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A general equation was derived, describing fluorescence qu.antum yield and lifetime of an autoassociating compound in 
liquid solutions The autoassociation of 2-aminopurine in aqueous solution was examined within the range from 0 to 90°C. 
The compound seemed to associate cooperatively. The thermodynamic parameters of polymerization change with tempera- 
ture, so that its free enthalpy AG = -0.0797 T2 f 45.4 T - 7893. fhe dimerization enthalpy and entropy are approximate- 
ly temperature-fndependont (dN2 = 4.17 kcal/mol, 4Ss = -10.9 e-u.). although the function: AC* = -0.0308 T2 f 30.3 
T - 7213 fits experimental points better. The absented dependences can be explained by the increasing role of the hydro- 
phobic effect with temperature and size of the asegates. The association rate constants were determined, and a two-step 
reaction mechanism was demonstrated. The fit step is diffusioncontrolled. The semnd is characterized by an activation 
ener,qr of -2 kcal/mol and an encounter distance of -8.3 A. 

I. Introduction 

Stacking interactions between nucleobases are one 
of the crucial factors &terming the secondary structure 
of nucleic acids and the dynamics of their conforma- 
tional transitions. Unfortunately, in spite of theoretical 
and experimental efforts of the last 14 years [l] , the 
phenomenon is far from being satisfactorily known_ 

The nature of association forces remains still unclear. 
Information concerning internal stacking equilibrium 
in dinucleotides and single-stranded polynucleotides 

as well as association kinetics is scarce and unprecise. 
Development of experimental techniques (vapour-pres- 
sure osmometry) permitted relatively accurat? studies 

of the autoassociation equilibrium of free molecules. 
But even in this case, the description of the stacking 
equilibrium has usually to be restricted to a rather over- 
simplified form based oil the isodesmic model of asso- 
ciation, 

Further progress in stacking investigations seems to 
depend mainly on the application of new experimental 
techniques. One of them could be the fluorescence 
quenching method. Relative fluorescence quantum 

yields of solutions can be measured with high accuracy 
within a broad range of concentrations [2] _ Quenching 
and selfquenching phenomena are well known, and 
their theory is well developed [3] _ 

Several processes may be responsible for the drop of 
fluorescence quantum yield and concomitant shortening 
of fluorescence lifetime, such as: excitation energy 
transfer, excimer or exciplex formation, electron ex- 
change. Independently of its r;ature, fluorescence 
quenching is always enhanced by association of mole- 
cules, but fluorescence lifetime is usually not shortened_ 

Therefore stacking equilibrium can be determined from 
the fluorescence quenching measurements. Besides, 
some valuable information concerning kinetics of 
stacking process can be obtained in this way. 

The first attempts in this direction have already been 
undertaken. Fluorescence quenching has been used re- 
cently as a measure of intramolecular stacking in dinu- 
cleotides and their model compounds [4-7]_ An at- 

tempt was also made to estimate, in this way, the equi- 
librium constants of association between free molecules 
[S] . Nevertheless, no systematic analysis of the processes 
underlying the phenomenon has been published so far. 
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The aim of the present work, preliminary results of 

which were communicated for the first time a year ago 
[9], was to formulate the theoretical bases of the flu+ 
rescence quenching method and to determine the possi- 

bilities of its practical application. In three, consecu- 
tive parts of the paper the principles of the method, as 
applied to investigation of auto- (this part) and hetero- 
association [lo] of free moiecules and of intramol- 
ecular stacking [III are formulated and its possibilities 
and limitations are discussed. 

As far as pyrimidine and purine bases are concerned, 
excimer formation is responsible, most probably, for 
quenching (12,131. Hence, our theoretical treatment 
is based on this assumptions. Nevertheless, its mathe- 

matical formalism remains the same for any other 
quenching process in which a physical contaci between 
molecules is involved, and so it is applicable in all cases, 
apart from the case of resonance energy transfer. 

