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ABSTRACT: The synthesis of a new class of double hydrophilic block copolymers, namelp{bgigfoxystyrene-
b-methacrylic acid) (PHOSPMAA), by a combination of anionic polymerization high-vacuum techniques and
postpolymerization acidic hydrolysis, is described. A series of PHRISAA copolymers with different molecular
weights and compositions have been synthesized, indicating the good control over the molecular characteristics
of the final copolymers. The solution behavior of PHOMAA is studied as a function of the solution pH. A
number of characterization techniques, including potentiometric titrations, fluorescence and IR spectroscopy,
dynamic and electrophoretic light scattering, and atomic force microscopy, are used in an effort to elucidate the
structural changes of the block copolymers at different levels, under different pH environments. Experimental
results prove the pH responsive self-assembling ability of PHRI8AA copolymers.

Introduction system? Moreover, functionalization of PDMAEMA-PDE-
AEMA, via a sulfobetainization reaction, has led to DHBCs

Double hydrophilic block copolymers (DHBCs) have recently sensitive to environmental changé€sThe above systems have

received the attention of many research groups due to their S . . .
exceptional combination of the well-known block copolymer begn .StUd'ed n dept.h in terms of their self-organization under
self-assembly behavior in solution, the water solubility, and the variation of the solution pH. ) o

ability for controlled interactions with other nanosized building A number of pH responsive DHBCs consisting of poly-
blocksL2 The application spectrum of these copolymers involves (thylene oxide) and of a methacrylic acid block, or an ester
drug and gene delivery systemsynthesis of well-defined derivative of th|s_block, have b_een _reported in the Iltqrature.
nanoparticled, surface modificatioft,and so on. The funda-  Poly(ethylene oxidé-methacrylic acid) has been studied at
mental aqueous solution behavior of DHBCs depends greatly different pHs. Four distinct solution behaviors have been
on their detailed chemical structure and is manifested through 0Pserved at the respective pH regidhSupramolecular struc-
their stimuli responsive character. In particular, most DHBCs fures were formed by the above system because of inter- and
show the unigue feature to change their chain conformation andintramolecular hydrogen bonding, hydrophobic interactions, and
to self-assemble as a result of changes in solution pH, ionic electrostatic repulsion. A series of pH responsive DHBCs
strength, or temperatufel® Moreover, interaction of DHBC consisting of poly(ethylene oxide) as the nonionic water-soluble
with different (macro)molecules, like surfactants, polyelectro- Plock have been also presented by Leroux and co-worRers.
lytes, and biomolecules, through electrostatic interactions, A series of block copolymers consisting of poly(2-hydroxy-
hydrogen bonding, and other secondary interactions, opens newethyl methacrylate) derivative with succinic anhydrite as the
routes to the construction of interesting, novel, and functional first block and various other methacrylic acid derivatives with
supramolecular nanostructures. tertiary amino groups as the second one have been studied at

Special emphasis has been given to DHBCs that respond todifferent pHs!® These copolymers has been found to create
pH changes, creating a variety of self-organized supramolecularmice”es at acidic and alkaline environments with different core-
structures in solution. This ability has been observed for poly- forming block each time, while at intermediate pH values the
(2-vinylpyridineb-ethylene oxide) copolymefsSince the poly- copolymers were either molecularly dissolved or precipitated
(2-vinylpyridine) block is water-soluble only when the pyridine out of the solution.
group is protonated, i.e., for pH lower than 5, formation of Formation of micelles, instead of insoluble complexes, at
micelles was observed when the solution pH became higheralkaline solution has been observed in the case of diblocks of
than 5, with the poly(2-vinylpyridine) block in the core. It is  poly(vinylpyridine) and poly(methacrylic acid) or poly(acrylic
worth mentioning that supramolecular structures have been alsoacid) 45 Furthermore, poly(sulfonated styrehet-styrenecar-
observed even at pH 1 for such block copolynfra. similar boxylate) copolymers have been observed to create micelles at
behavior was observed for poly(hexaethylene glycol methacryl- acidic solution with hydrated poly(4-styrenecarboxylate) céfes.
ateb-(dimethylamino)ethyl methacrylate) copolymers at low pH  Finally, the ability of poly(methacrylic aci-diethylacrylamide)
valuestb to form supramolecular structures under changes in both

