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ABSTRACT: Dually responsive poly[(N,N-diethylaminoethyl methacrylate)-b-(N-isopropyl acrylamide)]s
(P(DEAEMA-b-NIPAM)s) capable of “schizophrenic” aggregation in aqueous solution were synthesized via
aqueous reversible addition—fragmentation chain transfer (RAFT) polymerization. The nanoassembly
morphologies, dictated by the hydrophilic mass fraction, can be controlled by the polymer block lengths,
solution pH, and temperature. Both P(DEAEM Agg-b-NIPAM,9) (52.5 wt % NIPAM) and P(DEAEM A gg-
b-NIPAM39,) (70.8 wt % NIPAM) self-assemble into PDEAEMA-core PNIPAM-shell spherical micelles
with a hydrodynamic radii (R}) of 21 and 25 nm, respectively, at temperatures below the lower critical
solution temperature of PNIPAM and at solution pH values greater than the pK, of PDEAEMA. The two
block copolymers, however, display quite different temperature-responsive behaviors at pH < 7.5. At
elevated temperatures (>42 °C) P(DEAEMAgg-b-NIPAM,(9) forms spherical micelles (R, = 28 nm) with
hydrophobic PNIPAM cores stabilized by a hydrophilic PDEAEMA shell. By contrast, UIDEAEM Agg-b-
NIPAM;,) assembles into vesicles (R, =99 nm) above 38 °C. The nanostructures were characterized by a
combination of dynamic and static light scattering as well as transmission electron microscopy and are being

investigated for their potential application as drug delivery vehicles.

Introduction

Self-assembly of block copolymers with precisely defined
structures is the subject of intensive research for applications in
nanomedicine. Micelles formed from amphiphilic block copoly-
mers in aqueous solution, for example, have been investigated in
recent years as potential carriers for therapeutic and diagnostic
agents.1 Micelles are not, however, the only structures formed
from self-assembling amphiphilic block copolymers, rather they
are part of a morphological continuum that includes worm-like
micelles and polymeric vesicles (commonly referred to as poly-
mersomes in comparison to liposomes).>”* While micelles are
generally limited to the entrapment of hydrophobic drugs within
their hydrophobic cores, polymersomes can simultaneously
“capture” hydrophobic and hydrophilic species due to the pre-
sence of a hydrophobic lamellar wall and an internal aqueous
compartment of these synthetic vesicles.’ Additionally, polymer-
somes exhibit increased stability, greater storage capacity, and
prolonged circulation time compared to liposomes.®

Discher and Eisenberg have developed an empirical relation-
ship between the block copolymer composition and the self-
assembled morphology.” Spherical micelles are expected for
polymers with hydrophilic mass fractions (f) greater than 45%,
while copolymers with '~ 35 + 10% typically assemble into
polymersomes. A number of reviews have been published des-
cribing the correlation between the hydrophilic mass fraction and
the resulting solution morphology.””® Recently, Sundararaman
and Grubbs synthesized a poly(ethylene oxide)-b-poly(N-iso-
propyl acrylamide)-b-poly(isoprene) (PEO-b-PNIPAM-b-PI)
triblock copolymer and investigated the aqueous solution
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morphology above and below the LCST of the PNIPAM block.'°
At room temperature, the triblock copolymers aggregate into
spherical micelles with PI cores. After 4 weeks at 65 °C, a
temperature at which the PNIPAM block is hydrophobic, the
aggregate morphology shifted to form vesicles. The morpholo-
gical change was attributed to the alteration of the hydrophobic/
hydrophilic ratio above and below the LCST of PNIPAM. Zhao
and co-workers studied the effect of copolymer composition,
concentration, and heating rate on the size and the morphology
of PEO and NIPAM copolymers.'' Recently, we reported the
ability to tune the solution morphology of a series of poly[(N,N-
dimethylaminoethyl methacrylate)-b-(N-isopropyl acrylamide)]s
(P(DMAEMA-b-NIPAM)s) using composition, solution pH,
temperature, and ionic strength to control the hydrophilic mass
fraction.'

