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ABSTRACT: The time-resolved fluorescence quenching method has been used to investigate the size (num-
ber of repeat units) of microdomains in solutions of poly(disodium maleate-co-decylvinylether) and poly-
(disodium maleate-co-hexadecyl vinyl ether) referred to as PS10 and PS16, using pyrene as the fluores-
cence probe and the dodecylpyridinium ion as the quencher. The shape of the decay curves reveals that
the microdomains are somewhat polydisperse in size. In the case of PS10 the number of repeat units per
microdomain was found to decrease nearly linearly upon increasing the degree of neutralization of the
maleic acid moieties. For PS10 the number of repeat units per microdomain is nearly independent of the
polysoap concentration and polymerization degree as well as of the ionic strength and temperature. For
PS16, the number of repeat units per microdomain is independent of the polymerization degree but increases
much with temperature. Also, it is much larger than that for PS10. Moreover the decay data for PS16
suggest that probe and quencher can rapidly migrate from microdomain to microdomain, on the fluores-
cence time scale. Overall the results suggest that the formation of a microdomain involves a single poly-
soap molecule and that several microdomains can be formed from a single polysoap molecule of high molec-
ular weight. Such microdomains are connected by polysoap segments that may be the cause of the probe
and quencher migration observed in PS16 solutions and also in PS10 solutions at 60 °C. The migrating
molecules would move along these fairly hydrophobic segments.

Introduction

The term polysoap refers to alkali-metal salts of the
alternating copolymers poly(maleic acid-co-alkyl vinyl
ether).12 In aqueous solution polysoaps give rise to hydro-
phobic microdomains,!-1° somewhat similar to the micelles
existing in solutions of soaps or surfactants at a surfac-
tant concentration above the critical micellization con-
centration.

In the first part in this series,!! pyrene fluorescence
was used to probe the conformational state of polysoaps,
where the alkyl group was n-butyl, n-decyl, and n-hexa-
decyl (referred to as PS4, PS10, and PS16, respectively)
as well as of polymethacrylic acid and poly(maleic acid-
co-styrene) as a function of the neutralization degree of
the carboxylic groups. The same technique was used to
investigate the comicellization of PS4 and alkyltrimethyl-
ammonium halide surfactants as a function of the sur-
factant concentration and alkyl chain length. The results
clearly showed that the hydrophobic microdomains dis-
appear upon neutralization of PS4, polymethacrylic acid,
and poly(maleic acid-co-styrene) but persist even at full
neutralization in PS10 and PS16. A compact conforma-
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tion of PS10 and PS16 in aqueous solution had been pre-
viously inferred by Pefferkorn et al. from diffusion, con-
ductivity, and viscosity measurements.®10

There has been thus far few attempts to determine
the number of repeat units N, involved in a polysoap
microdomain. This information is indeed rather diffi-
cult to obtain by classical techniques because polysoaps
combine the complexity of polyelectrolytes and surfac-
tant micelles. Barbieri and Strauss® attempted to deter-
mine N, from potentiometric titration data and thus
obtained values of 19 and 13 for PS4 and PS5 samples,
respectively, of polymerization degrees (DP) much larger
than these N, values. Time-resolved fluorescence quench-
ing (TRFQ) was later used by Hsu and Strauss'? to deter-
mine the value of N, in acidic solutions (pH = 4) of a
sample of PS6 of DP = 1700. The low value found for
N, 24, indicated that a single polyscap molecule can give
rise to many microdomains. A different conclusion was
reached by Chu and Thomas,!3 who determined the value
of N, in a fully neutralized solution of poly(dipotassium
maleate-co-octadecene) of DP = 24 by TRFQ. The value
of N. was found to be equal to the DP, within the exper-
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imental error. Since the same result had been previ-
ously found for polymethacrylic acid,!3P which also forms
microdomains, Chu and Thomas concluded that one poly-
mer molecule gives rise to one microdomain. A still dif-
ferent conclusion was reached by Shih et al.,’4 who deter-
mined microdomain sizes using small-angle neutron scat-
tering for a series of poly(dilithium maleate-co-1-
alkene), with alkenes ranging from l-octene to
1-octadecene, and of molecular weights between 6 000 and
20 000. The results suggested that several polymer mol-
ecules can associate to form a single microdomain.

The scarcity of N, values, the contradictory conclu-
sions reached in the reported studies, and our interest in
the behavior of polysoaps!! were the main reasons for
the investigation reported below. Using TRFQ under more
stringent experimental conditions than in the previously
reported studies, we have determined N, values for PS10
and PS16 as a function of DP, concentration, neutraliza-
tion degree (PS10 only), and temperature. A number of
difficulties have been encountered in the analysis of the
fluorescence decay curves that were not fully addressed
in previous studies. The results indicate that several micro-
domains can arise from a single polysoap molecule and
show some important differences in the behavior of clas-
sical micelles and polysoap microdomains.

Experimental Section

Materials. The sample of poly(maleic anhydride-co-hexa-
decyl vinyl ether) used to prepare the fully neutralized aque-
ous solutions of PS16 was the same as in part 1.11 The poly-
merization degree of this polymer determined from light-
scattering experiments performed on solutions in tetrahydrofuran
(THF) was found to be 4000 £ 500. (Notice that this value
represents a weight-average DP.) This polymer was fraction-
ated by progressive precipitation of a THF solution in metha-
nol. One fraction of low DP was selected for fluorescence mea-
surements. Its DP, determined from viscosity measurements
analyzed on the basis of a reported intrinsic viscosity-molecu-
lar weight relationship,!5 was found to be 140 % 20.

