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Abstract: Water-soluble block copolymers were prepared from the nonionic monomer N-isopropylacrylamide
(NIPA) and the zwitterionic monomer 3-[N-(3-methacrylamidopropyl)-N, N-dimethyllJammoniopropane sul-
fonate (SPP) by sequential free radical polymerization via the RAFT process. Such block copolymers with
two hydrophilic blocks exhibit double thermoresponsive behavior in water: the poly-NIPA block shows a
lower critical solution temperature, whereas the poly-SPP block exhibits an upper critical solution
temperature. Appropriate design of the block lengths leads to block copolymers which stay in solution in
the full temperature range between 0 and 100 °C. Both blocks of these polymers dissolve in water at
intermediate temperatures, whereas at high temperatures, the poly-NIPA block forms colloidal hydrophobic
associates that are kept in solution by the poly-SPP block, and at low temperatures, the poly-SPP block
forms colloidal polar aggregates that are kept in solution by the poly-NIPA block. In this way, colloidal
aggregates which switch reversibly can be prepared in water, and without any additive, their “inside” to the
“outside”, and vice versa. The aggregates provide microdomains and surfaces of different character, which
can be controlled by a simple thermal stimulus.

Introduction The particular structure of double-hydrophilic block co-
polymersti~18 ie., of copolymers combining two different

i S R hydrophilic blocks, enables one of the blocks to undergo
typically distinguished, namely amphiphilic block copolymers v sica or chemical transformations in aqueous solution which

and double-hydrophilic block copolymers. Amphiphilic block  rander them insoluble, while the copolymer stays in solution
copolymers are typically composed of a hydrophobic, water- .y yirtye of the hydrophilicity of the other block. Within other
insoluble block that associates in aqueous solution and of apsssible uses, such polymers find increasing interest in ion
hydrophilic block that prevents the aggregates from precipita- sequestering in watéP;16 or in the transfection of cell§:18

tion.! Due to the similarity of such aggregates to micelles made 5, interesting combination of the two types of block
from low molar mass surfactarits? amphiphilic block copoly- ¢0ymers described above is double-hydrophilic block co-
mers are often referred to as "macrosurfactants”. Such MAcro-yolvmers in which one of the hydrophilic blocks is thermo-
surfactants are, for example, discussed for enzyme encapsulationyesponsive, i.e., undergoes a transition from soluble to insoluble

i 0 : . .
or the transport and targeting of drugs in water!4 Typically, most reports on such systems exploit the
wide-spread occurrence of a lower critical solution temperature

Two different types of water-soluble block copolymers are

:SOT respgndi?hg I?‘“‘hocrj- EL'ma”:. andre.laschewsky @iap.fhg.de. (LCST) of nonionic polymers in water. When passing above
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surfactants. Or, applying the thermal stimulus in the other

direction, the aggregates formed by such block copolymers are

dissociated by lowering the temperature below a critical value.

This strategy can be used to trigger the release of encapsulated

materials, e.g. for controlled drug delivel® Alternatively,
though rarely done, the existence of an upper critical solution
temperature (UCST) can be exploited for thermoresponsive
behavior, tog%2

Unfortunately, the synthesis of block copolymers containing
hydrophilic blocks is inherently difficult, because hydrophilic
monomer units typically contain electrophilic and/or nucleophilic
fragments that interfere with most living polymerization meth-
ods. Therefore, amphiphilic block copolym& %4 are more
frequently encountered than double-hydrophilic ones. Most of
the systems reported are made by anionic polymerization
(including group transfer polymerization) using ethylene-
oxide>1%230r monomers with a tertiary amine moiety,2” due
to their chemical inertness under such conditions. Other often
used hydrophilic blocks are made frawert-butylacrylate and
methacrylate, requiring a second reaction step after polymeri-
zation to hydrolyze the hydrophobic ester groups into polar acid
onesh4 71424 Characteristically, the hydrophilicity of tertiary

Scheme 1. Outline of the Synthesis of the Block Copolymers by

the RAFT Method
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tantly, this design leads to a thermally triggered exchange of
the molecular fragments which form the inner core of the

amines and of carboxylic acids depends on the extent of their 2ggregate and those which form the hydrophilic “corona” around

protonation, or deprotonation, respectively, i.e., hydrophilicity
varies strongly with the pH.

