
ORIGINAL CONTRIBUTION

Characterization of PMMA-b-PDMAEMA aggregates
in aqueous solutions

G. K. V. Saraiva1 & V. V. de Souza1 & L. Coutinho de Oliveira1,2 & M. L. C. Noronha3,4 & J. C. Masini5 & H. Chaimovich1
&

R. K. Salinas1 & F. H. Florenzano6
& I. M. Cuccovia1

Received: 10 September 2018 /Revised: 18 January 2019 /Accepted: 24 January 2019 /Published online: 27 February 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Diblock amphiphilic copolymers form aggregates in some solvents. Such aggregates exhibit different morphologies, depending
mainly on the polar/apolar block ratios. Aggregation of copolymers with polar block excess leads to micelle-like aggregates,
known as polymeric micelles, which can be used as vehicles for drug and gene delivery, water decontamination, and catalysis.
Here, we synthesized by RAFT polymerization three different polymers namely [dimethyl 2-(aminoethyl) methacrylate]
(PDMAEMA), poly (methyl methacrylate) (PMMA) copolymers, and PDMAEMA-block-PMMA and characterized their ag-
gregates by NMR spectroscopy and pH titrations. We investigated correlations between their chemical structure, aggregation
behavior, protonation degree, and chain conformation in the corona. Decreased amine protonation in the copolymers reduced the
electrostatic repulsion, and the apparent pKa of the amino groups approached that of isolated amine. These effects increased
compactness and sizes of the polymers and their aggregates at higher pH as reflected by the increased NMR line widths.

Keywords Copolymers . Polymer solutions . Polymer synthesis . Responsive systems . Spectroscopy . Magnetic resonance:
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Introduction

Diblock amphiphilic copolymers can form aggregates in some
solvents [1]. In water, such aggregates exhibit different

morphologies, depending primarily on the polar/apolar block
ratios [2, 3]. Aggregation of polymers with polar block excess
leads to micelle-like aggregates, known as polymeric micelles
[4, 5]. Among many other applications, polymeric micelles
can be used as vehicles for drug and gene delivery [6, 7], water
decontamination [8], and catalysis [9].

The molar mass of the polymeric micelles and the core size
is determined by the apolar block, while the molar mass of the
polar block determines the thickness of the corona. Current
polymerization techniques allow size and composition control
of these polymers and, as a consequence, of their aggregates
[10, 11].

PMMA is an apolar polymer studied mainly as a drug
delivery system mainly due to its biocompatibility [12].
PMMA as copolymer block in aqueous solutions forms the
core of micelles, or other types of aggregates, where relatively
hydrophobic molecules can be loaded [13].

PMMA homopolymers present glass transition tempera-
ture (Tg) well above room temperature (~ 105 °C for the atac-
tic form). The high Tg of PMMA (apolar block) in polymeric
micelles leads to a state where micelles do not disaggregate as
the copolymer concentration drops, as the core lacks motional
freedom [14]. Dilution-stable micelles can be an advantage in
many applications.
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Depending on the nature of the repetitive unit(s), poly-
meric micelles may vary in size and morphology upon
changes in temperature [15], pH [16], or light [17],
allowing the control of the aggregate properties.
Examples are block copolymers synthesized with dimethyl
2-(aminoethyl) methacrylate, DMAEMA, and poly (meth-
yl methacrylate), PMMA. The tertiary amino group of the
homopolymer PDMAEMA and many of its copolymers
determine that effective charge and hydrophilicity are
pH-dependent. These polymers, which usually exhibit a
lower critical solution temperature (LCST), interact with
water more strongly below LCST, so that micelles are
likely to precipitate, or shrink, above LCST [18].

PDMAEMA protonation in the corona of polymeric mi-
celles determines the drug loading capacity, the solubility
and stability of the micelles, and the interaction with neg-
atively charged species such as nucleic acids. Many other
potential applications of PDMAEMA polymeric micelles
are strongly associated with the degree of protonation in
the corona. PDMAEMA-based copolymers usually have
an LCST that is evident even when aggregated as micelles.
Above this temperature, corona dehydration can lead to
load release, micelle aggregation/precipitation, or both
[19]. As temperature effects are also affected by medium
acidity, pH can be used together with the temperature for
controlling drug release [20].

Despite the breadth of potential applications, detailed un-
derstanding of the relationships between pH and conforma-
tional changes of PDMAEMA aggregates is not available.
The importance of understanding PDMAEMA protonation
at the micelle corona, as well as how these changes affect
chain conformation is of both fundamental and technological
interest. Here, we have used NMR spectroscopy and pH titra-
tion assays to characterize micelles of three different
PDMAEMA-block-PMMA (Fig. 1) polymers synthesized by
RAFT polymerization. Different conditions were examined to
investigate possible correlations between the copolymers
chemical structure, aggregation behavior, protonation degree,
and chain conformation in the corona.

