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ABSTRACT: High-sensitivity differential scanning calorimetry (HS-DSC) thermograms of aqueous poly(N-isopropylacrylamide)
(PNIPAM) solutions present a sharp unimodal endotherm that signals the heat-induced dehydration/collapse of the PNIPAM
chain. Similarly, &,@-di-n-octadecyl-PNIPAM (C18-PN-C18) aqueous solutions exhibit a unimodal endotherm. In contrast, aqueous
solutions of a,w-hydrophobically modified PNIPAMs with polycyclic terminal groups, such as pyrenylbutyl (Py-PN-Py),
adamantylethyl (Ad-PN-Ad), and azopyridine- (C12-PN-AzPy) moieties, exhibit bimodal thermograms. The origin of the two
transitions was probed using microcalorimetry measurements, turbidity tests, variable temperature 'H NMR (VT-NMR)
spectroscopy, and 2-dimensional NOESY experiments with solutions of polymers of molar mass (M,) from S to 20 kDa and polymer
concentrations of 0.1 to 3.0 mg/mL. The analysis outcome led us to conclude that the difference of the thermograms reflects the
distinct self-assembly structures of the polymers. C18-PN-C18 assembles in water in the form of flower micelles held together by a
core of tightly packed n-C18 chains. In contrast, polymers end-tagged with azopyridine, pyrenylbutyl, or adamantylethyl form a loose
core that allows chain ends to escape from the micelles, to reinsert in them, or to dangle in surrounding water. The predominant low
temperature (T;) endotherm, which is insensitive to polymer concentration, corresponds to the dehydration/collapse of PNIPAM
chains within the micelles, while the higher temperature (T,) endotherm is attributed to the dehydration of dangling chains and
intermicellar bridges. This study of the two phase transitions of telechelic PNIPAM homopolymer highlights the rich variety of
morphologies attainable via responsive hydrophobically modified aqueous polymers and may open the way to a variety of practical
applications.

1. INTRODUCTION Poly(N-isopropylacrylamide) (PNIPAM), first reported in
With the growth of nanotechnology, materials design and the 1950s,” remains the thermoresponsive polymer par
fabrication are converted progressively from traditional excellence. It dissolves readily in water at room temperature,
bottom-down methods, illustrated by photolithography, to yielding a transparent solution. A slight increase of temperature
bottom-up approaches based on the principles of supra- in the vicinity of 32 °C causes an abrupt and reversible change
molecular chemistry, which rely on the self-assembly of in the solution transmittance. On the molecular level, the loss

molecular components through weak forces."”” This strategy

of visible light transmittance corresponds to the coil-to-globule
takes advantage of the faster response of supramolecular 8 P &

structures to external stimuli, compared to the corresponding
bulk materials.”* The translation of supramolecular chemistry Received:  March 1, 2020 Hicromoleules
concepts into practical industrial processes has led to intense Revised: ~ May 25, 2020 &
activity in the development of stimuli-responsive polymers, an Published: June 25, 2020 Sl
important class of building blocks for the fabrication of
responsive materials, particularly for medical diagnostics and _
therapeutics.”®
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Figure 1. Chemical structure of the polymers used in this study.**~>*
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collapse of the polymer as a consequence of the release of
polymer-bound water molecules into bulk water.® The globules
aggregate into larger particles and mesoglobules that scatter
light in the visible range. The polymer solution, originally clear,
becomes turbid.”

Although the fraction of end-groups in a polymer chain is
very small, compared to the fraction of monomer units, the
termini greatly affect the conformation and association of a
polymer in solution. Significant effects are observed even in the
case of small end groups, such as moieties that originate from
the chain transfer agents used in RAFT or ATRP polymer-
ization.'”'" Hydrophobically modified PNIPAMs (HM-
PNIPAMs) self-assemble in cold water, driven by the
hydrophobic effect that promotes association of alkyl chains
in water.'”” When the hydrophobic groups are randomly
distributed along the polymer backbone, HM-PNIPAMs form
loose globular assemblies in aqueous solutions below the phase
transition temperature.'”> HM-PNIPAMs bearing long alkyl
chains on their chain ends, a,w-dialkyl-PNIPAM, form “flower
micelles”,"*"> where the alkyl groups assembled in the core are
surrounded by hydrated PNIPAM loops, as reported earlier in
the case of dialkyl-polyethylene glycols.'® Small angle neutron
scattering (SANS) experiments supported by a theoretical
model taking into account hydration cooperativity revealed
that the PNIPAM shell of a,w-di-n-octadecyl-PNIPAM (C18-
PN-C18)"” micelles contains two distinct layers: a “middle
layer” formed by the part of the PNIPAM chains in close
proximity to the core and an “outer (distal) layer” exposed to
bulk water. Chains in the middle layer are spatially confined,
whereas the PNIPAM chains in the outer layer of the shell are
mobile and well hydrated."”

