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Abstract A theory is presented based on experimental work re- 
porting shifts in the critical micelle-like concentrations of nucleo- 
sides and caffeine. An increase in these concentrations by multiple 
integers (called complexing capacity numbers) of the concentra- 
tion of the vehicle compound, whose concentration was fixed, was 
observed for substances that tend to form complexes with each 
other and with some other compounds and to self-associate as well 
when their concentrations are varied. The physical model present- 
ed assumes the significance of the potential hydrogen bonding 
sites in determining the mode of aggregation as well as the magni- 
tude of these complexing capacity numbers. This assumption was 
verified experimentally when reducing the hydrogen bonding by 
using 1,3-dimethyluracil. The mathematical model hypothesized 
has provided a means for calculating equilibrium constants for 
various consecutive processes as well as other quantities of theo- 
retical interest. 
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Goyan and Borazan (1) used an improved thermo- 
electric osmometer to study the colligative properties 
of dilute aqueous solutions containing caffeine and 
various substances of pharmaceutical interest. When 
a colligative property was plotted uersus total molal 
concentration of caffeine (variable substance), pure 
or mixed with another substance kept a t  constant 
concentration (vehicle compound), two linear slopes 
could be used to represent all of the data. The points 
of break were referred to as the critical concentra- 
tions and were reported in each case. 

The first slope of pure caffeine solution, expressed 
in terms of AR had a value similar to that de- 
termined for sucrose, indicating a monomeric behav- 
ior; a lower value was found for the second slope. 
Lower values were reported for both slopes of caf- 
feine in the presence of a fixed concentration of a sec- 
ond substance which was used as a vehicle. 

These critical concentrations were shifted to high- 
er values on the molal scale of caffeine in the pres- 
ence of a vehicle (1). When this increment in the crit- 
ical concentration was divided by the vehicle concen- 
tration, a quotient approaching a simple integer was 
obtained. The investigators referred to these integers 
as the complexing capacity numbers; these numbers 
were assumed to be related to the stoichiometry of 
the complex. Later, the existence of the effect was 
confirmed with some biologically active nucleosides 
(2, 3), few of which were reported previously to form 
complexes and to self-associate (4,5). 

The purpose of this paper is to present theoretical, 

physical, and mathematical considerations that shed 
some light upon the origin of the shift in these criti- 
cal micelle-like concentrations and the mechanism of 
the formation of these complexing capacity numbers. 

EXPERIMENTAL 

Instrumentation-The vapor phase thermoelectric osmometer 
used was described previously (1, 6-8). The measured colligative 
property is expressed in terms of m, the difference between the 
resistances of the measuring thermistor when in contact with pure 
solvent and when in contact with the sample under study for a 
given molal concentration. 

Solutions-Solutions were prepared with distilled water on a 
molal basis. 2’-Deoxyguanosine’, 1,3-dimethyluraci11, and 2’-deox- 
yadenosine2 were obtained commercially. An assay for the percent- 
age of water was made by drying over phosphorus pentoxide in a 
vacuum drying apparatus at the boiling point of absolute alcohol. 
This percentage was used to correct the weight of solid chemicals 
when preparing various concentrations. 

Reagent grade sucrose crystals3 were used to prepare the solu- 
tions used as the reference standard. 

Standardization-The method was fully described previously 
(1-3). A value of 923.7 ohms/molal for the slope of the standard so- 
lution of sucrose is used for this work. 

THEORY 

T o  explain the origin of the shift in the critical micelle-like con- 
centrations (1-3), the inhibition of self-association of the variable 
compound by a certain multiple integer of the vehicle concentra- 
tion was investigated as a possible mechanism. 

Pyrimidine Nucleosides-According to Table I, the self-asso- 
ciation of pyrimidine nucleosides is modified by purine and pyrim- 
idine nucleosides. When 2’-deoxyadenosine is used as a vehicle (3) 
(Table I), complexing capacity numbers of 6,6, and 9 are obtained 
with thymidine, cytidine, and uridine, respectively, when they are 
used as variables. When 2’-deoxyguanosine is used as a vehicle, 
complexing capacity numbers of 7, 7, and 9 are obtained from 
these nucleosides, respectively, when they are used as variables. 

