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ABSTRACT: On the basis of results from a small-angle neutron scattering (SANS) study of aqueous solutions
of a telechelic PNIPAM with octadecyl end groups, we developed a theoretical model of the self-assembly of
this polymer in water as a function of temperature and concentration. This model leads us to the following
description. In solutions of concentration 10 g L™! kept between 10 and 20 °C, telechelic PNIPAMs (M, =
22200 g mol ~') associate in the form of flower micelles, containing about 12 polymer chains, assembled in a
three-layered core—shell morphology with an inner core consisting of the octadecyl units, a dense inner shell
consisting of partly collapsed PNIPAM chains, and an outer shell of swollen hydrated chains. Drastic changes in
the scattering profile of the solution heated above 31 °C are attributed to the formation of mesoglobules (diameter
of ~40 nm) consisting of about 1000 polymer chains. On further heating, the aggregation number of the
mesoglobules increases. It reaches a value of ~9000 at 34 °C and stays constant upon further heating. In solutions
of lower concentration (1 g L™"), association of flower micelles and mesoglobules does not occur; however, the
structure of individual flower micelles and mesoglobules is not affected by the change in concentration. In solutions
of 50 g L™! in which flower micelles are expected to be partially connected by bridge chains, a peak attributed
to correlation between flower micelles appears in the scattering profiles recorded at low temperature (10—20 °C).
In spite of the intermicellar bridging connection, the overall temperature dependence of the scattering profile at
50 g L™ ! remains similar to that at 10 g L~!. Distinct features of the self-assembled structures formed in aqueous
telechelic PNIPAM solutions are discussed in terms of the interactions between water and the polymer main

chains.

1. Introduction

Depending on the temperature and on the polymer concentra-
tion, associating polymers form a variety of self-assembled
structures in water, typical examples of which are flower
micelles or physical gels with micellar junctions. The properties
of associating polymers have been of great interest, not only
because of their scientific importance but also because of their
potential applications in diverse fields such as paints, coatings,
cosmetics, and drug release formulations.' ™ Telechelic as-
sociating polymers, which consist of a hydrophilic main chain
carrying hydrophobic end groups, have been used as typical
and simple models of well-defined molecular structure to study
their self-assembled structures’ '> and rheological proper-
ties.">”'> Most of such studies have been carried out under
conditions for which the polymer chain is regarded as highly
soluble in water, as in the case of hydrophobically modified
poly(ethylene oxide) (tel-PEOs), which have been studied in
solution by various techniques such as fluorescence spectros-
copy>® and small-angle neutron scattering (SANS).””

Recently, Winnik and co-workers reported the preparation
of associative polymers consisting of a poly(N-isopropylacry-
lamide) (PNIPAM) chain carrying alkyl groups at each chain
end (tel-PNIPAM) and studied the self-assembled structures and
phase behavior in aqueous solutions of tel-PNIPAMs. ¢! Since
the homopolymer PNIPAM is a thermoresponsive polymer,
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which undergoes a coil-to-globule transition at 32 °C in water,°
tel-PNIPAMs are expected to exhibit peculiar structural and
dynamic properties due to the presence of association between
chain ends and the strong temperature sensitivity of the main
chain.?' The phase diagram of the homopolymer PNIPAM was
studied by Afroze et al.?* from the experimental and theoretical
points of view by using phenomenological coefficients of the
concentration-dependent Flory’s y parameter. Later, Okada et
al.?' proposed a mechanism of cooperative (de)hydration to
account for the molecular origin of the temperature sensitivity.
By combining this mechanism of cooperative hydration of the
main chain with end-chain association, Okada et al.'” proposed
a model that accounts for the downward shift of the cloud-point
curves compared to those of the homopolymer. On the basis of
the data obtained from light scattering (LS) and fluorescence
spectroscopy measurements,'®'® Kujawa et al. reported that tel-
PNIPAMS in cold water show an associative behavior similar
to that of typical telechelic associating polymers: formation of
flower micelles at low concentrations and network formation
by bridging between micelles above a critical concentration.
By increasing the temperature, dehydration of the PNIPAM
chains takes place, leading to the association of flower micelles
at a temperature which is close to the coil-to-globule transition
temperature of PNIPAM itself.'® Although this temperature is
far above the cloud point, macroscopic phase separation did
not take place, but rather, stable aggregates of narrow size
distribution were formed. The aggregates were postulated to
be mesoglobules, which have been observed also in dilute
solutions of PNIPAM?>* and PNIPAM copolymers.>**> The
origin of the stability of mesoglobule is still open to discussion.
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Figure 1. Neutron scattering profiles of tel-PNIPAM in D,O at (a) 1, (b) 10, and (c) 50 g L™'. Temperature changes from 10 to 40 °C.

It is generally believed to originate from one of the following
factors: residual charges at chain termini, partial vitrification
of PNIPAM, viscoelastic effects,?> and electrostatic interactions
of charges on the mesoglobule surface.?

