive partial 

molal heat capacities of the solute in these solutions. 

Alcohol Solutes 

The low molecular weight alcohols provide an interesting series 

of solutes to consider in regard to their thermodynamic solution behaviour 

in water. They have a non-polar (hydrophobic ) portion and a polar 

functional group capable of direct interaction with water molecules. 

This latter interaction is responsible for the high solubility of 

alcohol molecules in water. 

From an inspection of Table I.4 it is evident that the dominating 



8 

influence on solution behaviour is the negative entropy of solution, 

�s:
oln

' which again suggests the production of some additional 'clustered' 

water in the region about the solute. It vJOuld appear that the non-polar 

portion of the alcohol molecule is affecting the water in a similar 

fashion to the hydrocarbons. The heat capacities of solution also show 

the effect of the non-polar group as they are large and positive. 

TtillLE I.4 

Thermodynamic Properties of Alcohols at Infinite Dilution 

in Water at 298K15 

Alcohol -liRe l /J so n 

Hethanol 7251 

Ethanol 10,104 

n-Propanol 10,133 

i-Propanol 12,979 

n-Butanol 9,2?6 

t-Butanol 17,309 

mol -1 e -1 -liS 1 /J mol so n 

27.6 

44 " .o 

50.1 

b0.7 

6L�.o 

78.7 

Tetraalkyl�wnonium Halide Solutes 

-1 t:J.C9 /J K-1 K 
;e,2 

75-3 

141 .8 

208.8 

205.8 

260.2 

264.8 

mol -1 

Thermodynamic studies of aqueous solutions of tetraalkyl.:::tmmonium 

salts at infinite dilution clearly show the effect of the large, non-

polar groups on the net solution behaviour of the ions. In particular, 

the heat capacities of solution are large and positive, which is typical 

of the effect of non-polar groups on water. The responsibility of the 

non-polar portions for the large positive heat capacities of solution 

& of these ions, is indicated by the dependence of �C 2 on the nature and 
p, 

size of the substituent groups on the ion16• The Bu4N+ ion for instance 

has a more positive A Ce- h 
+ . � than t e Pr4N lon. 

p,2 Clearly, the non-polar 

portions govern the interactions of the ions with water and in place of 

electrostrictive structure-making and structure-breaking effects observed 



for simple ions, the tetraalkylarr.rnoniur.1 ions exhib it non-polar solution 

bchuviour. Further evidence for the i:nporLu1ce of the non-poL.tr t;roups 

is provided by c.. study of the entropies ;_,_nd entitalpies of dilution of 

. . l t" 17 these tetr:?J.alt;:yl;.;..:::�oniwn hillldes Hl ._;tqueous so u lon • The enthalpie:::; 

of dilution for �'- !,iven lulide are ne�j-.tti·.re �Lnd decre.:.:.se nu:neric·;J.lly ln 

+ 
entropies i.'or LuL,:i 

T 
these Lcr1;e ions h.:.:.ve 'J. 

creater structure-:-:�:�_killi:'; than ·.-:ould be expected .;:run "'- consider:.ttion of 

+ 
their ionic ch:;rL�e c.!.l!ci s.i.zu :J.lone. ThuG Cs llus :.t co:.J_parc.t i vely sr� .... 11 

str:.<cture-r .. a.l:ii._; c.:.'fect but th..::se ion�3 l1.:.:.·.;e u ;:JUch �reater effect. 

��ino Acid SoluteG 

The diffcrenti:�l entropies of d.iluL.i.oll, �;1 of :.tqueous 

solutions of so:;�c .:.:.r:.ino ;;.cicis h;:J.ve been determined 
16• 

It vu::.; concluded 

th;:J.t the vulues o! B1 - �19 were controlled larcely by the size :.tnd 

str-ucture or tltc hydroc:..-rbon p.:1rt of tl<c :..t.:n.i.no :�cid, .·Jr.d onlJ to zc� r:.inor 

9 

de�.:;rcc by its dipole : .. o:;.ent. ':'he positi·.;c v:1lues of s1 - :31-e- for t;l:;cine 

solutions were interpreted us u struclurc-breukin1: effect Oll wuter, :J.n� 

Cw nee;�utivc v"'_lue�; .::or the other or�ino ,.tc.ids Gtudied were inL erprete ri 

c.-.s :..:. struct u;·e-.. Lc.·:ln_; effect Hhich incre·tscct ·.vi th the size of tne hydro-

The pLcrtL.:l r!!oL_H' heut copuc.ities ut infinite dilution, CB- ,, of 
p,c... 

several .:llkylzt;Lino c.tcids lw.ve been deten::ineu directly and from the ternper,J.­

ture dependence of enthalpie.s of solution 7, so::w of \·thich are l isted in 

Table I.5. The vulues ure l:.trge and positive and increase with the size 

of the alkyl side c�uin. This result is aGain indicative of the domination 

of aqueous solution l.leluviour by the non-polar groups. The amino acid 

serine shows u decrease in CB- comp:1red with :otlanine presumably because 
p,2 

of the �resence of a polar Oll group in its side ch:1in . (See Figure I.2 

for some amino acid structures.) 



Figurg I. 2 Thg structurG?s of somg amino acids 
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TABLE I.5 

Partial Molar Heat Capacities, C� 
2, of Amino Acids p, 

in Aqueous Solution at 298K 

Amino Acid c� /J K-1 -1 mol 
p,2 

Glycine 44 

Al.:mine 146 

a-Amino butyric Acid 226 

Valine 307 

Leucine 382 

Serine 125 

-
In view of the importance of amino acids to our attempts to 

understand the aqueous solution behaviour of proteins (and also water-

10 

solute interactions in general ), it was decided to determine the activity 

coefficients and enthalpies of dilution for aqueous solutions of several 

amino acids to add to the pool of thermodynamic data available for these 

solutions. 
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I .B THERMODYNAMICS OF Al1INO ACID SOLU'riONS 

In this section the thermodynamic equ�tions relating to the 

vapour pressure and enthalpy of dilution �easurements are outlined, and 

some of the thermodynamic relationships used in later chapters are 

derived. Basic thermodyn��ic equations have not been derived but rather 

are given in Table I.b along with terms and syt-:Jbols used throughout this 

thesis. 19 20 21 Denbigh , Lewis and Randall and Glasstone have been used as 

reference textbooYill. 

I.B1 Ideal Solutions 

An ideal solution can be defined as one in which the chemical 

potential �· of e�ch component i of the solution is given by the equation � 

� . ( T , p , X . ) = iJ. . .,. ( T , p) + h'T ln x . l l l l ( 1.1) 

where �· •(T, p) is the che�ical potential (molar Gibbs free energy) of � 

pure liquid i at the temperature T and pressure p of the solution be ing 

studied. 

The properties commonly attributed to ideal solutions are all 

deducible from this relationship. 

I .B2 Heal Solutions 

Real solution behaviour is conveniently characterised by reference 

to corresponding ideal solution properties. One of the methods of corn-

parison usually adopted is that of using activity coefficients as a 

measure of deviation from ideal behaviour. 

In order to utilise the convenient form of Equation I.1 an 

activity coefficient of the component i, �. (which is a function of � 

temperature, pressure and composition) is introduced such that the 

equati on 

� . ( T , p , x . ) = � . • ( T , p ) + RI' ln "6 . x . � � � � l 

is correct whatever the deviation from ideality. 

(1.2) 



TABLE I.u 

'.l'hen10dyn:...:�ric Properties cJ.nd l<elations 

Property ,)efini.tion 

�.I 

volur;1e 'J 

density 

pressure p 

fucucity f 

thermodynamic te�peruture 

ur:;ount Cnu::1ber of r . . oles) n 

uole fraction X 

second vil'ial coefficient 

enthu.lpy 

entropy s 

Gibbs free enercy G n - TS 

chemicLJ.l potenti;_,_l i (dG/ d n.),r l ,p,n . 

upparent �olal enthalpy 

:J.ctivity i u.. l 

<..�.ctivity coefficient i �-l a./x. l l 

Gibbs-Duhem Relation 

x1(d fl.1/ 6x1) + x2(d].l.2/dx1)T 0 T,p,x2 ,p,x1 

J 
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For complete definition of the activity coefficient we must also 

specify the conditions under v1hich it becomes unity. In the case of real 

solutions such as aqueous solutions of amino acids v1e adopt a convention 

that specifies tl1e conditions when the activity coefficient becomes unity 

for both the solvent and the solute as follo\vs: 

For the solvent: ,. + l?r ln 'l( 1 und �1 1 

-> 

1 1 )1..1 111 x1 � as x1 (I. 3) 
the solute: ¥ I<T ln t.� and '62 � 1 �0 For }.1.2 '..L + x2 ' as x2 '2. c. 

For the solvent under the limiting conditions the logarithn vanishe s and 

so )1..1• is equal to the Gibbs free enerb7 �er mole of the pure solvent at 

the same tern�erature .:tnd pressure as the solution. Hov:evcr, for the 

solute the activity coefficient tends to unity at infinite dilution, so 

that )1..2"' is the cher.tical potential of the pure solute (i.e. when x2 ::: 1) 

in a hypothetical liquid state which has the properties of the infinitely 

dilute solution (i.e. t2 = 1). 

I.B3 flctivity Coefficients from Vupour Pressure l·!easure�1ents 

For a one component system the cheoical potential of the vapour 

considered as .:1. perfect gas is given by the expression 

� � � Jl.(T, p) = Jl. ('r, p ) + H'l' ln (p/p ) 

J..L�(T, p-&) is u function ofT only since the reference pressure p-e- ls fixed 

at the chosen v.:�.lue. 

If the vapour does not behave like a perfect gas it is convenient 

to define a corrected pressure called the fugacity to which the chemical 

potential of the vapour is related by an equation of exactly the same 

f orm as Equution I.4. This equation is 

( 1.5) 

Since it is known by observation that the real vapour approaches perfect 

gas behaviour as the pressure tends to zero the fugacity is also defined 

so that 



f/p � 1 as p � 0 

For any s ingle component gas 

where v i s  the rnoLtr volume . For t he spe c i al c ase of a p e r f e c t  gas 

£quation 1 . 7 c� be change d t o  

RI' 
p 
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( I . 6 )  

( I . 7 )  

( 1 . 1:$ )  

By subt rac t ing Equat i on I. d from Equat ion 1 . 7 , int e�rat ing t h e  

re sult ing e quat i on , subst i t ut ing e quat i ons I . Lt and 1 . 5 into the l e f t  

hand s ide of t he i n t e grat e d  e quat ion , an d  f inally making use o f  Equat i on 

I .  o ,  i t  can be shovm t hat 

ln ( f/p ) == 
1 
liT r p 

( v  - l{i'/p ) dp 

0 

( I .  9 ) 

Equat i on I .  <j :::!.ppl i e s  at c onst an.t t er:1perature . l"or a vapour lvh i c h  dev iat e s  

sl i ght ly frota t h e  p e r fect [;US l a w  t he rr.olar v ol ume can b e  expre G s e d  b y  

t h e  en1p iri cal equat i on 

pv == RT + l3p 

whe r e  B is a c onstan t  which depends on T b u t  not on p .  By u s i ng t h i s  

result in Equat ion I . ':;l  it i s  found that 

lnf == lnp + Bp/RT at constant T 

For a t wo component non- ideal solut ion ( vtith an involat ile 

( 1 . 1 0 )  

solu t e ) in c ontact w i t h  its vapour ( which we consider as imperfect ) t he 

equ ilibrium condition is given by : 

l V 
� 1 (T , p ) = � 

1 (T, p ) ( 1 . 1 1 ) 

l 
where � 

1 
i s  the chemical potent ial of the solvent at t he t emperature T 

V 
and pressure p of the solut ion and � 1 is t he chemical pot ent i al of the 

solvent vapour also at the temperat ure and pressure of t he solut ion under 

considerat ion .  



Now ,  frorn Equation 1 . 2 , we can write: 

l • V ).!. . ( T , p ) == ).!. . ( T , p) + RT ln o . x . l. l. 1. 1. 

If we define the product of the mole fraction , x . , and the 
1. 
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activity coefficient , X i ' as the activity , ai ' of this component , the 

above equation becomes for the solvent : 

l ) • 

).l1 ('l' ' p 
= ).1. 1 ( 'r ,  p) + HT  l n  a1 ( 1 . 1 2 )  

where p0 i s  the saturated vapour pressure of the solvent at the temperature 

T of the solution. ( � ).1.1 • / d p )T is equal to the molar volume of the pure 

solvent , v1 • .  Thus we have: 

( 1 . 1 3 )  

V For the itr.perfec t vapour we can write the chemical potentic.tl ).1. 1  

( using Equati on 1. 5 with p& 
= 1 )  as : 

( 1 . 14 )  

Now it is apparent that at the saturated vapour pressure of pure 

0 solvent , p , und at temperature T ,  the chemical potential of pure liquid 

solvent is equal to the chemical potential of its vapour i. e. 

Thus : 

( 1 . 15 )  

Substituting for ).1. 1 • ( T ,  p0 ) in Equat ion 1 . 1 3  we obtain: 

).!./ (T , p ) = ).1.1
& (T , 1 )  + HT  ln [f ( p0 ) /f ( 1 )] + rp 

v1
* dp + RT ln a1 ( 1 . 1 6 ) 

0 p 

Returning to the expression for e quilibrium ( Equation 1 . 1 1 ) and expressing 

).1.1 1 in terms of Equat ion 1. 1 6  and ).1.1 
v in terms of Equation 1 . 1 4· we obtain : 

).l.1
il-(T ,  1 ) + RT ln [f ( p0 ) /f ( 1 � + [

P
v

1
* dp 

0 p 
+ RT ln 

� a1 = ).1.1 ( T ,  1 )  + RT ln 

[f ( p )/f ( 1 � 
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which on simplificat ion yields 

whenc e 

RT ln a1 = RI'  ln [f ( p )/f ( p
0

)] - Jp

v1
• dp 

PO 

ln a1 = ln [f ( p )/f ( p
0 � -

0
rp 

( V  1 • /RT ) dp 

p 

( I . 1 7 )  

Utilising Equat ion I . 1 0  we can express t he fugac i t i e s  at p and 

p0 in t erms of p ,  p0 and B ( the second virinl c oe f fic ient o f  water vapour ) . 

On doing this we obtain : 

o o J
P • ln a1 = ln ( p/p ) + ( B/RT ) ( p  - p ) - ( V1 /RT ) dp 

p 

( I . 1 8 )  

. . 
I f  we cons� der v1 t o  b e  c onstant over the range of int e grat i on 

t hen Equat ion I . 18 become s :  

( I . 1 9 )  

• 
Thus fror.:J a knowle dge of B and v1 and the measurement of the 

vapour pressure of the solut i on , p , an d the saturated vapour pressure of 

0 the pure solvent , p , both at t emperature T ,  i t  is possible t o  direc t ly 

det ermine the act ivity a1 of the solvent . 

A c onsi derat i on of the magnitudes of the various c omponent s o f  

t he last t erm of Equat ion I . 1 9  revealed that f o r  the vapour pressure 

measurement s made in this study this t erm made a negligible contribut i on .  

Thus for t he vapour pressure measurement s in t hi s  thesis we c an wri t e :  

whenc e 

ln a1 = ln ( p/p0 ) 

0 
a1 = PIP ( I . 20 ) 

In this work , t he saturat e d  vapour pressure of t he pure solvent , 

0 p , was measured at t emperature T and the vapour pressure di fferenc e ,  

0 
p - p = 6 p ,  was also measured at temperature T ( see Section I I .B ) .  In 

terms o f  the quant it ies which were measured a1 can be expresse d as 

( 1 . 21 ) 

Since the solut e is involatile the Gibbs-Duhem equation relating 
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the act ivity of t he solvent t o  t hat of the solut e needs t o  be used t o  

det ermine the act i vity c oeffic i ent of the solute . 

I.B4 Ac t i vity Coeffi c i ent of the Solut e from that of the Solvent 

The Gibbs-Duhem equat ion for a t wo component syst em in which the 

mole frac t ions are x1 and x2 i s :  

( 1.22 ) 

Using Equat i on 1 . 2 , performing the necessary different iat ions 

ru1d subst itut ing in Equat i on 1 .22 abov e , we obt ain the following alt erna-

t ive form of the Gibbs-Duhem equat i on :  

whi ch can b e  v1ri t t en as : 

x 1 dln 'l: 1 + x2 dln Y: 2 == 0 ( 1 . 23 ) 

where it is underst ood t hat we are c oncerned with changes .of composit i on 

at c onstant t emperature and pressure . 

If we regard c omponent 1 as being the solvent whose act ivity 

c oef f i c ients have already been direc t ly det ermined from vapour pressure 

measurement s t hen upon int egrat ion of Equat ion 1 . 23 we hav e :  

' 
ln � 

2 

where � � is the value 

= f ( 1 . 24)  
x2 

of '6 2 at 

0 

the part icular mole fract i on of the solute 

which is t he upper limit of t he int egrat ion . The value of '6 2 at the lower 

limit x2 = 0 has been t aken as unity in acc ordance with Equat i on 1. 3. 

With values of :( 1 available down t o  dilut e c oncent rat ions it i s  

possible t o  evaluat e t he int egral in Equat ion 1.24 b y  a graphical met hod 
' 

and so obt ain � 2 • A di fficult y with the graphical method arises from the 

fact that x1 ;x2 in the int egrand approaches infini t y  as x2 � 0 t hus 

making it difficult to det ermine t he area under t he c urve of x1 /x2 plot t ed 

against log ¥1 with any accuracy .  However t he semi-empirical graphical 
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proce dure devised by LaY�anpal and Conway22 and used in t his thesis ( see 

Sec t i on IV . A1 ) enables t his difficulty t o  be avoided , t hus giv ing the 

act ivity coe ffi cient s o f  the solut e with a reasonable prec isi on . 

I .B5 Enthal pies o f  Solut i ons 

If t he total ent halpy of a solut ion cont aining n1 moles o f solvent 

o.nd n2 moles of solut e is represent ed by H ,  then the part ial molal 

enthalpies are gi ven by 

Since we cannot det ermine absolute values of ent halpi es , it is  necessary 

t o  express t hem in relat i on t o  some specifi e d  referenc e  stat e .  Thus the 

part ial molal enthalpies of the solvent and solut e are expressed relat ive 

- 00 - 0) t o  their values in the inf initely dilute solut ion , H1 and H2 , giving the 

' relat ive part ial molal enthalpi es ' , L,  as f ollows : 

( 1 . 26 )  

It should be not e d  t hat f or the solvent H 00 = H 0 where H 0 is the molar 1 1 1 

enthalpy of t he pure solvent . 

The tot al ent halpy of  the solut ion can be expresse d in t erms o f  

the par t ial molal enthalpies as 

( I . 27 )  

By subst i tut ing for H1 and fl2 from Equat i on 1 . 26 we obtain 

( I . 28 ) 

The quant ity n1H1
00 + n2H2

00can be considered as the re ferenc e value for 

the t ot al enthalpy of the solut ion , which we can represent as HO: HoOis 

not the enthalpy o f  the infinit e ly dilut e solut ion but rather t he enthalpy 

of a hypothet ical solut i on c ont aining n1 moles of solvent and n2 moles 

of solut e with the int ensive propert ies H1
cr and H2

0C of the infinit ely 

dilute solut ion . 



