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ABSTRACT: Graft copolymers comprising poly(acrylic acid) (PAAc) as the backbone and poly(IV-
isopropylacrylamide) (PNIPAAm) and monomethoxy poly(ethylene glycol) (mPEG) as the grafts were
prepared and characterized. These copolymers with the AAc residues in the negatively charged state
underwent self-assembling into large polymeric aggregates in water in the range 32—35 °C due to the
formation of the multicore structure (comprising several solidlike hydrophobic PNTPAAm cores surrounded
by the liquidlike interfacial layers) and the intercore PEG connections. These rather labile intercore PEG
connections were partially destroyed due to the continual dehydration and solidification of the liquidlike
interfacial layers with increasing temperature, thereby leading to fragmentation of the original aggregates
into smaller particles with the more distinct core/shell structure. The final particle size was virtually
governed by the structure of the hydrophobic PNIPAAm microdomains in response to the effects of the
PNIPAAm concentration and temperature on the intercore PEG connections.

Introduction

Amphiphilic block and graft copolymers have received
growing interest, especially in their supramolecular
structure formed as a result of self-assembling into
micelles in the aqueous phase.!™1° The unique supramo-
lecular arrangements in the particulate form shows
great potential in applications of biomedical and bio-
chemical fields (e.g., drug delivery systems, biosensing,
and protein separation and immobilization). Particular
attention has been paid to the phase transition behavior
of the poly(N-isopropylacrylamide) (PNIPAAm) based
copolymers and the structural response of the polymeric
micelles to temperature owing to the thermally control-
lable coil-to-globule transition in a reversible manner.9~19
Although the colloidal properties varied with the mo-
lecular architecture of the PNIPAAm based copolymers,
the hydrodynamic volume of micelles was reported to
be relatively insensitive to changes in temperature once
the compact structure of the hydrophobic core was
attained.?1920 However, the extent of physical entangle-
ment of polymeric chains varies with the heating rates,
especially in the temperature range around the phase
transition of the PNIPAAm based copolymers. This
would lead to the changes in the structure and size of
polymeric micelles.1-15:19 The slow heating rate around
the phase transition temperature usually resulted in
more extensive aggregation of polymeric micelles. On
the other hand, viscosity and neutron scattering mea-
surements of the aqueous solutions of the PNIPAAm
grafted copolymers indicated that the particle structure
was significantly affected by the thermally induced
physical cross-linking among the PNITPAAm associated
microdomains.'314 The intramolecular bridging among
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the hydrophobic PNIPAAm microdomains is expected
to occur more easily for the PNIPAAm grafted copoly-
mers compared to the PNIPAAm block copolymers or
graft copolymers with PNIPAAm as the backbone.
However, very few studies were concerned with the
interactions of the hydrophobic microdomains of the
PNIPAAm grafts with the second polymer grafts at-
tached to the copolymer backbone when temperature
was varied. Poly(ethylene glycol) (PEG) is undoubtedly
the best choice for the second graft due to its unique
amphiphilic property and the steric stabilization effect
available for preventing particles from aggregation in
aqueous solution.

In this study, the graft copolymers comprising mon-
omeric units of acrylic acid (AAc) as the backbone and
PNIPAAm and mPEG as the grafts were prepared and
characterized. The supramolecular architecture of the
polymeric micelles as a function of temperature was
determined mainly by the variable temperature 'H
NMR. It is also interesting to study the role of the PEG
grafts in regulating the particle size and morphology
at different temperature. Therefore, the AAc residues
of the copolymer backbone were kept in the negatively
charged state in order to restrict the interactions of
PNIPAAm grafts only with PEG at high temperature.
In addition, because of the relatively high contents of
PEG grafts and ionized AAc residues in the graft
copolymer, a polymer concentration of 10 mg/mL or
higher required to obtain particles with a more distinct
core/shell structure at high temperature was thus
exploited extensively.

Experimental Section

Polymer Synthesis. Poly(N-acryloxysuccinimide) (PNAS)
was obtained by free radical polymerization of NAS in DMF.
NAS was prepared by esterification of N-hydroxysuccinimide
with acryloyl chloride,?! and the structure and purity of the
product were confirmed by NMR, FTIR, and elemental analy-
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Scheme 1. Schematic Illustration of the Synthesis and Chemical Structure of the Graft Copolymers
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sis. To a solution of NAS (15 g) in DMF (90 mL), 2,2'-azobis-
(isobutyronitrile) (AIBN) (0.6 g) as an initiator was added at
60 °C under vigorous stirring, and the reaction was carried
out for 15 h under a nitrogen atmosphere. PNAS was purified
and collected by precipitation from acetone twice and dried in
vacuo. The chemical structure was confirmed by FTIR and 'H
NMR separately. Prior to molecular weight measurements,
PNAS was subjected to thorough hydrolysis in tris buffer (pH
7.4), followed by dialysis (Spectra/Por MWCO 6000—8000)
against deionized water and lyophilization. The average
molecule weight of the resulting PAAc was determined by size
exclusion chromatography (SEC) (Agilent 1100, PL Aquagel-
OH columns in series GF083: separation range 100—30K;
GF084: 10K—200K; and GF086: 200K—10M, calibrated with
poly(sodium acrylate) standards of known molecular weights
with narrow molecular weight distributions (Polymer Labo-
ratories); eluent: tris buffer 0.1 M, pH 7.4; flow rate: 1 mL/
min; RI detector (Agilent 1100)).