A reasonable hypothesis is that  these numbers represent the av- 
erage number of molecules involved with one molecule of vehicle 
before the self-association takes place. The low bonding energy 
rules out firm complex formation and indicates that attachments 
must be regarded as arising from second-order effects. On the basis 
of this hypothesis, one can construct a model showing the possible 
orientation of these pyrimidine nucleosides relative to purine nu- 
cleosides. The model cannot represent a fixed structure but should 
show the most probable mode of aggregation having the lowest 
possible energy due to configuration. However, a comparison of the 
possible binding sites with the calculated complexing capacity 
numbers (Table I) provides clear evidence that there is some corre- 
lation between the possible potential hydrogen bonding sites and 
the arrangement of the molecules in solution. 

Based on NMR data, Schweizer e t  al. (9) suggested the break- 
down of purine and pyrimidine aggregates by pyrimidine nucleo- 
sides and/or their insertion between the purine stacks; a high con- 
centration of purine was used. More recently, Raszka and Kaplan 
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Table I-Comparison between the Number of 
Binding Sites on the Vehicle Molecule Relative t o  
Variable Used and the Complexing Capacity 
Numbers with the Variable Molecule for 
Different Combinations of Nucleosidea 

Number of 
Binding 
Sites on 
Vehicle Complexing 

Molecule Capacity 
Relative t o  Numbers 

Variable with 
Var iable-Vehicl e Used Variables" 

2'-Deoxyadenosine-thymidine 
(0.02 M )  
\ - - - -  ~- 

2'-Deoxyadenosine-uidine 

2'-Deoxsadenosine-2'- 
(0.02 M) 

deoxyguanosine (0.01 M) 
2 '-Deoxyguanosine-cy tidine 

(0.003 M\ 
- . - I  

2'-Deoxyguanosine-2 I -  

Uridine-2'-deoxyadenosine 

Uridine-2'-deoxyguanosine 

Cytidine-thymidine 

deoxyadenosine (0.003 M) 

(0.015 M) 

(0.012 M) 

(0.03 M )  
Cytidine-2'-deoxyadenosine 

C ytidine-2 '-deoxyguanosine 

Thymidine-2 '-deoxyguano- 

(0.015 M) 

(0.012 M) 

sine (0.012 M )  
Thymidine-2 '-deoxyadenosine 

Thymidine-cytidine 

1.3-Dimethvluracil-2 '- 

(0.015 M) 

(0.02 M )  

' deoxyade-nosine (0.015 M) 

deoxyguanosine (0.012 M) 
1,3-Dimethyluracil-2 '- 

4 

4 

.7 

5 

6 

6 

7 

4 

6 

7 

7 

6 

5 

2 

3 

1 

1 

4 

1 

3 

9 

9 

4 

6 

7 

7 

6 

3 

2 

3 

a Figurea are approximate and were rounded to integers. They were calcu- 
lated according to data taken from Ref. 3 and Table 111. 

(10) obtained evidence for association by hydrogen bonding of mo- 
nonucleotides in aqueous solution based upon high-resolution 
PMR spectroscopy (220 MHz). The absence of self-association in 
water of some purine and pyrimidine base derivatives also was re- 
ported (11). On these bases, it is proposed that a spherical orienta- 
tion might occur in which a purine nucleoside serves as a template 
surrounded by the smaller pyrimidine nucleosides so that the sur- 
rounding nucleosides orient themselves in the least hindered way. 
This orientation possibly can be by way of partial parallel stacking 
of their bases, with the ribose or deoxyribose directed away from 
the template molecule. 

This picture is somewhat similar to that proposed for the mode 
of stacking of pyrimidine nucleosides based upon their osmometric 
measurements (9), and it is well illustrated in the model4 shown in 
Fig. 1. The thymidine molecules are crowded around the template 
molecule and appear in a similar (but partial) way to the average 
parallel stacking of pyrimidine nucleosides (12). The potential hy- 
drogen bonding sites also seem to play a role in directing the mode 
of aggregation of the nucleosides around the template a t  a distance 
of 3-4 8, (13) from each other. 

