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Vapour pressure osmometric studies were. performed on stackins self-association of 25 uracii derivatives variously C- 
;md N-substituted with polar and alkyl groups in aqueous solution at various temperatures. The respcctivc equilibrium as- 
sociation Constzmts Kst were computed on the assumption of the isodcsmic model of self-association (A?* = K~=...=K,=K,,). 
EntbalpieS of association for most of the compounds studied were obtained from the temperature-dependence of K,,. 3~ 
cording to the van ‘t Hoff equation. Analysis of the equilibrium and thermodynamic pammcters in terms of the asrocia- 
tian mechanism demonstrated ttte invdvement of cIas.sicaI hydrophobic interxtiors in the stabilizntion of complexes of di- 
and hi&x alkylated uracik Data for the derivatives substituted with polar ~,roups proved consistent with the predo~nant 
involvement of dipofe-induced dipole forces in the association. 

I. Introduction 

The vertical self-association of nucleic acid bases and 
their nucleoside and nucleotide derivatives in aqueous 
sO!utions has attracted much attention over the past 
years [l-S], because of the important contribution 
of stacking interactions between adjacent base pairs 
to the free enerw of helical polynucfeotide structures 
[Y. lo]_ In spite of many accumulated equilib~um 
and t~~ody~~rnic data, the nature of these interac- 
tions and, in particular, the key role played by water 
in sustaining the stacked complexes remain unclear. 

Recently Lawaczeek and Wagner [I 1 J have presented 
an interpretation of the specificity of the stacking as- 
sociation in terms of dipole-induced dipole interactions, 
in which the pol~~ab~ity of the n-electron hetero- 
cyclic ring system and the polarizing power of polar 
bonds were mainly emphasized. The unique solvent 
contribution to stabilization of stacked complexes in 
aqueous solutions is considered [12] to be due tc the 
high surface tension of water, because upon stacking 
the solvent surface area around the sotute species de- 
creases. The contribution of the classicat hydrophobic . 
interactions, if any, is believed to remain “hidden”’ 
[3, p], in view of: (1) the positive entropy changes 

accompanying the transfer of nucleic acid bases from 
organic solvents to water [141, and (2) the negative 

enthalpies and negative but more variable entropies 
of the stacking association, derived from van ‘t Hoff 
plots 14-7, IS-181 and obtained directly from calori- 
metric measurements [2.19,20] of several systems. 
However, most of the systems studied so far concerned 
highly polaritable purine derivatives. Thus, natural 
diket~py~~dines, owing to their lower polarizability, 
seem to be more suitable for further studies on the re- 
lative contribution of hydrophobic and polarization 
interactions to the stacking association. Involvement 
of this type of association has been demonstrated 
i21.221 in studies on the concentration dependence 
of photodimerkation of several methylated diketo- 
pyr~idines. 

2. Materials and methods 

Ik compounds were obtained by known meth- 
ods 1231 and thoroughly purified_ Their purity was 
checked by melting point determinations and chro- 
matography in several solvent systems. 

Measurements of osmotic coefficients at various 
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soJute concentrations were taken according to known 
proce,iure [ 15,241, using Knauer’s (West-Berlin) 
vapour pressure osmometer. The osmometer was 
calibrated against sucrose, sodium chloride and d- 
m:finitoi used 3s standards. All substances yielded 
equivalent calibration plots. 

Series of solutions in redistilled water were diluted 
by weight from stock solutions. The Iatter were aIso 
made up by weight, using dried samples of the sub- 
stances studied. 

The concentration ranges measured were depen- 
dent on the sensitivity of the osmometer and solubil- 
ity of the compounds; they varied from about 0.03 ,M 
in the case of the least soluble derivatives (modo- 
methylated and substituted with polar groups) up to 
about I M for di-, tri- and tetra-alkylated uracils. 

The mean deviation of the osmotic coefficient at 
concentrations lower than 0.05 M exceeded 1070, and 
decreased with rise in concentration of the solute to 
attain about 2% for 1 M solutions. The most accurate 
data were obtained for readily soluble substances, 
usually studied within a wide concentration range. 