Koizumi et al?® carried out recently a SANS study of
solutions of a tel-PNIPAM (M, = 22200 g mol™') using a
newly developed small-angle neutron scattering spectrometer
with focusing geometry.’ This instrument achieves a minimum
value of measurable wavenumber in the range of a few 1073
nm™!, which corresponds to ultrasmall-angle neutron scattering
(USANS) covering a length scale of almost 1 um in real space.
A detailed description of these results will be reported elsewhere.
Here we use this SANS study to elaborate a theoretical model
of telechelic PNIPAM aqueous solutions as they are heated
across their cloud points and across the coil-to-globule transition
point of the PNIPAM chain. We consider the various self-
assembled structures of tel-PNIPAMs over a wide concentration
region (1—50 g L™!) from isolated flower micelles to networks
with micellar junctions.

This article presents first a brief summary of the SANS results.
This is followed by a description of the theoretical model
employed to account for the experimental scattering profiles.
By using this model, we scrutinize quantitatively the structures
formed in aqueous solutions of tel-PNIPAM as a result of
changes in temperature and concentration. We propose a detailed
description of the heat-induced progressive transformation of
flower micelles into mesoglobules.

2. Experimental Section

2.1. Sample Specimens. The tel-PNIPAM sample (C;s-PNIPAM-
C5-22K) was synthesized by reversible addition—fragmentation
chain transfer (RAFT) polymerization of NIPAM, as described in
ref 17. It consists of a PNIPAM chain terminated at each end with
an n-octadecyl group. The number-averaged molecular weight (M,
= 22200 g/mol) and polydispersity index (My/M, = 1.16) were
determined by gel permeation chromatography (GPC) and proton
nuclear magnetic resonance ('"H NMR) spectroscopy.'’

2.2. USANS and SANS Instrument (SANS-J-II). SANS and
USANS measurements were carried out with a focusing and
polarized neutron ultrasmall-angle neutron scattering spectrometer
(SANS-J-II) at JRR3 research reactor (20 MW, Japan Atomic
Energy Agency (JAEA), Tokai, Japan).?’*® Using a disk-type
velocity selector” provided by the Central Research Institute in
Hungary, cold neutrons are monochromated at A = 6.5 A with AA/A
= 13%, which corresponds to the maximum of Maxwellian
wavelength distribution. By changing collimation with respect to
the pinhole size and focusing lens, we used either the conventional
SANS mode or the focusing USANS mode, which enable us to
observe a wide ¢ region from 1073 to 1 nm™!, where g (= (471/1)
sin 0) is the magnitude of the scattering vector given by wavelength
A and the scattering angle 26. The conventional SANS mode is
capable of covering the ¢ regions of 0.03 < ¢ <0.25 nm~! and 0.1

(a) (b) (©)

Figure 2. Core—shell models for flower micelles. The conformation
of PNIPAM chains in each micelle is schematically drawn. The red
circle represents the core consisting of the octadecyl units. (a) Two-
layered core—shell model. (b) Three-layered core—shell model with
all PNIPAM chains collapsed near the core. (c) Three-layered core—shell
model in which the collapsed and swollen PNIPAM chains coexist near
the core.

< g < 1.5 nm™! by employing the two sample-to-detector distances
10 and 2.5 m, respectively. The scattered neutrons are detected by
a two-dimensional position-sensitive *He detector of 0.58 m
diameter and 5 mm resolution. The data were corrected first for
counting efficiency and then for instrumental background including
air scattering. After circular averaging, the scattering was converted
to differential scattering cross section in absolute units (cm™!), using
a secondary standard of irradiated Al plate. Incoherent scattering
from hydrogen was subtracted as the background by using a
reference sample of H,O.

The focusing USANS mode is capable of reaching the lower ¢
region of 0.003 < ¢ <0.04 nm~! by using a compound lens made
of MgF, and a high-resolution cross-wired position sensitive
photomultiplier R3239 (5 in. size and 0.5 mm resolution, provided
by Hamamatsu Photonics Co. Ltd.) with a ZnS/°LiF scintillator.
The compound lens, designed by National Institute of Standard and
Technology (NIST),?° was a biconcave MgF; crystal (provided by
Ohyo Koken Kogyo Co. Ltd., Japan) with a diameter of 30 mm, a
radius of curvature of 25 mm, and a thickness in the center of 1
mm. Lenses (70 pieces) were placed before the sample position
along the beam path. The overall transmission is about 50%.
USANS was calibrated in absolute intensity units (cm™!) by
comparing to SANS, which was already calibrated by using an
irradiated Al plate a secondary standard.