2-Arninopurine (2-AP) and its derivatives have been 

chosen to verify the applicability of the method. The 
spectroscopic properties of 2-AP are well known [ 141. 
Its high fluorescence quantum yield and long lifetime 
facihtate the measurements. Besides, 3-AP can some- 
times be used as a fluorescent conformational probe 
[L5,16], so the relationship between its emission pro- 

perties and stacking is of special Interest. 

2. Theoretical 

For partly associated molecules two ways of excimer 
formation are possible: a diffusion-dependent reaction 
between excited and unexcited molecules and excita- 
tion of a molecuIe stacked in its ground state. The fol- 
lowing basic assumptions are made: 

I) Excitafion of a stacked molecule leads with pro- 
bability p = 1 to excimer fomation. 

This assumption holds true if the relative orienta- 
tion of tie associated moIecuIes is the same in their 
grour;d and excited states, or if a necessary reorienta- 
tion i-. fasr as compared with the naturaI lifetime of the 

excited molecule. Separation of the moIecuIes before 
excimer formation may be neglected because it is a re- 

latively slow process as compared with the reorienta- 
tion movement. For such molecules as nucleobases, 
the reorientation time is estimated to be of the order 
of a few picoseconds, so that p is always close tc unity 
for iltiorescence lifetimes longer than 0.1 11s. 

3) Even if excimers of different geometry are formed, 
the probability of dissociation, 7. is equal for al1 of 

them. 
3) The resonance transfer of the excitation energy 

may be neglected. 
The probability of this latter process can be estimated 

from spectroscopic data of the investigated compounds 
i If] . For free nucleobases, nucleosides and their model 
compounds, it is usually close to zero because of either 
a small overlap of the absorption and emission spectra 
or a shoft fluorescence lifetime of molecules [ 131. If 
necessary, a full description of quenching, taking into 
account energy transfer as well, is possible. The problem 

has been discussed recently by Bojarski [ 18,191. 
According to assumptions l-3, all excitation and re- 

laxation processes, together with their rates, can be 
described as follows: 

Reaction 

?VlhV& 

hv 
Y,- E 

M*-+M+~v 

bli* * hi 

M*+Mi+E 

E -+ Bl, 

E-tM,z +hv 

E+M*+M, 

Reaction rate 

Symbols used: M monomer molecule, M,,Mi aggregates 

of Iz or i molecules, where tz 3 2 and i 2 1, Cm = [Ml, 
E excimer, Iabs light absorbed by 1Q ofsolution in moles 
of quanta per second, fi = Z,“,,rra,, [M,] , where an 
parameters describe hypochromicity due to association: 

% = en/e. E and e,z denote the extinction coefficients, 
at the excitation wavelength, of monomers and mole- 

cules stacked in M,z aggregates, respectively. k,, k , ki , 
k ne, k+* and kde are rate constants of the corresp&d& 
processes. 

In steady-state the following relationship are fulfiiled: 
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c 
I -=-+ Flkde absCm +B 

= [&I*] (kp (1) 

and 

= El (kne f k+ f kde)- 

Therefrom: 

(3 

k,, ‘kGe +kde Cm ‘P 

The left hand side of eq. (3) is the monomer fluo- 
rescence quantum yield +_ At zero concentration, the 
fluorescence quantum yield a0 = kpr,,, and fluores- 
cence lifetime ‘O = L/(tP T k,,). Taking into account 

that the excimer dissoclatlon probability 7 = kde/(kGe 

‘kne + ka,) we get: 

The ri&t-hand side of eq- (4) splits into two terms: the 
static 

s = (Cm + P)l(C, f rp) 

and the dynamic one 

(9 

The reciprocal of the former expresses the probability 
that absorption of a quantum leads to the formation 

of an excited molecule M*. The dynamic term, analo- 
gous to the Stem-Volmer equation, describes the dif- 
fusion-dependent deactivation of M* molecules. 

