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ABSTRACT: The phase diagrams of semitelechelic and telechelic hydrophobically modified poly(2-
isopropyl-2-oxazolines) (HM-PiPrOx) in water were characterized in terms of an extensive set of parameters:
the cloud point (Tcp), obtained from turbidity measurements, the transition temperature (TM) and enthalpy
(ΔH ), derived from high-sensitivity differential scanning calorimetry (HS-DSC), the coefficient of thermal
volume expansion, R, measured by pressure perturbation calorimetry (PPC), together with assessment by
X-ray diffraction of the extent of polymer crystallization from hot water. Data were recorded as a function
of the molecular weight of the polymers (7000, 10 000, and 13 000 g mol-1), the end-group functionality
(R-n-octadecyl-ω-hydroxyl- or R,ω-di-n-octadecyl-), the polymer concentration (0.1-10 g L-1), and the
solvent (H2O or D2O). For all polymer solutions, the cloud point temperature was lower than the transition
temperature, in agreement with previous studies of telechelic HM-poly(ethylene oxides) and HM-poly(N-
isopropylacrylamides) aqueous solutions. In solutions of all telechelic HM-PiPrOx and of the semitelechelic
HM-PiPrOx 7000 and 10 000 gmol-1, the onset of turbidity was accompanied by an endotherm attributed to
a rigid-to-fluid phase transition of the hydrophobic core of the polymeric micelles formed in aqueous
solutions kept below Tcp. Semitelechelic HM-PiPrOx samples crystallized from water upon prolonged
heating at 70 �C, whereas telechelic HM-PiPrOx samples remained amorphous under these conditions. The
results are discussed in terms of the dipole-dipole interactions between adjacent PiPrOx chains in themicelle
corona which restrict the motion of n-octadecyl chains in the micellar core and favor intermicellar
interactions.Watermolecules acting as hydrogen-bound cross-linker between polymer chains also contribute
to intra- and intermicellar PiPrOx chain association.

Introduction

It is generally accepted that, although water exhibits many
properties typical of small molecule liquids, it has some unique
features attributable to short-range attractive interactions be-
tween water molecules through hydrogen bonds. These interac-
tions impose geometrical constraints on the positions of the water
molecules and prevent close packing of the molecules.1 Introdu-
cing an amphiphile in water disrupts this organized arrangement,
as the water molecules attempt to accommodate their guest. The
hydrophilic parts of the amphiphile usually contain polar groups
with electronegative atoms that formhydrogen bondswithwater,
while the hydrophobic sections are driven to self-assemble by a
mechanism known as hydrophobic hydration. Association of the
hydrophobic groups is opposed by the steric repulsion between
the hydrated hydrophilic parts of the solute. The competition
between the two forces triggers the formation of specific self-
assembled structures, which vary in shape and size depending on
the chemical structure of the amphiphile. Hydrophilic polymers
end-capped with hydrophobic groups, or telechelic hydrophobi-
cally modified (HM) polymers, are among the simplest models to
study the self-assembly of polymeric amphiphiles in water.2,3

They have been studied in great detail, both from the theoretical
point of view and experimentally with poly(ethylene oxide)
(PEO) terminated with long alkyl groups as a model.4-6 Their
self-assembly inwater was shown todependmarkedly on polymer
concentration and solution temperature. In the dilute regime and

at ambient temperature, telechelic HM-polymers form intramo-
lecular loops via end-group association. The loops aggregate
intomicelles of flowerlike shape or “flowermicelles”.7,8 At higher
polymer concentration, a few chains start to form bridges
between micelles, yielding clusters of micelles. In solutions of
even higher concentration, extensive networks form, in which the
flower micelles act as junction points connected via bridging
chains.9 The effect of temperature on aqueous telechelic HM-
PEO solutions was assessed by Franc-ois et al.,10 who observed
that the cloud point (Tcp, temperature of onset in solution
turbidity) of aqueous telechelic HM-PEO solutions is lower by
as much as 100 �C compared to the Tcp of solutions of the
unmodified PEO. This association pattern accounts for the
macroscopic properties of aqueous telechelicHM-polymers solu-
tions which, at room temperature, change from low-viscosity
liquids to gels upon increasing polymer concentration.11 Tele-
chelic HM polymers have found numerous applications as
rheology modifiers in waterborne fluids, paints, coatings, cos-
metics, and foodstuffs.12Most industrial telechelicHM-polymers
consist of a poly(ethylene oxide) (PEO) chain linked to either
alkyl8,13,14 or perfluoroalkyl end groups.15,16 Detailed studies on
telechelic HM-PEOs have demonstrated that their behavior in
solution is sensitive to subtle changes in the chemical structure of
the hydrophobic group and also of the linker connecting the end
segment to the PEO chain.17 Less emphasis was placed on the
effect of the main-chain structure on the solution properties of
telechelic HM polymers, mostly in view of synthetic difficulties
associated with the synthesis of well-defined telechelic hydro-
philic polymers other than PEO.
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Over the past decade, however, new types of telechelic HM-
polymers were reported, including telechelic poly(2-alkyl-2-ox-
azolines) terminated with alkyl or perfluoroalkyl chains, prepa-
red by living cationic polymerization of 2-alkyl-2-oxazolines18-21

and HM-poly(N-isopropylacrylamide) (PNIPAM) obtained by
controlled free radical polymerization of N-isopropylacrylamide
(NIPAM).22 Like PEO, PNIPAM is highly soluble in cold water
and becomes insoluble when the solution temperature exceeds
a specific value, the lower critical solution temperature (LCST,
∼32 �C).23TheTcp of aqueous telechelicHM-PNIPAMsolutions
is lower than that of PNIPAM.TheTcp depression is on the order
of 5-10 �C, depending on the length of the PNIPAM chain and
on polymer concentration.22 Interestingly, Kujawa et al.22 noted
that the temperature corresponding to the maximum tempera-
ture (TM) of the endotherm recorded for aqueous telechelic
HM-PNIPAM solutions by high sensitivity differential scan-
ning calorimetry (HS-DSC) is systematically different from the
Tcp, obtained by turbidimetry measurement for the same solu-
tion.22 The phenomenon is exemplified in Figure 1, which
presents in the top panel a microcalorimetry scan recorded for
a solution of telechelic HM-PNIPAM (Mn=12000 g mol-1) and
in the bottom panel the heat-induced changes in turbidity of the
same solution. The endotherm recorded by microcalorimetry
corresponds to the heat released upon dehydration of the poly-
mer chain and reflects the change in solvent quality. The cloud
point signals the onset of association of several polymer micelles
via formation of intermicellar bridges as a consequence of
temperature-dependent concentration fluctuations and progres-
sive changes in solvent quality.22 Intermicellar association in
dilute solution, below the LCST, reflects a gradual enhancement
of the interactions between the hydrophilic coronae of the
micelles, which change from repulsive to attractive as the solvent
quality of water passes from good to poor. This association
into larger objects is readily detected by turbidimetry but is not
observed by HS-DSC, an indication that the process is ather-
mal, at least within the sensitivity of HS-microcalorimetry (see
Figure 1).