From Equat ion 1 . 28 we can de f ine t he relative enthalpy of the 

solut i on , L,  as 

We not e from Equat ion 1 . 29 that 

� �� ( L/ o n 1 )1, ; ( �  (H - H )/ � n1 )T , ' p , n
2 p , Dz 

by Equation 1 . 26 

( 1 . 29 )  

( I . 30 )  

Simi larly ( 0 1/ � n2 )T ; 12 • Thus the relative propert ies L ,  11 
and 

, p ' n1 
12 are governed by relat ionships analogous t o  those which govern H ,  H 1 

and H2 • 

of L-
2 " 

For dilut e solut ions t here is part icular interest in t he values  

These can be readily calculat e d  i f  L is  kn01-1n as a func t i on of  n2 

for a fixed value o f  n1 • The requirement o f  a fixed value of n1 can be 

convenient ly m e t  if  t he solut i on composit ion is expressed as the molal i t y , 

m ,  o f  the solut e since n1 is t hen f ixed at 55 . 5 1  moles of  wat er solvent . 

A method of  ob taining L as a power series in m is set out below . 

Consi der the follov1ing dilut ion process which can easily be 

carri e d  out experiment ally . 

Initial solut ion ( n1 moles solvent , n2 moles solut e ) + Pure solvent 

( n1 1 - n1 moles )------+ Final solut ion Cn1 ' moles solvent , n2 moles solut e ) . 

The heat change , q ,  for this process can b e  measured in a calorimeter . If 

the init ial and final pressures in t he experiment are the same we c an writ e 

q ;  qp = �H ( dilut ion ) . 

Now for the dilut i on process 

.6 H ( dilut ion) ; H ( final solut ion ) - H ( init ial solut ion ) - H ( pure solvent ) .  

If 'ite replac e H for each solut ion by ( L  + n1 ii1 0\:>+ n2ii2 CXJ for that solu t ion , 
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- 0 0 according t o  Equat ions I . 28 and I . 29 , and i f  we recall t hat H 1 = H1 
- 0 so that "H ( pure solvent ) "  for the process = ( n1 ' - n1 ) H 1 , we find that 

� H ( dilut i on )  = L ( final solut ion ) - L ( init ial solut ion ) 

( I . 31 ) 

The values of � H  ( dilution )  for various experiments can be brought on t o  

a c ommon basis i f  we express t hem as the v::tlues per mole o f  solut e , i . e . 

� H  ( di lut ion ) /n2 • This latter quantity may be called the int egral 

enthalpy of finit e dilut ion per mole of solut e , i . e .  �H ID " Introduc ing 

6H1D int o Equat ion 1 . 31 we obtain 

( 1 . 32 )  

'rhe quant ity ( L/�2 ) is  a v1ell- defined property o f  each solu t i on whi ch v1i ll 

be a function of the solution composit ion variables n1 and n2 • If  the 

composit ion is expressed as the rnolali ty  of the solut e ,  m ,  rather than as 

n1 and n2 , we can write  in general terms 

( 1 . 33 ) 

The power series in Equat ion 1 . 33 has been wri t t en without a term 

independent of m ,  since the limit of  L/m as m ---J> 0 is zero . By subst i-

tut ing Equat ion 1 . 33 into 1 . 32 we o btain 

From which the coe ff icients 1 , A2 , A3 , etc . can be determined by normal 

least -squares fitt ing proce dures . Equat ion I . 33 then gives L as a power 

series in m for a constant value of n1 so that 12 is readily obtaine d 

by different iat ion with respect t o  m . Finally , values of  11 can be 

calculat e d  from t he equat i on 

11 = ( L  - m12 )/55 . 51 

2 3 4 - C A1 m + 2A2m + 3A
3

m + • • • ) /55 . 5 1 ( I . 35 ) 

As a final c omment in this sect i on it is worth point ing out that 

the quant ity L/n2 for a solut ion is i dent i cal with the "relat ive apparent 
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molal enthalpy" of the solution which has been used by many workers and 

is given the symbol �
1• The i dent i t y  of L/n2 and �

L can be shown as 

follows : 

The apparent part ial molal enthalpy , �
H ' is defined by 

where H 1
° is  the molar enthalpy of the pure solvent . Then the relat i v e  

apparent part ial molal enthalpy , �L is de fined by 

�
L = �

H - �
H 

0• 1  ( 1 . 37 )  

0'" 
where �H 

is the value of  �H for the infinit ely dilute  re ferenc e solut ion. 

If we substitute Equat i on 1 . 36 int o 1 . 37 we obtain 

�L = ( H/n2 - n 1 H1
o/n2 ) - ( Ho/n2 - n1 H 1

o/n2 ) 

= ( H  - H0 )/n2 

( by Equat i on 1 . 29 ) 

Equat ion 1 . 38 can now be written as 

I .B6 The Temperature Dependence of the Act ivity Coe ffici ent 

A rearrangement of Equati on 1 . 2  gives 

f.!. . "'/T = f.l. . /T - R ln � . - R ln x .  l l l l 

( I . 38 ) 

( 1 . 39 )  

Since this is an ident ity it may be part ially different iat ed at 

c onstant pressure and c omposit ion t o  8ive 

If we substitute for 

p , n . , n . l J 

in Equat ion 1. 40 above we obtain 

( I. I+() ) 

( I.41 ) 

( I . 42 ) 

where H
i 

is the par t i al molal enthalpy of t he part icular spe c ies in the 
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solut ion being c onsidered. 

If we now apply the limit ing conditions of Equat ion 1 . 3 ;  to 

Equat ion I . 42 above ; where � .  approaches unit y  as x .  approaches zero , l l 

we obtain 

( I . 43 )  

where a . � is the part ial �olal ent halpy o f  the c omponent in the infini t ely l 

dilut e solut i on.  

Now ]..!. .  • is independent o f  c omposi t i on and theref ore �(J..I. . /T )/ � T  l l 

has the same value whether we c onsi der some part icular solut i on or the 

solut ion in t he l imit where 'r!i approaches 1. Thus by c ombining Equat i ons 

I . 42 and 1 . 43 above we obtain the t emperature dependence o f  t he act ivity 

coefficient as 

(B . - H . �)/HT2 
l l 

1 . ;m,2 
l 

I .B7 Entropi es o f  Dilut ion of  Amino Ac id Solut ions 

( I .  44 ) 

The relat ionship G = H - TS for the t otal propert ies of  a solut i on 

applies in the s�1e form t o  the part ial molal propert ies  so t hat we have 

for the solvent of a b inary solut ion.  

Similarly , this e quat i on applies also in the reference stat e so  

that 

- 0 - 0 G = H -1 1 TS 0 
1 

Subtract ing ( I. 46 )  from 

8, 

Now G1 -

Hence (s1 

- 0 
(H1 - G1 = 

= 11 

G
o = Rl' 1 ln a1 

- 0 -- s  ) = L /1' 1 1 

( I .46 ) 

( I . 45) we have 

H o ) 1 - T ( S  1 
- 0 )  - s1 

T ( s1 - s 0 ) 1 (I.47 ) 

- R ln a1 ( 1 . 48 ) 
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- - 0 s1 - s
1 

is the entropy change for the transfer of one mole of  wat er from 

a large amount of an infinitely dilut e solut ion t o  a large amount o f  a 

solu t i on of  finit e  c onc entrat ion . 

This equat ion includes the entropy c ontribut ion arising solely 

fro� the mixing o f  the c omponents .  If t h i s  is  sub tract e d  from Equat i on 

( 1 . 40 ) we have 

c s1 

x1� 1
1 
/I' - R ln a1 - ( - R ln ° ) x

1 

i . e . 
- - 0 • 

c s1 - s1 ) 

0 
Since x

1 
1 .  

C r . 49 ) 

( - -s
1

o ) • where the quant ity s1 - may be calle d the relat ive part ial molal 

entropy corrected for the ent ropy of mixinc term . 
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I I .A DEl'ERrHNA'l' ION OF AC'l' IV I'l' IES OF AIHNO AC IDS IN vJATER 

II .A1 Methods of Det ermining Act i vit ies 

II . A  1 ( i )  Isopiest ic comparison method 

'l'his comparat ive method of det ermining vapour pressures of 

solut ions was first introduc e d  by Sinclair23 following a suggest i on by 

Bous field and Bousfield24
; and it has been widely applied to solut ions of 

25 l t • f . . d.s26-32 inorganic salt s and t o  aqueous so u �ons o am�no ac� • 

'l'he method i s  applicable t o  syst ems with only one volat i le corn-

ponent and relies on the fact that when t wo solut ions with di fferent 

involat ile solut e s  are contained within a c onstant t emperature environ-

ment , distillat i on of the c ommon solvent will occur unt i l  the vapour 

pressures of both t he solut ions are the same . Such solut ions are t e rmed 

' isopiest ic ' .  Det erminat ion of t he vapour pressure and conse quent ly the 

act ivity of the s ol vent requires ac curat e information about the vapour 

pressure of the referenc e solut ion as a funct ion of its c omposit ion . 

'l'he t echnique has c onsist e d  o f  enclosing t wo or more shallow metal 

(usually silver)  dishes of  high thermal c onduct ivity , each c ont aining 

approximat ely 2cm' o f  solut ion , in a large , evacuat ed glass or metal 

c ont ainer . Heat transfer beh1een the solut i ons was fac ilitat e d  by sinking 

the dishes int o a large copper block , and in some cases thermal c ontact 

was further improved by a film of solution between each dish and the c opper 

block. The ent ire assembly was place d  in a thermostat and rocked slowly 

t o  gently agitate the solut ions . The t ime required for e quilibrium t o  be 

attained depende d on the concent rat i ons of the solut ions , with the more 

dilut e solut ions often requiring up t o  a week. \men equilibrium had b een 

at t ained , the vacuum was broken and the dishes were removed and weighed 

t o  determine the conc entrat ion o f  the isopiestic solut ions . 

Se veral difficult ies have been experienced with the method .  In 

cases where thermal contact between the dishes and the block has been poor 
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and a film o f  solut i on has been placed bet we en them , the dishes have neede d  

t o  be washed before weighing. Splashing has resulted from de gassing of 

the solut ions during e vac uat ion. Long d i f fusion paths in some forms of 

the apparat us have produ c e d  extremely long equilibrat ion time s .  Often the 

apparatus to be rocked in a thermostat has been large and cumbersome . 

Finally , c ondensa t i on somet imes occurs in th e evacuat e d  chamber when air 

i s  admi t t e d  at t he c omplet ion o f  a run . 

Hut chens , Figlio and Granit o31 hav e  described an isopiestic  

method which has at t empt e d  t o  avoid some o f  these difficult ies . The 

solut i ons to be c ompared were plac ed as droplets in shallow depressions 

close together in the same metal block , thus providing good t hermal c on-

duc t ion and short di ffusion paths . Resultant equilibrium t imes were 

shorter , shaking was not necessary and with a small apparat us several 

comparisons could be made separat ely in the one constant t emperat ure 

bat h .  The isopi e s t i c  solut ion c onc ent rat ions were de t erm ine d u s ing 

specific gro.vi ty gradi ent t ub e s . 'l'he improved thermal c on duc t i on and small 

gas space permit t e d  reasonably short incubat ion periods without drast ic  

evacuat ion thereby avoiding the  poss ibili t y of splashing o f  the  solut ions . 

De spi t e  the init ial opt imism c oncerning this method , the authors concluded 

their paper with the following words : 

"Hore precise values of i sopiest ic ratios c ould b e  
obtained through a bet t er knowledge o f  the molalities 
o f  st andard solut i ons . This can readily be achieved 
through more prec ise weighing of solutes.  That we 
did not do so reflects our early disenchantment with 
the method , from which we did not recover in t ime t o  
improve our procedure . "  

Isopiest ic measurement s have been made on solut i ons from satur-

ation down t o  c oncentrat ions of about 0 . 1  molal , although by taking extreme 

precautions , Gordon33 has used the method down to 0 . 03 molal . He exper-

ienc ed  difficulty with the extremely slow rate of attainment of equili-

brium under the slight vapour pressure head present and with the need t o  

shield the apparatus from t emperature fluctuations o r  a t  any rat e from 



fluctuat i ons that were not slow in comparison with the rate at which 

thermal equilibrium was established in the system. 
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It has been generally found that the rat io  of the concentrat ions 

of the isopiestic solutions can be determined with an accuracy of 0. 1 - O . ZO/o 

down t o  concentrat ions in the region of 0. 1 molal , thus yielding values 

for the act ivity coeff icient of the solut e with an accuracy of about 2:;6. 

II . A1 ( ii ) Freezing point depressi on method 

The freezing point depression method of determining the act ivity 

of the solvent is appropriate for very dilut e solut ions ( 0 . 1 - 0. 001 molal ) .  

It depends on the measurement o f  the t emperature at which a solution is in 

equilibrium vJith. its pure solid  solvent . In the ' equilibrium ' method o f  

measuring freezing point s the problem is t o  maintain the solid  solvent 

and the solut ion at equilibrium , and to det ermine the temperature and 

composit ion as accurat e ly as possible . 

To illustrate the metho d ,  the experimental apparat us and proce­

dure developed and used by Scatchard , Jones and Prentiss34 t o  determine 

t he freezing point depressions of glycine-water solut ions is described .  

In their work , the t emperature differences were measured between 

ice in e quilibrium 1-1ith pure water and ice in equilibrium with a solut ion , 

each being contained in a gold-plat ed silver vessel . These vessels were 

divided by vertical walls into three compartment s ,  the two out er ones 

being smaller than the c entral one . Solut ion was pumped from the out er 

compartments  through the ice contained in the c entral compartment . 

Silvered Dewar flasks were used t o  contain the vessels in order t o  secure 

as nearly as possible , adiabati c  condit ions ; and a stream of nitrogen 

was passed through the solut ion to remove dissolved air ( since nitrogen 

has only half the solubility of oxygen in wat e r ) . The t emperatures were 

measured with a mult i- junction copper-constantan thermocouple and the 

concent ration of the solution after coming to e quilibrium with the ice 
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was determine d by light absorpt ion or specific  c onduct ivity measurements 

on an aliquot removed from the  equilibrium mixt ure . 

The authors concluded that t he freezing point depressions could 

be measured to about 2 x 1 0-5nc and that a c oncentration of  0 . 001 mol 1-
1 

was about the lowest at which measurements c ould be profitably made . Thus 

-1 -5 
at 1 mol l an error of 2 x 1 0 in the t emperature c orresponds t o  an 

error of about 0 . 002 in log � . 

II . A 1 ( i ii ) Osmot ic pressure method 

The osmot i c  pre ssure of a solut ion is relat ed t o  the act ivity of 

the solvent in it  and hence the measurement of the osmot ic  pressure should 

provide in princ iple a method for the det erminat ion of act ivit i e s .  

In fact , experimental di fficult ies  have meant that t h e  method 

has not had a widespread appli cat ion. In part icular t here have been 

problems developing a truly semi-permeable membrane as well as obtaining 

accurat e data f or t he variat ion of t he part ial molar volume of the solut ion 

wi t h  concent rat ion and pressure . 

I I .A1 ( iv ) Stat ic vapour pressure method 

In the stat ic e quilibrium methods of vapour pressure measurement 

the liquid is c onfined in an evacuat ed  vessel and the pressure exert e d  

b y  the vapour when the liquid is maintained at constant t emperature , i s  

measured.  This te chnique i s  especially suitable for measurements on 

solut ions in which only one component lS volatile , for then the vapour 

consists of only one component and it is unnecessary t o  det ermine its  

composition .  

The l i quid must b e  thoroughly degasse d .  Also the vapour must 

be at the same or a higher t emperat ure t han the water bat h , as o ther111ise 

condensati on will occur giving spurious vapour pressure readings . 

The stat i c  method may be used either in a direct manner in 



TABLE I I . 1  

Examples of Methods Use d f or the Det erminat i on o f  Act ivit ies 

Method 

Isopi est ic 

Isopiest i c  

Isopiest i c  

Isopiest i c  

Freezing point 

Direct stat i c  
vapour pressure 

Dif ferent i al and 
direct stat ic 
vapour pressure 

Dif f erent ial 
stat i c  vapour 
pressure 

Syst em 

Gly c ine + wat er at 29� . 1 5K 

Glyc ine + wat er at 298 . 1 5K 
( Alanine , a-amino butyric ac i d ,  
a - amino-n-valeric acid , a-amino-
i-but yric ac i d ,  valine ) + wat er 
at 298 . 1 5K 
( � -Alanine , � -amino-n-butyric 
ac i d , � -amino-n-valeric ac id , 

Reference 

28 Richards 

. h " t h26 Sm1. t and Sm1. . 

Smi t h  and Smith27 

� -amino-n-but yric ac i d ,  't -amino­
n- valeric ac i d )  + wat er at 
298 . 1 5K Smith and Smith29 

( Serine , t hreonine , proline , 
hydroxyproline ) + wat er at 
298 . 1 5K Smith and Smi th30 

( Glycylglycine , alanylglyc ine , 
glycylalanine , alanylalanine , 
triglyc ine ) + wat er at 29� . 1 5 K  Smith and Smith35 

( Serine , arginine . HCl ) + water 
at 29� . 1 5K 

( Glyc ine , glycylglyc ine , �­

amino-n-butyric ac id , valine , 
lac tamide , raf finose ) + wat er 
at 298 . 1 5K 

Gly c ine + wat er at 273. 1 5K 

( Glutamic aci d , aspart ic ac i d ) 
+ wat er at 273 . 1 5K 

Benzene + diphenyl at 303. 1 5  t o  
353 . 1 5K 

Polyglycols + methanol at 
243 . 1 5K to 301 . 1 5K 

Glucose + wate r  at 298 . 1 5K t o  
338 . 1 5K 

Hut chens
1 

Figlio , 
Granit o3 

Ellerton , Rein felds , 
hulcahy , Dunlop32 

S cat c hard and 
Prent iss36 

Hoskins � Randall , 
Schmidt.J7 

Baxen��l e , Enus t un , 
St ern 

Lakhan :Qal and 
Conway59 

Taylor anao Rowlinson 



27 

which the t otal vapour pressure ab ove the solut i on is measured or in a 

different ial manne r  where the vapour pressure of the solut i on is c ompared 

with t hat of the pure solvent and only the vapour pressure di fferenc e is 

measured. The relat ive merits of these two alt ernat ive metho ds are 

discussed in Sec t ion I I .A1 ( v ) .  

The accuracy of the method depends on the manome t er design and 

the method of measuring the pressure difference . The different ial static 

method use d  in this work , ut ilising a mercury U-tube manome t er and a 

cathet ome ter t o  measure the height differences , was capable of measuring 

the vapour pressures of solut ions with an accuracy bet t er than 7 Pa thus 

giving the act ivity coefficients of the solut e in the solut ion t o  about 

Examples of the di fferent methods used to det ermine ac t ivit i es 

are tabulat e d  in Table I I . 1 .  

I I .A 1 ( V )  Choice o f method 

In det ermining the ac t ivit ies of amino acid-water solut ions it 

was dec i de d t o  use t he stat ic vapour pressure method in favour o f  the iso­

piest ic c omparison method and t he freezing point depression method .  