As will be shown in the discussion, k’, values do not 
differ much from one another, and, in most cases, all 
dIffusional quenching processes can be described by 
the common rate constant ke. Denoting the colligative 

concentration d = XT= 1 [MJ and quenching constant 

K=k ego we obtain Rnally: 

IP’O 
F= (1 +xC’(l -7)l ,“-++fp. 

m 
(7) 

Cm and C’ are determined by the concentration C 
and the association constantsK,l = EM,,] /Cm [Cf,i_r] - 

So, eq. (7) expresses the fluorescence quantum yield + 
as a function of C and of the constant parameters K,,, 
K, y, at* and eO. The hypochromicity coefficients DL,~ 
may be found from absorption measurements_ in prin- 
ciple. all other parameters can be calculated by itera- 
tion if the values of the function CP =f(C) art known. 
However, the number of the equilibrium constants 
which can be determined is limited in practice, and de- 
pends on the solubility of the investigated compound, 
its stacking ability and accuracy of the fluorescence 
quantum yield measurements. 

The main problem of the calculations lies in separa- 
tion of the parameters. At low concentrations, function 
(7) is linear (see fig. 1) with a slope: 

Cm+-+ 0 d(@,,/‘P)/d C, = K( 1 - 7) + 3kp,(l - 7). 

(8) 

This value can, thus, be determined quite accurately. 
Nevertheless, separate determination of parameters K, 
K, and y may be difficult. The fraction of stacked mc+ 
IecuIes increases with concentration. The consequent 
increase of the static term S is compensated, however, 
by a decrease of the dynamic term D owing to a drop 
of the colligative concentration C’. Thus, only a Small 
deviation of function (7) from linearity may be obser- 
ved. In such a case, the separation of parameters is 
practically impossible on the basis of fluorescence 
quantum yield measurements alone. This difficulty can 
be overcome by using a quencher method. in the pre- 
sence of a quencher (Br‘ or I- anions, for example) 
the fluorescence lifetime is shortened, and K constant 
decreases proportionally. If the stacking equilibrium 
remains undisturbed, the only effect of the quencher 
will be a change of the dynamic term. Comparison of 
CD =f(C) functions measurefi for solutions with and 
without the quencher leads to the separation of the 
parameters. 
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Fig. 1. Reciprocal of the relative fluorescence quantum yield of 2-AP as a function of concentration at 39.6k The interpolation 
curve w;ts calculated (see text) from eq. (7). The slope of the straight line isgiven by eq- (8). 

3. Experimental 

3.1. Mareriiris arzd merimds 

SAminopurine (SAP) was a Sigma Chemical Co. 
product. The material was chromatagraphically horn- 

geneous and was used without purification. 
The emission and absorption spectra of 2-AP aqueous 

solutions do not depend on concentration and tempera- 
ture. The relative fluorescence quantum yields of the 

samples were hence determined from the intensity of 
the fluorescence signals measured at the apparent maxi- 

mum (370 nm) with excitation at the absorption maxi- 
mum (305 nm). The apparatus and method of measure- 
ments have beeu described previously [2] _ 

The investigated solutions were not buffered. Their 
pH varied between 6.5 and 7.0. In this range of pH the 
fluorescence quantum yield of 2-AP @Ka = 3.5) re- 
mains constant [IS] - 

Absorption spectra were measured with a Gary 118 
spectrometer. For absorption measurements at 305 
nm, an interference filter was placed behind the samples 
to cut off their fluorescence light. 

Z-AI’ fluorescence tifetimes were measured either on 

a single photon-taunting fluorimeter in the Centre de 
Biophysique Mokulaire, CNRS, OrlBans, or by means 
by a phase fluorometer in the Institute of Physics, Po- 

lish Academy of Sciences, Warsaw. The latter method 

is more accurate in the case of short lifetimes, below 3- 
ns. 

