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ABSTRACT: The phase behavior of a fractionated high molecular weight sample of poly(N-isopropylacryl-
amide) in dilute aqueous solution containing a surfactant, sodium dodecyl sulfate (SDS), is studied with
temperature and surfactant concentration as independent variables. Static and dynamic light scattering are
used as methods of investigation. Without surfactant, the polymer exhibits a lower critical solution tem-
perature (LCST) of 34 °C, above which it precipitates. At SDS concentrations of only 250 mg/L, aggregation
is completely prevented (intermolecular solubilization) and the behavior of isolated polymer molecules can
be studied in the whole temperature range: Upon heating, the polymer undergoes a coil-to-globule phase
transition with a volume reduction by a factor of more than 300. The transition temperature depends on
the surfactant concentration. It is first constant and equal to the LCST, but begins to increase above 300
mg/L surfactant. Therefore when increasing the surfactant concentration at constant temperatures above
the LCST, we cross the phase boundary and observe intramolecular solubilization, i.e., a surfactant-induced
globule-to-coil transition. Below the LCST, the surfactant causes an expansion of the polymer coils also

setting on at 300 mg/L.

Introduction

The properties of macromolecules in solutions depend
strongly on temperature. Macroscopically, one observes
changes in the solubility behavior: Generally, an increase
of temperature leads to an increase in solubility, although
for certain synthetic polymers, the opposite behavior is
also known.! On a microscopic scale, the polymer mol-
ecules may undergo drastic conformational changes. One
example for such a conformational change (well-known,
but still subject to discussion) is the coil-globule transition
of polystyrene in cyclohexane;?® another one is the thermal
denaturation of proteins. Such effects on the polymer
solution properties can be influenced by the addition of
surfactants: Because of their technological and biological
significance, the solubilization of otherwise insoluble
polymer by surfactants and the surfactant-induced helix-
coil transition of proteins have received much attention.4®
In a recent letter,® we have reported a system which
incorporates in an intriguing way all four aspects outlined
above: we observe changes in solubility as well as con-
formational changes, both influenced by temperature and
surfactant. This system is poly(N-isopropylacrylamide)
(poly(NIPAM)) in dilute aqueous solutions containing
small amounts of sodium dodecyl sulfate (SDS).

Poly(NIPAM) in aqueous solution exhibits a lower
critical solution temperature (LCST) of ca. 34 °C (values
between 31 and 35 °C have been reported). This has been
known for a long time; a first systematic study was
conducted by Heskins and Guillet in 1968.7 A renewed
interest in this thermoreversible phase transition, triggered
by its potential technological applicability and by its
relevance to the problem of collapsing polymer chains (coil-
globule transition) has lately resulted in a number of
publications: Many applications such as thermosensitive
sun shadings, adsorbents, drug-release devices, thermally
induced enzyme immobilization, and immunoassay pro-
cedures have been proposed or patented.®12 The fun-
damental polymer research concentrated first on poly-
(NIPAM) gels,!® observing a collapse of the polymer
network. Subsequent investigations of the conformation
of isolated poly(NIPAM) molecules, however, have been
hampered by the fact that at the temperatures of interest,
viz,, in the vicinity and above the LCST, intermolecular
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aggregation occurs even at extremely low concentra-
tions.614¢ Nevertheless, studies based on fluorescence
methods!®6 and light scattering!4!7-12 have given evidence
for a transition from the extended coil to the collapsed
globule state at the transition temperature. Our group
has conducted a series of experiments using time-resolved
fluorescence to investigate the local mobility of labeled
polymer segments; the results of these experiments also
corroborate this picture of collapsing polymer coils.2 Schild
and Tirrell?! have studied mixtures of poly(NIPAM) and
various n-alkyl sulfates using fluorimetric and turbidi-
metric methods. They found that very small amounts of
SDS (<5mg/L) aresufficient to clarify the solutions ahove
the LCST and that some surfactants shift the transition
temperature to a value T¢c which is higher than the LCST
of surfactant-free solutions. (The hydrocarbon tails of
the amphiphiles must be sufficiently long to allow the
formation of micelles.) Furthermore, they determined a
critical association concentration (CAC) of 230 mg/L for
the binding of surfactant molecules to the polymer. (The
CAC is thus much lower than the critical micellization
concentration (CMC) of SDS in water, which amounts to
2.3g/L.) The authors conclude that in the vicinity of the
CAC, the surfactant molecules cooperatively bind to the
polymer chains in the form of adsorbed micelles.