The grafting reaction involved the preparation of aminated
semitelechelic PNIPAAm by radical polymerization of NIPAAm
in methanol, using AIBN as the initiator and 2-aminoet-
hanethiol hydrochloride as the chain transfer agent.?? The
number-average molecule weight was determined to be 2700
g/mol by the amino end-group titration with trinitrobenzene-
sulfonic acid (TNBS). Monoamino-mPEG (2000 g/mol) was
prepared according to the method reported elsewhere.? The
TNBS assay showed that the amination efficiency of mPEG
was ca. 95%. To solutions of PNAS (3 g each, 10% w/v) in DMF,
semitelechelic PNIPAAm (10 mol % (referred to as copolymer
A) and 20 mol % (B) with respect to the NAS residues) and
mPEG (10 mol %) in DMF (10% w/v) were added separately.
The reaction was carried out at 25 °C under stirring for 72 h.
The unreacted NAS residues in the graft copolymers were
hydrolyzed into to AAc units by addition of excess tris buffer
(0.1 M and pH 7.4). The solution was subjected to dialysis
(Spectra/Por MWCO 6000—8000) against deionized water
primarily for removing DMF and NHS, followed by diafiltra-
tion (Millipore, Labscale TFF System equipped with Pellicon
XL membrane Biomax-30 MWCO: 30 000) in the absence of
DMF to eliminate more efficiently the unconjugated PNIPAAm
and mPEG. The graft copolymers were then dissolved in
deionized water, and pH was adjusted to 6.7—7.0 by dilute
NaOH solution and maintained for 2 h. Subsequently, the
polymers were collected by lyophilization. The purity of the
copolymers was confirmed by SEC as aforementioned. The

PAAC/PNIPAAM/mPEG

synthetic route and the chemical structure of the graft
copolymers are illustrated in Scheme 1. Determination of the
graft copolymer compositions was carried out by 'H NMR in
CDCI; at 20 °C. During the NMR measurement, DMF in a
sealed capillary was placed coaxially in the sample tubes as
an external standard for establishing the calibration curve and
determining the composition ratios of the graft copolymers.
The external reference exhibits its feature proton signals at ¢
2.9 and 3.1 ppm from the dimethyl group and at 8.1 ppm from
the formyl group, with the integral ratios at 3:3:1. Calibration
was obtained from the relative signal integrals of mPEG at 6
3.6 ppm with eight concentrations in CDCl; with respect to
the signal integral of DMF at 6 8.1 ppm. Figure 1 illustrates
a representative "H NMR spectrum of copolymer B (10.0 mg/
mL) in CDCl; at ambient temperature. The composition of the
graft copolymer was determined by the mass balance based
on the calibration curve and the signal integrals of mPEG at
3.6 ppm and PNIPAAm grafts at 1.1 ppm. The recipes,
compositions, and average molecular weights of the graft
copolymers are listed in Table 1.
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Figure 1. 'H NMR spectrum of copolymer B (10.0 mg/mL)
in CDCIl; at 20 °C. The assignment of the feature signals of
the copolymer and the external standard (DMF) in relation to
the chemical structure is also included.
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Table 1. Recipes, Composition, and Structural Characterization

reaction feeds (mol %) composition ratios® (mol %) grafting efficiency (%) Myb (x107%) CAC?(x107%)
NAS/mPEG/PNIPAAmM AAc/mPEG/PNIPAAm PEG PNIPAAm (g/mol) CPe (°C) (g/mL)

A 100/10/10 85.9/6.9/7.2 69 72 11.2 34.1 5.45

B 100/10/20 78.5/6.9/14.6 69 73 16.7 33.5 4.58

@ Calculated by the 'TH NMR measurements in CDCls. ® Obtained by theoretical calculation: My(PAAc) + number of mPEG grafts x
2000 (My, of mPEG) + number of PNIPAAm grafts x 2700 (M, of PNIPAAm). ¢ CP: cloud point that was determined by the transmittance
measurements of the aqueous polymer solutions (10.0 mg/mL) at 50% reduction. ¢ CAC: critical aggregation concentration that was
determined by the fluorescence intensity ratio I3/I; of pyrene in the aqueous polymer solutions with varying concentrations at 37 °C.