3.2. Calculations 

Calculations were made on an Odra 1204 computer 
using a Mincon-20 programme (30) in a version with- 
out derivatives. The programme finds iteratively the 
values of parameters Xi for which the function F(F& 
caicuIated by a procedure given by a user, reaches tts 
minimum. In all procedures used by us, the F(Xi) func- 
tion was the sum of the square relative deviations of 
the experimental points from the corresponding inter- 

polation curve. 
Mathematical analysis shows that there is no more 

than one minimum of the function F(eO, K, K,, 7) if 
the interpolation curve is given by eq. (7) [21]. So, 
there is no more then one set of the parameters aO, K, 
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f;;, and y which do describe properly the observed 
changes of the fluorescence guantum yield with concen- 
tration_ Furthermore, the result of calculation of @,, 

K, K, and y depends but slightly on a proposed model 
of association provided that the model permits to ob- 
tain a good fit of function (7) to the experimental 
data- This latter remark is a consequence of the general 
validity of eq. (8) which was derived without any as- 
sumptions concerning the association model. 

Accuracy, with wh’ch the parameters can be deter- 
mined, depends on a broadness of the function F mi- 
nimum and consequentIy on accuracy of the fluores- 
cence quantum yield measurements and possibIe cou- 
pling between the parameters ( see comments on eq. 

(8)). 
In order to reduce the number of parameters de- 

scribing the stacking equilibrium, it was assumed that 
a11 association constants K,, except +he dimerisation 
one, K,, are equal. Concentration and colligarive con- 
centration of a solution can be described as follows 
[221: 

(9) 

(101 

where K is the polymerisation constant and $A = K,/ii’ 
the cooperativity parameter. 

Potassium bromide is an effective quencher of 2-AP 
fluorescence. The Stem-Volmer law is valid up to a I M 
concentration of KBr in diluted (IO4 mol/Q) as well 
as in concentrated (I.5 X LO-” mol/Q) solutions of 2- 
AP at 20°C. It proves that an association between Br’ 
anions and ZAP molecules does not occur in the ground 
state, and that KBr does not alter the stacking equili- 
brium of 2-AP. These conclusions are in agreement 
with the communications published so far [23,24]. 
Changes of fluorescence lifetime brought about by the 
quencher were proportional within accuracy of mea- 

surements, to the drop of the fluorescence quantum 
yield. For detailed results and discussion of 2-AP fluo- 
rescence quenching by bromide anions see 12 L ] _ 

Tabte 1 

Extinction coefficients of 2-AP aqueous solution 3s a function 
of concentration at 20°C 

C pP ,int &=P 

(16’ mol/<‘) (P/moT* cn;‘) wm0i' cri') (%) 

0.350 6.006 6.051 -0.8 

0.474 6.082 6.049 0.5 

0.917 6.077 6.042 0.6 

1.399 6.050 6.034 0.3 

1.436 6.030 6.033 -0.1 

1.821 6.077 6.028 0.8 

1.856 6.014 6.027 -0.2 

2.173 6.053 6.023 0.5 

2.354 5.995 6.070 -O.-S 

2.546 5.993 6.017 -0.4 

2.695 5.947 6.015 -1.1 

2.933 5.990 6.012 -0.4 

3.299 5.998 6.007 -0.1 

3.315 6.011 6.008 0.1 

3.674 6.014 6.001 0.2 

3.796 5.992 6.001 -0.2 

4.270 5.943 5.996 -0.9 

4.75 3 6.090 5.991 1.6 

eeXP experimental: eint calculated from cq. 1 I for o! =0.97. 

