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ABSTRACT: Time-resolved fluorescence depolarization is applied to investigate the association of sodium
n-dodecyl sulfate (SDS) micelles with poly(N-isopropylacrylamide) in aqueous solutions using an
amphiphilic fluorescent probe (3-perylenedodecanoic acid) which is incorporated into the SDS micelles.
First, the effect of the surfactant concentration was measured: in the presence of the polymer, above the
critical aggregation concentration (CAC) of SDS, the rotational relaxation of the probe exhibits a slow
and a fast component. The relaxation time of the fast component is the same as in a polymer-free solution
above the CMC of SDS where, however, only one component is observed. The slower relaxation time is
attributed to polymer-bound micelles which incorporate polymer segments into their core. Second, the
effect of the temperature induced coil—globule transition is investigated: in the course of the transition
the rotational motion slows down almost 10-fold, indicating that the probe remains firmly associated

with the polymer even in its dense globular state.

Introduction

Considering the rich phenomenology of water soluble
macromolecules as well as of surfactant solutions, it is
not surprising to find even more peculiar features when
polymer, surfactant, and water are blended in a ternary
system. A particularly interesting polymer—surfactant
pair, combining the intriguing phenomenon of coil—
globule transition with a not less intriguing polymer—
surfactant association behavior, are poly(N-isopropyl-
acrylamide) (PNIPAM) and sodium n-dodecyl sulfate
(SDS). PNIPAM is thermo-sensitive. It exhibits a lower
critical solution temperature T of approximately 32 °C,
and as such it has been viewed as a good candidate for
studying the temperature induced coil—globule transi-
tion. Indeed, the shrinking of polymer coils above T,
has been demonstrated by deswelling of macroscopic
gels,!™* and by fluorescence studies of the labeled
polymer (excimer formation® and nonradiative energy
transfer® by F. Winnik and our measurements of time
resolved fluorescence depolarization?). However, direct
observations of the unimolecular features of the transi-
tion by light scattering techniques were hampered by
the accompanying precipitation of the polymer and the
resulting turbidity.8=19 On the other hand, it has been
known for some time that turbid PNIPAM solutions can
be clarified by the addition of the surfactant SDS.11.12
Recently, Schild and Tirrell3-15 performed a systematic
study of the effect of surfactants on the solubility of
PNIPAM. They noted a virtual absence of the cloud
point at SDS concentrations larger than 10 uM, whereas
microcalorimetric measurements indicated that T; is
still observable, though elevated with increasing SDS
content. They attribute the seeming discrepancy be-
tween microcalorimetry and cloud point to the small size
of the “precipitated particles”.

Parallel with those studies we investigated the
PNIPAM-SDS system by static and dynamic light
scattering, using thereby high molecular weight polymer
(My =7 x 10%) at very low concentrations:16:17 the small
“precipitated particles” above T, turned out to be
isolated polymer globules. A careful examination of the
polymer conformation on the SDS concentration and
temperature revealed two distinct regimes (see also
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Figure 2): at surfactant concentrations below 0.87 mM
the T is unaffected by the presence of SDS. Neverthe-
less, SDS interacts with the polymer, since it inhibits
its precipitation as soon as the SDS concentration
exceeds 10 uM. The polymer remains practically uni-
molecularly dispersed even above T. (intermolecular
solubilization). In this regime we observed a sharp
temperature induced coil—globule transition: the radius
of gyration decreases by a factor of 8 from 135 nm at 34
°C to 16 nm at 36 °C. In the second regime, at
surfactant concentrations above 0.87 mM, the T, starts
to increase linearly with SDS content. (Consequently,
the polymeric globules can be “blown-up” to coils by
addition of SDS: intramolecular solubilization.) The
polymer coils below T, swell and the transition becomes
broader, as is also apparent in the microcalorimetric
data in ref 15. The clue to the cause of this behavior
above 0.87 mM SDS has been given in ref 13: this value
of SDS concentration coincides well with the critical
aggregation concentration (CAC) at which the surfac-
tant forms micelles in the presence of the polymer. For
the PNIPAM—SDS system the CAC amounts to only
0.79 mM:; this is 10 times less than the critical micel-
lization concentration (CMC) of 8.1 mM?* in polymer-
free SDS solutions.

This enhanced aggregation of the surfactant due to
the presence of the polymer is not unique to PNIPAM—
SDS. A similar behavior has been studied, for example,
in solutions of poly(ethylene oxide) (PEO) or poly-
(vinylpyrrolidone) (PVP).1°=23 |n the case of PEO or
PVP and ionic surfactants the mixed micelles formed
in the presence of the polymer consist of aggregated
surfactant, similar to regular micelles in polymer-free
solutions. However, these surfactant aggregates are
wrapped by the polymer in a “loopy” configuration with
only few monomers of the polymer chain touching the
surface of the hydrophobic core.l®-23 But it is also
conceivable that polymer—surfactant aggregates may
resemble a pearl necklace, such as suggested for ex-
ample by Kokofuta et al.:2* the polymer backbone is
incorporated into the core of the micelle while the polar
heads of the surfactant are exposed to water. This
situation can be expected for polymers whose hydro-
phobicity is sufficiently high to bind the aliphatic chains
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of the surfactant.242> Furthermore, the flexibility of the
polymer chain may also affect the configuration of the
micelles. For a stiff polymer chain it is less probable
that it will get wrapped around a micelle than for a
flexible one.