The fact that the temperature (Tcp), for whichmicellar associa-
tion of telechelic HM-polymers begins, differs from the tempera-
ture (TM) of main-chain dehydration and collapse merits further
study from the fundamental viewpoint as well as in view of
possible practical applications in the design of “smart” tempera-
ture-responsive fluids. To test the generality of the phenomenon,
we set about to study the temperature-dependent properties of
telechelic HM-poly(2-isopropyl-2-oxazolines) (PiPrOx) in water,
focusing on the thermodynamics of water/polymer interactions.

The homopolymer PiPrOx is a crystalline,24 nonionic tertiary
amide polymer with a -CH2N-[CO-CH(CH3)2]CH2- repeat
unit (Figure 2), which is a structural isomer of PNIPAM. PiPrOx
is prepared by cationic ring-opening polymerization of 2-isopro-
pyl-2-oxazoline.25 It exhibits a wide range of solubility in polar
organic solvents, such as tetrahydrofuran, in which it takes a
random coil conformation. It is soluble in cold water and
separates from solution upon heating past a temperature in
the 36-70 �C range, depending on polymer molecular weight
and concentration.26,27 These properties, together with features
typical of poly(2-alkyl-2-oxazolines) such as nontoxicity28 and
ease of end-functionalization18,19,29,30 andof copolymerization,31-33

justify the renewed interest in this polymer synthesized for the
first time 40 years ago. Moreover, it was reported recently that
the phase separation of PiPrOx in water is reversible only if the
solution is cooled rapidly to room temperature. Prolonged
incubation of phase-separated aqueous PiPrOx solutions at
∼65 �C triggers crystallization of the PiPrOx chains into fibrils
that are insoluble in cold water.34,35 The exact mechanism of the
crystallization of hot PiPrOx coagulates is still poorly under-
stood. It has been attributed to favorable dipolar interactions
between the amide dipoles, coupled with nonspecific hydropho-
bic interactions between the nonpolar isopropyl groups.35 That
PiPrOx crystallizes from its coagulate while its structural isomer
PNIPAM does not was ascribed to the fact that one end of the
amide dipole (Nδþ-) is part of the polymer main chain in the case
of PiPrOx, whereas in PNIPAM the entire dipolar unit is part of
the side chain. There is no strong experimental evidence so far
that PiPrOx chains are partially organized in cold aqueous
solutions below the LCST. However, Chen et al. have demon-
strated by static and dynamic light scattering that poly(2-ethyl-2-
oxazolines) (PEtOx) in water experience partial organization
and large-scale concentration fluctuations at all temperatures,
even well below the LCST.36 This organization was ascribed to a
special orientation between polymer molecules, triggered by
dipolar interactions between amide fragments. Such partial
organization in cold water may lead to preferential orientations
of the polymer chains in the coagulates and, in the case of PiPrOx,
promote crystallization of the polymer.

Having on hand a series of telechelic and semitelechelic HM-
PiPrOx of various molecular weights, C18-PiPrOx-C18 and C18-
PiPrOx-OH, respectively (Figure 2),19 we set about to assess the
impact of end-group modification on the heat-induced phase
separation and crystallization of PiPrOx in water. The results of
this study are reported here. We examine first the mechanistic
aspects of the heat-triggered association by analysis of the
thermodynamic parameters of the phase transition of themicellar
solutions. To evaluate them, we employed HS-DSC, pressure
perturbation calorimetry (PPC), and turbidimetry, taking care to
employ conditions adjusted to prevent, or minimize, crystal-
lization of PiPrOx. In a second part we subjected micellar
polymer solution to prolonged heating above the phase transition
temperature in order to induce crystallization of the polymer. The
materials obtained by this treatment were analyzed by X-ray
diffraction and differential scanning calorimetry. They were also

Figure 1. (top) Microcalorimetric endotherms and (bottom) changes
with temperature of the light transmittance recorded for an aqueous
solution of telechelic HM-PNIPAM (polymer concentration: 5.0 g L-1).

Figure 2. Structure of the polymers in this study.
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observed by polarized optical microscopy and transmission
electronmicroscopy.One outcome of this study is that it provides
experimental evidence that the structure, conformation, and
alignment of the polymer main chain can induce phase changes
within the inner hydrophobic core of the flowermicelles, an effect
which has not been observed previously. Another important
observation is that while semitelechelic HM-PiPrOx samples
crystallize from hot water, telechelic HM-PiPrOx samples do
not crystallize under these conditions. The resistance against
crystallization from hot water of telechelic HM-PiPrOx may be
taken as an indication that the memory of the flowerlike self-
assembled structures of the telechelic polymers in cold water is
retained in the aggregates formed in solutions heated above their
phase-transition temperature.37

Experimental Section

Materials. Water was deionized with a Millipore Milli-Q
system. Deuterium oxide (99.8%) was purchased from Aldrich-
SigmaChemicals. The semitelechelic and telechelic HM-PiPrOx
samples were prepared and characterized as described pre-
viously.19 All semitelechelic HM-PiPrOxs readily dissolved in
water. However, telechelic HM-PiPrOxs recovered after preci-
pitation were only soluble in water up to a concentration of
∼2.0 g L-1. In order to enhance their solubility in water, the
polymers were dissolved in dimethyl sulfoxide (DMSO, 5.0 g L-1)
and dialyzed against water for 3 days using membranes of
MWCO 1000 g mol-1. The polymers recovered by lyophiliza-
tion of the dialysates dissolved readily in water up to a concen-
tration of 20 g L-1. Their molecular characteristics are listed
in Table 1. The sample of unmodified PiPrOx used in control
experiments (Me-PiPrOx-OH 10K,Mn=10 400 g mol-1, PDI=
1.06) was obtained by cationic ring-opening polymerization
using methyl p-tosylate as initiator, as described elsewhere.27

Transmittance Measurements. Cloud points were determined
by spectrophotometric detection of the changes in turbidity
(λ=550 nm) of aqueous polymer solutions (0.1-10 g L-1)
heated at a constant rate (1 �C min-1). The values reported
are the temperatures corresponding to a 20% decrease of the
solution transmittance. The estimated error in Tcp determined
by this procedure is (0.5 �C.

High-Sensitivity Differential Scanning Calorimetry (HS-DSC).

HS-DSC measurements were performed on a VP-DSC micro-
calorimeter (MicroCal Inc.) at an external pressure of ca.
180 kPa. The cell volume was 0.517 mL. The heating rate was
0.3 �Cmin-1. Polymer solutions, ranging in concentration from
0.1 to 10 g L-1, were degassed at 25 �C for 20 min. They were
equilibrated at 10 �C for 1 h before initiation of the heating
process. For each measurement, the sample was heated from 10
to 80 �C and cooled back immediately to 10 �C, unless stated
otherwise. Four consecutive scans were performed; a small
(<10%) decrease of the transition enthalpy was detected after

four scans. To assess the effect of prolonged sample heating on
the DSC traces, a solution of C18-PiPrOx-OH 10K (1.0 g L-1)
was subjected to six consecutive heating/cooling scans at a
constant rate (0.3 �C min-1) separated by 1 h incubation at 80
and 10 �C. The transition enthalpies recorded for successive
scans decreased progressively (Figure SI.1), an indication of a
gradual change in the concentration of polymer soluble in cold
water due to its irreversible crystallizationwhen incubated in the
calorimeter cell at 80 �C. Data were corrected for instrument
response time to take into account the effect of scan rate on the
data collected. For each solution, the excess heat capacity curve
was constructed by subtraction of awater vs water scan from the
sample vs water scan. The difference in heat capacity after and
before transition (Δcp) was calculated from the position of the
baseline before and after the phase transition (see inset in
Figure 3).