The incorporation of hydrophobic groups along the
PNIPAM backbone or on the polymer chain ends also
decreases the phase separation temperature of PNIPAM in
water. This effect arises from the strong polymer/polymer
interactions that result from the increased polymer density
close to the core of micelles, in agreement with de Gennes’ n-
clustering theory."®'” The nature of the PNIPAM end group
gives rise to distinct thermoresponsive properties in the case of
PNIPAM terminated with small functional groups,'”"" and
also in the case of linear alkyl chains, as discussed by Lang et al.
in a comparative study of the ethyl- and n-dodecyl- groups.*

A two-layered array of PNIPAM chains similar to that of
C18-PN-C18 was reported also in analyses of PNIPAM
brushes grafted on nanoparticles, such as 1 or 5 nm gold
nanoparticles (AuNPs).”' In this case, the two zones of
different chain density undergo distinct phase transitions upon
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heating the suspension of AuNP in water. The two transitions
are readily detected by high sensitivity differential HS-DSC.
The lower temperature endotherm is attributed to the
transition of the denser, inner part of the brush and the
higher temperature transition to the less constrained outer part
of the brush.”” Two phase transitions were observed earlier by
Zhu and Napper upon heating aqueous dispersions of
polystyrene particles tightly grafted with short PNIPAM
chains, which are heated through the PNIPAM coil-to-globule
temperature.”® They attributed the lower temperature
transition to attractive particle/particle interactions and the
higher temperature transition to repulsive interactions among
particles. PNIPAM chains of star-like topology also undergo a
two-step dehydration when the branch density around the star
core is high, and/or when the molar mass of the arms exceeds a
threshold value.”*** Bimodal thermograms were also reported
in studies of PNIPAM-grafted nanoparticles, such as hyper-
branched polyester (Boltorn H40),25_27 silica nanoparticles,28
star-like hydrophobic cores,”**” and hydrophilic poly[oligo-
(ethylene glycol) methacrylate] core,”® as well as A-B-A
PNIPAM triblock copolymers, where A and B are polymer
segments of different tacticity.”'

In all the cases listed above, the bimodal thermograms were
attributed to the existence of a two-layered PNIPAM shell. The
inner zone formed by sterically confined PNIPAM segments
undergoes a phase transition at low temperature. The mobile
PNIPAM chains in the outer zone dehydrate and collapse at
higher temperature. Since C18-PN-C18 flower micelles possess
a two-layered shell, one would expect that the thermograms of
their aqueous dispersions present two endotherms. We
recorded by HS-DSC the thermogram of aqueous C18-PN-
C18 solutions under a variety of experimental parameters, such
as solution concentration and heating rate, for polymers of
molar mass from 12 to 49 kDa. In all cases, the endotherm was
unimodal.'***

We prepared recently several a,w-disubstituted-PNIPAMs
bearing polycyclic moieties presented in Figure 1. Two samples
have identical hydrophobes at each chain end, either
pyrenylbutyl (Py-PN-Py) or adamantyl-ethyl (Ad-PN-Ad).
The third sample bears an n-dodecyl group on one end and an
azopyridine group on the other end (C12-PN-AzP). The
corresponding semi-telechelic AzPy-PNIPAM-SH was studied
as well for comparison. We evaluated the effects of molar mass
and concentration on the solutions phase transitions using
turbidity experiments, HS-DSC scans, temperature-dependent
"H NMR measurements, and NOESY experiments. The study
leads us to emit the hypothesis that the phase transition
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properties of aqueous telechelic end modified-PNIPAM
solutions is affected significantly by the morphology of the
polymer micelle cores. We propose a model to account for this
observation.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were obtained from Sigma-Aldrich
and were used as received. Water was deionized using a Millipore
Milli-Q system. The polymers employed are listed in Table 1 together

Table 1. Physical Properties of the Polymers Used in This
Study

sample name M, (g/mol) DP* M, /M," ref
Py-PN-Py 26K 25400 220 1.07  Fowler et al®®
Ad-PN-Ad 12K 12000 103 Bennevault et al.>*

C12-PN-AzPy SK 5800 32 125 Ren et al.*

C12-PN-AzPy 7K 7800 60 1.01 Ren et al.*®
C12-PN-AzPy 12K 12900 110 109  Renetal®
C12-PN-AzPy 20K 19700 162 102  Renetal®
HS-PN-AzPy 12K 13100 104 L14 -

PNIPAM 10K 10400 90 104  Kujawa et al."”

