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ABSTRACT: The binding of pyrene to a series of polysoaps of increasing hydrophobicity, the alternating 
copolymers of maleic acid and alkyl vinyl ether (alkyl = butyl, hexyl, decyl, dodecyl, and hexadecyl), has been 
investigated by spectrofluorometry and fluorescence decay time measurements, at constant pyrene 
concentration (=5 X 10-7 M) as a function of the polysoap concentration and degree of neutralization. The 
plots of the ratio 11/13 of the intensities of the first and the third vibronic peaks in the pyrene fluorescence 
emission spectrum against the polysoap concentration were found to have the sigmoidal shape expected for 
the binding of pyrene to the hydrophobic microdomains present in the polysoap solutions. The same was 
true for the results of fluorescence lifetime measurements. The quantitative analysis of the 11/13 data required 
use of a polysoap concentration-dependent binding constant and allowed us to estimate the fraction of alkyl 
side chains not involved in the formation of microdomains. The concept of cmc in polysoap solutions was 
discussed in light of these results. Finally, the fluorescence lifetime data were used to infer information on 
the dynamics of polysoaps in solution. 

1. Introduction 
Polyamphiphiles, also called polysoaps,'I2 are polymers 

or copolymers, ordered or disordered, where some or all 
repeat units are amphiphilic. In aqueous solutions 
polyamphiphiles form hydrophobic microdomains which 
have some of the properties of micelles of conventional 
amphiphiles, as for instance the capacity of solubilizing 
water-insoluble compounds.'" It is generally accepted 
that polyamphiphiles have a zero critical micelle concen- 
tration (crnc) on the ground that since the local concen- 
tration of repeat unit hydrophobic groups is very large, it 
results in the formation of hydrophobic microdomains, 
however small the stoichiometric concentration of the 
polyamphiphile.l-' A largely unsettled problem is that of 
the value of the fraction of repeat unit hydrophobic groups 
involved in microdomains. There have been attemptsa10 
to determine this fraction, but this issue was sometimes 
neg1e~ted.ll-l~ 

This paper describes an attempt to evaluate these 
fractions in the case of a series of polyamphiphiles of 
various hydrophobicities. These polyamphiphiles are the 
much investigated alternated copolymers of maleic acid 
and alkyl vinyl ether,a10J4-19 of general chemical formula: 

+FH-CH -CH~ -CH 

OPC\OH o&c\oH I 0 I +w 

I 
CfiZX+ 1 

where DP is the degree of polymerization. These copoly- 
mers are referred to as PSX below. Their hydrophobicity 
can be controlled by adjusting the degree of neutralization, 
a, of the maleic acid moiety (at a = 1, the two CO2H groups 
are neutralized) and the carbon number, X, of the alkyl 
side chains. An extrinsic fluorescence probe, pyrene, was 
used to detect the presence of hydrophobic microdomains. 
Recall that pyrene is a much used fluorescent probe owing 
to its very low solubility in water, the long lifetime of its 
excited state, the large number of quenchers of its 
fluorescence, and the sensitivity of its fluorescence char- 
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acteristics to the polarity of ita immediate environment.20121 
Pyrene has been extensively used for the study of 
microheterogeneous systems, such as micellar  solution^^^^ 
and, more recently, polyamphiphile ~ o l u t i o n s . ~ ~ ~ ~ ' 2 6 ~ ~ ~  

In the present study, the binding of pyrene to the 
polysoap microdomains was investigated by spectrofluo- 
rometry and fluorescence lifetime measurements. 

The measurements reported below involved three 
copolymers, PS10, PS12, and PS16, which have a well- 
characterized polysoap behavior, Le. low viscous solutions 
even at  moderate concentrations and a viscosity increasing 
with concentration in the whole concentration range (no 
maximum).17J8 We also investigated two copolymers, PS4 
and PS6, which behave like polysoaps at  low a and like 
polyelectrolytes a t  higher a.15J6 The conformational 
transition from the compact polysoap conformation to the 
extended polyelectrolyte conformation takes place in a 
fairly narrow range of a values, when the electrostatic 
repulsions between charged groups dominate the side chain 
attractive interactions.9Jl 

Our results permitted us to obtain estimates of the 
fraction of alkyl side chains involved in the formation of 
microdomains in aqueous PSX solutions, as a function of 
a and X ,  and to discuss the meaning of the cmc in solutions 
of polyamphiphiles. 