Since the pK, values of the substances studied 
(4.5 > pK, > 9.3) were sufficiently far removed from 
the ptl values of their aqueous solutions, the expected 
fluctuazions of pH near 7 exerted no effect on the 
stacking equilibria. The abbreviations of the names of 
compounds used throughout the text conform to the 
recommendations of the IUPAC-IUB Committee on 
Biochemical Nomenclature [Biochem. I. 120 (1970) 
4491 and are explained in tables 1 and 2. 

3. Analysis of osmometric data in terms of mokcular 
associations 

Analysis of vapour-pressure osmometric data of 
small molecule aggregating systems is usually per- 
formed on two basic assumptions: involvement of a 
multi-step reversible association of solute and ideal 
behaviour of all the solute species. According to the 
Gibbs-Duhem relationship, the modal activity co-effi- 
cient of a solute 7 is related to the osmotic coeff- 
cient @ of solution by the following equation: 

m 
Lny=(+l)+J (&--l)dlnm- 

0 

It was also shown [X5] that: 

(2) 

where m1 - concentration of the monomer, and m - 
stoichiometric molal concentration of the solute. 

From these relations one can recognize the obvious 
result that y = ml/m. This permits computation of the 
monomer concentration JJZl as a function of the molal 
concentration m of the solute. Then, the stoichio- 
metric concentration JJZ can be expressed by the fol- 
lowing series of expansions in which the only un- 
knowns are the consecutive equilibrium constants: 

m/ml -1 = 2K2”22 -t 3K2K3m: + _.. . (3) 

Least-squares anatysis or iinear programming may be 
applied to determine the coefficients of the polyno- 
mial and hence the equilibrium constants [26]. By 
means of the F-test the best fit is sought with a poly- 
nomial of lowest degree, corresponding to the highest 
a=regating species of significant concentration for an 
assumed probability level [26]. 

The unique and physically meaningful solution can 
be obtained when the accuracy of experimental data 
is sufficiently high. This is usually not the case and 
one has to make certain assumptions as to the relative 
magnitude of the equilibrium constants: 

(1) The equilibrium constant for the first step of 
association K2 = PK is assumed to be different from 
all the other equilibrium constants considered to be 
identical: K, = K,+ = ___ = K, = K_ Thus eq. (3) can be 
rearranged to the form: 

m=mi-flml +~q(l-Kml)z 

and solved for K and 0. 

(4) 

(2) All the equilibrium constants are considered to 
be identical (isodesmic model of association) and can 
be computed directly from the experimental data 1241 
from the following expression relating stoichiometric 
molality and the osmotic coefficient: 

14 = KEITH _ (9 

With the aim of comparison of the association ten- 
dencies in the whole group of pyrimidine derivatives 
studied, an anaIysis of the osmometric data in terms 
of the above three methods was attempted. 

The fitting of eq. (3) and of the F-test (significance 
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level 0.05) to our data by means of Ieast squares anal- 
ysis resulted in various association schemes for close- 
ly related compounds. what seems to be physically un- 
sound. In many cases the negative coefficients in 
eq. (3) occurred, what suggested that the varying 
magnitude of experimental errors was probably re- 
sponsible for the inadequacy of this most general 
method of analysis. This method failed with regard to 
a group of the least soluble monomethylated deriva- 
tives and derivatives substituted with polar groups be- 
cause in these cases representation of 0 as a polynomial 
in m is impossible. 

Also application of the second, simplified method 
failed to permit the uniform description of the stack- 
ing tendencies, because the parameter fl varied from 
compound to compound and from temperature to 
temperature, attaining values of p < 1, /3 * 1 or p > 1. 
Only the isodesmic model described all the data equal- 
ly we11 and permitted taking into consideration the 
measurements of the least soluble monomethylated 
derivatives and derivatives substituted with polar 
groups. We have used this model and least-squares 
analysis of eq. (5) to determine equilibrium constants. 

4. Results and discussion 

In the figs. 1 and 2, as an Nustcation of the quality 
of direct experimental data, the measured osmotic 
coefficients as a function of concentration together 
with the smoothed polynomial fits are presented for 

0.1 42 03 a.4 0.5 0.6 0.7 03 03 1.0 l.? 1.2 
m Immml 

Fig_ 1. The osmotic oaeftidents (0) of rn>‘IJfra YS molal con- 
cenuations at 2PC (0) and 39C (d; solid liner smaothed 
polynom&l frr. 

three compounds differing in their association equi- 
librium constants and thermodynamics of association: 
0~2~Ura at 25°C and 35°C; mk3hz*6Thy and e$3Thy 
at 25°C. 