“DP from the NMR spectra of polymer solutions in CDCl,.
“Determined by GPC.

with their molecular characteristics and a link to the references that
describe their preparation by reversible addition—fragmentation
transfer (RAFT) radical polymerization of N-isopropylacrylamide
(NIPAM).***>*° Their structures are presented in Figure 1.
Preparation of a-Azopyridine-w-thiol-poly(N-isopropylacryla-
mide) (HS-PN-AzPy). The synthesis reported previously was modified
as follows:'**® C12-PN-AzPy 12K (0.4 g 0.03 mmol) and the
reducing agent triphenyl phosphine (TPP, 0.02 mg) were dissolved in
THF (S mL). The solution was degassed with N, for 10 min, and
subsequently, n-butylamine (0.07 mL, 0.6 mmol) was added to the
solution. The mixture was stirred at room temperature until
disappearance of the absorption band centered at 310 nm attributed
to the trithiocarbonate function (~1 h). The resulting polymer (HS-
PN-AzPy 12K) was isolated by precipitation in hexane and purified by
two successive reprecipitations from THF into hexane. The structure
of the product was confirmed by "H NMR spectroscopy (Figure S1).
Preparation of Polymer Solutions for Turbidity and Micro-
calorimetry Analysis. Polymer solutions were prepared at room
temperature by dissolution in water of the desired amount of weighed
freeze-dried polymer. They were kept at S °C in a refrigerator for 24 h

before measurement. For pH-dependent analyses, the solution pH
was adjusted to the desired value by dropwise addition of 0.1 M
NaOH or 0.1 M HCI aqueous solutions. Turbidity and HS-DSC
measurements were carried out with C12-PN-AzPy 12K solutions of
various concentrations between 0.1 and 3.0 mg/mL, inclusively. For
C12-PN-AzPy SK and CI12-PN-AzPy 7K, the measurements were
performed with solutions of concentration 0.5 mg/mL, due to the
limited solubility of the polymers in cold water. The difference in
solution concentration may affect the validity of comparative
studies.*®

2.2. Characterization. Instrumentation. Routine 'H NMR
spectra were recorded on a Bruker 400 MHz NMR spectrometer.
The molecular weight and polydispersity of the polymers were
determined with a GPC system equipped with a multi-angle laser light
scattering (MALLS) detector.'* DMF containing 0.4% LiBr was used
as eluent, and the flow rate was set at 0.3 mL/min. UV /vis absorbance
spectra were recorded on an Agilent 8483 spectrometer equipped
with a Hewlett-Packard 89090A temperature-controlled cell that was
used also for turbidity measurements.

High-Sensitivity Differential Scanning Calorimetry (HS-DSC).
The thermal properties of PNIPAM aqueous solutions were measured
with a high-sensitivity differential scanning calorimeter (HS-DSC)
from MicroCal Inc. The cell volume was 0.520 mL. In the case of
C12-PN-AzPy 12K, the polymer concentration ranged from 0.1 to 3.0
mg/mL. For the other polymers, the concentration was set at 1.0 mg/
mL. The heating rate was 1.0 °C/min. Each sample was subjected to
three consecutive heating and cooling cycles from 10 to 70 °C to
ensure repeatability. The data were analyzed with an Origin based
software to subtract water as reference, and the baseline was corrected
with a cubic function. The bimodal DSC traces were fitted with an
asymmetric double sigmoidal Asym2Sig function using the Origin
software. The fitted values of T, and T, are in good agreement with
the temperatures of the minima of the endotherm derivatives®” (see
Figure 2b). The low temperature endotherm (1) was defined by its
maximum T and its enthalpy AH,, while the broader endotherm at
higher temperature was defined by its maximum T, and its enthalpy
AH,. The enthalpies were determined from the area of the
corresponding endotherm. The enthalpy of the entire signal measured
experimentally was related to AH, and AH, by AH = AH, + AH,.
The fraction of the second peak contribution to the total enthalpy was
defined as f, = AH,/(AH, + AH,).

Cloud Point Measurements. Samples were placed in the
thermostated sample holder of the UV/vis spectrometer kept at 15
°C for 15 min prior to measurement. The solution transmittance at
550 nm was measured as a function of temperature from 15 to 60 °C
at a constant heating rate of 0.5 °C min~". The cloud point was taken
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Figure 2. (a, top) HS-DSC scan and (a, bottom) turbidity curve of an aqueous solution of C;sPNC,s 12K (5.0 mg/mL). Reprinted with
permission from ref 38. Copyright (2009) American Chemical Society. (b) HS-DSC scan of an aqueous solution of C12-PN-AzPy 12K 1.0 mg/mL,
black curve) and determination of T}, T, by peak fitting and first derivative of the HS-DSC scan.
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Figure 3. (a) Schematic representation of the morphology of C12-PN-AzPy micelles in water of pH 3 and pH 7. (b) HS-DSC thermograms of
C12-PN-AzPy 12K in water (1.0 mg/mL) of pH 7 (black) and pH 3 (red). (c) Turbidity plots of solutions of C12-PN-AzPy 12K in water (1.0 mg/

mL) of pH 7 and pH 3.
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Figure 4. (a) Thermograms (top) and turbidity curves (bottom) of aqueous solution of C12-PN-AzPy of varying molar mass (concentration: 0.5
mg/mlL for polymers of molar masses SK and 7K; 1.0 mg/mL for polymers of molar mass 12K and 20K). (b) Changes of T;, T, and T, as a
function of the molar mass of C12-PN-AzPy in water. (c) Changes of AH, AH;, AH,, and f, as a function of the molar mass of C12-PN-AzPy in

water.