2. Experimental Section 

Materials. The sample of purified pyrene was the same as 
in previous investigations.SJ9 

The aqueous solutions of poly(maleic acid-co-alkyl vinyl ether) 
a t  the proper degree of neutralization by NaOH were prepared 
from the corresponding poly(maleic anhydride-co-alkyl vinyl 
ether) as described?JD The origin and purification of these 
copolymers was r e p ~ r t e d . ~ J ~  The molecular weights of the PSX 
were not known but are believed to be above 50 OOO in view of 
the values of the degrees of polymerization of the corresponding 
poly(ma1eic anhydride-co-alkyl vinyl ether). These degrees of 
polymerization were determined as part of this work by light 
scattering measurements and found to be 260,700, and 4000 for 
PS4, PS12, and PS16, respectively. The concentration of PSX 
solutions is expressed in moles of repeat unit per liter. 

Methods. The fluorescence emission spectra of pyrene 
solubilized in the investigated solutions were recorded using a 
Hitachi F4010 spectrofluorometer in the range 350-500 nm at an 
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Figure 1. Variation of I1/Zs with Cps at various a's for (A, top left) PS4, (B, top right) PS6, (C, middle left) PS10, (D, middle right) 
PS12, and (E, bottom) PS16. The broken line curves represent the best fits of the binding eq 3 to the data, assuming a single binding 
constant. In Figure 1E the continuous curves represent the best fits of eqs 3-5 (Cps-dependent binding constant) to the data. 

excitation wavelength of 335 nm. The ratios Zl/Zs of the 
fluorescence intensities of the f i s t  and third vibronic peaks were 
then calculated. This ratio gives a measure of the polarity of the 
pyrene microenvironment.20s21 

The lifetime of the pyrene excited state was determined using 
the single photon counting technique.s*= The excitation and 
emission wavelengths were 335 and 381 nm, respectively. The 
decay curves were fitted to a sum of exponentials (see below) 
using a weighted least-squares p roced~re .~  

Pyrene was solubilized into the investigated solution as follows. 
The proper amount of a stock solution of pyrene in ethanol was 
introduced in a volumetric flask and distributed over the flask 
wall. The ethanol was evaporated under a stream of air, the 
PSX solution was introduced, and pyrene was solubilized by 
magnetic stirring for a t  least 12 h. The pyrene concentration 
was always about 5 X 10-7 M, a value slightly lower than its 
solubility in water.B 

Aerated solutions were used throughout in spectrofluorometry. 
Lifetime measurements involved solutions deaerated by three 
freeze-pump-thaw cycles. 

All experiments were performed at 25 "C. 

3. Results 
Parts A-E of Figure 1 show the plots of the  ratio 11/13 

against t h e  copolymer concentration, Cps, for PS4, PS6, 
PS10, PS12, and PS16 at various values of the degree of 
neutralization a. In all instances Id& shows a sigmoidal 
decrease upon increasing Cps. As in fluorescence studies 
of aqueous solutions of similar copolymers27 a n d  of block 
copolymers22 the  decreases of 11/13 stretch over a range of 
concentrations of more than  two decades. Besides, the  
plots are  shifted to larger concentrations upon increasing 
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a for a given polymer and upon decreasing side chain 
carbon number X for a given a, i.e., when the copolymer 
becomes less hydrophobic. The effect of a on the shift of 
the 11/13 plots becomes more important as X is decreased. 