Armes and co-workers have presented a series of DHBCstemperature and solution pH has been investigated. The
based mainly on methacrylic acid derivatives. It was found that particular system has been found to have very complicated
poly((dimethylamino)ethyl methacrylate¢diethylamino)ethyl solution behavior, but the formation of spherical micelles at pH
methacrylate) (PDMAEMAb-PDEAEMA) copolymers form  lower than 4 has been observéd.
micellar aggregates, with PDEAEMA being the core forming DHBCs containing poly(amino acid) blocks have been
block, in an alkaline environmeftThe influence of others  recently synthesized and studied at different pH environments.
external stimuli, like salinity, has been also investigated for this The formation of two different types of vesicles at distinct pH
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regions has been observed for poly(glutamic deigisine) by solution was refluxed for 6 h. After the end of the reaction, the
means of NMR, dynamic light scattering, fluorescence, and solution was cooled at room temperature and the final polymer was
neutron scatteringg Moreover, the synthesis and the pH isolated by precipitation in 10-fold excess of hexane. PHOS
responsive character of a series of DHBCs consisting of poly- PMAA copolymers were dried under vacuum.

(ethylene oxide) and peptides with different amino acid se- .Char.acterlzatlon Techniques.The molecular welght and poly-.
quences have been presented by Klok and co-workers. Thedlspersny of the precursor copolymers were estimated by size

-exclusion chromatography (SEC) using a system consisting of a
S]beogglﬁgglr:ngﬁghave been found to aggregate upon changes Ir\?;Vaters 1515 pump, three-Styragel separation columns with a

. continuous porosity of 23-10° A, and a Waters 2414 differential
In the present paper we report the synthesis of novel well- yefractive index detector. The solvent was tetrahydrofuran, and the

defined DHBCs, namely polpthydroxystyrenes-methacrylic ~ flow rate was 1 mL/min. The calibration of the instrument was
acid) (PHOS-PMAA) from poly(p-tert-butoxystyrends-tert- performed using narrow polystyrene standards, ¢arying from
butyl methacrylate) (PtBOSPtBMA) precursors, using anionic 2500 to 900 000}H NMR spectra were recorded on a Bruker AC
polymerization high-vacuum techniques and postpolymerization 300 instrument at 25C using CDC{ as the solvent. Mid-infrared
acidic hydrolysis. The precursor copolymers have been char-Spectra in the region 5584000 cm* were obtained on a Fourier
acterized in terms of their molecular weight and composition transform IR spectrometer (Equinox 55 from Bruker Optics)
homogeneity. The aqueous solution behavior of the PHOS equipped with a single reflection diamond ATR accessory
PMAA copolymers has been studied as a function of pH, at (DuraSamp1lIR Il by SensIR Technologies). An amount of the

. .~ polymer was placed on the diamond element and held in contact
functional groups, molecular and supramolecular level using by means of a press. Alternatively, a drop of a solution, adjusted

potentiometric titrations, FT-IR and fluorescence spectroscopy, at the desired pH value, was placed on the diamond followed by
dynamic and electrophoretic light scattering, and atomic force evaporation of the solvent in a steam of nitrogen before recording
microscopy. The presence of supramolecular structures has beethe spectrum. Typically, 100 scans were acquired at 4lcm
identified upon changes in solution pH. The above copolymers resolution.

are comprised of two anionic annealed polyelectrolyte blocks  Potentiometric titrations of PHOSPMAA samples were per-
with different K, values, in addition to the combination of a formed with a PIONeer 65 portable pHmeter equipped with a PHC
highly hydrophobic block (polyt-hydroxystyrene)) with a less 5977 cartode comb pH electrode. During the titration, the fluores-
hydrophobic block (namely poly(methacrylic acid)). Both Cence spectra of collected samples, containing pyrene as a probe,

characteristics influence their self-assembling behavior and "ere obtained on a Fluorolog-3, model FL3-21, Jobin Yvon-Spex
solubility, as will be discussed in detail further on. (excitation at 335 nm and recording of the emission spectra, in the