Two samples of PS10 were used in the present investigation.
One was prepared from the sample of poly(maleic anhydride-
co-decyl vinyl ether) used in our previous investigation.1* The
DP of this polymer determined from light scattering of solu-
tions in THF was found to be 1000 * 100. A second sample of
lower DP was prepared by polymerization of an equimolar solu-
tion of decyl vinyl ether and maleic anhydride in THF heated
at 60 °C for 1 h using azobis(isobutyronitrile) as the initiator.16
The polymer was purified by two precipitations of THF solu-
tions in methanol. Its polymerization degree as determined from
light scattering and viscosity measurements was 100 £ 15.

The hydrolysis of the poly(maleic anhydride-co-alkyl vinyl
ether) samples was performed as previously described,!! using
NaOH. The fully neutralized agueous solutions of PS16 were
directly used in fluorescence probing experiments. The con-
centration of the stock PS16 solution was determined by dry
content measurements. The solution of PS10 was further puri-
fied by successive passages through columns of anion- and cat-
ion-exchange resins (Merck, types III and I) and thus obtained
in acidic form. Its concentration was determined by dry con-
tent.!! The solutions of PS10 could thus be used to investigate
the effect of the degree of neutralization. The lifetime of these
solutions was limited to about 2-3 weeks, as the polyacid slowly
precipitated out.

The anhydride hydrolysis is known to result in a partial deg-
radation of the polymer. We have therefore attempted to mea-
sure the molecular weight and also to characterize the polydis-
persity of the polysoaps in aqueous 0.1 M KBr solution by means
of HPLC using Beckman Spherogel-TSK SW 2000 and SW 4000
columns (made of silica gel grafted with a hydrophilic poly-
mer). The chromatograms showed evidence of strong interac-
tions between the polymers and the column packing, which pre-
vented the determination of the above polymer characteristics.
It is however likely that the DP’s of the polysoaps are lower
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than those of their poly(maleic anhydride-co-alkyl vinyl ether)
parents. Also all of the samples investigated are more or less
polydisperse. This did not matter, however, in view of the very
small effect of the DP on N, (see below).

Methods. The N, values, that is, the number of alkyl chains
from the alkylvinylether moieties constituting a microdomain,
were determined by using the time-resolved fluorescence quench-
ing method, as in other studies of polysoap solutions.1213 Recall
that TRFQ has been successfully used to determine the aggre-
gation number of micelles of a large number of surfactants.l”
The method consists of the determination of the fluorescence
decay curve (variation of the fluorescence intensity /(t) with
time t) of a probe, P, solubilized in the micelles or micro-
domains, in the presence of a quencher Q, under conditions such
that [P]/[M] « 1 and [Q]/[M] =« 1, where [P], [Q], and [M]
are the molar concentrations of probe, quencher, and micelles,
respectively. The equation

I(t) = 1(0) expl-A,t - Ay[1 - exp(-A,0)]} (1)

where A, Aj, and A4 are three time-independent adjustable
parameters and I(0) is the intensity at time ¢ = 0, following a
flash illumination of the system, is then fitted to the decay curve
in order to determine the values of A3, Az, and A4, This equa-
tion accounts very well for decay data in a variety of surfactant-
containing systems!?-2! and of polysoap solutions.11-13 In the
case where probe and quencher do not migrate from micelle to
micelle on the fluorescence time scale (i.e. migration is negligi-
ble during a time equal to a few probe fluorescence lifetimes,
7), the expressions of Aq, A3, and Ay are as follows

A,=[Q/IM] A, =k, (@)

where k is the fluorescence decay rate constant and kg is the
intramicellar quenching rate constant. Notice that & can be
obtained in a separate experiment in the absence of quencher.
The decay then obeys eq 1 with Az = 0 and A, = k. From the
value of A3 and of the weighing-in concentration [Q] of quencher
one can obtain [M] and, thus, the number N, of repeat units
per microdomain from

N=(C-C)/[M] (3)

where C is the concentration of polymer expressed in mole of
repeat unit (monomole/liter) and C¢ is the concentration of repeat
units not involved in the formation of microdomains. In essence,
Cs is the equivalent of the critical micellization concentration
of surfactant solutions. It will be seen below that the determi-
nation of C; raises problems.

The assumptions underlying eq 1 have been discussed.!” In
particular, it is assumed that the micelles or microdomains are
monodisperse. When such is not the case, eq 1 is not valid because
the intramicellar quenching rate constant kq decreases as the
micelle size increases.??-25 The system is then characterized
by a distribution of kq values having a width related to that of
the micelle size distribution function. Any fitting of eq 1 to
the decay curves of polydisperse systems will result in system-
atic deviations, as shown in a recent study of aqueous solutions
of cetyltrimethylammonium chloride in the presence of sodium
salicylate,26 where the micelles are very elongated and polydis-
perse. The theory for the fluorescence decay in polydisperse
systems has been worked out.27.28