3.4_ Results aud rliscussiou 

a) Hypochromicity coefficients m,,_ Extinction coef- 
ficients of 3-AP aqueous solutions of various concentra- 
tions measured at 20°C at absorption maximum 305 
nm are presented in table 1. column 2. A smaI1 hypo- 
chromic effect of 2-AP association corresponds with 
the previous observations of relatively low hypochro- 

micity in ZAP polynucIeotides [ 161. Only a very small 
drop (ca. 1%) of extinction is observed in the most con- 

centrated solutions. Therefore urI values are cIose to 
unity, and no experimental distinction between them 
is possible. By using a common hypochromicity coef- 
ficient (Y = E,,/E for all aggregates, the observed extinc- 

tion coefficients can be expressed as follows: 

E ohs = E(1 - cy,C,/C -I- ELY 

and 8 factor (eq. (7)): 

p = &(C - Cm)_ 

(11) 

(12) 
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Assuming (Y = 1, we calculated the stacking param- 
eters K and I,?J as described below. Then the C, values 
were found, and Q! = 0.97 was calculated by fitting 
function (11) to the experimental points. This value 
was used in further calculations. The values of the ex- 
tinction coefficients interpolated by eq. (1 l), along 
with the deviations of the experimental points from 
the interpolation curve, are given in columns 3 and 4 
of tabIe I. 

b) Calculation of parameters K, 7, K and $_ 
Two series of 2-AP solutions, which covered the 

range of concentrations lOA to 5 X lo-” mol/e were 
prepared_ One of them consisted of 15 solutions with- 
auf KBr. The other 22 solutions contained KBr in a 
constant concentration of 0.15 mol/!L Relative quantum 
yield of each soIution was measured at ten tempera- 
tures within the range 0.6 to 88_4°C_ For each tempe- 
rature independently, the parameters eo, K, y, EL’ and 
$ were calculated by fitting function (7) to the ex- 
perimental points simultaneously for both series of so- 
fgtions. It was assumed that the ratio of parameters 
@JO/K as weIf as the association constants and y param- 
eter were not aitered by the quencher (see choice of 
quencher)_ 

At aII temperatures perfect fits were obtained. Only 
statistical dispersion of the experimental points was ob- 
served. The mean square deviation of the measured + 
values from the interpolation curves was about 1% and 
in the worst case, at 0.6”C, it reached 1.3%. 

The a0 values calcuIated for the solutions without 
KBr were interpolated with the use of the equation 
found previously [2] : 

Q. = 0.9/{1 f 2932 exp(-6.243 kcal/mol/RT)}, (13) 

Then, taking Go as invariable, the calcutations of the 
other parameters were repeated_ 

For all temperatures y = 0 was obtained. The calcu- 
lated values of K are given in table 2, column 2. The 
fluorescence lifetime of 12 ns was measured in a diluted 
2-AP aqueous solution at 20°C by the single-photon 
counting technique. By means of eq. (13) the lifetime 
7 at other temperatures could be calculated, and con- 
stquently the excimer formation rate constants, ke = 
K/T*, given in column 3 of table 2. 

According to Noyes’ treatment [25], the ke con- 
stant can be expressed as the following function of 
temperature: 

Table 2 
Z-At’ fluores~~~~ce quenching constant K and evcimer formation 
rate constants k, 

Temp. 
(Y) 

0.6 32.66 2.60 2.62 -0.5 32.83 
10.4 43.45 3.5 1 3.49 0.7 43.15 
20.1 53.82 4.43 4.45 -0.4 54.03 
29.9 65.03 5.49 5.5 1 -0.3 6525 
39.6 76.52 6.67 6.65 0.3 76.28 
49.4 87.34 7.92 7.88 0.5 86.94 
59.1 97.I4 9.23 9.19 0.5 96.65 
68.9 105.70 IO.63 LO.58 O-4 105.24 
78.6 112.12 12.03 12.05 -0.2 112.30 
88.4 116.58 13.46 13.60 -1.0 117.78 

#pZp &,exP &id nke*P $nt 

(4 moI-‘) (109) &) C%)” (e moT’) 
(mole1 8; (XII&~ s-t) 

exp - experimental: int - calculated from eq. (14) for 13 = I. 
AE = 2 kcal/mol and p = 8.3 ii. 