In our previous study,® we investigated the microscopic
features of this solubilization of poly(NIPAM) by SDS. A
fixed temperatures above the LCST, the solublization
proceeds in two distinct steps: At low surfactant con-
centrations, intermolecular solubilization prevents ag-
gregation, allowing the investigation of a stable solution
of isolated polymer molecules in the globule state. In-
creasing surfactant concentration results in intramolec-
ular solubilization,i.e., the conformational transition from
a compact globule to an expanded coil. This intramo-
lecular solubilization is consistent with the elevation of
the transition temperature of the SDS-poly(NIPAM)
solutions as compared to the surfactant-free system. The
object of our first study was a sample of poly(NIPAM)
with a relatively broad weight distribution that was
investigated mainly by means of dynamic (quasielastic)
light scattering (QLS) at one fixed scattering angle. In
this paper, we continue our work using more refined
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methods of investigation, viz., simultaneous dynamic and
static light scattering, both angle dependent. The sample
is also better defined, with high molecular weight and a
narrow weight distribution. We are thus in a position to
monitor the conformational changes of the polymer
molecules more closely and more precisely. Furthermore,
by comparing the data from our two investigations, we are
able to assess a possible dependency of the phase behavior
on molecular weight and polydispersity. The results will
be discussed in terms of the coil-globule transition and
adsorption effects of surfactant molecules to the polymer.

Data Analysis

Static Light Scattering. The static light scattering
of a particle suspension is commonly characterized by the
Rayleigh ratio Ry, i.e., by the differential scattering cross
section per unit volume of suspension at scattering angle
6. The Rayleigh ratio can be calculated from experimen-
tally accessible quantities as??

_LO(n)
Rffmm(E)R“ W

where I,(0) is the excess scattering intensity of the solute
and I; the scattering intensity of a standard (usually
toluene) with a known Rayleigh ratio Rst. The square
ratio of the refractive indices of solvent and scattering
standard (n/n.)? accounts for the corrections of solid angle
and scattering volume. For dilute solutions satisfying the
Rayleigh-Debye approximation, the theoretical expression
for Ry can be written as the sum of two terms?

R, = C[P(q) + Q(g,c)c] (2)

With g, we denote the absolute value of the scattering
vector (g = 4wn/Asin (6/2), A being the incident wavelength
in vacuo), and ¢ is the weight concentration of the solute.
In the simple case of optically uniformity (e.g., homopoly-
mers) and for vertically polarized incident light, the
constant C is given by

2zn(dn 2
C= L—ggl‘_ﬁ/_d—c')l'c'Mw = I((;Alw (3)
A
where (dn/dc), Na, and My are the refractive index
increment of the solute, Avogadro’s constant, and the
weight-average molecular weight of the solute. Inthe first
(self) term of eq 2, the particle scattering factor P(q)
describes the geometrical structure of the solute particles,
whereas the second (distinct) term Q(g,c) is also affected
by interactions between the particles. For small g and ¢,
Q(g,c) can be expressed in terms of the second virial
coefficient Ag; viz., @(q,C)gc—0 = ~2A2.2* For Gaussian
coils in the dilute regime, the influence of the distinct
term on the angle dependency of the scattering intensity
is minimized by the fact that @(g,c) ~ -24,P(q), leading
to Zimm’s famous formula24
K, 1

R, M,P(g)

The magnitude of A; determines the concentration range
in which the second term in (4) or (2) may be neglected.
For our experiments, we chose a polymer concentration
where this contribution is negligible (see data in section
Characterization). For Gaussian coils, P(q) is given by

+ 24,c 4)
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the well-known expression of Debye?