350-500 nm region). Solutions of PHO$MAA were obtained
by direct dissolution of the powder polymer in an aqueous NaOH
solutions with a pH value of 12 or higher, giving the sodium
Synthesis of the Precursor Block CopolymersThe synthesis phenolate and sodium carboxylate form of the copolymers. In the
of the precursor polyttert-butoxystyrends-tert-butyl methacrylate) above solutions, a small amount of pyrene, typicallyl6of 1 x
(PtBOS-PtBMA) copolymers has been realized by anionic po- 1072 M pyrene solution in acetone per 20 mL of polymer solution
lymerization high-vacuum techniques. All reagents were purified (final pyrene concentration 3 107 M), was added as the
before their use. In particulgp;tert-butoxystyrene (tBOS, Aldrich) fluorescence probe. Adjustment of the solution pH was achieved
was stirred over Capovernight under vacuum, followed by  using HCI standard solution (0.1 N).
distillation in an ampule equipped with a break-seal. The monomer  Dynamic light scattering measurements on dilute aqueous
was further purified by dibutylmagnesium for 30 min and distilled  solutions of PHOS PMAA have been performed with an AXIOS-
in another ampule under high vacuum. The purified monomer is 150/EX (Triton Hellas) light scattering photometer, equipped with
easily thermopolymerized, even at low temperature; thus, the a 30 mW laser source, operating at 658 nm, and an Avalanche
polymerization was performed the very next day of the purification photodiode detector at a scattering angle ¢t 9bie raw data were
procedure, while the monomer was stored-&0 °C. tert-Butyl analyzed by the Contin and the cumulants algorithms. Apparent
methacrylate was purified in a similar way, using trioctylaluminum, hydrodynamic radiiR,, at different solution pH were calculated
instead of dibutylmagnesium, in the second step. The purified using the StokesEinstein equation. Electrophoretic light scattering
monomer was used immediately. All other reagents were purified experiments were performed with a Zeta-Plus analyzer (Brookhaven

Experimental Section

using standard procedurés. Instruments Corp.) equipped with a 35 mW solid-state laser at 660
Polymerizations took place in THF at78 °C. Initially, the nm. Solutions of the DHBCs at different pH values were prepared

addition of the first monometert-butoxystyrene, was carried out  starting from a stock solution and subsequently adjusting the pH.

followed by the addition of the initiatom¢(BuLi as a solution in For the determination of critical micelle concentration, by

hexane). The polymerization of the first block was carried out for fluorescence spectroscopy, a stock solution of each p0|ymer was
1 h followed by the addition of diphenylethylene (DPE:i2:1) prepared. A predetermined amount of the powder polymer was
and LiCl (LICI:Li = 5:1) in order to reduce the reactivity of the  dissolved in water at pH 12 or 13 (depending on the PHOS content).
living styrenic chain ends. Subsequently, the addition of the second The above solution was titrated with HCI to pH 7 in order to prepare

monomer tert-butyl methacrylate, was carried out by distillation  the stock solution. The above solutions were diluted and pyrene

into the polymerization reactor. The polymerization of the second was added (pyrene concentratiorx3L0~7 M). The final solutions
monomer was continued for 30 min after distillation was completed. \ere allowed for equilibration overnight before performing the

The living diblock copolymers were terminated using degassed measurements.

methanol. The precursor copolymers were isolated by precipitation g4, optainin ; ; ;

. - g the atomic force microscopy (AFM) images a

in a 10-fold excess of mgthanol/water (8/2 viv) mixture. PtBOS Quesant AFM Q-Scope 250 was used. The samples were prepared

PtBMA samples were dried under vacuum. by dipping precleaned silicon wafers in aqueous solutions of the
Synthesis of the Double Hydrophilic Block CopolymersPoly- copolymers, at the appropriate pH, for 1 min. The concentration

(p-hydroxystyrenes-methacrylic acid) (PHOSPMAA) was syn- of the copolymers, typically & 10-3 g/mL, was well above their
thesized by acidic hydrolysis of the precursor diblock copolymers, citical micelle concentration.

PtBOS-PtBMA. The desired amount of polymer was dissolved in

dioxane-1,4 in a round-bottom flask @ 5 wt %concentration. A Results and Discussion

stoichiometric excess of concentrated HCl was added, and the

temperature was raised to 86. Typically, a 5-fold molar excess Polymer Synthesis The reaction steps for the synthesis of
of HCI with respect to the ether and ester oxygens was used. Thethe new double hydrophilic block copolymers are ShO&IBV
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Scheme 1. Reaction Scheme Leading to the Synthesis of PHOBMAA Double Hydrophilic Block Copolymers
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Table 1. Molecular Characteristics of the PtBOS-PtBMA Precursor After the complete polymerization of the first block, the

Block Copolymers polymerization of the second monomer was performed, after

sample My? x 1074 Mu/Mp2 wt % tBOS capping the PtBOSLi living ends with diphenylethylene and in
PtBOS-P{BMA 1 246 1.10 277 the presence of LiCl in order to ensure a well-defined character

PtBOS-PtBMA 2 2.35 1.05 68.2 of the PtBMA block??

