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ABSTRACT: Thermo- and pH-responsive micellization of HEGPNIPAAM&PAA) (CNiPAa) was studied.

This binary graft copolymer CNipAa was synthesized via successive radical polymerizahbisabropylacry-

lamide (NiPAAmM) and acrylic acid (AA) from hydroxyethyl cellulose (HEC) as the backbone. The copolymers
are able to self-assembly into a trinity of micelles of different structures by combined pH and temperature
stimuli: (1) at 30°C and a low pH range<(4.6), forming the micelles with a core of PAA/PNiIPAAmM due to
hydrogen-bonding interaction between the two grafts; (2) in basic solution and at a temperature above the LCST
of PNipAAm, hydrophobic aggregation of PNiPAAm grafts leading to PNiPAAm-core micelles with a compound
shell of PAA/HEC; (3) forming a three-layer micellar structure due to the further response of the PNipAAm-core
micelles to pH change. These three forms of micelles were examined by TEM, AFM, and DLS/SLS, and the
corresponding forming mechanisms were clarified. As far as we know, it is the first report on so diverse
micellization behavior of graft copolymers.

Introduction zation of diblock copolymer composed of PAA and PNipAAm,
which are pH and temperature sensitive, respectively. However,
the copolymers would precipitate in water upon concurrent pH
and temperature stimuli because PAA and PNipAAm being a
complementary pair form an insoluble complex. In fact, almost
d all the AB diblock copolymers mentioned above show similar
properties, namely, the micelles formed due to one stimulus
would become unstable and precipitate when they undergo the
other stimulus.

The stability of micelles to the combined stimuli can be
achieved if one uses the triblock copolymer ABC. For example,
owing to the hydrophilicity of block PEG, the block copolymer
(PEGbH-P4VPH-PNiPAAmM)L is capable of giving three forms
of micelles at different conditions due to the thermosensitivity
of PNipAAm and pH sensitivity of P4VP. The resultant micelles
maintain stability when the combined stimuli of pH and
temperature are utilized. In addition, ABC triblock copolymer

. s containing a cross-linkable middle block was found to be able
was added. The second example is poly[propylene ofiide to fabricate two forms of “SCK” (shell cross-linked knedel like)

. . 3 )
(diethylamino)ethyl methacrylate] [PPPDEA]” in which micelles at high concentratidd. In addition, if there are

PPO and PDEA are sensitive to temperature and pH, r(_:‘Sp(_:‘c-interblock interactions, such as hydrogen bonding and electro-
tively. This copolymer existed as unimers at pH 6 an8Cs ’ yarog 9

and el assemble nto PDEA-coe miclles at o 8 ar s S31¢ 10 the itloek oogumer may setassemiy
as well as PPO-core micelles at pH 6 and " Later on, PDEA—-PSEMA hgs interblock hydrogen .bonds orel%ct'rostatic
various dual sensitive copolymers were reported, such as poly- ydrog

(4-vinylbenzoic acid) (PVBA)-containing block copolymers of interactions when environmental condition changes. As a result,
[PVBA-b-PDEA} and [PVBAD-PMEMA,? poly(methacrylic “trinity” micelles can be observed simply by adjusting the pH

. L : 6 and temperature of the solutioks.
acid) (PDMA)-containing copolymers of [PDMA-PMAA] 0 ted that araft | HEGILPAA self
and [PDEAb-PMAA],” and poly(succinyl ethyl methacrylate- ur group reported that grat copolymer geaft- set-
b-DEA) [PSEMA-b-PDEA] 2 Obviously, for these systems, the a_lss_embles into pH-induced m|celles in water, and after cross-
majority of the blocks are not biodegradable, and no interactions, linking PAA, the resultant micelles undergo a pH-dependent

such as hydrogen bonding and electrostatic force, exist betvveenELar:St'Eon t|)_|et(;/veen gmcf[e”hes dand hoItIJow d;pheltt)‘df.was f%ﬁ q
the unlike blocks. Recently, Mier et al?1° reported micelli- at the pri-dependent nydrogen bonding between an
HEC is responsible for the micellization and the morphology
transition. In this paper, we study a new binary graft copolymer,
* To whom the correspondence should be addressed. E-mail: mjiang@ HEC-graft-PNipAAM&PAA (CNipAa), which is composed of
fudan.edu.cn. . . ’ .
t Fudan University. biodegradable material (HEC) as the backbone and a pair of
* University of Science and Technology of China. complementary sensitive polymers, PAA and PNipAAm, as the

