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Acoustical relaxation properties of aqueous solutions of 6-methylpurine have been studied using broadband
ultrasonic spectrometry in the frequency range-2@00 MHz. Excess attenuation with relaxation characteristics

was found near the lower limit of the measuring range and also around 100 MHz. The former relaxation
process has been assigned to the proton exchange of the ampholytic 6-methylpurine solutions, yielding
reasonable rate constants, e.g., 2.10° s dm?® mol~? for the ionization and 6< 10° st dm?® mol~* for the
neutralization at neutral pH. The high frequency relaxation process has been discussed in terms of a sequential
and a random isodesmic reaction scheme of stack formation. Similar rate constants have been found for both
models, e.g., 5 10° and 2.5x 10° s™* for the association and dissociation constant of the sequential reaction
scheme, if cooperativity effects are neglected. There are, however, indications of weak cooperativity in the

stacking.
Introduction an isodesmic reaction scheme
In water purine bases and mononucleosides associate, forming q
stacks of molecules, which are primarily stabilized by hydro- N, + N, i Ny 1=1,2, .. (1)

phobic effects. Stacking is of considerable significance to the
molecular basis of life because it constitutes the dominant ) ) ‘ ;
interaction maintaining the secondary structure of DNA and WhereN; denotes a multimer made bmonomers ané; andk;
other biopolymera:2 Irrespective of its relevance in biology, ~&re the forward and reverse rate constants, respectively.
stacking is also of substantial interest for our understanding of Acoustical spectrometry has proven to be a powerful tool to
entropy-driven aggregatidnin water in general. Stacking investigate the coupled_reactlons of the_ r_’mcelle formation/
aggregation seems to be uniquely restricted to aqueous solutionsdecay ° and of the stacking aggregation/disintegratfot® as

The polyaromatic rings with hydrophilic groups substituted well. Ultrasonic attenuation measurements in .the frequency
at the periphery represent a class of partly hydrophilic and partly "ange 16-100 MHz, aiming at the self-ass9f|at|on Iif,N°-
hydrophobic molecules contrasting with the more common dflme.thyladenlne in water(= 45.6 dn# mol 5 ref 10,K =
amphiphiles that form more or less globularly shaped micelles k/ki, i = 2, 3, ...), revealed excess spectra slightly broader than
in water4-6 The latter are characterized by an effective number theoretically predicted for a Debye-tyfSerelaxation with
f(i) of monomeric chains exposed to water<( 1, 2, ...) that discrete rela>_<ati.on time. The data have been discus;ed in terms
display a relative maximum at a certain aggregation nurnber ~ Of @ sequential isodesmic scheme of coupled reactions (eq 1),
While f(1) = 1, initially (i) increases less than proportional assuming an identical equilibrium consténtor all steps except
W|th | because the hydrocarbon Chains are protected from fu" the dlme”za“oﬁ'o U|tra80nIC attenuat|on and Sound Ve|OCIty
contact with water due to aggregation. At high aggregation dispersion data, for aqueous solutions\5\°-dimethyladenos-
number, when the micelle reaches a spherical shape with theine (K = 22.2 dn? mol™, refs 10 and 17) measured between
headgroups densely packed on the Surface and Wlth theOS and 36 MHz indicated a Single I’elaxation term W|th discrete
hydrocarbon chains hiddef(j) decreases back to finally reach ~ relaxation time'? It has been analyzed by assuming a random
zero. With the p0|yaromatic rinQS, however, the entropy isodesmic association/dissociation model in WhiCh, different

decrease, resulting in aqueous solution from a single disk or from eq 1, each aggregate is allowed to combine with any other
from a stack of disks' remains almost the same. This is one and in which the rate COﬂStantS, reaction V0|umes, and
particularly true in the extreme case when the peripheral €nthalpy changes are assumed to be independent of the size of
cylindric surface of disk-shaped molecules is hydrophilic and aggregates. Interestingly, self-association of aliphatic hetero-
the upper and lower faces are hydrophobic. In this case thecyclic p-dioxane in water has been treatedh terms of the
function f(i) would be constant, equal to 1. The shape of the Romanov-Solov'ev model of local fluctuations in the con-
function f(i) determines the character of aggregation, which, centratiod®! rather than a reaction scheme based on stoichi-
basically, for both classes of molecules is treated in terms of ometrically well-defined aggregates. Ultrasonic attenuation
spectra in the frequency range 450 MHz of aqueous solutions
* Corresponding author. E-mail: uka@physik3.gwdg.de. of 6-methylpurine K = 6.7 dn? mol~%, refs 10 and 17) have
IADAQEE?SlaPr?glf—%asﬁﬁ??fn L’:)St'tUt (DPI). been discussef,again assuming a sequential isodesmic model
, with the equilibrium constari, = K//K; different from that of
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Considering the different models for stacking aggregation, 300 — — .
the question arises whether the experimental accuracy and the . "\
available frequency band in the previous ultrasonic measure- 2001 310 \ )
ments have been adequate to clearly prove the underlying  10!52m! §0.3 w