It was considered that t h e  vapour pressure method would be less 

t ime-consuming thru1 t he isopiestic method in view o f  the long equilibrat ion 

t imes , espec ially in more dilut e solut ions , necessary for the lat t e r .  

Also , it  was hope d t hat the vapour pressures o f  solut ions o f  c oncentrat ions 

less t han 0 . 1 molal would be able to be measured accurat e ly with a 

sensit ive magnifying manomet er capable of resolving pressure di fferences 

of 0.2 - 0 . 3 Pascals . 

The vapour pressure method was pre ferred t o  the freezing point 

depression method in view of the difficulty in the lat t er t e chnique of 

determining the conc ent rat ion of the amino acid solutions at t he freezing 

point , and t he c oncern that some solut e might be frozen in the ic e .  The 
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method is  also restricted t o  a single low temperature . 

For the measurement of vapour pressures of amino acid-wat er 

solut i ons t he different ial stat ic  method has advantages over the direc t  

stat i c  method. These can be appreciated by considering the percentage 

error in t he act ivity of wat er caused by errors in the vapour pressure 

measurements .  

According to Equat ion 1 . 20 the act ivity o f  wat er in an amino 

aci d  solut ion can be approximat ed by , 

a = p/p 
0 

( I I . 1 )  

0 
where p i s  the vapour pressure of  the solut ion and p is  the saturat ed  

vapour pressure of  the water , both  at  the sane t emperature . 

If the different ial method is use d ,  Equat ion 1 1 . 1 can be writ t en 

as ,  

a = 1 - 6 p/p 
0 

( II . 2 ) 

1•here !J p is the difference in vapour pressure between the solvent and 

the solution , given by , 

0 
.t:, p = p  - p  

The maximum percentage error , aa ' ln the act ivity a ,  caused by 

errors in the direct vapour pressure measurement is given by , 

a = 1 00  b a/a a 

( II . 3 )  

( r po o 
where o p and o can b e  considered as the errors in p and p respect ively 

and 6 a ,  the error in a. 

The percentage error , aa ' ,  for the different ial method however , 

is  found from Equat ion 1 1 . 2  t o  be , 

where 

a ' = 1 00  � a/a a 

= 1 00 �Llp/p + ( b p0/p0 ) (  � p/p )] 
J 6. p can be considered t o  be the error in 6. p .  

( 11 . 4 ) 
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() 
If all the vapour pressure measurement s ,  p ,  p and � p  are made 

with about the same act ual error ( not percentage error ) it c an be seen 

from Equat i on I I . 3  and I I . 4  that the error in the act ivity of wat e r , a ,  

i s  less for the different ial method than for the dire c t  method whenever 

[). p is less than p ,  vthich is the case for all the aqueous amino ac i d  

solut ions . 

Jmother advantage in using the different i al method when � p is 

less than p ,  is that fluctuat i ons in the t e mperat ure of the t hermostat , 

and the e f fect of degassing of the apparat us , will cause smaller errors 

in L\p than in p . 

It was there fore dec ide d t o  use the different ial stat ic method 

of measuring the vapour pressures of the amino acid-wat er solut i ons . 

I I . A2 Vapour Pre ssure Apparatus 

I I . A2 ( i ) General c onstruct ion 

A diagran of the princ i pal c omponents of the vapour pressure 

apparat us is given in Figure I I . 1 .  The apparat us was c onst ruc t e d  mainly 

from Pyrex glass and firmly suppor t e d  on an aluminium rod frame attached 

to a c oncret e \vall . Those sect i ons of the apparatus which were dire c t ly 

involve d in vapour pressure measurement s v1ere const ructed from 2mm 

capillary t o  redu c e  the volume o f  t he dead spac e .  

Tap T1 whi ch isolat e d  t he vacuum pumping syst em from t he 

remainde r of the apparat us was an L-shape d  high vacuum s t opcock greas e d  

with Api ezon N .  Taps T2 t o  T1 4  were either Springham Vit on A diaphragm 

valves or Hake 46 1 3N�1 valves . These latt er valves were incorporat e d  

int o t h e  glass sys t em with graded glass t o  metal seals . T 1 5 was a valve 

connec t ing the two arms of the different ial magnifying manomet er , P ,  and 

is disc usse d in det ail lat er in the descript ion of the manome t e r .  

The solvent and t h e  solut ion were c ontained in vessels A and B 

resp e c t i v ely , both of which were capable o f  be ing st irred with Teflon-
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encased met al bars t urned by means of magnet ic st irrers C and D.  The 

demountable solut ion vessel was attached to the system using a Kont es 0 

ring-sealed high vacuum j o int . This joint was found t o  be c omplet ely 

reliable in maintaining a vacuum throughout the period of  use . 

The entire v apour pressure apparat us was housed in a room in 

which the temperature was maintained constant t o  ! 0 . 5K . Room t emperat ure 

was set at a value of about 5K above the t emperat ure of measurement t o  

avoid c ondensat ion of  water vapour i n  the system. Both the magnifying 

manomet er ,  P ,  and the U-tube manometer , M ,  were lagge d with cotton wool 

t o  re duce the effect of t emperat ure fluctuat ions produc ed locally in the 

room. The t emperat ure of the mercury in the manometers was measured with 

mercury thermometers whose lagging t imes were increased to be approximat ely 

as long as those of the manometers by immersing the bulbs in mercury-

filled tubes ( surrounded with cotton wool ) of the same diameter as the 

manometer . 

I I . A2 ( ii )  Vacuun pumping syst em and vacuum gauges 

The apparat us was capable of being evacuate d  t o  a pressure less 

' 
than 5 x 1 0-0 Torr with an Edwards ISC 50B s ingle stage rotary backing 

pump , F ,  in combinat i on with a Philips oil diffusion pump , H .  A liquid  

air t rap , I ,  was locat ed between the oil dif fusion pump and t h e  remainder 

of the apparatus t o  prevent oil vapour from ent e ring the vapour pressure 

syst em and also to prevent wat e r  vapour from ent ering the pump . A wat er-

coole d  jacket , G ,  prevented oil from the diffusion pump from ent ering 

the rotary backing pump. 

The syst em pressure was measured with an Edwards Pirani gauge 

head ( model G6B ) ,  J ,  in the range 3 to 1 0-3 Torr and with an Edwards 

Ionizat ion gauge head ( model 1 G6G ) , K ,  below 1 0-4 Torr. Both were pro-

tected from volatile  liquids by liquid air t raps. 
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I I .A2 ( i i i ) Thermostat ( E )  

This consist e d  o f  a 35cm x 35cm x 30cm c opper t ank lined with 

polystyrene and woo d  and c overe d with a sec t i one d polystyrene lid.  The 

thermostat was support e d  on a scissor jack t o  permit convenient acc ess t o  

the solut i on and solvent vessels . 

The wat er in the thermostat was st irred at 1 1 00rpm with a 

centrally posit ioned 1 0cm diamet er four-bladed paddle . The pitch o f  the 

blades was arrange d so that the wat er was driven down in the middle and 

up at the sides of the t ank .  Cooling was provided b y  a Colora TK64 

portable re frigerat ion coil and the perr�ent background heat er was a 

Variac - c ont rolle d  1 kW immersion heat er . The cooling coil and the immersion 

heat er were locat e d  together away from the s olut i on and solvent vess e l s .  

Int ermi t t ent heat ing was provided by a blackene d 6 0  wat t  light bulb c on­

t rolled through a relay by a mercury-toluene re gulat or � The t emperat ure , 

measured with a 21501 A Hewlett- Packard Quart z t hermome ter , registered a 

long-t erm fluctuat i on o f  .:!:_ 0 . 002K. Prior t o  use the thermometer was 

checked agai1llit the i c e  point and the appropriate offset c orrect i ons 

were made . 

I I ..A.2 ( iv )  U-Tube manometer ( H )  

'rhis manometer was const ruc t e d  from ad jacent pieces of  2 . 5cm 

pre c i sion bore tubi ng . The average cross-sect ional areas of the tubes , 

de t e rmine d by measuring the weight of mercury discharged for a measure d  

change i n  the mercury level in t h e  t ubes , was 4. 9096 .:!:_ 0. 0065cm2 • This 

cross-sec t i onal area was require d for subsequent measurement s of the 

volumes of various part s o f  the apparatus . Care was taken in the assem­

bly of the manomet er to ensure that it was mount e d  in a vert i c al posit ion. 

Filling o f  the manometer was acc omplished by operat ion of t ap 

T 1 2  which connect e d  the manomet er t o  a mercury reservoir . Use o f  

t hi s  tap also permitted measurements o f  t h e  height of t h e  mercury columns 



F i g u re li .  2 D i ff erent ia l  m agni f y i n g  m an o m e t e r. 

0 

b 

A 8 



t o  be made with ri sing menisci thus fac ilitat ing reproducible menisci 

shapes. 

The heights o f  t he mercury c olumns were measured using a 1 m 

c athet omet er ( Prec ision Tool and Instrument Compru1y ) locat e d  about 50cm 

from the manometer , on a firm c oncret e  support to prevent any movement 

of the inst rwnent relat ive to the mLtnomet er because of movement s of the 
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observer . The cathet or.1et er vias also posit ione d such t hat no refocuss ing 

of the telescope was required between measuring the he igh t s  of t he mercury 

c olumns in each arm of the manom e t e r .  Pri or t o  each measurement it was 

e nsured that the telescope was level. To assist in the pre c i s e  det er­

minat ion of the mercury menisc us a 20 watt clear-•Jhit e  fluorescent light 

was placed b ehind the manomet er and the light was direct e d  using a sli ding 

shi eld lowere d to vli thin 0 . 25mm of t he merc ury surface .  

I I . A2 ( v )  Dif ferent ial magni fying manomet er ( P )  

This di f ferent ial magni fying manome ter i s  similar t o  those used 

by Puddingt on 41 , Sirianni and Pu ddingt onLt2 , Lakhanpal and Comva?9 and 

Kershaw43 . A more det ailed diagram of the manometer is given in Figure 

I I . 2 .  

Construct ion 

Arms A and B of the manometer were c onstruc t e d  from a djac ent 

sect i ons of 2 . 7cm pre c is ion bore tubing , and the indicat or capillary D 

was a 60cm length of 0 . 1 cm prec ision bore tub ing . All other capillary 

use d in the construc t i on of t he manometer was 0. 3cm int ernal b ore . The 

flow of the mercury between arms A and B was controlled by valve v1 , and 

the filling of the manomet er from t he mercury reservoir , E ,  was c ontrolled 

by the valve v2 and the t wo-way valve v3 • The small bulbs H b elow arm A 

were used t o  ext end the measuring range o f  t he manomet er ; the volume o f  

each bulb was approximat ely equivalent t o  40cm of capillary D.  The marks 

between the bulbs enabled the equivalent length of capillary D c orres-

ponding t o  each bulb to be det ermined exac t ly .  Bulb C attached to the 
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lower end of capillary D had a volume approximat ely hal f  that of arm A .  

The two-way valve v 4 and the flask , F ,  were use d to adjust the  height of 

the mercury in the indicator capillary D. 

To ensure t hat there was no movement o f  arms A and B relat ive t o  

one another or t o  val v e  v 1 , all were held ri gi dly b y  be ing set i n  plast er 

f' . 
o ... par l s .  

Operat i on o f  t h e  magn i fying manom e t e r  

The operat i on o f  this manomet er depends on t h e  p r e c i s e  measure-

ment o f  the volume of mercury that flovJS from arm A to arm B \vhen they 

are sub j ec t e d  to a pressure di fference across them . This was accomplished 

by me asuring t h e  d e c re ase in t h e  volume of mercury o n  the left hand side 

of val v e  v1 usins the following procedure . 

\-li t h  the manome t er f i l l e d  with a s u i t ab l e  volume of mercury , 

valve v
2 

was se cur e ly c l ose d .  Equal pressures were then applied to  arms 

A and B w i t h  V 1 open and the merc ury level b e l ov; bulb C ad just e d  t o 

reference mark b .  All adjustments t o  reference marks were observed through 

the cathet omet er t e le sc ope . v1 was closed and the mercury drawn up int o 

bulb C and c apillary D unt il t he l e vel b e l ow arm A had dropped t o  refer-

enc e mark a. A f t e r  c are ful se t t ing of the mercury level to this reference 

mark , the he ight o f  the mercury in the indicator capillary D was measure d 

with the c at het ome t er . This c onst i tuted the zero reading of the instru-

ment . Sufficient mercury was use d in filling the manomet er so that t h e  

zero reading was near the t op of  t he capillary . The mercury was lowered 

again to reference mark b ,  and v1 opened in readiness for the next 

det erminat ion .  

Now , with V1 closed a pressure differenc e was applied t o  the 

arms of the manometer ; the great e r  pressure ( solvent vapour pressure ) 

was exert e d  on arm A .  v 1  was opened and aft er equilibrat ion t h e  mercury 

level below C was again adjusted  t o  mark b .  Then with v1 closed the 



mercury was drawn up into capillary D and the new height de termined as 

for the zero readi ng . 
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The di fference between the zero reading and this new height 

represents the volume of mercury that has been transferred from arm A t o  

arm B on applying the pressure difference . If it so happened that this 

pressure difference was of such a magnitude that the mercury from ar m  A 

did not come up into capillary D then one or more of the small bulbs H 

was empt ied unt il the height coul d be r.ieasure d  in the indicat or capillary . 

The e quivalent he ight in the capillary corresponding to t he bulbs 

used was added to t he zero reading for determining the pressure differenc e .  

Calculat ion of pressure difference 

To calculate the pressure dif ference the change in height of the 

merc ury level in capillary D is combined with the magni ficat i on fac t or I-1 

of the manomet er .  This factor depends on the relat ive cross-sec t i onal 

areas of arm A and capillary D and is given by l·l = j; ( A1 /A2 ) ;  where A1 
is the c ross- se ct i onal area of arm t .. an d  1 2 is the cross-sect ional area 

of capillary D. For this part icular manomet er the cross-se c t ional areas 

A1 and A2 ( det ermine d before assembly by measuring the 1:1e ight of mercury 

discharge d for a measured change in the merc ury level in the t ubes ) were 

5 - 931 � 0. 01 2c� and 0. 00806 1  � 0. 000033cm2 respect ively , giv ing a mag­

nifi cat ion factor of  3b7 . 9 + 0. 8 .  

Test s and modifications on manometer 

In many series of zero readings t he values obtained were reprod­

ucible t o  within + 1 . 0cm in capillary D. Given that the same reproduc­

ibility was obtained when a pressure dif ference was applied , then the 

minimum expect e d  error in the calculate d  vapour pressure was � 0. 0054cm. 

This precision was far worse than that obt ained by Puddington and by 

Kershaw \vho were able t o  det ermine vapour pressures with an error of 

� 0 . 0004cm , corresponding to a reproducibility of + 0. 1 cm for readings 

in capillary D. 
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It was c onsidered that since fluctuat ions in the manome t er t emp-

erat ure were less than 0. 1 1\ they vtere not sufficient to produce the lack 

of prec ision in the zero readings . ( From the volume of mercury in the 

expansion arm of the manometer the expected  vari�t ion of the he ight o f  

mercury in capillary D 'l'l ith temperature was determine d t o  be 0. 4cm K- 1 . )  

Hany repe t i t i ons of  the zero reading were carried out vtith valve 

V closed and t he reproducibility was bett er than + 0 . 025cm indic�t ing 1 -

that the magnificat ion operat ion was func tioning well . In order t o  check 

that the rJercury levels in arns A and B v1ere c oming t o  e quilibriwa before 

V 1 vJ.:tS closed their he ights were meo.sure d after the lower mercury level 

had b e en set to re ference mark b . '.hthin the limits of measurement 

(.::_ 0 . 002cm ) no he ight differenc e \·!as o bserved.  Sir.Jilarly no  change in the 

levels could be det e c t e d  after v1 had been c losed . 

From the above c onsi derat i ons it  seemed clear that the most 

likely source of t he zero reading inconsist ency wo.s the valve v1 • v1 

was re quired t o  c lose without produc ing a volur.-te change ( or at least with 

a consist ent volume change in one direct ion ) and to  hold against a 

possible leak from the atmosphere . 

Huch of the vapour pressure vJOrk for three years \·tas c onc erned 

with makint; and t est ing modificat ions to the manometer princ ipally through 

incorporat ing a variety of valves v1 • fl summary is given below of some 

of t he main r.-todificat i ons mo.de t o  the m�ome t er. 

FollO\ving Kershaw , the first valve used \vas a greaseless Exelo 

tap. This consist e d  o f  two flat ground-glass plat es held t ogether by a 

stainless steel rod and spring clip and operated by turning one of the 

sections . To decrease the likelihood of  leaking from the atmosphere the 

whole valve w as  submerged in a mercury seal. This valve was found t o  be  

dif f icult t o  turn and at t imes even jruruned t ightly . On inspect ion small 

chips could be seen in the glass around the centre spindle and some 



scoring o f  t he plat e surface was also evi dent. In an at t empt to r emove 

the surface aberrat ions , the bvo plat es were opt ically fac e d  be fore 

reassembly. The valve t hen perform e d  bet t e r  mechanically but the 

reproduc i bility of the zero readings v;as little better t han _:: 1 . 0cm.  

. 41 . . . 
d p dd ' t 42 d 4 p Puddlngt on and Slrlannl an u lng on use a mm yr ex 

glass st opcock lubricated with a film of dried ' aquadag ' and a very thin 

film of heavy lithium stearat e grease . In line with this several glass 

stopcocks were t r i e d .  For example zero readings v1ere made using a 2mm 

hollow key high vacuu� st opcock , a 4mm hollow key high vacuum st opc ock , 

.:md also a 3!1lln sol i d  key high vac uum st opcock. All the stopcocks used 

were greas e d  either with Api ezon N or Api ezon T hydrocarbon grease . Again 

the pre c is i on obt ained for pressure readings \·lilS no b et t er t han be fore. 

Ho doubt the problem was acc entuat e d  vJith the transfer o f  m inut e amount s 

of grease t o  the glass and mercury surfac e s  in the manomet er with cont inued 

operat ion of these r;t opcocics. As a resul t o f  this it was often necessary 

to complet ely dismant l e  and thoroughly clear the manomet er and c le an the 

mercury b e f ore a new valve c ould be insert e d  and t est e d .  

In view of t h e  need t o  exclude grease from t h e  syst em , several 

stainless st eel valves were use d. Each valve was fitted int o t he manomet er 

with grad e d  glass to metal seals. The first stainless st eel valve use d  

was a 3mm bore vmitey Ball valve designed for use i n  fluid c ontrol 

situat i ons . The valve however was not highly rat e d  for vacuum applica-

t ions. Init ial pre c i si on using t hi s  valve was very encouraging 

(_:: 0. 1 6 - 0. 3cm ) ,  but with longer use the performance gradually det erior-

at ed and air was admit t e d  to t he manometer t hrough the valve . In an 

att e�pt t o  st op the valve lerucing it was enclosed in a mercury seal but 

it was then discovered that some of t he c omponents o f  the valve were 

attacked by mercury. 