The ability to synthesize block copolymers with tunable
hydrophilicity by the incorporation of stimuli-responsive blocks
provides a valuable tool for the verification of the empirical
relationship between hydrophilic mass fraction and the resulting
solution morphology. With the emergence of CRP techniques
such as nitroxide-mediated polymerization (NMP),'* atom trans-
fer radical polymerization (ATRP),'* and reversible addition—
fragmentation chain transfer polymerization (RAFT)," re-
searchers are now capable of synthesizing the well-defined
(co)polymers with advanced architectures, including block co-
polymers, without the stringent reaction conditions required for
anionic polymerizations. Additionally, the CRP polymerization
methods, RAFT in particular, enable the incorporation of a wide
variety of functionalities. As such, great effort has been directed
toward investigating the synthesis and assembly of stimuli-
responsive block copolymers directly in aqueous media.'®!”
Included in this effort is the synthesis of block copolymers
incorporating two or more responsive blocks which can form
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Scheme 1. Representation or Proposed “Schizophrenic” Aggregation Behavior for (a) P(DEAEMA g-b-NIPAM,(9) and (b) P(DEAEM A gg-b-
NIPAM;o,)
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two distinct structures using external stimuli (temperature, pH,
salt, etc.). Armes and co-workers coined the term “schizophre-
nic” micellization to describe these systems.'® Since the initial
report of “schizophrenic” diblock copolymers,'” a number
of systems have been described using dual pH-responsive
blocks,'*™**  dual thermoresponsive blocks,?* % dual salt-
responsive blocks,” a pH- and a temperature-responsive
block,** 37 and a pH- and a salt-responsive block.*®

Herein, we report the synthesis and solution behavior of two
poly[(N,N-diethylaminoethyl methacrylate)-b-N-isopropylacryl-
amide]s (P(DEAEMA-b-NIPAM)s) specifically designed utili-
zing the empirical relationship between hydrophilic mass fraction
and the resulting solution morphology. By adjusting the pH and
temperature, PDEAEMA and PNIPAM blocks were respec-
tively rendered hydrophobic. Aqueous RAFT polymerization
was utilized to ensure the synthesis of well-defined block copo-
lymers with narrow PDIs. We describe the first example, to our
knowledge, of double hydrophilic block copolymers exhibiting a
morphological transition from micelles to vesicles based on
stimuli-responsive behavior.

Experimental Section

Materials. All reagents were purchased from Aldrich at the
highest purity available and used as received unless other-
wise stated. 4,4-Azobis(4-cyanopentanoic acid) (V-501) and
4,4'-Azobis[2-(imidazolin-2-yl)propane] dihydrochloride (VA-
044) were donated by Wako Chemicals and were recrystallized
twice from methanol prior to use. NIPAM was recrystallized
twice from hexanes prior to use. DEAEMA was dried with
CaH, and vacuum distilled prior to use. 4-Cyano-4-(ethylsulfa-
nylthiocarbonyl) sulfanylpentanoic acid (CEPg was synthesized
according to a previous literature procedure.’

General Procedure for the Aqueous RAFT Polymerization of
DEAEMA. A solution of CEP (71.0 mg, 0.270 mmol), DEAE-
MA (5.0 g, 0.027 mol), and V-501 (15.1 mg, 0.054 mmol) in
10 mL of deionized water was added to a 50 mL round-
bottom flask. Concentrated HCl was added to the solution to
lower the pH to 4.5 to ensure the PDEAEMA polymer
remained soluble. The solution was then sparged with nitro-
gen for approximately 30 min, and the flask was placed in a
preheated oil bath at 70 °C. The reaction was terminated after
8 h by quenching the reaction tube in liquid nitrogen followed
by exposure to air. The product was purified by dialysis
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against DI water (pH 4.5) for 3 days followed by lyophili-
zation.

Block Copolymer Synthesis. The PDEAEM A gg-CEP macro-
CTA was chain extended with NIPAM to yield two diblock
copolymers following a similar procedure. For example, NI-
PAM (1.7 g, 10.6 mmol), PDMAEMA (1.0 g), and VA-044
(17.6 mg, 0.054 mmol) were dissolved in 6 mL of DI water and
added to a 25 mL round-bottom flask. After sparging with
nitrogen for 30 min, the reaction was allowed to proceed at 25 °C
for 12 h. The reaction mixture was then quenched by cooling the
reaction vessel in liquid nitrogen and exposure to air. The
product was purified by dialysis against DI water (pH 4.5) for
3 days followed by lyophilization.