Material and methods

Materials

Methanol, n-hexane and acetone (analytical grade), and
triethylamine, TEA (HPLC grade), were from J. T. Baker.
Tetrahydrofurane, THF, deuterated chloroform, CDCl3,
deuterated water, D2O, 1-(N-phenyl-amino) naphthalene,
NPN, 2-(N-morpholino)ethanesulfonic acid, MES,
tris(hydroxymethyl)aminomethane, Tris, and N-cyclohexyl-3-
aminopropanesulfonic acid, CAPS, were from Sigma-Aldrich
and used without further purification. Methyl methacrylate

(MMA) 99% and dimethyl 2-(aminoethyl) methacrylate
(DMAEMA) 98%, were from Sigma-Aldrich. The poly-
merization inhibitor was removed from MMA by extrac-
tion with NaOH aqueous solutions. An excess of initiator
was added to the copolymerizations in order to consume
the inhibitor from DMAEMA.

NaH2PO4, boric acid, HCl, and NaOH were from Merck
KGaA, and benzoyl peroxide (BPO) was from Vetec,
Brazil. Cumyl dithiobenzoate, CDB, was synthesized as
described [21].

The GPC standard for the determination of the weight av-
erage mass of poly(methyl methacrylate), PMMA, was
poly(methyl methacrylate) standard ReadyCal set, Mp 500-
2,700,000, from Sigma Aldrich.

Methods

Synthesis of the copolymers

The copolymers were synthesized by RAFT, as reported
elsewhere [22]. Briefly, the two-step procedure for each
copolymer was as follows: in the first step, in batch, the
PMMA block was synthesized using cumyl dithiobenzoate
(CDB) as chain transfer agent, benzoyl peroxide (BPO) as
initiator and methyl methacrylate. The CDB/BPO ratio
was above 3 in all cases, and the reaction temperature
was from 70 to 80 °C. Typically, homopolymerization
time was 8 h, with roughly 50% conversion. The polymer
was purified by precipitation in methanol (three times,
after solubilization in THF). PMMA blocks were then
used as macro chain transfer agents (macroCTA) in a
batch copolymerization using DMAEMA as monomer
and BPO as an initiator. Copolymerizations lasted 24 h.
The copolymers were purified by solubilization in THF
and precipitation in hexane (three times).

Fig. 1 Structure of the copolymers PMMAm-b-PDMAEMAn where m
and n are the numbers of PMMA and PDMAEMA units, respectively. All
copolymers start with a cumyl and end with the dithiobenzoate group (see
Methods)
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Gel permeation chromatography

The polymers were characterized in a Shimadzu liquid chro-
matograph Sil-20A, equipped with an autosampler, Shimadzu
Sil-20A, an LC-20AD pump, and a RID-A Shimadzu re-
fractive index detector. A Phenogel column, (PolySep™-
SEC GFC-P 4000, LC, 300 × 7.8 mm) from Phenomenex
was used. The injected volume of the sample (10 mg/L)
varied from 5 to 10 μL, and the column flow rate was
0.6 cm3/min. The mobile phase was 0.2% TEA v/v in
THF, and PMMA standards were used to build the calibra-
tion curve. Samples were filtered through Millex PTFE
membrane (0.45 μm pore size).

Determination of hydrodynamic diameter of copolymers
aggregates by dynamic light scattering

The Dhs were obtained using a Zetasizer Nano 317 at 25 °C.
Buffers were previously filtered through Millipore Millex
LCR (0.22 μm) and the copolymer solutions through
Millipore PTFE filters (0.45 μm). Typical count rates were
between 200 and 500 thousand. Autocorrelation function
(ACF) was acquired for 60 s and averaged for 1 min.
Hydrodynamic diameters were obtained from a mass-
weighted size distribution analysis and reported as the mean
of triplicate measurements ± SD.

Determination of the pKa of the amino groups
of the polymers

The polymers were dissolved in methanol (50 mg/mL), and
the solution was stirred for 1 h. An aliquot of this solution
(0.25 to 2.0 mL) was added to 30 mL of 0.01 M HCl under
constant stirring and N2 flux. The final percentage ofmethanol
was less than 10% for all polymers. The polymer masses in the
titration experiments were from 6.8 to 46.8 mg. Aliquots of
0.05 M NaOH were added to the polymer solution, main-
tained at 25 ± 0.1 °C, and the pH was measured after each
addition using a Digimed DM-20 pH meter (São Paulo,
Brazil) equipped with a Corning semi-micro combination
electrode (Corning, USA).