Structural Characterization of Micelles. The aqueous
polymer concentration of 10.0 mg/mL was used, unless stated
otherwise. The temperature was programmed to increase from
20 to 60 °C, but with an interval of 1.0 °C for 30 min in the
range from 30 to 35 °C. This heating approach was referred
to as the slow heating in the literature.!'%1® Fluorescence
experiments were performed by measuring changes in the ratio
of the peak height of the third vibronic band at 385.5 nm to
the first at 373.5 nm of the emission spectra of pyrene in
aqueous polymer solutions (I3/I;) as a function of tempera-
ture.?* The pyrene concentration was kept at 6.0 x 1077 M.
The excitation was induced at 336 nm, and the emission
spectra in the range from 350 to 500 nm were recorded on a
Hitachi F-2500 fluorescence spectrometer equipped with a
thermostat cell unit.

The hydrodynamic diameter (Dy) of micelles in deionized
water was determined by the Brookhaven 90 plus particle size
analyzer (He—Ne laser 15 mW, 1 = 678 nm) at a fixed angle
of 90°. Prior to measurement, the sample was passed through
a 0.2 um filter at 20 °C and then equilibrated at each preset
temperature for 30 min. In some experiments, the particle size
was also determined immediately after the sample was
subjected to mild mixing at each preset temperature. The mild
mixing herein is referred to as the reciprocal shaking at a
speed of 45 rpm for 30 s.

H NMR spectra of the graft copolymers in D;O were
obtained from a Varian Unity Inova-600 at 600 MHz in the
absence of the sample spinning. The pulse width of 4.9 us with
a relaxation delay of 2 s was utilized. The identical DMF
external reference in capillary as aforementioned was used
repeatedly. The proton signal of DMF at 6 8.1 ppm was utilized
as the reference for the assignment and evaluation of the
signal position and integral, respectively, compared to those
in CDCl; at ambient temperature. The standard inversion—
recovery pulse sequence (180°—7—90°) was employed to de-
termine the spin—Ilattice relaxation times (7") of the feature
signals of the copolymers A and B (Varian Unity Inova-600
at 600 MHz). In each measurement, 13—15 variable delays
were used, and the waiting period was adjusted at least 5 times
larger than the expected relaxation time. 74 was then calcu-
lated using a nonlinear least-squares fitting routine of the
spectrometer.?®

Deviation in the interactions of the graft copolymers with
water molecules was quantitatively evaluated in terms of the
volumetric (or density) change of these copolymers in water.
The density measurement was conducted with a U-tube
vibrating densimeter (Anton Paar DMA-5000), controlled
within £5 x 1076 g em ™2 and £0.001 °C. The effect of changes
in viscosity with temperature was eliminated by the autocor-
relation function. Prior to the density measurements, the
densimeter was calibrated at 20 °C, using air and deionized
water as the reference fluids. The densities of polymer aqueous
solutions (psolution) and water (pm,0) were recorded at different
temperatures. On the basis of the assumption of the volume
additivity, the density of the polymer aqueous solutions at each
corresponding temperature determined experimentally can be
expressed as follows:

M

solution __ polymer

+ My
(T) Vpolymer(T) + VHZO(Tv)

psolution(ﬂ = vV (1)

solution

Here Moution, Mpolymer, and Mp,0 are the masses of the aqueous
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Figure 2. Effect of temperature on the fluorescence intensity
ratio I3/l of pyrene in the aqueous solutions of copolymers A
() and B (O) (10.0 mg/mL).

polymer solution, the graft copolymer, and water in the sample
tube, and Voution(T), Vpolymer(T), and Vi,o(T) are their volumes
at each corresponding temperature, respectively. By rear-
rangement of eq 1 with the relationship among M, V, and p,
the apparent density (pm) of the graft copolymers at each
temperature was obtained according to the following equation:

(7’) pH20(T)psolution(T)Mpolymer (2)
PmtL) =
PH20( T)(Mpolymer + MHQO) - Psolution( T)MHZO

Results and Discussion

Graft copolymers comprising the monomeric units of
AAc as the copolymer backbone and PNIPAAm and
mPEG as the grafts were obtained from the partial
aminolysis of PNAS with aminated semitelechelic
PNIPAAm and mPEG, followed by thorough hydrolysis
of the remaining NAS into the AAc residues along the
backbone (Scheme 1). Both aminated semitelechelic
PNIPAAm and mPEG of average molecular weights
2700 and 2000 g/mol, respectively, were used through-
out this study. The SEC results indicated that the
weight-average molecular weight and polydispersity of
the corresponding PAAc after complete hydrolysis of the
PNAS precursor were ca. 20 000 g/mol and 1.8, respec-
tively. The composition data of the two copolymers A
and B that are different only in the PNIPAAm contents
are shown in Table 1. The recipes and some fundamen-
tal characterization results are also included in Table
1.