"these sigmoidal curves 
have the shape anticipated for a binding isotherm plotted 
semilogarithmically". In the present case pyrene would 
bind to the microdomains. On the basis of results for the 
binding of pyrene to micelles of conventional s ~ r f a c t a n t s , ~ ~  
the binding constant K is expected to increase with X or 
upon decreasing a, as the microdomains are then larger.9 
The interaction of pyrene with the microdomains can also 
be viewed as a partition of pyrene between microdomains 
and water. In dilute solutions, as in the present study, the 
partition coefficient Kp is related to the binding constant 
according to 

As noted by Wilhelm et 

Kp = 55.5K and K = CFy/qy(Cps + CFy) (1) 

where CFy and C:y are the concentrations of pyrene in the 
microdomains and in water, expressed in moles per liter 
of solution. CF can be determined (see below). It has 
been found to $e much smaller than Cps and has been 
systematically neglected in the calculations. 

At  high Cps, 11/13 becomes constant and its values show 
a small decrease as X is increased. For instance, a t  a = 
1.00,11/13 is equal to 1.11,1.05, and 1.00 for PS10, PS12, 
and PS16, respectively. Similar changes were found at  a 
= 0, indicating a more hydrophobic environment as X 
increases. 

Changes in the pyrene excitation spectra a t  A,, = 335 
nm were found to correlate to the variations of 11/13. As 
in the Wilhelm et al. study22 the absorption maximum 
occurred at  333 nm when pyrene was solubilized in water 
(high 11/13) and at  339 nm with a much larger intensity 
when pyrene was nearly completely solubilized in the 
microdomains (low 11/13). In the intermediate range where 
pyrene partitions between water and microdomains, the 
two peaks were simultaneously present. 

Two surprising observations were made in the cases of 
PS4 and PS6. First, a t  high Cps values, 11/13 decreased 
upon increasing Cps, even at  a values where, according to 
potentiometric results,15J6 microdomains should no longer 
be present in the system (i.e. a t  a > 0.6 for PS6 and 0.4 
for PS4). These decreases occur a t  Cps > 0.04 M (see 
Figure lA,B), that is, a concentration much higher than 
in the potentiometric studies.15J6 Second, for PS6 a 
variation of 11/13 with time was observed at a > 0.5. Thus 
11/13 increased upon dilution and no time effect was noted, 
until Cps reached a certain value below which 11/13 
decreased as time elapsed. After a sufficient time, 11/13 
leveled out at a value close to that for a = 0.50, at  the same 
Cps. A similar effect of time was observed in experiments 
where Cps was increased with a slight hysteresis between 
dilution and concentration experiments. The time after 
which 11/13 leveled out was shortened upon continuous 
stirring of the solution in both dilution and concentration 
experiments. No definite explanation can be given at  the 
present time for the above two observations which may 
involve associations between different polymer chains. 

The behavior of the decay of the pyrene fluorescence in 
copolymer solutions was found to be complex. All decays 
showed the presence of a fast process, with a decay time 
of about 50 ns, and of one or two slower processes, with 
decay times of about 200 and 390 ns. At  low Cps, when 
11/13 had a value close to that in water, the 200-ns process 
was predominant, whereas at high Cpg, when the value of 
11/13 was low and nearly constant, only the 390-11s process 
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Figure 2. Variation ofR = Z I T I / ( Z ~ T ~  + ZZTZ) against Cps for PS4. 

was observed. In the intermediate range, where 11/13 
decreased rapidly, the two slow processes were observed, 
in addition to the 50-11s one. Clearly, the 200- and 390-11s 
decays correspond to pyrene in aqueous and microdomain 
environments, respectively. The implications of this 
finding are discussed in the last paragraph of the discus- 
sion. Equation 2 was fitted to the decay curves, by taking 

I(t) = I l exp  ( -- I;) + I  exp ( -- :) (2) 

71 = 200 ns and 72 = 385 ns and starting the fitting 
procedure at  time t = 100 ns, where the contribution of 
the 50-ns process is small with respect to those of the 
slower processes. We found this procedure to give more 
reliable results than a fit of the data to a sum of three 
exponential terms even when the decay times were fixed. 

The amplitudes 11 and 12 were obtained in this manner 
and the data plotted as R = 11~1/(1171+ Izr2) against CPS 
in order to compare them to the 11/13 results. Figure 2 
shows that the plots for PS4 at various a have the same 
sigmoidal shape as the 11/13 plots. In fact, for a given a, 
the R vs Cps and 11/13 vs Cps plots can be nearly 
superimposed after performing the required normation 
of ordinates. For this reason, the discussion below only 
concerns the 11/13 plots. 