Many factors seem to account for the smaller complexing capac- 
ity numbers associated with the inhibition of self-association of 
the pyrimidine nucleosides by other pyrimidines. These factors in- 
clude the lack of aromaticity, the smaller size, the difference in ste- 
ric effects, the smaller number of potential hydrogen bonding sites 
(Table I), and the differences in other physicochemical properties 
(14, 15). 

Purine Nucleosides-The mechanism of inhibition of self-as- 

Figure 1-Model representing hypothetical aggregation: a 
pictorial repmentation of a space-filling model showing the 
way the potential hydrogen bonding directs the mode of ag- 
gregation most effectively around the template @'-deoxyadeno- 
sine). In  reality, it is not a fixed rigid structure but a rather 
dynamic situation. The surrounding molecules (thymidine) 
crowd around the template molecule in such a dynamic way that 
an average partial parallel stacking is implied from this 
dynamic state. Approximate overall dimensions are 28 X 21 
A. 

sociation and the mode of aggregation of the purine nucleosides in- 
duced by other purine or pyrimidine nucleosides seem very similar 
to those described for pyrimidine nucleosides. The differences ob- 
served in the complexing capacity numbers can be accounted for 
on the same basis (Table I). The orientation of purine nucleo- 
sides around another purine nucleoside, which serves as a tem- 
plate, seems to be similar to that described previously. The partial 
average parallel stacking (16) is also proposed. Several investiga- 
tors (5, 17, 18) confirmed that the stacking is similar to the r-com- 
plex of benzene in chloroform (19, 20). However, the picture is not 
simple; the model presented represents the orientation in an infi- 
nitely small amount of time. Rapid exchange of bases and nucleo- 
sides has been reported ( 5 ) ,  in connection with the break and refor- 
mation of the stacks, because the free energy of self-association 
and of complex formation is of the order of magnitude of the ther- 
mal kinetic energy (4,5, 15.21-24). 

These results are in agreement with those presented by Jardetz- 
ky (12) for bases of purine and pyrimidine derivatives: ". . . that 
the rate of exchange of bases between the stacks and the free state 
is of an order of magnitude comparable to the rate of diffusion. 
Thus, the forces responsible for 'hydrophobic' bonding of nucleic 
acid bases appear to be sufficient to produce some preferred orien- 
tation of the bases in solution, but insufficient to maintain stable 
rigid arrays." This conclusion, from NMR studies, is in agreement 
with the dynamic picture hypothesized here of the absence of sta- 
ble discrete complexes and the presence of aggregates, spherically 
oriented, in a dynamic state. 

According to suggested models (5, 25, 26) and theoretical calcu- 
lations (27). all Dossible orientations could exist. The lifetime is so - .  - 
short for each, about sec (121, that what one deduces from 

of the entire dynamic picture. The contribution of one form might 
' Overall dimensions were measured using CPK atomic models, Schwarz NMR or other physical measurements is an average phenomenon 
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Figure %--Plot of AR in ohms versus mold concentration of 
1,3-dimethylumil. A m w  indicates displacement by 10 ohms 
to avoid crowding. 

be different from that of another because of various factors, in- 
cluding those that are inherent in the molecules themselves, such 
as size, aromaticity, polarizability, polarity, potential hydrogen 
bonding sites, and other physicochemical properties (14, 15). 

The concentrations used for the study of self-association were 
all 0.1 molal and lower; the nucleoside mixtures were all 0.2 molal 
and lower (2,3). Very dilute solutions were preferred over concen- 
trated solutions to trace this effect and also to obtain a better pic- 
ture of the behavior. Use of concentrated solutions could put con- 
straints on the system and force one process over the other with 
the result that the actual picture could be deformed. 

The present dynamic theory of these complexes is not in conflict 
with previous work on stacking but merely suggests that  the po- 
tential hydrogen bonding, if present, might play a role in directing 
the mode of stacks of these aggregates, which are in a dynamic 
state. However, it is a reasonable hypothesis that  the magnitude of 
the number of the potential hydrogen bonding sites can determine 
the total number of monomers in each aggregate (including both 
the bonded and nonbonded species), based upon the complexing 
capacity numbers each has with other similar base derivatives, i.e., 
purine-purine and pyrimidine-pyrimidine. On these bases, the 
numbers in Table I1 are assigned for the nucleosides studied. 