2.3. Sample Preparation for USANS and SANS Measure-
ments. Polymer solutions in DO (1, 10, and 50 g L™!) were kept
at 5 °C for 2 weeks prior to measurements to ensure solution
homogeneity. Solutions were placed in a quartz cell (1—2 mm thick
and 17 mm wide), which typically gives a transmission of ca. 70%.
The temperature of the sample analyzed was controlled by
circulating water. It was heated from 10 to 40 °C as follows: the
solution was brought to a given temperature in small increments
(1—5 °C); it was kept at this temperature for 30 min prior to
measurement. SANS data accumulation took approximately 3—4
h. The sample was then brought to a higher temperature and
subjected to the same treatment. Overall, a complete temperature
study took ~48 h. SANS data were not collected upon cooling the
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solutions due to beam time limitations. Thus, we were unable to
assess the reversibility of all the transformations. There is experi-
mental evidence such that heating—cooling cycle presents a
hysteresis due to the irreversibility of intra- and intermolecular
hydrogen bonds in the case of the homopolymer®' and telechelic
PNIPAM.'®

3. Summary of the Experimental Results

In this section, we present an overview of the temperature
and concentration dependence of the SANS profiles.?® Detailed
analyses of these profiles will be given in the following sections.
The overall SANS data obtained for solutions of 1, 10, and 50 g
L~! are shown in Figure 1. Focusing on the data of the solution
10 g L™!, we note that, at low temperature far below the coil-
to-globule transition temperature, PNIPAM chains are swollen
by hydration, while the octadecyl groups aggregate to form the
core of micelles by hydrophobic effects. The main contribution
to the SANS intensity originates from such flower micelles at
10 °C. The scattering profile stays almost unchanged from 10
to 20 °C. Above 20 °C, the scattering intensity in the low ¢
region (¢ < 0.2 nm™') increases with temperature, indicating
association of the micelles. According to previous experiments,'®
the cloud point of this solution lies around 25 °C, yet there is
no significant change in the scattering profile at this temperature.

At 31 °C, however, the scattering profile drastically changes.
There appears a hump at ¢ = 0.05 nm™!, which indicates that
large aggregates of about 100 nm in size are formed. They are
considered to be “mesoglobules”.?*** Moreover, there is excess
scattering exhibiting a power law in the small ¢ region (g <
0.02 nm™!), implying the formation of larger objects via
association of mesoglobules.

In the case of the solutions of low concentration (1 g L™1),
the scattering profile at 10 °C is almost the same as that of
10 g L™! (see Figure 14 for details). The growth of the scattering
profile in the small ¢ region between 20 and 30 °C is less
pronounced than that at 10 g L™!. Moreover, there is no ex-
cess scattering in the data above 31 °C at 1 g L. These findings
suggest that the association of micelles or mesoglobules is
suppressed in solutions of such low concentration.

The overall temperature dependence of the scattering profile
recorded for a solution of 50 g L™! is similar to that of 10 g
L~! as shown in Figure 1, except for the appearance of a peak
in solution well below the cloud point due to the correlation
between flower micelles.

4. Theoretical Modeling

In this section, we construct theoretical models to interpret
the experimental SANS data. We start from the definition

1@ =[] bbe™ ] .1
i

for the scattering function, where q is the scattering vector, r;
=r; — 1; (1; is the position vector of the ith element) and b; is
its scattering length. In what follows, we mainly focus on the
data at 10 g L™". Since the form of the SANS profile changes
with temperature due to the formation of higher order structures,
we first consider the lowest temperature 10 °C and then move
to higher temperatures.

4.1. Model of Flower Micelles. We begin with the data for
10 g L™! at 10 °C (Figure 3). At this temperature, the main
contribution to the scattering profile originates from individual
flower micelle the formation of which was demonstrated in a
previous study.'® In the low ¢ region, the scattering profile in
Figure 3 is however somewhat different from the simple
summation of individual flower micelles in that it gradually
increases with decreasing wavenumber. We tried to use the
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conventional core—shell model shown schematically in Figure
2a, which has been often used for star polymers and polymeric
micelles.”**** The result of this model shown in Figure 3 (green
line) is almost constant in the region of ¢ < Ry~! and rapidly
decreases with ¢ at ¢ = R;™!, where Ry is the radius of the
micelle (in Figure 3a, Rs = 15 nm). Although we can adjust Ry
to get a better fit in the narrow range around g = 0.3 nm™!, the
whole behavior of the scattering data cannot be described by
such a simple model.

To improve the fit of the model to the experimental data, we
introduce a middle layer in the model. We consider that the
PNIPAM chains may partially collapse near the core due to
dehydration induced in part by the hydrophobic effect of the
end group and in part by the high monomer density close to
the core. As a result, there is a region around the core where
the density of PNIPAM chains is much higher than that in the
shell region. We call it the middle region. The density profile
of the tel-PNIPAMs is hence described by a three-layered
core—shell model consisting of the core, middle, and shell
regions, as shown in Figure 2b,c.

It is important to point here that a similar sharp density change
in the profile of PNIPAM chains was proposed to interpret
experimental observations related to the collapse of PNIPAM
chains grafted on a flat surface.>*> On the basis of the n-cluster
model,*® Wagner et al.®” predicted a vertical phase separation
of the brushes. The appearance of a sharp density change in
the profile of PNIPAM chains grafted from a flat surface as a
function of the distance from the surface was studied also by
Baulin et al.*® by using the free energy obtained by Afroze et
al.?> We found here a similar sharp density profile as a function
of the radial distance from the core of the micelles. We expect
that the vertical separation can exist also in flower micelles with
dense core in spite of the effect of the curvature.