relaxation time distribution. This is particularly true because

. . . 100 f 2 y

proton-transfer reactions may also contribute to the sonic spectra ~ N
of the aqueous solutions of cyclic bases. The ultrasonic g
attenuation data for aqueous solutions of purike<(2.1 dn?# 50 F .
mol=1, refs 10 and 17) have been evaluated assuming a
predominant protolytic reaction and only a small effect from 30 | A+B -

. . . . . B e otfencsy m_A_“\\ —t
solute dimerizatiod! Because of the far-reaching conclusions ~ |F----=-m e S

drawn from the ultrasonic spectra and in view of the more recent 20

significant development in the experimental technicf#es jt 0.0 03 1 3 10 30 100 300MHz3000

seemed interesting to perform a broadband acoustical relaxation v

study of the 6-methylpurine/water system. This partly hydro- Figure 1. Frequency normali_zed ultrasonic attenuation_spectra for
phobic and partly hydrophilic base clearly stacks due to gqoezusoﬁo?gggh(yl?L(J)m11§55r(1)qlgrgrr:&(?g)) %t;"#qrof‘éﬁ?g”(t:’;tggsﬁgl
hydrqphObIC effects On!y' Hyd.rOgen bonds betvyegn 6-meth- dm=3. For the'Iast solution the d’ata are also dis;’)layed as excess
ylpurine molecules are impossible because of missing H-bond attenuation per wavelength in the inset.

donating sites. To inspect potential contributions from proton

exchange to the spectra, one 6-methylpurine solution has been Sound Velocity MeasurementsAt frequencies < 20 MHz
additionally measured at small pH. Also spectra of a purine the sound velocitycs of the samples has been derived from
solution have been recorded at two hydrogen ion concentrationssubsequent resonance frequencies and the sonic path length of

for comparison. the cells, taken into account the nonharmonic resonance
frequencieg€? These data have been confirmed by results from
Experimental Section the traveling wave transmission method at small transducer
separation, resulting in a characteristic waviness of the output
AqueOUS SOlUtiOﬂS.G-MethylpUrine é98%, AldriCh, Tauf- Signa]s due to mu|t|p|e reflections.
kirchen, FRG), purinex99%, Fluka, Taufkirchen, FRG), and Experimental Errors. The temperatur& of the samples was

HCI (p.a., Merck, Darmstadt, FRG) have been used without controlled to within+0.03 K and it was measured with an
further purification. Water was deionized by bed ion exchange, accuracy of+0.02 K. Temperature gradients and differences
additionally distilled and sterilized by UV irradiation. AqUGOUS in the temperature of different cells resulted in an estimated
solutions were prepared by depositing preweighed amounts oferror of less than 0.1% in the data of the liquids. Fluctuations
the organic constituent into suitable flasks and adding water up in the frequency of the sonic signals were smaller than 0.01%.
to the fiduciary mark. Some samples have been obtained by Their effect in thea values has been neglected, and in the
dilution of more concentrated solutions. Acidic Samp'es have regression ana]ysis of the measured Spectra/th&lues have
been prepared by potentiometric titration. The densiof the been considered to be accurately known. Ultimately, the
liquids was determined pycnometrically. The shear viscogity  experimental errors of the attenuation coefficient data depend
was measured using Ubbelohde capillary viscometers (Schott,on the frequency and on the values as well. From repeated
Mainz, FRG), which had been calibrated against deionized and measurements of the same samples and from overlaps of
degassed water. segments of spectra obtained with different methods and cells
Ultrasonic Attenuation Spectrometry. The ultrasonic at- they may be globally characterized to be
tenuation coefficient of the liquids has been measured in the »(MHZ) 0.1-03 033 3-20 20-30 50-300 300-500 1006-2000
frequency range 200 kHz to 2 GHz using three different methods pqq 01 005 002 005 001 0.03 0.01
and nine different specimen cells. Between 200 kHz and 20
MHz a cavity resonator method, specially designed to small The relative errors in the sound velocity akeJ/cs = 0.005.
sample loss, was employed. This yields the liquid attenuation
coefficient relative to a reference liquid of carefully adjusted Results and Analytical Description of Spectra