Based upon the physical interpretations of the described effect, 
the following mathematical model is proposed for calculating equi- 
librium constants for the multiple processes of mononuclear aggre- 
gation around a solute molecule: 

A + B = A B  
AB + B = AB, 

A B J - ,  + B = AB, 

AB,, + B = AB,  (Eq. 1) 

If the variable substance self-associates too, then: 

B + B = B ,  
B, + B = B3 

Bi + B = B,+1 

B,  + B = B,, (Eq. 2)  

In the presented models, it is assumed that no interactions 
among mixed and homogeneous associates, ABj and Bi, respective- 
ly, take place; that  the vehicle compound, A, does not self-asso- 
ciate; and that the binding sites on the nucleus molecule, A,  for 

heterogeneous association processes are dependent and nonequiva- 
lent, i .e.,  the binding of a free B to A can influence the binding of 
another B to the same nucleus. 

Where z and u are the maximum numbers of multiple equilibria, 
the corresponding equilibrium constants will be: 

By substituting for (AB) of Eq. 3 into Eq. 4 

(A&) = K,K,(A)(B)'  

If the same technique of substitution is carried out: 

According to Eq. 1, the total concentration of the vehicle, (Ad, can 
be expressed: 

(A,,) = ( A )  + ( A B )  + (A&) + ( A B J  + .. . + (AB, )  
+ . . . + (AB,) (Eq. 14u) 

(AJ = ( A )  + k ( A B J )  

By combining Eqs. 12, 14a, and 14b: 

1-1 

where: 

J 

n K ,  = K,K2  ... K ,  (Eq. 15c) 
1-1 

The total concentration of the variable, (Bd, can be defined as 
follows: 

( B , )  = ( B )  + ( A B )  + 2(AB,) + .  .. + J A B , )  + ... + z (AB. )  + 
2(B2) + 3(Bj) + ... + ( I  + l)(B,+,)  + ... + (a + l)(B,,+l) (Eq. 16) 

(B,) = ( B )  + ~ A A B , )  + Acl + I ) (B~+J  (Eq. 17) 

Both (AB,) and ( B l + l )  can be substituted by their corresponding 
expressions (Eqs. 12 and 13, respectively) in Eq. 17: 

1-1 1-1 

(BO) = ( B )  + ~ ( ~ ~ K ~ ) ( A ) ( E ) J  1-1 1-1 + e(i , -1  + i ) ( $ p , ) ( ~ i + l  
0%. 18) 

Osmolal concentration, (Mj, can be measured experimentally and 
defined according to the model presented: 

(R) = ( A )  + ( B )  + ( A B )  + (A&) + ... + ( A B , )  + ... + 

(m) = ( A )  + ( B )  + g ( A B , )  + e ( B z + , )  

( A B , )  + (B,) + ( B , )  + ... + ('Bz+l) + ... + (B,,+,) (Eq. 19a) 

(Eq. 196) 
J=1 , -1 
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Table 11-Possible Number of Molecules in 
Each Aggregate 

Nucleoside 

~ ~~ 

Monomers in 
Aggregate 

Set: 

2 '-Deoxyadenosine 
2 '-Deoxyguanosine 
Thymidine 
Cytidine 

4 
5 
5 
4 

Then: 

The experimental slopes reported previously (1-3) and in this 
work (Table I1 and Fig. 2 ) ,  which are expressed in terms of ARl 
AM, can be converted to osmolal slopes by dividing by a slope of 
an ideal substance expressed in the same units. The sucrose slope 
is used for this purpose. It can be calculated from measurements of 
a colligative property, AR, at concentrations lower than 0.2 molal 
(2,3,8).  