Let f'be the aggregation number of a micelle in terms of tel-
PNIPAM chains. The core region consists of 2f close-packed
octadecyl groups. The density is then given by p.(r) = constant
(r < R.). The middle region contains a number N, of
monomer units and water molecules. The density profile in the
middle region is assumed to be constant: py(r) = constant (R
<r<Rp). The shell region consists of swollen chains and water,
and it has N§},,,, NIPAM monomer units. The density profile
is assumed to be described by the Daoud—Cotton model for
star polymers®* and polymeric micelles:*

p(r) O G 4.2)

for Rm < r < R, where v = 3/5 is the Flory exponent for a
swollen chain.

The scattering intensity from flower micelles is given by the
sum of the contribution from each micelle*°

I(Q) = nmicImic(q) (43)

Since the micelles are polydisperse, we have taken the average
+++ over the distribution of the aggregation number. The number
density of micelles nmic is given by cNa/fM,, (Na being
Avogadro’s number), and Inic(g) is the scattering function of a
single flower micelle. It can be decomposed into two parts: the
average density profile and the fluctuation around it:

Lig) = Al(q) + 1(q) (4.4)

where I.4(¢) is the squared average density profile of the three-
layer core—shell model and Iy(q) comes from the density
fluctuations inside the micelle. A is a correction factor to be
specified later.
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The scattering function /.(g) of the average density in the

three-layer model with core (c), middle layer (m), and shell (s)
is written as*'

I(q) = F (@) (4.5)
where F has three parts:
F(q) = F(q) + F,(q) + F(q) (4.6)

each being given by

Fa(‘]) f

for three layers oo = c, m, s. The lower limit Ry of the integrals
are defined by Rg = 0 for o = ¢, Rg = R. for & = m, and Ry
= Ry, for o = s. Similarly, the scattering length by of the o
region is given by

pSin q’ P dr/ f p (PP dr  (4.7)

b, = 2fbcys (4.8)
by, = errfrlll))AMbNIPAM 4.9)
b, = NuleamPripam (4.10)

where the scattering lengths of the octadecyl group and NIPAM
units are known to be bcig = —3.68 x 107! cm™! and bnpam
= —947 x 1072 cm™ 1%

The second term /y(q) in eq 4.4 from the density fluctuations
in a micelle is introduced to account for the behavior of the
scattering profile at large ¢ > 0.5 nm™!, where the scattering
profile obeys a power law as shown in Figure 3. The density
fluctuations inside the micelle region can be expressed by the
blob picture of semidilute polymer solutions.** Since the
scattering by the density fluctuations depends on the conforma-
tion of polymers, we consider the contribution from the middle
and shell regions separately. The a-region consists of nf* blobs
of size E®.** There are N® = (E@/Ixpam)”'® segments in a
blob, where ¥ is the exponent related to the polymer dimension
in the o-region (v® = 3/5 for a swollen chain and v™ = 1/3
for collapsed chain), and Inipam is the length of the NIPAM
units. The scattering function from the density fluctuations is
then given by

(@) = ) m bapanNy*P(g. @) @.11)

o

where

sin(u'® tan”'(g&'“)) @12)

Pb(q’ o) =—— o
gE® L1+ (GED”

with 4@ = 1/v® — 1 is the form factor of the blobs in a-region.

The amplitude A in eq 4.4 is determined to ensure the
normalization condition Ipni(g—0) = (Nbxwpam + 2bcig)’f 2.
From eqs 4.11 and 4.4, we find

A= (NbNIPAM + 2bC18)2f2 - Z n{)a)szIPAMM)a)Z (413)

o

In order to choose model parameters consistent with the
molecular structure, we consider the conformation of the
PNIPAM chains in a flower micelle. The simplest model for
the conformation of the PNIPAM chains is shown in Figure
2b, where all the PNIPAM chains of a micelle collapse near
the core. However, by careful fitting, we noticed that the shell
region of this model was too thin to fit the experimental data
as shown in Figure 3. To improve this defect, we assume that
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Figure 3. Scattering function obtained by the three models (a)—(c)
shown in Figure 2.

micelle 1
mlcelle 3

mlcg:l]e 0 o 7

micelle 2
Figure 4. A model of aggregates consisting of M micelles (M = 4).

the collapsed and swollen NIPAM chains coexist in a micelle
as shown in Figure 2c. This assumption led to a shell radius
large enough to reproduce the scattering profile as shown in
Figure 3. Applying this model to the data in Figure 3, we find
the average aggregation number of flower micelles to be f =
12. When taking the average in eq 4.3, we assume that the
distribution of the aggregation number f of micelles is Gaussian
with the standard deviation oy. It is chosen to be oy = 0.15f by
fitting. We also take into account the instrumental smearing
effects using a resolution function. Details of the parameters
obtained by the analysis will be discussed in section 5.