P(g) = lexp[-(Rg)*I -1+ (Rl  (5)

2
(R

R; being the root mean square radius of gyration of the
coils. For expanded coils in good solvents, this expression
is strictly valid for the description of the angular variation
of the scattering intensity only at small and intermediate
scattering angles, because excluded volume effects man-
ifest themselves at large scattering angles?6 (see also Figure
4). We therefore use only intensity data from angles <
70° for the determination of Ryep and R, from eq 4
(neglecting the contributions of the second term) in
conjunction with (5). For collapsed globules, (Rgq)? « 1
in the whole range of scattering angles. In this limit

P(6) ~1-"/,(R,q)* (6)

independent of particle structure.?’” The solubilized,
isolated globules can be viewed as nonattracting hard
spheres. For these, the distinct term can be written as
8VpherelNa/ Myc, which in our experiments was <0.02 and
likewise neglected in the determination of Rs=o and R in
the globule state using eq 4 and 6. Aggregation of the
polymer molecules caused by attractive interactions would
result in an enhancement of forward scattering (Ry=o) above
the value given by the molecular weight of the polymer.
We therefore use Rs=o to monitor a possible formation of
interpolymeric aggregates above the LCST.

Dynamic Light Scattering. For an ideal solution of
uniform, noninteracting, rigid, isotropic scatterers, the
normalized intensity time correlation function g®(7) =
(I(0) I(r)) /(I)? obeys the relation?

g2(r) =1+ Ae™ (7

A is an apparatus-dependent coherence factor, 7 the delay
time, and v the relaxation rate 2¢2D, D being the
translational diffusion coefficient of the solute. For areal
system of polydisperse, interacting, flexible polymer
chains, g'?(7) is characterized by a superposition of ex-
ponentials with the distribution f(v) of relaxation rates:

£2) =1+ A1 f fly)e™ o’ ®)

The technique we use for data analysis is the standard
cumulant method.? Besides the quantity A, we calculate
the first three cumulants corresponding to the mean
relaxation rate (v ), the variance (Av2), and a measure of
the skewness of f(v) from a four-parameter fit of the QLS
data. In the limit of small scattering angles and dilute
solutions??

(v)/q* = (D),(1 + Bg®)(1 + kpc) (9)

where (D), is the z-average translational diffusion coef-
ficient, B a constant depending on the size, structure, and
polydispersity of the polymer, and kp a constant describing
the concentration dependence of (D),. For our samples,
kpe < 0.025 (see section Characterization) and was
neglected in the determination of (D),. The term Bg?,
however, is of the order of unity in the experimentally
acessible angle range, and we determine (D), by extrap-
olation of angle-dependent QLS data to zero scattering
angle. The equivalent hydrodynamic radius Ry, is calcu-
lated from (D), using the Einstein relation and Stokes’
formula for the friction of a sphere in a solvent with



Macromolecules, Vol. 24, No. 21, 1991

viscosity n:

_ kT
By 6mn (D),

The variance (A+2) obtained from the second cumulant
is a measure for the polydispersity and internal motions
of the polymer chains. For collapsed, rigid globules, where
the flexibility effects are absent, (Ay2) = q4(AD?),. We
use this fact to determine the polydispersity of the sample:
For globules, the diffusion coefficient is related to the mo-
lecular weight by D(M) « M-1/3, We assume that the mo-
lecular weight is distributed according to the I distribution
(Schultz distribution):
A+ 1M

L[A+1T [ (
==|2== -1 W
fM) >\![ 7 M exp ) (11)
The parameter X is a measure of polydispersity (A = «
denotes a monodisperse system). Using (11) and (8), one

can obtain an expression for the relative variance in terms
of \:

(10)

(&%) _ (DY), _TOH1+/)T(0+3)
(v (D)} T(A\+14%/,)°

This equation can be numerically solved for A, and the
index of polymer polydispersity My/M, is obtained
through the relation Ma/M, = (A + 2)/(A + 1).

(12)

Experimental Section

Synthesis and Fractionation. The monomer, NIPAM, was
purified by crystallization from a 50 wt % benzene-hexane
mixture. The polymer was synthesized by the radical polym-
erization method of Kulicke and Klein,? designed to obtain high
molecular weight while minimizing the branching: Atroom tem-
perature, 60 mg of HyO; was added as initiator to an oxygen-free
solution of 5 g of NIPAM and 95 g of deionized water. Polym-
erization was conducted at 27 °C for 10 h, resulting in a polymer
yield of 60%. The polymerization product was separated from
the monomer by repeated precipitation through heating in
aqueous solution, vacuum-dried, dissolved in methanol, and
fractionated into seven fractions by means of a Knauer HPLC
apparatus, controlled pore glass beads with a pore size of 200 nm
(Electro-Nucleonics) serving as column filling. After evaporation
of the methanol, the polymer was redissolved in water.