Recently, more complex thermoresponsive polymers were
reported having two blocks presenting a LCST each. In this
way, the block copolymers are dissolved in water molecularly,
or in colloidal form, or they are insoluble, depending on the
temperature and the ionic strength or the3*¢Most recently,

a system was reported based on poly(propylene otk
(2-(diethylamino)ethyl methacrylate) (PH&EDEAEM) that
exploits the different pH dependencies of the LCSTs of both
blocks?” Thus, the nature of the micellar core of the aggregates
is determined by the conditions, allowing the inside and outside
block to change by a combined pH and temperature stimulus.

This most interesting approach requires nevertheless the use o

additives that will accumulate after repeated switching and thus
inevitably limit the number of possible switching cycles.

We have now addressed a new type of complex, switchable
block polymers with double thermoresponsivity, using two
blocks of which one presents a LCST whereas the other present
an UCST. Depending on the relative positions of the UCST

and the LCST, such a design can result in polymers which either

are associated at low and at high temperatures, but are insolubl

at intermediate temperatures, or, as studied by us, form colloidal

aggregates at low and at high temperatures, while being

dissolved at intermediate temperatures (cf. Scheme 1). Impor-
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Results and Discussion

(a) Synthesis of the Block PolymersWater-soluble block
copolymers were prepared from the nonionic monoriNer
isopropylacrylamide (NIPA) and the zwitterionic monomeiNB-[
(3-methacrylamidopropylN,N-dimethyllJammoniopropane sul-
fonate (SPP). The homopolymer of NIPA is known to exhibit
a lower critical solution temperature (LCST) in agueous solution
in the range of 3234 °C 282°while the polymer of SPP exhibits
an upper critical solution temperature (UCST). Whereas the
position of the LCST of poly-NIPA depends only a little on
the molar mass when exceeding D28 and becomes virtually
jndependent for molar masses higher thax 30* Da the
UCST of poly-SPP increases markedly with the molar mass.
Block copolymers were prepared by the RAFT (Reversible
Addition Fragmentation chain Transfer) process, a recent method
of “controlled” free radical polymerizatiof. Good control on
molar masses with monomer conversion, on polydispersities,
and on end-group functionalization is achieved in this process
by adding a dithioestéf,3! or related compound®,as chain
transfer agents. Because the RAFT agent terminates the growing
polymer chain by transferring the functional moiety, the
terminated polymer will serve as a macromolecular chain
transfer agent itself, thus leading to degenerative chain transfer.
Moreover, such end group functionalized polymers can be
isolated and employed as a macromolecular chain transfer agent
in a second polymerization reaction, using a different monomer
to obtain block copolymer®.Due to the inertness of the process
to protic solvents such as water, and due to its efficiency even
in diluted monomer solutions, the RAFT process is very
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promising for the synthesis of even complex hydrophilic block
copolymers, as exemplified recen#f3*

A good control of polymerization of the first block is essential
for the synthesis of block copolymers. For the block copolymer
poly(methyl methacrylaté-styrene) for instance, the right
choice of the first block was crucial for its efficient synthesis;
the methacrylate block should be prepared f¢Similarly in
our case, the choice of the first block was essential when
performing the controlled free radical polymerization in the
presence of the simple compound, in particular as the very
simple RAFT agent benzyl dithiobenzoate (BDTB) was em-
ployed. Studies in our laboratory demonstrated that BDTB does
not control the reaction of methacrylic monométsyhereas it
controls the polymerization of acrylates and acrylamides in
agreement with the reports of Rizzardo e#%Therefore, the
poly-NIPA block was synthesized first, and the polymethacryl-

amide block second, as outlined in Scheme 1, although such a

sequence has not been recommended for other RAFT afents.
To minimize the increasing risk of incomplete end group
functionalization with the RAFT moiety of the first bloelas
needed to attach the second bleskith ongoing reaction, the
polymerization of the first block was stopped at the moderate
conversion of 27%. We want to emphasize that our strategy
successfully provided block copolymers, but it implies neither
that blocks with low polydispersities are made nor that the
efficiency of grafting of the second block is close to quantitative.
However, the RAFT approach is experimentally much simpler
to implement than classical living cationic or anionic polym-
erization proceduresand enables the use of functional mono-
mers such as SPP that for multiple reasons are not suited for
these methods.