as the temperature of the onset of the decrease in transmittance
determined graphically as shown in Figure S2.

"H NMR Spectroscopy Measurements. Variable temperature (VT-
NMR) and two-dimensional NOESY experiments were carried out on
a Bruker 500 MHz NMR spectrometer. The measurements were
carried out at a polymer concentration of 3.0 mg/mL using D,0O as
solvent and 0.01 wt% of 3-(trimethylsilyl) propionic-2,2,3,3-d, acid
sodium salt as reference. 2D-NOESY measurements were carried out
with samples kept at 15 °C. For VI-NMR experiments, spectra were
recorded from 15 to 45 °C with increments of 2 °C. Samples were
kept for 5 min at each temperature prior to measurement (‘H NMR
scan number: 128). Spectra were normalized to the integrated area of
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the HDO signal. The fraction p of phase separated units, introduced
by Spévacek,” was determined using the equation

p=1- /L)

where I is the integrated intensity a given normalized signal of the
polymer 'H NMR spectrum in a partly phase separated system and I,
is the integrated intensity of this signal when no phase separation
occurs (15 °C).

Transmission Electron Microscopy (TEM). The morphology of
polymeric aggregates formed in heated aqueous solutions was
determined with a Tecnai T12 transmission electron microscope
(TEM) at 200 kV, equipped with a 4k CCD camera (FEI, USA).
Samples for imaging were prepared in the following procedure. One

https://dx.doi.org/10.1021/acs.macromol.0c00487
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Figure S. (a) Turbidity curves of aqueous C12-PN-AzPy 12K solutions of different concentrations. (b) Normalized thermograms of aqueous C12-
PN-AzPy 12K solutions of different concentrations. The green hatched area is a fit to the high temperature endotherm for the 3.0 mg/mL solution
(green curve, see text). (c) Changes of T}, T,, and T, as a function of the concentration of C12-PN-AzPy 12K in water. (d) Changes of AH, AH,,
AH,, and 1, of aqueous C12-PN-AzPy 12K solutions as a function of polymer concentration. (e) Turbidity curve of C12-PN-AzPy 12K (0.5 mg/
mL) and its first derivative. (f) TEM image of C12-PN-AzPy 12K (0.5 mg/mL) flash-frozen at 35 °C and freeze-dried.

drop of the polymer solution at a certain temperature was deposited
on a carbon-coated copper grid placed on a filter paper. The coated
grid was then placed in liquid nitrogen and subjected to freeze-drying
overnight prior to TEM imaging.

3. RESULTS AND DISCUSSION

3.1. Solution Properties of C12-PN-AzPy in Cold
Water: Brief Overview. The azopyridine derivatives
investigated consist of a PNIPAM chain linked to an n-
dodecyl group on one chain end and an azopyridine group on
the other. Their structures are presented in Figure 1 and their
molecular characteristics are listed in Table 1, together with
those of Py-PN-Py, Ad-PN-Ad, and other polymers used in this
study. In neutral solutions, C12-PN-AzPy samples self-
assemble in the form of pseudoflower micelles of R, ~ 10.5
nm for the sample of M, = 12.9 kDa. The micelles consist of an
n-dodecyl core surrounded by a PNIPAM shell’® The
azopyridine end-groups reside within the PNIPAM shell
Their nitrogen forms an H-bond with an amide hydrogen of a
surrounding NIPAM unit (see Figure 3a). In acidic solution,
the protonated azopyridinium moieties are located on the
micelle periphery, forming cationic core—shell micelles. Upon
heating past ~25 °C, aqueous suspensions of neutral or acidic
C12-PN-AzPy micelles undergo a phase transition charac-
terized by the bimodal thermograms and turbidity plots shown
in Figure 3b and ¢.*>* The transition temperature is much
lower than that of a PNIPAM sample of similar molar mass
devoid of hydrophobic end groups, PNIPAM-10K, prepared
earlier."* The properties of this polymer are listed in Table 1.
In the following sections we describe the approach taken to
explore the origin of each of the two transitions.