The diffusion rate constant kdif is given by the Smolu- 
chowski-Einstein equation: 

g is the steric factor, lu reduced mass of the reacting 
molecules, LIE activation energy, p viscosity of solution, 
pA, pg. rA and rB the diffusion and reaction radii of 
the reacting moIecules A and B, respectively, p =pA f 

43. 
The best tit of function (15) to the experimental ke 

values was obtained for .$ = 1, AE = 2 kcaljmol and the 
product 40 = 8.3 A. Taking into account that the sum 
of Van der WaaIs radii of two ZAP molecules is about 
6 A, the most probable values of the steric factor and 
the encounter distance are v = 1 and p = 8.3 A. The con- 
stants $*’ interpolated in this way are given in column 
4 of tab!e 7- The next column shows the relative differ- 
ences between ke and kp values. 

The etros of p and AE, due to dispersion of the ex- 
perimental points, do not exceed 21 A and a.1 kcaI/ 
mol, respectively. Nevertheless, they may be much 
higher than that because of possible kdip errors. For 
many compounds, the actual diffusion rate constants 
differ significantIy from those calculated by eq. (15). 
We tried to vary the k,, values multiplying them by 



several arbitrary factors, and subsequently recalculated 
p and .&E. The best fit of function (14) was obtained 
for diffusion rate constants calculated directly from eq. 
(IS), but even large deviations from it cannot be ex- 
cIuded_ In any wse, AE is not lower than 1.5 and not 
higher than 3 kcal/mol and p lies between 7 and LO A. 

Let us consider the errors of the K values, due to 
the sjmplification introduced by the assumption that 
all k: constants are the same for ail Mi aggregates. We 
estimated parameter .$ for dimers, trimers and tetramers, 
assuming that the diffusion and reaction radii equalled 
one another and were larger by 2.3 8, than the Van der 
Waals ones. For .&E = 2 kcal/mol, at 0_6OC, the “i V& 

ues are: k 2 = l_OI k’ k3= 1_04k’andk”= 1.06k’ 
Fractionseof collig&e &rcentrat:on cor:espondini’ 
to monomers, diers, trimers and higher agregates are 

0.74,0.17,0.06 and 0.03, respectively, in the most 
concentrated (4.5 10v2 mol/Q) of the investigated solu- 
tions, at 0.6OC. From these data, the difference was 
calculated between constant K for the reaction with 

monomers, and K in the true solution_ It equals 0.6% 
and remains within the error limits of the measurements. 
At higher temperatures and in Iess concentrated solu- 

tions this difference becomes close to zero. 

1n the first. diffusion-control!ed step of e.ucimer forrna- 
tion a transient complex of two molecules separated by 
a salvation layer is formed. So, the encounter distance 
is equal to the sum of two molecular radii puls the soi- 
vation layer thickness. in the second step of the reac- 
tion, controlled by the activation energy of a few kcal/ 
mol, the water molecules are removed. 

The mechanism of association in the ground state is, 
most probably, the same. Only a very small change in 
the activation energy, due to a difference between the 

solvation energies of the excited and unexcited mole- 
cules, is to be expected. Hence. the kc values presented 
here can be considered as 2-AP stacking rate constants. 

In the kist column of table 2 the K~’ constants, cal- 
culated from “> values are presented. They were used 
in further calculations. 

Finally, the stacking constants K and IJ were de- 

termined taking all other parameters found previously 
as established. The calculations were based only on the 
results obtained for soWions containing KBr. In the 
presence of KBr, the dynamic factor D of fluorescence 
quenching is about four times lower, and the stacking 
parameters can be calculated more accurately being 
lezs perturbed by X-, errors. 