By the application of simple analytical geometry, the first linear 
osmolal slopes of mixed nucleosides in water can be expressed: 

(w) - (A,) - (a) - (AJ - first experimental slope - - 
(B,) - 0 (Bn) sucrose sloDe Sl = 

(Eq. 20a ) 

(Eq. 2Ob) 

Then se t  

(Eq. 22) 

and: 

Substituting for CP of Eq. 21, aqla(B) of Eq. 24, and aCPla(B) of Eq. 
22 into Eq. 20: 

If one assumes that the self-association is inhibited at  molal ra- 
tios of variable to vehicle of less than their corresponding com- 
plexing capacity numbers, according to the theory presented, then 
the function CP and its derivative aCP/a(B) should vanish; Eq. 25 
then reduces to: 

By manipulating Eq. 26, the following can be written: 

Combining Eqs. 23,15a, 156, and 15c: 

(%)& =\I, 

cs) = a, = constant 

a* a,- =\I, a( B )  

(Eq. 28a)  

(Eq. 29) 

(Eq. 30) 

This partial differential equation has the following solution: 

(constant) (Eq. 31) q, = eIRt 'c t s  

While the constant has a value of 1, one may expand the function 
4 in the usual manner. By equating it with Eq. 23: 

= 1 + K , ( B )  + K , K , ( B Y  + ... + K,  ... K,(B)'  + .. .  + 
K, . .. K,(B)I (Eq. 3 % ~ )  

( B )  1 ( B )  1 ( B ) '  
9 = 1 + - + - -  ( ) + ... ;c$) + ... &-) + a, 2! a,  

For large values of z and for low concentrations of B,  the following 
can be set by excluding terms of higher order than z: 

K, = l /a,  
K, = 1/2a, 
K, = llja, 
K ,  = l /za,  

Accordingly, the constant 0 1 ~  will be referred to as the progression 
constant. 

Calculations-The first slope, S1, and the predetermined con- 
centrations can be used to calculate the concentrations of various 
molecular species, osmotic coefficients, according to the following 
calculations. 

Free Vehicle Concentration-Substituting for (B) of Eq. 26 into 
Eq. 31: 

(Ea. 34) ,p e<l-Sr~fHoMA"l 

Then by setting: 

(B,)/(Aa) = Y (Eq. 35) 

and combining Eqs. 34 and 28: 

(Eq. 36) -,I IkS, I 
( A )  = (A& 

Concentration of ABj-The concentration of AB, is found by 
using Eqs. 26 and 35: 

( B )  = SiY(A0) (Eq. 37)  

Then, according to Eq. 33: 

One may substitute for (A)  of Eq. 36, (B) of Eq. 37, and the 
product of K's to calculate the concentration of ABj according to 
Eq. 12: 

(AB,)  = (A,JX (1 - Sl)'e-)'""'' (Eq. 39) J! 

Calculated Osmolal concentration-In the absence of self-asso- and substituting into Eq. 27: 

Vol. 64, No. 5, May 1975 / 773 



Table 111-Data Falling on Two Linear Slopes” 

Inter- First Critical Second 
ceptb, Slope, Concen- Slope, 

A R /  AM Variable Vehicle ohms A R / A M  tration 
~~ 

1,3-Dimethyluracil Water 0 . 0 3  9 2 1 . 8  0.068 830 .O  
1,3-Dimethyluracil 2’-Deoxyadenosine (0.015 M )  1 3 . 8 6  859.5 0 .0987 7 3 6 . 1  
1.3-Dimethyluracil 2’-Deoxyguanosine (0.012 M )  1 1 . 0 6  866 .O  0.1015 7 2 3 . 9  

Measurements were a t  2 5 O .  b The intercepta are  not experimental points. 

ciation, the calculated osmolal concentration can be obtained by 
substitution for (A)  of Eq. 36, (B) of Eq. 26, and the concentration 
of ABj of Eq. 39 into Eq. 19: 

Osmotic Coefficient-The osmotic coefficient, 6, can be defined 
as the ratio of osmolal to the total molal concentrations. Thus: 

l#J = (R)fi(Ao) + (B,)1 (Eq. 41) 

The following relationship can be arrived a t  by substituting for 
each term in Eq. 41: 

4 = [SIY + lI/[Y + 11 (Eq. 42) 

RESULTS AND DISCUSSION 

The experimental results obtained seem to fit the previous 
treatment for caffeine and nucleosides (1-3). Two linear slopes can 
also be used to express all of the data obtained, with AR as the or- 
dinate and molal concentration as the abscissa. 