4. Discussion 
Partition of Pyrene between Polysoap Micro- 

domains and Water. Before we discuss the results, recall 
that the measured values of 11/13 depend on the wavelength 
of the excitation light,22 being weighted toward the 
hydrophobic state (low value) a t  339 nm and the hydro- 
philic state (high value) a t  333 nm. At  the excitation 
wavelength of 335 nm used in the present study the ratio 
is about equally weighted for the two states. Besides, the 
method used to determine the fractions of side alkyl chains 
involved in microdomains largely eliminates the effect of 
wavelength (see below). 

If pyrene is partitioned between microdomains and 
water with a binding constant K and if the cmc of the 
system is zero, then 11/13 writes22331 

where (11/13)w and (11/13)ps are the values in water and in 
microdomains, respectively. The least-squares fit of eq 3 
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then involves the second acidity of the maleic acid moiety. 
The PKA of this group being rather high, no change of 
self-ionization is expected to occur in the concentration 
range covered. Besides, a t  a = 1 no change of self- 
ionization can take place. Nevertheless the differences 
are still there. Thus the explanation in terms of self- 
ionization changes must be discarded. 

A Cps-dependent partition coefficient may also arise 
from the increase of ionic strength of the solution with 
Cps. A higher ionic strength may result in an increase of 
the fraction of alkyl side chains involved in the formation 
of microdomains, similarly to the decrease of the cmc of 
conventional ionic surfactants upon increasing ionic 
strength and, in turn, in an increased pyrene solubility. 
This possibility has been checked by investigating the 
effect of additions of NaCl on the value of 11/13 for selected 
PSX solutions. Additions of 0.35 mM NaCl to a 0.3 mM 
solution of PS4 at  a = 0.05 and of 10 mM NaCl to a 0.104 
mM solution of PSlO at  a = 1.00 resulted in negligible 
changes of 11/13. These results indicate that the effect of 
the ionic strength on K is very weak and cannot explain 
our observations in the concentration range where 11/13 
varies rapidly. The possible effect of the ionic strength 
is discussed further below. 

A more likely explanation of our results is that K depends 
on the mole fraction of pyrene in the microdomains. Recall 
that the partition coefficient of a solubilizate between 
micelles of conventional surfactants and the bulk phase 
decreases as the solubilizate mole fraction in the micelles 

This variation reflects the change of 
solubilizate activity in the micelles, where its local 
concentration is high owing to the small micelle volume. 
A similar decrease of partition coefficient is expected for 
pyrene in microdomains as the average number of pyrene 
molecules per microdomain decreases monotonously upon 
increasing Cps, that is microdomain concentration in 
experiments performed at  constant total pyrene concen- 
tration, Cp,. We therefore attempted a fit of eq 3 to the 
results with K given by33-3’ 

(4) 

where b is a constant and KO is the pyrene binding con- 
stant when the mole fraction of pyrene in the microdomains 
x& given by eq 5, becomes vanishingly small. In eq 5 

K = Ko(l - b~:,,)’ 
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Figure 3. PS16. Fits of the binding eq 3, with Cps replaced by 
Cps - cmc, to the experimental data, with K = 7.6 X 104 M-l and 
various values of the cmc. 

to the experimental results was first performed using (II/ 
Z~)W, (11/13)pS, and K as adjustable parameters. The best 
fitting values of (11/13)w were all found to range between 
1.84 and 1.87, i.e. independent of the system, as to be 
expected. Besides, we observed that the calculated curves 
led to values of (11/13)ps clearly lower than the experimental 
values at high Cps, where 11/13 levels out. Also, the 
calculated curves showed, in most instances, systematic 
deviations with respect to the experimental results, being 
above the experimental points at high Cps and below them 
at low Cps. This led us to fit eq 3 to the results using the 
experimental values of (11/13)w and (11/13)ps, with K as the 
only adjustable parameter. The broken line curves going 
through the experimental points in Figure 1A-E were 
generated in this manner. These calculated curves 
nevertheless showed the same systematic deviations as 
described above. Two possible explanations can be given 
for these deviations: (1) the systems have a non-zero cmc, 
and (2) the partition of pyrene involves more than a single 
binding constant. 