Multiple stimuli-responsive (co)polymers soluble in water
have attracted growing attention due to their diverse self-
assembly behavior in response to multiple stimuli, such as pH,
temperature, salt, efc1® Based on the manifold sensitivities,
polymeric micelles with different structures can be obtaine
simply by changing environmental conditions; thus, it becomes
possible to tailor micelles with desirable morphologies and
properties for different potential applications from the same
precursory copolymers. Up to now, dozens of such smart
polymeric systems have been reported with dual sensitivities,
unexceptionally from block copolymers.

The first report in this field is dealt with poly[2-(diethylami-
no)ethyl methacrylaté-2-(N-morpholino)ethyl methacrylate]
[PDEA-b-PMEMA]12 by Armes in 1998. The block copolymer
was dissolved molecularly in water at pH 4 and formed PDEA-
core micelles at pH-#8 and PMEMA-core micelles when salt
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Table 1. Characteristic Data of HEC, CNip, and CNipAa Graft Copolymers

av graft points of PNipAAm/

length of PNipAAM/PAA

samples NiPAAM/AGU/AA (mol %) My, x 1074b PAA per HEC backbone grafts,Mzn x 1074¢ [Dh2 N
HEC 0/100/0 11.9 0/0 40.4
CNip 74.6/25.4/0 24.6 15.6/0 0.81/0 56.4
CNipAa 54.4/18.4/27.2 33.8 15.6/5.6 0.81/1.63 68.0

aThe molar ratio oiN-isopropylacrylamide and acrylic acid units to AGU (anhydroglucose) was determined by elementary analysisOi@aned by
SLS in neutral water (Figure S10)n#dic for HEC, CNip, and CNipAa is 0.135, 0.161, and 0.141, respectiVaBalculated from viscosity measurements.

dMeasured by DLS at the same condition as for SLS.

two grafts. This graft copolymer can molecularly dissolve in
water and self-assemble into three forms of micelles by tuning
pH and temperature based on the thermosensitivity of PNipAAm,
the pH sensitivity of PAA, and the interpolymer hydrogen
bonding in low pH region. More interestingly, the micelles are
very stable to the combined changes of pH and temperature
over a wide range, which is rarely reported in the literature. As
far as we know, it is the first dual pH- and temperature-sensitive
system based on non-block copolymers, which have many

advantages in synthesis: surfactant-free, nontoxicity, and organic

reagent-free. It is worthy noting that the materials used here
including HEC, PNiIiPAAm, and PAA are environmental-friendly
polymers and have already been used in biorelated researche
for many years; thus, the resultant micelles have great potential
in applications.

Experimental Section

Polymer Synthesis and CharacterizationBinary graft copoly-
mers HEGg-PNipAAmM-PAA (CNipAa) were synthesized through
successive cerium(lV)-initiated free-radical copolymerization of
N-isopropylacrylamide (NiPAAm) and acrylic acid (AA), from HEC
backbone. HEC used with high solubility in water was a product
of hydroethylation of commercial HEC (Supporting Information).
The resultant copolymers CNip and CNipAa were fully character-
ized by 'H NMR, FT-IR, and elementary analysis (EA). The
hydrodynamic diameters and average molecular weights of HEC,
CNip, and CNipAa were measured by dynamic and static light
scattering (DLS and SLS), respectively (Table 1). In order to know
the average graft length and graft density (the number of grafts
per HEC backbone), the backbone of CNipAa copolymer was fully
biodegraded with cellulase, and then the PNiPAAmM and PAA grafts
were recovered for viscosity measurements. From the composition,
total molecular weight of the copolymers, and the molecular weights
of the grafts, the graft densities are calculated. As either the
copolymers or the grafts are of broad polydispersity, the calculated
average graft densities are only an approximate estimation (Table
1). The details of the synthesis and characterization of the
copolymers can be found in the Supporting Information.