Self-Assembly of P(DEAEMAyg-b-NIPAM,). Copolymers
were dissolved directly in deionized water at a concentra-
tion of 0.01 wt % (0.1 mg/mL). For temperature-induced
assembly, the pH was adjusted to 5.0 using 0.1 N HCI or
0.1 N NaOH, and the temperature was slowly increased to
50 °C (1 °C/min).

Size Exclusion Chromatography (SEC). SEC was used to
determine the number-average molecular weight (M) and
polydispersity indices (PDIs) for the PDEAEMA homopolymer
and the block copolymers of DEAEMA and NIPAM. The
PDEAEMA macroCTA was analyzed by aqueous size exclu-
sion chromatography (ASEC) using an aqueous eluent of 1.0 wt
% acetic acid/0.1 M Na,SO4. A flow rate of 0.25 mL/min,
Eprogen Inc. columns [CATSEC1000 (7 u, 50 x 4.6), CAT-
SEC100 (5 u, 250 x 4.6), CATSEC1000 (7 u, 250 x 4.6) and
CATSEC300 (5 u, 250 x 4.6)], a Wyatt Dawn EOS multiangle
laser light scattering detector (A =690 nm), and an Optilab DSP
interferometric refractometer (A = 690 nm) were used. Wyatt
DNDC for Windows was used for the PDEAEMA dn/dc
determination. The PDEAEMA macroCTA and the two P-
(DEAEMA-H-NIPAM)s were analyzed using a DMF eluent
(0.02 M LiBr) at a flow rate of 1.0 mL/min in combination with
Viscotek I-Series Mixed Bed low-MW and mid-MW columns
and a Viscotek-TDA 302 (RI, viscosity, 7 mW 90° and 7° true
low angle light scattering detectors (670 nm)) at 35 °C. The dn/dc
of each (co)polymer was determined in DMF at 35 °C using a
Viscotek refractometer and Omnisec software.

'"H NMR Spectroscopy. 'H NMR measurements were per-
formed with a temperature-controlled Varian UNITY INOVA
spectrometer operating at a frequency of 499.8 MHz. Samples
were prepared in D,O (HOD internal standard), and spectra
were recorded for each copolymer at temperatures of 25 and
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Scheme 2. Synthesis of Dually Responsive Block Copolymers of DEAEMA and NIPAM via Aqueous RAFT Polymerization
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50 °C and pD values of 5.0 and 9.0. Block copolymer composi-
tions were determined by comparing resonances of the PDEAE-
MA block to those associated with the PNIPAM block in the
spectra recorded at 25 °C.

Light Scattering. Dynamic light scattering (DLS) studies
investigating the effect of incremental temperature and
pH changes were conducted using a Malvern Instruments
Zetasizer Nano series instrument equipped with a 4 mW
He—Ne laser operating at A = 632.8 nm, an avalanche photo-
diode detector with high quantum efficiency, and an ALV/
LSE-5003 multiple tau digital correlator electronics system.
Dispersion Technology Software 5.03 (Malvern Instruments)
was used to record and analyze the data to determine particle
size distributions.

Variable-angle DLS and SLS measurements were made
using incident light at 633 nm from a Spectra Physics HeNe
laser operating at 40 mW. The angular dependence of the
autocorrelation functions was measured using a Brookhaven
Instruments BI-200SM goniometer with an avalanche
photodiode detector and TurboCorr correlator. Correlation
functions were analyzed according to the method of cumu-
lants using the companion software. All data reported corre-
spond to the average decay rate obtained from the second
cumulant fit. Apparent diffusion coefficients (D,p,) were
obtained from the slope of the relaxation frequency (I') versus

¢* where
4mn . (0
q =——sin (5) (1)

4 is the wavelength of the incident laser (633 nm), 6 is the
scattering angle, and nis the refractive index of the media. The
hydrodynamic radius (R},) was then calculated from the
Stokes—Einstein equation (eq 2)

kT

Ry =—2
h 671 Dapp

2)

where kg is the Boltzmann constant, 7'is the temperature, and
7 is the viscosity of the medium.