In the present work we continue our investigation on
the coil—globule transition of the PNIPAM in water,
with the main emphasis on the association of the anionic
surfactant SDS with the polymer. In particular, we
attempt to contribute to the elucidation of the nature
of the mixed micelles. Is the PNIPAM—SDS system
similar to that with PEO and PVP where the polymer
chains wrap around the surfactant micelles, or does the
quite stiff and hydrophobic PNIPAM with a persistence
length of 4.4 nm’ penetrate the surfactant micelles in
a threaded fashion? The second aim of our present
study is to shed some light on the fate of the polymer-
bound micelles in the course of the coil—globule transi-
tion. Do they still exist above the transition tempera-
ture as more or less spherical aggregates, or are they,
perhaps, transformed into a surfactant layer coating the
polymeric globules?

Our chief tool for this investigation is time-resolved
fluorescence depolarization, a technique for measure-
ments of the Brownian rotation of fluorescent labels in
the nanosecond time scale. In our previous work, we
employed this technique for the assessment of the local
reorientational mobility of the PNIPAM chain.” For
that purpose, the probe was covalently bound to the
polymer chain. In the present study the basic idea was
to anchor the fluorescent probe in the surfactant micelle
so that its reorientational motion reflects the reorienta-
tion of the micelle as a whole. In turn, the reorienta-
tional mobility of the micelle can be expected to be
substantially influenced by the type of binding to the
polymer backbone. Our probe of choice is the am-
phiphilic dye 3-perylenedodecanoic acid (PeCiz). The
fluorescent group perylene is highly hydrophobic and
therefore readily incorporated in the dense hydrophobic
core of the SDS micelles. The dodecanoic chain, whose
length matches the length of SDS, serves as the anchor.
The selection of perylene as the fluorescent label was
motivated by its convenient value of fluorescence life-
time and high value of the initial anisotropy. The
lifetime of 5.4 ns is close to the expected rotation
relaxation times of the micelles, and the initial anisot-
ropy of perylene is sufficiently high to provide a good
signal-to-noise ratio of the time resolved fluorescence
depolarization measurements. In view of the second
aim of the present study, namely, the coil—globule
transition, we use a considerably lower molecular
weight of the polymer than in our previous light
scattering work. This is in order to have the radius of
the globules small enough to detect their rotation during
the lifetime of the fluorescent probe.

The paper is organized as follows: in the Experimen-
tal Section we outline the procedures and techniques
employed in the present work. In Results and Discus-
sion we first discuss the results of auxiliary measure-
ments of the transition temperature, critical association
concentration, and the reorientational dynamics of the
PeCi, probe in polymer-free SDS solutions. Finally, we
present the data on the surfactant association with the
polymer below the transition temperature and on the
role of the coil—globule transition. The main findings
are summarized in the section Conclusions.
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Figure 1. Chemical structures of the polymer, surfactant, and
fluorophores used: (a) poly(N-isopropylacrylamide), (b) sodium
n-dodecyl sulfate, (c) pyrene, (d) perylene, (e) 3-perylenedo-
decanoic acid.

Experimental Section

Materials. N-lIsopropylacrylamide (NIPAM) was purified
by sublimation in vacuum at 50 °C. The polymer was
synthesized by radical polymerization in methanolic solution
initiated with a,0'-azoisobutyronitrile (AIBN). A 290 mg
amount, dissolved in a small quantity of methanol, was added
to 50 mL of a oxygen-free solution of 11 wt % NIPAM in
methanol. After 52 min polymerization time at 40 °C, a
polymer yield of 40% was obtained. The polymer was purified
by 3-fold precipitation with diethyl ether from a methanolic
solution and then vacuum dried at 60 °C. The samples were
not further fractionated and exhibit the polydispersity typical
for radical polymerization. The average molecular weight, as
determined by viscosimetry in methanol using the established
Mark—Houwink relation,?® amounts to 4.4 x 105, correspond-
ing to approximately 3900 monomers.

Sodium n-dodecyl sulfate (Merck) was purified by recrys-
tallization and filtering (0.22 um Millipore GV) from a metha-
nol solution in the presence of charcoal activated granular
extra pure (Merck). The fluorescent probes pyrene (Fluka AG),
perylene (Merck), and 3-perylenedodecanoic acid (Molecular
Probes, Inc.) were used without further purification. Solvent
for all measurements was deionized water (Millipore Milli-Q
water purification system) with added sodium azide (5 x 10~
M) to prevent bacteria growth. The used materials are
illustrated in Figure 1.

Sample Preparation. The PNIPAM stock solution (4.0
g/L) was filtered using a membrane filter (0.45 um, Millipore
HV). The PNIPAM concentration in all measurements were
chosen to 1 g/L, and the SDS concentration was varied between
0 and 35 mM. The samples were prepared by mixing the
polymer stock solution with the SDS stock solution (70 mM)
and diluting with the solvent to the desired concentrations.
The fluorescent probes were predissolved in acetone p.a. (1073
M). Microliters of these stock solutions were added to milli-
liters of the samples, yielding dye concentrations of ca. 10-°
M for perylene and PeCj;, and ca. 3 x 1077 M for pyrene.

Light Scattering. The transition temperature T, of
PNIPAM at a certain concentration of added SDS was deter-
mined from the temperature scan of the scattering intensity.
Static light scattering measurements were performed with a
HeNe laser (633 nm) at a fixed angle of § = 90°. At the
transition temperature of the polymer the scattering intensity
increases due to the formation of polymer globules and maybe
also aggregates. The residual aggregation of the polymer in
the collapsed state may be determined by calculating the ratio
N of the apparent molecular weights of the scattering particles
below and above the transition:

_ RB(T = Tc) Pc(e)

TR/T < T) P0) @)
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where Ry is the Rayleigh ratio and P¢(6) and Py(6) are the form
factors of coils and globules, respectively [we used the relation
My O Rg/P(6)].2” In this notion N refers to the number of
macromolecules incorporated into an aggregate in the col-
lapsed state of the polymer.