Pijrschke and Eggers [22] found an activation ener- 
gy of about 6 kcal/mol for association of N6, N9-di- 

The calculated K2 values are presented in table 3, 
column 2. They can be interpolated quite we11 by the 

methyladenine in the ground state. This energy is sup- Van? Hoff relationship_ The enthalpy and entropy of 

posed by them to be necessary for removing the last dimerization are: Mi, = 4.17 kcaljmol, ?S2 = 
solvation layer of water from between the associating --LO.9 e-u. The interpolation line In K2 = I-( l/T) is 

molecules. Our results seem to support this suggestion. shown in fig. 3 together with the experimenta points. 

Table 3 
SAP dimerizzxtion CK2 1 and polymeriwtion (K) constants 

Temp. K!$SP + int 

COQ 
K2 

(Q m0i') (I? IlloF’) 

0.6 9.59 8.88 
10.4 6.68 6.81 
20.1 5.41 5.33 

20.9 3.96 4.23 
39.6 3.30 3.41 

49.4 2.66 2.78 

59.1 2.28 2.30 

68.9 1.98 1.92 

78.6 1.62 1.62 

88.4 I.45 1.38 

+.&+p 
(70'0) 

8.0 
-1.9 

1.4 

-6.5 
-3.2 

4.5 

-1.2 

3.3 

0.0 

5.4 

+tA$t Kesp +++ ,int A +++APVJ 

(emoi') 

t+&XP 

@J) ternor') (Qmof') (5:) 

9.38 2.2 14.09 14.10 -0.1 

6.91 -3.2 12.80 12.65 I.2 
5.26 2.9 11.62 11.75 -1.1 

4.10 -3.5 11.37 11.23 1.2 
3.29 0.5 10.65 11.04 -3.5 

2.69 -1.1 11.27 11.12 1.3 

2.25 1.2 11.67 11.46 1.8 

1.91 3.7 11.89 12.05 -1.4 

1.66 -2.3 13.14 12.9 1 1.7 

1.46 -0.4 13.93 14.09 -1.1 

exp - eXperimenti; int - calculated from the equations: (t) AC, = 10.9 T - 4170, (++I AG, = -0.0308 ti f 30.3 T -- 7213, (+++I 
aG2 = -0.0797 i-2 + 45.4 T - i%93_ 



in columns 3 and 4 of table 3 the interpolated values 

of K$’ and the relative deviations of the experimental 
K, values from the interpolated ones are given. The 

deviations are not only of statistical character. A better 
interpolation can be achieved by assuming that the di- 

merization free enthalpy is described by the foIIowing 

second-order polynomial: 

AG2 = -0.0308 7-’ + 30.3 T - 7213. (16) 

The values Kint 7- , interpolated in this way, are @en ir, 
column 5 of table 3 and deviations of the experimental 
K, values from the interpolation curve in column 6 of 

this tabte. 
The calculated polymerization constants K are pre- 

sented in table 3, column 7. Changes of K with tempera- 

ture can be desc:ibed correctly only by the second-order 
relationship: 

AG = -0.07971 T’ + 45.396 T - 7893.5. (17) 

The vaiues K’“‘, interpolated by using eq. (17), and the 

relative deviations of the experimental K values from 
the interpolated ones are given in columns 8 and 9 of 

table 3. The function In K = f(l/T), calculated from eq. 
(17), is shown in fig. 2. The function reaches its mini- 

LnK 
t 

mum at about 40°C Above this temperature the en- 
thalpy of polymerization, AH, is positive. At 20°C 
Uf = -1.04 kcaI/mol and U = 1.34 e-u. 

The SAP dimerization constants, as well as dimeri- 

zation enthatpy and entropy, are typical for purine bases 

[I ] . The polymerization constants are higher than the 
dimerization ones. It should be stressed here that the 
isodesmic model (tJ = 1) does not described adequately 

the observed 2-N’ ff uorescence quenching. For this 

model, systematic deviations of function (7) from the 
experimental points were observed, especiaIly at low 
temperature. 

This rest.& agrees with some communications pub- 

lished so far. The data of Mukejee and Gosh for 

methylene blue [26] and those of Magar and Steiner 

for inosine, cytidine and uridine [27] indicate that the 
association of those compounds is also a cooperative 
process. and that the KJK ratio changes with tempe- 
rature approximately in the same way as in the case of 
LAP. 