Angular-dependent static light scattering (SLS) experiments
were performed on aqueous polymer solutions with the same
instrument as described above. The radius of gyration (R,) of
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Figure 1. SEC chromatograms for (a) PDEAEMAyg, (b) P(DEAE-
MAgg-b-NIPAMzog), and (C) P(DEAEMAgg-b-NIPAMggz)

the assemblies was determined from the angular dependence of
the scattering intensity. A Zimm plot of the scattering intensity
(Iex) versus the square of the scattering vector (¢) was used to
determine the radius of gyration (R,). A Berry plot (Iox 12ys ¢%)
is used in instances where a Zimm treatment results in upward
curvature of the data when gR, > 1.

Solutions were prepared by dissolving the polymer into
purified water to a concentration of 0.01 wt %. Samples were
agitated to ensure complete dissolution and then filtered
through a 0.45 um PVDF syringe-driven filter (Millipore)
directly into the scattering cell. Samples were then sonicated
and allowed to reach thermal equilibrium prior to measure-
ments.

Transmission Electron Microscopy (TEM). Transmission
electron microscopy measurements were conducted using a
JEOL JEM-2100 electron microscope at an accelerating
voltage of 200 kV. The specimens were prepared by placing a
5 uL drop of the nanostructure solution on a carbon-coated
copper grid followed by water evaporation at either 25 or 50 °C.
The grids were subsequently stained using a 1 wt % phospho-
tungstic acid solution which stained the amino functionality of
DEAEMA.*
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Table 1. Summary of P(DEAEMA ¢g-b-NIPAM ) Molecular
Weights and Compositions

wt% wt%
M, (mol %) (mol %)
(kDa)* PDI“ NIPAM“ NIPAM "’

PDEAEMAg 184 107 — -
P(DEAEMAgg-b-NIPAM,go) 393 1.08  53.4 (65.4) 52.5(64.4)
P(DEAEMAog-h-NIPAMg,)  63.9  1.10 71.4(80.4) 72.4(81.1)

@ As determined by SEC. ” As determined by '"H NMR.
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Figure 2. 'H NMR spectra of P(DEAEM Agg-b-NIPAM o) (0.1 wt %
in D,0) at (A) 25 °C and pD 5.0, (B) 25 °C and pD 9.0, and (C) 50 °C
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Results and Discussion

Synthesis of Block Copolymers of DEAEMA and NIPAM.
RAFT provides a facile technique for preparing well-defined
amphiphilic diblock copolymers of preselected compositions
to test the effect of block lengths (i.e., hydrophilic weight
fraction) on the self-assembled morphology in aqueous
solution. The present diblock copolymer system was chosen
due to the pH-response of PDEAEMA (pK, ~ 7.3)*' and the
thermoresponse of PNIPAM (LCST ~ 32 °C). Specific
copolymer compositions were targeted to produce hydro-
philic mass fractions for “schizophrenic” micelle-to-unimer-
to-micelle (Scheme 1A) and micelle-to-unimer-to-vesicle
(Scheme 1B) transitions according to Discher’s and Eisen-
berg’s empirical relationship.” The diblock copolymers of
DEAEMA and NIPAM were synthesized according to
Scheme 2. The trithiocarbonate, CEP, was used to mediate
the aqueous RAFT polymerization of DEAEMA in the
presence of the free radical initiator V-501 to yield PDEAE-
MAyg (M, = 18.4 kDa, PDI = 1.07). The PDEAEMAyg
macroCTA was subsequently chain extended with NIPAM
to produce two diblock copolymers. The diblock copolymers
were targeted to have 50 and 70 wt % NIPAM. The two
diblock copolymers, P(DEAEMAgg-b-NIPAM,(9) (M, =
39.3 kDa, PDI = 1.08) and P(DEAEMAg-b-NIPAM 39,)
(M, =63.9 kDa, PDI = 1.10), were determined to have 53.4
and 71.4 wt % NIPAM, respectively, using SEC (Figure 1).
'"H NMR studies of the two diblock copolymers revealed
weight fractions (52.5 and 70.8 wt %) in agreement with
those determined by SEC. SEC chromatograms of PDEAE-
MAgg, P(DEAEMAgg-b-NIPAMzog), and P(DEAEMAgg-b-
NIPAM3q,) were unimodal, and the PDIs were low (< 1.2)
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Figure 3. (A) Temperature- and (B) pH-responsive aggregation behavior of P(DEAEMA yg-b-NIPAM9) (0.01 wt %) at (@) 25 °C and variable pH
and (M) pH 5.0 and variable temperature. (C) Hydrodynamic radius of P(DEAEMAgg-h-NIPAM,9) (0.01 wt %) at (a) 25 °C and pH 5.0, (b) 25 °C and

pH 9.0, and (c) 50 °C and pH 5.0.
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indicating near-quantitative blocking efficiency and controlled
polymerization. The molecular weight and composition data
of the diblock copolymer series are summarized in Table 1.