3.2. Temperature Dependence of the Properties of
C12-PN-AzPy in Water. Polymer Molar Mass Dependence.
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The thermograms and turbidity plots of aqueous solutions of
four C12-PN-AzPy samples ranging in molar mass from § to
20 kDa are presented in Figure 4a, top and bottom sections,
respectively. The thermograms of the four polymers display
two endotherms that vary in temperature, shape, and enthalpy
depending on the molar mass of the polymer. The bimodal
endotherms were fitted to an asymmetric double sigmoidal
(Asym2sig) function (see Experimental section and Figure 2).
The fit yielded the maximum temperature and the enthalpy of
each transition, T, T,, and AH,, AH,, respectively, as well as
the fraction of the total enthalpy attributed to the high
temperature transition (transition 2). In Figure 2b, we plot the
first derivative of the thermogram. The two methods yield the
same T, and T, values (+0.5 °C). With increasing polymer
molar mass, the maximum temperature of the second
endotherm, T,, decreases by ~10 °C and the enthalpy, AH,,
increases slightly, two trends commonly observed for dilute
solutions of linear PNIPAM in this size range. In contrast, T,
the maximum of the first endotherm, increases by ~10 °C and
the enthalpy, AH,, increases slightly with polymer mass
(Figure 4b and c). The cloud point (T.) of the C12-PN-AzPy
solutions also increases with increasing molar mass, reaching a
value of 26 °C (molar mass 20 kDa) (Figure 4b, black square).

Polymer Concentration Dependence. The concentration
study was carried out with solutions of C12-PN-AzPy 12K over
a concentration range readily amenable to turbidimetry and
microcalorimetry measurements (0.1 to 3.0 mg/mL). The
transmittance of the C12-PN-AzPy 12K aqueous solutions of
relatively low concentration (such as 0.5 mg/mlL, for instance,
blue curve, Figure Sa) decreases sharply from 25.1 to 28.4 °C.
This regime is followed by a gentle drop in transmittance for T
> 284 °C. The first derivative of the turbidity curve of the
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Figure 6. 2D-NOESY spectra of (a) C12-PN-AzPy 12K; (b) HS-PN-AzPy 12K (3.0 mg/mL, 15 °C, in D,0). (c) Turbidity curves and (d)
thermograms of HS-PN-AzPy 12K at pH 3 and pH 7 (in H,O, concentration: 1.0 mg/mL).

Table 2. Thermodynamic Characteristics of the Phase Transition of Aqueous Solutions of C12-PN-AzPy 12K and HS-PN-

AzPy 12K
AH/kJ-mol ™ AH,/kJ-mol ™! AH,/kJ-mol ! fn T,/°C T,/°C
C12-PN-AzPy 12K pH =7 4.3 2.4 1.9 0.44 26.7 33.4
C12-PN-AzPy 12K pH =3 4.9 3.1 2.0 0.41 28.1 36.1
HS-PN-AzPy 12K pH =7 S.0 29 2.1 0.45 29.0 324
HS-PN-AzPy 12K pH =3 5.4 313

C12-PN-AzPy 0.5 mg/mL solution is drawn in Figure Se. It
presents two minima at T;" = 26.9 °C and T,’ = 34.2 °C that
correspond well with the maxima of the HS-DSC scan of the
same solution presented in Figure Sb. Solutions of C12-PN-
AzPy 12K of lower concentration (0.1 and 0.2 mg/mL) exhibit
the same properties (Figure S3). A transmission electron
micrograph (TEM) (Figure Sf) of a C12-PN-AzPy solution
flash-frozen from 35 °C to the temperature of liquid nitrogen
(=195 °C) presents aggregated particles 100—200 nm in
diameter. The high-resolution micrograph shown in the inset
of Figure 5f presents the encounter of two mesoglobules via a
common interface, which may lead to their fusion to a larger
mesoglobule.

As seen in Figure Sb, the thermograms are bimodal over the
entire concentration range probed here. The maximum
temperature of the first endotherm, T; (~26.7 °C), does not
change with polymer concentration, but both T, and T,
decrease with increasing concentration (Figure Sc), a
characteristic feature of the phase diagram of low molar mass
linear PNIPAM chains dissolved in water as unimers.*' The
enthalpy AH, increases from 1.2 kJ/mol (0.1 mg/mL) to 2.9
kJ/mol (3.0 mg/mL), and its contribution to the total
enthalpy, fr, passes from 0.32 at 0.1 mg/mL to 0.57 at 3.0
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mg/mL (Figure 5d). The onset of the second endotherm of
the solution of highest concentration (hatched green area of
Figure Sb) ranges from 20.1 to 23.9 °C.