Equation 1 also assumes that probe and quencher do not
migrate from micelle to micelle on the fluorescence time scale.
When migration takes place, the expressions of Az, A3, and A4
become more complex and depend on the mechanism of migra-
tion. In particular, A; is then a linear function of [Q] with A,
> k.17-21.29 Thijs last result is used as a criterion to evidence
migration. Migration is considered to take place when the dif-
ference between the values of A; and k measured in separate
experiments in the absence and presence of quencher, respec-
tively, is found to be larger than about 1.5 times the experimen-
tal error on either quantity (£2%, in most instances). The exper-
imental data (k, Az, A3, and Ay) can still be used to obtain N,
and kq and also the pseudo-first-order rate constant for migra-
tion, km (see below). It is essential in systems where the results
suggested the occurrence of migration to determine the decay
curve over six to seven probe lifetimes.250:30.31 Indeed systems

A2=k=1'1
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of small monodisperse micelles with migration can be easily con-
fused with systems of polydisperse micelles with no migration.
However, the decay behavior at very long times permits a dis-
tinction between the two types of systems. Previous studies of
polysoap solutions neglected this fact.1213

In TRFQ studies of surfactant systems and of polysoaps the
choice of a probe/quencher couple appropriate to the system
investigated is extremely important. The probe must have a
very long lifetime (small k) and the quenching must be effi-
cient (large kq). Moreover both probe and quencher must reside
as long as possible in the micelles or microodomains in order
that migration through the bulk phase be negligible.3031 In
this manner any observed migration can be safely attributed to
the system investigated, and its study will give information on
the dynamics of this system.1” These criteria have led us to
select pyrene as probe and the dodecylpyridinium ion (DPy*)
as quencher. Indeed even though the pyrene lifetime is shorter
than the lifetime of the ruthenium(II) tris(bipyridyl) ion used
by Hsu and Strauss!2 (370 ns instead of 630 ns), it is likely to
be specifically solubilized in microdomains whereas the ruthe-
nium derivative can bind to polysoap carboxylate groups of micro-
domains as well as to segments connecting microdomains. Also
the lifetime of pyrene is longer than that of the positively charged
(1-pyrenylbutyl)trimethylammonium ion used by Chu and
Thomas!32 (225 ns). Preliminary experiments on PS10 solu-
tions performed with Cu2+ and methylviologen ion as quench-
ers led us to reject these quenchers which showed evidence of
migration. Notice that Chu and Thomas!2 also used DPy* as
quencher.

The decay curves were determined by using the same single
photon counting setup as in previous studies.!! Equation 1 was
fitted to the decay curves by using a nonlinear weighed least-
squares procedure.

Results

1. Decay Behavior of the Pyrene Fluorescence in
Polysoap Solutions in the Presence of DPy*. Instud-
ies by other workers213 the reported decay curves stretched
over about 1200 ns and the number of counts at time ¢
= 0, I(0), was relatively low (In 7(0) ~ 6). Under such
conditions, the decay curves obeyed eq 1 with As = k (no
migration) in the Chu and Thomas!3 report on poly(di-
potassium maleate-co-octadecene). On the contrary, Hsu
and Strauss!2 observed that A, > k (migration) with acidic
solutions of PS6. Likewise, in our previous study of
polysoaps,!! the decay curves determined under condi-
tions similar to those in the above studies, vielded 45 >
k for the fully neutralized PS16. However, in the last
two studies,'1-12 the process(es) responsible for this migra-
tion was not discussed.

The experimental conditions under which the decay
measurements reported below have been performed were
such as to give more accurate results than those in the
above studies. Thus the decay curves stretched at least
over 2000 ns with In I(0) up to 11-12. The count num-
ber in the last channel was never below 100-300. Figure
1 shows examples of decay curves for the PS10 of DP =
1000. Equation 1 has been fitted to the decay data with
four adjustable parameters, 1(0), A2, A3, and A4 (Figure
1A), or with three adjustable parameters, I(0), As, and
A,, and fixing A2 = &, determined in a separate experi-
ment in the absence of quencher (Figure 1B). Inthe long
time range the four-parameter calculated curve shows a
positive deviation with respect to the experimental data,
whereas the three-parameter calculated curve shows a
negative deviation (see the insets A and B which repre-
sent the distribution of residuals and the correlation func-
tion of residuals, respectively). Nevertheless, the values
of the parameter that characterize the goodness of the
fit indicated that the four-parameter fit was of better
quality than the three-parameter fit. It is important to
note that the distribution function of residuals and the
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Figure 1. Examples of fitting eq 1 to decay data for a fully
neutralized 4.87 X 10-2 monomol/L solution of PS10, DP 1000
with [pyrene] = 2 X 106 M, and [DPy*] = 5 X 104 M at 25
°C. (A) four-parameter fit; (B) three-parameter fit with A; =
k =270 X 108 s~1. The line going through the data obeys eq 1.
Inset A: distribution of residuals. Inset B: correlation func-
tion of residuals.

correlation function of residuals have the same shape as
that for polydisperse micellar systems,?8 although the devi-
ations from horizontal are less pronounced. A similar
shape was found for all polysoap solutions investigated,
suggesting some size polydispersity of the micro-
domains. Since these deviations were not large, the effect
of polydispersity was not considered in the analysis of
the decay data for both PS10 and PS16.

Moreover, in the case of PS10 the difference between
k and A. from the four-parameter fit was generally small,
only slightly above the experimental error. This small
difference may very well arise from the effect of the small
polydispersity discussed above, and it may be that decay
curves determined over 3000 ns, had this been possible,
rather than 2000 ns would yield A; ~ k. This led us to
assume that migration, if any, present in PS10 systems
was too slow to affect the decay data. The decay curves
were therefore analyzed with the three-parameter fit, set-
ting Az equal to k, determined from a separate experi-
ment.