CAC Determination with Pyrene Probe. Pyrene was
applied as a polarity probe to investigate the micellization
behavior of SDS. This strongly hydrophobic probe is sparingly
soluble in water; monomeric solutions are obtained up to a
concentration of ca. 3 x 1077 M. At such a low concentration,
the fluorescence spectrum of pyrene exhibits a well-resolved
fine structure whose relative peak intensities reflect the
microenvironmental polarity of the probe. The ratio of the
fluorescence intensities of the highest energy vibrational band
11 (373 nm) to the third highest energy vibrational band I; (385
nm) has been shown to correlate with the microenvironmental
polarity.?® Pyrene thereby is a well-established micellization
indicator.13142930 In the presence of surfactant, the probe will
be solubilized in the hydrophobic environment of a surfactant
aggregate as soon as there is enough surfactant to form
micelles. Consequently, the value of 1i/15 drops from ca. 1.8
in pure water to ca 1.2 above the CMC of the SDS.132°

Pyrene emission spectra were obtained with a Perkin EImer
LS-5B luminescence spectrometer at room temperature (23
°C). The excitation wavelength was chosen to 335 nm with a
slit width of 5 nm, and the emission scan was done with a slit
width of 2.5 nm. The fluorescence intensities of the 1, and I3
vibronic bands in the emission spectrum are measured as peak
heights.

Time-Resolved Fluorescence Depolarization. The
method of time-resolved fluorescence depolarization has been
described elsewhere.3132 A linearly polarized excitation pulse
is used to photoselect an anisotropic distribution of excited
fluorescent groups. Since the fluorophores emit light which
is polarized along the emission transition moment, the fluo-
rescence from the sample is partially polarized until rotational
diffusion randomizes the orientation of the excited fluoro-
phores. The measured fluorescence decay time profiles polar-
ized parallel and perpendicular to the excitation polarization,
I,(t) and Ig(t), are convolutions of the instrument response
function of the given apparatus with the 6 responses of the
polarized fluorescence decays, i(t) and ig(t). The measured
sum I(t) + 2I(t) contains the information of the fluorescence
kinetics, whereas the difference I,(t) — I5(t) in addition reflects
the reorientational relaxation of the fluorophore. After de-
convolution procedures, the anisotropy function r(t) can be
extracted from the polarized fluorescence decays by:31:32

(D) = () — i)

=0 + 20 @

This r(t) is proportional to an orientation correlation function
of the absorption and emission transition moments of the
fluorophore.®® If the rotational diffusion consists in isotropic
reorientations, as often observed for free dye molecules, then
the anisotropy r(t) will take the form of a single exponential,
r(t) = roe ¥r. Accepting the notion of isotropic rotational
Brownian motion, we may write v, = 1/6Dyo, Where Dy is the
rotational diffusion coefficient. This Dy in turn can be
translated into the volume Vg or the radius ae, of an
equivalent sphere. Employing the rotational Einstein relation
Dot = KT/6nVeq, We may write

Voq=1,KTly and a,, = (3V,4n)" (3)

where T is the temperature and # the viscosity of the solvent.
This simple interpretation breaks down when the reorientation
is anisotropic or when the rotating body is flexible. However,
in general it is convenient to characterize the reorientational
motion in terms of the reduced relaxation rate u

.
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Figure 2. Transition temperature T, of PNIPAM depending
on surfactant concentration: (O) unfractionated sample M =
4.4 x 10%, ¢cp = 1 g/L; (— —) fractionated sample from previous
work” M = 7.0 x 108, cp = 10—200 mg/L; and (—:-—) data
from Schild and Tirrell** with M 4.4 x 10% cp = 0.4 g/L. The
terms indicating different conformational states of the polymer
are motivated by the results of the static and dynamic light
scattering experiments done in ref 17.

in order to eliminate the trivial dependence on the temperature
T and solvent viscosity 7.

Additional information about the reorientational dynamics
of the fluorescent probe can be obtained from the initial
anisotropy ro. In the first place, this quantity is determined
by the mutual orientation of the dipole moments of the
excitation and emission transitions, ro assuming the theoretical
maximum of 0.4 when this two moments are parallel. How-
ever, ro is also affected by libration, i.e., fast restricted
reorientation motions superposed to the rotational diffu-
sion.34% Libration can be assumed to be sensitive to the
immediate environment of the probe, such as microviscosity
or steric constraints.

Details on the apparatus for time-resolved fluorescence
depolarization and on methodic procedures used in this work
may be found in refs 36—38. The excitation light source was
a free running spark gap operated in air at atmospheric
pressure at a frequency of ca. 15 kHz. A band pass filter UG
1 (Schott) was used to select the excitation wavelength in a
band between 300 and 400 nm, and the fluorescence monomer
emission of PeC;, was observed between 450 and 570 nm with
the two filter KV 450 and BG 23 (Schott). The relative
deconvolution method with a reference sample®” was used to
evaluate the measured fluorescence time profiles, I,(t) and I(t).
For the evaluation of the polarized fluorescence decay of PeCi.,
we used fluorescein as reference sample. The fluorescence
decays were corrected by subtraction of blanks obtained from
measurements of samples without chromophores. The tem-
perature of the sample was stabilized with a Lauda RC-6
circulating bath.

Results and Discussion

Transition Temperature of the PNIPAM-SDS
System. In Figure 2, the transition behavior of the
PNIPAM—SDS system is summarized.