If the cmc is not zero, Cps must be replaced by Cps - 
cmc in eq 3. Figure 3 shows the11/13 vs Cps plots generated 
using the modified equation, a t  Cps > cmc, for various 
values of the cmc, and K = 7.6 X lo4 M-l, a value equal 
to the reciprocal of the concentration at  the midpoint of 
the 11/13 vs Cps plot going through the experimental results 
for PS16 at  a = 1 (this value gives K in the case of an ideal 
partition as assumed in deriving eq 3). The fits are not 
good, and the shape of the calculated curves differs from 
the experimental one. Also, the systematic differences 
noted at  high Cps between the curves calculated using the 
modified eq 3 and the experimental results are still present. 
Thus, a non-zero cmc does not permit us to account for 
the results. 

We therefore tried to explain these results by using a 
Cps-dependent partition coefficient, Three possible rea- 
sons can be given for such a variation. First, K may increase 
with Cps because an increase of polysoap concentration 
decreases the self-ionization of the still unneutralized 
COzH groups on the copolymer. The microdomains 
become less charged and thus can solubilize more pyrene. 
Indeed, pyrene is less soluble in anionic than in nonionic 
micelles owing to its residual negative ~harge.3~ This 
explanation holds only for systems at  relatively low cy. 
However, the systematic differences noted above occurred 
at all a, even in the range 0.5-1 where the self-ionization 

n m  

(5) 

C:? and C& are the concentrations of pyrene and repeat 
units in the form of microdomains, in moles per liter of 
solution. For PS16 it can be safely assumed that CFs = 
Cps. Indeed, previous studiesg~~~3Q suggested that all alkyl 
side chains are likely to be involved in microdomains. This 
assumption may not hold for PSX with shorter alkyl 
chains, particularly a t  high a. In these instances, however, 
the results contain information on the fraction of alkyl 
chains involved in microdomains, which can be extracted 
as shown in the next paragraph. At  this stage we only 
consider PS16 at  a = 1.00. The fit of eq 3 with K and 
xFy given by eqs 4 and 5 to the experimental results has 
been performed using for CFy a t  a given Cps the value 
calculated from 
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where 11/13 is the value of the ratio a t  Cpg. Figure 1E 
shows that the fit is good. 

Equally good fits were obtained for the other 11/13 plots 
with eq 3 and the simplified equation 

as, then, the fraction of alkyl chains in microdomains was 
not known. C" was evaluated at each Cps by applying eq 
6 to the 11/13 yata. 

Thus, the interpretation of the observed differences 
between the curves calculated from eq 3 with a single 
binding constant and the experimental results, in terms 
of a Cps-dependent binding constant, appears to be valid 
on the basis of the goodness of the fits to the data. 

The fact that the binding constant decreases upon 
increasing Cps in experiments performed at  constant Cp, 
has some bearing on the interpretation of similar results 
concerning the determination of the cmc of amphiphilic 
block copolymers in aqueous s o l ~ t i o n . ~ ~ * ~ ~  Various fluo- 
rescence properties showed sigmoidal variations upon 
increasing copolymer concentration in experiments per- 
formed at constant Cp,. Small departures from the 
variation calculated on the basis of a binding equilibrium 
with a single binding constant, in a concentration range 
where the pyrene molar concentration was comparable to  
the copolymer concentration, were interpreted as being 
due to the micellization of the block copolymer. The cmc's 
so determined were found to depend little on the molecular 
weight of the hydrophobic block and on the copolymer 
composition. Thus, an increase by a factor of 3.5 of the 
hydrophobic block weight fraction resulted in a decrease 
of the apparent cmc by a factor of only 2.22 It is felt that 
these results should be reconsidered in light of the 
interpretation proposed above. 