Characterization. Forourinvestigations we used the fraction
with the highest molecular weight. The polymer concentrations
of the fractionated methanolic solution and of the aqueous stock
solution were determined by interferometric refractometry (Op-
tilab 5902) at 25 °C, using 0.164 = 0.003 and 0.162 % 0.003 cm3/g
for the refractive index increments of poly(NIPAM) in water
and methanol, respectively. Molecular weight and second virial
coefficient were obtained in aqueous solution at 25 °C: From a
three-parameter fit of eq 4 to the intensity data in the angle
range 25-70°, we have M, = (7.0 £ 0.5) X 108 and A; = (6.3 +
0.5) X 1075 (mol cm?)/g?, while R, at this temperature amounts
to 135 = 5 nm. The constants kp was computed from concen-
tration-dependent QLS data as 487 = 70 cm?/g. The polydis-
persity was estimated from QLS measurements in the globule
state at the highest scattering angle, where dust effects may be
neglected. From (D*(M)),/(D(M));* = 0.0256 £ 0.0036, we
calculated M, /M, = 1.31 £ 0.06. This value can be regarded as
an upper limit, since for narrow molecular weight distributions,
the sagcond cumulant is known to overestimate the polydisper-
sity.30:31

Sample Preparation. Polymer andsurfactantstock solutions
were mixed with the solvent, dust-free reagent grade water from
a Milli-Q apparatus. To control the ionic strengh and to prevent
bacteria growth, we added 5 X 10~ mol/L NaN;. Precautions
were taken to eliminate dust from the solutions: Upon mixing,
surfactant stock solution and solvent were filtered with 20-nm
membrane filters (Anotop). The polymer—surfactant solutions
were again filtered prior to the experiment by means of 450-nm
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Figure 1. Phase diagram of poly(NIPAM) with temperature
and SDS concentration as independent variables for various
polymer concentrations: (@) ¢ = 10 mg/L; (@) ¢ = 50 mg/L; (v)
¢ = 100 mg/L; (¢) ¢ = 200 mg/L; (a) unfractionated sample
from previous work, ¢ = 100 mg/L. Horizontal and vertical
dashed lines refer to experiments shown in Figures 2 and 3,
respectively.

membrane filters (Millipore-HV). To ensure reproducibility and
toprevent shear-induced degradation of the polymer chains, this
filtration process was carried out with an automaticsyringe driver
with a flow rate of only 0.2 mL/min.

The polymer concentration c, was chosen to be 50 mg/L
throughout the investigation (the determination of the phase
behavior of the poly(NIPAM)-SDS system, however, was carried
out at polymer concentrations ranging from 10 to 200 mg/L, as
shown in Figure 1). The surfactant concentration was varied
between 0 and 900 mg/L. With an overlap concentration c* =
(8My/4nNaR;®) of 1.1 g/L for the polymer coils and with a critical
micellization concentration of 2.3 g/L for SDS in water,? the
solutions may be regarded as dilute with respect to both polymer
and surfactant concentration.