E:gggggﬂﬁi igg }ﬁ 2‘71'2 The molecular characteristics of the precursor block copoly-
PtBOS-PtBMA 5 3.90 1.08 75.8 mers, as they have been determined by SEC and NMR, are
2By SEC in THF at 40°C. By IH NMR in CDCl; at 25°C. presented in Table 1. A characteristic chromatogram of the pre-
cursor polymer is shown in Figure 1. The presence of one, nar-

15 rowly distributed, peak is observed, indicating the well-defined

structure of the precursor block copolymers as well as the living

nature of the system at all stages of the polymerization reaction.
This is also corroborated by the fact that the observed molecular
10l weights are close to the stoichiometric ones as well as the ability
to synthesize a series of copolymers with desirable compositions.

The final double hydrophilic block copolymers were synthe-
sized by acidic hydrolysis of PtBOSPtBMA in order to remove
5| the protectivetert-butyl groups. The reaction was done at
elevated temperature using an excess of hydrochloric acid. It is
well established that the above conditions have no influence
on the other molecular characteristics of the polymers but
produce quantitative hydrolysis eért-butyl group protected

Differential refractive index

°F . X X ) , : ester and ether functionaliti@s?2 The absence of the charac-
15 20 25 teristic peaks at 1365 and 1390 chattributed to thetert-
Elution volume butyl group, in the infrared spectra of PHOBMAA (Figure
Figure 1. SEC chromatogram of sample PtBOBtBMA 5. 2) indicates that the hydrolysis reaction is nearly quantitative.

The molecular characteristics of the final double hydrophilic
schematically in Scheme 1. The synthesis of the precursor blockblock copolymers are presented in Table 2, as they have been
copolymers PtBOSPtBMA has been realized by sequential calculated from the data on the precursor copolymers, taking
addition of the monomers. Initially, the polymerization of tBOS into account a complete hydrolysis of the ester and ether
was performed by addition of the initiator in a dilute THF functionalities of the precursor block copolymers. Samples
solution of the monomer at78 °C.21 The color of the solution PHOS-PMAA 1, 2, and 3 have almost identical molecular
changed rapidly to orange, typical of the styrenic anions. The weights and different content of PHOS block, where samples
polymerization of BOS was continuedrfd h in order to ensure PHOS-PMAA 2, 4, and 5 have almost the same content of
the complete polymerization of the monomer, although some PHOS but different molecular weights. The experimental results
preliminary experiments indicated that 15 min is enough for verify that there is good control over the molecular character-
the polymerization of this monomer, as in the case of styrene. istics of the block copolymers synthesized. CDV
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Figure 2. FT-IR spectra of PtBOSPtBMA 1 (dashed line) and
PHOS-PMAA 1 (solid line).
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Figure 3. Potentiometric titration for sample PHOG®MAA 1. pH
vs net moles of NaOH (initial NaOH moles added HCI moles)ggo
=1 x 1073 g/mL).

Table 2. Molecular Characteristics of the PHOS-PMAA Double
Hydrophilic Block Copolymers

sample My x 1074 Mw/My, wt % HOS
PHOS-PMAA 1 1.54 1.10 30.1
PHOS-PMAA 2 1.55 1.05 70.7
PHOS-PMAA 3 1.72 1.15 86.1
PHOS-PMAA 4 0.98 1.11 70.3
PHOS-PMAA S 2.56 1.08 77.9

Aqueous Solution Studies on PHOSPMAA Copolymers.
PHOS-PMAA is a DHBC consisting of two blocks having
different functional groups with differentigs. In particular,
PHOS block has phenolic moieties withKpgreater than the
pKa of the PMAA block, which has carboxylic acid groups.
This expectation was verified by titration of alkaline copolymer
solutions with hydrochloric acid. A representative result of these
titrations is shown in Figure 3. The titration data indicate the
existence of two equivalent points at pHd and pH-4 which
are attributed to protonation of NaPHOS and NaPMAA blocks,
respectively. Moreover, a pH region & pH < 9) where only
the PMAA block is disassociated could be observed.