A dramatic change in the fluorescence intensity ratios
(Is/I;) was observed in the range 32—34 °C (Figure 2).
The results are in good agreement with the cloud points
of the graft copolymers listed in Table 1. Since the value
of Is/I; represents a quantitative measure of the non-
polarity nature of the microenvironment where most
hydrophobic pyrene molecules reside, the trend observed
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Figure 3. Variation of the z-average hydrodynamic diameter
(Dy) of copolymers A (B) and B (O) (10.0 mg/mL) in aqueous
solutions with temperature in the absence of agitation.

in Figure 2 is attributed to the structural response of
the copolymers to the increased temperature. In this
temperature range, the copolymers underwent a coil-
to-globule transition in the conformation of PNIPAAm
grafts and therefore facilitated the formation of hydro-
phobic microdomains. The I3/I; values of copolymer A
are quite different from those of copolymer B above their
critical association temperatures (CATs). Obviously, the
grafting density of PNIPAAm is rather important in
regulating the structural response of the micelle-like
polymeric aggregates to changes in temperature. The
ionized PAAc backbone with very strong hydrophilicity
and PEG grafts that had a LCST value (>70 °C) much
higher than the transition temperature (32—34 °C) were
insensitive to changes in temperature, and therefore,
they did not contribute to the enhanced hydrophobicity
of the copolymers to an appreciable extent in the range
of temperature investigated. It is noteworthy that the
I3/I; values of the copolymers upon their abrupt confor-
mational change with increasing temperature are lower
than the usual I3/I; values obtained from the micelle
formation of surfactants, such as sodium dodecyl sulfate
(ca. 0.82). This implies that the polymeric aggregates
exhibit a quite different particle morphology compared
to the conventional micelles comprising small surfactant
species. Above the CAT, although the Is/I; value of
pyrene gradually increased with increasing tempera-
ture, the fluorescence data alone are still insufficient
to justify the formation of hydrophobic PNIPAAmM mi-
crodomains within polymeric aggregates due to the
inherent effect of temperature on the pyrene fluores-
cence emission.2®

In response to the hydrophobic association of the
copolymers as illustrated in Figure 2, the hydrodynamic
diameter of polymeric aggregates (Dy) changed dramati-
cally (Figure 3). As the temperature increased from 25
to 35 °C, the formation of aggregates with remarkable
hydrodynamic sizes was observed. The maximal Dy
values were achieved in the range 34—35 °C. Beyond
the CATs, the particle sizes were reduced significantly.
Undoubtedly, the initial formation of aggregates was
induced thermally by the extensive intermolecular
hydrophobic interaction among the PNIPAAm grafts.
At this initial stage, especially in the range 34—35 °C,
the difference in the degree of intermolecular association
and therefore the hydrodynamic sizes of the aggregates
between copolymers A and B resulted from the different
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Figure 4. Variation of the z-average hydrodynamic diameter

(Dy) of copolymers A (B) and B (O) (10.0 mg/mL) in aqueous
solutions with temperature under mild agitation.

local PNIPAAm concentrations. Because of the ther-
mally induced amphiphilic characteristic of the copoly-
mers with increasing temperature, the polymer chains
spontaneously rearranged themselves into micelle-like
aggregates with either mono- or multicore structure.
Studies on the micelle structure primarily based on the
particle size data in this regard were reported in the
literature.1”-1® However, to achieve an appropriate hy-
drophilic/hydrophobic balance, the negatively charged
PAAc backbone as the shell of polymeric micelles
associated with the hydrophobic PNIPAAm core may
lead to large particles with the monocore structure. It
is thus necessary to justify the micelle formation mech-
anism prior to the evaluation of the changed micelle
structure with temperature.

Above 35 °C, the particle size decreased rapidly with
increasing temperature (Figure 3). In addition, the size
of polymeric micelles B became significantly smaller
than that of micelles A in the range 35—60 °C. Such a
size reduction was postulated to be thermally driven by
either fragmentation of polymeric aggregates or dehy-
dration of the hydrophobic core. However, shrinkage of
the hydrophobic core, although occurring more pro-
foundly in the single-core structured micelles, usually
leads to a rather limited decrease in particle size. More
importantly, on the basis of the single-core model,
micelles B with initially larger sizes presumably due
to the higher PNIPAAm concentration and therefore the
larger hydrophobic core seem unlikely to transform into
smaller particles than micelles A simply by the thermal
reduction of the core size. On the other hand, fragmen-
tation of polymeric micelles with the multicore structure
can result from the partial breakage of connections
among the hydrophobic cores within the large ag-
gregates. Therefore, the particle size was significantly
reduced, and the final particle size was dependent on
the extent of the breakage in the intercore connections.