Light Scattering. We use a modified spectrometer (ALV)
for simultaneous static and dynamiclight scattering experiments.
Toensuredirectional stability of the incident light (the vertically
polarized 514-nm line of an argon ion laser), the laser beam is
guided by means of a polarization-preserving fiber with integrated
optics (York). An automatic electrooptical coupling device
(Launchmaster, York) ensures stability of the coupling efficiency.
The temperature of the samples is controlled to 0.02 °C with an
external heat bath (Lauda) and a calibrated Pt-100 temperature
sensor. Prior to and after each experiment, toluene is used to
check the adjustment of the apparatus and as a calibration
standard for the determination of the Rayleigh ratios. The value
for the Rayleigh ratio of toluene Ry, for vertically polarized
incident and scattered light at 256 °C and 514.5 nm was
extrapolated from data at 488 nm3 to (3.24 & 0.05) X 10~ ¢cm™1.
The angle range for intensity measurements was between 25 and
145°. The values of Ryag could be determined to approximately
5%, and the radii of gyration to 2%. The transition tempera-
tures were determined from the scattering intensities at the
highest scattering angle of 145°, where the difference in scattering
by coils and globules is most pronounced (see Figure 4). The
sample was heated at arate of 0.4 °C/h. No change of the results
was observed when the heating rate was further lowered. QLS
measurements were performed at angles between 25 and 48°
using a 4-bit digital correlator with 136 channels (Brookhaven
Instruments). The experimental error in the determination of
Ry, from eq 10 was 2%.

Results and Discussion

In Figure 1, we show the phase behavior of the poly-
(NIPAM)-SDS system, i.e., the transition temperature
T. as a function of the surfactant concentration ¢, for
various polymer concentrations in the dilute regime.

The terms indicating different conformational states of
the polymer will be motivated later, and we now proceed
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Figure 2. Radius of gyration as a function of surfactant
concentration for temperatures below and above the LCTS: (©)
T=25°C;{(0) T=36°C.

todiscuss the transition behavior: For SDS concentrations
up to approximately 300 mg/L, T, remains constant and
equals the LCST of 34 °C. Upon further increase of c,,
T is successively elevated to about 50 °C at 900 mg/L.
We interpret this increase of T, above a certain threshold
of ¢, as an indicator for enhanced adsorption of the sur-
factant to the polymer in the vicinity of this surfactant
concentration, corroborating the notion of a critical
association concentration by Schild and Tirrell.2! The
elevation of the transition temperature thus presumably
results from repulsive electrostatic interactions between
the ionic heads of the adsorbed surfactant molecules,
inhibiting the collapse of the polymer chains. From our
data, we can only speculate whether the surfactant
molecules are adsorbed individually or whether they are
bound to the polymer in the form of micelles as has been
suggested by the same authors and has been observed for
other polymer-surfactant systems.3* We find—in agree-
ment with the results of Kubota et al.'®*—that for sur-
factant-free solutions, the transition region is quite narrow
(<1°C) compared to the polystyrene solution systems.36:37
With increasing surfactant content, the transition becomes
broader: The width of the transition region increases from
approximately 1.5 °C for ¢, = 150 mg/Lto6 £ 2°Cat ¢,
= 900 mg/L. Within experimental error, T. does not
depend on the polymer concentration, at least for the
relatively low concentrations used in our experiments.
Furthermore, the data included from our previous study
demonstrate that the transition temperature does not
appreciably depend on molecular weight and polydisper-
gity of the polymer sample. (This insensibility of T, to
polymer concentration and molecular weight has been
reported for surfactant-free poly(NIPAM) solutions.517)
We therefore assume that the transition temperature is
primarily determined by local interaction effects rather
than by properties related to the nature of a polymer
molecule as a large system (in the sense of statistical
thermodynamics). However, the flexibility and the high
molecular weight of our polymer chains allow large con-
formational changes to be triggered by small changes in
the subtle balance between the repulsive forces of the ad-
sorbed surfactant molecules and the attractive forces
between the polymer segments as well as between the
polymer and the hydrophobic tails of the surfactant. The
extent of these conformational changes is shown in Figures
2 and 3, where the size of the polymer molecules is plotted
as a function of surfactant concentration and tempera-
ture, respectively. First we discuss the effects of surfac-
tant concentration, as shown in Figure 2 (and indicated
by the horizontal dashed lines in Figure 1).