Determination of the n/m ratio of PMMAn-b-PDMAEMAm

The n/m ratios of PMMAn-b-PDMAEMAm copolymers
were determined by 1H-NMR spectra using a Bruker spec-
trometer operating at 300 MHz (1H frequency). The spectra
were obtained with 90° pulses of 8.0 μs and a spectral
window of 12 ppm. Signals used for the characterization
of the copolymers: c = 3.6 ppm (3 H, O-CH3, PMMA); d =
4.0 ppm (2 H, O-CH2-, PDMAEMA) (Fig. 2). See Results
for calculation details.

1H RMN and NOESY studies of the copolymers

The conformation of the copolymers in water was ana-
lyzed by 1H 1D, and 2D NOE NMR experiments carried
out at 25 °C on a Bruker Avance III spectrometer oper-
ating at 500 MHz (1H frequency). NMR samples
cons i s t ed of 2 and 10 mg/mL of PMMA48-b -
PDMAEMA408 diluted in CDCl3 from a 55 mg/mL stock
solution in 99.8% (v/v) methanol-d4. NMR samples in
aqueous solution were prepared in 0.01 M sodium phos-
phate buffer, pH 6.2, 7.0, and 8.2, or 0.01 M borate
buffer pH 9.0 containing 2 mg/mL of the copolymer
and 10% (v/v) of D2O. 2D NOE experiments were re-
corded as matrices of 2048 × 700 complex points with a
mixing time of 120 ms. Suppression of the water signal
was achieved by pre-saturation during the inter-scan de-
lay. All 2D NMR spectra were processed using NMRPipe
and analyzed with CCPN Nmr Analysis [23].

Determination of the critical aggregation concentration
of the polymers

An aliquot (4 μL) of a methanolic solution of NPN 1 ×
10−3 M was added to 2 mL of buffer, final concentration
was 2 × 10−6 M. Increasing volumes of a concentrated so-
lution of the polymers, dissolved in the adequate buffer,
were added with stirring, and the fluorescence spectra were
registered (352 to 600 nm) using λexc = 353 nm (25 °C).
The fluorescence emission at 418 nm was used to calculate
the CAC from the intersection of the plot of I/Io vs. log
(polymer). The fluorescence, at each copolymer concentra-
tion, was corrected by the dilution of the sample.

Elemental analysis of the copolymers was performed at the
Analytical Instrumentation Center of the Chemistry Institute
of the University of São Paulo.

Results

The macro chain transfer agents (macroCTA) of PMMA gen-
erating each PMMA block of the copolymers, and the
PMMA-b-PDMAEMAs, were analyzed by GPC (see
Methods). The values of Mw, Mn, and PDI of PMMA
macroCTA, determined by GPC using the standard curves
prepared with PMMA are in Table 1.

Due to the lack of appropriate standards for the PMMA-b-
PDMAEMA copolymers, we considered the total molar mass
of the copolymer as given by the sum of the respective
PMMA and PDMAEMA blocks molar masses. For each co-
polymer, the PMMAblock molar mass was measured byGPC
while the PDMAEMA block molar mass was calculated from
the number of DMAEMA units obtained by NMR. These
materials presented, as expected, different Mw versus
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hydrodynamic ratio relationships compared to (homo)
PMMA, making direct GPC analysis inaccurate, particularly
to determine the composition.

MMA/DMAEMA ratios were determined using 1H-NMR
(Fig. 2) as mentioned above. Chemical shift assignments were
taken from the literature [24, 25]. The NMR spectrum of
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Fig. 2 1H-NMR spectra of the copolymers X, Y, Z, and PDMAEMA.
The polymers were renamed according to the number of MMA and
DMAEMA determined by NMR and GPC as: X = PMMA50-b-

PDMAEMA269 (A), Y = PMMA48-b-PDMAEMA324 (B), Z =
PMMA94-b-PDMAEMA88 (C), and PDMAEMA as PDMAEMA265

(D), see Table 2. Polymer concentrations were ca. 10 mg/mL in CDCl3.
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PDMAEMA displayed the expected peaks for the side
chain methyl and methylene protons (Fig. 2D, peaks la-
beled a, b, and d) and two sets of peaks for the main chain
methyl protons (e). Peaks due to the main chain methylene
protons were difficult to observe due to exchange broad-
ening (Fig. 2D). The presence of PMMA gave rise to a new
peak at 3.55 ppm (c) due to the PMMA methyl protons
(Fig. 2A–C) and to increased peak intensities of the main
chain methylene protons (f) that could arise from both
PMMA and PDMAEMA blocks. Increasing proportions
of PMMA led to greater NMR signal intensities from the
PMMA block. Interestingly the NMR signals due to the
main chain methylene peaks (f), which are broad in the
NMR spectrum of PDMAEMA alone, become sharper af-
ter addition of MMA probably due to better solubility of
the copolymer in CDCl3.

