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ABSTRACT: The solution properties and the micellization behavior of double hydrophilic diblock copolymers
depend on the degree of ionization of the pH-tunable block. This is investigated by dynamic light scattering and
IH NMR spectroscopy in aqueous solutions of diblock copolymers comprising a neutral hydrophilic poly(hexa-
(ethylene glycol) methacrylate), PHEGMA, block and an ionizable poly(2-(diethylamino)ethyl methacrylate),
PDEAEMA, block. At low pH the copolymer is in its unimer state due to the hydrophilicity of the protonated
tertiary amine units, while an increase of the solution pH results in the deprotonation of the amine residues,
which become hydrophobic, and leads to the formation of micelles consisting of a PDEAEMA core and a PHEGMA
corona. The critical degree of ionization for chain aggregation and micelle formation is determined. It is found
that the polymer exists as unimers in the aqueous solution for as low as 30% protonated amine groups, whereas
for 20% degree of ionization a slight increase in polymer aggregation is observed. When the fraction of ionized
amines decreases further to 10%, hydrated micelles are initially formed, followed by the formation of equilibrium
micellar structures only upon the complete deprotonation of the PDEAEMA block which thus becomes fully
hydrophobic. This unimer to aggregate to micelle transition is observed in the quantitative analysis of the NMR
data at similar degrees of ionization to those obtained by DLS, signifying that NMR spectroscopy can be used
to follow the micellization process in block copolymer systems.

Introduction micelles are formed by block copolymers comprising one
Responsive materials are of fundamental importance in manym’ dtro dphII'III(C’ watetr-solgble Eart gnd ?hsecond lhydropholblc ﬁart
scientific areas and have been proposed for use in a variety of ha Its ! _et_s water. g/ ¢ angl_?gt e ?«?EO gArlner "tlo ecufar
sppicatons uch as in drug ceivery biotecnology, and - haracleales (ze andor archectve of e v parts)uarons
in the development of senscrResponsive or “smart” polymets . . . :

P P oy spherical micelles 1 to vesicleg®28 tubules?’2°and complex

are polymers which are able to undergo significant changes in 1@ Th f h icell ;
their physicochemical properties in response to applied stimuli. super-aggregates. | he use of such agueous micefiar systems

“Smart” polymers are investigated in terms of their response to ina ““'.mber of applications such as targeted drug delivery and
variations in temperature? pH,2~14 or ionic strengtk®16or to catalysis hgs been also discussed. .
the application of UV or visible lighf-19 radiation or of a Two main types of block copolymers are used for micelle
magnetic field0-21 formation in aqueous media: amphiphifi@and double-hydro-
Self-assembR? offers one of the most general strategies for ph'!'csz'% block copolymers. Amphiphilic bIOCk. °°p°'y”!ers
generating ordered nanostructures such as micglMdelles typically compose of a per.manently hydrophoblc, water-msoll-.
are formed in dilute block copolymer solutions in solvents which UPI€ block that associates in aqueous solution and a hydrophilic
are selective for one of the copolymer blocks. The micellar block that prevents the aggregates _fro_r_n precipitatfoff
structures consist of a dense core and a protective corona. Thé—|owever, the direct dissolution of am|_oh||_oh|I|c b.|OCk copolymers
core is formed by the insoluble blocks, while the solvent-soluble N Water has been proven problematic, in particular for systems

blocks form the corona, a shell that extends in solution and COMPrising hydrophobic segments of higgwhich require the
confers stabilization to the micelle structure. temporary use of an organic cosolvent, such as methanol,