Micellar Characterization. Laser Light Scattering®?*Malvern
Autosizer 4700 and ALV/SP-125 laser light scattering (LLS)
spectrometers were used. LLS measurements were performed at
scattering angle range from L& 15C. DLS were performed at a
scattering angle of 90 except the cases faRyI[R,Ocalculation
where the measurement angle covers a range fréntol®0°. The
(DpOand polydispersity index (PD2/T?) were obtained by a
cumulant analysis. Both DLS and SLS measurements for the
micellar solutions were performed at a concentration of 1 mg/mL
giving apparent values (Supporting Information).

Turbidity MeasuremenfThe light transmittance of the micellar
solutions was monitored as a function of pH or temperature at a
fixed wavelength of 500 nm by means of a Perkin-Elmer Lamda
35 UV/vis spectrophotometer, equipped with a circulating water
bath. The aqueous polymer concentration of 1.0 mg/mL was used.
For the cases of temperature-varying process, the operation wa:
conducted with a programmed temperature increasing from 25 to
55°C and from 30 to 40C; the increasing rate was°C/30 min.

Transmission Electron Microscopy (TEMJEM observations
were performed on a Philips CM 120 electron microscope at an
accelerating voltage of 80 kV. A small drop from the micellar
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Bigure 1. yCandly/l of CNipAa copolymers as a function of pH at
30 °C. The concentration was 1 mg/mL. and |, are the scattering
intensity at the given pH values and pH 12, respectively.

solutions kept at a given temperature was deposited onto preheated
carbon-coated coppers EM grid and then dried at the same
temperature.

Atom Force Microscopy (AFM)AFM observations were con-
ducted with a Nanoscope microscope; the sample preparation was
similar to that for TEM, but new cleaved mica was used as substrate.

Fluorescence probing steady-state fluorescence spegtnge
recorded on a Perkin-Elmer LS50B luminescence spectrometer
equipped with a circulating water bath for controlling temperature.
The aqueous polymer concentration of 1.0 mg/mL was used. All
the measurements were conducted with either various pH values
at 30 °C or a programmed temperature as that for the turbidity
measurements. Pyrene, from acetone stock solutien1D-> M,
was used as a micropolarity-sensitive probe in a final concentration
2 x 1077 M. The excitation wavelength was 334 nm. The change
in the intensity ratiol(/Is) of the first (1) and the third i) vibronic
band, at 373 and 384 nm, respectively, in emission spectra was
measured.

Results and Discussion

pH-Induced Micellization of CNipAa Copolymer. Graft
copolymers CNipAa comprising natural material HEC as the
backbone and a pair of complementary polymers, PNipAAm
and PAA, as the grafts can dissolve molecularly in basic water

@nd aggregate spontaneously upon appropriate pH changes. This

course was monitored by DLS, and the results of the hydrody-
namic diametefDyand the ratid/lo of the CNipAa copolymer
solutions as a function of pH are shown in Figure 1. It is clear
that bothDyCandl4/Io were low and remain invariant in a wide
pH range of 12.6-5.0, indicating that CNipAa copolymers exist
as unimers in water. However, when pH decreases to 4.6, both
I/l and DyCjump sharplyli/lp increases by about a factor of
80, andDyrises to about 185 nm when pH decreased to 3.
Obviously, CNiPAa copolymers experience a unimaggregate
transition caused by pH changes. In addition, the transition was
found to be reversible; namely, the aggregates can dissociate
Into unimers when the solution pH tuned back to above 5.
This aggregation behavior of CNipAa resembles that of HEC-
graft-PAA reported previously? For the latter case, we
demonstrated that it is not the conformational changes of poly-
(acrylic acid) (PAA) but interpolymer complexation between
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pH decrease
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Figure 2. A proposed scheme of the formation of pH-induced micelles
of CNipAa copolymers in water.
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Figure 3. 'H NMR spectra of CNipAa copolymer solution with
differing pH values: (a) pH 12.3, (b) pH 4.3, and (c) pH 1.3.

PAA and HEC that is responsible for the micellization as pH

decreases. Specifically, when pH decreases to about 3, most

acrylic acid groups become protonated so that they form & sl

{he formation of the micales, However, we notced hat in he. FISUrS 4 TEM (@) and AFM (5 mages for the p-caused micels
. : ’ . from CNipAa copolymers at pH 1.3 and 3C.

present case of CNipAa copolymer the aggregation starts at a

much higher pH value of 4.6, where the complexation between

PAA and HEC is not possible.