Capillary viscometry was used to determine the viscosity
average molar mas$/() of the poly-NIPA block by applying
the standard MarkHouwink—Sakurada relation with the
reported parameters &f = 0.1.12 mL/g andx = 0.513738The
measured intrinsic viscosity of poly-NIPA of 12.8 mL/g provides
thus a value oM,, = 10 800 g/mol for the average molar mass.
This value is somewhat lower than the theoretical value of 15300
g/mol, calculated for a (pseudo)living system according to the
relation for the number average molar mags= conversion
x [monomer]/[RAFT agent], assuming a low polydispersity so
thatM, ~ M,,.

Alternatively, we estimated the number average molar mass
by end group analysis, exploiting the-n* absorbance band
of the dithioester RAFT moieties at about 500 nm. Assuming
that the extinction coefficient of the chromophore is identical
for BDTB (determined as 106-mol~-cm™ in ethanol) and
for the polymer, and that the poly-NIPA blocks are fully end
group functionalized, we obtained, = 19 800 g/mol. This
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Figure 1. 'H NMR spectra of poly-SPP in D at 25°C.
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Figure 2. *H NMR spectra of poly-NIPA in RO at 25°C.
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Figure 3. Evolution of 'H NMR chemical shiftd of a solution of block
copolymer CP180 in BD with temperature.

The block copolymers were synthesized in methanol. The
solution became turbid afte2 h of polymerization, but no
precipitate was observed during the whole reaction. The isolation

value is somewhat h|gher than the theoretical one, but neVerthe'and puriﬁcation of the block Copolymers were Complicated_ To

less close to it, suggesting a high degree of end-group func-
tionalization.
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separate the block copolymers from eventual homopolymer
contaminations, the products were repeatedly precipitated from
different solvents. No clean poly-NIPA could be recovered
during the purification steps of the block copolymers, but a small
amount of poly-SPP was recovered. Finally, the block copoly-
mers were separated from residual amounts of monomer SPP
by dialysis. ThéH NMR spectrum of the block copolymer taken

at 25°C superposes the characteristic peaks of poly-SPP (Figure
1) and of poly-NIPA (Figure 2), as shown in Figure 3. In the
spectra, the signal at 3-8.0 ppm is typical for poly-NIPA
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Table 1. Characteristic Data of Block Copolymers CP33 and Table 2. Cloud Points of Aqueous Solutions of Poly-NIPA and
CP180 Poly-SPP and Their Block Copolymers CP33 and CP180
Determined by Turbidimetry during Heating and Cooling Cycles
poly-NIPA block poly-SPP block
monomers monomers upper cloud point (°C) lower cloud paint (°C)
sample units? M (g/mol)® units® M, (g/mol)® sample cooling  heating ~ ODmax  cooling  heating ~ OD max
CP33 95 10800 33 9700 poly-SPP 125 125 0.8
CP180 95 10 800 180 52800 poly-NIPA 29.8 323 23
CP33 8.6 8.6 0.45 315 334 14
a Determined by viscometry before use in copolymerization, assuming CP180 18.4 19.9 11 314 34.3 0.3
no changes during copolymerization and worki@alculated from relative
signal intensities of characteristic peakstih NMR, assuming conditions
as footnotea. 1.6
AA A A A
) 14 f‘* ]
5 EF,FI% 2 mm 12 A
24 - § 14
o _g 08 ’
g 15 [ 5 06 - A
g ' £ 04 N 4
s e 02 & !‘,%';;E%ﬂ"”"'”
® 05 04 “ g o
’ -0.2 ‘ ‘ ‘ ‘ ‘ ‘ T ‘ ‘
0 o o 0 5 10 15 20 25 30 35 40 45 50
05 ‘ : . ‘ , : : temperature (°C)
0 5 10 15 20 25 30 35 40 45 50 Figure 5. Optical density { = 550 nm) of an aqueous solution (1 g/L) of

block copolymers depending on the temperature: (a) polymer CP180,

heatin and coolin ; (b) polymer CP33, heating\) and coolin
Figure 4. Optical density (afl = 550 nm) of an aqueous solution (1 g/L) (A). 90 9 W): (b) poly A g

of homopolymers depending on the temperature: (a) poly-SPP, heading (
and cooling 4); (b) poly-NIPA, heating [0) and cooling W).