Fraction of Alkyl Side Chains under the Form of 
Microdomains. The fit of an equation such as (3) to the 
11/13 vs Cps plots provides the binding constant of pyrene 
to the microdomains. A simple examination of the plots 
in Figures 1 shows that the midpoint of the decrease occurs 
a t  widely varying concentrations, from about lo4 M for 
PS16 to about le2 M for PS4 at  a = 0.25. Such large 
changes reflect those of the binding constant K. For a 
homologous series of polyamphiphiles, as in the present 
study, these variations of K must be due to a change of 
volume of the microdomain pseudophase. Indeed, as they 
are obtained, the K (or Kp,  eq 1) values refer to a binding 
per mole of host. When the host is modified, as is the case 
here by changing its volume at  a constant number of moles, 
the variation of the binding constant should be nearly 
proportional to the variation of the volume where pyrene 
is solubilized. 

In PSX systems, the volume of the host phase is 
proportional to p(X,a)u(X)  where /3(X,a) is the fraction 
of host molecules (side alkyl chains) in the form of 
microdomains and u(X)  the volume of the alkyl chain, 
given in cm3/mol by40 

v ( X )  = 16.2(X + 1) (8) 

Besides, one must take into account the fact that pyrene 
tends to solubilize close to the microdomain surface,42s43 
that is in a shell, cylindrical or spherical, depending on 
the microdomain shape, of thickness slightly larger than 
the average dimension of 1 nm of the pyrene molecule. A 
thickness of 1.25 nm was used below, which is equivalent 
to the length of 10 carbon-carbon bonds. As a result, for 
PSX, the effective volume for pyrene solubilization 
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Table 1. Values of the Pyrene Binding Constant K and of 
the Fraction of Alkyl Side Chains Involved in 

Microdomains on the Assumption of Spherical or 
Cylindrical Microdomains for the Various PSX. 

polysoap a K (M-1) f l  sphere f l  cylinder 
PS16 0.00 1.3X lob 1.00 1.00 

0.50 1.0 X 106 1.00 1.00 
1.00 7.6 x 104 1.00 1.00 

PS12 0.00 7.9 x 104 0.75 0.70 
0.10 7.4 x 104 
0.50 5.6 X lo' 0.69 0.64 
1.00 4.1 X 10' 0.66 0.62 

PSlO 0.00 5.2 X 10' 0.58 0.52 
0.50 1.4 X 104 0.20 0.18 
1.00 6.3 X 103 0.12 0.11 

PS6 0.00 1.3 x 104 0.23 0.20 
0.30 8.2 X lo3 
0.52 5.4 x 103 0.12 0.11 

PS4 0.00 4.7x 103 0.1 1 0.10 
0.05 2.3 X lo3 
0.14 6.3 X lo2 
0.25 4.3 X 10' 
0.35 9.7 X loo 

a Italicized values correspond to extrapolated ones. 

becomes 

where q = 2 or 3, depending on whether the microdomains 
are cylindrical or spherical. For X < 10, F ( X )  is taken 
equal to 1. 

For PS16 at  a = 1.00 and, therefore a t  all a's, it can be 
safely assumed that p(16,a) = 1.00.9*38139 The results for 
this copolymer can therefore be used as reference for 
calculating the values of B(X,a) for all other systems, if 
the values of K(X,a )  have been first determined from: 

The required values of K(X,a )  have been obtained by 
setting them equal to the reciprocal of Cps a t  the midpoint 
of the 11/13 plot, that is a t  11/13 = [(11/13)W + (11/13)ps1/2, 
as for an ideal binding (see above). Clearly this procedure 
only yields approximate values of the binding constant. 
Nevertheless it is safe to assume that the differences 
between approximate and exact values cancel out in 
calculating f l (X,a) ,  which only involves ratios of binding 
constants. Table 1 lists the values of K(X,a) ,  which are 
also represented in Figure 4. 

For PS16, K is seen to increase slightly, by about 30%, 
as a decreases from 1.00 to 0.50. PS12 shows a slightly 
larger increase. As all alkyl chains of PS16 are in the form 
of microdomains a t  all a's, it is likely that the observed 
decrease of K reflects an increase of the binding constant 
due to the decreased microdomain electrical charge (see 
above). Note that the ionic strength of PSX solutions 
increases with a. If such an increase had the effect of 
increasing the fraction of alkyl side chains involved in 
microdomains (see discussion above), a decrease of p(X,a) 
would be expected upon decreasing a, contrary to our 
observations for PS10. Thus this result confirms the above 
conclusion that the ionic strength of the system plays only 
a minor role in determining the value of @(X,a). 