Data were fitted with two models using software supplied by
themanufacturer. A cubic connect baseline was subtracted from
the data prior to fitting. A two-state transition model was
applied first. It generated TM and the enthalpy change ΔH. A
non-two-state transitionmodel, which was proposed by Tanaka
et al. to describe protein unfolding,38 was used to fit the data
when fits with the two-state model were poor. This model allows
one to determine (i) the calorimetric heat (ΔH) from the area
under a transition peak and (ii) the van’t Hoff heat ΔHvH based
on the shape of the transition peak. Experimental data acquired
for solutions of telechelic and semitelechelic PiPrOx 10K
(squares) together with the fit curves using a non-two-state
model are shown in Figure 3. The total molar heat capacity of
the system cp(T ) is given by eq 1:

cpðTÞ ¼ KLoðTÞΔHLo, vHΔHLo

ð1þKLoðTÞÞ2RT2
þKHiðTÞΔHHi, vHΔHHi

ð1þKHiðTÞÞ2RT2
ð1Þ

where KLo(T ) and KHi(T ) are the equilibrium constants for the
lower and higher temperature phase transition, respectively,
ΔHLo and ΔHHi are the molar enthalpy changes for the low
and high temperature transitions, respectively, ΔHLo,vH and
ΔHHi,vH are the van’t Hoff heat changes for the low and high
temperature transitions, respectively, R is the gas constant, and
T is the temperature.

The equilibrium constants were evaluated for each transition
using eqs 2 and 3:

KLoðTÞ ¼ exp
-ΔHLo, vH

RT
1-

T

TLo

� �( )
ð2Þ

KHiðTÞ ¼ exp
-ΔHHi, vH

RT
1-

T

THi

� �( )
ð3Þ

where TLo and THi are the lower and higher transition tempera-
tures, respectively. Equations 1, 2, and 3 are then used for curve-
fitting in the usual way yielding the set of parameters: TLo, THi,
ΔHLo,ΔHHi,ΔHLo,vH, andΔHHi,vH. The estimated error inΔH
determined by this procedure is (0.05 kJ mol-1.

Pressure Perturbation Calorimetry (PPC). PPC measure-
ments were performed on aVP-DSCmicrocalorimeter equipped
with a pressure perturbation accessory (MicroCal Inc.). The gas
(N2) pressure jump applied to the samples was 500 kPa. The
reference cell and sample cell volumes were identical (0.517mL).
The concentration of the solutions analyzed was 2.5 g L-1.
Under the same experimental conditions, a set of reference
measurements was carried out each time. A detailed description
of the method has been reported elsewhere.39,40 In a differential
calorimetric experiment, the sample and reference cells are filled
respectively with a solute (polymer in our measurements) solu-
tion and with solvent. When both cells are subjected to the same

Table 1. Physical Properties of the Polymers Investigated
a

polymer Mn
b Mw/Mn

b nc RH
d

Me-PiPrOx-OH 6K 5700e 1.03e 50e

Me-PiPrOx-OH 10K 10400 1.06 90
C18-PiPrOx-OH 7K 6700 1.21 57 7.2( 0.5
C18-PiPrOx-OH 10K 9900 1.17 85 8.2( 0.8
C18-PiPrOx-OH 13K 12800 1.16 111 2.9( 0.3
C18-PiPrOx-C18 7K 7000 1.15 57 7.6( 0.4
C18-PiPrOx-C18 10K 10300 1.15 85 10.5( 0.3 f

126( 0.7 f

C18-PiPrOx-C18 13K 13100 1.18 111 7.9( 0.5 f

102( 0.4 f

aFrom ref 19. bMn andMw: number- and weight-average molecular
weight fromGPC analysis. cNumber of monomer units per chain. d RH:
hydrodynamic radius of HM-PiPrOx micelles in water, from dynamic
light scattering measurements. eValues given in italics are taken from
ref 27. f Bimodal size distribution.
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pressure changeΔP, the thermal expansion coefficient, R, of the
solute can be calculated from eq 4:

R¼ Rs -
ΔQ

TΔPmpVp

ð4Þ

where Rs is the thermal expansion coefficient of the solvent, T is
the temperature, mp and Vp are the polymer mass and par-
tial specific volume in the solution, respectively, and ΔQ is the
net heat (i.e., the difference between sample cell and the refer-
ence cell, which contain solvent only). The value of partial
specific volume of PiPrOx27 used for volumetric calculations
was Vp=0.888 cm3 g-1. The same value of Vp was used for the
hydrophobically modified HM-PiPrOx samples.

The volume changeΔV, which accompanies transitions in the
system, was obtained from the area under the curves by fitting
the data using the non-two-state transition model, as indicated
in eqs 5 and 6, where we assume thatΔV is small compared toV.
The value ΔV is expressed as a percent of V.

ΔVLo

V
¼

Z
RLo dT ¼

Z
1

V

dV

dT

� �Lo

dT ð5Þ

ΔVHi

V
¼

Z
RHi dT ¼

Z
1

V

dV

dT

� �Hi

dT ð6Þ

where the superscripts “Lo” and “Hi” denote changes occurring
during TLo and THi transitions, respectively.

Crystallization Studies. Aqueous solutions of Me-PiPrOx-
OH 10K and HM-PiPrOxs (10 g L-1) were prepared by dissol-
ving each polymer in water and gentle stirring at room tempera-
ture for at least 12 h. They were heated in an oil bath kept at
70 �C for 24 h. They were cooled and subjected to freeze-drying
to yield a white solid, which was used directly for XRD and
TEM analysis.

Transmission ElectronMicroscopy (TEM).TEM imagingwas
performedwith a FEI Tecnai 12microscope operated at 120 kV.
The powders recovered by freeze-drying the solutions employed
for the heat treatment (at 70 �C for 24 h), as noted above, were
redispersed in a small amount of water and placed on carbon-
coatedCugrids (1 dropof∼10μL). Thewaterwas evaporated at
room temperature. The samples were negatively stained with
phosphotungstic acid (0.5 wt % in water) prior to observation.

X-ray Diffraction (XRD).XRD studies were carried out with
a Bruker diffractometer (D8 Discover), using Cu KR radiation
(λ=1.542 Å). The diffraction patternwas recordedwith aBruker
AXS two-dimensional wire-grid detector. Polymer samples
(Me-PiPrOx-OH 10K, HM-PiPrOxs 7K and 10K), prepared
from the residues obtained after freeze-drying the solutions
employed for the heat treatment (at 70 �C for 24 h) as noted
above, were packed into 1.0 mm diameter capillary tubes
(Charles Supper). 1-D data were obtained by integrating the
2-D data. The d-spacings were determined from the maximum
of the diffraction peaks according to the Bragg equation, nλ=2d
sin θ, where n is an integer giving the order of the diffraction
peak, θ is the angle of incidence, and λ is thewavelength of theX-
ray beam used.