It was dec ided next t o  use a stainless st eel nee dle valve , and 
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a vlhitey needle valve suitable for vacuum v10rk was fitted  into the mano-

meter . Unfortunately the only valve available had a very small orifice 

and this nec essitated long equilibrat ion t imes for the mercury levels 

after a pressure difference had been applied. Care also had t o  be taken 

in filling the manomet er as flow was very restricted through the needle 

valve . The long term reproduc ibility obtained with this valve was 

marginally be tter than the performanc e  of the glass stopcocl<S ,  but though 

there was no t endency to leak t h i s  valve did not produce as good a pre-

c ision as was first obtained with the ball valve . 

Examples of some of the different valves use d in the differen-

t ial magnifying r.�anometer are given in Table 11. 2 along with the standard 

deviat ions of sets of zero readings ( heights  in capillary D ,  Figure II. 2 )  

made w i t h  each valve . The figures i n  brackets are the numb er o f  individual 

readings made in any one set . 

Apart fror� the early performance of the stainless steel ball 

valve the reprodu c i b i l i t y  of the vapour pressure measurements using the 

magnificat ion manometer was less than that c onsistently obtainable using 

t he ordinary U-tube manomet er . In view of this disappoint ing experienc e 

extending over t hree years it was de cided to  make a series of vapour 

pressure measurements on L-serine-wat er solut ions using the U-tube mano-

meter . ( At this time we reflecte d  wryly on the comments at the end of  

the  paper by  Hut chens , Figlio and Granit o31 which were partly responsible 

for our decision to at t er.�pt to improve on their work by using a magnifying 

manometer. Their words were , 

' �ore precise values of  isopiest ic rat ios c ould be 
obtaine d through a bett er knowledge of the molalit ies 
of standard solutions. This can readily be achieved 
through more precise weighing of solutes. That we 
did not do so reflects our early disenchantment with 
the method , from which we did not recover in t ime t o  
improve our procedure . " )  



TABLE II .2 

Example s  of Some o f  the Valves Used i n  the Hat;n.i fying 

Manometer with the Corresponding Zero Reading Reproducibility 

Valve St andard deviat ion of zero reading 

( Height in mm in capillary D ,  
Figure I I . 2 )  

Remarks 

Ex.elo greaseless 9 . c36 (  1 4 ) ;  10. 97 ( 1 2 ) ;  9 .  41 ( 15 ) Cont inually jamming 
t ap ( 1 )  

Exel o  greaseless 9 . 42 ( 13 ) ;  8 . 96 ( 1 6 ) ; 1 2 . 07 ( 1 6 )  Opt ically ground 
tap ( 2 )  faces 

2mm hie;h vacuum 7 . 1 3 ( 1 1 ) ;  12 . 30 ( 1 1 ) 
st opc ock ( hollow 
key ) 

Greased with Apiezon 
T and N 

4mm high vacuum 0 . 1 0 ( 1 4 ) ; 
st opcocl-;: ( hollow 

3 . 61 (  9 ) ;  1 1 . 30 ( 12 ) Greased with Api ezon 
T and N 

key ) 

)mm high vacuwn <s . Oo ( 1 7 ) ;  10. 53( 1 2 )  
st opcock ( solid 
key ) 

2mm non- vacuum 7 . 65 ( 1 3 ) ;  5 .53 ( 15 ) 
st opc ock 

Whit ey 3mm stain- 1 . 63 ( 10 ) ; 
less st eel ball 
valve 

2 . 88 ( 14) 

vlhit ey ss-2 9 . 01 (  8 ) ;  1 0. 11 ( 10 ) ;  1 0. 1 1 (  9 )  
stainless steel 
nee dle valve 

Grease d with Apiezon 
T and N 

Key hand-lapped in , 
greas e d  with Api ezon 
T ;  cont inually leaked 

Leaking from atmos­
phere int o manomet e r  



II .A3 Vapour Space Volume of the Vapour Pre ssure Apparatus 

To det ermine the exact conc ent rat ion of t he amino ac id solut ion 

in t h e  solut i on vessel for a part icular vapour pressure measurement it 

was necessary to correct for the amount of wat er in the vapour space 

above the solut ion. 

With c ells A and B at t ached and empt y ( see Fi gure II . 3 ) , t he 

ent ire syst em vtas evacuat ed . Dry nitrogen was th·�n admi t t e d  t o  c ell B 

t hrough t ap T3 , with t ap T5 , T6 and T7 closed , unt il a pressure of about 

8cm Hg was indi cat e d  on t he manomet er . 

The init ial distance h 1 , b e t ween the merc ury level in the l e f t -

hand arm of the U-tube manomet er and a re ferenc e mark R, was meas�e d .  

The pressure o f  t h e  nit rogen p1 , a t  the t emperature of the manomet er T 1 , 

was also det ermine d .  Hercury was then admit t e d  from the re servo ir and 

the d i stance h� , b e t ween the ne\v mercury level and t he re ference mark � 

was measure d , t oge ther with the c orresponding manor.1et er t emper�t ure '1'2 

and nitrogen pressure p2 • 

The volume of the vapour space ( inc luding cell B )  t o  the 

reference marl<;: R, assuming nit rogen t o  be a pe rfect gas at room t empera-

t ure , can be calculat e d  from 

V = 

( p1 h1 
A -­T

1 
p

2 
T 2 

t he equat ion , 

p
2

h
2 ) 

T
2 ( II . 5 ) 

wher e  A is t he average cross-sec t ional area of the arm of the U-tube 

manometer. 

For each solut ion in c e ll B ,  the volume of the liquid was sub-

t rac t e d  from the volume of the vapour space and the volume from the 

ref erence mark to the mercury level in t he solut ion arm of the manomet e r  

was added on t o  give the appropriat e vapour space volume for each 

measurement . 
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II .A4 Sample Preparat ion 

II .A4( i )  Mat erials 

The amino acid L-Serine was supplied by the Sigma Chemical 

C ompany as Sigma grade ( 99% + ) .  This was recrystallized h1ice from dis-

t illed wat er with about 60% reco v ery in each case . Follm.,.ing recrystall-

i zat ion , the anino ac i d  was dried in a vacuum dessicat or over P2o5 at 

room t emperature for at least se venty-two hours. A nit ro gen analy s is o f  

the sample gav e 1 3. 57% N compared with a theoret ical nitrogen c ont ent 

for L-Serine of 1 3 . 33%. 

The wat er for preparat i on of the L-Serine solut i ons and for t he 

measurements of vapour pressure of pure wat er was prepared with reference 

1+4 
t o  t he method of Barber • Laboratory tap-wat er was refluxed for 6 to 8 

hours with alkaline pot assiur.1 permanganat e and then twice dist illed ,  the 

mi ddle frac t i on be ing re taine d in each case . 

I I . A4 ( ii )  loie ighine of the amino a c i d  

The recrystallized and dri e d amino acid was weighed int o a glass 

11.•eighing b oat froo where it was t ransferre d to the solut ion vessel E ,  

Figure I I . 4 ,  through the side loading arm . The loading arm was then 

sealed and the v essel at tached to the sample preparat ion line by a Kontes 

0 ring-sealed vacuum j o int . The vessel \>Jas then evacuat ed  for several 

hours unt il the smnple showed no t endency to outgas . 

The true mass , m .  of the amino acid in the solut ion vessel was � 

calculat ed  from the observed masses using buoyancy corrections according 

to the formula , 

m . = m .  1 ( 1 - o / D ) + V D � � \a \ w i , a ( II . 6 )  

where mi ' i s  the observed mass o f  the amino acid , Vi i s  the volume of 

air it displaced and � a and �w are the densities of air and of the 

material of the balance ' we ight s '  at room t emperature ( €> w  = 8 . 4g cm-3 ) .  

All weighings were made t o  0. 00005g and buoyancy corrections 
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produ c e d  changes o f  less than 0 . 01% in the observed we i ght . 

I I .A4( i i i ) Degassing of wat er 

The wat er was degasse d using the vacuum sublimat ion method des­

cribed by Bell45 .  A diagram of the apparatus is given in Figure I I . 4 .  A 

sample of \•lat er dist illed from alkaline permanganat e was boiled be fore 

b e ing plac e d  �n flask B ,  at t ache d to t he system , and frozen by means of 

a mixture of ac et one and dry i c e . When the sample had been frozen , the 
-4 whole apparatus was evacuat ed unt il the pressure was less than 1 0  Torr . 

The c o l d  f i nger A ,  was then filled with a slurry o f  ac et one �1d dry i c e  

and t he re frigerant around the sample was removed allowing it t o  warm and 

sublime . The vn\t er vapour slowly solidi f i e d  on to the c ol d  glass surfac e 

of the c ol d  finger . On complet i on of the vacuum sublimat i on ,  t aps T2 and 

T4 were closed and the water on t h e  cold f i nger t ransf erre d t o  flask C .  

The vac uwn sublimat ion w as  then repeat e d  on the same sample be fore t rans-

ferring it t o  the st orage flask G .  

Wat er degasse d in the ab ove m�er was dist illed direct ly int o 

the solv ent vessel in t he vapour pressure apparatus t o  be used as the 

re feren c e  solvent , and was also use d for t he preparat ion o f  the amino 

ac id solut i ons . 

I I .A4 ( iv ) Addit ion of wat er t o  t h e  amino ac id 

De gasse d  v:at er from the st orage flask G in the F i gure II . 4 was 

vacuum di st ille d int o the cali brat e d  deliv ery t ube F. This delivery tube 

was c onstruc t e d  from 1 . 0cm prec ision bore t ubing and had an average c r oss-

sec t i onal area o f  0.50535 � O. OOQ9cm2 ( det ermined by we ighing the mercury 

discharged for a measured he ight change in the mercury in the tube ) .  

With taps T0 and T7 clos e d , the water ( frozen from the dist il­

lat ion ) was thawed and its level in the tube measure d relat ive to a 

reference mark at a given t emperat ure . When measuring the height of the 

column o f  water with the cathet ome t er , the t ub e  F was surrounded by a 
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vert ically- mount e d  wat er jacket maint ained at a const ant t emperat ure 

( +  0 . 1 K )  b elow t he room t emperat ure .  

A slurry o f  ac e t one and dry ice was then placed around t he s olut i on 

vessel E and on opening t aps T7 and TB , vJat er dist illed into the solut ion 

vesse l .  Aft er the re quired amount had been transferred ,  t aps T7 and T3 

were closed and t he height of the v:ater in t he delivery t ub e  det e rmined 

as before . 

T o  calculat e the amount of wat er added t o  the amino acid each 

reading h( t 1 )  of t he v;ater level in the tube F was corre c t e d  t o  a corrunon 

re ference t emperature t using the e quat ion 

V t1 ( p 1  - p )  
h ( t ) = h ( t • )  + 

V a. ( t - t • ) VI 
A + �g�--::-�-

\) ART 
( I  I. 7 ) 

where V is t he volume of i'Jat er in the d.eli very tube F ,  o. is the c o e f f i c ­w 

ient of thermal expansion of  wat er , A is t he cross- ect ional area o f  the 

t ube , V is t he volume of t he vapour space above the wat er in the t ube , g 
;.; i s  the mol e c u lar we i gh t of wat er and p 1  and p are the vapour pressures 

of wat er at t 1  and t re spect ively . Thi s e quat ion acc ount s for the e f f e c t  

of a t emperat ure change o n  t h e  density of vJat er � and o n  the amount o f  

wat er i n  t h e  vapour phase above t he liquid wat er . 

The mass of vmt er m ,  added t o  the solution c ell was then 

c alc ulat e d  from t he e quat ion , 

( II . B )  

where ha and h0 are t he corre c t e d  l i quid wat e r  levels from Equat ion II.?  

before ru1d aft er delivery respect ively . T h e  last t erm acc ount s for the 

chru1ge in volume o f  the vapour phase on making t he addit ion to the 

solut ion cell . 

The error in t he measure d height was ! 0 . 01 cm , in t he cross-

sect ional area of the tube ! 0 . 05% and in the density of t he wat er 

! 0 . 0003g -3 cm • This meant t hat t he mass of wat er added t o  the amino 

ac i d  c ould be det ermined with an accuracy of bet t er than o. �fo. 
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Following the addit ion o f  t he wat e r  t o  t he amino ac i d ,  the 

solut i on c e ll was remove d from t h e  sample preparat ion line and attached 

to t he vapour pressure apparat us at B in Fi gure 11.5 . 

I I .A4( v )  Amount o f  wat er in t he vapour phase 

In det e rmining the exac t c oncent rat i on of t h e  arrlJ.no ac i d  solut i o n  

c orre sponding t o  a part icular pressure di f f erenc e i t  was n e c e ssary t o  

c orr e c t  each concentrat i on f o r  t h e  amount o f  wat er in t h e  vapour phase . 

Since t h e  v olumes of t h e  vari ous vapour spac e s  in the vapour pressure 

appc"t!'at us were known t he amount of \'later in the vapour phase , mv ' c oul d 

be c al c ulat e d  from the e quat ion 

m v � 1-i p ( -l?T-:-1:-
r
-�_r_B_

r
_p + ( I I . 9 )  

where H i s  t he mol e c ular v1e ight o f  wat er , p is the solut i on vapour 

Pressure , V and B are the volume and s e c ond v irial c o e f f i c ient o f  wat er 
r r 

vapour at roo::J t emperature Tr ; and V t  and Bt are the volume and second 

v ir i al c oe f f i c i e n t  of wat er vapour at the t hermost at t e�perature T t . 

The amount of wat er in t he solut i on vms then obtaine d by subt ract ing 

t h i s  amount frOt:J. t h e  amount of wat e r  init i ally adde d to t he s o lut i on 

vess e l .  

I I .A5 Vapour Pre ssure Measurement s 

I I  .A5 ( i )  Proc e dure of measur ement 

The steps involve d  in making a vapour pressure measurement can 

be summari z e d  as foll ows ( wi t h  r e ference t o  Figure 1 1 . 5 ) :  

a )  Wi th vessel A empty and t aps T
3 

and T 4 closed ( also T7 , T3 and T9 

t o  the maGni fying manome t e r )  t he ent ire syst em was evacuat ed through 

T2 and T5 • There was no det ec table di fferenc e between the mercury 

levels in the U-tub e  manomet e r .  

b )  For t h e  measurement o f  t h e  vapour pressure of pure wat er , a sample 

of degassed wat er was vacuum dist illed int o vessel A .  The wat er was 
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frozen wi th a slurry of acet one and dry i c e  and pumpe d on befor e  the 

t aps T2 and T6 were close d and t he t hermost at raise d  int o posit i on .  

c )  Aft er 4 t o  5 hours , when l i qui d-vapour e qu i l i brium had b e en at t aine d ,  

t he vapour pressure o f  t he pure wat er was measured o n  t h e  U-tube 

manome t e r  w i t h  one arm under vac uum . 

d )  Next , a solllt i on vessel containing a prepar e d  solut i on o f  L-Serine 

and wat er was at t ached to t he syst em at B an d the s e c t i on o f  the l i ne 

b e t l•een t aps T3 , T4 and T1 3 
evacuat e d .  T

3 
a n d  '1'5 w e r e  c l osed and T Lt 

and T 1 3 were opened and the the rmostat again raised int o posi t i on .  

Again , when e quilibrium had been at t ained t he vapour pressure 

d i f f erence between t he solvent and t he solu t i on was m easured on the 

U-t ube manorr:et e r .  

II .A5 ( i i )  ��alysis o f  measuremen t s  

The pressure o f  a gase ous syst em i s  relat e d  t o  t he he i ght o f  

t h e  c olumn o :· merc ury i t  suppor t s  a�ainst vacuum i n  a manoo e t e r , by t h e  

e quat ion 

>Jhere p 

p/Pa = [�.> C t )/kg m-J ( g/m s- 2 ) [h ( t ) /m] 
-2 is tne pre ssure in Pas cals ( N  m ) , E' ( t ) and h ( t ) 

( I I . 1 0 )  

are the 

dens i t y  of t i Lt: o e r c ury and the he i ght o f  the mercury c olumn r e spe c t i v e ly 

at t he C e ls ius t eraperat ure t at vlhich the observat ion is rr.ade , and g i s  

the local value o f  the accelerat ion o f  f r e e  fall ( det ermined b y  t h e  

Physics Department t o  b e  9 . 804m s- 2 ) . 

The h e i ght o f  the mercury c olumn was measure d  using a cathe t o-
0 met er w i t h  a brass scale ad j ust e d  t o  b e  corr e c t  at 20 c .  For an 

observa t i on at t emperat ure t t h e  t rue he i ght o f  the column h ( t )  is given 

by ' 

h ( t ) /m = [h ' ( t )/m ] (1 + (a. K ) [( t 1 / C ) - 2o] } ( II. 11 ) 

where h ' ( t ) /m is t h e  observed h e i ght o f  t he c olumn in m e t r e s , t 1  is t he 

Celsius t emperat ure at which the measurement was made and a. i s  t he linear 

c o e f f i c i e nt o f  expansion o f  t he brass scale (a. = 1 . 84 x 1 0-5 K- 1 )46 •  



Fi gure ll . 6  Hydro stat ic pn? ss u r e s in vapo ur  
pressure appa rat us . 
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The Int e rna t i onal Prac t i cal T emperature Scale of 1 968 
( IPT S - 68 ) 47 gives t he variat i on of the dens i t y  of mercury vJi t h  

t empera t ure as 
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p C t )/kg m-3 = [f!(20°C )/kg m-3 J G  + ( p  K )  t < t /° C ) - 2oJ] - 1  ( I I . 1 2 ) 

where p ( t )  i s  the dens i t y  o f  �ercury at the Celsius t emperature t o f  t he 

measur ement , � is t h e  coe f f i c i en t  o f  c u b i cal e>::pansion of mercury 

( �  = 1 . 8 1 8 x 1 0-4 K- 1 ) 46 and � ( 20° C ) is t he dens i t y  of mercury at 20°C 

giv en by the IPrS - 68 as 1 3 - 54587 x 1 0, kg - 3  m • 

With r e f erence t o  Figure I I . 6  it i s  c lear that t o  det ermine t he 

diff erence in the vapour pressures at the surfac es of t he liquids i n  t he 

two c ells A and B ,  acc o unt must be t aken o f  t h e  indi cat e d  hydrostat i c  

pressures . The d i f f erence i n  the vapour pressures i s  then given by , 

PA - pl3 ;.: �1 gh1 + �2gh2 + �3gh3 - �
4

gh4 - e5gh5 ( I I . 1 3 ) 

where t he hi ' s  c.1.re the he ight s indicat e d  in Fi gure II . 6 ,  � 1 is t he 

dens i t y  of merc ury in t h e  r.1anomet er at room t emperat ure ' e 2 arld � 3 are 

the dens i t i e s  o f  t he vapour above the l i q ui d i n  c ell A at room t emperature 

and t he thermostat t emperat ure respe c t i v e ly , and f 4 and �5 ar e t he 

dens i t i e s  o f  v apour above the l i qu i d  in c e l l  B at room t emperat ure and 

the thermost at t emperature respe c t ively . 

For this s t u dy , the last f our t erms in Equat ion 1 1 . 1 3  are 

negl i gi b l e , so t hat t h e  expression for t he vapour pressure di f f eren c e  at 

t he surfac e s  of t he l i qu i ds reduc es t o ,  

as in Equat i on II . 1 0. 
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II . B  ENTHALPY OF DILUT ION MEASURB�ENTS 

I I . B 1 Calorimet ers Use d for Enthalpy of Dilut i on 1'-'ieasurement s 

I I . B 1 ( i )  Lange c alor imeter 

An adiabat i c  di f ferent ial calorim e t e r  describ e d  by Iange and 

48 Robinson c onsist ed o f  a 2 l i t r e  unsilvere d Dewar flask , div i de d  int o t wo 

s imi lar c alorime t ers by a par t i t i o n c ontaining a m ult i - j unct ion thermel . 