Relatively high enthaipy and entropy of polymeri- 
zation seem to indicate, as suggested by Mukerjee and 

Gosh [26], that the hydrophobic effect plays a major 
role in stabilization of polymers. The observed changes 

Pip 2. Van-t Hoff plots of 2-AP polymerization (1) and dimerization (2) constants_ The interpolation cuwe.s were calculated 

tiz = -4.17 kcal/mol, AS2 = -13.9 e.u. and AC = -0.0797 T2 + 45.4 T - 7893. respectively. 
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of the thermodynamical parameters with temperature 

may be attributed to the competition between hydro- 
phobic and electrostatic forces which contribute to 

stabilization of agregates. The problem has rectiltly 
been discussed by Piesiewicz et al. [28]. At low tern- 

perature, electrostatic interactions between the stacked 
molecules are particularly pronounced because of 
their negative enthalpy, and determine, to a high ex- 

tent, the relative orientation of the associated mole- 

cuIes_ With increase of temperature, the hydrophobic 
effect, characterized by small positive enthalpy and 
large positive entropy, becomes a dominant factor. 

Consequently, a rearrangement of the stacked mole- 
cules occurs, and the contribution of the hydrophobic 

interactions to the free enthalpy of the association in- 

creases_ Accordingiy, an increase of both entropy and 
enthalpy of polymerization is observed. In the case of 
dimerization the same phenomenon seems to occur 

(see eq. (16)), although it is only little noticeable as 
the hydrophobic effect pIays a less important role in 

dimer stabilization. 
Unfortunately, our results do not permit conclusions 

as to whether the equihbrium constants of trimer and 
higher polymers formation are actually equal to one 
another. If it is not the case, the calculated A’ param- 
eters are Iinear functions of several different equilibrium 

constants, each of them describing a particular step of 

the association. The distribution of the stacked mole- 

cuIes among the various aggregates in a concentrated 
(4.5 X lo-‘mol/Q) 2-AP solution is shown in fig. 3. It 

corresponds to the contribution of the various aggre- 

gates to static fluorescence quenching. If the enthalpy 
and entropy of the association increase systematically 
with the size of the aggregate, the observed temperature 

dependence of the thermodynamical parameters of 

polymerization may be partly due, especiaily above 

60°C, to the increasing fraction of highly aggregated 
molecules. 

4. ConcIusions 

The fluorescence quenching method proved to be 

more sensitive and accurate than any other used so far 

Kg_ 3. Fractions of 2-AP molecules stacked in 1) dimers 2) trimers, 3) tutramers and 4) higher aggregates as a function of tempera- 
ture at total SAP concentration of 4.5 X lCi* moljl. 
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ii. stacking autoassociation dynamics and equilibrium 
investigations. Its accuracy is due to the fact that not 
only the coIligative concentration of a sohrtion (dyna- 
mic term), but also the fraction of unstacked molecules 
(static termj are directly and independently calculated 
from the fluorescence Iifetime and quantum yieId mea- 
surements- Besides, the measured signa depends Iargely 
on association. Actually, if y = 0, the fluorescence of 
stacked moIecules is fully quenched. The advantages 
of the method become obvious when taking into ac- 
count that the stacking equiiibrium constant of 2-AP 
can be determined by vapour-pressure osrnometry me- 
reIy with an error of about 50% because of the low 
soIubility of the compound_ At the available concen- 
trations, it is impassible to measure the 2-AP stacking 
rate constants by any method used so far_ 

The accuracy of the fluorescence quenching method 
makes possibIe rejection of rather rough simpIifications 
of the isodesmic model and separate determination of 
the equilibrium constant of at Ieast one singIe step of 
the association, nameIy the dimerization constant. 

The limitations of the method will be discussed in 
the third part of this work [l I] _ 
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