In recent years, great attention has been focused in the areé:llmethylformamlde, or tetrahydrofuran for the preparation of

of aqueous block copolymer micellar systd®.2425due to stable and well-defined micelles. The organic solvent plays the

their great potential as environmental friendly and biocompatible L()r:?rn?afrflm?lcislréczzggatze rg)tlgr?/f/)r?igﬁI(;ecs?urlfsaiz]thlhn:rf%?;e;ti(t)hne
substitutes to micelles formed in organic media. The former 9 ’

of equilibrium micelles. However, after the removal of the
_ _ _ organic solvent by dialysis, the micelles formed in such
* Corresponding authors. E-mail: vamvakak@iesl.forth.gr (M.V.) or copolymer systems comprise glassy cores and are thus kineti-
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Table 1. Copolymer Molecular Characteristics

theoretical composition by
copolymett My Mw/MpP composition (mol %) 1H NMR (mol %) effective Ky
PHEGMAso-b-PDEAEMAsy 13500 1.14 5650 49-51 6.9

aThe numbers denote degrees of polymerizatiddetermined by SEC using PMMA standards.

mations in aqueous solution and becomes hydrophobic, while In the present work the aqueous solution properties of a
the other remains soluble in water. Thus, micelles are formed symmetric poly(hexa(ethylene glycol) methacryldt&ekpoly-
in these systems by a simple change in the solution conditions, (2-(diethylamino)ethyl methacrylate), PHEGMAPDEAEMA,

i.e., pH, temperature, and/or salt concentrafigh>32:3740 The diblock copolymer are investigated as a function of the degree
main advantage of these copolymers is that micellization is an of ionization oo of the PDEAEMA block by dynamic light
almost fully reversible process. scattering (DLS) and proton nuclear magnetic resonance spec-

Increasing attention is paid nowadays to the micellization troscopy {H NMR). Previous studi¢$ have shown that at pH
induced by changing the pH of the aqueous solution of a double- 2 the copolymer is in its unimer state due to the hydrophilicity
hydrophilic diblock copolymer. Such copolymers comprise a Of the protonated DEAEMA units, while an increase of the
pH-sensitive block which undergoes a transition from hydro- solution pH to 10 results in the deprotonation of the amine
philic to hydrophobic as the solution pH is changed and forms groups, which become hydrophobic and lead to the formation
the micelle core, while the second block is hydrophilic and forms of micelles. Herein, this unimer-to-micelle formation is followed
the corona of the micelle. For instance, poly(ethylene oxide)- @s a function of the degree of ionizationof the PDEAEMA
blockpoly(2-vinylpyridine), P2VPs-PEO, diblock copolymers ~ block. The critical degrees of ionization for chain aggregation
form unimers at low pH values when P2VP is protonated and and the sequential micelle formation are determined. It was
soluble in aqueous solution and micelles at pH values higher found that for up to 70% deprotonated amine groups both blocks
than 5.0 when P2VP becomes deprotonated and insoluble infemain well solvated in the aqueous medium, and the polymer
water®41Similar pH-sensitive poly(ethylene oxidb)eckpoly- chains exist as unimers in solution. When the degree of
(2-(diethylamino)ethyl methacrylate), PEEPDEAEMA, diblock ionization becomes as low as 20%, aggregation occurs followed
copolymers were synthesized by oxyanionic polymerization. by the formation of hydrated micelles at 10% ionized amines.
IH NMR spectroscopy and dynamic light scattering studies have The final equilibrium micellar structures are only obtained upon
shown the molecular dissolution of the copolymer chains at low complete deprotonation of the PDEAEMA block which thus
pH, when the PDEAEMA block is fully protonated and behaves becomes fully dehydrated, suggesting that even a small number
as a cationic polyelectrolyte, while at high pH values, when Of charged units on the core forming block has a significant
the DEAEMA segments become deprotonated and, thus, effect on the micelle structure. A gOOd agreement in the
hydrophobic, micelles are formed. The formation of both determination of the critical degree of ionization is obtained
conventional and reverse micelles has been reported in aqueou$etween the DLS antéH NMR results.
media for copolymers with one pH-responsive and one salt- ) .
concentration-sensitive blodkwhereas the associating behavior EXPerimental Section
becomes more complicated when both copolymer blocks are Materials. 2-(Diethylamino)ethyl methacrylate), PDEAEMA,
ionizable?* pH-sensitive diblock copolymers can, in principle, monomer is commercially available and was purchased from
be used as pH sensors as a result of their transformation fromAldrich, whereas the hexa(ethylene glycol) methacrylate, HEGMA,
nonassociated chains to micelles at a particular pH range. TheyMonomer that was kindly donated by Inspec U.K. The PHEGMA-
could also serve as model delivery systems, in which the solute>’PDEAEMA amphiphilic block copolymer (Figure 6) was syn-