PDMAEMA and PMMA ratios in the different copolymers
were obtained using eqs. 1 and 2.

The ratios of the relative areas under the 1H NMR peak
corresponding to the side chain methylene group of the
ester of PDMAEMA (d), and the methyl group of the ester
of MMA (c) (Fig. 2) are represented in Eq. 1, where

n
m

¼ Ad � 3
Ac � 2

ð1Þ

Ad refers to the area under the peak of PDMAEMA meth-
ylene group, while Ac is the area under the peak due to the
PMMA methyl group. The coefficients 2 and 3 normalize the
areas for the number of hydrogens from the methylene and

methyl groups, respectively; n is the number of units of
DMAEMA and m of PMMA.

The total polymer mass is given by the relative composition
of the two monomers as described in Eq. 2:

Mn ¼ n* PDMAEMAð Þ þ m* PMMAð Þ ð2Þ

where (PDMAEMA) and (PMMA) are the monomer molec-
ular masses, i.e., 157.9 and 100, respectively. Results are in
Table 2.

Elemental analysis

The elemental composition of all polymers was determined,
and the theoretical values of C, H, and N calculated using the
molar mass determined by GPC and NMR. The experimental
values obtained by elemental analysis were in good agreement
with the proposed copolymer structure (Table 3).

Critical aggregation concentration of the copolymers

The CACs of the copolymers were determined at pH 6.0, 8.5,
and 10.0 using 1-(N-phenylamino) naphthalene (NPN) as a
probe. NPN fluorescence increases when solubilized in a non-
polar medium such as the copolymer aggregate core [26]. The
NPN concentration used here (2 × 10−6 M) was ca. hundred
times lower than that of the polymer, unlikely to affect the
measured values of CACs (see Supplementary Material,
Figs. 1–4). The CACs of PMMA50-b-PDMAEMA269,
PMMA48-b-PDMAEMA324, and PDMAEMA265 decreased
with pH while that of PMMA94-b-PDMAEMA88 was pH-
independent (Table 4). For a given polymer, the differences
in CAC between pH 8.5 and 10.0 were small because above
pH 8.5 polymers are essentially deprotonated (see below). For
PDMAEMA265, the same aggregation occurred (not shown)
even at pH 6, in which the amino groups start dissociating (see
below). A more explicit relationship between the copolymers
CAC and hydrophobic/hydrophilic ratios could be obtained
using copolymers with structures of greater ratio differences
than those studied here [22, 27]. Xiao and co-workers (2012),
working with similar materials, found comparable values, al-
though they indicated that CAC passes through a minimum
when the PDMAEMA block increases and the PMMA block
is kept constant (55 repeating units of PMMA per chain) [28].

Table 1 Weight averagemolar mass (Mw), number average molar mass
(Mn) and polydispersity index (PDI) of PMMA macroCTA (PMMA).
The symbols X, Y, and Z correspond to different macroCTA used to
synthesize the copolymers

MacroCTA Mw and Mn (× 10−3) g/mol

Mw Mn PDI

PMMA (X) 5.58 4.98 1.21

PMMA (Y) 5.41 4.83 1.12

PMMA (Z) 11.6 9.37 1.23

PDMAEMA 106.0 41.60 2.55

Table 2 Number of MMA (m),
DMAEMA (n) in the polymers
and MMA/DMAEMA ratios of
the copolymers X, Y, and Z deter-
mined by NMR and GPC. The
polymers were renamed accord-
ing to the number of PMMA and
PDMAEMA

Copolymer PMMA PDMAEMA PMMA/
PDMAEMA

Mn × 10−3

g/mol

PMMA50-b-PDMAEMA269 50 269 1/5.38 46.69

PMMA48-b-PDMAEMA324 48 324 1/6.75 55.96

PMMA94-b-PDMAEMA88 94 88 1/0.94 23.29

DMAEMA265 – 265 – 41.84
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The values of CACs reported here for materials with similar
molar mass and composition are comparable to published data
(Table 4) [1, 28].

Potentiometric titration of the copolymers

The pKa of the N,N-dimethylaminoethylamine ,
DMAEMA, in water, is 8.3 at 25 °C [29]. The titration
curves of PDMAEMA and the copolymers, obtained at
concentrations above their CACs, showed two endpoints:
the first one corresponding to the titration of excess HCl
and the second corresponding to the complete dissociation
of the ammonium groups (Fig. 3). The dissociation of the
ammonium groups started between pH 5.5–6.0, and com-
plete dissociation was observed between pH 7.5–8.5, a
range of ca. three pHs units. The apparent pKa (pKap) of
the polymer dimethylammonium groups was significantly
lower than the pKa of the monomer. The average pKap of
each polymer, calculated from the pH value between the
two inflection points in Fig. 3, is in Table 5.