At small surfactant concentrations, T, of the polymer
used in this work is in good agreement with our previous
results on fractionated high molecular weight sample
of PNIPAM.Y” This supports the assumption that the
transition temperature is primarily determined by local
effects rather than by the nature of the polymer as a
large system. At larger surfactant concentrations the
present T is lower than in ref 17. This may be due to
the difference of the polymer concentrations (10—200
mg/L in ref 17 and 1 g/L in the present study). At high
PNIPAM concentrations, there is more polymer avail-
able for the surfactant to bind to, and as a consequence
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Figure 3. Peak height ratio I,/I5 of pyrene (O) in the presence
of PNIPAM (1 g/L) depending on surfactant concentration. The
data from Schild and Tirrell** with (— —) and without (—+-—)
polymer are also shown. Fluorescence spectrum of pyrene with
0.1 mM SDS (left) and 7 mM SDS (right).

the elevation of the transition temperature does not get
that pronounced. The comparatively high polymer
concentration also may be responsible for incomplete
dispersion of the polymer above T.: the mean polymer
aggregation number N, calculated with eq 1, decreases
only to a value of N = 3 at a surfactant concentration
of 3.5 mM. This is in contrast to our previous work?!?
with high molecular weight polymer at very low con-
centrations, where complete dispersion (N = 1) was
achieved at 0.87 mM SDS.

Critical Aggregation Concentration of SDS. The
dependence of the peak height ratio of the pyrene probe
on the SDS content in PNIPAM solutions is shown in
Figure 3, where we also compare with measurements
in pure water. In the presence of PNIPAM the abrupt
drop in I4/13 is shifted to lower SDS concentrations. This
decrease in the microenvironmental polarity, well below
the CMC, reflects the formation of polymer-bound
micelles at a critical aggregation concentration (CAC).132°
The CAC is calculated from the inflection point430 of
the curve in Figure 3 to 1.3 mM. Schild and Tirrell4
determined the CAC in a PNIPAM—SDS system by the
same technique to a lower value of 0.79 mM. The
reason for this discrepancy is unknown. However,
setting aside the presence of impurities, we suspect that
the properties of PNIPAM depend to a certain extent
on the particular synthetic procedure, perhaps due to
slight differences in tacticity. More important than the
exact value of the CAC is, in the present context, a
conspicuous feature common to our curve in Figure 3
and the data by Schild and Tirrell:*4 there is a minimum
11/13 between CAC and CMC, in the concentration
regime where the polymer-bound micelles dominate.
This suggests that the environment in the polymer-
bound micelles is even more hydrophobic than in the
regular SDS micelles. Such a minimum is not observed
with PEO or PVP.222% \We take this as the first evidence
for the difference of the structure of the PNIPAM-bound
micelles and those found in polymer-free SDS solutions.

PeCji, in Regular SDS Micelles. In order to assess
the usefulness of the PeC;, as the probe for the
polymer—surfactant association, we first carried out a
series of preliminary measurements in polymer-free
samples.

(A) PeCj, Solubilization. The surfactant concen-
tration was varied between 3.5 and 35 mM and the
temperature set to 25 °C. Below the CMC the fluores-
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Table 1. Fluorescence Lifetime, Initial Anisotropy, and
Rotation Time for PeCj; and Perylene in Polymer-Free

SDS Solution
probe 7r (NS) ro 7r (Ns)
PeCi» 5.46 + 0.02 0.23+£0.01 1.04 +0.02
perylene 5.73 £ 0.06 0.11 £ 0.01 0.49 £ 0.05

cence of PeCy; is low, and therefore the evaluation of
the measurements in that concentration regime is
difficult. Above the CMC the fluorescence increases
with the SDS concentration and remains constant above
approximately 21 mM SDS. However, there is a sig-
nificant change in the fluorescence spectrum when
crossing the CMC. Below the CMC we observe excimer
fluorescence around 600 nm, but this contribution
diminishes with increasing SDS concentration. Above
the CMC the three monomer peaks at 450, 480, and 513
nm dominate the fluorescence spectrum. These results
indicate the incorporation of PeCi, in regular SDS
micelles above the CMC.

This finding is supported by time-resolved measure-
ments. Because the excimer fluorescence is suppressed
by an appropriate filter, the measured fluorescence
below the CMC is very low, so that it is hardly possible
to evaluate the anisotropy in that concentration regime.
Only the fluorescence decay time was determined over
the whole SDS concentration range. Below the CMC
two exponentials are necessary to obtain an adequate
fit of the data whereas above the CMC the fluorescence
decay becomes a single exponential and is independent
of a further increase of the SDS concentration.

(B) Reorientational Dynamics. The results of the
time-resolved depolarization measurements above the
CMC are summarized in Table 1, where we also
compare the amphiphilic probe PeC;, with bare perylene
dye. The anisotropy decay is a single exponential and
does not depend on SDS concentration above the CMC
up to 35 mM (temperature 25 °C).

The low values of the initial anisotropy ro of both
probes indicate the presence of libration: in a hydro-
phobic environment perylene has parallel absorption
and emission transition moments in the excitation
regime between 350 and 450 nm?3° and this would give
ro~ 0.4. The value ro = 0.11 of the bare perylene probe
corresponds to previous measurements on perylene in
paraffin,3* and the 2-fold increase to ro = 0.23 for PeCy,
is consistent with an immobilization due to the attached
hydrocarbon chain.