“Schizophrenic” Self-Assembly of P(DEAEMAg-b-
NIPAM,9). Block copolymers of DEAEMA and NIPAM
are expected to undergo “schizophrenic” aggregation
behavior due to the separate responsive behaviors exhibited
by the two blocks. "H NMR was utilized to investigate the
dual responsiveness of the two P(DEAEMA-b-NIPAM)s in
aqueous solution. Figure 2 shows the temperature- and
pD-dependent 'H NMR spectra for P(DEAEMA gg-b-
NIPAM;9) (0.01 wt %) dissolved in D,O. At 25 °C and
pD 5.0, the diblock copolymers are expected to exist as
unimers, since the conditions are below the pK, of the
PDEAEMA block and below the LSCT of the PNIPAM
block. In the "H NMR spectrum of Figure 2A, the char-
acteristic resonances of PDEAEMA (a, b, and c) and the
characteristic resonance of PNIPAM (d) are readily visible.
Increasing the pD to a value of 9.0 leads to deprotonation
and hydrophobic collapse of the PDEAEMA block, as
evidenced by the attenuation of peaks a, b, and ¢ associated
with PDEAEMA while the PNIPAM peak d is still present.
Conversely, at 50 °C and pD 5.0, the peak for the PNIPAM is
attenuated and the PDEAEMA peaks are seen. While the 'H
NMR experiments provide evidence for the “schizophrenic”
self-assembly behavior, conclusions as to the aggregate
morphology cannot be made from these data.

The stimuli-responsive behavior of P(DEAEMAgg-b-
NIPAM,o) was additionally investigated using DLS.
Figure 3A and 3B show the temperature- and pH-respon-
siveness of P(DEAEMAqg-b-NIPAM,(9) (0.01 wt %) in
aqueous solution, respectively. Measurements were con-
ducted at 25 °C, well below the LCST of PNIPAM, ensuring
its hydrophilicty. Under these conditions, P(DEAEM Agg-b-
NIPAM, ) exists as unimers (R, ~ 5 nm) (Figure 3C, curve
a). At pH values above the pK, of PDEAEMA, P-
(DEAEMAgg-b-NIPAM,(9) self-assembles into aggregates
with hydrodynamic radii of ~20 nm (Figure 3C, curve b). To
ensure the PDEAEMA block remains protonated, and
therefore hydrophilic, the thermoresponsive self-assembly
of P(DEAEMAyg-b-NIPAM,(9) was studied at a solution
pH of 5.0. At temperatures above 42 °C, this diblock
copolymer formed aggregates with radii between 25 and 32
nm. The size of these aggregates decreased with increasing
temperature above the critical aggregation temperature
(CAT) which can be attributed to increasing dehydration
of the PNIPAM block.*** At 50 °C, P(DEAEMA gg-b-
NIPAM,9) formed aggregates of 26.1 nm (Figure 3C, curve
¢). While DLS at a single angle allows for determination of
the hydrodynamic size of the nanoassemblies, it does not
provide information on aggregate morphology.

To study the nature of the aggregate structure, variable
angle DLS and SLS were used in combination with electron
microscopy. The angular dependent DLS and SLS results for
aggregates formed from P(DEAEMAgg-b-NIPAM,o9) at
25 °C and pH 9.0 are shown in Figure 4A. A plot of the
relaxation frequency (I') versus the square of the scattering
vector (¢°) gives a linear relationship, indicative of Brownian
diffusion of spherical particles. The slope through the origin
yields a diffusion coefficient of 1.153 x 10! m?/s. Using the
Stokes—Einstein equation (eq 2), an apparent Ry, of 21.2 nm
was determined, which is in good agreement with measure-
ments taken at a fixed angle. A radius of gyration (R,) of 16.4
nm was calculated using a Zimm treatment of the SLS data.
The ratio of R,/ Ry, determined from angular dependent DLS
and from SLS for the self-assembled aggregates of P-
(DEAEMAgg-b-NIPAM ) at 25 °C and pH 9.0 is 0.774,
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Figure 4. Angular dependent DLS (M) and SLS (®) measurements
performed on P(DEAEM Agg-b-NIPAM,g9) (0.01 wt %) at (A) 25 °C
and pH 9.0 and (B) 50 °C and pH 5.0.