The low pH range of dissociation of the amino groups
in the polymer, compared with that of the monomer, may
be explained by the electrostatic interactions influencing
the dissociation of the protonated amino groups. When
many charged groups are close to each other as in a
charged cationic micelle (the expected morphology of
the aggregates), a local anion condensation at the surface
of the micelle is likely to occur.

Size determination of the copolymers aggregates
in aqueous solutions by dynamic light scattering

The effect of pH on the hydrodynamic diameter (Dh) of
the aggregates was determined using dynamic light scat-
tering (DLS) (Fig. 4). Simple calculations (using the
values of Dhs, the molecular weights, and a rough esti-
mate of their density) showed that the aggregates
contained approximately 800 monomers and, based on
the packing parameter, they are, most probably, spherical
[30]. The Dhs for PMMA50-b-PDMAEMA269 and
PDMAEMA265 (35–40 nm) were similar at pH 6.0, and
higher pH deprotonation of the ammonium groups led to
a decrease in Dh for both polymers (Fig. 4). The pres-
ence of the small portion of the hydrophobic chain of
PMMA in PMMA50-b-PDMAEMA269 was not enough
to decrease the highly hydrophilic characteristic of this
copolymer since PMMA comprised only ca. 14%.

Similarly, increasing the pH led to a Dh decrease for
PMMA 9 4 - b - P DMAEMA 8 8 a n d PMMA 5 0 - b -
PDMAEMA269 (Fig. 4). With these two aggregates, the
decrease in the hydrodynamic diameter can be attributed
to the formation of more compact aggregates due to the
decrease in electrostatic repulsion in the corona. For
PMMA48-b-PDMAEMA324 increasing the pH from 6 to
10 the Dh increased only ca. 18%, reaching a value like
that of PMMA94-b-PDMAEMA88. This indicates the del-
icate balance of forces between the neutral, but still po-
lar, the amine group of PDMAEMA, and the hydropho-
bic character of PMMA.

The hydrodynamic diameters of PDMAEMAX-b-
PMMA55 (X ranging from 11 to 337) micelles at pH =
7 are close to those reported here [28] (Xiao et al. 2012).
Micelle diameters increase with pH (pH = 4.0; 7.0, and
9.0). The diameters have an inverse relationship with the
PDMAEMA block: the larger the block, the smaller the
aggregate. All their data can be rationalized by the pack-
ing parameter theory [31]. From our data, the packing
parameter theory fails to explain the behavior of poly-
meric micelles with different PMMA cores such as the
PMMA94-b-PDMAEMA88 aggregates presented here. In
this case, the shrinking of the corona by protonation can
exceed the change on the packing parameter.

Based on these results, it seems that there is a PDMAEMA/
PMMA threshold ratio above which the aggregation number
does not change (decrease). In this case, the increase on the
molar mass of the PDMAEMA block leads to the enlargement
of the aggregate, although the packing parameter change
points to a smaller aggregate size. In a spherical aggregate,
this proposal seems quite reasonable, since as the
PDMAEMA chains are distant from the core, the mean dis-
tance between chains gets more substantial, and the weaker
repulsion is not enough to induce a smaller aggregation

Table 3 Elemental composition of the polymers and theoretical values
of the composition of the polymer

Polymers Experimental Theoretical

% C % H % N % C % H % N

PMMA50-b-DMAEMA269 59.32 9.42 7.74 61.02 9.39 7.97

PMMA48-b-DMAEMA324 58.92 9.52 7.82 61.05 9.42 8.14

PMMA94-b-DMAEMA88 58.74 8.96 4.94 60.68 8.92 5.31

DMAEMA265 58.70 9.63 8.24 61.15 9.55 8.92

Table 4 Effect of pH on the values of CAC of the polymers, 25 °C

Polymer CAC × 103 (mg/mL)

pH= 6 pH= 8.5 pH = 10

PMMA50-b-PDMAEMA269 9.11 5.41 2.32

PMMA48-b-PDMAEMA324 10.10 1.60 1.39

PMMA94-b-PDMAEMA88 5.36 5.51 5.51

PDMAEMA265 16.60 5.62 5.70

The buffers used were: CAPS 0.01 M, pH 6.0; tris/HCl 0.01 M, pH 8.5,
and borate 0.01 M, pH 10

562 Colloid Polym Sci (2019) 297:557–569



number (number of chains per aggregate and size of the core
do not change above the threshold ratio). We suggest that the
aggregates of PMMA50-b-PDMAEMA269 e PMMA48-b-
PDMAEMA324 are above the threshold ratio. At pH = 10,
the collapse of the extended PDMAEMA corona of
PMMA48-b-PDMAEMA324 changed the packing parameter
to a more cylinder like, so the Dh increased at this pH.