4.2. Scattering Function of Micellar Aggregates. As the
temperature is increased above 20 °C, the scattering profile in
the low ¢ region is gradually enhanced compared to the high ¢
region, as shown in Figure 5. This change in profile is indicative
of the association of flower micelles. We propose the simple
model shown in Figure 4 to describe the micellar aggregates
consisting of M flower micelles (M-mers). We focus on one
micelle (micelle 0) whose position is fixed at the origin. Micelles
associated with it are randomly distributed on a sphere of radius
R. Overlap of the micelles on the sphere is ignored. We then
employ the general decomposing procedure [(A.6) in the
Appendix] and find

1g) = nyl (@) (4.14)

where +++ is the average over the distribution of the
aggregation number, ny = nmic/M is the number density of
the M-mers, and

sin gR
qR

M — 1)(M — 2)[ @

dgg(q) ml(,(q) + 2(M - l)ch(q) +

sin qR] (4.15)

By comparison with the experimental data shown in Figure
5, we find that the model proposed above leads to a good fit.
We have adjusted the parameters using f = 12 as a fixed value.
We also take into account the polydispersity in the aggregation
number M and in the distance R between micelles to suppress
oscillations of the scattering curves. The former is given by the

Schulz—Zimm distribution function*>**® with the standard devia-
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Figure 5. Comparison between the experimental data and results by
the model eq 4.14 in the temperature range 10—30 °C.

(©)

Y

Increasing T

Figure 6. Schematic figure of a mesoglobule consisting of micelles
(a) and the dissociation of micelles in a mesoglobule with increasing
temperature (b, c). The lower part shows the schematic density profiles.

tion M/ 10, while the latter is assumed to be Gaussian with
the mean value R = 2.5Ry,, the standard deviation oz = 0.08R
for T <30 °C, and R = 3R, o = 0.3R for T = 30 °C. The
parameters obtained by this analysis characterize the structure
of the aggregates and will be discussed in the next section.

4.3. Model of Mesoglobules. As discussed in section 3, the
scattering profile drastically changes for solutions heated above
31 °C. The characteristic feature of high-temperature profile is
the presence of a hump at ¢ = 0.05 nm™! ascribed to the
formation of mesoglobules. It is important to note that the
contribution from individual micelles is also observed at ¢ =
0.2—0.5 nm™!, so that each mesoglobule must consist of many
micelles as shown in Figure 6a. The scattering from the micelles
becomes less prominent for solutions at 32 °C and completely
disappears above 34 °C. This indicates that with increasing
temperature the micelles dissociate and merge within each
mesoglobule.

First, we construct a model for mesoglobules without
considering the dissociation of micelles (Figure 6a). We assume
that a mesoglobule forms a sphere of radius Rp,, consisting of
Nmg micelles. The general procedure (A.6) in the Appendix leads
to

1009 = NyoTid@) + Ny F (@) 1S() — 11 (4.16)

Sng(@) = 1+ (Nyg = DP(x) 4.17)
for the scattering function of a mesoglobule with undissociated
micelles, where xmgs = gRnmg is the dimensionless scattering
wavenumber. Since a mesoglobule is assumed to be a sphere
of radius Rpg, Sme(q) is represented by the form factor of a
sphere, Pyn(x) = Fypn(x)?, where

Fpp(x) = %(sinx — X COS X) (4.18)
X

To take the dissociation of micelles into consideration, we
assume that a number g of polymer chains are dissolved and
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Figure 7. Comparison between the SANS data (31 °C) and results by
the model eqs 4.23 and 4.24.

dispersed in a mesoglobule, while the rest f = fy — g of the
polymer chains remain in micellar form as schematically shown
in Figure 6. The scattering function of a single mesoglobule of
this model is shown to take the form

Lg(@) = I0a(@) + 25N, 8P (5 ) F(@) +
(DN 1s8) P (i) (4.19)

where b, is the scattering length of one polymer chain defined
by
b, = Nbypam T 2bcyg (4.20)

If the micelles are not dissociated (g = 0), eq 4.19 reduces to
the previous result eq 4.16:

(@) = I)(q) 4.21)

In contrast, if micelles completely dissociate in mesoglobules
(f=0) as shown in Figure 6c, eq 4.19 reduces to the scattering
function of an isolated sphere:

L@ = (BN g8)P (i) 4.22)

Therefore, we have an extrapolation formula covering the two
limits. Although we assumed that the hydrophobic core of the
micelles dissociates in the mesoglobules, we cannot directly
prove it because the scattering contrast of the octadecyl unit is
not sufficiently strong. Since the scattering intensity from the
micelles becomes small in the temperature range 31—34 °C,
we think this assumption plausible. Previous fluorescence studies
on the solutions of PNIPAM copolymers carrying hydrophobic
alkylpyrenylacrylamides*’ provided experimental evidence for
the presence of hydrophobic microdomains below the LCST
and for their disruption at the LCST. In order to assess the fate
of the micelles in mesoglobule, contrast-variation SANS
measurements need to be performed.