sound velocity and degsiﬂ?;% A new biconcave reflector In Figure 1o/v? spectra for 6-methylpurine solutions at four
resonator (0.21.5 MHz*) and three biplanar resonator cells - concentrations are shown at 2. To accentuate its high
(1—20 MHz?) were available at the DPI. These cells mainly frequency part, the spectrum at the highest 6-methylpurine

differ from one another by the fundamental frequency of content is also presented in the format= (a/v?)(cev). Excess
thickness vibrations (4, 8, and 10 MHz) of the quartz transducer gitenuation

disks used as transmitter and receiver. At the MPI another

biplanar resonator was employed for measurements between 1 (0d)gye=04 — By 2

and 3 MHZz28 In the frequency ranges from 7 to 30 MHz and

80 to 400 MHz a fixed path céfl and a variable path length is shown in the diagram because the asymptotic high frequency
cell 28 respectively, were used at the MPI to determinfrom contributionBv to the spectra is of less interest here.

the decay in the amplitude of pulse modulated waves through All o/v? spectra approach a frequency independent high
the sample. The former method again yields the attenuation frequency valueB' = lim,—.(a/v?) = Blcsatv > 1 GHz. At
coefficient relative to the reference, the latter allows for absolute lower frequencies the/v? values excee®', clearly indicating

o measurements. Absolute determinations of the attenuationrelaxation phenomena. This is even true at the lowest 6-meth-
coefficient at variable sample length were also performed at ylpurine concentrationc(= 0.025 mol dnt3) for which the low

the DPI utilizing an ultrasonic cell in the frequency range-50  frequency data lim-g(o/v?) exceedB' by A' = 2 x 10715 &

500 MHZ? and a hypersonic cell at frequencies between 1 and m~1 (Figure 1). At higher base content two dispersion phenom-
2 GHz30 ena (df/v?)/dv < 0) emerge, one with a relaxation frequency
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1000 . , . . TABLE 1: Sound Velocity ¢cs and Parameters of the
101562’} 103_3 Relaxation Spectral Function (Defined by Eq 3) for Aqueous
500 | . 03 a | Solutions of 6-Methylpurine at Different Temperatures and
£ \\//\ Concentrations
300 -\ €003 N7 1] C,mis 10°A; 1,ns 1C°A; 1,ns B, ps
o, 200 0,003 2 T°C ¢, moldnr® +£0.5% +£25% +50% +2% +20% +0.3%
< 01 1 10 100MHz10000
3 100t v : 20 0025 14834 013 38 37.22
20 0.040 1484.0 0.27 34 3722
sl 0\%\\ - 20 0.070 1485.1 0.51 33 37.75
20 0.145 1488.1 14 687 1.13 29 37.72
30 . ——axo— ] 20 0.201 1490.4 31 947  1.48 2.7 38.35
20 : ek e fo— 20 0.40 14995 59 809 2.80 2.1 40.20
0.1 1 10 100 MHz 10000 20 0.50 1504.8 84 743 3.61 1.8 40.38
v 20 0.60 1510.7 133 985 4.16 1.6 41.49

. ; : ; 25 0.40 15105 44 211 3.05 14 34.18
Figure 2. Frequency normalized ultrasonic attenuation spectra for 30 0.40 1521.3 52 338 3.10 12 2966