Analysis of 1H 1D and 2D-NOE at pH 6.2, 7.0, 8.2,
and 10.0 of PMMA48-b-PDMAEMA324

Monomer structure in the aggregates, as well as interactions
between theMMA and DMAEMAgroups as a function of the
pH, was investigated by NMR. We recorded the 1D 1H NMR
spectra of PMMA48-b-PDMAEMA324 in CDCl3 solutions
containing two polymer concentrations, 2 mg/mL−1 and
10 mg/mL−1. At high polymer concentration, the NMR peaks
of the methylene groups of the copolymer main-chain split in
two broader peaks slightly downfield shifted (Fig. 5f). We
excluded viscosity differences as a possible explanation for
these spectral changes since, despite the differences in solute
concentration, any change in viscosity would essentially affect
the line widths. These concentration-dependent changes of the
main chain methylene signals are likely to be explained by
polymer aggregation in deuterated chloroform at a concentra-
tion of 10 mg/mL−1. The spectrum of PMMA48-b-

Fig. 3 Potentiometric titration of the copolymers. Titrations of the
polymers were done in 30 mL of HCl. The mass of polymer was
dissolved directly in the HCl solution. For each titration, the mass of
the polymer and the concentration of HCl and NaOH are given. (A)
PMMA48-b-PDMAEMA324 = 46.8 mg in HCl 0.0106 M, titrated with

NaOH 0.083 M; (B) PMMA94-b-PDMAEMA88 = 15.9 mg in 0.012 M
HCl and NaOH 0.1013 M; (C) PMMA50-b-PDMAEMA269 = 6.8 mg in
HCl 0.012 and NaOH 0.065 M; (D) PDMAEMA265 = 39.5 mg in
0.0109 M HCl and NaOH 0.0792 M

Table 5 Apparent pKas (pKap) of the polymers

Polymer Average pKap

PMMA50-b-PDMAEMA269 6.75

PMMA48-b-PDMAEMA324 7.00

PMMA94-b-PDMAEMA88 6.75

PDMAEMA265 6.75

pKap was taken as the pH value between the two endpoints of the titra-
tions in Fig. 3
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PDMAEMA324 at 10 mg/mL (Fig. 5) was similar to that of
PMMA94-b-PDMAEMA88 (Fig. 2C). In the last case, we note
the existence of two peaks (which can be ascribed to two dif-
ferent CH2 f-protons) also suggesting the formation of copoly-
mer aggregates due to the high copolymer concentration. The
CAC for PMMA94-b-PDMAEMA88 in water was ca.
0.005 mg/mL at all pH (Table 5). It could also be inferred that
the block polymer chains in the core structure have substantially
restricted mobility compared to the block in bulk chloroform,
and this fact would justify the lower intensity of the 1H signals
of the –CH2– groups in the aggregates. Additionally, it is likely
that the less-shielded signal is associated with the more hydro-
philic block. In summary, these observations are consistent with
the proposed aggregation of the PMMA48-b-PDMAEMA324 at
higher concentrations in chloroform.

The 1D 1H NMR spectra of the copolymers in water were
strongly affected by pH due to the changes in the ionization
state of the DMAEMA ammonium groups. 1H-NMR spectra

of PMMA50-b-PDMAEMA269, PMMA48-b-PDMAEMA324,
and PMMA94-b-PDMAEMA88 were obtained in 0.01 M
phosphate buffer, pH 6.2 and 8.2 and in borate buffer,
0.01 M, pH 10.0 at the same concentration of 2.8 mg/mL
(Fig. 6). Consistent with their proximity to DMAEMA amine
nitrogen, the DMAEMA amine methyl group resonances
(Fig. 6A) shifted approximately 0.2 ppm upfield, and their
intensity decreased, as the pH was increased from 6.2 up to
10. Similar trends were observed for the resonances of the side
chain methylene protons (Fig. 6B), two bonds away from the
DMAEMA amine group. These resonances were shifted up-
field (from 2.93 and 2.88 to 2.62 ppm) and lost intensity
(Fig. 6). The pH effects were not restricted to protons a few
bonds away from DMAEMA amine group. They were also
detected at the main chain methylene groups (f Fig. 6) where
resonances become barely detectable at higher pH.