This t he rmel , conne ct e d  t hrough a pot ent i omet er t o  a galvanom e t er , 

-6o 
permi t t e d  di f f erent i al m easurement s t o  be made to 1 x 10 C or b e t t e r .  

Each cal o r imeter cont ained a st i rr e r , a small metal pipe t t e  and heat ing 

element s .  The c ont en t s  o f  t he pipe t t e  c oul d b e  m ixed w i t h  the surrounding 

l i qu i d  by raising a ground-metal st opper by han d .  Head l i b erat e d  by a 

dilut ion in one c alorime t er was balanced by quant it at i v e  elec t r i cal heat ing 

in the other , an d heat absorb e d  by dilut ion was balanced by heat ing in the 

same c alorime t e r . The Dewar flask c ontaining t he calorimeters was 

support � d  in a constant t empera t ure wa t e r  bath . Adiaba t i c  c ondi t i ons 

were maint aine d by aut or:1at i c  adj ust ment of the t emperat ure of t he t he rmo-

stat relat i v e  to the c alorime t e r . 

Calorimet ers of this basic des i gn were used t o  measure the 

ent halp i e s  o f  di lut i on o f  se veral aque ous solut i ons o f  amino ac i ds and 

these are suillmarised in Table 11 . 3 . 

Guc ker , Pickard and l:'lanck
77 have descr ibed a similar apparat us 

c onsi st ing o f  bvo 1 l i t r e  tantalum calorimet ers suspende d from the l i d  o f  

a wat er - t i ght submar i n e  j acket immersed in a thermost at t e d  wat er bat h .  

The di f f erence in t emperat ure b e t we en the calorimet ers was measure d  t o  

-6o 
1 x 1 0  C with a mult i - j unc t i on c opper- c o nstant an t hermel c onne c t e d  to a 

galvanom e t er . With t h i s  design , t hermal c onduc t i on b e t we e n  the calori-

met ers was r e du c e d  to a small frac t i on o f  t hat in Lange ' s  apparatus by 

using fewer j unc t i ons in the t hermel and having a small air gap b etween 

the c alorimet ers. Also c omplicat e d l i ft ing dev i c e s  were us e d  to open the 
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dilut ion pipe t t e s  t o  ensure uni form mixing and r e pr oduc i ble heat e f fe c t s 

in c ont rast to manually operat e d  pipet t e s .  

Examples o f  t h e  u s e  of t h i s  calorime t e r  ar e also given in 

To.ble I I - 3 

II .B1 ( i i ) Heat c ondu c t ion bat c h  calorimet er 

In t his t ype o f  calorime t er , heat evol v e d  ( or ab sorb e d ) i n  t h e  

reac t i o n  v e ssel is c onduc t e d  o u t  t o  ( or from ) a c omparat i v ely large 

surrounding heat sink through a thermopile . The heat flux is then pro-

port i onal to t he v olt age - t ime int e gral i . e .  the area under t he voltage -

t ime c u rv e .  lost m i c r oc alorimet ers o f  this t y p e  have a react i on and r e f -

erenc e v e ssel w i t h  t h e i r  respe c t ive thermopiles being c onne c t e d  i n  

opposi t i on t o  g l v e  a di f f e �ent i al s i gnal w i t h  t h e  int ent ion o f  exc luding 

ext ernal t hermal e f f e c t s . 

An example o f  t h i s  t y pe o f  calorime t er is one c onst ruc t e d  by 

50 
i.'adse ( c omme r c i al ly availab l e as an LKB 10'700 Bat ch microcalorimet er ) .  

The reac t ion vessels ar e r e c t angular cans o f  glass or me t al whi c h  are 

part i ally divided i n t o  t wo c ompartment s ( one larger than t h e  ot her ) with 

a heat er for e l e c t ri c al c alibrat ions locat e d  in t h e  part it i on . The 

reac t i on cells are posit i oned between thermoc ouple plat e s ;  with each pair 

of plat e s  c onne c t e d  in series c onst i t ut ing a t hermopile . The s e  t hermo-

piles are c onne c t e d  in oppo s i t i on t o  one another t o  give a di f f erent i al 

s i gnal . The aluminium heat sink surrounding the t wo calorimeter uni t s  is 

insulat e d  by polyst yrene f oam and enclosed in a st e el cylinde r .  This 

whol e  c alorimeter block is suspended in a thermostat t e d  air bath . The 

reac t ant s  c ont ained in each of the react ion vessel compartments and in 

c ontact only through the vapour phase are mixe d by rotat i on o f  the 

calorimet er assembly . El ec tri cal c alibrat i on experiment s have indicated 

an at t ainable prec ision o f  0 . 05% for the measurement of c ompa�at i vely 

large heat quant i t ies and b et t er t han 1% if 0.004J is evolve d .  

Examples of t h e  use of t h i s  calorime t er are given i n  Table 11 . 3 .  



II .B1 ( iii ) Isothermal di lut ion calorimet er 

Calorimet ers o f  this type have been described by Savini51 and 

S t okes
52

• In the lat t er mode l , the mixing vessel is made from silvered 
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glass and is enclose d in a glass jacket f i lled w i t h  areon gas . The 

jacket is maint ained at c onstant t emperat ure in a wat er t hermost at . The 

mixing vessel c ont ains a st irrer , a heat er and a t hermis t or .  Init ially 

t he vessel is _f ille d ,  half 1-1i t h  merc ury and the remainder with degasse d 

c omponent one . St epwise addit ion of the s e c ond c omponent from a piston 

bure t t e  progressively displaces t he mercury . Ele ctrical heat ing is used 

to mat ch heat absorpt i on frorr. the mixin6 reac t ion or c onversely i f  the 

mixing is exother1:1i c  steady thermoelectric cooling is employed to main­

t ain isothermal c ondi t ions . 

The condi t i ons o f  the experiment c orrespond closely t o  the 

definit i on of the part ial molar enthalpy o f  the inj e c t e d  c omponent , 

provide d the i n j e c t i ons are limi t e d  t o  abo t 1 cm' so t hat t hey produc e 

mole frac t i on change s  � 0 . 05 .  The prec ision o f  such part ial molar 

enthalpi e s  is given as perhaps 0 . 3%. 

Examples of the use of this calorimet er are given in Table I I . 3 .  

I I . B 1  ( i v )  Steady s t a t e  different ial flm; microcalorimet e rs 

In a flow microcalorime t er , the t wo t hermostat t e d  react ant 

liquids are pumped int o a mixing chamber where they are allowed t o  mix 

t horoughly and any t emperat ure change during the mixing is followed .  The 

sys t em c an be made adiabat ic or isothermal depending on t he type of t hermal 

det e c t i on use d. For isothermal operat i on the heat evolve d  ( or absorb e d )  

in the react ion c e ll i s  transferred t o  ( or from ) a heat sink. The magni­

tude of the heat flux is oft en det ermined using a thermopile locat e d  on 

the heat transfer path . Flow microcalorimet ers designed by Mo�3 and 

St oesse�4 use this princ iple of operat ion. The adiabat ic condit ion is 

achieve d  when the flow cell and the t emperature sensit ive elements are 

thermally insulat e d  from the surroundings ; the st eady state � T  i s  then 



'rABLE I I . 3 

Some Examples of Enthalpy of Dilut i on Measurement s 

Calorimet er System 

Lange (a-amino-n-valeric ac i d , 
valine , norleuc ine , 
E -aminocaproic ac id ) + wat e r  

() 
at 25 C 

Lange (a-amino- i-butyric ac i d , a­
amino-n-but yric ac i d , � -amino­
n-butyric aci d ,  i -amino 

0 

Lange 

b ut yric ac i d )  + wat er at 25 C 

(a- 1-l -alanine ) + v1ater at 
0 , 1-' 

25 c 
() 

La.nge c;ly cine + wat er at 25 C 

Gucker ( glycine , glyc olam i de ) + () 
wat er at 25 C sucrose + wat er 

() () at 20 and 30 C 

LKB Bat ch b oric ac i d  + wat er between 
() 0 1 0  and 50 C 

LKB Bat ch t etrabutylammonium but yrat e () 0 
+ wat er bet we en 1 0  and 50 C 

Isothermal dilut i on urea + ( wat e r , methanol , 
ethanol , formami de , N , N­
dimethylformamide , dimet hyl 
sulphoxide ) 

Referenc e 

l�"iason , Of:(ut t , 
Rob inson5° 

Hason and 
Robinson57 

Benesi , M�son , 
Robinson5 

vJallac e ,  Offut t , 
Hobinson59 

Guckl;.§ • Pickar d , 
Ford , Guc ke r , 77 
Pickard , Planck 

. " ll 
60 Ward and l'n ero 

Levine and61 Lindenbaum 

Hamilton and 
Stokes62 

FlO\v ( sodium chloride , t e tramethyl- Fort ier , Le duc , 63 ammonium bromi de , n-t et rabutyl- Picke r , Desnoyers 
ammonium bromide ) + wat er at 

0 
25 c 



the � T  o f  mixing . Picker , Jolicoeur and Desnoyers55 have described a 

flow microcalorime t e r  which is capable o f  be ing operat ed e ither iso-

thermal ly of adiabat ically. The reac tant l i quids are pumped into the 
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mixing chamber either by perist alt ic or quasi-pulseless pumps . The 

resul t ant heat flux is t rans f erred to another l i qui d through a c ount er-

c urrent heat exchanger ; with cha.'lges in the t emperature of the heat 

exchanger liquid being measure d  relat ive t o  a t win heat exchanger serving 

as a referenc e .  The whole react ion syst em is c ontained in an evacuat e d ,  

thermally shielded vessel l ocat e d  in a c onst ant t emperature wat er bat h .  

Temperature r.1easurement s are made with thermist ors an d  t he sens i t i v i t y  o f  

an improved version o f  the calorimet er i s  given as 1 x 1 0-6°C . An 

overall precision o f  0. 5% i s  obtainable for t h e  ent halpy o f  mixing . 

Examples of t he use of  this c alorimet er for ent halpy of dilut ion 

measurements are given in Table 1 1 . 3. 

Il .B1 ( V )  Choice o f  t he calorimetric r.1ethod 

The choic e  o f  a calorimetric syst em to measure the ent halpi e s  of 

dilut ion was largely det ermined by the fact t hat t he author had access t o  

an LKB 1 0'700- 1 flow rnicrocalorime ter and an I.J\13 1 0700-2 bat ch micro-

calorime t e r .  

In illl init ial series of experiment s both calorimet ers were use d 

t o  measure some enthalpies o f  dilut i on o f  aqueous solut ions o f  suc rose . 

As a result , t he experiment al precision o f  the two inst rument s was c orn-

pare d  and also t he agreement of t he resul t s  ( given in Table I I . 4 )  with 

t hose of Gucker , Pickard and Planck 77• The results obtaine d using t he flow 

sys t em were sign i f icant ly bet t er than those from the bat ch syst em . 

The use o f  the flow microc alorime t e r  was also favoured from a 

considerat ion o f  t he following c omparison of the two syst ems . Flow 

react ion calorimet ry is much less t ime-consuming than bat ch c alorimet ry 

as t he e quilibrat ion t ime required prior t o  the mixing o f  the reac t ants 



TABLE II . 4 
Int egral Enthalpies of Dilut i on of  Aqueous Sucrose Solut ions 

by Ba.tch and Flow l'licrocalorimet ers 

- 1  -1 - 1  
Calorimeter mi/mol kg m

1
jr:10 l  kg 6H n/Jmol 

( measure d )  

Bat ch 0 . 2082 O. Oo79 00 . 7 
--

0. 2002 0. 0687 79 . 2 

0. 2082 0. 0603 63 . 7 

0 . 2002 0. 0682 8Lr. b 

Flow 0 . 7 1 27 0 . 3569 1 90 . 9 

0 . 52.)<) 0 . 2u27 1 Lr2 . o 

0 . 5239 0 . 2627 1 42 . 6 

0 . 492b 0. 2470 1 33 - 7 

0 . 4926 0 . 24?0 1 33 - 9 

11 - 1  D H r --/Jmol 
l. .L:  

( calculat e <;!: Jrom 
Gucker ) 7'! 

77 . 9 

77 . 4 

77 . 6  

77 - 7 

1 89 . 2 

1 1 r 1 . 1  

1 4 '1 . 1 

1 )2 . 9  

1 32 . 9 
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is largely omitt e d , with the li quids being thermally equili brat e d  through 

a series of heat exchangers on their way t o  the mixing cell . With bat ch 

proc e dures the method chosen for the mixing of the reactant s i s  cri t ical , 

espec ially so in m i crocalorimet ric experiment s where mixing proc edures 

can easily cause large irreproduc ible heat e ffects when only minut e heat 

quant i t ies are evolved or absorbed in the react ion itself . The method of 

mixing used in the rx-B bat ch system ( Section I I . B1 ( ii ) )  does t end to b e  

suscept ible t o  possible complicat ions i n  dilut i on reac t i ons due t o  t he 

relat ively large gas phase present in the open c ompartment mixing c ells . 

Dist i llat ion may o c c ur during the equili brat i on t ime with consequent 

ch��ges in energy and in reac t ant composit ion ( though generally this would 

not be significant for aqueous solut ions ) . The comparat ively large gas 

phase al so mru<es t he bat ch system unsuitable for measurement s on proc esses 

where there is a l arge change in the gas phase composit i on such as t hat 

which acc ompanies the mixing of volat ile c ompounds , though for experiment s 

with aqueous solut i ons near room t emperat ure the change in the gas phase 

composi t i on v1ill be very small and usually i nsignificant . Hov1ever , even 

for aqueous solut i ons care needs to be exercised in dilut ion experiment s 

where one of the mixing compartment s c ontains pure wat er . Surfac e adsor-

pt ion e ffect s would t end to be much more s igni fi cant in the bat ch syst em 

with t he consequent int roduc t ion of serious syst emat ic errors ; this can 

b e  neglected however , in a liqu i d  flow syst em where t he liquid flow is 

c ont inued unt il all possible surfac e reac t i ons have oc curred. 

Provi de d t hat care is taken t o  ensure that mixing of t he reac t ant s 

is c omplet e ( espec ially with more c oncentrat e d  solut i ons ) the flow method 

woul d appear to b e  ideally sui t e d  to m ixing and dilut ion experiment s . 

Fort ier , Le duc , Pi cker and Desnoyers
63 have described a general procedure 

for prec ise measurement s of ent halpies of dilution with a flow micro-

calorimeter. 
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I I .B2 The Calorimet er 

The c alorimet r i c  system used in t his work was t h e  LKB 1 0700- 1 

flow mic rocalorime t ry syst em . It was operat e d  in a room thermostat t e d  t o  

298 . 1 + 0 . 5K. 

A schemat i c  diagran showing the arrangement of the pr inc ipal 

c omponent s  o f  t h e  syst em is giv en in Figure I I . 7 .  The main heat sinl<:: a ,  

c onst ruc t e d  fr om aluminium , enc l o s e s  a c e n t rally locat e d  heat exchange 

uni t  b ,  and t w o  calorimet ric uni t s  c and d .  The heat s i nk is surrounde d 

by polyst yrene f own insulat ion and is c ont ained ln a s t ainless s t e e l  

v essel a l l  o f  whi c h  is support e d  in an air b a t h  e ,  t he rmost at t e d  t o  0 . 01K .  

The t wo calorime t r i c  uni t s  are c ompr ised o f  a reac t i on vessel f ,  t wo 

thermoc oupl e s  g , and a primary heat s ink . The reac t ion v e s s e l  whi c h  has 

the ext ernal shape of a square pla t e  is posit i on e d  bet we en t h e  thermo-

c oupl e s  whi ch are i n  t urn in dire c t  c ontact with the t vJO alum inium b l o c ks 

of t h e  primary heat sink on e i t her s i de . The t wo thermo c oupl e s  for each 

uni t  are c onne c t e d  i n  series whereas the t wo t he rmopiles thu s  forme d are 

c onne c t e d  in opposit i on t o  gi ve a di f f erent ial s ignal . One o f  the calor-

irne t r i c  uni t s  c ont ains a flow-through c e l l , generally for slow pro c e s ses 

whi c h  are o f t en ini t i at e d out si de the c alorimet e r and the other c ontains 

a mixing c ell for fast reactions . This mixing c ell c onsi s t s  of a T-

j unc t ion o f  gold t ubing ( where the t wo incoming liquid streams are 

init ially mixe d )  j o ined t o  a channel syst em which is milled from a flat 

s ilver plat e and c overe d wit h  a l i d .  Those surfaces in contact with the 

calorimetric liquid are gold plat e d .  A gold tube , o n  which i s  wound a 

50 ohm calibrat ion heat er , carries the liqui d flow from the T-piece t o  

the channel where a series of c onst rictions are locat e d  in the mixing 

zone to ensure t hat the mixing of the reactants is c omplet e . The total 

volume o f  this m ixing cell is about 0. 7cm' . 

The liquids are pumped through the calorimetric syst em by means 

of two LKB Perpex peristalt ic pumps (model no . 1 0200 ) .  Silicone rubber 
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t ubing ( 1 . 1 mm diame t er ) is use d t o  carry t h e  liqui ds through t he pumps 

and Teflon tubing ( 1 . 0mm diame t er ) is used t o  connect the pumps t o  the 

heat exchange un i t s ,  flow c e lls and c ollec tion vessels . The pump flow 

rat es c an be var i e d  by use of int erchangeable gear-b oxe s . 

The d i f f erent ial voltage from the t hermopiles 1n t he two c alor i -

metric uni t s  is ampl i f ied by a Keit hley 1 50B Microvolt Ammeter and this 

signal is recorded as a def lec t ion by a Servogor RE 5 1 2  chart recorder . 

I I . B3 S�nple Preparat ion 

II . B3 ( i ) Materials 

The sucrose used was 1 1Aristar11 grade ( 99% + )  suppli e d  by Brit ish 

Drug Houses and was used direc t ly without furt her puri f i c ation. The 

glyc ine 1 1Uni var11  grade ( 99% +) v1as supplied by 1\. j ax Chem i c als Aust ralia ; 

L-alanine ( 99';& ) and 1-arginine ( 98% ex nitrogen assay ) were supplied by 

Brit i sh Drug Houses ; 1-serine and L- valine , Sit,rrna grade ( 99'>;6 + ) were 

supplied by t he Sigma Chemical Company and L-cyst e ine ( 98% ex nit rogen 

assay ) was supplied by Riedel- de Haen . 

Each of t he amino ac i ds exc ept L- c yst eine was twice recrystallised 

from dist i lled wat er ( Sec t ion I I .A4 ( i ) )  before being dri e d  in a vacuun1 

dessicat or over P2o5 at room temperat ure for at least 72 hours . Due t o  

the susc ept ib ility of aqueous solut ions o f  1-cyst eine t o  undergo oxidat ion 

by atmospheric oxygen
6 4

, the sample was dri e d  in a vacuum dessicat or 

over P2o5 as above and used without further purif icat ion. It was not ed 

from t he l i terature 73 that L-arginine can recrystallise from aqueous 

solution as the monohydrate ;  therefore t o  t est for this possibility , a 

sample was t it rat ed with standard hydrochloric ac i d .  The molecular 

weight t hus det ermine d was within 0 . 05% o f  the ��ydrous mole cular weight . 