The changes at the functional group level, as a function of

Macromolecules, Vol. 39, No. 14, 2006
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Figure 4. (a) Changes of the band at 1715¢nin the IR spectra of
PHOS-PMAA 1 at different pH values. (b) Changes of the band at
1248 cmt in the IR spectra of PHOSPMAA 1 at different pH values.

above thin films. In Figure 4 the changes at 1715 and 1248
cm~1 bands, attributed to carboxylic acid and phenolate groups,
respectively, are shown. It is obvious that the intensity of the
peak attributed to the carboxylic acid moieties is increased when
the pH values are lower than 6 and reach its limiting values
when the pH adopts values lower than 4. The above experi-
mental result indicates that all the carboxylic acid moieties are
in their unassociated form (which makes the PMAA block
water-soluble) at alkaline environment, while protonation of the
repeat units takes place at acidic environment, leading to
precipitation of the PMAA block. Similar conclusions are
obtained from the intensity increase of the peak at 1248'¢cm
attributed to the hydroxyl groups of the PHOS block. In this
case the lower the pH values, the higher the peak intensity; i.e.,
a decrease in pH leads to protonation of the repeat units in
PHOS, which has as a result this block to become water-
insoluble.

When the solution pH is higher than 12, both of the blocks
can be assumed to behave as annealed polyelectrolytes due to
the full dissociation of the sodium phenolate and sodium
carboxylate groups. When the solution pH values are between
4 and 9, only one of the blocks, namely the PMAA block, will
be water-soluble, while the other block (PHOS) will form
hydrophobic domains. Finally, for pH values lower than 4 both
of the blocks will be water-insoluble, leading to the precipitation

pH, have been studied by means of FT-IR spectroscopy. Thin of the polymer from the solution. The existence of hydrophobic
films of PHOS-PMAA have been produced by evaporation of domains is confirmed by fluorescence spectroscopy, using

the solvent from polymeric solutions with different pH values.

pyrene molecules as prob&sThe intensity ratio of the first

The changes at the repeat units, because of the different pH,over the third peak at the fluorescence spectra of pyrefig,
have been observed by recording FTIR-ATR spectra of the decreases with the appearance of hydrophobic areas in aq&%(\ljs
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. 1072 g/mL).
[ ] ] .
[}
= 125 - PMAA 2 the content of PHOS is higher. The increased length
- of the PHOS block, which is insoluble at pH lower than 9, has
120 . as a consequence the creation of domains with a more intense
hydrophobic character, leading to the decreash/bf ratio at
its almost final values, just after the protonation of the PHOS
s (C block is completed (pH< 9, Figure 5b). Note also that the initial
[ N S T S S T ) I4/13 for this sample are lower than those for sample PHOS
3 4 5 8 7 8 9 0 N 02 PMAA 1, indicating an increase of the hydrophobic character
_ pH in PHOS-PMAA 2 solutions even at high pH. The fluorescence
Figure 5. 14/l5 vs pH for samples PHOSPMAA 1 (a), PHOS-PMAA data of PHOS-PMAA 3 sample are noticeable. This sample

2 (b), and PHOSPMAA 3 (c). has the highest content of PHOS, and it has to be dissolved at
solutions. The dependence kafl; ratio on the solution pH is pH 13 in order to be water-soluble. It is possible that even at
shown in Figure 5 for three block copolymer samples with this pH value some of the repeat units remain un-ionized, leading
different compositions. In the case of PHOBMAA 1, i.e., to the creation of hydrophobic domains by intra- or intermo-
the block copolymer with the lower PHOS content, the existence lecular assembly. These domains are possible to host the probe
of two distinct regions where thk/I; ratio decreases rather molecules, leading to a degreadefl; ratio in the entire pH
sharply, with an intermediate plateau, are observed, which areregion under investigation (Figure 5c).