In the case of PS16 solutions the three-parameter fits
with A; = k were generally of much lower quality than
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Figure 2. Examples of fitting of eq 1 to decay data for a fully
neutralized 102 monomol/L solution of PS16, DP 140 with
[pyrene] = 2.3 X 108 M, and [DPy*] = 1.76 X 104 M, at 25
°C: (A) four-parameter fit; (B) three-parameter fit with 4, =
k = 2.46 X 108 5~1, The line going through the data obeys eq 1.
Insets A and B: same as in Figure 1.

the four-parameter fits (see Figure 2) and could not be
used. Also the four-parameter fits were not of very good
quality and, as for PS10, showed evidence of some poly-
dispersity (shape of the distribution of residuals and cor-
relation of residuals, insets A and B). Nevertheless, the
four-parameter fits led to Az values much larger than &,
indicating probe and/or quencher migration. However,
pyrene and DPy* had been selected in this work because
their residence times in model anionic micelles are long
with respect to the pyrene fluorescence lifetime.323¢ Since
the same is likely to be true in polysoap microdomains,
the migration observed in PS16 solutions must take place
through some process involving the polysoap. This migra-
tion appears to be negligible for PS10.

This important difference between PS10 and PS16 is
further discussed below.

2. Effect of the Neutralization Degree a of the
Polysoap. This study has been performed on the PS10
sample of DP ~ 1000, at a concentration of 4.87 X 102
monomol/L and at 25 °C, keeping the pyrene and DPy*
concentrations constant and equal to 2 X 107 and 4.87
X 104 M, respectively. The neutralization was per-
formed by addition of aliquots of a concentrated solu-
tion of NaOH. The neutralization degree a represents
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Table I
Effect of the Neutralization Degree of PS10
(Cps = 4.87 X 1072 monomol/L) on the N, and kq Values
Characterizing the Microdomains at 25 °C

102«
0 10 30 50 75 100
N, 90+30 98+£20 104%x15 101+15 102%15
10-8kq, st 0.79 1.0 1.84 3.54 4.10
Necorr 79+£25 65+15 52£8 30+4 15+£3

the percentage of neutralized carboxylic groups. The N,
values were first calculated on the assumption that all
decyl chains contributed to the formation of micro-
domains, i.e.,, Cf = 0 in eq 3. These values are listed in
Table I together with those of the rate constant for intra-
domain quenching, kq. The error on N, is large, partic-
ularly at low «, where the decay curves are almost lin-
ear. It is seen that the N, values so obtained depend
little on . This is unexpected in view of the large increase
of electrostatic repulsions between head groups with «.
Also the kq values, which are obtained directly from the
fitting of eq 1 to the decay curves, increase significantly
with a. Recall that kq always increases when the aggre-
gate size decreases.?2-25 This result led us to question
the assumption C; = 0 made in calculating N.. More
likely, as « increases, the number of chains involved in
microdomain formation decreases and Cr increases, becom-
ing comparable to C.

The determination of Ct is, however, difficult. We know
of no method which directly measures Cs. In the present
work, we have used an approximate method based on
the solubilizing capacity of the polysoap solution for a
water-insoluble compound, pyrene. This method assumes
that at o« = 0 all polysoap alkyl chains belong the micro-
domains and that the solubility S, of pyrene at a neu-
tralization degree «, expressed in moles of pyrene per
monomoles of PS10, is proportional to the number of
alkyl chains involved in microdomain formation. The
N, values of Table I must therefore be corrected by the
factor S,/Se, So being the pyrene solubility at « = 0.

The solubility of pyrene in aqueous PS10 solutions was
determined as follows. PS10 solutions of known concen-
tration were saturated with pyrene, shaken for 24 h, allowed
to equilibrate and centrifuged to eliminate pyrene micro-
crystals. The pyrene concentration was then obtained
spectrophotometrically by using the value €307 = 11 900
mol~! cm! for the absorption coefficient of pyrene in PS10
solution, measured as part of this work.

Figure 3 shows the plot of the pyrene solubility in mole/
liter as a function of the PS10 concentration. The plots
are linear and go through the origin for the three « val-
ues investigated. The slope of these lines yielded the
values of S,, plotted as a function of « in Figure 4. The
values of N, corrected for the free chains, N copr, are
listed in Table I. The correction is very large, particu-
larly at high a. Nevertheless the values of N corr now
decrease almost linearly upon increasing «, as can be seen
in Figure 5 which also represents the changes of kq with
a. Moreover, the product N¢corr X kg now varies much
less with o than the product N, X kgq, as to be expected
for small aggregates.25a

Notice that similar values of N, corr have been obtained
through pyrene fluorescence decay measurements, in the
absence of quencher but at a pyrene concentration such
that [P]/[M] =~ 1, i.e., pyrene excimers formed in the
PS10 microdomains. However the values of the rate con-
stant for excimer formation, kg, were well below those
for pyrene quenching by DPy*, as in other studies.35:3¢
These low values of kg made the decay curves analysis
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Figure 3. Pyrene solubility in PS10 solutions of increasing con-
centration at neutralization degrees: « = 0 (A); a = 0.50 (+);
and « = 1.0 (O) at 25 °C.
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Figure 5. Variation of N corr and kq with the neutralization
degree of PS10 at 25 °C and Cpg = 4.87 X 102 monomol/L.

relatively inaccurate. This is the main reason for which
quenching through excimer formation was not further
used in the present work.