Samples of each of the amino acids before recryst allisat ion and 

aft er were used t o  prepare solut i ons of the same c oncentrat i on which were 

then dilut ed in a similar manner with wat er . The t wo samples were found 
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to be indist ingui shable within the limits of precision o f  the calori-

metric t e chni que .  

Nitro�en analyses on each o f  the amino acids ( and sulphur for 

L-cyste ine ) yielded the following result s :  

Amino Aci d  Analysis r.t Theoret ical cl ;a /0 

Glyc ine 1 3 . 5 1  1 8 . 61+ 

L-Alanine 1 5 . 59 1 5 . 71 

L-Arginine 3 1 . 82 32 . 1 5  

L-Cyst e ine 1 1 . 65 S ( 26 . 29 ) 1 1 . 56 S ( 26 . 46 ) 

L-Serine 1 3 . 41 1 3 - 32 

L-V aline 1 1 . 8 4  1 1 . 96 

The wat er \-/aS purified by re fluxing laborat ory t ap wat er with 

alkaline permanganat e for o-6 hours be fore t\.Jice dist illing i t ' the mi ddle 

fract ion b e ing ret aine d in each case . Pri or t o  use the wat er was thor-

oughly boiled to re�ove co2 and sealed against t he atmosphere while b e ing 

cooled.  -6 - 1  - 1  The c onduc t i v i t y  o f  the wat er \·/as less than 1 . 0 x 1 0  ohm cm • 

I I .B3 ( i i ) Preparation of solu t i ons 

The solut ions were prepared by weighing a suitable quant ity of 

recent ly degassed wat er int o a known mass of amino ac id in a small flask. 

All weighings and preparat ion of solut ions were done in t he same t empera-

t ure-controlled room as the calorimet er syst em. 

Care was t aken in the preparat ion and handling of L-cyst eine 

solut i ons to avoi d  oxidising c onditions because o f  their suscept ibility 

t ' d  t •  64 0 OXl. a l.On o Enthalpies o f  dilut ion of some L-cyst eine solut ions were 

measured at various t imes over several hours as a check on t he possible 

oc currence of oxi dat ion. No variat i on in the enthalpies o f  dilut i on was 

det ect e d  over a period of two hours . Since all L-cyst e ine solut ions were 

dilut e d  within thirty minutes o f  preparat i on it was assumed t hat e f f e c t s  

due t o  oxidat ion o f  the solut ion c ould be negl e c t e d .  



53 

II .B4 Enthalpy of Dilut ion Heasurement s 

II .B4( i ) Pro c e dure of measurement 

\vith the c alor imet ric syst em at 298 . 1 5K , a steady base l ine 

( about 0 . 1% depending on the sensit ivi t y  s c al e  o f  the ampli f ier ) was 

obtained on t he c hart rec order , with wat e r  pass ing through b o t h  pumps 

int o t he mixing c e ll .  \Vhen t h i s  base line was establ ishe d ,  t he pump for 

f lowing the solut ion was moment arily st opped while the inl e t  t ube was 

t rans f e rre d  from t he wat e r  reservoir t o  a sour c e  o f  freshly prepar e d  

amino acid s olut i on. T h e  st eady s t at e heat e f fe c t  from t he dilut i on 

reac t i on was normally at t ained in f i ft een t o  t wenty minut e s  and allowe d  

t o  cont i nue f o r  t en minut es be fore t h e  s olut ion pump vias again st oppe d 

an d  t he inlet t ube r e t urned t o  the wat e r  reservoir f or the e s t ablishment 

of the 1 1 aft e r 1 1  base l ine . 

Af t er t h e  wat e r - t o -wat e r  base l ine was again estab l i sh e d , a 

lmo•t�n c urrent \vas passed through t h e  mixing c e ll calibrat ion heat er for 

a preset p e r iod o f  t ime ( 1 000 s e c onds ) . The current was chosen so t hat 

t he st eady state heat e f fect was of a similar magnit u de t o  t hat obtaine d 

for t he dilut i on r eac t ion . Dupl i cat e s  were per formed for b o t h  reac t ion 

and c alib rat i on expe r iment s with e v en furt her rep e t it ions being made i f  

base lines be fore and after showe d undue dr i f t . 

The flow rat es of t he wat er ( f0 ) ,  and t h e  solut i on ( f ) , could b e 

var i e d  wi t hi n  fixed rat ios using the int erchangeable gear boxes.  The 

avai lable gear box rat i os of 3 : 250 and 3 : 1 25 gave flow rat es of 

approximat ely 0 . 24 ml min
- 1 

and 0. 48 ml min-
1 

respect ively. Dilut ion 

rat i os of f /f � 1 ,  f /f ,  2 and f /f � 0 . 5  were used .  The possibility 0 0 0 

of inc omplete mixing at higher conc entrat ions was tested f or by varying 

the overall flow rat e ( f0 + f )  while keeping the rat io f0/f constant . 

The measured heat s in every case , were found t o  be proport ional t o  t he 

overall flow rate , so mixing was assumed t o  be complet e .  The pump flow 



rat e s  were det ermine d by we igh i ng samples of wat er deli ve r e d  f or a known 

t ime , bot h b e fore and aft er a c ompl e t e  di lut i on experiment . The variat ion 

i n  flow rat e was less t han 0. 1 %. 

I I .B4 ( i i ) Analysi s  o f  measurement s 

- 1 The molal i t i e s  o f  t he solut ions prlor to dilut ion , m i ( mol kg ) ,  

were cal c ulat e d , vli t h  c orre c t i ons b e ing rnade f or buoyanc y . From t he s e , 

the c orre sponding molar i ty , c .  ( mol l- 1 ) of each solut ion was calc ulat e d  l 

using known or measure d densi t i e s  ( Sect i on I I . C ) .  

'l'he solut i on at the init i al concent rat ion , c . , was introduc e d  l 

int o the calorime t er mixing c e l l  at a flow rat e f ( ml s- 1 ) and the wat e r  

at a f l ow rat e f
0

( ml s - 1 ) .  T h e  f inal solut i on concent rat i on , c f ' aft e r  

dilu t ion was t hen g i v e n  by , 

c f/mol 1- 1 = c i [1 + f0/f + ( c i/1 000 ) ( 9i'v
f 

- �v
i

) J - 1 

where �
v

i and fl)vf o.re t he init ial c.nd f inal apparent molal v olwnes o f  t he 

<�ino a c i d  respe c t i v ely . The last t e rm in Equat ion I I . 1 4 whi c h  is a 

corr e c t i on f or t h e  volume o f  mixing was negligible in t h i s  s t udy . 

From the final c onc ent rat i on of the amino ac i d  solut ion, c f , 

- 1 the c orre spondi.ng molal ity m� ( mol kg ) \vas calc ulat e d .  I 

The heat flux during a c alibrat i on experiment \ol , det e rmin e d  c 

from the c alibrat i on current I ,  and t h e  r e s i st anc e  of t h e  c al i brat ion 

heat e r  R ,  was giv en by , 

W /J s- 1 = f R  c 

From the corresponding recorder deflect ion during a c alibrat i o n  

experiment E , the calibrat ion c onstant € could be determined ,  
c 

£ /wat t division
- 1  

= \v /E c c 

Combining this with the dilut ion reaction de fle c t i on , E ,  t he 

heat flux of the reaction , W ,  c an be obtained 

\1/J s - 1 = £ .E. 
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A typical recorder trace for a dilut ion experiment is shown 

in Figure I I . 8 .  

The int egral enthalpy o f  dilut ion � H ID ' was given by , 

-1 !:::. H n/J mol = 1 000\'1/ci f ( 11 . 15 ) 

The results of the dilut ion experiments for each amino ac id  

solut ion given in terms of � H ID' mi and mf are t abulate d  in Sect ion III .B.  

The calculat ions of  the relat ive apparent molal enthalpy , �1 , and the 

rel.J.t ive part ial molal enthalpy , 1 2 ,  are given in Sect ion IV . B .  



II . C  DENS IT IES OF AQUEOUS AiUNO AC ID SOLUT IONS AT 298 . 1 5K 

Densities of the aqueous amino aci d  solut ions were require d in 

the analysis of the int egral ent halpies of dilut ion ( see Sect ion I I .E4 ) 

- 1 · 
t o  cal c ulate the molarities (mol l ) of the solutions from t he prepared  

- 1 ) molal i t i e s  ( mol kg • 

II . C 1  Experimental Proce dure 

The densities were det ermined by we ighing bot t le-type pycnomet ers 

of known volume containing aque ous solut ions of the amino ac i d£ .  

The pycnomet ers had an  approximate capacity of 25cm} and were 

close d with ground glass st oppers . Before be ing used  they were cleaned 

with chromic ac i d ,  thoroughly rinsed with wat er , A . R .  acet one and A . R .  

ether and dried with pumping i n  a vacuum dessicat or at room t emperature . 

Aft er each measurement only cold wat er , ac etone and ether were use d  t o  

clear t he pycnomet ers . 

Aft er being weighed and f illed with an amino ac i d  solut ion ,  the 

pycnomet ers '.;ere suspended up to a point high on the neck of the bott le , 

in a wat er bath thermostat t e d  to 298 . 15 _:. 0 . 005K. The pycnometers 

remained in the bath for t wo hours be fore b eing removed , wiped dry and 

plac e d  in a dessicat or . They were weighed one hour aft er removal from 

the bath . 

The volume of each pycnometer was first det ermined by following 

the above procedure using dist ille d wat er . 

I I .C2 Calculation of Densit ies o f  Aqueous Amino Ac i d  Solut ions 

The densities , � t , of t he amino ac i d  solut ions were calculat e d  

using the e quati on , 

where w2 and w1 are the weights of the fill e d  and empty pycnomet ers 
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respectively , V is  the  total volume of the  liquid � 2 and �1 are the 

densities of air during the weighing of the full and empty pycnometers , 

� g is t he density of glass and � w  is the density of the mat erial of  the 

weights in the balance .  

The densit ies have b een determined with an accuracy o f  0. 08%. 

The results of the density det erminat ions for 1-Alanine , 1-Arginine , 

1-Cyst eine , 1-Serine and L-Valine at 29b . 1 5K are given in Table 1 1 . 5 . 



- 1  -3 m/mol kg �/g cm 

L-Alanine 

1 . 81 23 1 . 0422 

1 . 41 47 1 . 0332 

1 . 0066 1 . 0227 

0. 7058 1 . 01 60 

0. 4001 1 . 0083 

0. 3945 1 . 0082 

0 . 2005 1 . 0026 

T j\l3LE I I .  .2_ 

Densities of Aqueous Amino Acid  Solut ions at 298 . 1 5K 

- 1  -3 m/mol kg elg cm 

L-Arginine 

0 . 8608 1 . 4022 

0. 7054 1 . 0332 

0. 6040 1 . 0227 

0 . 5036 1 . 01 60 

0. 4021 1 . 0083 

0. 3007 1 . 00b2 

0. 1 986 1 . 0026 

m/mol kg- 1 e;g cm-3 m/mol kg-1 
�/g cm-3 

L-Serine L-V aline 

3. 6536 1 . 1 239 0 . 4899 1 . 0092 

3 . 2 1 oG 1 . 1 080 0. 401 3 1 . 0072 

2 . 80b 1 1 . 0969 0 . 2975 1 . 0046 

2 . 1 989 1 .  079 1  0 . 25 1 4 1 . 0037 

1 . 7980 1 . 0661 0 . 1 91 5 1 . 0022 

1 . 2037 1 . 0453 0. 1532 1 . 001 1 

0. 7930 1 . 0302 

0 . 297? 1 . 0098 

m/mol kg-
1 

f/g cm-3 

L-Cyst e ine 

1 .  ir066 1 . 0561 

1 . 1 923 1 . 0480 

1 .  01 47 1 . 041 8 

0 . 8 1 00  1 . 0328 

O. o064 1 . 0224 
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EXPERmENTAL RESULTS 



III .A1 

I I I  .A VAPOUH PRESSURE tltEASURTI-lENTS 

Vapour Pressure Measurement s of Pure Wat er at 288 . 1 5K , 

293 . 1 5K and 298 . 1 5K 

The result s  o f  the vapour pressure measurement s o f  pure wat e r  at 

288 . 1 5K ,  293 . 1 5K and 298 . 1 5K are given in 1'able I I I . 1 ,  and are c ompared 

there with values from the lit eratur e .  

I I I  .A2 Vapour Pressure t'ieasurement s of 1-Serine-�/at er S olut i ons at 

288 . 1 5K and 298 . 1 5K 

The results of  the vapour pre ssure measurements of  L-Serine-Wat er 

solut i ons at 28d . 1 5K and 298 . 1 5K are g1 v en in Table I I I . 2 and represent e d  

graphically i n  Figure I I I . 1 . 

In Tab le 1 1 1 . 2 ,  m re fers t o  the molal ity of the L-Ser ine oolution 

which has been det ermined from the observed mass of t he amino ac i d  

( correct e d  f o r  buoyancy ) an d  the t otal amount o f  wat er adde d t o  i t  using 

Equat ion II . 8 . The mass of wat er added t o  the ru�ino ac i d  has also been 

correc t e d  for the amount present in t he vapour phase for each vapour 

pressure measurement ( Equat ion I I . 9 ) .  The dif ferenc e in vapour pressures 

between the pure wat er and the amino acid solut ion , � p ,  has been 

determined from the manomet er readings ( Sect ion I I .A 5) . 



288 . 1 5  

293 . 1 5 

298 . 1 5  

TABLE III . 1 

Comparison of Correlated Values for the Vapour Pressure 

of Pure Water
67 

1 70� . ?  .:':. 9 - 3  

1 704. 8 

1 705 . 1  

1 705 . 3  

1 703 . 4 

1 706 . 6 

234D . O  .:':. 9 . 5  

2337 . 9 

2338 . 3 

2338 . 7  

2335 . 8 

2339 - 5 

31 7 1 . 3  .:':. 1 0 . 1 

31 67 . 9 

31 68 . 7 

31 68 . 9 

31 65 . 2 

31 68 . 6  

Reference 

This work 

. Os borne , Stimson and Ginnings 65 

Wexler and Greenspan 66 

Besley and Bott omley
67 

68 Osborne and Meyers 
6 Douslin 9 

This work 

0 b � . . . 65 s orne , �t 1mson and G1nn1ngs 

i-/exler and Greenspan 66 

Besley and Bot tomley
67 

68 Oxborne and Meyers 

Douslin
69 

This work 

Osborne , St irnson and Ginnings
65 

Wexler and Greenspan 66 

Besley and Bott ornley
67 

68 Osborne and Meyers 

St imson
70 



TABLE I I I . 2  

�our Pressures o f  L-Serine + H20 at 288 . 1 5K 

m/mol kg - 1  �p/Pa 

0. 341 0 8 . 0 

1 . 0563 27 . 9  

1 . 4924 35 . 8 

1 . 9967 45 . 1  

3 . 1 1 29 7 1 . 6  

Vanour Pressur e s  o f  1-Serine + H20 at 298 . 1 5K 

m/mol kg - 1  
AP/Pa 

0 . 341 0 1 7 . 2  

1 . 0563 5 3. 0  

1 . 4924 72 . 9  

1 . 996? 94. 2 

3. 1 1 36 1 39 . 2 



1 4 0  

1 2 0  

1 0 0 

0 80 
CL 
-

0.. 
<J 

5 0  

4 0  

2 0  

Fig u n? ill . 1  Ex per im �mta l vapour  press u r e s  of 

L- S er ine  - wa t e r  s ol uti on s . 

2 9 8 .1 S K  

288 .1 5 K  I I 

0 L_ ____ J_ ____ _L ____ �----�------�----�� 

0 1 . 0  2 .0 3.0 

m I m o l  kg-1 
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III . B  EN'rHALPY OF DILUTION HEASURENENTS 

Ill . B1 Int egral Enthalpies of Dilution of Aqueous Amino Acid  Solutions 

at 298 . 1 5K 

The integral enthalpies of diluti on of aqueous solut ions of  the 

amino acids , L-alanine , L-arginine , 1-cysteine , glycine , L-serine and 

L-valine were measured at 298 . 1 5K over various concent rat ion ranges 

appropriate t o  the solubility of the amino ac id  concerned.  

The results are given in Tables III . 3 t o  III. 8 Hhere m .  is t he � 
ini t i al concentrat ion of t he amino acid solut ion in mol kg-1 , mf is the 

final c oncentrat ion of the solut ion aft er dilution in mol kg-1 
and 

6 H ID  is the int egral enthalpy of dilution in J mol
-1 

as determined 

from Equati on I I . 15 . 