The values of EC,, at various temperatures computed 
according to the isodesmic model of self-association. 
are recorded in tables 1-3 along with the AH0 values 
obtained from van ‘t Hoff plots and the derived values 
AGozo, and aSo. In order to provide a basis for better 
comparison of our data with the results of other os- 
mometric studies, we also determine K,, and the thcr- 
modynamic parameters for uridine, thymidine and 
cytidine (table 3). They agree fairly well with those 
reported by Ts’o [ 1 S], Solie and Schellman 1271 and 
Magar and Steiner [ 17j_ 

Comparison of Kst ‘s at a given temperature for: 
(1) variously N- and C- substituted methyl- and 

ethyl-uracik (table 1). 
(2) a series of 1,3dimcthyluracil derivatives sub- 

stituted at CS or C6 with polar groups, and 
(3) modified at these positions by aza-substitution, 

or 54 double bond reduction (table 2). 
clearly demonstrates that the stacking affinity of 2,4- 
diketopyrimidine can be controlled by chemical mod- 
ifications to Van by more_tFan one order of ma:ni; 
tu&&--o~~’ ; F-7 M (m$3 h$*6Ura) to IL:: 

(III,, n Ura, extrapolated value fro21 
higher temperatures) or probably to a higher K$ in 

I 
0.2 0.4 w 

m [mo.edJ 

Pig. 2.Theosmotic coeWzients(o) ofm:v3h~'6Thy Co) and 
of ~&~Thy (0) vs molal coficentrationr at 2S”C; solid line: 
smoothed polynomial fit. 
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Table 3 
Equilibrium constants and thermodynamic parameters of stacking association of pyrimidine nucleosides 

---____- 

Compound Kst(molal-’ ) AG&= Afio ASo 
(kcai/mole) (kcaljmolc) (eu) 

2PC 3s”c 4PC 60°C 

uridine 0.64 r 0.05 0.52 = 0.04 0.53 5 0.03 o-44 L 0.02 0.26 -1.9 f OS -7.3 * 3.1 
thy midine 1.03~0.09 OX1 c 0.06 0.74 to.07 0.64i 0.05 0 -2.6 + 0.4 -8.7 c 1.1 
Mhiouridine 2) 2.7 cc.2 -0.59 
Zthiouridine a) 4.5 kO.7 -CL89 
2.&Iitbiouridine a) 5.0 + 0.2 -0-95 
cytidine 0.95 = 0.08 0.83 5 0.08 0.77 + 0.09 0.56 + 0.04 0.03 -3.9 + 0.4 -10.0 % 3.0 

a) From ref. [S]. 

the case of n~$~(N0~)~Ura and m$3iosUra. Substi- 
tution with both a polar group or an alkyl group gen- 
erally brings about an increase in Ks, as it has been 
noted previously for homoassociation of purines 
[S, 16,18,28] and heteroassociation between purine 
and pyrimidine derivatives 14,291. 

There is an evident correlation between K, and 
both electronegativity and polarizability of the substi; 
tuent in the series of S-halogen0 uracils, in which K$’ 
increases by a factor of about 3 on going from the 
fluoro to the iodo derivative (table 2). No such corre- 
lation exists, however, between KS’s and the motec- 
ular dipole moments of these compounds [30,3 I] ~ 
which are practicaIly independent of the nature of the 
halogen atom. Stacking affinity also rises with the 
electron-donating ability of the substituent, as can be 
seen in the series of %ubstitute$ m$3-uracils (-OH, 
-0CH3, -NHz). Similarly, $?a’ = 2.1 M-t of 

rnt3 (NO$Ura, bearing the strongly electron-accept- 
ing nitro group, is about twice as high as &a@ = 1.1 M-l 
of the 5carbethoxy derivative. Substitution, in uri- 
dine, of the keto by the thio group of higher polariza- 
bility aIso leads to a distinct increase in Kst, as has 
been shown by us [S], cf. table 3. 