A last remark must be made concerning the values of
kq listed in Table I. These values are 5 to 10 times smaller
than those obtained in micelles of anionic surfactants.
Thus, for instance, as part of this work the values of kq
were found to be 5.0 X 107 and 3.0 X 107 s71 in potas-
sium dodecanoate and disodium tetradecylmalonate
micelles at 25 °C. (The last compound includes two car-
boxylate groups and is chemically close to the repeat unit
of polysoaps.) A similar observation was made by Chu
and Thomas,!32 who interpreted this result as indicating
a larger rigidity or microviscosity of the microdomains
with respect to usual anionic micelles, likely because of
geometric constraints arising from covalent bonding
between monomers.

3. Effect of the Polysoap Concentration, Cps, and
of the Ionic Strength. This study has been also per-
formed on the fully neutralized PS10 sample of DP =~
1000, in the range between 5.4 X 1073 and 5.4 X 1072
monomol/liter at 25 °C, keeping the ratio Cpg/[DPy™]
around 115. The Ncorr values have been obtained by
multiplying the N, values calculated by using eq 3 by
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Table II
Effect of the Concentration of PS10 (« =1) in
Monomole/Liter on the N corr and kq Values
Characterizing the Microdomains at 25 °C

Cps, monomol/L 54 X102 27x102 135X 102 54 X103
Ne.corr 13.56+£3 14%3 14£3 1456+ 3
10%kq, st 5741 561 58«1 556%1

the ratio S1.0/So from Figure 3. In doing so we have
assumed S1.0/So to be independent of concentration. This
is borne out by the linear plots in Figure 3. The N¢ corr
values listed in Table II show no dependence on Cpsg,
within the experimental error. A similar result has been
reported for PS6.12 This result suggests that micro-
domain formation mainly involves alkyl chains from a
single polysoap molecule. This conclusion is similar to
that of Hsu and Strauss.!?

We have also found, still on fully neutralized PS10,
that Necorr is independent of the ionic strength, in the
NaCl concentration range where the polysoap did not
precipitate out (up to 8 X 10-2 M NaCl for Cps = 5 X
10-2 M), within the experimental error. In this respect
the microdomains in polysoap solutions do not behave
like micelles of usual ionic surfactants, the size of which
increases with ionic strength.3”?8 The difference may be
due to a combination of factors such as the absence of
free monomers in the bulk phase, the effect of counter-
ion condensation which renders the repulsions between
head groups much less sensitive to the presence of exter-
nal salt,3® and the existence of covalent bonds between
polysoap repeat units.

4. Effect of the Polymerization Degree, DP, and
of the Alkyl Chain Length of the Polysoaps. The
experiments have been performed at 25 °C, on the fully
neutralized samples of PS10 (DP 100 and 1000) at a con-
centration of 5 X 1072 monomol/L and of PS16 (DP140
and 4000) at a concentration of 10-2 monomol/L.

The values of N corr for PS10 were found to be 16 & 4
and 13 £ 3 for the DP 100 and 1000. The same correc-
tion factor S;o/So has been applied to the N, data for
the samples of DP 100 and 1000.

The method used to correct the N, values for PS10
cannot be extended to PS16 because this polysoap is insol-
uble at o < 0.75. However in view of the much larger
hydrophobicity of the hexadecyl chain with respect to
the decyl chain, we have assumed that all hexadecyl chains
are involved in microdomains, i.e., Cr = 0 in eq 3. This
assumption results in upper-bound values of N, and the
error it involves is difficult to evaluate. Nevertheless, it
is worth noting that if C; decreased upon increasing chain
length somewhat similarly to the cmc of ionic surfac-
tants, that is by a factor of 2 per additional CH; group,3®
the value of C¢/Cpg for PS16 would be 30 times smaller
than for PS10 and the above assumption would be quite
valid. Even if C; only decreased by a factor of 6 in going
from PS10 to PS16 the error made in neglecting C; in eq
3 would amount to about +15%, i.e., close to the errors
inherent to the method itself. In the next paragraph results
which suggest that segments of PS16 molecules are not
involved in microdomains will be presented. Another dif-
ficulty arises in the calculation of N, from the decay param-
eters Ao, As, A4, and k characterizing PS16 solutions.
Indeed, as noted above the fit of eq 1 to the decay data
yielded A; > k indicating probe and quencher migra-
tion. In this case the expressions of Az, Az, and A4 are
more complex. In particular they include a pseudo-first-
order rate constant k., which characterizes the migra-
tion of probe and quencher. Nevertheless, if one assumes
that only small amounts of probe and quencher are out
of the micelles or microdomains, one can still obtain [M]
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and kq as well as kp, from the values of Ay, A3, A4, and
k, using the equations0:4!

[Q]( A, )2
M] = —|
IMI=Z\24,+4,"%

kq=AAL (A A+ Ay~ k) 4)
kn = A~ kg

Using eqs 3 and 4, on the assumption that C¢ ~ 0, the
N. values were calculated to be 60 £ 9 and 50 = 7, for
the PS16 of DP 140 and 4000.

Thus for both PS10 and PS16 the effect of the DP is
small. In that respect our results differ from those from
small angle neutron scattering.14 In agreement with Hsu
and Strauss!? our results indicate that a polysoap mole-
cule can give rise to a number of microdomains which
increases with its DP.