At 25 °C, well below the LCST, we observe an increase
of the polymer size above a surfactant concentration in
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Figure 3. Hydrodynamic radius (©) and radius of gyration (O)
as a function of temperature. Surfactant concentration is 300
mg/L.

the vicinity of 300 mg/L. We interpret this swelling as
another indicator for the cooperative binding of surfac-
tant to the polymer chain resulting in an expansion of the
chains due to the repulsive interactions between the firmly
adsorbed amphiphiles. However, the swelling of the
polymer coils with increasing surfactant concentration is
rather moderate, because, due to its stiffness, poly-
(NIPAM) in water adopts a rather expanded conformation
evenin the absence of surfactant.!4 Alsointeresting is the
behavior of Ryaq, i.e., of the apparent molecular weight
(not shown in the figure): It increases first sharply to
reach the value of 23.6 X 1075 cm™! already at ¢, = 50 mg/
L, which amounts to a 40% increase compared to the sur-
factant-free polymer solution. With further increase of
surfactant content, however, Ry=o decreases gradually to
reach again the surfactant-free value at ¢, = 500 mg/L. At
the present stage, we can interpret these observations only
qualitatively. We presume that this phenomenon is very
similar to the preferential solvatation observed with
polymers in binary solvents.383® At small surfactant
concentrations, the interior of the coils is enriched by sur-
factant. However, the gradient between the interior of
the coils and the surrounding solution decreases upon
further addition of surfactant and therefore the scattering
intensity decreases. It appearsthat atsmall concentrations
of surfactant, the binding of surfactant molecules to the
polymer is too weak to influence the polymer conformation.
Above 300 mg/L, however, the binding is stabilized by
cooperative effects, and this leads to swelling of the coils.
Above the LCST, at 36 °C, the conformation strongly
depends on the surfactant concentration: Without sur-
factant, we observe large aggregates. Already 10 mg/L
SDS is sufficient to greatly reduce the aggregation.
Though the size of the scattering particles decreases well
below the size of the coil state, there are still aggregates
present. The number of macromolecules incorporated into
an aggregate, however, decreases upon further increase in
surfactant concentration. The mean aggregation number
can be determined quantitatively by comparing the
scattering intensities at zero scattering angle below and
above the transition: The ratio Rgmo{T=36)/Rymo(T=25)
and thus the aggregation number decrease with increasing
surfactant concentration from a value of ~6 for ¢, = 10
mg/L to unity at 250 mg/L, where the intermolecular
solubilization is completed. (The apparent molecular
weight of the completely solubilized globules is, however,
increased by the adsorbed surfactant to the same extent
as for coils at 25 °C.) This decrease of the aggregation
number is also reflected by the decrease of R from 25 nm
at ¢; = 10 mg/L to 16 nm for ¢, = 250 mg/L. These
observations clearly demonstrate the existence of isolated
collapsed polymer chains. Note that in this state, the
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Figure 4. Angle dependency of Rayleigh ratio below and above
the LCST, reflecting (a) the extended coil state at 7 = 25 °C and
(b) the collapsed globule state at T'= 36 °C. Note that the data
have not been normalized; the congruency of the y-axis intercepts
thus demonstrates the absence of aggregates. For data set (a)
we show the fit of eq 5 in the angle range 25-70°; for data set (b)
the line is the fit of eq 6 in the whole angle range. Surfactant
concentration is 250 mg/L.
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Figure5. Correlation functions below and above the LCST: (a)
T = 25 °C (coils); (b) T = 36 °C (globules). The lines represent

four-parameter cumulant fits. Surfactant concentration is 250
mg/L.

suspension remained stable during the observation time
of several weeks. We postpone the analysis of the nature
of the collapsed state to the discussion of Figure 3 and
consider first another interesting feature of the polymer-
surfactant solutions: With further increasing surfactant
concentration, we observe intramolecular solubilization:
the collapsed polymer molecules expand again, and the
radius of gyration eventually reaches the same value as
below the LCST. The repulsive forces of the adsorbed
surfactant apparently become strong enough to overcome
the attraction between the polymer segments at the given
temperature. (However, the polymer collapses when the
temperature is elevated to the T, corresponding to the
surfactant concentration (recall Figure 1).) The location
and the width of this transition compare well with the
results from our first investigation on the unfractionated
sample.8

We now fix the surfactant concentration at 300 mg/L
and vary the temperature (following the vertical dashed
line in Figure 1), obtaining the data on the radius of
gyration and the hydrodynamic radius shown in Figure 3.