On the other hand, reduction of the 5=6 double 
bond which lowers the X-electron polarizability of the 
diketopyrimidine ringexerts an o posite effect on its 
stackin 

13 ?6 
affinity, since Kz of mzs3 h$%hy and of P 

m2* hz* Ura (table 2) are 2-3 times smaller than 
those of the respective parent compounds (table 1). 
To our surprise, 5- and Ckza substitution had a simi- 
lar, though lesser, effect. 

Investigation of the temperature dependence of Kti 
for a number of uracils bearing polar groups (table 2) 
showed that their self-association is accompanied by 

fairly large negative enthalpy and entropy changes. In 

the case of m$3 6 n Ura they attain values as high as 
AHo = -8.1 kcal mole-t and ds” = -23.5 eu, being 
very close to those found for substituted purines 
[ 18,4-7]_ With the exception of those for the 5- 
carbethoxy derivative *, the thermodynamic param- 
eters of association support the conclusion drawn 

upon analysis of the K= data alone, demonstrating 
that the stacking ability of this group of compounds 
is a function of the polarizability of their molecules. 
Since both keto groups in diketopyrimidines exhibit 
large dipoIe bond moments of about 4 debye units 
[3 11, the dipole-induce’d dipole interactions can be 
invoked to explain the source of stabilization energy 
of the stacked complexes. 

The mechanism underlying self-association of al- 
kyl-uracils seemd; to be more complicated. Examina- 
tion of the AS:’ data (table 1) shows that the stack- 
ing tendency is not a simple function of the number 
and size of alkyl substituents. The value of Kst de- 
pends also on the site of substitution (cf. m1 Ura and 
m3tJra as well as mtThy, m3Thy and m$3Ura). The 
most striking fact is that the variations in the tem- 
perature dependence of K, exhibit negative, close to 
zero and positive temperature coefficients for closely 
related compounds, e-g., eZ t* 3Ura and e$ 3Thy. Conse- 
quently, van ‘t Hoff plots of In K, versus T-t (K) 
yield apparent enthalpies A@ of association ranging 
from negative to positive values (fig_ 3), and standard 
entropies oS”, derived there of bear the same sign 
(table 1). In the case of mk3esUra the van ‘t Hoff 

+ In the light of the subxquent discussion, the thermodynant 
its of association of this compound seems to be affected by 
the hydrophobic interaction between ethyl groups. 
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plot could not be fitted to a linear function, and ex- 

hibits an upward curvature with a flat maximum near 
SO-60°C (fig. 3). Evidently, the enthalpy of associa- 
tion varies with temperature_ Linear approximation of 
the plot within the higher iemperature range corre- 
sponding to Ml--80°C yields a M” value of about 
-5 kcal mol~-~) while within the range of 2%45°C 
the slope of the initial part of the plot gives a positive 
enthalpy AH0 of about +I kcal mole-‘. 

Thus, it becomes obvious that in most cases the 
enthalpies obtained From the slopes of the apparently 
linear van ‘t Hoff plots could be interpreted as being 
made up of two contributions with opposite signs cor- 
responding to different physical processes involved in 
the stabilization of the stacked complexes_ The Iack 
of dependence of osmometric K,, on temperature for 
several compounds and its increase with rise of tem- 
perature could only be explained under the assump_ 
tion that base association is partially driven by large 
positive entropy changes connected with the endo- 
thermic fgroccss accompanying stacking in solution. 
This is hi$ly reminiscent of the “hydrophobic bond” 
formation between hydrocarbon molecules and hydro- 
carbon amino acid side chains in proteins [32-341, in- 

iif=zJ 

Fig, 3. Van ‘t Hoff plots of stacki% equitibriuFXconstants: 
(-o-o-o-) mQ”Ura: (-e-n-c-) rn’ Urz: (4-n-b) e2’ Thy: 
(-ccc) mn’3e5Ura_ 

valving contacts between nonpolar groups, with a con- 
comitant decrease in the structural order of water 
around the solute molecules. Removal of water mole- 
cules From intimate contact with nonpolar groups 
upon their aggregation requires energy to break the 
hydrogen-bonded water structure around them, with 
lower entropy than the bulk of the solvent. The 
thermodynamics of this process is thus characterized 
by low positive enthalpy and high entropy changes re- 
sulting in negative free energies of aggregation, which 
attain lowest values at about 65°C. Therefore, there is 
no doubt that the long sought for [3,12-14,18,3S] 
hydrophobic contribution to the stacking association 
of nucleobases is manifested almost classically [32,33] 
in self-association of alkyl uracils. 