The N, values are much larger for PS16 than for PS10,
even though the difference may not be as large as it is
suggested by the above N, values. This trend is the same
as that reported for usual ionic surfactant micelles.4243

As part of this work we have determined at 25 °C the
micelle aggregation number of two soaps at a concentra-
tion of 0.1 M: potassium dodecanoate, N = 51, and di-
sodium tetradecylmalonate, N = 46, using the TRFQ
method with the pyrene-DPy* couple. The N value rel-
ative to the disodium tetradecylmalonate is smaller than
that for potassium dodecanoate even though the former
has a longer alkyl chain. This result clearly shows that
the presence of two charged carboxylate groups in the
malonate soap brings about a large decrease of aggrega-
tion number with respect to a soap having only one car-
boxylate group. As pointed out above the malonate soap
is somewhat chemically close to the repeat unit of poly-
soaps. At this point, it is interesting to note that the N
value of the malonate soap is somewhat smaller than the
upper bound value found for PS16. Taking into account
the difference of alkyl chain length between the mal-
onate soap and PS16 and the error on the N, value for
the latter, the aggregation behavior of the two surfac-
tants do not differ much. The same conclusion appears
to hold for PS10. Indeed the decyl malonate is expected
to have an aggregation number of 46 X (10/14)2 o 23 as
compared to 15 £ 3 for PS10.

It thus appears that the number of alkyl chains involved
in a polysoap microdomain differs only little from the
aggregation number of a micelle of a surfactant having a
chemical structure close to that of the polysoap repeat
unit,

5. Effect of Temperature. This study has been per-
formed on the fully neutralized solutions of PS10, DP
100, and of PS16, DP 140 and 4000.

The results for the PS10 solutions obtained from a fit
of eq 1 to the decay curves with three adjustable param-
eters, taking A; = k, and with four adjustable parame-
ters are given in Table III. The N, values from eq 3 have
been corrected by the S10/So value from Figure 3, obtained
at 25 °C. Indeed pyrene solubility measurements per-
formed with the available equipment proved highly inac-
curate when the temperature differed too much from the
ambient temperature. It is however unlikely that the
results would be much affected by the possible change
of S1./So with temperature. Indeed the solubility may
change much with T, but this is less likely for a solubil-
ity ratio.

It is seen that in the range 13.4-45 °C, k! >~ 45! and
Necorr depends only little on 7. The N corr value at 13.4
°C differs a little from that at higher T, but it is also the
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Table III
Effect of Temperature on the Values of k!, kq, and N corr
for PS10 in Solution

T, °C k1 (A1), ns 10_6kQ’ s7! Nc,corrb
13.4 384 (367) 2.8 (3.5) 12 (11)

25 371 (364) 3.8 (4.8) 14.5 (13.5)
45 333 (327) 6.2 (6.6) 14 (13.5)
60 322 (290) 4.4 (8.1) 14 (13.0)

% Cps = 5.4 X 10°2 monomol/L; {pyrene] = 1.88 X 103 M;
[DPy+] = 4.21 X 10* M; the values in parentheses have been obtained
with a four-parameter (1(0), Ag, Az, and Ay) fit of eq 1 to the data.
b Error = £3.

Table IV
Decay Parameters and Values of N, kq, and ky, for PS16
Solutions at 25 and 41 °C=

T, kY, A7 1064, 107%kq, 1078k,
°C ns ns Az g1 N, s71 g1
256 b 406 275 0.433 4.84 60 £ 10 3.1 1.7
¢ 395 285 0.486 4.69 50 £ 10 3.3 14
41 b 368 199 0.925 3.82 140 £ 20 2.3 1.5
¢ 368 207 1.03 3.86 120 £ 20 2.5 1.3

a Cpg = 1072 monomol/L; [pyrene] = 2.3 X 108 M. ¢ DP = 140;
[DPy*] = 1.76 X 10~ M. < DP = 4000; [DPy*] = 2.2 X 10~ M.

value most affected by experimental errors because of
the low value of the kq/k ratio at this temperature.

At 60 °C, the three-parameter fit was of poor quality,
the difference between k and A,, as obtained from a four-
parameter fit, was well above the experimental error and
the value of kq from the three-parameter fit was lower
than at 45 °C, contrary to what is usually observed. All
these facts indicate the probable occurrence of migra-
tion. Indeed, kq obtained from the values of A», A3, and
A4 using a four-parameter fit and eq 4 is larger than that
at 45 °C, as expected. Nevertheless the overall change
of Necorr between 13.4 and 60 °C remains very small.

For the PS16 solutions the measurements were per-
formed only at 25 and 41 °C. As pointed out above the
results reveal migration even at room temperature. The
difference between A:; and k increased with tempera-
ture. The decay curves were thus analyzed by using a
four-parameter fit of eq 1. The results listed in Table
IV demand the following remarks:

(i) N. increases much with T. This variation is oppo-
site to that reported for aqueous micelles of all ionic sur-
factants investigated thus far.41:4445 At the present time
we can give no explanation to this result. Notice that
this change of N, does not seem to arise from the approach
of a phase separation boundary. Indeed the polysoap
solution did not phase-separate or even become turbid
at temperature up to 90 °C. On the other hand the intra-
domain quenching rate constant kq decreases upon increas-
ing T, whereas an increase is usually observed.414445 This
peculiar behavior of kq confirms the increase of micro-
domain size with T, as for nonionic surfactants at tem-
peratures close to the cloud temperature, where the effect
of size increase dominates the variation of kq.%

(ii) The migration rate constant, kn, is large and appears
to depend little on temperature. For PS10, k., has been
evaluated at 60 °C from the values of the decay param-
eters listed in Table III and found to be 3 X 10% 571, i.e.
much smaller than for PS16.