attributed to the formation of hydrophobic domains due to  Dynamic light scattering has been used in order to probe the
protonation of PHOS (at the pH region 8.50) and PMAA formation of supramolecular structures at different pH values.
blocks (at the pH region 3:55.5) (Figure 5a). It should be It is expected that the existence of hydrophobic domains will
mentioned however that a completely hydrophobic character lead to some kind of interchain aggregation and/or micelle
(i.e., hydrocarbon-like domains) is not observed in the first step formation as a function of pH. The light scattering data for
(pH region 8.5-10), as indicated by thig/13 values in this region PHOS-PMAA 1 are shown in Figure 6. Judging from tkg

and the plateau, due to the fact that the hydroxyl groups of the values (Figure 6a) and the rather low molecular weight of the
PHOS blocks provide a relatively polar environment. Alterna- copolymer, the existence of supramolecular structures can be
tively, the size of hydrophobic domains may not be sufficiently concluded, even at pH 12. The above observation is in
large in order to entrap the pyrene probes completely. In PHOS agreement with the result from fluorescence spectroscopyéBzi}
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Figure 7. Apparent hydrodynamic radius vs pH for the sample PHOS ~ Figure 8. ¢-potential vs pH for the sample PHO®MAA 1(cpo = 1
PMAA 2. Sample precipitates at pH lower than 4. x 1073 g/mL).

even at high pH values some un-ionized repeat units could bein this case at pH< 7 is probably related to the higher PHOS
incorporated in the formation of hydrophobic domains which, content and should be attributed to secondary interactions
in turn, could be correlated with interchain aggreg&fes. between aggregates as the solution pH decreases as discussed
Moreover, it is obvious, despite the large scattering of the in the case of PHOSPMAA 1. The population having the
experimental points, that the lower the solution pH, the smaller larger size must be a result of secondary aggregation between
the supramolecular structures, because the number of the ionighe initially formed aggregates at higher pH (characterized by
sites is decreased by addition of HCI. Finally, at pH values lower the lowerR, values). The above experimental results are in
than 4, the lowesR, value is observed, even if precipitation is agreement with macroscopic observations. PHBBIAA 1
expected. The above observation could be probably explainedprecipitates after standing of the solution at pH 2 for at least 24
by kinetic phenomena, considering that the macroscopically h while, in the case of samples with higher PHOS content, the
observed precipitation of the polymer is realized after standing precipitation of the polymer is observed immediately when the
for 24 h. pH becomes lower than 4. The aforementioned macroscopic

The creation of larger supramolecular structures at elevatedOPservations indicate the straightforward formation of large
pH values is rather surprising, considering that aggregation of Particles, which easily precipitate, at acidic conditions for
the block copolymers is mainly expected by decreasing the S&8mples with high PHOS content.
solution pH. However, it has to be mentioned that the intensity ~ Further information on the solution behavior of the PHOS
of the scattered light is increasing during the addition of HCI PMAA copolymers was collected frorg-potential measure-
in the solution (Figure 6b). The scattered light intensity & 90 ments. Representative experimental results are shown in Figure
loo, Which is proportional to the mass of the aggregates, at pH 8. {-potential values remain negative at all pHs, indicating the
~11 is 33 kcounts and at 9 pH < 4.5 is increased te-140 presence of negatively charged patrticles in solution, as expected
kcounts, while at the more acidic pH region (pH 3) the due to the presence of phenolate and carboxylate groups of the
intensity value is more than 300 kcounts. Furthermore, a single copolymers in the entire pH range. However, it is evident that
peak is resolved by Contin analysis characterized by a poly- the lower the pH values, the lower the absolute value of the
dispersity value oftx/T? from cumulants analysis larger than ¢-potential; i.e., the system becomes more unstable as pH
0.1 at all pHs. The above results indicate that the aggregatesdecreases. The decrease of theotential values can be
have a loose structure at elevated pH values (large dimensionsxplained by the protonation of phenolate and carboxylate
with low mass), while they become more compact upon acid groups during the titration. This behavior is common for all
addition (smaller dimensions and higher mass). The constancythe copolymers under study. Moreover, it is worth noting that
of lgg values in the region %< pH < 4.5 may indicate the the higher the PHOS content among the polymers, the lower is
presence of micelles with a PHOS core and a PMAA corona. the absolute value of thepotential, at the same pH value. The
However, such micelles seem to be rather polydisperse in size.results fromg-potential measurements indicate, in agreement
This polydispersity may be partly due to secondary interactions with the results from the other techniques, that the stability of
between the hydroxylated PHOS blocks and the carboxylatedthe solutions is greatly influenced by the composition of the
PMAA blocks of the same or different chains. Such interactions, copolymer. In particular, increasing the PHOS content leads to
in conjunction with hydrophobic interactions, can influence the more unstable copolymer solutions.