Table 111 shows slopes, critical concentrations, and intercepts; 
the slopes pass through all points within the limits of experimental 
error and were calculated by the method of least squares. Table 111 
also shows that these critical concentrations are shifted as a func- 
tion of the nature and concentration of the vehicle used in much 
the same way as for caffeine and nucleosides (1-3). 

Figure 2 shows clearly the shift along the variable molal scale. In 
each case, the amount of shift on the variable molal scale from that 
determined in pure water divided by the Concentration of the vehi- 
cle used gave a certain number that also approaches an integer 
(Table I). 

The importance of the potential hydrogen bonding sites in es- 
tablishing the mode of aggregation is clearly indicated by the ob- 
servation (Table I) that reducing the hydrogen bonding by using 
1,3-dimethyluracil also reduces the complexing capacity numbers 
to 2 and 3 for 2’-deoxyadenosine and 2‘-deoxyguanosine, respec- 
tively, when they are used as vehicles. 

Borazan (2) and Borazan and Goyan (3) considered errors in 
standard and sample slopes which when combined introduced er- 
rors of about 1.0% in the osmotic coefficients. Accordingly, the pro- 

Table IV-Data Fall ing on a Linear Slope of 
Aqueous Solutions of Caffeinea 

First Progression 
Slopeb, Constantc ,  a,  

Variable Vehicle AR/AM (molal), % 

Caffeine p-Aminobenzoic acid 743 0 .0268  f 9 

Caffeine p-Aminobenzoic acid 659 0 .0295  =k 6 

Caffeine p-Aminobenzoic acid 605 0 ,0328 f 4 . 5  

(0.005 M) 

(0.010 M )  

(0 .015 M) 

a Measurements were at 26O. Data taken from Ref. 1. Progresaion con- 
stant = (first slope X vehicle concentration)/(sucrose slope - first slope), 
according to Eq. 29. Sucrose slope has a value of 882 in connection with this 
work. 

gression constants calculated according to Eq. 29 are reported with 
percentage uncertainty in each case. 

Inspection of Table IV shows that by increasing the initial con- 
centrations of the vehicle compound threefold, a slight increase in 
the values of the progression constant is produced. This increase is 
considered slightly above the values that can be accounted for on 
the basis of random error. A reasonable explanation for this find- 
ing is the various approximations made in the derivations such as 
the approximations made in deriving various equilibrium con- 
stants from Eq. 33. Also, empirical assumptions were made in the 
presented models, such as ignoring interactions among various as- 
sociated forms. However, the results presented in Table IV are 
considered satisfactory and in agreement with the prediction of 
the equations. 

The data of Borazan and Goyan (3) and of Table I11 of this work 
provided information used to calculate progression constants, a=, 
for the equilibrium constants (Table V). Equilibrium constants 
can be calculated from osmolal slopes, determined from experi- 
mental data, using a simple mathematical model: 

A + B = A B  (Eq. 43) 

(Eq. 44) 

where (A)  and (B) are the concentrations of the free reactants, and 
( 4 B )  represents the concentration of the complex. The osmolal, 
( M ) ,  and the total molal, (M) ,  concentrations are then: 

(R) = ( A )  + ( B )  + ( A B )  
( M )  = ( A )  + ( B )  + Z A B )  

(Eq. 45) 
(Eq. 46) 

By subtracting Eq. 45 from Eq. 46: 

( A B )  = ( M )  - (Eq. 47) 

(&f) can be determined from experimental slopes (1-3) (Tables 111 
and IV) after dividing by the sucrose slope to get the first osmolal 
slopes, SI, by the following relationship: 

(R) = S 1 ( B , )  + (Al) (Eq. 48) 

while: 

( M )  = (A,) + ( B J  (Eq. 49) 

By substituting for the osmolal and the total molal concentrations 
into Eq. 47: 

(AB)  = (B,J - S,(B,,)  (Eq. 50) 

The free reactant species can be expressed as: 