The nuclear Overhauser effect (NOE)—To get insights on
conformational changes associated with the ionization of the
copolymers, we obtained a series of 2D NOE spectra of aque-
ous solutions of PMMA48-b-PDMAEMA324 (Fig. 7). At low
pH, the NOEs reflect mainly short-range correlations between
the methylene protons of the DMAEMA main chain and side
chain (peaks e and d, respectively) and all other protons in the
polymeric chain as schematically summarized in Fig. 8 and
observed in Fig. 7. Additional correlations between the neigh-
boring MMA methyl protons and the main chain methylene
protons (peaks f and e, respectively) were also observed. In
contrast, the MMA side chain methyl group (peak c) did not
show any NOE correlation, suggesting that this methyl group
is positioned far away from the rest of the chain and may
experience greater conformational freedom. All NOE correla-
tions become progressively stronger as the pH increased from
6.2 to 10.0. This effect is apparent for the NOEs between the
methylene (peak e) and the methyl protons (peak f) and the
DMAEMA side chain (peaks a and b) (Figs. 7 and 8) despite
detectable broadening of the main chain resonances (Fig. 6).
The stronger NOEs could be explained by the increased com-
pactness of the polymers at higher pH. Such a greater degree
of compactness reflects on reduced flexibility at the
DMAEMA side chains (a and b) whose signals display in-
creased line widths at higher pH. Besides, the aggregates in-
crease in size at higher pH, which also affects the NOE inten-
sities. In combination, the pH effects on size and degree of
compactness of the aggregates make the interpretation of the
NOEs in terms of local structural changes a difficult task.

Discussion

It is attractive to postulate that for a polymer where the
hydrophobic/hydrophilic ratio approaches one, aggregation
is controlled by the hydrophobic component rendering the
pH effects on interfacial repulsion less critical. For a given
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polymer, the differences in CAC between pH 8.5 and 10.0
were small because above pH 8.5 polymers are essentially
deprotonated (see below). For PDMAEMA265, aggregation
occurred (not shown) even at pH 6, in which the amino groups
start dissociating (see below). A more explicit relationship
between the copolymers CAC and hydrophobic/hydrophilic

ratios could be obtained using copolymers with structures
with different ratios than those studied here [22, 27].

The Mw dependence of the Dh of the aggregates is unusual
since the hydrodynamic diameter of the aggregates decreases
with increasing Mw of the monomer (Fig. 4). However, we
note that the polymer with the lowest Mw is that with the
highest proportion of PMMA, rendering it more hydrophobic.
Relatively small polymers, with high hydrophobicity, associ-
ate to form larger aggregates. It has been noted that Bthe mi-
celle size seems to decrease with increasing alkyl group size^
because larger aggregation numbers were calculated for small-
er hydrophobic chains [32, 33].

For PMMA48-b-PDMAEMA324 and PMMA94-b-
PDMAEMA88, the hydrophobic moiety corresponds to ~ 25
and 50% of the copolymers, respectively. This higher hydro-
phobicity (compared with the two polymers described above)
led to an increase in the Dh of the aggregates, reaching values
of 70 and 115 nm, respectively, at pH 6.0. The Dh values, at all
pH, were higher for PMMA94-b-PDMAEMA88 than for
PMMA48-b-PDMAEMA324 due to the higher content of
PMMA and a smaller amount of PDMAEMA.

At pH = 6, the copolymers that have shorter PMMA blocks
(leading the smaller nonpolar cores in the micelles) form ag-
gregates with Dh ranging from around 40 up to 70 nm. For
comparison, homo PDMAEMA aggregates display Dh =
35 nm. The difference between the Dh of PMMA50-b-
PDMAEMA269 (~ 40 nm) and PMMA48-b-PDMAEMA324

(~ 70 nm) aggregates is probably due to the thicker
PDMAEMA corona in the second one. At the same pH,
PMMA94-b-PDMAEMA88 aggregates show a diameter of
110 nm. The low PDMAEMA/PMMA of this material indi-
cates a form factor that resembles a cylinder (instead of a
truncated cone), more likely to lead to larger micelles or even
vesicles or lamellae [30].

As pH increases and PDMAEMA protonation drops,
PMMA48-b-PDMAEMA324 micelles increase in size. This
mater ia l has a higher PDMAEMA/PMMA rat io .
Deprotonation causes the PDMAEMA corona to shrink, so
that the form factor also changes in the direction truncated
cone → cylinder, and, once again according to Israelachvili
(ref), the aggregate size tends to increase to better accommo-
date each copolymer chain. PMMA94-b-PDMAEMA88, on
the other hand, with a cone shape at pH = 6, shows a decrease
on its micelle size, particularly at pH = 10 probably due to the
shrink of the PDMAEMA corona caused by deprotonation
[30]. From pH = 6 to pH = 10, the diameter of such aggregates
come from roughly 115 to 85 nm.