Since we have the number density of mesoglobule ny,, =
Nmic/Nmg, the scattering function of the whole system is given
by

1(9) = Ny Te(@) 4.23)

In order to take the size distribution of mesoglobules into
account, we average I,,(q) over the distribution of the aggrega-
tion number Ny, of mesoglobules counted in terms of micelles.
It is again assumed to be Gaussian with the standard deviation
Omg = 0.5N,e. We also assume that the distributions of f and
N are independent of each other. In Figure 7, we present a
comparison of eq 4.23 with the experimental data. In the
calculation, the parameters were determined for f = 12. We
also assume that there is no corona region in the flower micelles
above 31 °C. For g > 0.05 nm™!, the scattering profile is well
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mesoglobule

S

Figure 8. Schematic figure of a fractal aggregate consisting of
mesoglobules.

described by the model with fify = 0.67. The radius of a
mesoglobule is about Ry, = 45 nm, a value giving the hump at
g = 0.05 nm™! in the scattering profile. For ¢ < 0.05 nm™!, the
experimental scattering curves are enhanced. We discuss its
physical origin in the next subsection.

4.4. Aggregates of Mesoglobule. Let us focus on the small
g region above 31 °C. The power law ¢~ ¢ (a = 2) of the intensity
in the double-logarithmic plot suggests that mesoglobules form
fractal aggregates with a fractal dimension D¢ = 2 as shown in
Figure 8. Let Ny be the number of mesoglobules forming a
fractal aggregate, and let & be its correlation length. By applying
the procedure (A.6) again, the scattering function of a fractal is
given by

I(q) = ngl(q) (4.24)
where
Ii(q) = Nyl (@ + NoFo (@) [Sp(q) — 11 (4.25)
and
Frog(@) = BNy (f + )F (X,) (4.26)
Se(q) =1+ (N — 1Pg(x;) (4.27)

where the number density of fractal aggregates is ngy = nme/Nir
and xi = ¢g&x. The scattering function of a fractal aggregate
Pr(x) is given by41

1 1

Dy = 1x[1 + P D2 sin[(Dy — 1) tan” ()]

(4.28)

Py(x) =

The scattering amplitude F,(q) of mesoglobules in eq 4.25
is obtained by averaging over the size distribution of the
mesoglobules as in the case of I.(g). In Figure 7, we draw a
red line including the contribution of fractals and compared with
the experiments. Comparison with the experimental data at other
temperatures is shown in Figure 9. For solutions at 32 °C, we
obtain f/fo = 0.42. This means that 58% of the polymer chains
in a micelle are dissolved in a mesoglobule. In the case of
solutions at 34 °C, we assume that flower micelles completely
dissociate in the mesoglobule, i.e., f = 0. Details of the
parameters obtained from this analysis will be discussed in the
next section.

5. Discussion

5.1. Effect of Temperature. In Figure 10, the fraction
N, /Nf of NIPAM monomer units in the middle layer and
their volume fraction are plotted against temperature below 30
°C. The fraction N{,,,, increases with temperature due to the
dehydration of the chains. Simultaneously, the volume fraction
of the polymer chains in the middle layer also increases because

water molecules are squeezed out of the middle region. As a
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Figure 9. Comparison between the SANS data (31—34 °C) and results
by the model eq 4.24 at 31—34 °C.
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Figure 10. Temperature dependence of the number N{j),  of polymer

chains collapsed in the middle region and of the volume fraction ¢{,
of polymers in the middle region.
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Figure 11. Temperature dependence of the radii Ry, and R, between T
= 10—-30 °C.

result, the size Ry, of the middle region stays almost constant
in the temperature range covering 10—30 °C. In contrast, the
radius of the shell region R, rapidly decreases with temperature
(Figure 11). The radius of gyration R of a micelle and Rg
of the micellar aggregates below 30 °C are plotted in Figure
12. The size REM) of each micelle decreases with temperature,
which is consistent with previous results, while the radius Rg
increases, indicating that with increasing temperature further
association takes place.

Solutions of the same polymer sample have been analyzed
previously by light scattering (LS). The radius of gyration of
flower micelles obtained by LS is larger than that obtained by
SANS analysis given in Figure 12. For example, Rg was
determined to be 35 nm at 7= 20 °C for 10 g L' by LS,"® a
value more than 3 times as large as Rg = 11 nm at T = 20 °C
derived from SANS. Moreover, the aggregation number Ny
= 32 of micelle found by LS is much larger than that by SANS
(Nagg = 12).
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Figure 12. Temperature dependences of the radius of gyration of
micelle aggregates, Rg, and of single micelle, RI™, together with the
aggregation number M of micelles.
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Figure 13. Temperature dependence of the aggregation number Nqg,
of polymers in a mesoglobule (a), the volume fraction ¢™® of polymers
in the mesoglobule (b), and the radius Ry, of a mesoglobule (c).