In fact, there are two pairs of complementary polymers in 100 15C N
the present copolymer, i.e., HEC/PAA and PNipAAM/PAA, < AL‘/ .ﬂ‘/
possible to form interpolymer complexes due to hydrogen = ./,./
bonding as the solution pH decreases. It was reported that 2 901 25"0./",'
PNipAAmM shows a stronger complexation interaction with PAA é’ o
than with HEC, as justified by their critical complexation pH 2 20°C 2
values, i.e., at 4.68- 0.02 for the former and 2.8& 0.02 for 2 804 _4{‘.

the latter?223 The turning pH point for the aggregation of , , , , , ,
CNipAa, we observed, is almost the same as the critical pH 6 2 4 6 8 10 12
value of the interpolymer complexation between PAA and PH
PNipAAm. Therefore, we believe that the interpolymer com- Figure 5. Dependence of turbidity of CNipAa copolymer aqueous
plexation of these two grafts is responsible for the aggregation: solutions on pH at different temperatures.
as pH decreases to 4.6, PAA and PNipAAm chains form an solution, causing an evident change in the photophysical
interpolymer complex, losing their solubility and then forming characters, such as the decrease in the rdtig?*2” Therefore,
the insoluble core, while HEC backbones keep soluble and in the present system, pyrene was used to monitor the micel-
surround the core forming the shell. In short, decreasing pH to lization of CNipAa. With decreasing pH, fluorescence intensity
4.6 causes the micellization of CNipAa. In addition, the molar ratios (1/13) of pyrene experienced an abrupt change from above
content of AA in the copolymer is only about a half of NipAAm, 1.8 to about 1.5 at the point of 4.6 (Figure S6), which is in
so after the micellization there are almost no free PAA chain good agreement with the critical aggregation pH determined
segments left for its further complexation with HEC. The process by DLS.
of pH-induced micellization of graft copolymer CNipAa can The morphology of the pH-induced micelles was examined
be illustrated by the scheme shown in Figure 2. by transmission electron microscopy (TEM), atomic force
This mechanism was supported B NMR analysis of microscopy (AFM), and dynamic/static light scattering (DLS/
CNipAa copolymer in RO. As shown in Figure 3, both the  SLS). As shown in Figure 4a,b, solid spherical aggregates with
characteristic signals of PNiPAAm grafts (at about 1.1, 3.8, and diameters in the range of 4130 nm were observed by both
1.5-2.0 ppm) and PAA grafts (at 1-32.0 ppm) undergo TEM and AFM. AFM analysis shows that the heights of the
weakening at pH 4.6 and almost completely disappear at pH particles are around 265 nm, apparently less than but
1.3, while the character signals of HEC do not change over the comparable to their diameter, which indicates that these micelles
whole pH range. These results clearly demonstrate that PNiPAAmare basically robust and only mildly collapse on the substrate
chains form compact complexes with PAA, while HEC remains during drying. Moreover, the DLS/SLS measurements also agree
solvated. with the conclusion of solid spherical structure of these micelles
As pyrene has much lower solubility in water (about10  because the micelldRy[[R,Cratio is found to be around 0.73
mol/L) than in hydrocarbons (0.075 mol/L), it transfers into ((R,[091.58 nm,[Ry[166.4 nm; Figure S11), very close to the
hydrophobic domains once such a region forms in aqueoustheoretic value (0.774) of solid spherfég8 In addition, the
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Figure 6. Photos of pH-induced micelles (pH 1.3) from CNipAa copolymer: (a) prepared and stored at@5(b) prepared at 15C and stored
at 45°C; (c) prepared and stored at 30; (d) prepared at 30C and stored at 48C.
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Figure 7. Turbidity changes of CNiPAa and CNip copolymer solutions

with increasing temperature at different pH values. Figure 9. [DyOand l4/lo of CNipAa copolymers as a function of

temperature in agueous solution at pH 12.

chains may result in complexation with PAA occurring at a
higher pH value. Similar phenomena were also observed in
PNipAAM/PMAA complexation systems by TenPd.