3.3. Solution Properties of HS-PN-AzPy 12K in Water:
A Comparison of the Properties in Water of Mono- and
Disubstituted-PN-AzPy of Identical Molar Mass and
Concentration. The 2D-NOESY spectrum of C12-PN-AzPy
12K (Figure 6a) presents strong correlation peaks at (§ 1.1
ppm, § 1.5 ppm) and (6 1.1 ppm, § 1.9 ppm) due to through-
space interactions between the methyl protons of the PNIPAM
side chain (6 1.1 ppm) and the methylene and methine main
chain protons. Since through-space protons coupling only
occurs between protons within a distance of ~4 A or less,™
and knowing that the shortest intrachain distance between the
PNIPAM methyl protons and main chain protons is 5.1 A (see
calculations and Figure S4 in Supporting Information), we
conclude that the correlation peaks observed in Figure 6a,b are
due solely to interchain coupling. The sterically constrained
environment in the PNIPAM shell of flower micelles promotes
such close interchain interactions, i.e., strong correlation peaks.
The correlation signals are much weaker in the 2D-NOSEY
spectrum of the HS-PN-AzPy 12K solution (Figure 6b). Since
the arms of star micelles are expected to be less constrained
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mg/mL, (b) C12-PN-AzPy 12K 3.0 mg/mL, and (c) HS-PN-AzPy 12K 3.0 mg/mL solutions in D,O.

and more hydrated than the loops of flower micelles, the
difference of the NOESY spectra in Figure 6a,b is an indication
that the HS-PN-AzPy 12K chains self-assemble in water in the
form of star micelles with an AzPy core and a PNIPAM shell
formed by HS-terminated PNIPAM arms.

The cloud point of HS-PN-AzPy 12K in water is slightly
higher than that of C12-PN-AzPy 12K (24.1 vs 23 °C, Figure
6¢), revealing a slight increase of the hydrophilicity of the
polymer.'”** The thermogram of HS-PN-AzPy 12K in neutral
water is bimodal (Figure 6d). Both T, and T, shift to higher
temperature, compared to their values in the C12-PN-AzPy
12K solution. The enthalpy of the transition is larger for
solutions of HS-PN-AzPy 12K than for C12-PN-AzPy 12K
solutions (5.0 vs 4.3 kJ/mol) (see Figure 6d and Table 2), in
agreement with the increase in chain hydration observed by 2D
NOE experiments. In summary, although detailed features of
the phase transition are different in solutions of monosub-
stituted and disubstituted AzPy-PNIPAM, in both cases the
transition is bimodal. We note, though, that the thermogram of
acidic solutions of HS-PN-AzPy 12 K (¢ &~ 1.0 mg/mL) is
unimodal (Table 2 and Figure 6d) unlike the thermogram of
acidic C12-PN-AzPy 12K solutions (Figure 3b). The differ-
ence may signal that HS-PN-AzPyH" chains are sufficiently
soluble in cold water to exist as unimers in the dilute regime.*
Moreover, the phase transition enthalpy of HS-PN-AzPy in an
aqueous solution of pH 3 is similar to that of the control
PNIPAM 10K listed in Table 1."*

"H NMR spectra of aqueous solutions of C12-PN-AzPy 12K
and HS-PN-AzPy 12k were recorded as a function of
temperature from 1S to 45 °C (see Figure SS in Supporting
Information). The resonances of the mainchain protons (& 1.9
and 1.5 ppm) and to a lesser extent those of the side chain
methyl gradually disappear upon heating, an indication of the
increasingly restricted mobility experienced by the protons of
the polymer backbone upon reaching a temperature in the
vicinity of the phase transition. For each temperature and each
moiety, we calculated the fraction p of immobilized units (see
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definition in Experimental Section). Plots of the temperature
dependence of p for aqueous solutions of C12-PN-AzPy 12K
(0.5 and 3.0 mg/mL) and for HS-PN-AzPy 12k (3.0 mg/mL)
are presented in Figure 7 (top panel) based on the CHj, main
chain, and CH proton resonances. For solutions of HS-PN-
AzPy 12K, the p values of the three groups increase at 25.6 °C,
the T, and demixing temperature (Tg,) of the solution
(Figure 7c). For the most dilute C12-PN-AzPy 12K solution
(Figure 7a), the p values increase at ~26 °C, i.e., slightly above
T, The p value of the main chain group increases slightly with
temperature, up to ~33 °C, a temperature corresponding to
the second endotherm. The increase of p is more pronounced
above this temperature. The p vs temperature profiles of the
side groups CH; and CH moieties are similar, but the increase
of p past 26 °C is sharper and the fraction of immobile units is
larger (0.86 vs 0.5) compared to the main chain moieties. For
the more concentrated C12-PN-AzPy 12K solutions (Figure
7b), the increase of p takes place at a temperature slightly
higher than T), implying that in this more concentrated
solution, the loss of mobility of micelles clusters occurs at a
temperature higher than T'.