Figure 5. TEM micrographs of P(DEAEM Agg-b-NIPAM ) (0.01 wt
%) at (a) 25 °C and pH 9.0 and (b) 50 °C and pH 5.0.

which is indicative of hard-sphere particles.**~*® The forma-
tion of spherical particles at 25 °C and pH 9.0 was also
confirmed by TEM (Figure 5A). By utilizing a combination
of techniques ("H NMR, light scattering, and TEM), the
aggregate morphology of each system has been elucidated.
P(DEAEMA gg-b-NIPAM,9) self-assembles into PDEAE-
MA-core, PNIPAM-shell spherical micelles at 25 °C and pH
9.0. Furthermore, LS experiments of P(DEAEMAgg-b-
NIPAM,q9) at 50 °C and pH 5.0 (Figure 4B) indicated Ry,
R,, and R,/R; values of 28.3 nm, 21.6 nm, and 0.763,
respectively (Table 2). These values along with '"H NMR
(Figure 2C) and TEM (Figure 5B) measurements support the
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formation of PNIPAM-core, PDEAEMA-shell spherical
micelles.

“Schizophrenic” Morphological Assembly of P(DEA-
EMAyg-b-NIPAM39;). The second diblock copolymer,
P(DEAEMA g-b-NIPAM;9,), was designed such that the
self-assembly into micelles would occur under conditions
rendering the PDEAEMA block hydrophobic and vesicles
when the PNIPAM block was hydrophobic. Fixed angle
DLS was used to study the effects of solution pH and
temperature on the size of the self-assembled aggregates.
As observed for P(DEAEMAgg-b-NIPAM,o9), a plot of
hydrodynamic size versus solution pH (Figure 6B) revealed
a transition from unimers (R, ~ 7 nm) (Figure 6C, curve a) to
aggregates with radii of ~26 nm above the pK, of PDEAE-
MA at 25 °C (Figure 6C, curve b). The temperature-respon-
sive self-assembly of P(DEAEMAgg-b-NIPAM;9;) was
analyzed at pH 5.0 to ensure that the PDEAEMA segments
remained hydrophilic. The CAT of P(DEAEMAgg-b-
NIPAM;q,) is 38 °C (Figure 6A), which is lower than that
observed for P(DEAEMAyg-b-NIPAM,o9). This has been
attributed to the increased hydrophobic content in the

Table 2. Summary of Light Scattering Data for P(DEAEMA ¢g-5-

NIPAM,0)
pH T(C) R,’(nm) R,“(nm) R,”(mm) Ry /Ry Ry/R,"
50 25 5.1
9.0 25 16.4 20.6 212 0.796  0.774
50 50 21.6 26.1 28.3 0.828  0.763