Further evidence in supporting the multicore micelle
structure was provided by the further decreased particle
size after mild agitation of the colloidal system at each
preset temperature, as shown in Figure 4. This is
because the shear force also partially destroyed the
intercore connections within polymeric aggregates,
thereby leading to the further fragmentation and de-
crease in the particle size. While the particle size of
micelles B was reduced by agitation more profoundly
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than that of micelles A in the range 32—35 °C, little
effect of agitation was observed with the temperature
being increased from 35 to 60 °C. These results ratio-
nalize our hypothesis that the multicore structure
formed as a consequence of the intercore chain associa-
tions in the range 32—35 °C. Nevertheless, the rather
weak connections were vulnerable to heating and shear
force. The AAc residues in the backbone were in the
charged state, and thus, the hydrophobic cores in a
polymeric aggregate were connected to each other only
via the interaction between PEG and PNIPAAm grafts.
Individual cores formed simultaneously in part by
association of the different PNIPAAm grafts attached
to the same macromolecule. The PAAc main chains
present in the hydrophilic outer layers of micelles acted
as a bridging role since their PNIPAAm grafts took part
in different hydrophobic core regions during the micelle
formation period. This bridging effect then led to a
strong connection among the hydrophobic cores within
an aggregate. The electrostatic repulsion force among
the ionized AAc residues made the backbone more
extended in the aqueous phase, and this might also
promote the formation of the multicore structure.
Similarly, in the same temperature range, the interac-
tions of the intramolecular PEG grafts with different
hydrophobic PNITPAAm cores within an aggregate in-
duced the second type of the intercore connections. With
a preset temperature interval of 1 °C for 30 min from
32 to 35 °C, the thermally associative PNIPAAm cores
formed with somewhat loose, and hydrated structure
and their interactions with the PEG grafts reached
maxima at ca. 35 °C (virtually at 34 °C for copolymer
B). However, this kind of connection involving PEG
grafts was more labile, and it was responsible mostly
for the reduced particle size with further temperature
increase and agitation (if present). Scheme 2 illustrates
locally the fragmentation of the polymeric aggregate into
smaller particles by partially destroying the intercore
PEG connections when temperature increases.

Following the proposed hypothesis, the significant
difference in particle size between micelles A and B in
the phase transition temperature range was primarily
due to the varying extents of the interaction of the PEG
grafts with the hydrophobic PNIPAAm regions within
the polymeric aggregates. The concentration of PNIPAAm
grafts played a key role in governing the interaction
between PNIPAAm and PEG grafts. Therefore, a more
pronounced effect of agitation was observed for copoly-
mer B in the range 32—35 °C. Further increasing the
temperature above the CATs, the PNIPAAm cores were
continually dehydrated and showed weaker tendency to
interact with PEG grafts. Owing to the higher local
PNIPAAm concentration accompanied by the greatly
enhanced hydrophobicity, micelles B were thus frac-
tured into smaller particles in this temperature range
as compared to micelles A. Furthermore, the thermally
induced extensive breakage of the PEG connections
within micelles B renders agitation less effective in
reducing particle size. Nevertheless, the multicore
structure of micelles still maintained in an aggregate
form as a consequence of the intact PNIPAAm bridging
among the hydrophobic cores.

It should be noted that the above hypothesis is only
valid based on the following assumptions. First, the core
structure of polymeric micelles continually changes with
temperature even above the CATs. Second, changes in
the interaction of the PEG grafts with hydrophobic cores
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Scheme 2. Local Illustration of the Structure of
Polymeric Aggregates in the Range 32—35 °C and the
Structural Change with Further Increasing
Temperature®

inter-core PNIPAAmM connection

weak PEG connection

T=32~35°C

breakage of the weak PEG connection

T>>35°C

——— PAAC
PNIPAAM
.............. PEG
O liquid-ike PNIPAAm interface layer

. solid-like PNIPAAm hydrophobic core

@ The fragmentation of the aggregates occurs owing to the
breakage of the weak PEG connections among the hydrophobic
cores while the dehydration of the liquidlike PNIPAAm
interfacial layers proceeds with increasing temperature.

are primarily governed by the core structure, which
solely depends on the PNIPAAm concentration and
temperature. In addition, fragmentation of the ag-
gregates occurs as a result of the thermally reduced
interaction of the PEG grafts with the hydrophobic
PNIPAAm cores within micelles.

Figure 5 illustrates the typical 'H NMR spectra of
copolymer B in D9O at various temperatures. The
feature signal of DMF as an external standard in the
NMR measurements at 6 8.1 ppm was selected as the
reference resonance in the spectrum analysis. The
chemical shift of DMF at 8.1 ppm was predetermined
on the basis of the reference line of DHO at 4.8 ppm at
20 °C. DHO was not chosen since the feature signal of
DHO became upfield shifted with increasing tempera-
ture as it was also reported elsewhere.?” Figure 5 shows
that while the chemical shift of the methyl protons of
PNIPAAm grafts at 6 1.1 ppm is rather invariant, its
integral decreased significantly with increasing tem-
perature. It is now generally recognized that, owing to
the distinct difference in the mobility of hydrophobic
segments in the core region, micelles can be created with
either liquid- or solidlike core structure. The solidlike
core formation was usually characterized in the liquid
H NMR measurements by the fast and dramatic
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Figure 5. 'H NMR spectra of copolymer B (10.0 mg/mL) in