3.4. Is the Bimodal Phase Transition of the C12-PN-
AzPy Unique among a,w-Disubstituted Amphiphilic
PNIPAM Derivatives? As stated in the Introduction, the
solution properties of C18-PN-C18 derivatives have been
studied extensively by us and others. All thermograms recorded
upon heating aqueous solutions of this class of telechelic
PNIPAMs (molar mass from 12 kDa to 49 kDa) reported so
far are unimodal."*** Similarly, aqueous solutions of telechelic
PNIPAMs bearing two n-tetradecyl chains, such as C14-PN-
C14 (12 kDa), possess thermograms with a single endotherm
(Figure S6). A distinctive feature of polymers of the C12-PN-
AzPy series is that one end group is a polycyclic aromatic
moiety rather than a linear saturated alkyl chain. To assess the
importance of the chemical composition and the bulk of the
end-groups, we recorded the thermograms of two a,0-
telechelic PNIPAMs that do not carry linear n-alkyl moieties.
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Figure 8. HS-DSC thermograms and peak fitting corresponding to the phase transition of aqueous solutions of (a) Ad-PN-Ad 12K (1.0 mg/mL)

and (b) Py-PN-Py 26K (1.0 mg/mL).

The end groups were either the tricyclic adamantylethyl group
(a,0-diadamantylethyl-PNIPAM, Ad-PN-Ad)** or the tetra-
cyclic aromatic 1-pyrenyl-4-butyl group (a,w-dipyrenylbutyl-
PNIPAM, Py—PN-Py)33 (see structures in Figure 1). Their
thermograms (Figure 8) are bimodal, with a low temperature
endotherm at (T, = 27.5 °C, AH, = 5.0 kJ/mol) for Ad-PN-Ad
and T, = 29.5 °C (AH, = 2.9 kJ/mol) for Py-PN-Py, and a
high temperature endotherm centered at T, = 32.9 °C, AH, =
0.9 kJ/mol) in the case of Ad-PN-Ad and T, = 31.9 °C, AH, =
2.1 kJ/mol) in the case of Py-PN-Py.

3.5. Origin of the Transitions. In Table 3, we summarize
key features of the responses of endotherm 1 (low temper-

Table 3. Variations of Parameters Associated with the Phase
Transition of HM-PNIPAMs and PNIPAM@AuNPs'“** as
a Function of Molar Mass and Concentration (Legend: 1,
Parameter Increases; |, Parameter Decreases; —, Parameter
Remains Constant)

C18—P114\T- PNIPAN%Q)
polymer C12-PN-AzPy C18 AuNPs
M1 Tyt Tyl
T, 1 T, 1
T, | -
AH, — AH, 1
AH, this arrow must point up

Conc, | Tl Ty |
T, - Tw ! T, —
T, - T,
AH, — AH, | AH, —
AH, 1 AH, —

ature) and endotherm 2 (high temperature) to changes of the
polymer concentration (0.1 to 3.0 mg/mL) and of the molar
mass up to M, 20 kDa. Considering endotherm 1, the enthalpy
(AH,) and the temperature (T;) of the transition are not
affected by changes in polymer concentration. Similarly, an
increase in polymer molar mass does not affect the enthalpy of
the transition, but it leads to a modest increase of T;.
Endotherm 1 is sharp and its onset coincides with the solution
cloud point Figure 3a), except for the most concentrated
solution (Figure 7b). In the case of endotherm 2, an increase
in polymer concentration results in a decrease of T, and an
increase in the transition enthalpy (AH,). Moreover, T,
decreases and the transition enthalpy (AH,) increases with
increasing polymer molar mass.
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Comparing the features of the C12-PN-AzPy thermograms
to those of aqueous dispersions of Au nanoparticles grafted
with PNIPAM brushes, the first reported example of a bimodal
PNIPAM thermogram,”” and aqueous solutions of C18-PN-
C18, the structurally related polymer, known to undergo a
unimodal phase transition,'***** we note important differ-
ences. One difference concerns the dependence of the
endotherms maximum temperature on the total PNIPAM
concentration exhibited by PNIPAM-Au aqueous dispersions:
T, decreases with increasing polymer concentration, while T,
is not affected. Endotherm 2 was assigned to the dehydration/
collapse of the hydrated external layer of the grafted PNIPAM
brush. Endotherm 1 was attributed to the phase transition of
the PNIPAM brush layer confined in close vicinity of the Au/
water interface. Since the local concentration of PNIPAM
chains in this layer is high, the endotherm is not affected by
changes of the PNIPAM solution concentration, contrary with
the outer brush layer. In addition, the inner layer is poorly
hydrated, as evidenced by the small value of the enthalpy of the
corresponding endotherm 1.%*