The temperature at which pH-dependent micellization of
CNipAa coplymer took place was also found to influence the
stability of the micelles significantly. As shown in Figure 6a,b,

a the stable micelles prepared at pH 1.3 and °T5 quickly

b precipitated in a few minutes when the temperature was elevated
. : : . to 45°C. However, the micelles obtained at 30 kept stable
4 3 ppm2 1 for dozens of days no matter they were stored at 30 ofCGl5

Fiqure 8. 'H NMR spectra of CNibAa copolvmer at pH 12: (a) 25 (seen as Figure 6¢,d). This difference causeql by temperature is
angd (b) 40°C. P P poly P @ understandable. For the case of A5, the PNIPAAmM chains

are so hydrophilic that they have a weaker inclination to form

weight-average molar mas4,, and the mass density of these impact complexes with PAA even in a strong acid medium;
micelles are found to be 1.52 107 g/mol (Figure S11, with ~ thus, many PNipAAm chain segments remain “free” in the
apparent aggregation numby,, 42.9) and 7.84 10-3 g/mL, resultant micelles. Therefore, when temperature is elevated
respectively. We noticed that thB,Cof the micelles in solution ~ above LCST, these free segments undergo a thermoinduced

measured by DLS (about 185 nm) is apparently larger than thosePhase transition and thus promote the aggregation between
observed in TEM and AFM since the micelles are swollen in Micelles. However, for the case of 30, most PNipAAm chains

water, while TEM or AFM observations are for the dried Ccombine with PAA in the micellar core, and there are almost
particles. no free PNipAAm chain segments on the surface of the micelles
Solution temperature was found to play a significant role in responding to further temperature stimuli; thus, no macropre-
the pH-induced micellization. Staikos et?&f3! investigated cipitation takes place for the micelles even when the temperature
the effect of temperature on the complexation of homopolymers iS elevated to above LCST.
of PNipAAm and PAA and concluded that PNiPAAm at a  Temperature-Induced Micellization of CNipAa Copoly-
higher temperature can form more compact complexes with mers. We found that both CNipAa and its precursor copolymer
PAA. Figure 5 shows the light transmission of CNipAa graft CNip undergo remarkable thermoinduced micellization in water,
copolymer solution as a function of solution pH at 15, 25, and just as various PNiPAAm-containing block (graft) copolymers
30°C. In all the cases, the transmission keeps unvaried over ado3*-3" However, differing from those of the PNipAAm-
wide pH range and then suddenly drops down when pH containing copolymers, the thermoinduced micelles of CNipAa
decreases to a certain critical value depending on the solutionhave a complex PAA/HEC shell instead of single component
temperature. As shown in Figure 5, the critical pH value for one. Interestingly, such a complex shell was found capable of
the complexation is about 4.6, 4.4, and 3.5 for 30, 25, and responding to a pH change, leading to a further structural change
15 °C, respectively. As we know, PNiPAAm chains present oOf the micelles.
different hydrophilicity depending on temperature. Even inthe  As shown by Figure 7, both CNipAa and CNip copolymer
temperature range below LCST, increasing temperature still solutions turn opaque but not precipitate when the temperature
favors the conformation of PNipAAm chains with a higher increases to above LCST, which is approximately at@5or
hydrophobicity although they remain soluble. Such PNiPAAmM CNipAa and 34°C for CNip. In this process, PNiPAAm grafts
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Figure 10. TEM (a) and AFM (b) images for thermoinduced micelles of CNipAa micelles at pH 12 ah@ 46d the TEM image (c) of corresponding
micelles of CNip.

Table 2. Characterization Data of Micelles from CNip and CNipAa Copolymers

polydispersity mass density of
samples [RyZnm index (PDI) My x 1077 RO RyUR,O micelles (1643 g/mL)
thermo-induced micelles of CNip 150.7 0.187 1.44 94.1 0.62 1.67
pH-induced micelles of CNipAa 91.58 0.108 1.52 66.4 0.73 7.84
thermo-induced micelles of CNipAa 124.6 0.116 0.31 87.9 0.71 0.64

aMicelles from CNip solution at 48C. ® Micelles from CNipAa solution at pH 1.3 and 3C. ¢ Micelles from CNipAa solution at pH 12 and 4&.

obviously phase-separate from the aqueous solution, leadingto The shape and size of the thermoinduced micelles were
micelles with hydrophobic PNiPAAm chains forming the core studied via TEM and AFM observations. As shown by Figure
and the chains of HEC and PAA forming the compound shell. 10a,b, these micelles are of spherical shape with diameters