By substituting for (AB) of Eq. 50 into Eqs. 51 and 52: 

Thus, Eq. 44 can be expressed in terms of measurable quantities as 
follows: 
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Table V-Equilibrium Constants Calculated According t o  Eq.  55, for Different (Bo)/(Ao) Ratios  and  the First 
Equilibrium Constants ( K l )  Calculated from the  Progreasion Constanta (a,) by Eq. 33, Together with the  
Standard Free Energies Based upon KI for Different Variable-Vehicle Nucleoside Combinations* 

K ,  K ,  
(Bo) / (-40) molal --1 (Bo)l(Ao) molal-1 

Thymidine-2’-Deoxyadenosine (0.016 M )  
0 . 1  
0 .5  
1 .o 

12.25 
13.07 
14.23 

1.33 15.10 
2 .o 17.40 
3.0 22.40 
4 .O 42.40 
5 . O  51.75 
6 . O  146.30 

a, = 0.083 f 6.5% molal; KI = 12.04 mold-1; and  AGO = 
- 1490 cal/mole 

2’-Deoxyadenosine-Thymidine (0.02 M) 
0.1 17.35 
1 .o 22.60 

- 1690 cal/mole 
2’-Deoxyadenosine-Uridine (0.02 M) 

0.1 10.4 
1 .o 12.3 

- 1400 cal/mole 
2’-Deoxyadenosine-2’-Deoxyguanosine (0.01 M) 

a, = 0.0593 f 4% molal; K1 = 16.84 molal-l; and AGO = 

aC = 0.097 f 6% molal; Kt = 10.30 molal-I; and AGO = 

0.1 
4 .O 

38.6 
82.6 

ac = 0.0267 + 3.5% molal; K1 = 37.45 and  AGO = 
- 2170 cal/mole 

2’-Deoxyguanosine-Cytidine (0.003 M) 
0 . 1  10.30 
1 .o 10.60 

aC = 0.097 =k 40% molal; K1 = 10.30 molal-I; and AGO = 
- 1400 cal/mole 

2’-Deoxyguanosine-2’-Deoxyadenosine (0.003 M) 
0 . 1  38 . O  
1 .o 40.2 
3 .O 51.3 

ae = 0.0276 f 10% molal; K I  = 36.50molal-1; and AGO = 
- 2160 cal/mole 

Uridine-2’-Deoxyadenosine (0.015 M) 
0 . 1  10.5 
5 .O 32.8 

aC = 0.0962 + 7.5% molal; K 1  = 10.40 molal-I; and AGO = 
- 1405 cal/mole 

Uridine-2’-Deoxyguanosine (0.012 M )  
0 .1  7.80 
5 .O 13.43 

ac = 0.129 f 12.5% molal; K I  = 7.75 molal-1; and AGO = 
- 1227 cal/mole 

Cytidine-Thymidine (0.02 M) 
0 . 1  4.68 
4 . O  7.05 

a, = 0.215 f 12% molal; K1 = 4.65 molal-I; and AGO = 
- 923 cal/mole 

Cytidine-2’-Deoxyadenosine (0.015 M) 
0 .1  10.10 
5 .O 28.46 

a, = 0.1005 f 8% mold;  K1 = 9.96 molal-1; and AGO = 
- 1380 cal/mole 

Cytidine-2’-Deoxyguanosine (0.012 M )  
0 . 1  9.02 
5 .O 17.40 

a, = 0.1105 f 10.5% molal; K1 = 9.04molal-I; and AGO = 
- 1320 cal/mole 

Thymidine-2’-Deoxyguanosine (0.012 M) 
0 . 1  11.86 
5 .O 30.40 

a, = 0.0855 f 8% molal; K1 = 11.7 molal-I; and AGO = 
- 1475 cal/mole 

Thymidine-Cytidine (0.02 M) 
ac = 0.2127 f 12% molal; K1 = 4.7 molal-I; and AGO = 

- 927 cal/mole 

1,3 -Dimethyluracil-2’-Deoxyadenosine (0.015 M) 
0.1 5.05 
2 .o 5.83 

a, = 0.201 f 14.5% molal; K1 = 4.97 rnolalk1; and AGO = 
-960 cal/mole 

1,3-Dimethyluracil-2’-Deoxyguanosine (0.012 M) 
0 . 1  5.60 
3 . O  7.03 

- 1027 cal/mole 
ac = 0.181 f 16% molal; KI = 5.52 molal-1; and AGO = 

a Calculated from data taken from Ref. 3 and Table I11 (for the combinations containing 1,3-dimethyluracil). Measurements were at 25”. 