The Fact that the strength of hydrophobic bonding 
depends primarily on the number of water molecules 
removed from contact with nonpolar groups explains 
why the largest hydrophobic contribrition to stabiliza- 
tion of the stacked compfexes is obrzrved in the solu- 
tion of highly alkylated uracils and particularly of 
those bearing ethyl groups. In or&r to explain the dif- 
ferences in the magnitude of this contribution between 
variously mono-, di- and tri-rlethyl substituted uracils, 
we estimated the number of possible contacts between 
substituents in the respective stacked homo-dimers, 
using their CPK models. In view of the demonstrated 
involvement of electrostatic inretztions of the di- 
pole-induced dipole type in the stabilization of the 
stacked complexes, we considered six poaible mutual 
orientations of the two molecules, in which one car- 
bony1 group of each molecule is situated above the 
ring of the adjacent molecule. These orientations may 
be expected to correspond to maximum stabilization 
energy ofelectrostatic interactions. They were found 
for a number of diketopyrimidine crystals and for 
their crystalline complexes with purines [36]. Only 
contacts between the alkyl groups themselves were 
taken into consideration because of the smail size of 
the pyrimidine C-H groups, their interactions with 
alkyl substituents are not likely to result in substantial 
hydrophobic bending. This last point is supported 
nicely in thz case of mlUra and m3Ura (table 1) by 
the thermodynamic parameters rather typical ofelec- 
trostaticaliy driven stacking associations. In the case 
of mL Wra, in only one of the six rotational isomers 
of stacked dimers the Nl methyl groups are in con- 
tact. For m3lJra and ml Thy already three rotational 



isomers with single contact are possible while for 
m$3Ura the total number of CX-Q---CH, contacts 
rises to 7 in five rotational isomen, and to 8 in Fnre 
isomers in the case of m%%y. In tri-methyl substituted 
m>3Thy in each of the six isomers there are two 
C!!$---CH, contacts_ Because of the expected sedative- 
iy small differences in the free energies df stabilization 
between various rotational stacked isomers, they all 
are likely to be present in solution, and there is a fast 
rotational exchange between different species dtiting 
their lifetime of the order of iO-9-1Q-~os (18,371. 

In the tight of the above consideration the classical 
hydrophobic contribution is expected to be least for 
the association of n$Ura, and next in the case of 
mt Thy and m3Ura. This expectation is fully borne 
out by the experimental KS, and thermodynamic data, 
which conform rather to a model of electrostatic stab- 
ilization. With further increase in the probability of 
the occurrence of hydra hobic comacts between the 

P3 side methyl groups in m2’ Ura, m%hy and mk3Thy, 
there is a drastic change in the thermodynamics of a~- 
sociation. However, introduction of an additional 
methyl group into mk3Thy to form m4 L3.5.6U, re_ 

suits in but littIe chanm in the 
29 

A@ and &So of asso- 
ciation. At the same time, KS significant&y increases 
from 1.2 M-‘ to 2.2 M-l; this tight be explained by 
a rise of the free aergy of association, resulting from 
the somewhat increeased polarizability of the m&ecule 
upon methyl substitution. The upper limit of this tise, 
which can be approximately estimated from the dif- 
ference between the free energies of the mL Ura and 
rnt Thy association, is only about one fifth of that be- 
tween mk3Thy and m~3*s’6Ura. 

We are therefore tempted to explain the increase 
of Ks, of rnk3Thy on substitution with the C6 methyl 
group as due to the possibility of occurrence in 
m~~%Jra of a greater variety of hydrophobically 
aggregated species with maximum number of hydro- 
phobic contacs. 