Several causes may lead to the differences between SANS
and LS. First, we have to consider the fact that the measurable
wavenumber by LS is smaller than that by SANS. Therefore,
if the LS data contain the contribution from large micellar
aggregates, which are not detected by SANS, the size estimated
from the LS data becomes larger than that of a single micelle
obtained by SANS. Actually, a recent LS study*® on a
tel-PNIPAM showed that association of flower micelles occurs
in solutions below 10 g L™! at 25 °C. It is interesting to note
that the values of Rg and N, ; for single micelle estimated by
extrapolation of the LS data™ is almost consistent with those
by SANS.
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Figure 14. Concentration dependence of the scattering profiles normal-
ized by the concentration at 10 °C.
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Figure 15. Temperature dependence of the aggregation number of
micelles in the range 10—30 °C.
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Figure 16. Concentration dependence of the scattering profiles at 40
°C normalized by the concentration. The fractal model with N = 1
and 300 are also shown (solid lines).

Another important effect to consider is the deuterium isotope
effect. Light scattering experiments were carried out with
solutions in HO, whereas D>O was the solvent in SANS
experiments. According to previous studies,**° the coil-to-
globule transition temperature of the homopolymer PNIPAM
in DO is higher by about 2 °C compared to that in H,O.
Therefore, we should compare the data at 20 °C in H,O with
those at 22 °C in D,0. The SANS data show that association
of flower micelles takes place above 20 °C, which may account
for the discrepancy between the LS and SANS experimental
results. However, the radius of gyration and the aggregation
number of micellar aggregates at 22 °C by SANS estimated
from the data in Figure 12 are much smaller than those by LS
in H,O.

Another factor that may be considered is the fact that
PNIPAM chains are believed to be more extended in D,O than
in H,O for solutions far below the coil-to-globule transition
temperature.*® This effect is expected to enhance the stability
of flower micelles and suppress their association in D,O. Thus,
the association of flower micelles in DO may not take place to
as large an extent as in H,O, as a consequence of the steric
effect created by polymer chains which are more extended in
D0 than in HO. It would be interesting to study associated
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Figure 17. Temperature—concentration phase diagram of telechelic PNIPAM in water. It schematically shows collapse transition temperature
(broken line), cloud-point line (solid line), and sol/gel transition line (broken line) together with associated structures such as flower micelles,
mesoglobules, flowers connected by bridge chains, and aggregates of mesoglobules.

structures of the tel-PNIPAM in D,O by LS and compare the
results with those by SANS.

In the high-temperature region, mesoglobules form. The
temperature dependence of the mesoglobule aggregation number
Ngge (in terms of the number of polymer chains per mesoglo-
bule), the volume fraction ¢™® of polymers in the mesoglobules,
and the mesoglobule radius Ry, is presented in Figure 13. The
aggregation number N,g, increases with temperature from 31
to 34 °C. Simultaneously, the volume fraction also increases as
water molecules are expelled from the mesoglobules. As a result,
the size of the mesoglobule remains nearly constant in this
temperature region.

Since the scattering profiles do not change above 34 °C, the
parameters deduced from them are also independent of tem-
perature.

As the coil-to-globule transition proceeds, water molecules
bound to the PNIPAM chains are released and squeezed out to
the bulk. Then the volume fraction of polymers in the mesoglo-
bule becomes large, leading to very slow dynamics of concen-
tration fluctuations within the mesoglobules such that the
structure becomes almost frozen at 34 °C.

Mesoglobules formed in dilute solutions of the homopolymer
PNIPAM above the coil-to-globule transition temperature have
been studied previously by neutron scattering.”® The size of
PNIPAM mesoglobules was shown to decrease with tempera-
ture, a tendency different from that depicted in Figure 13. It
should be noted however that in the study of homopolymer
PNIPAM the scattering intensities were observed only in the
Porod’s regime. The form factor of the mesoglobules could not
be determined because of the narrow ¢ range (from 0.04 to 0.4
nm™!) of the experimental data. To obtain a definite conclusion,
it would be necessary to carry out SANS measurements of
PNIPAM solutions over a wide ¢ region.

5.2. Effect of the Polymer Concentration. Scattering profiles
recorded in the low-temperature region, normalized by the
polymer concentration of 1, 10, and 50 g L™! at 10 °C, are
presented in Figure 14. The plot for the solution of 1 g L™!is
almost identical to that for 10 g L™}, implying that the structure
of the micelles is independent of the concentration between 1

and 10 g L™!. Hence, the number of micelles in solutions of
1 g L1 is 1/10 that in solutions of 10 g L™

For the solution of 50 g L™, the scattering profile presents a
peak at gmaix = 0.25 nm~! due to the correlation between
different flower micelles.”' From the peak position, the distance
[ between micelles is roughly estimated as [ = 27/gm. = 24
nm, leading to f = cNa/M,, = 19 for the aggregation number
f of micelles. Although this value is somewhat larger than f =
12 obtained in the more dilute regions (1 and 10 g L™1), the
result (f = 19) does not differ so much. Moreover, since the
scattering profile in the large g region (¢ > 0.25 nm) for solutions
of 50 g L~ ! agrees well with that for solutions of 10 g L™, the
internal structure of micelles is believed to be almost the same
from 10 to 50 g L™

In the 10—30 °C, the average aggregation number remains
constant up to 20 °C and gradually increases with temperature
as shown in Figure 15. Above 20 °C, the aggregation number
for the 1 g L™! solution is smaller than that of 10 g L™