Results and Discussion

Temperature-Dependent Properties of Aqueous Me-PiPrOx-
OH Solutions. We present first salient features of the heat-
induced phase transition of dilute aqueous solutions of an
unmodified polymer, Me-PiPrOx-OH 10K, that has a mo-
lecular weight within the range of the HM-PiPrOx samples
examined here (see Table 1). The cloud point (Tcp) of
aqueous Me-PiPrOx-OH 10K, obtained by turbidity mea-
surements, decreases with increasing concentration from
∼48 �C (c=0.1 g L-1) to ∼39 �C (c=10 g L-1) (Figure 4,
inset), in agreement with previous reports.27 Microcalorime-
try scans recorded for aqueous solutions of Me-PiPrOx-OH
10K (1.0 g L-1) feature a broad, markedly asymmetric
endotherm, with a sharp increase of the heat capacity on

Figure 3. Microcalorimetric endotherms (heating rate: 0.3 �C min-1)
recorded for solutions of telechelic (top) and semitelechelic (bottom)
PiPrOx 10K (polymer concentration: 1.0 g L-1). DSC data were fitted
using a non-two-state model for two transitions (see text).

Figure 4. (top) Microcalorimetric endotherm (polymer concentration:
1.0 g L-1) and (bottom) temperature dependence of the coefficient of
thermal expansion (R) of an aqueous solution of Me-PiPrOx-OH 10K
(polymer concentration: 2.5 g L-1).



5822 Macromolecules, Vol. 42, No. 15, 2009 Obeid et al.

the low-temperature side and a gradual decrease of the heat
capacity for temperatures higher than the maximum transi-
tion temperature (TM) (Figure 4, top). The temperature
corresponding to the onset of the endotherm (Tonset) is nearly
identical to the solution cloud point obtained by turbidime-
try,26 an indication that the heat-induced solution turbidity
is coupled to the dehydration of the polymer chains and their
subsequent aggregation. Beyond the phase transition tem-
perature, the solution heat capacity levels off toward a value
significantly lower thanthe initialvalue (Δcp∼-180Jmol-1C-1).
A similar trend was reported for aqueous solutions of
PNIPAM 10K (Δcp ∼ -107 J mol-1 C-1),22 poly(vinylca-
prolactam) (Δcp∼-70 Jmol-1 C-1),41 and various pluronic-
type block copolymers.42 It is usually taken as an indication
of diminished interactions between water molecules and
polymer chains in solutions heated beyond their phase
transition temperature. The TM value depends on the mo-
lecular weight of the sample, and for a given polymer, it
decreases with polymer concentration (0.1-10 g L-1).27

Thermograms were recorded also with solutions of Me-
PiPrOx-OH 10K in D2O, in order to assess the relative
importance of solvent/polymer and polymer/polymer inter-
actions. The transition enthalpy was higher for solutions in
D2O, compared to solutions in H2O. This trend, which is
commonly observed for the phase transition of polymers in
aqueous solutions, reflects the fact that a “hydrogen” bond
inD2O is about 5%stronger than a hydrogen bond inH2O.43

The TM value recorded for the solution in D2O is lower, by
∼1.5 �C, than that obtained in H2O. In general, D2O
promotes processes that tend to reduce the accessible apolar
surface area (ASAap), such as micelle formation,44 protein
folding,45 or the fluid-to-gel phase transition of lipids.46

The simplest analysis of the HS-DSC data, which assumes
a two-state transition, did not lead to a satisfactory fit of the
data. However, analysis of the data using a non-two-state
model38 yielded an acceptable fit, with a van’t Hoff enthalpy
change (ΔHvH) of ∼460 kJ mol-1, along with a calorimetric
enthalpy change (ΔH ) of ∼5.7 kJ mol-1 (Table 2). The
relative magnitudes of ΔH and ΔHvH are gauges of the
cooperativity of the transition, as described previously in
studies of PNIPAM and poly(N-n-propylacrylamide).47

Since the calorimetric heat refers to the enthalpy change
per mole of iPrOx unit, whereas the van’t Hoff enthalpy is the
heat change per polymer segment involved as a whole in the
transition, the ratio ΔHvH/ΔH gives an estimate of the
number of units undergoing cooperative phase transition.
In the terminology used to describe protein unfolding, the

coil-to-globule transition of Me-PiPrOx-OH occurs by a
mechanism involving independent domains∼80 iPrOx units
in length or of Mn ∼ 10 400 g mol-1. Consequently, for a
PiPrOx ofMn∼10 000 gmol-1 the transition can be regarded
as an “all or none” process. A similar conclusionwas reached
by Tiktopulo et al.48 in their study of the phase transition of
aqueous PNIPAM for which the number of repeat units per
domain was ∼90 (Mn∼ 11 200-370 000 g mol-1).

Information on the changes in the hydration layer around
the polymer chain as it undergoes coil-to-globule collapse
was obtained by pressure perturbation calorimetry (PPC). A
PPC scan recorded for a solution of Me-PiPrOx-OH 10K
(2.5 g L-1) is presented in Figure 4, bottom. The thermal
expansion coefficient, R, is constant for T<Tonset; after this
point it increases sharply with increasing temperature, pas-
ses through a maximum value at T∼44 �C, and gradually
decreases as the temperature increases further. It is interest-
ing to note that the PPC and DSC transition peaks have the
same shape. This confirms that the changes in volume and in
enthalpy occurring during the transition are coupled.49

Similar results have been reported in studies of micellar
sphere-to-rod transitions,50 of the chain melting transitions
of phospholipids,51 and the LCST transition of PNIPAM.39

Integration of the changes ofR(T ) vsT yieldsΔV, the change
in the hydration volume of the polymer as the solution
undergoes the phase transition, assuming that the intrinsic
volume of the polymer does not change. The percent change
of the partial volume of the polymer, ΔV/V, is 1.5% forMe-
PiPrOx-OH 10K (Table 3), a value significantly higher than
the value recorded for PNIPAM (1.0%).39 This relatively
large change, compared to PNIPAM, indicates that the
volume of the water released during the transition is larger
in the case of Me-PiPrOx-OH or/and that the volume
occupied by PiPrOx chains in the separated phase is smaller,
possibly as a consequence of the existence of interchain
associations via dipolar interactions noted in previous stu-
dies of polyoxazolines.36

Litt et al.52 established in the early 1970s that PiPrOx is a
semicrystalline polymer. Its X-ray diffractogram presents
an equatorial reflection (assigned to the 010 plane) with a
d-spacing=10.9 Å, a value attributed to the distance between
the backbone of adjacent chains, and a periodicity along
chain of 6.4 Å.We confirmed the crystallinity ofMe-PiPrOx-
OH-10K by polarized optical microscopy (Figure SI.2)
and DSC. The polymer melts at 201 �C and has a Tg of
∼66 �C (see Figure SI.3). We assessed also the ability of Me-
PiPrOx-OH 10K to crystallize from hot water.35 An aqueous