TABLE I I I . 3  

Int egral Enthalpies o f  Di l u t i on o f  1-Alanine in \va t e r  at 298 . 15K 

- 1  
mr

Jmol kg - 1  
m . /mol kg l 

1 . 801 9 0. 8563 

1 . 801 9 0 . 5604 

1 . 6980 0. 8903 

1 . 6980 0. 5303 

1 .  4014 0 . 6720 

1 . 401 4 0 . 441 6 

1 . 1 893 o . y;41 

1 . 1 093 o. 3777 

0. 91 85 0 . 4471  

0 . 9 1 85 0. 2951 

0. 8253 0. L�022 

0.8253 0 . 2663 

0 . 5985 0. 2939 

0.5985 0. 1 932 

!:::,. - 1  H
rn/J mol 

-203 . 5 

-269 . 5 

-1 93 . 0  

-253. 2 

- 1 58 . 7 

-208 . 1 

- 1 35 . 0  

- 1 74 . 9 

- 1 03 . 4 

-1 36 . 7  

-91 . 1 

- 1 21 . 4 

-66 . 5 

-88 . 3 



TABLE I I I. 4 

Int egral Ent halpi es o f  Dilu t i on o f  L- Arginine i n  \vater at 298 . 1 5K 

- 1 - 1  - ·1 
m . /mol kg m

f
/mol kg !J. Hm/J mol 

l 

0 . 8654 0 . 41 02 .  468 . 7  

0 . 8654 0 . 2689 647 . 9  

o .  7054 0 . 3369 40? . 3  

0 . ?054 0 . 221 2 573 . 6 

0 . 6040 0 . 2906 364. 7 

0 . 6040 0 . 1 9 1 1 5 1 1 . 4 

0 . 4970 0. 241 0  322 . 6  

0 . 4970 0 . 1 586 440 . 9 

0 . 402 1 0 . 1 962 270 . 7 

0 . 4021 0 . 1 294 373 . 6  

0. 2935 0 . 1 442 2 1 4. 6  

0 . 25 1 8  0. 1 239 1 8? . 9 



Int egral Enthalpies of Dilut i on of L-Cys t e ine in \•lat er at 298. 1 5K 

- 1  mf/mol - 1  - 1  
m . /mol kg kg Ll H rrfJ mol 

l 

1 . 4458 o . Gobz 45 . 5 

1 • 1t302 0 . 6791 45 . 8 

1 . 31 '79 o . 62d2 43. 0 

1 .2209 o . 5o39 43. 0 

1 . 1 oOLt 0 . 5 305 40 . 1 

1 . 0872 0 . 521 8 33 . 9 

1 . 0020 o . 4b29 37 . 5 

o. 9ooG o. It7o7 37 . 2 

0. 9002 0 . 4364 31!· . 9 

0 . 9067 0 . 4376 34 . 9  

0. 8036 0 . 3894 33 . 4 

0 . 801 7 0. 3085 32 . 9  

0. 7027 0 . 341 5 29.9 

0 . 7009 0 . 31+06 29 . 7  



TABLE I I I . 6 

Int egral Ent halpi e s  of Dilu t i on of Glyc ine in Wat e r  at 298 . 1 5K 

- 1  rn . /mol kg l 

2 . 997 1 

2 . 0046 

1 .  4942 

0 . <)9?4 

0 . 79 1 7 

0 . 3929 

1 . 4044 

1 . 1 902 

0 . 962 1 

0 . 72 1 7 

O . j9u2 

0 . 1 954 

343 . 7  

3 1 4 . 5 

277 . 9 

231 . 1  

1 72 . 2  

1 46 . 0  

79 . 0 



'rABLE III.  7 

Int egral Enthalpies of Dilut ion of L-Serine in Wat er at 298 . 1 5K 

m . /mol kg 
- 1  - 1  - 1  mf/mol kg £j, H n/ J mol � 

3. 83 1 7  1 . 7044 583 . 3 

3. 0292 1 . 3708 527 . 5  

3 . 0292 0. 8927 ?35 . 2 

2. 01 04 o .  9482 434. 8 

1 . 8084 0 . 8541 41 1 . 6 

1 . 8084 0 . 5592 573 - 7  

1 . 6801 0 . 7936 393. 2 

1 . 0127 0. 491 2 279. 4 

1 . 01 27 0. 3237 386 . 3  

0. 771 6 o .  37'?1• 227 . 3 

0. 771 6 0 . 51 1 4 1 1+6 . 1  

0 . 77 1 6 0 . 2480 31 2 . 9  

0. 5062 0. 3379 1 1 8 . 2  

0 . 5862 0 . 2876 1 81 . 7 

0. 5862 0. 1 91 9  244. 9  

0 . 3829 0. 1 900 1 24. 1  

0 . 3829 0 . 1 25 8  1 70 . 4 



TABLE III . 8 

Integral Enthalpies of Dilut ion of L-Valine in Water at 298 . 1 5K 

- 1  - 1  - 1 m . /mol kg mf/mol kg � H n(J mol � 

0. 4899 0. 1 586 -282 . 4  

0 . 4758 0. 2323 -209 . 3 

0. 401 3 0. 1 971 - 1 75 . 4 

0 . 3937 0 . 1 28 4  -229 . 7 

0. 3506 0 . 1 725 - 1 5 3. 7 

0 . 3506 0 . 1 1 48 -202 . 0  

0. 2947 0 . 1 457 - 1 27 . 7 

0 . 2947 0 . 0967 - 1 69 . 0 

0 . 21+74 0 . 1 227 - 1 07 . 5  

0 . 1 958 0 . 0972 -84 . 8 

0 . 1 955 0 . 0971 -84 . 5  

0 . 1 532 0 . 0763 -66 . 9 
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IV .A ANALY S IS O.F' VAPOUR PllliSSURE hEASUREHENTS OF 

L-SERINE-WA'l'ER SOLUT IONS 

IV . A 1 Det erminat i on of A c t i vity C o e f f i c i e nt s ,  X for L- Serine-�/at er 

Solut ions at 288 . 1 5K and 29o . 1 5K 

The ac t iv i t y  o f  the wat e r  a1 , i n  each L- Serine solut ion was 

calc ulat e d  froe1 the vapour pre ssure measurement s acc or ding t o  Equat ion 1 . 2 1 . 

Thi s  enabled t he calc ulat ion of t h e  a c t i v i t y  c o e f f i c i ent o f  t he wat er 

(S 1 , from , 

( IV . 1 )  

where x
1 

i s  t he mole frac t i on o f  t he wat er in t he L-Serine solut i o n .  

T h e  ac t i v i t y  c o e f f i c i ent o f  t he L- Serine i n  solut i on ,  � 2 , c ould 

t hen b e  o b t ained from the int e grat e d form of the Gibbs- Duhem e quat i on 

for a t w o  c omponent solut i on ( se e  Equat ion 1 . 24 ) ,  

log � � 
I -- J'x2 " x2 

( x, /x2 ) d log � 1 

x2 = 0 

( IV . 2 ) 

I 
where 't 2 i s  the value of 'I( 2 at t he part i c ular mole frac t i on o f  the 

solut e whi c h  is t he upper limit o f  t he int e grat ion . 

The semi- empiri cal graphi c al proc e dure of Lakhanpal and C onwa�2 

was used t o  int egrat e Equat i on IV . 2  and thus obtain val u e s  for t he 

ac t iv i t y  c o e ffic i ent of L- Serine in solut i o n .  The m e t hod c onsist s in 

pl ott ing the values of x1 /x2 against log �
1 

and det e rmin ing the area 

under t he c ur v e  b e t we en the l im i t s  i ndi c at e d  in Equat i on IV . 2 . 

The graph o f  the func t i on x1 ;x2 against log t
1 

i s  shown i n  

Figure IV . 1 for L- Serine i n  wat er at 298 . 1 5K , t h e  experimental dat a  for 

whi ch was obtaine d as outline d in Sect ion I I .A . Sinc e the c ur v e  of x1 ;x2 

against log �1 i s  asymptot i c  t o  t he axis o f  the ordinat e x 1;x2 , i t  has 

t o  be ext rapolat e d  t o  an infinit e value of x1 /x2 in order t o  obtain t he 

t otal area under the curve . The accurat e assessment of the i nt egral by 

measurement of the area under the ext rapolat e d  curve pre sent s a pract i c al 



F i g ure N . 1  M o l r2  f r a c t i on ra t i o x1  I x 2  vs. l o g  c1 
for  !: S e r i n e - water s ol ut ions .  

1 6 0  
A 

1 2 0  

-
...-

X 

4 0  

0 L_ ____ L_ ____ L_ ____ �----�----�� 

0 0. 002 0.004 



..-
X 

-­
N 

X 

O. OL. 

0.02 

Figu re N. 2 M o t e  fract ion rat i o x2 t x1 v s. log o 2  
for L-S er i n e - w a t e r  s olut i ons  

0 
r--c-1 

0 .08 

log �2 

0.16 
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difficulty part icularly i n  the asympt ot ic region o f  the curv e . In v iew 

of this , Lakhanpal and Conway c onsidered the area under the c urve from a 

point A in the asymptotic region t o  an infinite value o f  x1 /x2 t o  be 

equal to an unknown c onstant C ,  so that the t otal int egral up t o  any 

point on t he curve i s  equal t o  C plus the area under the curve from the 

point A to that point . If C is t o  a f irst approximat ion set equal t o  

zero then values for log � 2 can be obtaine d .  The values o f  x2/x1 can 

then be plot t e d  against the apparent values o f  log � 2  as shown in 

Figure IV . 2 . It is found that the value o f  log ( 2 corresponding t o  the 

value of x1 ;x2 at the point A in Figure IV . 1  is zero so that the curve in 

Figure IV . 2  does not pass through the origin. If the curve in Figure IV . 2 

is smoothly extende d back to t he horizontal axis , the point at which the 

c urve mee t s  the axis should be the ac t ual origin. Henc e all t he first 

approximat i on values of log �2 must be increase d by the constant C ,  

e qual t o  t he shift of the origin along the horizontal axi s .  The ext ra­

polat ion i s  also assisted by the fact t hat the area B under the curve in 

Figure IV . 2  must b e  e qual to log �1 at the point A in Figure IV . 1 and 

this is known experimentally . 

The activity coe fficients � 2 , of L-Serine in aqueous solut i ons 

of dif ferent c onc ent rat ions at 288 . 1 5K and 298. 1 5K det ermine d by the 

above method are given in Tables IV . 1 and IV . 2 .  The c oncent rat ions of 

the L-Serine solut i ons , m are expre ss e d  on t he molality scale . 

IV .A2 C omparison of Values for Act ivity Coeffic i ent s with those 

Obtained by the Isopiest i c  Method 

The act ivity c oefficient s  for L-Serine in wat er at 298 . 1 5K are 

c ompared with those obtained by Hut chens , Figlio and Grani t o31 , and 

Smith and Smith30 using the isopiestic method in Table IV . 3 . 



TABLE IV . 1  

Act ivity Coeffic ients, � 2 , of L-Serine in Wat er at 288 . 15K 

m/mol kg - 1  L-
0. 4000 0. 808 

0. 5000 0. 804 

0 . 7000 0 . 793 

1 . 0000 0 . 754 

1 . 5000 o . G69 

2 . 0000 0 . 605 

2 . 5000 0. 579 

3 . 0000 0.563 

TABLE IV . 2  

Activity Coefficients , � 2, o f  L-Serine in \oJater at 298 . 15K 

m/mol kg -1 �-
0. 4000 0 . 884 

0.5000 0 . 86 1 

0 . 7000 0 . 834 

1 . 0000 0 . 802 

1 . 5000 0 . 757 

2. 0000 0 . 7 1 9 

2 . 5000 0 . 682 

3 . 0000 0. 664 



TABLE IV . 3  

Act ivity Coeffic ients of L-Serine-Wat er Solut ions at 298 . 1 5K 

by Vapour Pressure and Isopi est ic Methods 

m/mol ks: - 1 � � _(2 
( Vapour pressure ) ( Isopi est ic31

) ( Isopiest ic30 ) 

0. 5000 0 . 861 0 . 887 0. 907 

0 . 7000 0. 834 0 . 85 1 

1 . 0000 0. 302 0 . 805 

1 . 5000 0 . 757 0 . 746 

2 . 0000 0 . 71 9 0 . 705 

2 . 5000 0 . 682 0 . 670 

3 . 0000 O . b44 0 . 641 
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IV . A3 Error Analysi s  for A c t i vi ty Coeffic ient Det e rminat ion 

The errors arising from the det erminat i on of the act ivity 

coe f f i c ients of L-S erine from the vapour pressure measurement s out line d 

in S e c t i on II . A  can be c onsi dered as follows : 

a )  Errors from cathe t ometry. This was the ma j or c ontribut or t o  t he 

error in the vapour pre ssure measurements .  Errors c ould have c ome 

from incorre c t  vert i cal adj ustment of t he c athetomet er , bends in the 

beam , error i n  the length o f  t he scale , inc orrect levell ing o f  the 

t elescope , random e rror in the scale , and error in reading the s c al e .  

A detailed analysis o f  these contri but i ons t o  the error in a measure­

ment has been given by Kershaw
43 • Applying such an analysis to the 

measurements i n  this study yielded t he maximum expect e d  error in a 

vapour pressure measurement o f  + 9 Pa . 

b )  Errors from measurement of thermostat t emperat ure . The t emperat ure 

of t he t hermostat 1-Jas measured with a He1de t t - Packard Quart z thermo-

me t er whi ch had b e en set at the ice point ( 273 . 1 5K ) . Thus the 

expected accuracy in the t emperature measurement of t he t he rmostat 

would be no l ess t han + 0 . 01 K .  In the direct stat ic vapour pressure 

measurement s o f  pure wat er this would int roduce an unc ertainty o f  

u p  t o  2:. 1 . 5 Pa . 

c )  Errors in pr eparat ion o f  amino ac i d  solut i ons . The amino aci ds were 

weighed t o  + 0. 0001 g and the mass of wat e r  adde d could be det ermine d  

t o  b e t t er t han 2:. 0 . 4%. Thus t he overall expe c t e d  uncert ainty in the 

mole fract i ons would be about 2:. 0. 4%. 

By c ombining the above experiment al e rrors with those involved 

in t he graphical pro c e dure for int egrat ing the Gibbs-Duhem e quat i on we 

arrive at an expect e d  pre cision for the act ivity coefficients in the 

range from 2 - 5%. 



IV .B ANALYSIS OF INTEGRAL ENTHALPIES OF DILUT ION 

OF AQUEOUS M1 INO ACID SOLUT IONS 

IV . B1 Det erminat i on of Relat ive Apparent Holal Enthalpies , p� 
Aqueous Amino Ac id Solut ions at 298 . 1 5K 

The relat ive apparent molal ent halpy , ;6
L

' v1as given in 

Equat ion 1 . 39 as a polynomial in the molality m i . e . 

( IV . 3 )  

The experimental int egral enthalpy o f  dilut ion , � H
ID was given 

in Equat i on I . 31+ as , 

- m . 2 ) +  • • • •  1 ( IV . 4 ) 

A least -squares c omputer programme incorporat ing a weight ing 

fac t or t o  account for the variat ion of  uncertainty in 6 H
ID with c oncen-

trat ion and a t est o f  the goodness o f  fit , was used t o  obtain the minimum 

nwnber of adjust able coeffi c i ent s ,  A . , necessary to fit the experimental 1 

dat a ,  6. H
ID

' mi and m
f 

t o  Equat i on IV . L!- . 

The coeffic ient s of the polynomial expressions for ;6
L 

for each 

of the runino ac i ds are given in Table IV . 4 t ogether with their est imated  

errors . The values of ;6
L 

are shown graphically in  Figure IV . 3 . 

IV . B2 Det erminat ion of Re lat ive Part ial �1olal Enthalpies , E2.L..££ 

Aqueous Amino Ac i d  Solut ions at 298 . 1 5K 

From Equat i on 1. 38 ,  L = n2 ;6L and when the molality scale is 

use d this becomes L = m �1• Using this equat i on t ogether with Equat i on 

IV . 3  above we obtain 

Hence 1
2 

L = A 2 A '  A
4 

1 m + 2m + 
3

m + • • • • • •  

= ( d L/ d n2)n1 
= 55 •5 1 = d L/dm = 2A1 m + 3A2m2 + 4A

3
m' + • • • •  

- 2 ' 4 = ( L - mL2 )/55 -51 = - ( A1 m + 2A2rn + 3A3
m + • • • •  )/55 . 51 

Values of  E2 are shown graphically in Figure IV . 4. 



TABLE rv . 4 

Relat ive Apparent !�olal Enthalpi e s , @L ' o f  Amino Ac i ds in Wat er at 298 . 1 5K 

Coeffic i ents Expression , PL = A1 m 2 3 of the + A2m + A3m + . . . . 

Amino Ac i d  �1 Az �3 m . [mol - 1  kg -l 
1-Alanine 2 1 7 . 0  + 0 . 4  0 . 60 t o  1 . 80 

L-Arginine - 1 76Lt + 33 857 + 8 1  -283 + 58 0 . 25 t o  0 . 86 -

1-Cyst e ine - 1 1 3  + 7 34 + 8 -5 . 6  + 3 0 . 70 t o  1 . 40 

Glyc ine ·- 439 + 5 74 + 3 - 6 . 8  + 0 . 7 0 . 40 t o  3 . 00 

1-Serine - 720 + 5 1 34 + 3 - 1 2 . Lt + 0 .5 0 . 38 t o  3 . 80 

L-V aline b5i:S + 1 0 . 1 5  t o  0 . 49 
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IV .B3 Comparison of Relat ive Apparent Molal Enthalpies, #v with 

Literature Values 

The values of .WL f or aqueous solut i ons of glyc ine were c ompare d  

w i t h  those from t h e  lit erature as a t est o f  t h e  calorimetric method 

used.  Howe ver , on complet ion of the experimental work it 1r1as f ound 

thGt the values for �L of aqueous solut ions o f  a -alanine and valine had 

also been determined previ ously . These values are also c ompared with 

those obtaine d in this st udy .  

The expressions for .WL for aqueous solut ions o f  glyc ine , 

a -alanine and valine from di fferent sourc e s  are given in Table IV . 5 . 

These different expressions for the .WL ' s  are compare d  graphically in 

Figures IV . 5  t o  IV . ? . 

IV .B4 Error Analysis for Enthalpy o f  Dilut ion Heasurement s 

The flov1 rat es of the reac tants , f and f , determined before 0 

and aft er a di lut ion experiment usually d i d  not differ by more than 0. 1%. 

This produced an uncertainty of at least 0 . �6 in cf . The init ial con-

c ent rat ions o f  the amino ac id solut i ons , m .  were known t o  0 . 1% whereas 1. 

the final conc ent rat i ons , mf because of t heir dependenc e on c i ' f and 

f were known only to 0. 5%. 0 

W ,  the heat f lux produc e d  in the reaction c ell , was det ermine d 

( Sect ion I I .B4( i i ) )  from recorder de flect i ons for both the dilut i on and 

c al ibrat i on experiments . If the unc ertainty in these was c ombined with 

that of 0 . 1% in the c urrent suppli e d  t o  the c alibrat ion heat e r  the overall 

expect e d  unc ert ainty in W was 0 . 6%. As a result , the uncertainty in 

ll.HID under the b est conditions , was expected  t o  b e  about 1 %. This 

uncertainty in .6. HID i s  inc luded in the est imat ed uncertainty in the 

paramet ers A1 , A2 et c .  in Table IV . 4 . 



TABLE IV . 5 

Relat ive Apparent l1olal Enthalpi es, tv of Aqueous Solut i ons 

Amino Ac i d  

Glyc ine 

Gly c ine 

Gly c ine 

Glyc ine 

Glyc ine 

L-Alanine 

a-Alanine 

dl-Alanine 

L-V aline 

Val ine 

of Glycine , Alanine and Valine 

- 1  i_-JJ mol 

-446 . 9m + 76 . 6m2 - 7 . 1 m' 

-439m + 74m2 - 6 . 8m' 

-508 . 8m + 9L� .  6m2 - 1 0 . 0m' 

- 1  m/mol kg Referenc e 

0 . 005 - 3 . 0  Gucker , Pi ckard and 
Ford49 

0 . 20 - 3 . 00 This study 

Zit t l e  and Schmi dt 76 

[-4-84. 9/ ( 1 + 0. 395m )J -23 . 7ra 0 . 036 - 1 . 1 4  Sturt evant75 

( 1 084e-20• 6m - 384. 9 )m + 0 . 0003 - 0 . 8  Wallac e ,  Offutt and 
36 . 4m2 Rob inson59 

2 1 7 . 0m 0 . 20 - 1 . 80 This st udy 

1 99 . 2m - 21 5 7 . 7m -58 . 79rn 0 . 001 1 . 3 Benesi , M�son and e -
Robinson5 

236 . 4m Zi t tle and Schmictt 76 

858m 0 . 07 - 0 . 49 This st udy 

790. 8m 0 . 0007 - 0 . 64 Mason , Ofbut t and 
Robinson5 
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I V  . C  T.tl 1P:i�RJ1TURE DEPEHDEHCE OF T H E  ACT I V IT Y  COEFF IC I:t:NTS 

OF lr- S2R INE- \'/ATER SOLUT IONS 

The t empe rature dependence o f  t h e  �c t i v i t y  c o e f f i c i e n t , 

from Equat ion I . 44 is gi v e n  by , 

� ln't . I 3 T  = - 1 .  /1<T2 
• l 1 

Int e grat i on o f  t h i s  e xpre ss ion b e t VIe e n  b1o t emperatures T an d  T 1 

( assuming 1 .  t o  be c o n s t ant ) g1ve s , l 

log ( 't( 1 /�) 

0' . ' 1 

Fro!n t h e  values o f  12 de t erm i n e d  f or lr- s e r ine-wat e r  so lut i ons , 

the rat i o  of t h e  a c t i v i t y  c o e f f i c i en t  at T 1  = 293 . 1 5K t o  t hat at 

T = 28b . 1 5K as a func t i on o f  c oncent rat ion ( w/m o l  kc;- 1 ) has b e e n  

c al c u l...J.t e d .  'l' l ! e s e  r;.:.t i os arc given i n  TaiJ l c  IV . o  Ctn ci  c ompar e d  I.Jith t he 

sw:.e rat i o as det cr1:: i n e d  :ro::1 vapour pressure r.�ec;.sur err.c nt .s . 