(iii) The polymerization degree of PS16 has practi-
cally no effect on the values of N, kq, and kmn.

Discussion

1. Problems in Evaluating the Number of Repeat
Units Involved in the Formation of a Microdomain
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in Polysoap Solutions. Two types of problems arose
in the determination of N, values. The first one con-
cerns the value of C, that is, the concentration of repeat
units not involved in microdomains, in eq 3. We have
adopted a method somewhat similar to that used by Hsu
and Strauss!2 for obtaining C; in PS10 solutions, as a
function of the neutralization degree. This method was
restricted to room temperature, owing to experimental
constraints, and did not apply to PS16 since it is insol-
uble at a < 0.75. This method rests on the assumption
that the solubility depends on the number of alkyl chains
constituting a microdomain but does not depend on the
state of ionization of the repeat unit head groups. This
last assumption demands to be checked. Unfortunately
no other methods were found or were readily accessible
to us in the course of this work. In the case of PS16 we
have assumed C; = 0, as did Chu and Thomas!?2 in their
study of microdomains in poly(dipotassium maleate-co-
octadecene) solutions. Again, this assumption demands
to be checked. The small-angle neutron scattering stud-
ies of polysoaps!4 did not discuss the possibility that some
segments of polysoap molecules were not involved in micro-
domains.

The second difficulty concerns the existence of probe
and quencher migration between microdomains. We dis-
cuss below possible mechanisms for such migration. At
this stage we simply note that the present results con-
firmed our previous report of migration in PS16 solu-
tions.!! Chu and Thomas!32 did not detect migration in
their study of poly(dipotassium maleate-co-octadecene),
which is very closely related to PS16. This difference of
behavior may well be due to the very low DP, 24, of the
polymer used by Chu and Thomas!32 that may force the
polysoap molecule to form a smaller microdomain than
in the case of a larger polysoap molecule and also per-
haps to the experimental conditions under which the decay
curves were determined. Hsu and Strauss'? detected
exchange in PS6 solutions. However they used ruthen-
ium(II) tris(bipyridyl) ion as probe, and, since the mea-
surements were performed in [LiCl] = 0.1 M, one can-
not discard a migration of the probe through the bulk.
These authors accounted for migration in calculating the
N, values they report.

2, Effect of Various Parameters on the N, Val-
ues. N, has been found to be independent of concentra-
tion, ionic strength, and polymerization degree. These
results strongly suggest that microdomains are formed
within isolated polysoap molecules and that a polysoap
molecule can give rise to a large number of micro-
domains, connected by polysoap segments made of repeat
units having their alkyl chain exposed to water. The length
of these segments decreases probably rapidly upon increas-
ing alkyl chain length. From the value of [M] and that
of Cyit is possible to evaluate the average number of repeat
units in a segment connecting two microdomains in PS10
molecule. For instance, at « = 1.0 this number was found
to be 85 £ 15, whereas a microdomain involves 15 + 3
repeat units.

The second important point concerns the T depen-
dence of N, which remains nearly constant for PS10 but
clearly increases for PS16, upon increasing temperature.
As pointed out above, this is at variance with the behav-
ior of micelles of ionic surfactants. Such a behavior may
arise from the increased conformational lability of the
polysoap main chain with temperature, which may facil-
itates the self-association of the side chains into micro-

domains, thus giving rise to larger microdomains than at
low T.
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3. Mechanism of Probe and Quencher Migration
between Polysoap Microdomains. Two mechanisms
have been proposed to explain migration in aqueous micel-
lar solutions.

The first one involves collisions between micelles with
temporary merging of the collided micelles and redistri-
bution of probe and quencher during the time two micelles
remain merged.404647 This process is operative on the
fluorescence time scale in solutions of nonionic surfactants3®
and also in water in oil microemulsions,0-46:47 when in
both types of systems the interactions between aggre-
gates are sufficiently attractive. This type of migration
has not been observed with aqueous ionic micellar solu-
tions at low ionic strength because the strong electro-
static repulsions existing between charged micelles slow
down collisions to a point that migration is “frozen” on
the fluorescence time scale. Since microdomains in poly-
soap solutions are electrically charged, migration through
microdomain collision and coalescence should be negli-
gible.

The second type of migration involves the exit of the
probe and/or quencher from a micelle, its diffusion in
the bulk phase, and subsequent incorporation in another
micelle.18-21 Migration of this type becomes negligible
if the probe and quencher have very long residence times
in micelles. Recall that the expression of the residence
time of a solute in a micelle includes a term exp(AGt/
RT), where AGr is the free energy of transfer of the sol-
ute from the solubilized state to the free state.4® The
larger AGT, the longer the solute residence time. How-
ever, in polysoap solutions the microdomains are con-
nected by segments of repeat units with their alkyl chain
exposed to water. These segments are hydrophobic. It
is then possible that probe and quencher when coming
out of a microdomain stick to these segments and dif-
fuse along them to the next microdomains. Clearly the
value of AGt for the transfer from the solubilized state
to the free state is larger than that for the transfer to a
state where the solute is out of the microdomain but in
hydrophobic contact with a segment connecting two micro-
domains. The residence times in this case would be
strongly decreased, to the extent that migration along
the segments may become detectable on the fluores-
cence time scale.