D20 at different temperature. The inset represents the feature
proton signals of the mPEG grafts of copolymer B at 36 °C.

decrease in the spin—lattice relaxation time (7), ren-
dering the corresponding proton signals undetectable.
Above the CATs, the colloidal system was gradually
transformed into the more solidlike core structure when
temperature increased. It should be noted that the
methyl proton signals did not fully disappear even at
60 °C, in contrast to the entire disappearance of the
same proton signal for the homopolymer PNIPAAm at
35 °C.28 Although splitting mainly into two peaks, the
feature signal integral from the ethylene protons of PEG
grafts with respect to the DMF standard signal re-
mained constant with increasing temperature and was
essentially identical to that measured in CDCl; (Figure
1). The proton signal that was originally downfield
shifted at room temperature comparing to that in CDCl3
(from 3.60 ppm in CDCl; to 3.66 ppm in D90O) became
slightly upfiled shifted with increasing temperature due
to partial breakage of the hydrogen bonds with D;O
molecules. Nevertheless, the results of the constant peak
integral with temperature indicate that PEG grafts
within micelles barely interacted with or embedded in
the solidlike core regions even though the latter in-
creased with increasing temperature.

The fractions of the liquidlike structure in hydropho-
bic microdomains in terms of the detectable PNIPAAmM
fractions in the 'TH NMR measurements for copolymers
A and B as a function of temperature are shown in
Figure 6. It is noteworthy that the detectable fractions
in Figure 6 were somewhat overestimated due to the
stronger interaction of the copolymers with D3O than
with H20 molecules.® In the micelle formation, the core
structure was developed in the form of both solid- and
liquidlike structure. On the basis of the significant
PNIPAAm fractions detected, the liquidlike hydrophobic
regions exist most probably at the interface between the
solidlike cores and hydrophilic shells full of the nega-
tively charged PAAc segments. Moreover, the liquidlike
interface occurred as a result of the hydration of
PNIPAAm grafts and their interactions with PEG
grafts. The liquidlike interfacial region was gradually
dehydrated and solidified with increasing temperature,
thereby leading to the decrease of its interaction with
PEG grafts and, more importantly, the fragmentation
of polymeric aggregates. Apparently, because of the
higher local concentration of the PNIPAAm grafts of
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Figure 6. Detectable fraction (%) of the methyl protons (1.1
ppm) of the PNIPAAm grafts of copolymer A ((l) 10.0 and (a)
30.0 mg/mL) and copolymer B (O) (10.0 mg/mL) in DO in 'H
NMR measurements as a function of temperature with respect
to its signal integral in CDCls at 20 °C, using the DMF signal
at 8.1 ppm as a reference.

copolymer B than that of copolymer A, the higher ratio
of the solid/liquidlike core structure in micelles B was
obtained (Figure 6). Thus, a more significant reduction
in the PEG connections and in particle size of micelles
B at high temperature was achieved (Figure 3). The
observation of the maximal detectable fractions of
PNIPAAm of the copolymers at the temperature just
prior to the CATs in Figure 6 was also similarly reported
elsewhere.??30 It was explained by the formation of
extensive hydrogen bonds between the NIPAAm resi-
dues and water molecules at this temperature via the
FTIR-ATR measurements.3° The effect of the polymer
concentration (10 and 30 mg/mL of copolymer A) on the
resultant core structure as shown in Figure 6 will be
discussed below.

The response in the segmental mobility of PNIPAAm
(in the liquidlike interface) and PEG grafts to the
changed core structure with increasing temperature was
evaluated by the proton spin—Ilattice relaxation time
(T1) measurements. Figure 7A shows the Arrhenius
plots of the T; values from two feature signals (the
methyl and methyne protons of the isopropyls) of
PNIPAAm grafts in the liquidlike interface. The T}
values of both the methyne and methyl groups of
isopropyls increased with increasing temperature. Ow-
ing to the relation of Ty with the correlation time 7 as
usually described by the BPP theory and the depen-
dence of 7 on temperature in the Arrhenius manner, a
minimum of 7' is usually found for a specific proton in
the plot of T against temperature.3132 Therefore, with
respect to the temperature at the minimum, the T}
temperature curve can usually be divided into high- and
low-temperature phases. The location of the curve in
either phase is primarily governed by the product of
Lamor frequency and correlation time.?? Because of the
fixed Lamor frequency in this study and relatively high
thermal mobility of the isopropyl groups, the 7 values
fell into the high-temperature phase and increased with
increasing temperature. Upon the micelle formation, the
inherent increased rates of T for the isopropyl (methyne
and methyl) protons of PNIPAAm graft with tempera-
ture are anticipated to be reduced, owing to a decrease
in their mobility by the hydrophobic aggregation. A
significant change in the 7 temperature curve of the