According to the 7, results, PeC;, reorients more
slowly than perylene, and this clearly indicates that the
amphiphilic probe is at least to some degree anchored
in the micellar aggregate. However, the value 7, = 1.04
ns is conspicuously small: the equivalent radius of the
micelle, calculated with eq 3, amounts to only a.q = 1.05
nm, and this is much too small to correspond to a rigid
micelle and perfectly anchored probe. In fact, subtract-
ing 0.5 nm as the thickness of the shell of polar
groups??=42 and taking approximately 0.3 nm3 as the
volume of a single hydrocarbon chain,*2=44 we would
arrive at an aggregation number of only 2! This is 30
times smaller than the generally accepted minimal
aggregation number of approximately 60 for SDS mi-
celles at low salt content**~47 and still 15 times smaller
thn the lowest experimental estimate.** The short
rotational relaxation time 7, is not a feature of PeCi,
only; we also found similar values with the amphiphilic
probes PyreneC;, and DansylCis.

To elucidate these findings, we estimated the micellar
hydrodynamic radius a, from the translational self-
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Figure 4. Fluorescence emission spectra of PeCi, in PNIPAM—
SDS solutions: (a) in pure water, (b) with 3.5 mM SDS, (c)
with 1 g/L PNIPAM, (d) with 3.5 mM SDS and 1 g/L PNIPAM.
Curves a, b, and c are plotted with the same scaling, whereas
curve d is multiplied by a factor of ~0.1 to fit the curve into
the given frame.

diffusion coefficient of the PeCi,-labeled micelles. The
self-diffusion measurements were done with the tech-
nique of fluorescence correlation (similar application of
this technique is discussed in ref 48). In this crude
experiment we found values of ay, in the range of 1.8—
3.3 nm depending on the time window of the measure-
ment. This spread may indicate a transition from the
short-time to the long-time self-diffusion regime, but
even taking the smallest estimate a, = 1.8 nm is more
plausible as the value of the micellar radius, than the
equivalent radius a.q = 1.05 nm from fluorescence
depolarization.

We thus conclude: a certain decrease of the aggrega-
tion number due to the incorporation of the fluorescent
probe cannot be excluded, but the main factor respon-
sible for the low value of rotational relaxation time z,
must be the fluidity of the hydrocarbon core. SDS
micelles are not rigid spheres.

(C) Effect of the Temperature. In view of the
investigation of the temperature induced transition of
PNIPAM, we carried out a series of time-resolved
fluorescence depolarization measurements in the tem-
perature range from 25 to 60 °C in steps of 5 °C (SDS
concentration 35 mM). The results show no significant
temperature dependence (this is consistent with the
weak temperature dependence of the CMC which in-
creases only to 10 mM at 55 °C#%). The mean of the
reduced relaxation rate of PeCy, is 4 = 0.24 4 0.01 nm~3,
which corresponds to an equivalent micellar radius aeq
= 1.00 £+ 0.02 nm. The average initial anisotropy is ro
=0.23 £ 0.01. These means are in good agreement with
the means determined at 25 °C at different SDS
concentrations.

Surfactant Association with PNIPAM Coils. In
a first series of measurements we investigated the
association of the surfactant with the polymer in the
coil state at constant temperature of 25 °C, far below
Tc.. The concentration of SDS was varied in a range
between 0 and 35 mM (above CMC), keeping thereby
the content of the amphiphilic probe PeC;, constant at
107 M and the polymer at 1 g/L.

(A) Fluorescence Spectra. The first indication on
the surfactant association and interaction of the am-
phiphilic probe with the polymer can be obtained from
the fluorescence spectra shown in Figure 4. We note
that the presence of PNIPAM alone in a surfactant-free
solution changes the fluorescence spectrum of PeCj,
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Figure 5. Fluorescence decay li(t) + 2In(t) of PeCy, in
PNIPAM—SDS solutions at 25 °C: (--+) raw data, (—) fit by a
single- or double-exponential, respectively, convoluted with the
excitation profile. Curve a at an SDS concentration of 0.7 mM
(below the CAC) shows a double-exponential decay, whereas
curve b at an SDS concentration of 1.7 mM (above the CAC)
is satisfactorily fitted with only one exponential.

(curves a and c). The fluorescence monomer emission
peaks at 450 and 480 nm emerge upon the addition of
PNIPAM (curve c) but not upon the addition of only SDS
below the CMC (curve b). This indicates a strong
hydrophobic interaction of PeC;, with the polymer even
before the onset of cooperative association at the CAC,
corresponding to monomeric binding of SDS at very low
concentrations. This binding is responsible for the
intermolecular solubilization of PNIPAM.1617 However,
a dramatic change of the fluorescence spectrum of PeC;,
occurs first when the SDS concentration exceeds the
CAC (curve d): the monomer emission peaks become
dominant, and the excimer emission practically van-
ishes. This finding confirms the CAC determination
with the pyrene probe and indicates that PeC;; is
completely incorporated into the polymer induced mi-
celles.

(B) Fluorescence Lifetimes. Further clues to the
solubilization of PeC, are obtained from the fluores-
cence decay curves, i.e., from the sum iy + 2ig. Two
typical decay curves of the measured fluorescence I;(t)
+ 21(t) are shown in Figure 5 together with their best
fits. The data are normalized by dividing with the
integrated excitation intensity. Curve a corresponds to
an SDS concentration of 0.7 mM, i.e., below the CAC.
Here two exponentials are required for a satisfactory
fit of the data. With increasing SDS content, the
fluorescence signal increases and reaches a constant
value above the CAC. At this SDS concentration, the
fluorescence decay becomes a single exponential (curve
b) in Figure 5 at 1.7 mM. This indicates the change of
the environment of the perylene group due to the
formation of micelles. The fluorescence lifetime ¢
reaches a constant value of 7g = 5.37 + 0.02 ns (see
Figure 6). This is slightly but significantly lower than
the value of 5.46 + 0.02 ns found in polymer-free
surfactant solutions. We have here, in addition to the
depression of the 11/1; ratio of pyrene, another hint at
the different nature of the regular and polymer-bound
micelles.