This migration along segments connecting micro-
domains corresponds to a partition of the probe and
quencher between microdomains and such segments. This
partition permits one to explain the main features of the
observed migration. Thus the partition is expected to
increase in favor of the segments when the length of the
polysoap alkyl chain increases, thereby explaining why
little or no migration is observed with PS10, whereas migra-
tion is clearly seen with PS16. Also, if the DP is suffi-
ciently large, the partition should depend little on the
DP since the fraction of repeat units under the form of
microdomains is then not expected to depend on the DP.
This would explain the very little dependence of &y, on
the DP. However, a change of behavior is expected to
occur when the DP becomes very small, smaller than the
N, of the microdomain that the repeat units would tend
to form. This may explain the difference between our
results and those of Chu and Thomas,!3 who observed
no migration in their study of a polymer of very low DP.

It remains that the proposed migration mechanism
implies that a small part of the repeat units of PS16 are
not in microdomains. This fact was not taken into account
in the calculation of N, as we had no way to evaluate the
fraction of free repeat units.
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Figure 6. Schematic representation of a part of a polysoap
molecule in aqueous solution showing microdomains, segments
of free repeat units, and a migrating quencher (—®). For the
sake of clarity, only cross sections of the microdomains with
planar alkyl chains and planar connecting segments have been
represented and the counterions have been omitted.

A crude representation of a polysoap molecule with its
microdomains connected by segments of free repeat units
is given in Figure 6, which also shows how a quencher
such as DPy™* can migrate between microdomains along
these segments.

Conclusions

The results reported in this paper provide a first char-
acterization of the microdomains present in aqueous solu-
tions of PS10 and PS16.

The microdomains appear to be somewhat polydis-
perse. For PS10 the average number of repeat units per
microdomain has been found to be independent of the
concentration, ionic strength, and polymerization degree,
suggesting that microdomain formation involves iso-
lated polysoap molecules. As expected the number of
repeat units per microdomain decreases upon increasing
neutralization degree of PS10.

The behavior of PS16 is peculiar in two respects. The
number of repeat units per microdomain increases with
temperature may be as a result of an increased confor-
mational freedom of the polysoap main chain. Also migra-
tion of probe and quencher between microdomains takes
place on the fluorescence time scale. This migration may
involve segments of repeat units connecting one micro-
domain to another.
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ABSTRACT: The diffusion coefficients of a trace amount of camphorquinone (CQ) and its photoproduct
(CQP) in poly(aryl ether ether ketone) (PEEK) are measured as a function of temperature by using the
holographic grating relaxation technique. Above T, the diffusion coefficients are non-Arrhenius, whereas
they become Arrhenius below T,. Comparison of the diffusion data with the dynamic shear modulus data
of PEEK shows that diffusion of CQ (or CQP) in PEEK is completely determined by the molecular size
(characterized by a parameter £) of CQ (or CQP) and by the viscoelastic property of PEEK. However, the

£ parameter is found to be host dependent.

Introduction

Studies of the translational diffusion process of trace
amounts of low molecular weight organic dye molecules
in molten and glassy polymers are of practical and fun-
damental interest. Recent work carried out by using the
holographic grating relaxation technique!-3 has shown that
in the dye/polymer system the behavior of concentra-
tion fluctuations of the dye molecules is dictated by the
dynamics of polymer chain motion, provided that the dye
concentration is small such that the dye molecule under-
goes self-diffusion in the polymer environment and that
the lifetime of the excited dye molecule is much longer
than the rate of dye diffusion. Under these conditions,
the dye molecule serves as a probe of the polymer chain
motion, and measurements of the mutual diffusion coef-
ficient in the limit of vanishing dye concentration in the
dye/polymer system should provide information about
the motion of the polymer chains. When the polymer
host is in the rubbery state, the segmental motion of the
polymer chain is rapid and the diffusion of the probe
can be studied either by using a conventional technique
such as a radioactive isotope tracer or by using pulsed
field gradient NMR. However, as the dye/polymer sys-
tem is brought toward the glass transition temperature
(Tg) of the polymer, the segmental motion is gradually
frozen, and the diffusion process of the probe becomes
very slow, thus rendering the conventional techniques inef-
fective.

The holographic method deals with the detection of
the dye diffusion over a distance about the order of one
optical wavelength, and consequently it decreases the mea-
surement time by about a factor of 108, in comparison
with the conventional technique, thereby making the mea-
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Figure 1. Molecular formula of poly(aryl ether ether ketone)
(PEEK).

surement of a very slow diffusion coefficient (as small as
10715 ¢m?/s) feasible. This technique is especially use-
ful for polymers with high T;. In this paper, we apply
the holographic grating relaxation technique to measure
the diffusion coefficient of a photochromous dye, cam-
phorquinone (CQ), in poly (aryl ether ether ketone)
(PEEK).

Due to its outstanding thermal and combustion char-
acteristics and its resistance to a wide range of solvents,
PEEK has received an increased attention as a high per-
formance thermoplastic.#5 In order to gain a better under-
standing of the properties of this useful material as well
as to certify the applicability of the holographic grating
technique as a technique for characterizing the high T,
thermoplastic material, we have also measured the tem-
perature dependence of the dynamic shear modulus for
comparison.

Experimental Section

Poly(aryl ether ether ketone) (PEEK) (with its repeating unit
shown in Figure 1) used in the present study was synthesized
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