. o . . thesized at Sussex University using group transfer polymerization
is encapsulated within the micelle cores under certain pH values

. . . chemistry, following the procedures described eafftefhe mo-
and is released as the micelles break apart when reaching thgg.jar weight, polydispersity index, and composition of the

target pH. copolymer were determined by size exclusion chromatography in
In such applications the precise determination of the polymer THF andH NMR spectroscopy in CDGJ respectively, and are

solution properties as a function of the acidity or basicity of shown in Table 1.

the solution is critical. A specific parameter that very accurately ~ Sample Preparation. Polymer solutions of different values of

determines the physics underlying the micellization process, andthe effective degree of ionizatiom were prepared in water. We

thus, the polymer behavior in pH-sensitive diblock copolymers define the effectivea as the ratioCy/Cm, where Gy is the

is the degree of ionizatioa of the ionizable block rather than concentration of added acid a®, is the polymer concentration

he pH. This is b he pH i h istic f in terms of monomeric DEAEMA units. When defined in this way,
the pH. This Is because the pH Is a property characteristic for approximates the degree of protonation of the polymer or the

the solution surrounding the polymer chains while the degree fraction of charged tertiary amine units of the diblock copolymers
of protonation is responsible for the changes in the polymer and takes values between zero and one, if one assumes that all of
structure upon addition of acid or base. Moreovecan change  the protons from the added acid protonate the polymer. Polymer
from 0 to 1 in the buffering region (close to the effectivié,p solutions were prepared by dissolving the appropriate amount of
of the polyelectrolyte) where the pH remains fairly constant; copolymer in Milli-Q water prefiltered through a 0:m syringe

i.e., a allows the accurate control of the ionization of the filter and previously adjusted 6,/Cr, = 2 using 0.1 M HCI. The
electrolyte. However, very few studies have investigated the Samples were allowed to stir overnight to ensure complete polymer
effect of the degree of ionization of the polymer on its solution dissolution. Next, the degree of ionization of the PDEAEMA block

. : . was adjusted to the required value using 0.1 M NaOH, and the
ﬁ;%?gg(l:z?ceei[sateci?oilc.ogsv?igﬁfesdcaggﬁggomemc titrations, solution was stirred for another 24 h before the measurement. For

! gnd Sma”'anglethe DLS measurements the polymer solutions were filtered carefully
neutron scattering measurements to characterize the formationpough a 0.45m pore size filter to eliminate any dust and were

of micelles in pH-sensitive block copolymer solutions as a |eft to equilibrate for abouil h before being measured.
function of the degree of ionization of the ionizable core-forming  Dynamic Light Scattering (DLS). The autocorrelation function
block10:43 of the polarized light scattering intensiG (qg,t) = 0(q,t)I(qg,0)D cDV
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Figure 1. Intensity autocorrelation functions of a 0.1 wt % solution
of PHEGMAsx-b-PDEAEMAs, at degree of ionizatiom. = 0.3 and
scattering angles 3Q0O), 45° (O), 9¢° (a), 12C (<), and 150 (V).

The distributions of relaxation times multiplied by the total scattering
intensity (normalized to that of toluene) are shown in the insets for the
respective scattering angles.

(g,0)d was measured at different scattering angigsysing an
ALV spectrophotometer and an ALV-5000 full digital correlator
over the time range 10—1C° s; 1(q,0) is the mean scattering
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Figure 2. Intensity autocorrelation functions of a 0.1 wt % solution
of PHEGMAsx-b-PDEAEMAs, at degree of ionizatiom = 0.2 and
scattering angles 3Q0), 45° (O), 9C¢° (»), 120 (<), and 150 (V).