The scattering data in the high-temperature range normalized
by the concentration are presented in Figure 16 and compared
with the theoretical model eq 4.24 with Ny = 1 with other
parameters being the same as those for 10 g L™!. The scattering
profiles at 1 g L™! have no excess scattering at ¢ < 0.03 nm ™.
This behavior is also observed in the scattering profiles above
31 °C at 1 g L™! as shown in Figure la. Since the excess
scattering at small ¢ is interpreted as the contribution of
associated mesoglobules, the SANS data indicate that association
of mesoglobules does not take place at 1 g L~!. The good
agreement between the data and theory implies that the structure
of mesoglobules is the same as that at 10 g L™,

For 50 g L1, the scattering profile at ¢ > 0.05 nm™! is almost
the same, indicating that the structure of mesoglobules is nearly
identical. The intensity in the small ¢ < 0.05 nm™! region is
slightly larger than that for 10 g L™!, implying that association
of mesoglobules at 50 ¢ L™! is more pronounced compared to
10 g L™!. We thus find that at high temperatures the structure
of mesoglobules formed is independent of concentration,
whereas the association of the mesoglobules depends on
concentration.
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(a)

Figure 18. Schematic figure of an aggregate consisting of many
elements.

6. Conclusion

We have constructed a theoretical model to account for
the temperature and concentration dependence of SANS
profiles recorded for solutions of telechelic PNIPAM. This
model led us to propose a consistent description of the self-
assembled structures of telechelic PNIPAM in D,0O over wide
temperature and concentration ranges. A pictorial representa-
tion of the temperature—concentration dependence of the
solutions is given in Figure 17. Telechelic PNIPAMs associate
in the form of flower micelles in dilute solutions at low
temperatures. On heating, collapse of PNIPAM chain by
dehydration starts near the core of the flower micelles and
eventually leads to association of micelles. The temperature
sensitivity was attributed to the dehydration of the chain which
takes place cooperatively due to the correlation between
neighboring bound water molecules.?' Flower micelles were
described by a three-layered core—shell structure by analogy
to the vertical phase separation observed and modeled in the
case of grafted PNPAM chains.***>¥7% This study provides
the first experimental evidence of the occurrence of this kind
of phenomenon in flower micelle of tel-PNIPAM. Moreover,
the scattering profiles recorded above 31 °C unambiguously
indicate the presence of isolated mesoglobules already reported
in the case of dilute PNIPAM solutions.>*?* The mesoglobules
remain stable far above the cloud point, although the hydro-
phobic cores of individual micelles may not be preserved within
each mesoglobule. We determined here for the first time the
form factor of mesoglobule by employing the focusing SANS
method (Figure 16). We also clearly showed that mesoglobules
consist of many flower micelles near the transition point (31
°C). The effect of molecular weight on associative behavior of
tel-PNIPAMs has already been studied by LS.'® It would be
interesting to study the M,, effect by SANS as well.

In solutions of high concentrations, we have observed a peak
in the scattering profile attributed to correlation between flower
micelles even at low temperature, which can be interpreted by
the packing of micelles. The effects of such network formation
cannot be assessed by static SANS experiments. However, the
rheological properties of micellar networks are expected to be
much different from those of dense un-cross-linked micellar
solutions.
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Appendix. A Derivation of Scattering Functions

In this appendix, we briefly describe a general procedure to
decompose the scattering function from an aggregate into intra-
and intercorrelation. It is assumed to consist of the number N
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of identical elements as shown in Figure 18a.
Let the vector r;; in Figure 18b be defined by

r,—r=r,—r,TtR —R (A.1)

where r; ; = r; — R, is the position vector of r; relative to the
center R; of mass of the sth element. The scattering function
can then be approximately given by

1tg) = N[} b [ ]+
iy

z % ﬁmiefiq-r,.:mbjeiq'rfﬂ%7iq.R:fD(A'2)
J

Gl

The first term gives the correlation within an element, while
the second term gives interelement correlation. To write in a

compact way, let
1@ = [ bhe] (A3)
iy

(s)
F(q) = [E b,e*"‘ﬂﬂﬂ (A4)

1

be the scattering function and amplitude from a single element,
and let

1 —iq Ry 1 ~iqR,
5(q) NZE O 1+N25 O (AS5)

s#L

be the correlation function (structure factor) between a pair of
the elements. Then, eq A.2 can be written as

I(q) = NI"(q) + NF(q)’[S(g) — 1] (A.6)

We can apply this decoupling approximation to several different
length scales of association. The scattering functions for
mesoglobules, eq 4.16, and their aggregates, eq 4.25, are
obtained by a straightforward application of eq A.6.

In the case of micelle aggregates shown in Figure 4, the
summation in eq A.2 is written as follows:

Dz e*l"“‘fﬂc o — HSAR
sS*t qR
sin gR

M — )M — 2)[ 7

]2 (A7)

Substituting eqs 4.4, 4.5, and A.7 into eq A.2, we obtain eq
4.15.
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