ageuous solutions of purine®( 0.625 mol dm?, 25 °C) and

6-methylpurine ©, 0.6 mol dnt3, 20°C). In the inset, the spectrum of +HCI, pH=2
the purine solution is also shown in the formefl)ex: vs v. 20 0.55 1530.3 584 18 0.54 1.0 37.75
500 . — — — : Herein A and 7j = (2mvr)™% | = 1, 2, are the relaxation
10552 m’] 3000 amplitudes and relaxation times, respectively, anek 27v.
300 10em 1 The parameter values of eq 3 have been obtained from nonlinear
200 2 100 \\ . least-squares fitting procedures, minimizing the reduced variance
E0] S S,
. N
100 ) 1 2 2
> X = Wy [(M)meaivn) - (M)mode(vnvgp)] 4)
= N—1-PE&E
50
30 Hereinv, (n = 1, ...,N) are the measurement frequencigs,
20 (p = 1, ..., P) are the adjustable parameter8i)measis the
0.1 3 100 MHz 3000 measured valuep@)model COrresponds to the model relaxation
\Y spectral function, anév, = 1/A(al)(vy) is a weighing factor,
Figure 3. Comparison of ultrasonic spectra for aqueous solutions with assumed to be inversely proportional to the experimental errors.
(closed symbols, pH= 2) and without (open symbols, pH 6.8) HCI Along with the sound velocities the parameter values for the
added: 6-methylpurine, 2T, (O) 0.6 mol dnT®, (@) 0.55 mol dn?; 6-methylpurine system, as found by the nonlinear regression
purine, 25°C, () 0.625 mol dm?, (a) 0.50 mol dn®. analysis of the spectra, are presented in Table 1.

vrz at around 100 MHz, the other one with relaxation frequency piscussion

vr1 In the low frequency part of our measuring range or even . . . o
below this range. Both relaxation regions are also revealed by _Proton Exchange.Previous studies of the stacking kinetics
relative maxima in the excess attenuation per wavelength Of purine bases in watér**have revealed ultrasonic relaxations
spectrum. in the 10-100 MHz range, corresponding to our high frequency

Figure 2 shows the/v? spectrum of the most concentrated relaxation term (“2"). Because stacking aggregation is character-
6-methylpurine solutiong(= 0.6 mol dnT3), in conjunction ized by a unimodal size distribution in which, contrary to
with that of the purine solution with an additional similar base Micellar systems, the dip for small (oligomeric) aggregates is
content € = 0.625 mol dm3). The latter spectrum likewise missing? no low frequency relaxation due to the formation and
displays two relaxation regions, as also illustrated by the plot decay of aggregates is thus expected to exist. Such relaxation,
of data in the €)exc format given in the inset of Figure 2. The with relaxation time on the order of milliseconds and seconds,
amplitude of the low frequency relaxation, however, seems to "eflects the formation and decay of aggregates in the spectra of
be larger for purine than for its derivative, whereas that of the Micelle solutions~32in addition to the fast monomer exchange

high frequency relaxation is significantly smaller for purine than With refaxation time on the order of nanoseconds and micro-
for 6-methylpurine. seconds. For this reason, we suggest that the low frequency
The effect of an enhanced hydrogen ion concentration is '€laxation term in our spectra, emerging below 1 MHz in the
displayed in Figure 3 where thev? spectra for 6-methylpurine neutr_al solutions (F|gure_343), represents a proton tr_ans_fer
and purine (insert) solutions without and with HCI added are reaction of the ampholytic solute. Though such reaction is of
shown. For both cyclic bases the reduction in the pH leads to Minor interest here, proton exchange is briefly discussed to
a significant reduction in the amplitud and relaxation time ~ Verify this assignment. _ o
11 = (27vg1) ! of the low frequency relaxation term. Simulta- In principle, 6-methylpurine (MP) is capable of an anionic

neously, the amplitude of the high frequency relaxation term (MP®) and a cationic (MP) form, as illustrated by Figure 4. In
in the spectrum of the 6-methylpurine system decreases@dueous solutions the scheme of coupled protolysis, hydrolysis,
substantially. and proton exchange reactions governs the conversion of these

To apply for the above findings, the ultrasonic attenuation SPecies. Because of the small content of hydronium and
spectra have been represented by a sum of two Debye-typelydroxylions of the neutral 6-methylpurine solution, its kinetics

relaxation terms and the asymptotic high frequency term is dominated by proton exchange between the ampholytic
molecules. For simplicity, we consider this reaction largely

AT, AwrT, decoupled from the protolysis and hydrolysis at #6.8 and
= 5 > 2+ Bv 3) neglect activity corrections even at rather high solute concentra-
1+t o7 1+, tions. Using the nomenclature of Figure 5 the ultrasonic
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Figure 4. Ultrasonic excess attenuation spectra of the 6-methylpurine
solutions given in Figure 3:Q) pH = 6.8; @) pH = 2. Also shown

are the anionic, cationic, and neutral forms of the ampholytic
heterocyclic solute.