It is obvious from this relationship that, for slopes approaching 
unity and for low values of (Ba)/(Aa), Eq. 55 reduces to: 

This is essentially the same result obtained in calculating the first 
equilibrium constant from the model presented in Eq. 1. There- 
fore, one would not be surprised when getting different values of K 
from Eq. 55 along the molal scale of the variable compound (Table 
V). The magnitude of the K values increases with the increase in 
the total molal concentration of the variable compound, (Ba), 
while approaching K1 values calculated from Eqs. 29 and 33 at a 
molal ratio of (Ba)/(Aa) of less than 0.1. 

These results indicate the significance of a simple equilibrium 
situation a t  low ratios of (Ba)/(Aa). Thus, the linear experimental 
slopes indicate a rather complex equilibrium and a formation of 
complexes having stoichiometry different from 1:l. 

One can also verify the validity of the derived equations and 
their consistency with experimental results by considering Eq. 40. 
For large values of z, the summation of terms in this equation ap- 
proaches ey(l-sl); thus: 

(E4. 57) 

and (m)calc equals osmolal concentration determined from the 
first osmolal slopes by the process of application of simple analyti- 
cal geometry, i.e., Sl(Ba) + (Ad. 

Another test for the validity of the derived relationships, a, 
(Table V), is found to  have approximately the same values in most 
cases studied, within the limits of accuracy, for the same combina- 
tion when each is used as a variable and a vehicle. 

According to the equilibrium constants calculated (Table V), the 
order of nucleoside heterogeneous association is as follows: purine- 
purine > purine-pyrimidine > pyrimidine-pyrimidine. This order 
is in agreement with previous findings (4,13,21). 

Based upon configurational probabilities, Borazan (28) demon- 
strated that the self-association processes can induce identical, in- 
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dependent, and equivalent binding sites and that the overall equi- 
librium constants are all related to an intrinsic binding constant 
such that the following holds: 

i 
P, = ( m ) k  

where fli is the overall equilibrium constant for the i th  process, k is 
the intrinsic binding constant, and u is the maximum number of 
association processes. Experimental curves were all generated ac- 
cording to the model. 

The first equilibrium constants were smaller than the last in all 
cases studied and were the smallest constants for the heterogene- 
ous association processes, based upon the assumption that the 
complexing capacity numbers determine the maximum number of 
multiple association processes. These results are consistent with 
the inhibition of the normal pattern of self-association hypothe- 
sized below a certain threshold concentration. 

CONCLUSION 

The theory presented in this paper gives physical and mathe- 
matical interpretations concerning the origin and the mechanism 
of the shift in the critical micelle-like concentrations of the nu- 
cleosides, whose concentrations are varied in the presence of a 
fixed concentration of another reacting nucleoside. 

The theory was verified experimentally and found to be consis- 
tent with the inhibition of self-association of the compounds used 
in excess at  variable-vehicle molal ratios equal to  or less than their 
corresponding complexing capacity numbers. 

A relationship was found between the number of the binding 
sites on the vehicle molecules and the magnitude of these num- 
bers. Equilibrium constants for various mononuclear association 
processes are all related to one constant and their corresponding 
coordination number. 

The present work has provided a tool for calculating concentra- 
tions of various molecular species which might otherwise be almost 
impossible to determine for such weak complexes. Other functions 
of theoretical interest can be determined from a measurable quan- 
tity, the slope of the curve when plotting osmolal versus molal con- 
centrations, and predetermined concentrations. 

Finally, it is hoped that the concept of the complexing capacity 
numbers and the determination of these numbers will add another 
thermodynamic parameter to the dimension of weak complexation 
problems. 
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