temperature (°C)

is transparent (Figure 4). With heating above’82the solution
(signalain Figure 2) corresponding to one proton. This signhal becomes opaque due to the collapse of the poly-NIPA coils and
is well resolved from the broad signal complex at-2336 ppm the slow precipitation of the polymer. The phase transition
that is characteristic for poly-SPP (signals- e+ g+ f +j occurs in a very narrow temperature range, different from the
in Figure 1) and that corresponds to 14 protons. By comparing thermal transition of poly-SPP. The optical density of poly-
the relative intensities of these peaks in the block copolymer NIPA used for the synthesis of block copolymers indicates a
spectrum, the degree of polymerization of the SPP blocks waslower cloud point (i.e. the temperature for the given concentra-
estimated, as listed in Table 1. The estimation assumes that theion below which the solution is clear) of 32°€ by heating
average molar mass of the poly-NIPA blocks incorporated in and of 29.8'C by cooling (Table 2). Similar values and a similar
the copolymer does not differ significantly from the average small hysteresis in the heating and cooling cycles was previously
molar mass of the poly-NIPA block engaged in the copolym- observed in the coil-to-globule transition of individual NIPA
erization. The block copolymers were denoted as CP33 andchains in watef! The effect was explained by the formation of
CP180 according to the estimated degree of polymerization of associative intrachain structures. The demixing temperatures of
the SPP blocks (cf. Table 1). poly-NIPA have been reported to be independent of heating/
(b) Phase Transition Temperatures. Like other poly- cooling rates in a wide range of concentratiéh®
zwitterions, poly-SPP has the ability to exhibit an upper critical  As for the homopolymers, the turbidity of aqueous solutions
solution temperature (UCST) in water that notably increases of 1 g/L of block copolymers CP33 and CP180 was studied in
with the molar mass. This is attributed to the strong mutual the dependence on the temperature (Figure 5). As expected, such
intermolecular attraction of the zwitterionic grouf¥s® By solutions are turbid at low as well as high temperatures, while
cooling a transparent solution of 1 g/L of poly-SPP in water, peing transparent under ambient conditions. But different from
the solution becomes increasingly turbid below a characteristic the behavior of the two parent homopolymers, even extended
temperature (Figure 4), indicating the collapse of the polymer annealing of block copolymer solutions in the temperature
coils. Eventually with waiting, the polymer precipitates out. By ' ranges where they are turbid does not lead to precipitation. This
heating the freshly cooled solution from°€ to 20°C, the means that these solutions are at least metastable, the block
solution becomes increasingly clear again, with the curves of copolymers being soluble in the whole temperature range, even
the optical density overlapping the cooling curve and no notable after collapse of one of the two blocks (cf. Scheme 2).
hysteresis. The upper cloud point, i.e., the temperature for the  Aq tor the homopolymer of SPP, no thermal hysteresis was
given conc.entration above which the solution becomes clear, ypserved at low temperatures for block copolymer CP33, but a
was established at 127 (Table 2). Apparently the range of = g1 thermal hysteresis was observed for CP180 (Table 2).
temperature in which the phase transition occurs is rather broad.-p33 presents a phase transition temperature GiBwhereas
Analogously, at 20C, a solution of 1 g/L of the poly-NIPA  the yajue for CP180 is about 1. These differences are
block used for the synthesis of the block copolymers in water qnqjstent with the general tendency of molar mass dependence

(39) Huglin, M. B.; Radwan, M. APolym. Int.1991, 26, 97—104.
(40) Koberle, P.; Laschewsky, A.; Lomax, T. DMakromol. Chem., Rapid (41) Wu, C.; Wang, XPhys. Re. Lett 1998 80, 4092-4094.
Commun.1991, 12, 427—433. (42) Djokpe E.; Vogt,W.Macromol. Chem. Phy001, 202, 750-757.
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Scheme 2. Simplified Model of the Changing Association of 16
Poly(NIPA-b-SPP) Block Copolymers with Temperature
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of the UCST of poly-SPP. Obviously, the cloud points of these

block copolymers can be tuned via the length of the SPP block. 0 - LI a
The lower cloud point temperatures of the block copolymers, 02 e

due to the collapse of the poly-NIPA block, are listed in Table ] 10 20 30 40 50 60