The distributions of relaxation times multiplied by the total scattering
intensity (normalized to that of toluene) are shown in the insets for the
respective scattering angles.

angles. The distributions of relaxation times are shown in the
inset. The observed behavior is identical to that obtained for
all a between 1 and 0.3 (not shown). Two relaxation processes

intensity. Generally both the incident and the scattered beam werepoih with low intensities are observed. The fast process with

polarized perpendicular to the scattering plane (VV geometry). An
Adlas diode-pumped Nd:YAG laser was used as the light source
with wavelengtih = 532 nm and single mode intensity 100 mW.
The magnitude of the scattering wavevectoq is (4zn/A) sin(@/
2), wheren is the refractive index of the medium.

Under homodyne condition&yy(q,t) is related to the desired
scattered field autocorrelation functi@{q,t) by C(q,t) = {[Gw-
(g,t) — 1)/f*}12, wheref * is an experimental factor calculated by
means of a standard. The experimental correlation func@jgg)
are analyzed by performing the inverse Laplace transform (ILT)
using the routine CONTIN assuming a superposition of exponentials
for the distribution of relaxation time&(In 7), i.e., C(qt) =
JZ.L(n 1) exp[-t/z] d(In 7). The ratel' of each process is
calculated as the inverse of its relaxation time, Whereas their

dynamic intensities are calculated from the integrals under the peaks

of L(In 7) multiplied by 1(qg,0). In the case of a diffusive process,
its diffusion coefficientD is obtained from the slope a@f vs ¢? by

I' = Dcf. The latter is related to the hydrodynamic radRyof the
diffusing moiety by the StokesEinstein equatioiR, = kgT/(6rr1D),
wherey is the viscosity of the solveritg is the Boltzmann constant,

diffusivity D1 = limg—o(T'1/g?) = 5.9 x 1077 cn¥/s, which
corresponds to a hydrodynamic radig; = 3.6 + 0.2 nm, is
attributed to single polymer chains, while a second slower
process with diffusivityD, = limg-o(T'2/q?) = 3.0 x 1078 cn?/

s, which corresponds tB,2 = 71 + 2 nm, is also observed.
The latter process possessesg-dependent intensity, which,
when fitted with the Guinier expressi() = 1(0) exp(~g?Rs

3), results in a radius of gyratidR, ~ 89 £+ 4 nm and signifies
some kind of polymer aggregation suggested in earlier studies
for low-pH copolymer solutioné! It is worth noting that both
processes exhibit low intensities; this is expected for the unimer
chains due to their small size, whereas for the polymer
aggregates, it suggests that they are either very few in number
or highly hydrated and, thus, have a low scattering contrast.
The situation is somehow modified for = 0.2 regarding the
intensities due to the aggregates. As can be seen in Figure 2,
two processes are again identified with diffusivitis = 5.6

x 1077 cmé/s andD, = 3.2 x 1078 cn¥/s, corresponding to

andT is the temperature of the sample. (It is assumed at these low hydrodynamic radiiR,; = 3.9 + 0.2 nm andR,, = 66 + 2

concentrations thdd corresponds to its limit for concentratian
— 0.) All measurements were performed at 2D

IH Nuclear Magnetic Resonance Spectroscopy*fi NMR).
The aqueous solution properties of the pH-sensitive diblock
copolymers were also investigated %y NMR spectroscopy using
a Bruker AMX-500 spectrometer. Samples were prepared as
described aboveta 2 wt %polymer concentration in D 99.9%,

nm, respectively, which are attributed to the diffusion of single
polymer chains and polymer aggregates as discussed above.
However, the intensities of the slow process are higher than
those foro. = 0.3. This is because the fraction of deprotonated
DEAEMA units increases with decreasing and so do the
hydrophobic interactions of the polymer chains, leading to an

whereas the degree of ionization was accurately adjusted to the€nhanced polymer aggregation. It should be noted that it is the

required value using either a 0.1 wt % DCI or a 0.1 wt % NaOD
solution in D,O. All samples were allowed to stir for 1 day in order
to equilibrate before being measured.