MP + MP® + H;0%
Protolysis

ku// Koy k3,2\\’k23
ki3

MP®+ MP® + H,0 E—A MP + MP + H,0
31
Proton Exchange

k41\lk]4 k43//k34

MP®+ MP + OH®
Hydrolysis

Figure 5. Reaction scheme accounting for the different proton
exchange processes of ampholytes in water.

relaxation rate is then related to the concentrations of the specie
as

T_llz 1([MP?] + [MP?]) + k;,2[MP] ®)

where [MPP] = [MP®] (<[MP] ~ c). With the equilibrium
constant

Ky = kyoks; = [MPIMP?]® (6)
the reverse rate constant may be expressed as
kay = (2[MPzy(1 + [MPY[MP®]) ™ 7

The amplitude?; of the ultrasonic relaxation process is related
to the isentropic reaction volun&Vs; = AV — apAH1/pcy
as

_AV5127TrlcsooP

RT (8)

1
where AVt is the isothermal volume change andH; is the
enthalpy change accompanied by the process. Furtherapre,
denotes the coefficient of thermal expansicythe specific heat
at constant pressures, the sound velocity at frequencies well
above the relaxation frequency, afida stoichiometric factor
which, for the reaction under consideration, is given by

I, =2(MP] ™ +[MP] ) (9)

Polacek et al.

exchange process. For an estimate we A¥e? = 1100 cn¥/
mol? as resulted for the protolysis of triethylamine N(gN
at 25°C 33 in close agreement withVs2 = 720 cnf mol? for
the dissociation/neutralization of wat®rOn this conditions,
I't = 4 x 10~* mol dm 3 results and thus [Mf = [MP®] =
8 x 10~* mol dm3, yielding the reasonable valu&s = 5.6
x 1 ka1 = 1.1 x 10° s~ dm® mol~%, andks; = 6 x 1B st
dm?® mol~? for the equilibrium constant and the rate constants,
respectively.

At pH = 2 protolysis may be considered to be decoupled
from the other reactions of the complete scheme. Because the
concentration of the anionic species %R only small, step

k
MP® + H,0 == MP + H,0° (10)
ka1
has to be taken into account. Hence
1
7_1 = 21([H3O®] + [MP]) + Ky, (11)
where
Ky = Kay/ky, = [MPPJ/([H ;0 [MP]) (12)
and
[, ' =[MP® ™+ [H,0% "t + [MP] ! (13)

Analogous application of the above procedure for the proton
exchange, using the same isentropic reaction volume, yiields
= 1.5x 10° dm® mol™, kp; = 1.5 x 10" dm® mol~* s, and
ki2 = 10° s71, which is again a reasonable result.

We conclude that the low frequency relaxation of the neutral

Ssolution of 6-methylpurine and of purine in water may be

assigned to the proton exchange between the molecules of
ampholyte. If HCl is added to the solutions, protolysis dominates
the reaction kinetics and because of the considerable concentra-
tion of hydronium ions at pH= 2, the relaxation rate; ! of

the proton-transfer becomes much larger (eq 11). Therefore the
low frequency relaxation process is shifted toward higher
frequencies (Figure 3, Table 1). Brennan and Kustin, studying
the hydrolysis branch of the coupled reaction scheme (Figure
5) at pH= 9.88, found even higher relaxation frequendies.
We mention that a full account of the hydrolysis of 6-meth-
ylpurine and purine has to also consider coupling of the proton
exchange reaction to the stacking process and, additionally, the
fact that the ampholytes offer three nitrogen lone electron pairs
for the association of protons. For this reason, the equilibrium
(10), in principle, has to be completed:

MP + 3H,0° = MP® + 2H,0® + H,0
= MP*® + H,0° + 2H,0

= MP*® + 3H,0 (14)
Because of the repulsive forces of electrically charged 6-me-
thylpurine molecules, however, formation of KfPand par-
ticularly of MP® is unlikely 34

Stacking. Essentially two different models of stacking
kinetics of heterocyclic bases have been discussed in the
literature. In the sequential modgbnly monomers can associate
to or dissociate from larger aggregates, as represented by the
isodesmic reaction scheme given in eq 1. Identical equilibrium