2 as well. These temperatures are slightly higher than for the temperature(°C)

starting poly-NIPA block, and the phase transitions occur in @ rigyre 6. Relative intensities oH NMR peaks normalized to the intensity
larger temperature range. Obviously, the poly-SPP block only at 25°C at 1.05 (), 1.15 @), 3.15 @), and 3.90 ppm4) for copolymer
slightly affects the thermal behavior of the poly-NIPA block. CP180 in aqueous solution (1 g/L), depending on the temperature.
This behavior differs markedly from the effect of similar - o
zwitterionic monomers incorporated in statistical copolymers the same transition temperature as the onset of turbidity. In
of poly-NIPA, increasing the LCST dramatically already in contrast, the changes of th(_a signals of the poly-SPP block occur
small amount4? But our observations agree well with other More gradually when cooling the solutions below around 21
studies on double-hydrophilic block copolymers containing poly- ~C» @gain in parallel to the gradual onset of turbidity. Figure 6
NIPA, for which only small increases or decreases of the LCST presents the relative intensities of four different characteristic
were reported446 Interestingly, similar small increases of the ~ Proton signals of CP180. The signal at 3.15 ppm belongs to the
collapse temperature for poly-NIPA in water were reported methylamn_wmgm groups |r!the zwrFtenonlc side chains of poly-
recently for adsorbed samples, attributing the delay of the SPP (6Hf in Figure 1), while the signal at 1.05 ppm belongs
collapse to a hindered conformational rearrangement of the t0 the methyl group of its polymer backbone (3of Figure
macromolecules by anchoring poiffsOne may assume a  1)- Typical for the poly-NIPA block is the signal at 3.90 ppm
similar effect due to the covalent attachment of the poly-Spp as discussed above (cf. Figure 2). The signal at 1.15 ppm derives
block. from both blocks, namely from the methyl groups of the
There is another interesting point in the turbidimetric studies. SOPropyl fragment of the poly-NIPA block (6H,in Figure 2)
The curves in Figure 5 show that the block copolymer that @S Well as of the methylene group in the polymer backbone of
presents a high turbidity at low temperatures, namely CP180, POly-SPP (2Hb in Figure 1). This signal may contain also small
gives a low turbidity at high temperatures, and vice versa. Both contributions of the methyl group in the polymer backbone of
copolymers are studied at the same mass concentration, at P0ly-SPP (signa& in Figure 1), as the chemical shift of these
g/L. So, while the length of the poly-NIPA block is the same proto.ns varies markedly for the isotactic, syndiotactic, and
in both block copolymers, the relative content of poly-NIPA js atactic triades?
higher in copolymer CP33 than in CP180. Presumably, solutions Above the LCST, the intensities of the peaks at 1.05 and
of CP180 are less turbid above the lower cloud point because3.15 ppm, both indicative of the poly-SPP block, remain stable,
the longer hydrophilic block can stabilize smaller poly-NIPA and show that the backbone as well as the zwitterionic side
aggregates. Inversely, below the upper cloud point, solutions chains maintain their “normal” mobility and aqueous environ-
of CP33 are less turbid because the higher content of poly- ment. In fact, the spectra of the block copolymers look at 40
NIPA can stabilize smaller poly-SPP aggregates. °C very much like that of homopolymer poly-SPP. In contrast,
Figure 3 presents thi#d NMR spectra of CP180 in water at  the signal at 3.90 ppm that is due to the poly-NIPA block
different temperatures. In the intermediate temperature range drastically decreases in intensity above 32 and finally
i.e., above the UCST and below the LCST, the relative disappears. This loss can be explained by the collapse of the
intensities of the various NMR signals are constant, but beyond Poly-NIPA block, resulting in the formation of a dense
this range, the shape of the spectra varies with the temperaturehydrophobic core and the expulsion of the hydration wéter.
Already qualitatively one can see that the signals characteristic Similarly, the NMR signal at 1.15 ppm that has a strong
for the poly-NIPA block (cf. Figure 2) diminish at high  contribution from the poly-NIPA block drastically decreases in
temperatures, whereas many signals characteristic for the poly-intensity. But different from the signal at 3.90 ppm, it does not
SPP block (cf. Figure 1) diminish at low temperatures (Figure Vanish completely but keeps about 25% of the intensity observed
6). The changes of the signals of the poly-NIPA block happen at 25°C. This is attributed to the contribution of protons of the
rather suddenly upon heating to about°® i.e., basically at  Poly-SPP backbone (cf. Figure 1).
Below the UCST, the intensity of the peak at 3.90 ppm stays
(43) Hann, M.; Genitz, E.; Dautzenberg, AMacromoleculed 998 31, 5616 constant, but the intensities of the signals at 3.15, 1.15, and
(44) Topp, M. D. C.; Dijkstra, P. J.; Talsma, H.; Feijen,Macromolecules 1.05 ppm (Figure 6) decrease. The peak at 1.05 ppm that is
4s) i%%k?%f%l&icw D.: Chytry V.. Ulbrich, K.: Helmstedt, MMacro- indicative of the methyl fragment on the backbone of the poly-
molecules200Q 33, 5318-5320. SPP block disappears completely at@. In contrast, residual
(46) é\lfr?gggi_c%%;lvan Nostrum, C. F.; Hennink, W.NEacromolecule2001,