Macromolecules, Vol. 38, No. 23, 2005

20 (A)
32°C
184 _CH< ..
Copolymer B )
1.6
o
3
= 1.4
I
- 124
B
1.0
A
0.8+
T T T T T
20 (B)
1.8 4
mPEG protons of B (downfield)
1.6 D
;§, 144
T
“~ 124 A (downfield) 9\
L §ﬂ\.\.
1.0 * \
\ *—e—3
0.8 A (upfeld) ("N ~n
B (upfield) !
0.6 T T T T T
3.0 31 32 33 34
1T (10%K)

Figure 7. Temperature dependence of the spin—lattice
relaxation times (7) of (A) the methyne and methyl protons
of isopropyls from PNIPAAm grafts in copolymers A and B in
D20 (10.0 mg/mL) and (B) of the upfield and downfield mPEG
protons (shown in the inset of Figure 5) of the two copolymers.

methyne protons just above 32 °C was observed in
accordance with this assumption. Unlike a dramatic
decrease in T for the methyne proton of linear homo-
PNIPAAm upon the phase transition, the T; values
herein kept increasing with increasing temperature,
indicating a looser and more heterogeneous structure
of the liquidlike PNIPAAm interlayer. The T4 of the
methyne protons of micelles A was slightly lower than
that of micelles B at elevated temperature. This is
attributed to the structural difference in the liquidlike
interfacial layers between micelles A and B. More
extensive interaction of the liquidlike interface of mi-
celles A, primarily in the amide linkages, with PEG
grafts resulted in more hydration. Both the higher
extents of hydration and interaction with PEG of the
liquid like interface of micelles A enhanced the inter-
molecular dipole—dipole relaxation and the magneto-
gyric ratio of the proton and thus shortened its 7.3
However, the structural distance between the methyl
group and the amide linkage allows only a slight
difference in T for the methyl protons between micelles
A and B. The T; temperature curve for the methyl
protons of PNIPAAm grafts was also affected insignifi-
cantly by the micelle formation due to the higher
rotational energy.

Owing to the different chemical environments of PEG
grafts, two feature signals of the ethylene protons were
observed, as shown in the inset of Figure 5. The upfield
signal was identical in the chemical shift to that of the
ethylene protons of free mPEG in D2O and assigned to
the fully mobile PEG grafts locating outside of the
micelle structure. Primarily because of the inductive
effect of the surroundings full of the negatively charged
PAAc main chains, most of the PEG grafts residing
within polymeric micelles appeared downfield shifted
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Figure 8. Variation of the z-average hydrodynamic diameter

(Dy) of copolymer A with the concentrations of (M) 10.0, (®)

20.0, and (a) 30.0 mg/mL in aqueous solutions with temper-
ature in the absence of agitation.

by deshielding their protons in the applied magnetic
field. As expected, these characteristic double signals
disappeared at pH 3.0, where the AAc residues re-
mained mostly in the uncharged state. The T values
of the upfield mPEG signals for micelles A and B at
different temperature were thus essentially identical,
as shown in Figure 7B. Little effect of the micelle
formation on 71 was also observed. In contrast, signifi-
cantly different 7 values for the downfield protons
between micelles A and B were obtained. In micelles
A, the PEG grafts within micelles interacted more
extensively with PNIPAAm grafts in the liquidlike
interface, and therefore, 77 was shortened due to the
much more restricted mobility.

As aforementioned, changes in the core structure and
particle size of polymeric micelles with increasing
temperature were virtually controlled by the concentra-
tion of PNIPAAm grafts. The effect of the PNIPAAmM
concentration on particle size is demonstrated by chang-
ing the graft copolymer concentration, as shown in
Figure 8. The results indicate that aggregates with large
size formed with more extensive PEG bridging by
increasing the PNIPAAm concentration in the range
32—35 °C. It is also interesting to note that the sizes of
micelles A at 30 mg/mL were approximately the same
as those of micelles B at 10 mg/mL in the range from
35 to 60 °C (by comparing Figures 3 and 8). Although
the PNIPAAm concentration was 2.2 times lower than
that of copolymer A at 30 mg/mL, copolymer B (10 mg/
mL) undoubtedly exhibited a more effective local con-
centration of PNIPAAm in the core formation. Notably,
the results of the detectable PNIPAAm fractions in
Figure 6 were in good agreement with the particle size
data. Micelles A at 30 mg/mL showed similar core
structures, i.e., the similar ratios of the solid/liquidlike
hydrophobic regions, to micelles B at 10 mg/mL. This
confirms our hypothesis that the particle size of this
colloidal system above the CATs (Figures 3 and 8) was
primarily determined by the response of the core
structure to the temperature increase via the enhanced
hydrophobic effect on partially breaking the PEG con-
nections and fracturing the polymeric aggregates.