way block copolymer chains are organized in a single micellar  The existence of supramolecular structures even at elevated
aggregate and the way separate aggregates interact with eacpH values has been also clearly observed by atomic force
other. Similar observations have been made in systems containmicroscopy. AFM images (Figure 9) illustrate the existence of
ing DHBC with marginally hydrophilic blocks or water-soluble  |oose aggregates at the high pH values. Moreover, the formation
chains with hydrophobic backbon&® of aggregates upon decreasing the solution pH could be also
Dynamic light scattering experiments on other samples of observed. In detall, at the alkaline pH region some loose isolated
the series have led to similar results. Moreover, the existenceaggregates are observed with a height lower than 7 nm and width
of two populations, at low pH values, has been also observed ~50 nm. At a first glance, this result is not in accordance with
in samples with high PHOS content, as shown for sample the data from dynamic light scattering experiments where
PHOS-PMAA 2 in Figure 7. The existence of two populations particles with apparent diameters of more than 200 nmC’gBQ/
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Figure 10. I4/15 vs log c for the sample PHOSPMAA 1.

dynamic light scattering measurements. This secondary ag-
gregation seems to take place to a larger extend at lower pH
(Figure 9, bottom). This can be attributed to the more hydro-
phobic character of the supramolecular structures that are formed
in this region.

The overall picture that emerges from the combined experi-
mental results presented so far shows that loose aggregates are
formed in aqueous solutions of PHO8MAA block copoly-
mers at high pH (pH> 9) due to hydrophobic and secondary
interactions originating from the hydrophobic character of the
PHOS backbone and the phenolic/carboxylic acid groups present
in the two blocks. As the solution pH decreases, the hydrophobic
character of the PHOS blocks is increased, giving rise to the
formation of micellar like aggregates at intermediate pH<(4
pH < 9), with a PHOS core and a dissociated PMAA corona.
Secondary interactions are still present in the system, favoring
aggregation of primary aggregates (micelles) and resulting in a
rather broad size distribution. These interactions may be
facilitated from the rather hydrophilic character of the hydroxyl
groups of the PHOS block that may still be able to interact with
carboxylate groups of the PMAA chains belonging to the same
or a different aggregate. At lower pH values (pH 4)
protonation of the PMAA chains renders the particles insoluble
in water and leads to a precipitation of the copolymers.

To gain additional information on the supramolecular struc-
tures present in the intermediate pH range, the existence of a
critical micelle concentration (cmc) for the samples synthesized
has been investigated at pH 7, by aid of fluorescence spectro-
scopy. A representative plot of the/l; ratio vs copolymer
concentration is shown in Figure 10. The lalgks; values at
observed. However, the explanation to this discrepancy shouldlow concentrations show that the aggregates present in the
be the loose nature of the aggregates at these pH values. Loossystem at this pH dissociate if the solution is diluted sufficiently,
aggregates can adopt a very flattened conformation on the solidindicating that an association mechanism similar to the one
surface and can show a very low profile and smaller dimensions observed in equilibrium micelle formation takes place. The
in AFM measurements due to the difficulty in detecting the existence of a cmc indicates further that micellar like aggregates
outermost, low-density regions of the aggregates. At lower pH are formed at this pH. The experimentally determined cmc
aggregates show a higher profile and better defined spatialvalues are given in Table 3. The results show that the higher
dimensions. Isolated micellar like aggregates can be observedhe PHOS content, i.e., the content of the hydrophobic block,
in the region of intermediate pH (Figure 9, center) although the lower the cmc. Moreover, it is obvious that for samples
some larger particles are also present, presumably from secondwith the same composition the higher the molecular weight of
ary aggregation of individual micelles. The calculated sizes and the copolymer, the lower the cmc. These variations are typical
the observed polydispersity are in better agreement with the for block copolymer micelles in selective solveAtst is worth

Figure 9. AFM images of PHOSPMAA 1 aggregates at pH 11.4
(up), 7.0 (center), and 2.9 (bottom).

Table 3. Critical Micelle Concentrations for the PHOS—PMAA Samples Investigated
sample PHOSPMAA 1 PHOS-PMAA 2 PHOS-PMAA 3 PHOS-PMAA 4 PHOS-PMAA 5
cmc (g/mL) 9.03x 10°° 8.19x 10°° 7.07x 10°° 9.52x 10°° 6.40x 10°°
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