Results and Discussion

Dynamic Light Scattering Measurements. The aqueous
solution properties and the micellization process for a PHEG-
MA 50-b-PDEAEMAs, diblock copolymer in dilute solution as
a function of the degree of protonation of the PDEAEMA block
were studied by DLS.

Figure 1 shows the intensity autocorrelation functions of a
0.1 wt % PHEGMAgb-PDEAEMAs, diblock copolymer
solution for degree of protonatian= 0.3 at different scattering

number of polymer aggregates and/or degree of dehydration
which increases, while their hydrodynamic size does not change
significantly from that obtained at higher values @f When

the effective degree of protonation decreases furthex te

0.1, the light scattering data are very different (see Figure 3).
The scattering intensities associated with both processes are now
significantly high (insets of Figure 3), whereas the two processes
identified in the intensity autocorrelation functions possess
diffusivitiesD; = 1.9 x 107 cm?/s andD, = 2.8 x 108 cn¥/

s, which correspond to hydrodynamic raRij; = 11.3+ 0.5

nm andR, > = 76 + 2 nm. The fast process is now due to the
formation of micelles consisting of a core of PDEAEMA and

a corona of PHEGMA chains, while the slower proces%BV
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10' which, when fitted with the Guinier expression, results in a
t (sec) radius of gyratiorRy ~ 125+ 4 nm.
Figure 4. Intensity autocorrelation functions of a 0.1 wt % solution Figure 5 shows the scattering intensities and the hydrody-
gzaftgﬁr?MaArfvlgspnglgE'\GAéﬁ? (St 8809295 (i;é?fzg?ﬂg% ng (%f;d namic radii of the diffusing species vs the degree of protonation
The distr?butigns of relaxation times mul’tiplied by the total scattering of the DEAEMA units for a 0.'1 wt % aqueous solution of the
intensity (normalized to that of toluene) are shown in the insets for the PHEGMAs-b-PDEAEMAg, diblock copolymer. For 0.3 a
respective scattering angles. < 1.0 two processes of low intensity are consistently obtained.
The fast process is attributed to the diffusion of single copolymer

attributed to the diffusion of a few polymer aggregates. Both chains with hydrodynamic radiu®,; ~ 4 nm and ag-
the size and the intensity of the micelles are lower than those independent intensity ~ 0.5, while the slower process is

obtained in previous studies for the copolymer solution at high attributed to the diffusion of polymer aggregates withRa
pH.A1 ~ 70 nm and a very lovg-dependent intensityl (¢ = 45°) ~

0.5), which, when fitted with the Guinier expression, results in
a radius of gyratiorRy ~ 80 &= 4 nm. The scattering intensity

of the aggregates remains low, suggesting that they are either
very few in number or highly hydrated and, thus, have low

At o = 0.0 (see Figure 4) a sharp increase in the scattering
intensity is observed (insets of Figure 4), and two diffusive
processes are obtained in the distributions of relaxation times