(C) Time-Resolved Depolarization. In view of
these observations of the fluorescence decay, we only
evaluate the anisotropy data above the CAC. The
difference profiles iy — ig are nonexponential in the
whole range of SDS concentration. However, two ex-
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Figure 6. The dependence of the fluorescence decay time ¢
(from fits with a single exponential) of PeC;; in PNIPAM
solution on the SDS concentration. Above the CAC 7= remains
constant.
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Figure 7. Typical difference Iy(t) — Io(t) of the measured

polarized fluorescence profiles of PeCi;; in PNIPAM—-SDS

solutions with 7 mM SDS at 25 °C: (--) raw data, (—) fitby a

double-exponential convoluted with the excitation profile. The

inset shows the corresponding anisotropy decay.

ponentials are sufficient to obtain satisfactory fits in the
whole SDS range, r(t) = di exp(—t/z;1) + dz exp(—t/zro).
The difference between the two relaxation times is very
large, and the two components are therefore well
resolvable. A typical result is shown in Figure 7, where
also the deconvoluted anisotropy decay is shown in the
inset.

A feature common to all measurements is a fast
component whose relaxation time does not depend on
the SDS concentration (Figure 8, lower curve). It is
distributed around a value of 7,1 = 1.0 & 0.1 ns. This
value corresponds well with the anisotropy decay of the
chromophore in regular surfactant micelles (7, = 1.04
4 0.02 ns) in polymer-free solutions. However, we also
observe a slow relaxation component (its relaxation is
much slower than in absence of the polymer) which
depends, in contrast to the fast component, on the SDS
concentration. The relaxation time 7., of the slow
component decreases from 17 ns at the CAC to reach a
constant value of approximately 7, = 6 ns in the vicinity
of the CMC. This decrease of 7., is accompanied by the
decrease of its relative contribution to iy — ig as shown
in Figure 9.

It is natural to assume that the large value of 7,
reflects the binding of the surfactant aggregates to the
polymer backbone. However, one can also imagine that
the surfactant aggregates simply grow in the presence
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Figure 9. The relative contribution d./d; of the slow compo-
nent to the fast component of the anisotropy decay r(t) = d
exp(—t/zy) + da exp(—t/ze).

of the polymer, but there are several reasons to dismiss
such a hypothesis: first of all, measurements on the
related PEO—SDS system show that the aggregation
number decreases rather than increases in presence of
the polymer.2250 Second, pyrene probe results suggest
a change of the environment in the interior of the
micelles (dip in 11/13 between CAC and CMC) such as
can be expected due to binding. Third, it is very
unlikely that the aggregation number would decrease
with increasing surfactant concentration as does the
relaxation time of the slow component. And, last but
not least, the relaxation time 7z, = 17 ns in the vicinity
of CAC is consistent with the relaxation time of the
backbone bending. In our previous’” work with co-
valently labeled PNIPAM, we found for the backbone
relaxation a z, of approximately 9 ns, and this value can
be expected to increase due to the binding of the bulky
micelle. We adopt thus the binding hypothesis though,
strictly speaking, a rigorous decision would require
direct measurements of the aggregation number by
small angle scattering.

Having attributed the slow relaxation to the binding
to the polymer backbone, we have to explain the
presence of the fast component. The nonexponential
behavior of the anisotropy relaxation is exhibited by
three categories of models:

The first category includes several ab initio models
basing on coupled reorientation of individual polymer
segments. (For reviews of these type of models see refs
32,51, and 52.) The validity of such models is question-
able in the case of PNIPAM with its stiff backbone.



Macromolecules, Vol. 29, No. 11, 1996

Nevertheless, we have tested several model functions
of this type and found that none of them is able to
reproduce the fast initial decay paired with a well
distinguished slow relaxation.

The second category assumes anisotropic rotation of
the fluorescent label.” A nonexponential decay of the
polarization anisotropy may occur even when the dye
orientation is random with respect to the axes of the
rotational diffusion tensor.5® However, a careful analy-
sis of the present data has shown that in order to
reproduce both well separated components including
their observed relative contribution, one has to require
a highly specific and practically unique orientation of
the transition moments of the label. This is highly
improbable, and therefore we discard the anisotropic
rotation model.

The third and most probable category of models for
the explanation of the double-exponential anisotropy
decay is the most simple one: we assume that two kinds
of SDS aggregates are formed in the presence of
PNIPAM above the CAC and below the CMC of the
surfactant. The first kind (i) are polymer-bound mi-
celles where the perylene group is immobilized and
exhibits therefore the slow rotation. The second kind
(i) are quasi-free micelles with the perylene group
exhibiting a certain degree of rotational freedom. The
rotational relaxation time of these quasi-free micelles
is the same as that of the regular micelles in polymer-
free solution, and so their structure is presumably
similar, too. The present data do not give any clue
whether the quasi-free micelles of kind (ii) are associ-
ated with the polymer or not. Regular micelles, forming
above the CMC, are not indistinguishable from the
quasi-free micelles with our methods, and their dynam-
ics is included in the fast reorientation component in
r(t). In the next paragraph we investigate the consis-
tency of this model.