TABLE IV .6 

Values of ¥2 ( 298 . 1 5K ) /�2 ( 288 . 1 5K )  as Det ermined by 

Vapour Pressure Measurement s and Enthalpy of Di lut i on Measurements 

m/mol ks 
-1  � ( 298 . 1 5K )�2 ( 288 . 1 5K )  1z C 298 . 1 5K )/�2 ( 288 . 1 5K ) 

( vapour pressure ) ( enthalpies o f  dilut i on )  

0 . 4000 1 . 09 1 . 02 

0 . 5000 1 . 07 1 . 02 

0 . 7000 1 . 05 1 . 03 

1 . 0000 1 . 06 1 . 04 

1 . 5000 1 . 1 3  1 . 06 

2 . 0000 1 . 1 9 1 . 06 

2 . 5000 1 . 1 8  1 . 06 
3 . 0000 1 . 1 8  1 . 07 
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IV . D  ENTROPIES OF DILUT ION 

From Equat i on I . L•9 \ve can ivri t e  the relat ive part ial molal 

ent r opy of wat e r  in an aqueous amino ac i d  colu t i on as 

( IV . 5 ) 

where the cont ribu t i on solely from the mixin� of t he c omponent s has been 

subt rac t e d .  

Value s  of ( S1 - s1 cy have been calculat e d  f o r  aqu e ous solut i ons o f  

the amino ac i ds 1-serine , 1-alanine , glyc ine and L-valine and these are 

list e d  in Table IV . 7 .  'l'he values o f  11 v1ere t hose from t his thesis and 

the values o f  the ac t i vi t y , a1 , for 1-alanine , gly c ine and 1-valine were 

those from t he vJOrk o f  Smith and Srnith2b . 



'rABLE IV. 7 

. * 
Relat i ve Part ial 1-iolal Ent roples of \:lat er in Aqueous Amino Ac id 

- 1  m/mol k�:; 

Alanine 

0 . 2  

0. 4 

0 . 6  
0 . 8  

1 . 0 

1 . 2 

1 . 4 

1 . 6 

1 • ;j 

Valine 

0 . 07 

0 . 09 

0 . 1 0  

0 . 20 

0 . 30 

0 . 40 

0 . 50 

Solut i ons a t  29o . 1 5K 

- 0 . 00037 

-0 . 001 61 
-0. 00372 

-0 . 00669 

-0. 01 049 

-0 . 01 506 

-0. 02049 

-0 . 021:)Lt4 

-0 . 03ti39 

-0 . 0001 7  

-0 . 00034 

-0. 00044 

-0 . 00 1 5 7  

-0 . 0035/:) 

-0 . 00628 

-0. 00994 

- 1  m/mol kg 

Serine 

0 . 2 

0 . 5 

1 . 0  

1 . 5 

2 . 0  

2 . 5  

3 . 0  

3 - 5  

Glyc ine 

0 . 2  

0 . 5  

1 . 0 
1 . 5 

2 . 0  

2 . 5 

3 . 0  

0 . 00 1 6 

0 . 0052 

0 . 01 5 2 

0 . 0269 

0 . 0388 

0 . 0520 

0 . 0678 

0 . 0925 

0 . 001 0  

0. 0020 

0 . 0095 

0 . 02 1 9  

0 . 0290 

0 . 0435 

0. 0608 

• These values have been c orrec t e d  for the mixing t erm ( se e  Sect i on I.B7) . 
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Value s  have been obtaine d for the ac t ivity  coeffici ents o f  L-serine 

in wat er t the relat i v e  apparent and re lat ive par t ial molal enthalpies of 

L-alanine t L-argin ine t 1- cyst e ine , glyc ine , L- serinc and 1- valine in v1at er 

and also the r e lat i v e  par t i al molal entropi es o f  wat e r  in aqueous solut i ons 

of  1-alan i ne t Glyc ine , 1-serine and L- val i n e . 

, t pre sent t here is no t he o r e l i c<..l :nodel to prov i de a quant itat ive 

explanat i on o f  the t h e n:10dynar:1 i c  behaviour o f  t hese zwit t erions in aqueous 

solut ion . Cal culat i ons that have been r.ade from t he point o f  vi ev1 of pure 

e l e c t rost at i c  int erac t ions from slmpl i f i e d  models have not pro v e d  sat is­

f ac t ory . It i s  therefore int ende d  in this discussion t o  att empt some 

pure ly qual i t at ive c o rrela t i ons of the thert�o dynanic data available for 

ar.�ino aci ds in c.tqueous solut i on with t he st ruc t ures o f  t h e s e  substances 

( see  Figure V . 1 ) . Th e c oncept s used will b e  those first  propose d by 

Frtmk an d Evuns2 an d  lat er Frank and \·/en3 for solute - wat e r  in t eruct ions . 

Ll1t halpi e s  o f  Di lut ion 

The relat L · e  apparent part ia l �nolal enth:.1.lpy , �1 t an d t he re lat ive  

part ial rr.olal ent hulpy of  the s o lut e ,  12 , both provide inform.:..tt i on on the 

con t ribut i on o f  the solute t o  the t ot al solution proper t i e s . �L however ,  

i s  an appr o ximat i on t o  the  solut e c ontri bu t i on in that it c o n s i ders the 

solvent c ont r i bu t i on as t hat of t he pure so lve nt '<lhere.J.s 12 d o es not r.1ake 

this appr oximat i on . Both �L and 12 show sir:1i lar trends \vith c oncent rat ion 

for each o f  t h e  ar.tino ac i ds studied ( see Ficures V . 2 and V . 3 ) . 

Glyc ine does not have a side chain an d so c an be c onsidered t o  

show the t hermodyn�1ic  behaviour o f  the unsubst i t ut ed zwi t t erion in 

aqueous solut ion . An increasingly negat ive enthalpy cont ribut ion t o  the 

total ent halpy of  t l  e solut i on with increasing c oncent rat ion , by glycine 

would sugge st some disrupt ion o f  wat e r  net work structure by the zwi t t er i on . 

This may b e  inferred from the following c omment s . If 12 b e c omes more 

negat i v e  wi th increasing concentrat i on then by Gibbs-Duhem or Equat ion I . 35 



Figu rQ Y . 1  T h Q  structurQs of somQ amino acids 

+ 
H N - C H - COO  
3 2 

G l y c i n e  

+ -

H N - C H - COO  3 
I 
CH2 
I 
C H3 

o<..- Amino buty r ic a c i d  

+ -

H N - C H - C OO 
3 I 

(c H2) 3 
I 
CH 3 

Nor le u c i n Q  

+ 
H N - C H - C O O  3 I 

CH3 

A lani n e  

+ -

H N - C H - C O O  
3 I 

C H2 
I 
O H  

Ser i n e  

+ 

H N - C H - C O O 3 I 
C H  

/ '\. 
H3 C C H3 

Va l i n e  

+ -

H3 N - C H - C O O 
I 
CH2 
I 
SH 

C ys t e in e  

-

H2 N - TH - co o  

(CH J - N H- C - NH 2 3 11 
3 

N H  

Arg i n i nQ 



�� 
0 
E 

-
_j 

-s-

4 0 0  

200 

0 

- 5 0 0  

- 1 0 0 0  

Fig ure Y.. 2 R e lative apparent  m ola l entha lpi es 

of amino a cids in water at  2 9 8 .1 5 K  

A l an i n e 

2. 0 3.0 

m / mol kg� 1  

A rginine 



T 0 
E 

N 
I _I 

8 0 0  

4 0 0  

- 1 0 0 0  

-2 0 0 0  

F i g u re Y. 3  R elat i v e  part i a l  molal  enthalp i e s  

of  ami n o  a c i d s  i n  w ater at  2 9 8 .15K .  

Val ine 

A lani ne 

1 . 0  2 . 0  3.0 4 .0 

m / mol kg-' 

Argini n e  

Ser ine 



11 b e c omes more pos i t ive . Ttus i f  11 inc reas e s  t o  more pos i t ive valu es , 

t he solvent ent halpy c ontribut ion incr ease s s i m i larly , t h e r e f o r e  t h e  

solvent m u s t  absorb enercy pre sumably by breaking o r  dist ort ing b onds . 

. ' d  . th l ' t  t 7 1 ' 72 t ' th . There 1 s  some e v 1  e n c e  1n e 1 ern ure suppor 1ng e suggest 1on 

t hat gly c i ne has a wat er struc t u r e - b r e ��ins e f f e c t . The more nega t ive 

values o f  12 for L- scr ine c ompared to cly c ine sugcest t hat not only is 

L-serine s t ru c t u r e - b r e�\:inc b u t  i t  i s  even r.1ore so than glyc i n e . 1'h i s  

c ou l d  b e  at t ri bu t ed t o  the c om b i n e d  s t ruc t u r e - bre aking e f fe c t s  o f  t h e  
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zwit t er i o n  port i on and t h e polar OH group o n  Hat er net work st r uc t ure . The 

12 valu e s  for alanine are pos i t ive and inc rease with c onc ent rat i on . 

There fore i t  c an be argu e d  in a c on v e rse marm er t o  that for glyc ine and 

serine that 11 val u e s  for alan i n e  d e c rease w i t h  c onc ent rat i on , pre sumably 

b e cause of an increase in Hat er n e t v10rk struc t ur e . Alan ine c an thus b e  

cons i de r e d a s  a s t r u c t ure -mak ing solute in aque ous solut i on . The 12 

vulu es for L- valinc ( Hhich has a larger aliphat i c  side c hain tha11 alan i n e ) 

indi c at e  a s i m i L-1.r u u t  c;reat e r  st r u c t urc-nakinr; e f fec t t l lun alanine . S u c h  

cor:rrnent s about t h e s e  amino ac i ds w i t h  solely hydrocarl.Jon s i de chains a r e  

2 c ons i s t e n t  11/ i th t he proposals of Frank :m d Evans that hydro carbon solu t e s 

in aqueous solut i on c uuse un incre ase in t h e  ar.10unt of n e t work wat e r  at 

the expense o f  non-bonde d wat er i n  t h e  v i c in i t y  o f  the non-polar s o lut e 

mol e cule s . S irailCU' t r ends t o  t ho s e  o f  the 12 values for alanine an d valine 

have b e e n  observe d for other al i phat i c  am ino a c i ds e . g . a -am inobu t yri c 

ac i d  and norleuc i ne56 . A c ompar i son of t h e  12 valu es for each of t he 

aliphat i c  amino ac i ds at the same c onc ent rat ion r eveals t hat t h e  valu e s  are 

pos i t i v e  and inc rease t o  more p o s i t i v e  val u e s  w i t h  increasing s i z e  of t h e  

hydrocarbon s i d e  chain . 'rh e r e f o r e  i t  would appear t hat t h e  influence o f  

the hydr o c arbon port ion o n  \•Jat e r  st ruct ure dominates t hat o f  t he zwit t er i on . 

The sub s t i t ut i on of a su lphydryl group ( SH ) ,  for H in alanine t o  

giv e  cys t e in e  resul t s  in val u e s  o f  �L and 12 t hat are m o r e  n e gat i v e  t han 

those o f  alanine but not as negat i v e  as those for serine , whi c h  d i f f e r s  
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stru c t urally from alanine in t hat an OH group is subst i t ut e d  for the H i n  

the s i de c hain . The e f f e c t  o f  c ys t e ine on wat er net work s t r u c t ure appears 

to be only v e ry s l i ght ly struc t ur e - b r eaking . 1'he fact t hat i t  is mu ch l e ss 

struc t u r e -breaking t han serine may b e  rat i onul i z e d  by r e c ogn i z ing t hat 

sulphur is larger an d l e ss e l e c t ronegat i v e  t han oxygen t he r e fore there 

would b e  l e ss spe c i f i c or dir e c t e d  i nt erac t i ons o f  a po lar nature with 

wa ter m o l e c u les . Howev er , the CH2.SH s i de chain i s  st i l l  po lar c ompare d  

t o  t h e  CH3 for alanine s o  i n  relat i on t o  alanine t here i s  a small net 

breaking of vJat er n e bvork stru c t ure . 

The ioni c s i de chain of arginine is c omplex in s t r u c ture and so 

wit hout f urther inf ormat i on spe c ulat ion as to i t s  b ehav i our wou l d  be 

di f f i c ul t  and will not b e  at t empt e d .  

Entropi e s  o f  Dilu t i on 

- - 0 
The rela t i v e  part ial molal entropy o f  wat e r ,  s1 - s1 I i n  an 

aque ous amino ac i d  solut ion , i s  t h e  entropy change for the t rans fer o f  

one m o l e  o f  w:.;.t e r  f r om a large amount o f  a n  infini t e ly di lut e solut i on t o  

a large amount o f  a solut ion o f  f i n i t e  c onc entrat i on . It vras c onside r e d  

desirab l e  t o  cal c u l at e  the relat i v e  part ial molal ent ropi e s  o f  wat er s i n c e  

ent r opy i s  r elat e d  t o  struct ural order and it se emed that t he s t ruct ural 

chane;e s i n  the Hat e r  due to t h e  pre senc e of amino ac i d  solu t e s  vrould b e  

more c l early revealed i n  s1  - 51 ° v:.;.lues than in the a c t i v i t y  c o e f f i c i e nt s  

and ent halpi e s  o f  dilu t i on from wh i ch t hey are de rive d . Us ing t he c on c ept s 

of Frank and Evail s
2

, posit ive v al u e s  of :S1 - :S1 ° would indi cat e di srupt i on 

or break i ng of wat e r  n e t work s t ru c t ure and negat ive valu e s  making or 

enhanc e m e nt of wat e r  n e t work s t r u c t ure . 

It would appear from t he r e sul t s  ( Figure V . 4 )  t hat for amino 

ac i ds w i t h  aliphat i c  si de c hains , t h e  non-polar hydrocarbon group i s  

playing t h e  dominant role in solut e - wat er int erac t i ons gi v i ng r i se t o  

promot i on o f  wat e r  net work struct ure ( e v i denc e d  by negat i v e  s1 - s1 ° values ) . 
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The o r der of valu es f or s1 - s1 , val ine more ne gat i v e  t han alanine , 

illust rat e s  t h e  e f fe c t  o f  t h e  increas i ng s i z e  o f  t he hydrocarbon s i de 
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chain t m-Jc:trd great er s t ru c t ure promot ion o f  Hat er . Se v e ral o t h e r  al i phat i c  

ami n o  ac i ds also shov1 t h i s  t r e n d  dependent o n  t he size o f  t he hy dr o c arbon 

56 
d R . . 1 d  

por t i on e .  g .  s e e  :· ,o.son an o b lnson The wat e r  n e t wo rk disrupt ing 

e f f e c t s  o f  gly c in e  and ser ine are aga in o.pparent f rom t he pos i t i v e  value s  

- - 0 
for s 1 - s1 • S e r i n e  shows a Gr e at er stru c t u r e -brectking e f f e c t  than 

Gly c i n e  again possibly due t o  t h e  c omb ina t i on of t he e f fe c t  o f  t he 

zwit t er i on and t h e  polar OH Group on wat er net work s t r u c t ure . 

Other Proper t i e s  

Spink and i/adst? ho. v e  de t ermine d  t h e  part ial m o l ar h e a t  c apac i t i e s  

of am lno ac i ds i n  aoucous solut i on o.t i n f i n i t e  d i l ut i on a t  296K. The 

v a l u e s  o b t ain e d  are g i v e n  ln Tabl e V . 1 . The aliphat i c  arr ino a.c i ds 

alan i ne , a. - cu-:1inobut y r ic ac i d  and val ine dcr.�onst rnt e t h e  st ruct ure-mak i ng 

i n f l u e n c e  of t he i r non-polar groups in hav i ng l�r�e pos i t i v e  part i al molar 

heat c apuc it i e s . 
- 1  - 1  

Ser .i.n c  shmJS a l owe ring o f  approximat e l y  20 J l� mol 

from alan ine v1 i t h  t he subst it u t io n of t h e  polar OH [;r oup i n  t he side 

chai n  wh i c h  is c on s i s t ent wi t h  pr e v i ou s  observat i ons . 

TABL.t; V . 1 

Pn.r t i al Holar He.:1t Capac i t i es o f  Amino A c i ds in Aq ue ous Solu t i on 

at Inf i n i t e  Di lut i on at 29oK7 

Amino ilc i d  c� /J K-1 - 1  
mol 

-p , 2  

Glycine 41+ 

Alanine 1 46 

cx.-Aminobutyric ac i d 226 

Valine 307 

S e r i n e  1 25 
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Tsangari s  and �1art in74 det ermined the viscosity B-coe f f i c i ent s 

and t h e ir t emperat ure dependenc e  ( dB/dT ) for several amino ac i ds in wat er 

in t he rant;e 30° to 40° C . They c omment e d  t hat features o f  solut e e ff e c t s  

o n  solvent struct ure ought t o  b e  t emperature dependent , w i t h  a posit ive 

dB/dT indi cat ing a st ruc t ur e-breaking r:10lecule , and a negat i v e  s ign , a 

struct ure -makine; one . Thus glyc ine and serine v1ere cons i dere d from their 

results to have struc t ure-breaking e f f e c t s  on wat er in the range 30° to 

0 40 C .  'l'hese int e rpretat ions for gly c ine an d  serine vJoul d  appear t o  b e  in 

qual i t at i ve agreement with those of t he enthalpy and ent ropy o f  dilut ion 

result s given in this thesi s .  

Conclusion 

It \·1ould. appear t hat the thermo dynamic behavi our o f  t h e  amino 

acids studied is governed by t h e  size and struct ure of the s i de chain 

rat her than by the charge dist ri but i on of the zv;itt erion ( dipolar i on ) .  

As t o  further v10rk , a c t i vity c o e f f i c ient s are st ill re quire d for 

aque ous solut i ons of cyst eine and arGinine and for others to lower c on-

c en t rat ions . In general a more c omplete pic t ure o f  the solut e- wat er 

int e rac t ion of amino ac i ds will c ont inue to be prov i de d  from syst emat i c  

det e rminat ions o f  such propert i e s  a s  a c t i v i t y  coef fic i ent s ,  enthalpies 

and ent ropies of dilut ion , heat capac i t i e s , viscosit ies and par t ial molal 

v olumes ;  espec ially of solu t ions of very low conc ent rat i ons such t hat t he 

extrapolat i ons t o  infinite dilut i on can b e  made with good prec ision . 
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