with Dy = 1.4 x 107 cn¥/s andD, = 1.9 x 10°°cnP/s and o ot Ato = 0.2 both the intensity and the size of the
corresponding hydrodynamic radt,1 = 15.1+ 0.5 nm and | 5imers remain constant while the scattering intensity due to
Rn2= 1134 4 nm, respectively; the fast process is now due to he aggregates increases at constant size. This increase in the
the diffusion of equilibrium polymer micelles with size similar — jntensity of the aggregates suggests an increase in either their
to that found in previous studies for high pH copolymer nymper or their contrast, which is attributed to the increased
solutions, while the second slower process is attributed to the fraction of deprotonated DEAEMA units leading to more
diffusion of a few micellar aggregatésThe sharp increase in  hydrophobic interactions between the polymer chains and, thus,
the scattering intensity is consistent with the increase in the to polymer aggregation. Far = 0.1, a strong increase of the
hydrophobicity of the PDEAEMA block, which results in the  scattering intensity is observed, accompanied by a large increase
formation of micelles with fully dehydrated cores of increased of the hydrodynamic size of the fast processRp= 11 nm.
contrast and/or in the formation of a large number of micelles. This latter process is attributed to the diffusion of polymer
Moreover, because of the small size of these micelles, their micelles, which are formed at = 0.1 when only 10% of the
scattering intensities are independent of the wavevepidrile amines remain charged and hydrophilic. Finally, do+= 0.0 a

the slower process exhibits a strongpjdependent intensity,  sharp increase of the scattering intensity accompanied bé&l}
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3.0

4.0
Figure 6. 'H NMR spectra 6a 2 wt % PHEGMAs-b-PDEAEMAs, copolymer solution in BO at pH values 5.4, 6.5, 7.0, 7.3, and 8.5.

increase in the micelle siz&(= 15 nm) are observed, which
reach their equilibrium values obtained in a previous work at
high pH (>7) copolymer solutions. An increase of the scattering

intensity and the hydrodynamic radius of the slow process are

also observed at = 0.0 attributed to the formation of a few

micellar aggregates. These micellar aggregates are attributed

to a noneffective steric stabilization conferred by the short
hydrophilic PHEGMA blocks that form the micelle corona.
IH NMR Experiments. Proton nuclear magnetic resonance

spectroscopy was also used to investigate the effect of the degree

of ionization of the PDEAEMA block on the molecular
properties of the PHEGM#&-b-PDEAEMAs, diblock copoly-
mer and its solution behavior in water.

This study was stimulated by an earlier NMR investigation
of a PEQs-b-PDEAEMAg4 diblock copolymer solution as a
function of pH, which allowed the determination of the core
forming block that becomes insoluble upon micellization, while

2.0 1.0 ppm

R AT

=

5.0 4.0 Z!Il l.ID l'iPlll
Figure 7. 'H NMR spectra ba 2 wt % PHEGMAs-b-PDEAEMAsy

the second block remained well solvated in the micelle corona copolymer in RO as a function of the degree of ionizationof the

conferring the stability to the copolymer micelleShe latter
was observed in thtH NMR spectrum of the copolymer as a

PDEAEMA block of the copolymer fronm = 1.0 toa. = 0.0.

disappearance of the peaks attributed to the protons of theProtons of the HEGMA units. At pH 5.4 all signals attributed

insoluble core-forming block upon micellization, while the peaks
of the protons of the block in the corona of the micelles
remained visible both before and after micellization. In the
present study, spectra of the PHEG/¢A-PDEAEMAs, co-
polymer are initially recorded in the pH range from 5.4 to 8.5,
where deprotonation of the PDEAEMA block occurs and
micellization takes place as confirmed earlier by DY Shis
allowed a detailed investigation of the copolymer solution
properties in the critical pH region in which changes in the
copolymer molecular structure occur and structure formation
is induced. The!H NMR spectra of the PHEGM#&-b-
PDEAEMAs, diblock copolymer from pH 5.4 to 8.5 are shown
in Figure 6. The signals observed at 1.4,-33%4, 3.6-3.7, and
4.4—4.5 ppm are due to the protons of the DEAEMA units,
while signals at 3.43.5, 3.7-3.8, and 4.2 correspond to the

to the protons of the PHEGMA and PDEAEMA blocks are
visible. However, as the pH increases from 6.5, to 7.0, and then
7.3, the intensities of the signals due to the protons of the
DEAEMA units decrease. Finally, at pH 8.5 the PDEAEMA
block becomes completely deprotonated, and the signals due
to the protons of the DEAEMA units disappear, indicating the
formation of micelles with fully dehydrated cores. Moreover,
besides the decrease in their intensity the peaks attributed to
the PDEAEMA block seem to shift to lower ppm as the pH is
increased. These are related to the decrease of the effective
degree of ionization of the DEAEMA units as the pH increases.
Figure 7 shows théH NMR spectra for 2 wt % PHEGM#&-

b-PDEAEMAs, diblock copolymer solutions as the degree of
ionizationa is varied from 0.0 to 1.0, with a step of 0.1, which
corresponds to a 10% change in the degree of ionization.él’ljj\e/