Below the transition temperature, both the geometric
and hydrodynamic sizes are constant; the ratio Ry/R}, is
1.34 £ 0.04, reflecting the coil state of the polymer: This
value for Ry/Ry, lies within the range 1.24~1.56 predicted
by renormalization group theory in the nondraining limit
for Gaussian and self-avoiding chains, respectively,* but
it is lower than the 1.50 resulting from the Kirkwood-
Riseman approach for Gaussian coils in the same limit.2?
The particle scattering factors and the correlation func-
tions correspond to curves (a) in Figures 4 and 5. At 34.8
°C, the chains collapse. (In the vicinity of the transition
region, the shape of the particle scattering factors and the
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correlation functions suggest the coexistence of globules
and coils or partially collapsed chains.) The width of this
region is somewhat less than 1 °C, as in our previous study.
The hydrodynamic radius drops from 101 = 2 nm to 19.8
+ 0.8 nm, and the radius of gyration from 135 + 3 nm to
16.0 = 0.5 nm, reflecting a reduction of the volume occupied
by the polymer chain by a factor of more than 300. Inthe
collapsed regime beyond the transition temperature, both
sizes are again constant. The particle scattering factors
and correlation functions are of the shape (b) in the cor-
responding Figures 4 and 5.

In this regime, the radius of gyration is smaller than the
hydrodynamic radius, which is consistent with the picture
of compact globules. Moreover, the experimental value
of 0.81 £ 0.06 for Rg/Ry, is in very good agreement with
the theoretical one of (3/5)!/2 for a homogeneous sphere
impermeable to the solvent. The density of the globules,
calculated from the hydrodynamic radius to be 0.36 +
0.03 g/ cm?, agrees very well with the 0.40 £ 0.04 g/cm® we
were able to realize with a space-filling model of the
polymer and with the value of 0.32 + 0.04 g/cm3 measured
on collapsed poly(NIPAM) gels.#1 The high density of
the polymeric material in collapsed globules also accounts
for our observation of vanishing mobility of polymer-bound
fluorescent probes.2°

Conclusions

Our study of the phase behavior of a monodisperse, high
molecular weight sample of poly(NIPAM) in aqueous
solution by static and quasielastic light scattering leads
to the following conclusions: As indicated in our first
report, intermolecular solubilization by small amounts of
surfactant completely prevents aggregation of the collapsed
macromolecules at temperatures above the LCST. This
allows the investigation of isolated polymer molecules in
the whole temperature range and the observation of their
temperature-induced conformational transition, which
would otherwise be masked by aggregation. The value of
the transition temperature and the width of the transition
region do not depend appreciably on polymer concentra-
tion, polydispersity, and molecular weight of the sample,
indicating that the transition is governed by local, short-
range interaction effects. During this transition, the
geometric size of the polymer molecules changes from 135
to 20 nm, equaling a reduction of the polymer volume by
afactor of more than 300. Inthe collapsed state, the ratio
Rg/Rn = 0.81 and the high density of 0.36 g/cm?® are
characteristic for impermeable spheres. We conclude
thus: The temperature-induced conformational transition
of poly(NIPAM) is the long-pursued coil-to-globule tran-
sition: Above T, we have a stable suspension of isolated
(solubilized) polymeric globules.

Following an isotherm at a sufficiently high tempera-
ture, we observe a new phenomenon, i.e., the intramo-
lecular solubilization which manifests itself as a surfactant-
induced globule-to-coil transition. The microscopic
mechanism of the intramolecular solubilization remains
to be elucidated. There are, however, clues that the
transition is governed by cooperative binding of the sur-
factant to the polymer: The surfactant affects also the
coil state below the LCST. We observe a swelling of the
coils which sets on at 300 mg/L in coincidence with the
upturn of the transition temperature T,. This critical value
of surfactant concentration is close to the critical asso-
ciation concentration of 230 mg/L determined by Schild
and Tirrell,?! who conclude from their study that the sur-
factant is adsorbed cooperatively in the form of micelles.
At the present stage of investigation, the discussion has
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to remain somewhat speculative, because the amounts of
surfactant loosely associated with the polymer molecules
or firmly and cooperatively bound to the chain remain yet
to be determined. This task is not easy, but its accom-
plishment is crucial for the understanding of the intrigu-
ingphenomena resulting from the interaction of surfactants
with the thermosensitive polymer.
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