The total stafidard free en~gy of association can be 
written as the sum of the electrostatic AGel and the 
hydrophobic AC&h contribution: 

AG o = AGet* AGhpk 

= &Is. Af%q$i- r@%l+ shph). (61 

The hydrophobic eontibutian to the free energies of 
association of aB alk$uraciIs studied can be approxi- 

matety evaluated when assuming that (1) the theftno- 
dynamic parameters of the m’Ura association reflect 
mainly the electrostatic cont~butions to the change 
in the state of solute upon association and the con- 
comitant change in water structure, and (2) these 
parameters remain constattt for the whole homologous 
series ai alkyluracils. In the light of experimental data 
and the preceding discussion, the first assumption 
seems to be well justified. The validity of the second 
assumption should hold good provided that the distri- 
bution of the solute molecules within aggregates with 
all possible mutual orientations would not vary with 
the site and number of alkyl substituents and that the 
introduction oi an atkyt group would not affect the 
state of hydration of the polar carbonyl and N-H 
groups. However, this does not seem quite probable. 
One would rather expect a decrease in the electrostatic 
contribution with the number of alkyI groups. Name- 
ty, in stacks hydrophobic interactions should favour 

molecular packing with CH3---CH3 overIap, and the 
adherence of water molecules to sites adjacent to both 
amide g,roups 1381 should certainly be less favoured 
upon W-alkyl substitution. Consequently, the hydro- 
phobic contributions to the thermodynamic param- 
eters of association {tabte 41, evafuated on the basis 
of eq. (6) and of both above mentioned assumptions, 
aTe overestimated to an extent dependent on the ac- 
tual structure of a given a&y1 derivative of m* Ura. 

It is of interest to compare some of these values 
with the standard enthalpies and entropies of forma- 
tion of hydrophobic bonds between hydrocarbon 
side-chains in proteins, computed by Nemethy and \ 
Scheraga f34) on the basis of their statistical thermo- 
dyrlamic theory of aqueous hydrocarbon solutions 
1331. The the~adyna~c parameters of formation 
of the hydrophobic bond between two alanine groups 
have been predicted to remain within the range of: 
A&!&, from W.4 to *O-7 kcal moleW1 and A$& 
from +Z.i to t4.7 eu, depending an the actual geom- 

etry of adherence of both groups. In the case of the 
mk3Thy association we arrived at Ai$&, = 4.4 
kcal moleWL and AS&, = 15.6 cu; formally this 
would correspond to the formation of two alanine- 
aianine hydrophobic bonds, because in each of the six 
lowest-energy rotational isomers of stacked m$3Tby 
dimers there 3re two pu'rs of CH,-CH, Contacts. 
Bear&g in mind that our data are rather overestimated 
and that they comprise also the hydrophobic contri- 
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T;ibte 4 
C&Mated [eq. (4)1 entbalpics and entropies of “hydrophobic 
bond&” in stacked complexes of dkyidtcd urxifs 

Compound 

______ 

AJ$HI 
QaI nlotc-’ 1 

&ph 
(eu) 

-P 

m%Jra 

dThY 

1*3,6(Jra 
m3 

m3Thy 
43.516Ura 

m:‘31-hy 

u&3Ura 

I,3 
e2 Ura 

I,3 5 

---.- 

0.3 I.6 

1.1 3.9 

4.1 14.0 

4.2 15.0 

4.3 16.4 

4.4 15.6 

4.6 14.4 

5.2 17.3 

nI2 e Ura 6.3 22.1 

&Y&y 6.6 23.5 

bution from higher aaregates, the two sets of thermo- 
dynamic data exhibit faidy good agreement as to the 
order of magnitude. 

An attempt was also made to analyse the tempera- 
ture-dependence of the thermodynamic parameters 
of hydrophobic bonding itz terms of the Nemetfiy- 
Scheraga theory 1341 in the case cf the mz f*3e5Ura 
association. In view of the distinct curvature of 

lnK..vsT-l, according to this theory, AG&, can be 
expressed in the form of a second degree function of 
temperature: 

dGgph = a f bT 4 CT’ (7) 

and the remaininf: thermodynamic parameters derived 
thereof are the following functions of temperature 
and of the empirical parameters a, b and c: 

AHtPh = a-d.@, @I 

4&l =--b--2&-, (9) 