In addition, the solution of CNip copolymer is more turbid than

ranging from 30 to 65 nm. AFM height analysis shows that the

that of the CNipAa as temperature is elevated to above the heights of the micelles are in the range of-ZD nm, nearly

LCST. Such an apparent discrimination clearly shows the
significant role of PAA chains in the micellization of CNipAa;
i.e., as PAA grafts are of high hydrophilicity at pH-12, they
offer a greater hindrance to the aggregation of PNipAAm grafts.
As a result, CNipAa forms much smaller micelles than CNip,
which was demonstrated by DLS measurements. It is worthy
noting that here the LCST of CNipAa copolymer is basically
irrespective of pH value of the solution in the measured range
of pH 7—12.

This micellization mechanism was confirmed Hy NMR
analysis of CNipAa copolymers inJ®. Comparing the spectra
obtained at 25 and 4TC (Figure 8), it is obvious that the feature
signals of PNiPAAm (at about 1.1, 3.8, and &0 ppm) are

largely screened due to the phase transition of PNiPAAm grafts

above its LCST. This observation effectively supports the
speculation that the core of micelles is formed by PNipAAmM

grafts rather than others. Besides, pyrene probe measuremen

also justify this opinion (Figure S7)4/lz of pyrene sharply
decreases from 1.81 to 1.56 with a turning pointé5 °C,
which is consistent with the cloud point of CNipAa copolymer

one-third of the diameter of micelles, implying moderate
collapse of the micelles on mica substrate. However, to our
surprise, in the TEM images of the thermoinduced micelles at
appearance have central cavities. This “hollow structure”
obviously conflicts with the assumptive cershell structure

of the micelles. Hence, a combination of DLS/SLS was used
to measure th&R R, ratio of the micelles, which was useful
to clarify the discrepancy. TheRyI[R,[was found to be about
0.71 (Ry187.9 nm, Table 2 and Figure S11), very close to the
theoretic value 0.774 of the standard solid sphere. So we tend
to think of the micelles in solution as solid spheté& The
apparent cavitary images in TEM, in our opinion, were probably
caused during drying of the micelles: the surface of the micelle
dried quicker than the interior owing to uneven evaporation of
water, and then the polymer chains in the core were likely to

tghrink toward the predried surface causing the cavity. If this

argument is correct, similar cavitary structure is expected for
the thermoinduced micelles of copolymer CNip having PNipAAm
grafts alone. As seen in Figure 10c, we indeed observed hollow

measured by turbidity. As both PAA chains and HEC backbones SPherical morphology. Meanwhile, these micelles in solution
are hydrophilic over the measured temperature range, they dohave aRgl/[R,[10.62 (Table 2 and Figure S11), implying solid

not contribute to the core formation. PNipAAm grafts, in this
process, are expected to undergo a-egibbule transition above
its LCST and form hydrophobic microdomains as the micellar
core.lt is worthy noting thalty/I3(1.56) measured here is higher
than that in the conventional micelles of surfactants, signifying
that the micellar core composed of PNipAAm grafts possibly
is highly hydrated and has a lower mass density.

Figure 9 showsDpand the relative scattering intensltylo
of CNipAa copolymer solutions at pH 12 with increasing
temperature. A dramatic increase of balbyOand I/l took
place over a narrow range of 386 °C, indicating the formation
of the thermoinduced micelles. Afterward,[keeps constant
at about 250 nm but/l continuously augments, indicating that

spherical particles too. It is worthy noting that the size about
250 nm of the micelles from CNipAa measured by DLSis4
times larger than that observed by TEM, which indicates a huge
deswelling during the drying process of the micellar samples.
This is probably attributed to the fact that part of the hydrophilic
chains (such as HEC) covalently bonded to PNiPAAmM grafts
were likely wrapped into the core leading to a highly hydrated
core with a lower mass density. This speculation was supported
by an additional DLS/SLS measurement; i.e., the mass density
of the thermoinduced CNipAa micelles (0.641073 g/mL) is
much lower than that of pH-caused micelles (7.841073
g/mL). The related measurement results of various micelles from
CNipAa and its precursor CNip via DLS/SLS are summarized

the micelles become more compact with temperature increasein Table 2.
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Figure 11. A proposed scheme of the formation of temperature-induced micellization from CNipAa-1 copolymer at pH 12.
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Figure 12. Three-dimensional profile of the dependencesJof
CNipAa on temperature over the wide pH range from 1.3 to 12. First,
a series of CNipAa solutions with given pH values were prepared at
30°C, followed by increasing temperature from 30 to°45 [Dy[was
measured after the micelles were kept¥d at thedesired temperature.