Macromolecules, Vol. 39, No. 15, 2006 Diblock Copolymers in Water 5111

50 T T g T r
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— T 1.0 toa = 0.3, while foro. = 0.2 a rather sharp decrease of the
* * * § é ] soluble DEAEMA moles is obtained. This decrease becomes
even more abrupt below = 0.1, which is in good agreement
40r § with the formation of micelles at such low degrees of proto-
- nation, as observed above by DLS.

30+ i - The consistency between the DLS ditINMR results as a
function of the degree of protonatian of the PHEGMAx-b-
PDEAEMAs, diblock copolymer, suggesting clearly that the
changes in the solution properties of the polymes.ds varied
between 1.0 and 0.0 are closely related to the changes in the
10k i polymer molecular structure for the same valuesxofThus,
for 0.3 < o < 1.0 the number of soluble DEAEMA units
obtained by NMR decrease only gradually, and the polymer
Om@m . . . . . v . v . 4 exists mainly as unimers in solution as observed by DLS.
0.0 0.2 0.4 0.6 0.8 1.0 However, fora = 0.2 the intensity of the polymer aggregates
e increases, as observed by DLS, accompanied by a simultaneous
Degree of Ionization o decrease in the number of soluble DEAEMA residues, found
Figure 8. Mole perc_ent_age_ of the soluble DEAEMA units as a function by NMR. This result Suggests an increase in the hydrophob|c|ty
ngEGeMiigrbe-l‘iDoéggwiig%rgpo?;régi PDEAEMA Dlock for the of the PDEAEMA block at this value of, thus leading to
increased polymer aggregation before the formation of the
equilibrium micelles a. = 0.0, which is also observed as a
disappearance of the peaks corresponding to the protons of the

20 - E

mole % DEAEMA
HIlH

gradual shift of the peaks at 1.4, 3.3.4, 3.6, and 4.44.5 ppm
corresponding to the hydrogen atoms of the DEAEMA side .
groups to lower ppm is clearly observed @ss lowered, and fODZEe'?E,(\)/:’Atf‘lbeloglgllunbigeDl\llfl\iEl\?l‘,)ﬁ\efjtr!l’ﬁgn and, thus, a sharp drop
the DEAEMA units become deprotonated. This is attributed to o i '

the more effective shielding of the DEAEMA hydrogen atoms ~ Itis interesting to note that both the DLS attiNMR results
from the electron pair of the deprotonated nitrogen at tow ~ Suggest that the polymer remains well solvated for as low as
values, causing them to shift upfield. Moreover, it is consistent 30% protonated DEAEMA units, while micelles are only formed
with the exchange of the protons between the charged andgwhen 1(_)% of the amine units are ionized. The latter seems to
noncharged amine groups, thus leading to an observed meargontradict earlier findings by Gast et "lfor a symmetric
electron shielding of the DEAEMA hydrogen atoms, which PDMAEMA-b-PDEAEMA diblock copolymer where micelli-
appears as a gradual change in the position of the peakszation was observgd for higher degrees of ionization 0.31.
attributed to the PDEAEMA block. The latter seems at first to  This may be explained by the lower molecular weight of the
contradict results obtained earlier for partially quaternized POlymer investigated in the present study, which thus remains
amine-based polymers where distinct hydrogen signals atin solution for a broader range afapd requires a larger fraction .
constant ppm values were obtained for the neutral and charged?f deprotonated hydrophobic amine groups per polymer chain
monomer unitd® However, in those systems no exchange for micelles to form. Finally, equilibrium micelles are only
mechanism could take place, and thus, the difference in the formed when all DEAEMA groups become deprotonated, and
electron density around the nitrogen atom resulted in the NO charges are present along the polymer chain. The latter is in
appearance of discrete hydrogen signals the relative integralsdood agreement with the results presented by Gast et al. for a
of which depict the degree of quaternization. The disappearanceSimilar PEOb-PDEAEMA diblock copolymer where a decrease
of the PDEAEMA peaks at = 0.0 is observed as well in Figure N the R, of the micelles with increasing was found and was