Table 2. Thermal Properties of Various Semi- and Telechelic HM-PiPrOx Aqueous Solutions (Polymer Concentration 1.0 g L
-1
)
a

ΔHLo (kJ mol-1) ΔHLo, vH (kJ mol-1) ΔHHi (kJ mol-1) ΔHHi,vH (kJ mol-1)

polymer Tcp (�C) TLo (�C) iPrOx unit C18 unit iPrOx unit THi (�C) iPrOx unit iPrOx unit

Me-PiPrOx-OH 6K 48.1b 48.0b 5.65b

47.0 5.98
Me-PiPrOx-OH 10K 44.0 44.8 5.75 460

43.4 5.90 525
C18-PiPrOx-OH 7K 32.5 32.7 1.35 77 515 46.8 1.90 240

32.6 1.42 81 640 45.7 2.15 290
C18-PiPrOx-OH 10K 33.2 34 0.98 83 525 43.5 4.15 395

33.7 0.85 73 600 42.3 4.25 445
C18-PiPrOx-OH 13K 39.0 41.5 5.60 605

40.8 6.05 650
C18-PiPrOx-C18 7K 31.6 31.5 1.91 55 500 46.3 1.84 290

32.0 1.70 49 680 45.2 2.00 315
C18-PiPrOx-C18 10K 32.1 32.6 1.30 56 1100 42.1 3.30 360

32.8 1.22 52 1200 41.2 3.55 375
C18-PiPrOx-C18 13K 34.9 34.4 1.42 79 1400 40.7 3.70 310

34.5 1.32 75 1500 39.9 4.05 340
aMeasurements were done in H2O and D2O; values given in italics are obtained for solutions in D2O. bValues taken from ref 27.
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solution (10 g L-1) of Me-PiPrOx-OH 10K was heated past
its cloud point and kept at 70 �C for 24 h. Upon cooling to
room temperature, the mixture did not recover its clarity but
formed a soft white gel. The dry powder isolated by lyophi-
lization of the gel displayed anXRDpattern characteristic of
PiPrOx.

Data gathered from the complete study of aqueous Me-
PiPrOx-OH 10K are represented pictorially in the phase
diagram of the polymer/water system (Figure 5), in which
we represent (a) the cloud point line obtained from turbidi-
metry measurements, (b) the collapse transition line, from
HS-DSC scans, which corresponds to the dehydration and
aggregation of the polymer in the form of macroaggregates,
and (c) the bulk melting temperature (Tm) and the glass
transition temperature (Tg)measured byDSCof bulk polymer.

Temperature-Dependent Properties of Aqueous C18-PiPrOx-
OH Solutions. Previous studies based on DLS and SAXS
measurements revealed that the semitelechelic samples C18-
PiPrOx-OH 7K and C18-PiPrOx-OH 10K self-assemble in
cold water to form star micelles (RH∼ 8 nm) consisting of a
hydrophobic core (Rc∼ 1.3 nm) surrounded by a corona of
dangling PiPrOx chains, while the polymer of highest mo-
lecular weight, C18-PiPrOx-OH 13K, is molecularly dissol-
ved in cold water without detectable micellization.19 The
solution cloud point of the three semitelechelic HM-PiPrOx-
OH is lower than that of the unmodified Me-PiPrOx-OH

10K (Table 2). The Tcp depression upon end-group modifi-
cation is the largest (∼12 �C) in the case of the shortest
polymer (C18-PiPrOx-OH 7K). The Tcp values of aqueous
C18-PiPrOx-OH 10K solutions decrease from 34.5 to 33 �C
with increasing polymer concentration (from 0.1 to 10 g L-1;
see Figure 7, inset). We know from DLS measurements
that the enhanced turbidity of C18-PiPrOx-OH 7K and
C18-PiPrOx-OH 10K aqueous solutions heated past their
cloud point temperature reflects the formation of large
objects (RH ∼ 400-700 nm) which slightly decrease in size
(RH∼ 250 nm) as the temperature exceeds 45 �C.19

HS-DSC and PPC traces of the three semitelechelic Pi-
PrOxs (Mn=7K, 10K, and 13K) are presented in Figure 6.
Unexpectedly, the cp(T ) vs T and R(T ) vs T curves recorded
for solutions of C18-PiPrOx-OH 7K and C18-PiPrOx-OH
10K present two maxima for temperatures denoted TLo and
THi. We took great care to ascertain that none of the two
endotherms were due to some artifact. Trivial causes, such as
contamination of the polymers, of the solutions, or of the
microcalorimeter cells, were dismissed after careful purifica-
tions and control measurements using several microcalori-
meters. Furthermore, we monitored the effect of the heating

Table 3. Thermodynamic Characteristics of Aqueous Polymer Solutions by Pressure Perturbation Calorimetry (Polymer Concentration 2.5 g L
-1
)

polymer TLo (�C) ΔV/VLo (%) (�C) THi (�C) ΔV/V Hi (�C) (%) ΔV/V T a (%)

Me-PiPrOx-OH 10K 44.0 1.52
Me-PiPrOx-OH 6K 45.0b 1.10b

C18-PiPrOx-OH 7K 33.8 0.39 (40%c) 46.2 0.57 0.96
C18-PiPrOx-OH 10K 35.0 0.11 (7%c) 43.0 1.40 1.51
C18-PiPrOx-OH 13K 42.0 1.38 1.38
C18-PiPrOx-C18 7K 34.0 0.38 (42%c) 44.0 0.51 0.90
C18-PiPrOx-C18 10K 35.5 0.20 (15%c) 42.0 1.11 1.31
C18-PiPrOx-C18 13K 36.0 0.25 (17%c) 40.0 1.20 1.45

aTotal value of ΔV/V. bValues given in italics are taken from ref 27. cFraction of the low-temperature volume change (ΔV/VLo) contributing to the
total volume change (ΔV/VT).

Figure 5. Temperature-concentration phase diagram of Me-PiPrOx-
OH 10K/water system. It pictorially shows cloud point (red) and
collapse transition (dotted blue) lines which correspond to the dehydra-
tion and aggregation of polymer chains in the form of macroaggregates
and eventually microfibers. The crystallization domain (blue dashed
line) observed here was previously reported (ref 35). Tm and Tg values
were determined by DSC measurements.

Figure 6. (top)Microcalorimetric endotherms (polymer concentration:
1.0 g L-1) and (bottom) temperature dependence of the coefficient of
thermal expansion (R) (polymer concentration: 2.5 g L-1) of aqueous
solutions of C18-PiPrOx-OH.
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rate and found that, within experimental uncertainty, the
position of THi was not affected, while the TLo value in-
creased by nomore than 0.5 �C as the heating rate was raised
from 0.3 to 1.5 �C min-1 (Figure SI.4). We monitored the
effect of polymer concentration (from 0.1 to 10 g L-1) on the
position of the two maxima, as shown in Figure 7 in the case
of aqueous C18-PiPrOx-OH 10K solutions. The value THi

showed a marked concentration dependence, decreasing
with increasing concentration, whereas TLo was hardly
affected by changes in concentration. Moreover, the TLo

values are nearly identical to the Tcp values determined by
turbidimetry (Figure 7, inset). In Figure 6 (blue curve), we
present also the thermogram recorded for a solution of the
longest semitelechelic HM-PiPrOx (C18-PiPrOx-OH 13K,
1.0 g L-1). It features a single endotherm, and the thermo-
dynamic parameters associated with the phase transition
of this polymer are similar to those of the unmodified Me-
PiPrOx-OH 10K (Table 2).