“Measured using Malvern Instruments Zetasizer Nano. ® Measured
using a Spectra Physics Millenia laser in conjunction with a Brookhaven
Instruments BI-200SM goniometer and TurboCorr correlator.
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diblock copolymer.*”*® At 38 °C, P(DEAEMAyg-b-
NIPAM;q,) self-assembled into aggregates with an apparent
Ry, of 108 nm. The size of the aggregates decreased with
increasing temperature as observed for the micelles formed
from P(DEAEMAyg-b-NIPAM»9) above the CAT. At
50 °C, P(DEAEMAys-b-NIPAM;g,) self-assembles into
aggregates with an Ry, of 98.8 nm (Figure 6C, curve c).
Angular dependent DLS and SLS were also utilized to
investigate the observed morphology of P(DEAEMAgg-b-
NIPAM3q,) under various solution conditions. At tempera-
tures below the LCST of PNIPAM, when the pH is increased
above the pK, of PDEAEMA, the diblock copolymer is 70.8
wt % hydrophilic and should aggregate to form spherical
micelles according to the empirical relationship proposed by
Discher and Eisenberg.” Figure 7A shows the LS analysis of
P(DEAEMA gg-b-NIPAM39,) at 25 °C and a solution pH of
9.0 (Table 3). Multiangle DLS measurements yield an ap-
parent diffusion coefficient and an Ry, value of 9.625 x 10~ '2
m?/s and 25.4 nm, respectively. An R, of21.1 nmis measured
using SLS yieldin; an Ry/Ry, value of 0.793, indicative of
spherical micelles.**~*® TEM also confirms the formation of
spherical micelles (Figure 8A) from P(DEAEMAgg-b-
NIPAM3q,) at 25 °C and a solution pH value of 9.0. When
the solution pH is maintained at 5.0 to ensure that PDEAE-
MA is hydrophilic, the solution temperature can be raised
above the LCST of PNIPAM to induce self-assembly. Under
these conditions, P(DEAEMA og-b-NIPAM39,) has a hydro-
philic mass fraction of 29.2 wt % and should self-assemble
into vesicles. Angular-dependent DLS and SLS reveal
apparent Ry, and R, values of 91.4 and 99.2 nm, respectively.
The ratio of Ry/Ry, (1.08) corresponds well to the theoretical
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Figure 6. (A) Temperature- and (B) pH-responsive aggregation behavior of P(DEAEMAyg-b-NIPAM3o5) (0.01 wt %) at (@) 25 °C and variable pH
and (M) pH 5.0 and variable temperature. (B) Hydrodynamic radius of PIDEAEM Agg-b-NIPAM30,) (0.01 wt %) at (a) 25 °C and pH 5.0, (b) 25 °C and

pH 9.0, and (c) 50 °C and pH 5.0.
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Figure 7. Angular dependent DLS (M) and SLS (®) measurements
performed on P(DEAEMAgg-b-NIPAM39,) (0.01 wt %) at (A) 25 °C
and pH 9.0 and (B) 50 °C and pH 5.0.

Table 3. Summary of Light Scattering Data for P(DEAEMA og-b-

NIPAM;y,)
pH T(C) R,”(nm) R,“(nm) R,”(mm) Ry /R, Ry/R,”
50 25 7.2
90 25 21.1 26.6 25.4 0.793  0.831
50 50 99.2 98.8 91.4 1.00 1.08

“Measured using Malvern Instruments Zetasizer Nano. ? Measured
using a Spectra Physics Millenia laser in conjunction with a Brookhaven
Instruments BI-200SM goniometer and TurboCorr correlator.

Figure 8. TEM micrographs of P(IDEAEMAgg-b-NIPAM30,) (0.01 wt
%) at (a) 25 °C and pH 9.0 and (b) 50 °C and pH 5.0.

value for vesicles (1.0).44_46 TEM micrographs of samples
stained with phosphotungstic acid confirm structures with
the characteristic vesicular structure (Figure 8B). Note that

Smith et al.

the T’ vs ¢° plots remain linear, indicating that the spherical
morphology is retained over the pH and temperature
range.

Conclusions

The aqueous RAFT synthesis and characterization of dually
responsive diblock copolymers of DEAEMA and NIPAM cap-
able of “schizophrenic” aggregation into multiple morphologies
are described. The two diblock copolymers were specifically
designed according to the empirical relationship proposed by
Discher and Eisenberg’ correlating the hydrophilic mass fraction
to the resultant self-assembled solution morphology. The smaller
block copolymer, P(DEAEMAyg-b-NIPAM,o9) (52.5 wt %
NIPAM), assembled into (a) spherical PDEAEM A-core micelles
below the LCST of PNIPAM and above the pK, of PDEAEMA
and (b) spherical PNIPAM-core micelles above the LCST of
PNIPAM and below the pK, of PDEAEMA. The larger block co-
polymer, P(DEAEMAys-b-NIPAM;0,) (70.8 wt % PNIPAM),
was designed to be asymmetric and capable of assembly into
micelles at high pH and vesicles at high temperature. At 25 °C and
pH> 7.5, P(DEAEMAyg-b-NIPAM39,) was shown to assemble
into PDEAEMA-core micelles, whereas, at pH 5.0 and tempera-
tures above the CAT, vesicles were formed. To our knowledge,
this represents the first report of a block copolymer system capable
of a “schizophrenic” micelle-to-unimer-to-vesicle morphological
transition in aqueous solution in response to multiple stimuli.
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