pH decrease
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Figure 13. A proposed scheme of the acidification process of
thermoinduced micelles from CNipAa copolymer at pH 12 and@5
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Figure 14. TEM (a) and AFM (b) images of acidified thermoinduced
micelles of CNipAa copolymers at pH 1.3 and 26.

the thermal stimulus on the pH-induced micelles. The pH-

Based on all the results discussed above, the thermoinducednduced micelles show different response to increasing temper-

micellization of CNipAa copolymer can be illustrated by the
scheme shown in Figure 11.

Further Response of pH-Induced and Temperature-
Induced Micelles. As shown in Figure 12, a three-dimension
profile was drawn to give an overview of the dependences of
(Dy0of CNipAa copolymer solutions on temperature over the
whole pH range. For constructing this figur@,was first
measured for a series of CNipAa copolymer solutions with given
pH values prepared at 3, and then these solutions were
monitored to acquire theifDyvariations with increasing
temperature from 30 to 4%C. The black points in the brim of
Figure 12 shows the pH-induced micellization of CNipAa at
30 °C, while the yellow points refer to the thermoinduced
micellization at pH 12; both have been discussed in details

ature from 30 to 45°C depending on pH. For the micelles
formed at pH 3.6-4.6, a substantial increaselidy[from about
120 to 160 nm was found with increasing temperature, while
(DnOremained unvaried upon pH 3.0. Typical examples of
the two cases (pH 1.3 and 1.6) can be seen in Figure S8. In our
opinion, the complexation of PAA and PNipAAm is insufficient
at pH 4.6 so that a part of PNipAAm chain segments keep “free”
in solution, which may further respond to increasing temperature
and cause an increasel®,[]However, for the solutions below
pH 3.0, most PNipAAm chain segments are involved in forming
compact complexes with PAA and stay inside the micelles.
Hence, subsequent increasing temperature hardly influences the
diameter of micelles.

It should be noted that the further responding behavior of

above. Figure 12 also shows that the solutions in the pH rangethe thermoinduced micelles of CNipAa to pH is not shown in

of 4.6—12 display similar thermal sensitivity and undergo abrupt Figure 12. As mentioned above, the thermoinduced micelles in
leaps inDyover a narrow range of 3436 °C, irrespective of basic solution have compound shell of HEC/PAA chains. When
solution pH. From the figure, we observe clearly the effect of the pH of the micellar solution decreases to 1.3 directly, a
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remarkableDJdecrease from 260 to 190 nm was observed (2) Butun, V.; Bilingham, N. C.; Armes, S. P.; et allacromolecules

by DLS. Obviously, this pH decrease would cause protonation 2001 34, 1503-1511.
(3) Liu, S. Y.; Bilingham, N. C.; Armes, S. PAngew. Chem., Int. Ed.

of the PAA chains in the shell, leading to forming complex 2001, 40, 2328-2331.
with the PNipAAm chains and collapse. As a result, anew inner 4y Ljy, s. Y. Armes, S. PAngew. Chem., Int. E®002 41, 1413
shell mainly composed of the complexes of PAA and PNiPAAmM 1417.

is generated. Thus, these acidified thermoinduced micelles are (5) Liu, S. Y.; Armes, S. PLangmuir2003 19, 4432-4438.

expected to have a three-layer structure; i.e., the hydrophobic (6) Gohy, J. F.; Creutz, S.; Garcia, M.; Mahltig, B.; Stamm, M.; Jerome,
PNiIPAAmM chains form the core and the insoluble complexes @ ';a?ﬂg?rgn;ale;wﬁgoi33’,65;?'B W.: Gan, L. tangmuir2003

of PAA/ PNiIPAAM chains form the inner shell, and solvated 19 5175. T TT

HEC chains form the outer shell (Figure 13). Surprisingly, the (8) Bories-Azeau, X.; Armes, S. P.; Van den Haak, H. J.Mécromol-
diameters of these micelles keep unvaried even when temper-  ecules2004 37, 2348.