To unveil the molecular origin of each transition, we
scrutinized how the molecular weight of the polymer affects
each parameter extracted from the HS-DSC data listed in
Table 2. For the transition taking place at higher tempera-
ture, we observed the following trends: (i) The temperature
of the transition (THi) decreases with increasing polymer
molecular weight, a characteristic feature of the PiPrOx
chain.27 (ii) The calorimetric enthalpy (ΔHHi) for C18-Pi-
PrOx-OH 7K and C18-PiPrOx-OH 10K is lower than the
value registered for the phase separation of the unmodified
PiPrOx. Since the heat evolved in the process is attributable
to the release of water molecules bound to the polymer
chains into bulk water, it can be inferred from the ΔHHi

values that fewer polymer/water bonds are broken, per
iPrOx unit, during the heat induced phase transition of the
semitelechelic HM-PiPrOx solutions, compared to homo-
polymer solutions. The difference is particularly large for the
shortest polymer, whereas the ΔH value recorded for solu-
tions of the longest polymer C18-PiPrOx-OH-13K, which
does not micellize, is identical to the value recorded for
solutions of unmodified PiPrOx (Table 2). The trend can
be taken as an indication that near the core of the star
micelles the polymer chains are crowded to such an extent
that the monomer density is sufficiently high to prevent, or
hinder, the formation of water/polymer hydrogen bonds,
as reported earlier in the case of HM-PNIPAM samples.53

(iii) The van’t Hoff heat (ΔHHi,vH) also increases with the
molecularweight of the semitelechelicHM-PiPrOx (Table 2).
The number of cooperative units determined based on the
enthalpy values obtained for theTHi transitions (90( 10) are
of the same order as the unmodified polymers, which implies

that more than one polymer chain may be involved coopera-
tively in the case of C18-PiPrOx-OH 7K. (iv) The largest
contribution to ΔV/V, from 60 to 90% of the total value
(Table 3), arises from the transition centered around THi.
Recalling that the magnitude of ΔV/V is related to the
change in the hydration volume of the polymer chain, it
can be concluded that most of the water of hydration bound
to the polymer micelles is released into bulk during the
transition centered around THi. (v) The THi measured with
polymer solutions in D2O is consistently lower (by ∼1 �C),
compared to the value recorded for solutions of the polymers
in H2O. Taken together, the thermodynamic information
gathered for the endotherm centered atTHi carries the typical
signature of the dehydration of the PiPrOx chain that
accompanies the LCST phase transition.

Turning our attention now to the lower temperature
endotherm, we note that the TLo values are nearly identical
to the cloud points of the corresponding solutions and that,
like Tcp, they increase with increasing polymer molecular
weight and are nearly independent of polymer concentration
(see inset Figure 7). Therefore, this endotherm must be
related to the formation of clusters of micelles, which is
responsible also for the increase in solution turbidity, rather
than to the dehydration of the PiPrOx chain. Ancillary
support for this hypothesis is provided by the fact that the
thermogram recorded for a solution of the polymer C18-
PiPrOx-OH-13K, which does not micellize in water, features
only one transition closer in temperature to THi then to TLo

(Figure 6). It also appears that the transition around TLo

involves fewer changes in polymer/water interactions than
the transition around THi, since the TLo and ΔHLo values
recorded for solutions of the polymers in D2O and
in H2O are nearly identical. We calculated the ΔHLo of
the transition per mole of n-octadecyl group, rather than
permonomer unit (see Table 2 inwhich the enthalpy is repor-
ted in both units). This enthalpy is the same for both
polymers. Its value (∼80 kJ/mol C18H37) is on the same
order of magnitude as the enthalpy of fusion of n-octadecane
(61 kJ mol-1).54

Taking into consideration all the information collected so
far, we propose the following interpretation for the two
phase transitions observed in solutions of semitelechelic
HM-PiPrOx star micelles (see Figure 8 for a pictorial repre-
sentation). Considering first the structure of the starmicelles,
one needs to remember that the PiPrOx chains are kept in a
rigid extended conformation as a consequence of the pre-
sence of the amide nitrogens in the main chain. When placed
in close proximity, the PiPrOx chains tend to align through
the amide dipoles. This reduces the degree of freedom of the
end alkyl chains confined in the micelle core. In the concen-
tration regime of interest here, polymer micelles in solution
are brought into contact as a consequence of thermal con-
centration fluctuations. As the temperature increases, inter-
micellar contacts become more frequent. Permanent
polymer/polymer contacts are formed, possibly via H-bond
with a water molecule acting as cross-linker.55 These events
affect the core of the micelles, allowing the hydrophobic
groups to gain additional degree of freedom, such that the
core of the micelle undergoes a phase transition (“melting”)
from a rigid phase to a more fluid one. This transition can be
associated with the endotherm centered at TLo, a tempera-
ture in the vicinity of the melting point of n-octadecane
(28-30 �C).54 Rearrangement of the micellar core may be
accompanied by core merging and formation of elongated
(“rodlike”) micelles. Heerklotz et al. reported that structural
sphere-to-rod transitions of detergent micelles are accom-
panied by volume changes detected by PPC.50 Similarly,

Figure 7. Microcalorimetric endotherms recorded for aqueous solu-
tions of C18-PiPrOx-OH 10K of polymer concentration ranging from
0.1 to 10 g L-1.
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the PPC signal associated with the low-temperature transi-
tion (Figure 6 and Table 2) may be due to a star-to-rod
transition in the case of the semitelechelic samples. Prelimin-
ary results from temperature-dependent SAXS studies of
semitelechelic HM-PiPrOx in water suggest the formation of
cylindrical objects for solutions heated to a temperature in
the vicinity ofTLo.

56 Assembly of numerous rodlikemicelles,
via H2O-mediated cross-linking of PiPrOx chains, results in
the formation of microgel particles (a few micrometers in
diameter) in which the PiPrOx are still hydrated. As the
solution temperature reaches the LCST of PiPrOx, dehydra-
tion of the chains occurs. It is responsible for the THi

transition.
There are previous reports of two well-separated heat-

induced phase transitions in systems involving thermosensi-
tive polymers. For example, Shan et al. found that high-
density PNIPAM brushes grafted onto gold nanoparticles
undergo a first transition around 31 �C and a second one
around 35 �C.57 They attributed the low-temperature transi-
tion to the dehydration of the inner regime of the PNIPAM
brush, while the high-temperature transition was assigned to
the outer, less dense regime, of the PNIPAM brush. Similar
phenomena were reported in the case of dense PNIPAM
brushes grafted to the surface of a hyperbranched poly-
ester hydrophobic core.58 In both cases, the phenomenon is
a consequence of the properties of short, dense PNIPAM
brushes. One may argue that the coronae of the C18-PiPrOx-
OH 7K and C18-PiPrOx-OH 10K star micelles may be
regarded as polymer brushes and that the two transitions
observed here have the same mechanistic origin. Several
characteristics of the HM-PiPrOx phase transitions are
difficult to rationalize from the viewpoint of polymer
brushes physics. In particular, this interpretation does not
account for the fact that the first transition (TLo), assigned
in the case of PNIPAM-grafted gold nanoparticles to the
dehydration of the inner brush, is concomitant, in our case,
with the aggregation of star micelles into micrometer-
sized objects. Moreover, it explains neither the lack of
isotope effect (H2O vs D2O) during the TLo transition nor
the fact that ΔHLo correlates with the concentration of
n-octadecyl chains but not with the concentration of iPrOx
units.