(AC&+ = -2cT (10) 

Under the assuption that the eIectrostatic contribution 
to enthalpy of association is independent of tempera- 
ture, this being justified as a first order approximation 
because of the apparent linearity of the InK 

P 
vs T-’ 

plot in the case of ml Ura, we calculated AGhph = 
AGT(m>3es Wra)-- AGr(m’ Ura) at various tempera- 

F&z. 4. Temperature dependence of hydrophobic contrrbution 
to free eneigy Ggp:ph of stacking sssociarion for m~3eSDrar 
fo) czl~l~ced vahxs (aC&,h = aci”-aG~~~,); solid line: 
fit to the funcrion AC&,= 31088-182T+ 0.25?. 

tures using the experimental Kz and fitted the so ob- 
tained AGg, values to eq. (7). The results are shown 
in fig. 4, in which the solid line represents the com- 
puted tinction with parametersa = 31088, b = -182, 
c = 0.25 and the squares the experiment& AGEph vaF_ 
ues. The fit is very good indeed, with a mean deviation 
of 6%. At 25°C the thermodynamic functions attain 
the values: A$& tf 8.8 kcal mole-t and .4$&h = 
33 eu. while (45hph amounts to -150 kcal mole-l 
deg-’ - They are by about 50% higher than those ob- 
tained by direct subtraction of the respective AGS 
ofmk3 5 e Ura and m1 Ura (table 4). Taking into ac- 
count the average (3) number of hydrophobic contacts 
between the alkyl groups in m> 3e5UEa lowestenergy 
stacked dimers, we come once again to the conclusion 
that there is fair agreement between the present and 
the predicted [34] values of the thermodynamic 
parameters crf hydrophobic interactions between hy- 
drocarbon side-chains. The change in the he?t capacity 
of formation of the hydrophobic bond between a&l- 
uracils per side-chain pair (AcP)hph -50 kcal mole-t 
deg-l also remains within the range of the predicted 
values (- 10 to -50 kcal more- ldeg-1). 



If the hydraphobic contribution to the free cntha5 
py of stacking AGo is a second-order function of: the 
temperature, the question arises, why in most our ex- 
periments the In K, vs T -t plots are apparently linear? 
There is no doubt that the low precision of osmo- 
metric dete~natians of the association constants, as 
well as the limited range of temperature changes, can 
be the main reason of our inability to distinguish be- 
tween linear and nonlinear fits. Consequently, the re- 
sults obtained for mk3e5Ura might be rather for- 
tuitous. However, other factors could also be re- 
sponsibie for the observed slopes of the plots. 

First of all, since each “hydrophobic bond” is 
characterized by a specific temperature cf its maxi- 
mum stability, in an aggregating system bearing sweral 

dky1 groups on the monomeric units one would ex- 
pect their continuous redistribution between various 
possible azregates with rising temperature. This ex- 
pectation finds strong support in the result of our re- 
cent photochemical studies on photodimerization of 
some alkylated diketopyrimidines in concentrated 
aqueous solutions [ZI, 22]_ 

Under these conditions photodimerization is almost 
exclusively a very fast excited singlet state reaction 

&hn. form_ > 1012 s-l) taking place within associa- 
tion complexes Formed prior to excitation. Thus, com- 
plexes with mutua! orientation of monomeric units 

appropriate for cycl~bu~a~e-~~e dimer f#rma~on, 
become photoselected and their relative cantent is 
manifested in the distribution of the dimeric photo- 
product between various steroisomers of the cylco- 
butane dimer. This distribution is different for each 
studied compound and varies with temperature in a 
characteristic manner. For instance, in the case of 
IT&~T~~ in 0.02 hf soiution-at 26°C only two cir 
stereoisomers (syrr and Q&) were formed with an al- 
most equal probability, whereas at higher tempera- 
tures the third fmzs-mti dimer appeared in an in- 
creasing proportion at the cost of the two former spe- 
cies. The apparent enthalpy of dissociation of the pre- 
cursor ground state complex of tke fatter dimer varied 
with temperature from positive to negative values OF 
a6out I kcal malee-’ Within the temperature range of 
25-?S”C, as it could be inferred from the van ‘t Hoff 
plot ~n~~vs PI_ Thus, the WZILS-QIZ~~ isomer is 
probably formed from some laterally aggregated spe- 
cies which correspond to maximum hydrophobic 
stabilization. On the contrary, lnOdfvs T-t plots for 