7, which confirms the formation of micelles with the deproto- aftributed to a decrease in the aggregation number caused by
nated PDEAEMA blocks being immobilized in the micelle core, €lectrostatic repulsions between the core-forming PDEAEMA
while the well-solvated PHEGMA blocks comprise the micelle Plocks??® The triggering of the micellization process of the
corona. The above effect has been reported previously for PHEGMAse-b-PDEAEMAg, diblock copolymer investigated in
systems that can self-assemble when changing the solutionthis study in such a narrow range @fcould be advantageous
temperature. In these studies, structure formation due tofor the development of very sensitive sensing elements, where
intermolecular interactions resulted in changes of the shielding ven very small changes in the acidity/basicity of the solution
effects on the hydrogen atoms and a decrease of freedom ofc@n be observed or in biomedical applications where, for
movement which was observed as a gradual shift and broadening®x@mple, a very small change in the pH could trigger the release
of the position of the proton signa$® In a similar work,'H of a drug that has been previously loaded in the micellar
NMR has been used to probe the intramolecular ordering as aStructures.

function of chain length of synthetic molecules. The ordering .

resulted in upfield shifts of the aromatic hydrogen atoms of the €onclusions

molecules due to their more effective shielding by the electrons  p| s and!H NMR spectroscopy have been used to investigate
of the aromatic rind” However, the present work is the first the solution properties of a symmetric pH-sensitive PHEGMA-
example where such a shift in the NMR signals is observed p ppEAEMA diblock copolymer in aqueous media as a function
upon changing the solution pH and thus the degree of ionization of the degree of ionization of the pH-sensitive PDEAEMA
a of ionizable monomer units along a polymer molecule. block. The polymer remains well solvated in its unimer state
Figure 8 illustrates the quantitativel NMR data, where the  for degrees of ionization as low as 0.3, while chain aggregation,
mole fraction of DEAEMA units that are present in solution observed by DLS as an increase in the scattering intensity and
(calculated from the peak integrals of the NMR spectra) are by NMR as an abrupt reduction of the soluble DEAEMA
plotted as a function aof. A gradual decrease in the number of monomer units, is induced for only 20% ionized amines. This
DEAEMA units that remain in solution is observed fram= aggregation results in the formation of precursor micelle&sb
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degree of ionization 0.1, which obtain their equilibrium non-

hydrated structure only upon complete deprotonation of the

PDEAEMA block when all groups within the micelle core

Macromolecules, Vol. 39, No. 15, 2006

(19) Athanassiou, A.; Lygeraki, M. I.; Pisignano, D.; Lakiotaki, K.; Varda,
M.; Mele, E.; Fotakis, C.; Cingolani, R.; Anastasiadis, SLEngmuir
2006 22, 2359.

(20) Xulu, P. M.; Filipcsei, G.; Zrinyi, MMacromolecule200Q 33, 1716.

become uncharged. The equilibrium micellar size was found (21) Guo, H.-x.; Zhao, X.-p.; Guo, H.-l.; Zhao, @angmuir 2003 19,

around 15 nm with the PDEAEMA blocks forming the micelle

cores and the PHEGMA ones comprising the micelle coronas.
Both DLS and NMR results are in good agreement over the

whole range ofr and reveal a detailed picture of the copolymer

solution properties and the micellization process upon subtle

changes on the molecular level.
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