(D) Data Interpretation in Terms of Polymer-
Bound and Quasi-Free Micelles. The interpretation
of the fast and slow component of the anisotropy as
reorientational motions of the fluorophore in quasi-free
and polymer-bound micelles leads to the following model
for the anisotropy decay:

—t/tn

r(t) = asrge "™ + a,ry.e where a, +a,=1

®)

Here ro;e~Y™ represents the reorientational motion of
PeCi» in quasi-free micelles and rp,e~Y=2 in polymer-
bound micelles. The pre-factors a; and a; reflect the
relative amounts of fluorophore molecules in quasi-free
and polymer-bound micelles in the solution, as far as
the quantum vyield of the fluorophore in both types of
micelles is the same. If we furthermore assume that
the probability for the fluorophore to be solubilized in
both types of micelles is the same too, the prefactors a;
and a, will represent the relative amounts of the quasi-
free and polymer-bound micelles in the solution.

In eq 5 there is one superfluous parameter (only the
products ajro; can be determined), which can be elimi-
nated using the assumption that quasi-free micelles of
kind (ii) are indistinguishable from the regular mi-
celles: we set therefore ro; to the average value of rg
determined in polymer-free solutions. Further, we fix
also 7, and 7, to their previously determined average
values in order to improve the accuracy of the estima-
tion of the remaining free parameters.

The dependencies of the remaining free parameters,
namely, tr2, a2, and ro, of the polymer-bound micelles,
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Figure 10. The relative amount a; (a) of fluorophore mol-

ecules in polymer-bound micelles and the corresponding initial
anisotropy ro; (O).

on the SDS concentration are shown in Figures 8 and
10. An important feature of the polymer-bound micelles
is apparent in Figure 10: the initial anisotropy ro; is
large; it assumes practically the theoretical maximum
of 0.4. This is consistent with blocking of the fast
libration motions by a tight binding of the perylene
group to the polymer backbone—a strong indication that
the polymer backbone or its hydrophobic side groups are
incorporated in the core of the polymer-bound micelles.
Above the CMC, rq, declines to the value found for
regular micelles. This may indicate a certain weaken-
ing of the dye—polymer interaction, but such an inter-
pretation should be taken cautiously. In the same
region of SDS concentration the contribution a, of the
polymer-bound micelles to the total anisotropy function
r exhibits a sharp drop, indicating the formation of the
regular micelles and saturation of the polymer with
bound surfactant. Regular micelles will eventually
dominate, and therefore the data on polymer-bound
micelles above CMC are quantitatively less reliable.

An intriguing feature of the depolarization data is the
already mentioned decrease of 7., with SDS concentra-
tion apparent in Figure 8. We assume that this effect
reflects an increase of the aggregation number of the
polymer-bound micelles with the SDS concentration,
such as has been found with other hydrophobic poly-
mers.>* At present, we can only speculate how this
growth of the micelles translates into the speedup of
the reorientation: On one hand, one can imagine that
the polymer backbone becomes more flexible as the
solvation water is replaced with surfactant coverage. On
the other hand, it is possible that the reorientation is
facilitated because more space is available for the probe
in the hydrophobic core of the micelles, and therefore
the binding of the perylene group to the polymer
becomes less tight. This may also explain the decline
of Io2.

Polymer—Surfactant Association and Coil—Glob-
ule Transition. In order to elucidate the fate of the
surfactant in the course of the coil—globule transition,
we measured the effect of the temperature on the
reorientation motions of the fluorophore across the
transition of the polymer for two different SDS concen-
trations, 2.4 and 3.5 mM, corresponding to transition
temperatures of 41 and 48 °C (Figure 2).

The fluorescence decay of PeCi, is described by a
single exponential over the whole temperature range
for both SDS concentrations. However, the fluorescence
decay time ¢ exhibits a significant temperature de-
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Figure 11. The fluorescence decay time z¢ of PeCj, for the
sample with 2.4 and 3.5 mM SDS.

L e e e LA S s pes we S e ey e

A 24mMSDS]
A 35mMSDS |

0.2 i }
&
. ; {
E [ 3 I }
=z 041 i 5 }
] §A§5£ % } } i
0 —— } e+
0.02 |- o 2.4mMSDS]
;g 8 ¥ ®  35mMSDS]
s 0015F°% o @ : { :
‘s 1 @ ]
= 001} 1
3. [ % 1
0.005 |- g 0 ]
; n:hu E nA | | n
0 L L 1 L L

30 40 50 60
Temperature[ "C]

Figure 12. The reduced relaxation rates u; and u of the faster
and slower rotation relaxation mode for 2.4 and 3.5 mM SDS.

pendence (see Figure 11), reflecting the coil—globule
transition: the region of the transition, ¢, has a
minimum, and it rises to a value approximately 1%
higher than below the transition. Apparently, the
environment of the fluorophore undergoes a change
during the transition.

The anisotropy decay requires one to use a double-
exponential model to obtain adequate fits of the experi-
mental r(t). For the sake of numerical consistency, we
retain the model of two types of micelles (eq 5) through
the whole temperature range, keeping in mind, how-
ever, that such picture presumably breaks down at the
transition. The behavior of the reduced relaxation rates
w1 and u, are shown in Figure 12. (In order to account
for the changes of the viscosity in these temperature-
dependent measurements, we discuss here the reduced
relaxation rates x4 as defined by eq 4 instead of the
relaxation times 7,.) Both relaxation modes exhibit a
substantial slowdown at T, of the polymer, whereby the
effect is more pronounced for the slow component: u;
decreases from 0.016 nm~3 below T, to an almost 10-
fold smaller value of ~0.002 nm=3 above T.. The
corresponding change of the fast rotation mode is only
by a factor of ~2. The relative amount a, of fluorophore
molecules in the slow relaxation mode is shown in
Figure 13. During the transition, a, reaches a mini-
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Figure 13. The relative amount a, of fluorophore molecules
in the slow rotation relaxation mode for 2.4 and 3.5 mM SDS.

mum, and above the transition it rises, suggesting that
during the collapse of the polymer chains also a part of
the fluorophore molecules in quasi-free micelles become
immobilized by the polymer globules.