For C18-PN-C18 solutions, both the maximum temperature
and the enthalpy of the endotherm decrease with increasing
PNIPAM concentration. As noted in the original report,'”’
the phase transition of C18-PN-C18 aqueous solutions
displays an usual feature: the onset of turbidity (T,) and the
PNIPAM dehydration/collapse detected by HS-DSC occur
independently (Figure 2a). The collapse and dehydration of
the micelle loops (HS-DSC) occurs at a temperature higher
than the onset of solution turbidity attributed to the formation
of transients clusters of independent hydrated flower micelles
formed as a result of thermal fluctuations. The collapse and
dehydration of the micelle loops occur at a higher temperature,
Tyem (Scheme 1, top).'**>** As observed in Figure 4a, this is
not the case for C12-PN-AzPy aqueous solutions: the onset of
solution turbidity and the PNIPAM dehydration/collapse
observed by HS-DSC occur at approximately the same
temperature. This difference is important as it can be traced
to the different morphology of the C18-PN-C18 and C12-PN-
AzPy micelles.

The n-octadecyl end groups of C18-PN-C18 are apolar 21.7-
A-long rod (see Figure S7). Micelles of C18-PN-C18 consist of
a core of assembled C18 chains surrounded by a layer of
spatially confined and poorly hydrated PNIPAM segments.
This middle layer is surrounded by loops of hydrated and
freely mobile PNIPAM sections.'” Their aggregation number

(Nagg, where N is the number of polymer chains) is 27 for the
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Scheme 1. Pictorial Representation of the Phase Transition of C18-PN-C18 (Top Panel, Taken from Kujawa et al.**) and C12-

PN-AzPy (Bottom Panel) Aqueous Solutions upon Heating”
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The n-dodecyl group is an apolar chain ~14.0 A in length.
The AzPy group is a polar aromatic chromophore ~8.7 A in
length (Figure S7) that possesses a polar pyridine group bound
via N---H bonds to the amide hydrogen of PNIPAM chains
within the micelle shell.”> Most of the AzPy groups are located
within the PNIPAM shell of the micelle either in close
proximity to the core or in the form of small clusters
throughout the shell. The N, of C12-PN-AzPy 12K is 1S.
Although N,4,(C12-PN-AzPy 12K) < N,.,(C18-PN-C18 12K),
the R; and R;, values of C18-PN-C18 12K and C12-PN-AzPy
12K are very similar (with both R, ~ 15.6 nm and Ry ~ 10.5
nm).””* This is quite remarkable given the difference of
length of the end groups. It implies that the core of C12-PN-
AzPy 12K is less compact than the core of C18-PN-C18
micelles and argues against the presence of a layer of spatially
confined PNIPAM chains near the micelle core. At any time, a
fraction of the azopyridine end groups escape from the micelle
dangle in bulk water, reinsert in the same micelle, or form a
bridge to a nearby micelle (Scheme 1, bottom). Upon heating
past T, ~ T), the solution becomes turbid, and approximately
at the same temperature, a large fraction of the PNIPAM
chains within the micelles collapse and dehydrate, as evidenced
by the T, T4 coincidence. The PNIPAM bridges and
dangling chains dehydrate and collapse at a higher temperature
T,, possibly triggering further aggregation of the mesoglobules
and resulting in an increase of turbidity (Figure Se). This
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transition corresponds to endotherm 2. A similar core
morphology is adopted also by polymers, such as Ad-PN-Ad
and Py-PN-Py, that have end groups smaller or less
hydrophobic than n-octadecyl chains, such as Ad (3.6 A),
and Py (6.7 A). The core of these micelles will be malleable,
enhancing the mobility of the end-groups and promoting chain
escape/reinsertion.

B CONCLUSION

We have derived the likely origin of the unusual bimodal
thermogram associated with the heat-induced phase transition
of aqueous a-azopyridine-w-n-dodecyl-PNIPAM solutions.
The low-temperature (T;) transition corresponds to the
dehydration and collapse of PNIPAM chains within the self-
assembled a-azopyridine-®-n-dodecyl-PNIPAM micelles
formed in cold water. The temperature T, varies with the
molar mass of the polymer, but it does not depend on the
polymer concentration. The high temperature endotherm (T},)
is attributed to the dehydration and collapse of hydrated
polymer loops, bridges, and dangling chains of the dehydrated
micellar clusters that resulted from the first transition (T).
Other a,w-disubstituted PNIPAM derivatives bearing short
linear or polycyclic substituents also exhibit two-step phase
transitions, whereas a,w-di-n-octadecyl-PNIPAM feature a
unimodal phase transition, independently of the polymer
molar mass. The ability to switch twice over a narrow
temperature range from a clear to a turbid to a clear medium,
upon heating or cooling, may find applications in sensing,
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especially since azopyridines exhibit fast dark cis-to-trans
isomerization.
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