ature returns from 45 to 3T, below the LCST. Itimplies that ~ ©) §7Ch'7”5'3 6%’;"3;6%“3”9' M. F.; Rizzardo, E.; et dflacromolecule2004

in these acidified thermoinduced micelles the ENipAAm chai_ns, (10) Aﬁdre, X.: Zhaﬁg’ M. F.: Muller, A. H. BVlacromol. Rapid Commun.
to some extent, are “locked” by hydrogen-bonding complexation 2005 26, 558-563.

with PAA chains. Thus, PNipAAm chains are no longer able (11) zhang, W. Q.; Shi, L. Q.; Ma, R. Macromolecule®005 38, 8850~

to perform their globulecoil transition when temperature 8852.
decreases to below the LCST (12) Butun, V.; Top, R. B.; Ufuklar, SMlacromolecule200§ 39, 1216—
: 1225.

The morphology of the acidified thermoinduced micelles was (13) Cai, Y. L.; Armes, S. PMacromolecule2004 37, 7116-7122.
studied by TEM and AFM. As shown by TEM image in Figure  (14) pou, H. J.; Jiang, MAngew. Chem., Int. E®003 42, 1516-1519.
14a, the diameters of the solid spherical particles are in the rangg15) Butun, V.; Billingham, N. C.; Armes, S. Rdacromolecule200Q
of 30—55 nm, in good agreement with that observed by AFM 33, 6378-6387.

(Figure 14b). Meanwhile, the height analysis indicates that the (16) Eluég”v V.; Billingham, N. C.; Armes, S. Polymer200Q 41, 3173~

micellar heights are in the range of 35 nm. (17) Butun, V.; Wang, X. S.; Banez, M. Wlacromolecule200Q 33, 1-3.

c lusi (18) Weaver, J. M.; Arotcarena, M.; Heise, B.; Ishaya, S.; Laschewsky,
onclusions A.; Tenhu, H.Langmuir2002 124, 3787.

CNipAa copolymers are capable of self-assembling into three (19) fzuéugyzlls-gBi”ingham, N. C.; Armes, S. B. Am. Chem. S0d.998
forms of nanosize micellar structures driven by extern_al pH and (20) Yao, X. M. Chen, D. Y.: Jiang, MJ. Phys. Chem. B004 108
temperature changes. In the process, hydrogen-bonding interac-" " 5555 5229’
tion of the.complemer}tary graft§, PNiPAAM and PAA, and (21) zhang, G.; Wu, CJ. Am. Chem. So@00Q 122, 10201.
hydrophobic aggregation of PNIPAAmM play a crucial role. (22) Khutoryanskiy, V. V.; Mun, G. A.; Nurkeeva, Z. Bolym. Int.2004
Because of pH changes, the micelles with PNipAAM/PAA 53, 1382-1387. _ o
complex as the core and solvated HEC as the shell can be(23 g‘oug'éeg";égz_-?zg";”' G. A; Khutoryanskiy, V. Wacromol. Biosci.
obtained below pH 4.6. The C;NipAg copolymer inlsolution with (24) Chu, D. Y.; Thomas, J. KMacromoleculesl987, 20, 2133-2138.
pH > 4.6 can self-assemble into micelles with PNipAAm grafts (25) kalyanasundaram, K.; Thomas, J. X.Am. Chem. Sod977, 99,
as the core and HEC/PAA as the compound shell when the 2039-2044.
temperature is elevated above the LSCT of PNipAAm. These (26) I?:é l\l/Igngifggbg/l.; Wu, CJ. Polym. Sci., Part B: Polym. Phy%997,
hermoin micell n further r n H chan ' :
the .O dyced ce e.s can furt e espo .d to pH cha ge’(27) Kagej, K.; Skerjanc, l.angmuir1999 15, 4251-4258.
resulting in the formation of the micelles with a three-layer

. (28) Wu, C.; Zhou, S. QPhys. Re. Lett. 1996 77, 3053.
structure. All the three forms of micellar structure were (5qy giaikos, G.: Bokias, G.; Karayanni, Rolym. Int.1996 41, 345

investigated by TEM and AFM as well as DLS/SLS. 350.
(30) Staikos, G.; Karayanni, K.; Mylonas, ¥Macromol. Chem. Phy4997,
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