We were intrigued to know if the presence of hydrophobic
domains would prevent the crystallization of the PiPrOx
chain in the collapsed microgels formed for T>THi. Thus,
semitelechelic HM-PiPrOx samples were incubated at 70 �C
for 5 and 24 h. Upon cooling soft white gels were recovered,
as in the case of the unmodified polymer. Transmission
electron microscopy images of gels obtained after
5 and 24 h heat treatments are presented in Figure 9. Speci-
mens recovered after 5 h form long interconnected fibers
∼40 nm in diameter. With increasing heating time, the fibers
assemble in large bundles that create an extensive network,
presumably responsible for the macroscopic gelation of the
fluid. The heat-treated samples were characterized also by
X-ray diffraction measurements performed on the powders
recovered by lyophilization. The diffractograms (Figure 10)
of the semitelechelicHM-PiPrOx powders present twomajor
peaks, at 2θ=8.15� (d=10.8 Å) and 2θ=17.2� (d=5.16 Å),
also featured in the XRD trace of a heat-treatedMe-PiPrOx-
OH sample and in agreement with the report of Litt et al.52

These experimental data lead us to conclude that semitele-
chelic HM-PiPrOx samples crystallize from hot water,
allowing us to complete the phase diagram of the system
semitelechelic HM-PiPrOx/water in the case of poly-
mers able to form star micelles in cold water, e.g., of Mn<
13 000 g mol-1 in the case of the n-octadecyl hydrophobic
end group (Figure 8). Note that the polymer C18-PiPrOx-
OH-13K, which does not micellizes, readily crystallizes from
hot water as well.

Temperature-Dependent Properties of Aqueous C18-PiPrOx-
C18 Solutions. A study by turbidimetry of aqueous solutions
of three C18-PiPrOx-C18 samples was performed for solu-
tions in the dilute regime (1.0 g L-1), which are conditions for
which the polymers predominantly exist in the formof flower

Figure 8. Temperature-concentration phase diagram of C18-PiPrOx-
OH 10K/water system. It pictorially shows cloud point (red) and
collapse transition (blue) lines which correspond to the aggregation
and dehydration of the polymer, respectively, together with associated
structures such as microgels and aggregates of mesoglobules and the
crystallization domain (blue dashed line).

Figure 9. Transmission electron microscopy images of microfibers
obtained after (left) 5 h and (right) 24 h heat treatments at 70 �C of
an aqueous solution of C18-PiPrOx-OH 10K (10 g L-1).

Figure 10. XRDdata of driedMe-PiPrOx-OH 10K andHM-PiPrOxs
coagulates formed in water at 70 �C.
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micelles with hydrodynamic radii on the order of ∼10 nm19

(Table 1). The solution cloud points of the three telechelic
PiPrOx samples are lower than those of their unmodified
counterparts (Table 2). The Tcp depression upon end-group
modification is the largest (∼16 �C) in the case of the shortest
polymer (C18-PiPrOx-C18 7K). The Tcp of aqueous C18-
PiPrOx-C18 solutions decreases with increasing polymer
concentration, as in the case of solutions of unmodified
and semitelechelic PiPrOx. For example, the Tcp of a C18-
PiPrOx-C18 10K solution drops by nearly 15 �C as the
polymer concentration increases from 0.1 to∼1.0 g L-1. It
remains constant upon further increase in polymer concen-
tration up to 10 g L-1.

HS-DSC and PPC scans recorded for aqueous solutions of
the three C18-PiPrOx-C18 samples are presented in Figure 11.
Each scan features two maxima, TLo and THi (Table 2). On
the basis of the analysis described in detail in the case of the
semitelechelic polymers, we assigned the transition at THi to
the dehydration/collapse of the PiPrOx chains and the
transition at TLo to a change in the packing/ordering of the
n-octadecyl chains in the core of the micelles. There is a
striking difference in the sharpness of the TLo transition for
solutions of C18-PiPrOx-C18 13K and C18-PiPrOx-C18 10K,
compared to theTLo transition of C18-PiPrOx-C18 7K and of
the semitelechelic HM-PiPrOx solutions (Figures 6 and 11).
The enhanced sharpness indicates an enhancement in the
cooperativity of the transition.We know from previousDLS
and SAXS measurements19 that aqueous solutions of C18-
PiPrOx-C18 7K contain solely flower micelles (RH∼ 8 nm)
with no measurable contribution of larger intermicellar
associates. However, in solutions of C18-PiPrOx-C18 10K
and 13K, large objects (RH∼100 nm) presumed to be clusters
of micelles coexist with the flower micelles and this, well
below the solutions cloud points. In solutions of flower
micelles, concentration fluctuations promote intermicellar
connections via bridging of micelles through chains having

their end groups in the cores of two different micelles. This
bridging mechanism has been demonstrated in studies of
telechelic HM-PEO59 and telechelic HM-PNIPAM solu-
tions.60,61 The enhanced cooperativity of the TLo endotherm
for solutions of C18-PiPrOx-C18 10K and 13K, compared to
C18-PiPrOx-C18 7K, may reflect the fact that the restructur-
ing of the n-octadecyl chains in the micellar core is accom-
panied by intermicellar bridging. In the case of C18-PiPrOx-
C18 10K and 13K, the connections can occur between
micelles interlocked in close proximity within clusters, while
in the case of C18-PiPrOx-C18 7K, the processus involves
bridging between isolated flower micelles upon diffusive
contact betweenmicelles.We note also that theΔHLo values,
computed in terms of C18 units, decrease with decreasing
polymer molecular weight range, unlike the situation ob-
served for semitelechelic HM-PiPrOx samples (Table 2).
This trend may be attributed to the presence of dangling
C18 segments, which are not incorporated in the micellar
core.

A close examination of fluorescence depolarization mea-
surements,19 using diphenylhexatriene (DPH) as a probe
of the microfluidity of a given environment, provides fur-
ther evidence for the occurrence of a phase change in the
core of the micelles. DPH is a rigid nonpolar molecule
which is solubilized preferentially in hydrophobic environ-
ments. It is used extensively to assess the microviscosity
within lipid bilayers62 and in the core of surfactant or poly-
mer micelles.63 The DPH anisotropy, r0, ranges from ∼0 in
low-viscosity liquids such as tetrahydrofuran to ∼0.37, its
limiting value in rigid media. An overlay of the tempera-
ture dependence of the DPH anisotropy in aqueous C18-
PiPrOx-C18 10K (data taken from ref 19, Figure 12) and
the microcalorimetry trace recorded for the same poly-
mer solution reveals that the decrease in anisotropy, or
increase in fluidity experienced by the probe, coincides
with the TLo transition, providing further support to the
mechanism we associate with this transition. We note that
r0 remains constant upon heating until the temperature
exceeds the onset temperature of the low-temperature
transition (27 �C). From this temperature and until 45 �C,
the anisotropy decreases, indicating that the DPH
environment becomes increasingly more fluid. It reaches a
plateau value of ∼0.14 as the solution temperature exceeds
45 �C, i.e., past the high-temperature transition (THi =
42.1 �C). Fluorescence depolarization studies carried out

Figure 11. (top) Microcalorimetric endotherms (polymer concentra-
tion: 1.0 g L-1) and (bottom) temperature dependence of the coefficient
of thermal expansion (R) (polymer concentration: 2.5 g L-1) of aqueous
solutions of C18-PiPrOx-C18.