The binding of the fluorophore to the polymer seems
to be quite tight: the equivalent radius a.q> (eq 3)
corresponding to the measured u, above the transition
is as large as ~5 nm. This is somewhat smaller than
the expected hydrodynamic radius of the globules of ~8
nm, as obtained by rescaling the data from ref 17 to the
present molecular weight, but we have to take into
account that the polymer may exhibit a certain fluidity
even in the globular state (much like the fluidity in the
interior of the SDS micelles). On the other hand, the
large polydispersity of the present samples may be an
alternative explanation of the difference.

Our findings clearly indicate that at the transition
the polymer—surfactant system rearranges in a new
configuration. The exact nature of this rearrangement
is less clear, but we dare a first hypothesis: the
surfactant molecules are expelled from the inside of the
polymer globules and adsorbed on their surface. The
amount of surfactant molecules that are necessary to
cover the polymer globules can be estimated from simple
geometrical considerations: Taking 8 nm as the average
radius of globules that incorporate only one polymer
molecule with the polymer packing density from ref 17
and taking into account that the mean aggregation
number of the globules was measured to be 4.8 and 3.1
at 2.4 and 3.5 mM SDS, respectively, we obtain average
radii of 13.3 and 11.5 nm at 2.4 and 3.5 mM SDS,
respectively. If we further assume that one surfactant
molecule covers an area of 0.63 nm?2,8 we find that, at
2.4 and 3.5 mM SDS, ~70% and ~60% of the SDS
amount are sufficient to cover the polymer globules with
a surfactant monolayer. Interestingly, it is in reason-
able agreement with the experimental values of the
relative contributions a, of the slow relaxation compo-
nent above the transition, but perhaps we should not
overinterpret the data. Clearly, much more effort would
be necessary to confirm the coating hypothesis, but
essentially it seems to be consistent with our data.

Conclusions

We investigated, with the technique of time-resolved
fluorescence depolarization and the amphiphilic fluo-
rescence probe PeC;,, the interaction of the surfactant
SDS with the thermo-sensitive polymer PNIPAM. Our
results show that the surfactant association with the
hydrophobic and stiff PNIPAM is a considerably more



Macromolecules, Vol. 29, No. 11, 1996

Coil—Globule Transition of Poly(N-isopropylacrylamide) 4027

polymer-bound micelle <

polymer-bound micelle i

Lo

~ b) CMC < Coge

a) CAC < Cgpg < CMC

CAC < Cgps < CMC 4

Figure 14. Quasi-free and polymer-bound micelles below the
transition temperature. At low surfactant concentrations close
to the CAC (a), there are approximately as many quasi-free
as polymer-bound micelles. At surfactant concentrations
above CMC (b), regular micelles appear and finally dominate,
together with the quasi-free micelles.

complex phenomenon than in the previously studied
cases of PEO and PVP, this despite the common feature
of the polymer-induced surfactant aggregation. In the
case of PNIPAM, isolated surfactant molecules (SDS as
well as PeCj,) bind to the polymer even before the onset
of the cooperative association at the CAC. This indi-
cates strong hydrophobic interaction, which also deter-
mines the structure of polymer-induced surfactant
aggregates. We found evidence that two types of
micelles form in the presence of the polymer below the
transition temperature T, (the proposed model is il-
lustrated schematically in Figure 14):

(i) Polymer-bound micelles that incorporate the poly-
mer backbone (or the hydrophobic isopropyl side groups)
in their hydrophobic core.

(ii) Quasi-free micelles whose interior does not ap-
preciably differ from the regular SDS micelles above
CMC.

These two types of polymer-induced micelles manifest
themselves as two well distinguishable relaxation modes
of polarization anisotropy of PeCi,: a slow mode, whose
reorientational relaxation time is an order of magnitude
slower than with regular SDS micelles, is attributed to
polymer-bound micelles (i). Such slow reorientation
requires tight binding of the hydrophobic perylene group
to the polymer; i.e., the polymer penetrates into the core
of the micelles instead of wrapping them as in the case
of PEO. Strong evidence for this interpretation is the
high value of the initial anisotropy of the slow mode,
indicating the blocking of librational motion of the
fluorophore. (In addition, the fluorescence spectrum of
the polarity probe pyrene as well as the fluorescence
lifetime of PeC;, indicates that the polarity in these
polymer-bound micelles differs from the polarity in
regular SDS micelles.) On the other hand, the fast
component of the anisotropy relaxation, attributed to
the quasi-free micelles (ii), does not seem to differ from
regular micelles in polymer-free solutions: the corre-
sponding rotational relaxation time as well as the initial
anisotropy are the same. It is conceivable that these
micelles interact with the polymer in a similar fashion
as in the PEO case, but this question is still open. This
question should be addressed by direct comparison of
time-resolved fluorescence depolarization data of PEO
and PNIPAM.

In the course of the temperature-induced coil—globule
transition of the macromolecules, the mixed polymer—
surfactant aggregates undergo a profound restructuring.

Figure 15. Surfactant covered polymer—globules above the
transition temperature.

The surfactant remains firmly associated with the
polymer as indicated by the drastic slowdown of the
reorientational motion of the fluorophore. We assume
that above the transition temperature the polymeric
globules are coated with a layer of surfactant (Figure
15), but further investigations are necessary to confirm
this hypothesis.
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