Table 1 lists the values of p(X,a) calculated from eq 10, 
as indicated. The values obtained by assuming either 
spherical or cylindrical microdomains differ only a little. 
The rapid increase of p(X,a) with X ,  at  a given a, is 
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Figure 5. Variations of the micelle (microdomain) concentration 
and of the free amphiphile (side alkyl chain) concentration in 
solutions of conventional amphiphile (A) and polyamphiphile 
(B) with the total concentration C. 

assumed to be equal to zero, that is micelle-like micro- 
domains are present in polyamphiphile solutions, ir- 
respective to their stoichiometric concentration. The 
shape of the 11/13 vs Cps plots (Figures 1) and the poor 
quality of the fit of eq 3, modified by the introduction of 
a finite cmc, to the data support the assumption that the 
cmc of polyamphiphiles in aqueous solution is zero. Here 
the cmc is identified as the concentration above which 
microdomains are present in the solution of a polyam- 
phiphile having sufficiently long alkyl side chains, just as 
in the case of solutions of conventional amphiphiles. 

However in these solutions the cmc is also identified as 
the amphiphile concentration above which the concentra- 
tion of free amphiphile starts differing from the total 
concentration, showing a small increase, remaining con- 
stant, or slightly decreasing depending on the nature of 
the amphiphile (nonionic, zwitterionic, and ionic, respec- 
tively), owing to the formation of micelles. Clearly, this 
definition does not apply to polyamphiphiles. There the 
concentration of alkyl side chains not involved in micro- 
domains probably increases almost linearly with the 
polyamphiphile concentration, as indicated by the linear 
variation of the pyrene solubility in PSlO solutions? for 
example, and the concept of cmc does not hold. 

Figure 5 illustrates the variations of micelle (micro- 
domain) concentration and of the free amphiphile (side 
alkyl chain) concentration in solutions of amphiphile and 
polyamphiphile. 

Dynamic Aspects of the Polysoap Solutions. As 
noted in paragraph 3, in the range where 11/13 decreases 
rapidly, the decay curves show two decay times: one 
corresponding to pyrene solubilized in water, the other to 
pyrene solubilized in microdomains. 

This observation implies that the residence time of 
pyrene in microdomains is much longer that the lifetime 
of the pyrene excited state (400 ns), that is, longer than 
several microseconds. This lower bound value is consistent 
with the value of about 0.2 ms reported for the residence 
time of pyrene in micelles of conventional surfactants.30 

The above observation also implies that the lifetime of 
PSX microdomains is long compared to the lifetime of 
the pyrene excited state. This sets a lower bound value 
of a few microseconds for the lifetime of these micro- 
domains. 

5. Conclusions 
The binding of pyrene to a series of polysoaps, the poly- 

(maleic acid-co-alkyl vinyl ether), has been investigated 
by spectrofluorometry and pyrene fluorescence lifetime 
measurements. The variation of the intensity ratio 11/13 
with the copolymer concentration has the shape expected 
for a binding equilibrium, with a binding constant 
increasing very much with the polymer hydrophobicity, 
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that is a decreasing degree of neutralization of maleic acid 
and an increasing carbon number of the alkyl side chain. 
The deviations observed between the experimental results 
and curves calculated by assuming a single binding 
constant reveal that, as for conventional amphiphiles, the 
binding constant is concentration dependent, owing to 
the high activity of pyrene in the micelles. A method has 
been proposed and used to determine the fraction of alkyl 
chains involved in the microdomains. The results allowed 
us to discuss the concept of cmc in the case of polyam- 
phiphile solutions. The lifetime data show that pyrene 
exists in two environments corresponding to water and 
microdomains in the range where 11/13 decreases rapidly 
upon increasing Cps. These data have been used to infer 
preliminary information on the dynamics of polysoaps in 
aqueous solutions. 
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