Figure 12. Changes in fluorescence anisotropy of DPH (black dia-
mond) as a function of temperature (from ref 19) andmicrocalorimetric
endotherm (from this study) for an aqueous solution ofC18-PiPrOx-C18

10K (polymer concentration: 1.0 g L-1). The fluorescence anisotropy of
DPH in cold aqueous solution of C18-PNIPAM-C18 10K (1.0 g L-1,
20 �C) is represented by the blue diamond symbol.
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with solutions of semitelechelic HM-PiPrOx samples re-
vealed similar trends.19

In a final set of experiments, we incubated solutions of
telechelic HM-PiPrOx at 70 �C for 24 h. Unexpectedly, the
solution, which was turbid at high temperature, recovered its
limpidity upon cooling belowTLo.We knew fromDSC scans
that telechelic HM-PiPrOxs in the bulk are semicrystalline
polymers with a melting point of 198 �C (Figure SI.3). To
establish firmly that the samples did not crystallize from hot
water, we recorded XRD traces of the powder recovered
after lyophilization of the cooled solutions. They were fea-
tureless (Figure 10). The absence of crystalline fibers was
confirmed also by TEM imaging of the cooled sample
(Figure SI.5). The reluctance to crystallize of the telechelic
sample must originate in its assembly, in cold water, in the
form of flower micelles.We reported previously, on the basis
of fluorescence depolarization measurements,19 that the
hydrophobic core of telechelic HM-PiPrOx flower micelles
is preserved upon heat-triggered collapse and aggregation of
the PiPrOx chains. The corollary of this observation is that
the dehydrated chains must adopt a “crumbled loop” con-
formation within the separated polymer-rich phase. The
motion of the chains is restricted in this environment.
Reorganization toward chain alignment and crystallization
cannot occur, at least under the experimental conditions
used here.

In Figure 13, we represent the phase diagram of the
telechelic HM-PiPrOx in water, constructed based on infor-
mation gathered in this study andon scattering data reported
previously.19 In the low-temperature dilute regime, isolated
hydrated flowermicelles form, togetherwith small clusters of
interlinkedmicelles. In solutions heatedwithin theTLo toTHi

range, hydrated microgels form by interlinking of individual
flower micelles connected by bridging chains. The PiPrOx
loops of the micelles dehydrate and collapse in solutions of
T>THi, forcing the microgels to shrink and aggregate into
large objects in which the hydrophobic core, in its fluid state
is mostly preserved. Within these objects, the crystallization
of the PiPrOx chain does not occur. The overall process is
reversible: intact flower micelles are recovered by cooling the
solution to room temperature.

Conclusions

This study demonstrates that the decoupling between the Tcp

and TM in the phase diagram of telechelic HM-polymers/water
systems is not limited to theHM-PEO/water andHM-PNIPAM/
water systems and that it occurs also in aqueous solutions ofHM-
PiPrOx. Moreover, the same decoupling is observed in aqueous
solutions of the semitelechelic HM-PiPrOx samples, for which
intermicellar clustering via bridging chains is impossible. The
turbidity of semitelechelic HM-PiPrOx solutions in theTcp toTM

(or THi according to the notation adopted here) temperature
window was attributed to the formation of large objects, either
cylindrical objects or clusters of micelles which may be linked via
bridging water molecules. Temperature-dependent SAXS mea-
surements in progress are expected to clarify this point. One
unexpected result of the study is that in solutions of both
semitelechelic and telechelic HM-PiPrOx the onset of turbidity
is accompanied by a phase transition of the hydrophobic core,
detected by an endotherm in the HS-DSC scans, unlike the
situation in solutions of telechelic HM-PNIPAM samples for
which the enhancement in turbidimetry was not detected by
microcalorimetry (see Figure 1). The fact that the TLo transition
was not detected in calorimetry studies of solutions of telechelic
HM-PNIPAM implies either that the two transitions occur at the
same temperature in the case of telechelic HM-PNIPAM or that
the micellar core of PNIPAM flower micelles does not undergo a
rigid-fluid phase transition, presumably due to the fact that it
forms a fluid phase already at 20 �C. The latter interpretation is
strengthened by data taken from fluorescence depolarization
measurements with DPH. The r0 value recorded for DPH
solubilized in the core of C18-PiPrOx-C18 10K flower micelles
in water at 20 �C is ∼0.275, whereas for DPH solubilized in
aqueous C18-PNIPAM-C18 10K at 20 �C it is significantly lower
(∼0.22), confirming that in cold (20 �C) water the core of C18-
PNIPAM-C18 10K micelles is more fluid than that of aqueous
C18-PiPrOx-C18 10K.64 The peculiar properties of the PiPrOx,
compared to its structural isomer PNIPAM is attributable to the
presence, along the polymer backbone, of tertiary amide nitro-
gens, which, as in the case of peptides and peptoids, impose steric
constraints, direct the interactions of the polymer with surround-
ing water molecules, and eventually triggers the crystallization of
the polymer from hot water.

Our study also provides evidence that hydrophobic end-group
modification of PiPrOx affects the propensity of the polymer to
crystallize from hot water. Semitelechelic HM-PiPrOx samples
crystallize from hot water in the form of fibrils polydisperse in
length but uniform in width, reminiscent in structure to the
rodlike micelles formed by certain amphiphilic diblock copoly-
mers.65 Remarkably, telechelic HM-PiPrOx samples resist
crystallization from hot water. This resistance to crystallization
must be taken as an indication that the loops formed by polymer
chains captured in the flower micelles that exist in cold water
retain their topology in the aggregates formed upon heating
telechelic HM-PiPrOx samples above their phase transition
temperature. This behavior is rather unique, since other end-
modifications of the PiPrOx chains reported so far, for example
grafting onto polysaccharides,66 do not hinder its crystallization
from hot water.
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Figure 13. Temperature-concentration phase diagram ofC18-PiPrOx-
C18 10K/water system. It pictorially shows cloud point (red) and
collapse transition (blue) lines which correspond to the aggregation
and dehydration of the polymer, respectively, together with associated
structures such as flowers connected by bridge chains, microgels, and
aggregates of mesoglobules.
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aqueous solution of C18-PiPrOx-C18 10K (10 g L-1); experi-
mental protocol employed in the fluorescence anisotropy mea-
surements. This material is available free of charge via the
Internet at http://pubs.acs.org.
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