PMMA94-b-PDMAEMA88 aggregates show a very slight
pH dependence. Having an average PDMAEMA/PMMA ra-
tio, it seems that the aggregates are subject to a balance of
effects: as protonation falls, the form factor shifts to a cone,
but the corona shrinks decreasing the overall diameter. The
second effect still prevails, and the aggregate diameter
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decreases from 40 to 35 nm in a very similar way as
PDMAEMA aggregates.

Protonation of PDMAEMA polymers in water is more
complicated than DMAEMA itself or other monoamines
[34]. Multiple amine groups in the side chain lead to complex
group interactions such that, at the limit, the apparent pKas
(pKap) may be different for each ammonium group. Closely
spaced positive charges in a polymer [35] or in a micelle [36]

can determine counterion condensation and, as H+ or OH−

may bind to ionic micelles, local pH can differ from bulk pH
by several pH units. Therefore, even when intrinsic pKas are
unchanged in the polymer or aggregate, the measured pKap

may be distinct to that of the monomer or undissociated spe-
cies because of differences in the local pH. As a result, a broad
buffered pH region was observed on titration of amine-
containing polymers and, due to the positive charge effects,
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the mean pKap was shifted to lower pH compared to proton-
ated tertiary amines [29, 37]. This is also true if PDMAEMA
copolymers self-aggregate to micelles. As protonation/
deprotonation ratios affect a variety of micellar properties,
understanding and controlling degrees of protonation can lead
to polymeric aggregates with a variety of different and excit-
ing properties.

The pKas of the monomer and the polymer in
PDMAEMA-b-PS micelles become identical at high ionic
strengths, with obvious consequences on the zeta potential
of the aggregates [38]. This effect is attributed to a weaker
correlation between the acid/basic centers caused by ionic

screening [38]. A marked contraction on the hydrophilic co-
rona occurs as the ionic strength and pH increase, providing
means to modify the micellar shape by controlling the degree
of protonation of corona groups.

There seems to be no general rule for describing the effect
of pH on the Dh of the polymer aggregates. This indicates the
delicate force balance between the neutral, but still polar, the
amine group of PDMAEMA, and hydrophobic character of
PMMA.

The low pH range of dissociation of the amino groups in
the polymer, compared with that of the monomer, may be
explained by the electrostatic interactions influencing the

Fig. 8 Scheme of the NOEs
observed between protons of the
copolymer at pH 6.2 and pH 10.0.
The blue dashed lines indicate the
NOE interactions at pH 6.2. The
solid blue lines indicate the NOEs
that were observed at pH 6.2 but
became more evident at pH 10.
The pink lines indicate the NOEs
that are observable only at pH 10
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dissociation of the protonated amino groups nearby. When a
large number of charged groups are close to each other, such
as in a charged cationic micelle (the expected morphology of
the aggregates), a local anion condensation, at the surface of
the micelle, is likely to occur. In the case of a positively
charged surface, such as in the studied copolymers, the OH−

concentration [OH−], at the surface particle is larger than that
in bulk solution. The same effect is observed in polymers [39].
This high surface [OH−] facilitates the dissociation of proton-
ated amines leading to an apparent decrease of pKap of the
amino groups.

As the pH increases, the number of protonated amines de-
creases and the distance between the residual positive amines
increases. The more considerable distance between the amine
groups decreases the intensity of the electrostatic repulsion,
thus increasing the apparent pKa of the amino groups which
remain protonated. The pKa of these groups then approach
that of amine monomers, free of electrostatic interactions [40].

Conclusion

We characterized diblock copolymers containing monomers
of PMMA and DMAEMA by gel permeation chromatogra-
phy and 1H-NMR, determining the molar mass and the ratio
between the monomer blocks. In aqueous solution, these poly-
mers form aggregates at a particular concentration (CAC) de-
pend on the ratio between the PMMA and DMAEMA blocks
and the number of monomers in each block. Titration of the
amines of the copolymers showed a dissociation continuum
within a very broad range of pH (about 2 or 3 pH units)
confirming that amine dissociation occurs at pH above 5.5
until about pH 8.5. Polymer aggregation was pH dependent
due to the protonated tertiary amines of the PMAEMA block
which are responsible for the repulsion between the mono-
mers. Thus, the aggregation of the copolymers increases with
the deprotonation of the amines. The NMR results show that
the pH affects the state of aggregation of these copolymers in
water. At pH 6.2 and 7, the interaction between the copolymer
monomers is smaller due to the electrostatic repulsion of
charged amino groups. At pH > 8.2, as almost all the amino
groups are in the neutral form, the copolymer monomers tend
to be closer in the aggregate.
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