both cLr isomers yielded negative enthalpies of associa- 
tion of the respective precursor complexes: an appar- 
entIy temperature-independent enthalpy of about 
4.5 kcal mole- t in the case of the cis-syn dimer, and 
a temperature-dependent one which took on progres- 
sively less negative values from about -8 to about 
-2 kcal mole-t in the case of the cis-mrri dimer. The 
average enthalpy of photoselectable complexes 
MiO = -2.5 t 0.2 kcal mole- i 12 11 is much more neg 
ative than that derived from osmometric data 
(table 1). In other terms, within the temperature range 
studied, the quantum yield of dimer formation ($Q~} 
from photoselectable complexes, and hence also the 
concentration of the latter, is reduced to about one 
half of the initial value at 25”C, whereas at the same 
time the total concentration of aggregates drops by 
no more than about 20%. This clearly indicates that, 
besides the photoselectable complexes with high e!ec- 
trostatic contribution to their stabilization, a number 
of other complexes - stabilized to a high extent 
hydrophobic&y - occur in solution. Some of these 
complexes differ in their maximum temperature st-t- 
bility. 

ht the light of the above considerations there re- 
mains little doubt that the isodesmic model of associa- 
tion oversimplifies the actual processes of stacking in- 
teractions which exhibit far greater specificity and 
diversity than it is tacitly assumed in the model- En 
fact, for each polymerizatian step severa separate 
equilibrium constants shouId be considered and, 
moreover, their variation with the polymerization num- 
ber and actual packing mode coufd to some extent be 
expected. Unfortunately. the osmometric data alone 
neither provide sufficient info~ation nor are accu- 
rate enough Co permit deeper insight into the molec- 
ular mechanism of association with the aid of such 
complicated models. 

Finally, consideration has to be given to the specif- 
ic hydration of polar groups within stacked complexes, 
being likely to contribute also to their stabilization 
beside interfacial energy 1121. Recent theoretical cat- 
culations 1381 have demonstrated the occurrence, in 
the first hydration layer of thymine, of two favour- 
abte, symmetrically situated hydration sites on each 
side of the C(2)=0 (2) carbonyl oxygen snd a third 
one between N(3)-E-l and the c(4)=0(4) carbonyl 
oxygen. Bonding energies in aI1 three sites were found 
to be similar for both coplanar and perpendicular 
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orientations of Hz0 with respect to the plane of the 
thymine ring. These findings, as well as similar results 
obtained for other nucleobases indicate that the most 
stable position of water already hydrogen-bonded to 
one atom is gene&y determined by another neigh- 
bouring proton-donor or proton-acceptor atom [39]. 
If so, then for certain mutual orientations of mono- 
mers in stacked complexes, corresponding to maxi- 
mum electrostatic stabilization, vertical bridging of 
polar groups by Hz0 molecuies may be a more favour- 
able mode of hydration, and hence an additional 
source of the driving force of the stacking association. 
The varying degree of hydration with temperature can 
thus be another factor contributing to the apparent 
constancy of the enthalpy of association in cases of 
simultaneous electrostatic and hydrophobic stab&a- 
tion of complexes; namely, the respective discrete 
contributions to enthalpy are expected to be similar, 
though opposite, functions of temperature. 

In cases of predominant electrostatic and specific 
hydration stabilization, a progressive decrease in the 
enthalpy of complex formation with increase of tem- 
perature could be expected. Provided that the experi- 
mental data are sufficiently accurate, one would then 
observe the temperature dependence of the free 
energy of association to be a second-order function 
with downward curvature opposite to that of hydro- 
phobicalIy stabilized awegates. 

It is obvious that much more experimental and 
theoretical work must be done in order to verify the 
proposed modes of association and the underlying 
mechanisms. Direct microcalorimetric determination 
of enthalpies of association, heats of hydration and 
heat capacities at various tem~~~tures and concentra- 
tions of solutes should be particuiarly useful in this 
respect. 
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