(47) Larsson, A.; Kuckling, D.; Scmioff, M. Colloids Surf. A2001, 190, 185~ (48) Schilling, F. C.; Bovey, F. A.; Bruch, M. D.; Kozlowski, S. Macro-
192. moleculesl985 18, 1418-1422.
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Figure 7. Evolution of the specific viscosity of an aqueous solution of aphthalene (2-AN) in aqueous solutions, depending on the temperaguyre,
block copolymer CP180 in aqueous solution (5.5 g/L) depending on the = 294 nm: (a) without polymer«); (b) for 1 g/L of copolymer CP180
temperature. (m); and (c) for 1 g/L of copolymer CP3ZJ).

signals at 3.15 and 1.15 ppm are still visible. Their relative the upper cloud point, a similar rheological behavior is observed
intensities seem to be similar, with about half of the original due to the collapse of the poly-SPP block.
value at 25°C. Presumably in the case of the signal at 1.15  (C) Selective Solubilization of a Fluorescence Prob&he
ppm the observed loss of intensity results from the disappearancéluorescence probe 2-anilinonaphthalene (2-AN) was used to
of the proton signal of the methylene fragment in the backbone investigate whether the aggregates formed above the lower cloud
of the poly-SPP block, while the contribution from the poly- Point or below the upper cloud point, respectively, were able
NIPA block persists. The situation is different for the peak at to solubilize hydrophobic molecules in water. 2-AN is very
3.15 ppm. The complete group of signals in the range of 2.8 to Sensitive to its surrounding polarity, the emission wavelength
3.6 ppm, which is exclusively attributed to poly-SPP, namely decreasing with the polarity.
to the zwitterionic side chains, is still visible even arQ, Figure 8 presents the maximum emission wavelength of 2-AN
though reduced in intensity. We therefore conclude that at low in aqueous solutions of the block copolymers as a function of
temperatures, the fragments of the polymer backbone and oftémperature. A pure agueous solution saturated with 2-AN emits
the zwitterionic side chains behave differently. The backbone at 445 nmin the temperature range studied. Similarly, solutions
seems to be completely dehydrated and strongly immobilized of CP33 and CP180 emit at about 44445 nm when below
while the hydration of zwitterionic side chain remains important the LCST. This observation suggests that there is no particular
as does their mobility even after the polymer coil has collapsed. interaction between the probe and the block copolymers when
The thermal transitions are seen in the viscometric measure-JiSS0lved. This is even true when the temperature goes below
ments also. Figure 7 shows the specific viscosity of aqueousthe UCST, where the poly-SPP block forms aggregates (Scheme

solutions of block copolymer CP180 depending on the temper- 2). The latter contains apparently a polar core that is not suited

ature. This measurement indicates how the hydrodynamic radiusfor the solubilization of a hydrophqpic probe such as 2-AN.
However, when the thermal transition of the poly-NIPA block

of the block copolymer evolves with the temperature. The shape h o | h d harolv i th
of the curve shows a sharp increase of viscosity, and thus ofoccurs, the emission wavelength decreases sharply in the

the hydrodynamic radius, at about 20, corresponding to the temperature |nt9;1rval tietwgen 34 and°4:0(IF|gure 8). FCZ hlghde_r
upper cloud point. The specific viscosity passes a maximum :thamze:atu;es,lt ?viue )ecomes r;e:rfy Cgr:;;\?;‘t' ccotr Ilng to
upon further heating and then slowly decreases untiG3.e., € data of solvatochromism reported for 2-ANAE Spectra

until reaching the lower cloud point of the poly-NIPA block. shit indicates a transfer of the probe from a hydrophilic