It is noteworthy that the entire micelle structure can
be additionally influenced by the interaction of poly-
meric micelles with water molecules while the dehydra-
tion of the hydrophobic cores continues to proceed with
increasing temperature. The interaction of the copoly-
mer with water molecules was studied in terms of
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changes in the volume (or density) of the graft copoly-
mers in aqueous solution with temperature.?* For
comparison purposes, the dependence of the apparent
densities of mPEG and PNIPAAm in water on temper-
ature was also evaluated. The results (data not shown
here) indicates that the apparent density of mPEG in
aqueous solution decreased linearly with increasing
temperature in the entire range investigated (coefficient
of determination R = 0.9999). The decrease in the
density of mPEG was obviously due to the increased
partial volume as a result of the thermal expansion and
alteration in its interaction with water. Similarly, the
linear dependence of the apparent densities on temper-
ature (R = 0.9990) was obtained for PNIPAAm and the
graft copolymers in the range 20—28 °C. However,
because of the phase transition of the copolymers and
continual dehydration of the hydrophobic cores in mi-
celles, the increased deviation of density from the linear
relationship with temperature occurred. Since the de-
gree of the deviation (0) represents a quantitative
measure of the variation in the interaction between
polymeric micelles and water molecules with respect to
their presumable interaction in the absence of the
polymer phase transition, an interaction function, f{0),
that becomes unity at low temperature (20—28 °C) can
be defined as follows:

6) = po(TVp(T) 3)

where pn(7T) is the polymer density measured by den-
simeter and py(T) the theoretical density obtained from
the extrapolation of the linear relationship in the
absence of the phase transition. Notably, because of the
existence of the linear relationship as aforementioned,
the deviation of the volume of the polymer aqueous
solution from the volume additivity assumption was
mostly self-corrected in obtaining the interaction pa-
rameter from eq 3.

The temperature dependence of f{0) of mPEG and
PNIPAAm homopolymers and of copolymers A and B
with various concentrations is shown in parts A and B
of Figure 9, respectively. As expected, this interaction
parameter between mPEG and water molecules kept
independent of temperature at 1.0, owing to the absence
of the phase transition in the temperature range
employed. In agreement with the TH NMR data, the
interaction of PNIPAAm and its graft copolymers with
water molecules reached a maximum just prior to the
phase transition temperatures. Since the difference in
fl0) signifies the different interactions of polymeric
micelles with water molecules, Figure 9B remarkably
demonstrates only a slight effect of the polymer con-
centration (10—30 mg/mL) on the interaction of micelles
with water molecules. Owing to the concomitant in-
creased concentrations of the PAAc main chains and
mPEG grafts with increasing the polymer concentration,
the interaction of hydrophilic polymeric segments with
water molecules inevitably increased, thereby leading
to a balanced contribution against the increased dehy-
dration of hydrophobic cores. On the other hand,
because of the difference in the concentrations of polar
and hydrophilic polymeric segments, significant differ-
ences in the interaction of macromolecules with water
molecules were observed between micelles B of 10 mg/
mL and A of 30 mg/mL even though the hydrophobic
core structures of these two colloidal systems were quite
similar (Figure 6). Therefore, these results strongly
support our hypothesis that the particle size is virtually
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Figure 9. Temperature dependence of the function of devia-
tion in the interaction of macromolecules with water molecules
of (A) PNIPAAm and mPEG homopolymers and (B) copolymers
A and B with different concentrations in aqueous solutions.
The PNIPAAm concentration of copolymer A at 30.0 mg/mL
is equal to that of copolymer B at 21.6 mg/mL.

governed by the structure of the hydrophobic core
regions of micelles via the fragmentation process, ir-
respective of the concentrations of polar and hydrophilic
polymeric segments and their interactions with water
molecules.

Conclusion

In this study, graft copolymers comprising monomeric
units of AAc as the backbone and PNIPAAm and mPEG,
as the grafts were prepared by partial aminolysis of
PNAS with aminated semitelechelic PNIPAAm and
mPEG, followed by thorough hydrolysis of the remain-
ing NAS residues to AAc units. The supramolecular
structure of the graft copolymers in the aqueous phase
above the CATs was characterized. Large polymeric
aggregates (Dy > 600 nm) were observed in the tem-
perature range in which phase separation occurred due
to the formation of the multicore structure within
polymeric aggregates and the extensive interaction of
PEG grafts with PNIPAAm grafts present in the
hydrophobic liquidlike interfacial regions. However, this
interaction decreased with further thermal dehydration
and solidification of the liquidlike PNIPAAm interface,
thereby leading to fragmentation of polymeric ag-
gregates into smaller particles with the more distinct
core/shell structure. The varied proton spin—lattice
relaxation time (7) of the mPEG grafts within micelles
with the PNIPAAm concentration also confirms the
strong dependence of the interaction between PEG and
PNIPAAAm grafts on the structure (i.e., the ratio of the
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solid/liquidlike regions) of the hydrophobic cores. There-
fore, the particle size was primarily controlled by the
structural response of the hydrophobic regions to changes
in the PNTPAAm concentration and temperature through
the breakage of the PEG connections among the core
regions within micelles, irrespective of the interactions
of the polar and hydrophilic polymeric segments with
water molecules.
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