We do not know the volume change associated with the proton constantK = K;, i = 2, 3, ..., have been assumed for all steps
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in the coupled scheme of reactions, except the dimerization
(i = 1). For this particular step, to account for cooperativity
effects, allowance was made for a modified stability constant
BK, whereg is a cooperativity parameter. The sequential model
has been extended for the effect of “attenuated” equilibrium
constants, varying as
K, = Ki/i i>2 (15)

again allowing the association constant of the dimerization to
vary independentl§? The attenuated equilibrium constant model
predicts a relaxation time distribution in the acoustic spectra. It

has been particularly introduced because the available data

pointed at an underlying relaxation time distribution in the
ultrasonic spectra of solutions of 6-methylpurine in waftéefhe
broadening in the measured spectra was probably due to
experimental errors, because later measurements\,x’-
dimethyladenin® and onN,5Né-dimethyladenosiné in water,

like ours on aqueous solutions of 6-methylpurine, did not reveal
indications of an underlying distribution of relaxation times.
The high frequency relaxation in our broadband ultrasonic

J. Phys. Chem. A, Vol. 108, No. 10, 2004871
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Figure 6. Squared relaxation rates 2 (®) and relaxation rates, *
(O) of the high frequency relaxation process versus 6-methylpurine
concentratiorc.

attenuation data can be well represented by a discrete relaxation

time, thus suggesting one degenerate sequential associatio
model = 1).

Alternatively, a random isodesmic association model has been
proposed? which includes the formation and decay of an
aggregate from or into, respectively, any two smaller aggregates

K

Ni+|\|j=K—G'L|\|i+j =12, .. (16)

=5x 10 sl K=8dnm mol? andk = 4 x 10° dn?®
mol~! s~ if the random isodesmic model (eq 17) is assumed,
andk, = 2.5 x 108 s, K =20 dn? mol%, andk = 5 x 10°
mol~1 s~ on assumption of the sequential isodesmic model.
Ther,~1 versusc relation also given in Figure 6 exhibits a linear
behavior up to the highest concentration of this study. This
finding possibly indicates a cooperativity factor smaller than
one, becausepctends towardc if S approaches zero and,
consequently, eq 18 predicts a linear dependeneg éfupon

The random isodesmic model has been shown to also predictc. A 5 value smaller than 1 implies cooperativity effects in the

ultrasonic spectra with a discrete relaxation timé{j"if= ki, at
i =j and -f;r = k;,/2, itis related to the forward and reverse rate
constant &$

1, 2 =kkc+ k4 =Kk(1+ 4Kc)/4 17)
The sequential isodesmic model (eq 1) yié¥ds
T, '=2kc, + k (18)
whereks = K, k. =K, i =2, 3, ..., and
B B B BIN]
o= YINI=INJG - P + 70y (19)
The total 6-methylpurine concentration is given by
BIN]
C=[NJA =)+ —— (20)
! (1 KIN.D)®

Hence, if = 1 is assumed and thks= K, k = K, i =1, 2,

C, = ((1+ 4Kc)™ — 1)/(2K) (21)

follows and

7, 2= dkke + k? = k(1 + 4Kc) (22)
The squared relaxation rates2 of the high frequency
relaxation of the 6-methylpurine solutions are displayed versus
solute concentratior in Figure 6. Up to 0.4 mol dr? the
experimental data in fact define a linear relationship, yielding

formation of larger stacks because the formation of the dimer
is less favored than the other steps in the coupled reactions.

Conclusions

The Debye-type relaxation terms in the broadband ultrasonic
spectra of aqueous solutions of 6-methylpurine reflect the proton
exchange between the ampholytic polyaromatic ring molecules
and their formation of stacks. At neutral pH the ionization and
neutralization rate constant of the proton exchange reaction have
been estimated dg; = 1.1 x 10 s 1 dn® mol~! andk;s = 6
x 1 s71 dm? mol~, respectively, corresponding with an
equilibrium constank; = kjg/ks; = 5.6 x 10P. At low pH the
proton exchange between the ampholytic molecules is masked
by protolysis, characterized by the significantly larger rate
constantso; = 1.5 x 10 dmP molt st andk;; = 1P s as
well as by the equilibrium constai, = kai/kiz = 1.5 x 10°
dm® mol~1. The relaxation term that reveals the stacking can
be discussed in terms of a sequential isodesmic reaction model
and also of a random isodesmic model. If cooperativity effects
are neglected, similar forward rate constants follow for both
association models = 5 x 10 dm?® mol~! st if the sequential
model is assumed arg= 4 x 10° dm® mol~! otherwise. The
reverse rate constants differ by a factor ofke= 2.5 x 1C8
s1 for the former and, = 5 x 1C® s7! for the latter model,
yielding K = ki/k, = 20 dn?¥ mol™* andK = 8 dn® mol,
respectively. There are some indications for cooperativity,
favoring the formation of large aggregates compared to the
formation of dimers.
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