For higher temperatures, the viscosifying effect is marked| environment to a more hydrophobic surrounding. This can be
reduclegd peratu v fving ! y explained by the formation of hydrophobic microdomains in

. . the aggregates formed by poly-NIPA which can solubilize the
Between the two cloud points, the polymer exists as an agreg y poly

S ) . robe.
extended coil in dilute aqueous solution. For higher or lower P

f the blocks i I d. As th " q Above the lower cloud point, the emission wavelength of the
temperatures, one of the 10CKS 1S collapsed. S the collapse probe is about 10 nm lower in the presence of CP33 than in the
chains form aggregates, it is not self-evident whether the

resence of CP180 (Figure 8), indicating a more hydrophobic
viscosifying effect should decrease due to the reduced dimen-p (Fig ) g ycrop

. L . : environment. However, in both block copolymers, the poly-
sions of the individual polymer chains or whether it should NIPA block has the same size. Therefore, the difference between
increase due to the polymer association. In the case of poly-

hvl i h q s dth the two polymers must be due to the different lengths of the
(NIPA-g-ethylene oxide), Tenhu and co-workersbserved the poly-SPP block. Possibly, when aggregates are formed, this

formation of aggregates by light scattering above the LCST. block acts as a barrier to the diffusion of 2-AN into the newly
Simultaneously, the viscosity decreased because the dynamig, .- q hydrophobic domains, so that the access is more
flow tends to break the aggregqtes through thg CaF’"'a_ry- The hindered for CP180 having the longer poly-SPP block. Alter-
case here of CP180 seems similar. The reduction in V'Scos'tynatively the longer poly-SPP block might hamper efficient
indicates the shrink from an extended conformation to a '

collapsed one, thus reducing the hydrodynamic radius. Below (50) Brand, L.; Seliskar, J.; Turner, D. C. The effects of chemical environment
on fluorescent probes. IRrobes of Structure and Function of Macromol-
ecules and MembraneLhance, B., Lee, C. P., Blaisie, J.-K., Eds.;
Academic Press: New York, 1971; pp-139

(49) Virtanen, J.; Tenhu, HMlacromolecule200Q 33, 5970-5975.
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packing of the hydrophobic block, leading to smaller or less rather polar and not able to solubilize hydrophobic probes,

dense micellar cores. A possibly related observation was whereas the microdomains formed at high temperatures are

discussed above already concerning the temperature-dependeninpolar and able to do so. Heating or cooling allows a reversible

turbidities of CP33 and CP180 (cf. Figure 5). switch between the different forms of aggregation, without

requiring any external additive (such as salt, acid, or base). This

variation of the polarity of the micellar cores opens the
The use of a simple RAFT agent allows the synthesis of a possibility of solubilizing different compounds in a given

block copolymer containing two different hydrophilic blocks.  solution just by varying the temperature.

Each block is thermosensitive, exhibiting an UCST and a LCST

for one or the other of the blocks. The block copolymers could ~ Acknowledgment. We thank J. L. Habib-Jiwan and A.

be purified from residual monomer and homopolymers, and Moussa (Universitecatholigue de Louvain) for help with

show some intriguing properties. fluorescence spectroscopic facilities. Stimulating discussions on
First of all, thermal transitions occur in aqueous solution at poly(zwitterion)s with P. Kberle (Raschig AG) and W. Jaeger

low and at high temperatures, very close to the transition (FhG-IAP) are acknowlegded. The work was supported by the
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to the needs. Different from the parent homopolymers, the

diblock copolymers stay in solution throughout the full tem- ~ Supporting Information Available: Details of the synthesis

perature range studied. This implies that, while the soluble and purification of the block copolymers and of the analytical

second block keeps the aggregates in solution, micellar domainsmethods (PDF). This material is available free of charge via

with very different polarities are formed at low and high the Internet at http://pubs.acs.org.

temperatures from the block, which is collapsed under the given

conditions. The microdomains formed at low temperatures are JA012167D

Conclusions
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