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Abstract. Two series of statistical copolymers containing N,N’-
(dimethylamino)ethylmethacrylate (DMAEM) and comonomers
derived from methacrylic acid with three and five methylene-units as
spacers, were prepared by free radical-copolymerization followed by
selective saponification. These statistical copolymers prepared
showed strong self-associative properties as revealed by viscosity,
static and dynamic light scattering studies. The aggregates formed in
aqueous solution show classical ampholytic behaviour with aggregate
expansion both in acid and alkaline conditions and aggregate contrac-
tion at intermediate pH-values, near the isoelectric point of the sys-
tem. The contraction of aggregates is shifted to higher pH-values
when the content on hydrophobic acid comonomer is increased. The
aggregates formed are stable to sonication above a concentration of
0.9 g/L and merge to larger structures at very high or very low pH-
values. A conceptual model is proposed that accounts for the
observed association behaviour of the copolymers. The statistical
ampholytic copolymers studied are an easy to prepare alternative to
block-copolymers for the formation of nano-sized aggregates for dif-
ferent applications.

Keywords: Polyampholytes, macromolecular aggregates, hydropho-
bic self-association, pH-sensitive copolymers

Resumen. Se prepararon dos series de copolimeros estadisticos con-
teniendo N,N’-dimetilaminoetil metacrilato (DMAEM) y comonéme-
ros derivados del acido metacrilico con tres y cinco metilenos como
espaciadores, via polimerizacion radicélica seguida de saponificacion
especifica. Los copolimeros estadisticos obtenidos mostraron una
fuerte tendencia a la autoasociacion demostrada en experimentos de
viscosidad y dispersion de luz estéticay dindamica. L os agregados for-
mados en solucidn acuosa mostraron comportamiento polianfolitico
clasico, con expansién de agregados tanto en condiciones acidas
como en condiciones alcalinas y contraccién de agregados a valores
intermedios de pH, cercanos a punto isoeléctrico del sistema. Lacon-
traccion de agregados se recorre a valores mayores de pH cuando se
incrementa el contenido de comondmero hidrofébico-acido en el
copolimero. Los agregados formados son estables a ultrasonido arri-
ba de una concentracion de 0.9 g/L y se agrupan en estructuras aun
mayores a valores de pH muy altos o muy bajos. Se propone un
modelo conceptual para explicar el comportamiento observado de
autoasociacion de los copolimeros. Los copolimeros anfoliticos esta-
disticos estudiados representan una aternativa facil de preparar en
comparacion con los copolimeros en bloques para la formacion de
agregados nanomeétricos para aplicaciones diversas.

Palabras clave: Polianfolitos, agregados macromoleculares, autoaso-
ciacion hidrofébica, copolimeros sensibles al pH.

I ntroduction

Ampholytic or amphoteric polymers are a class of synthetic
polyelectrolytes that contains both cationic and anionic groups
in the same chain [1]. Investigation of polyampholytes has
been an area of increasing interest because they are used as
better models than polyelectrolytes for natural polymers like
proteins [1-3], asion exchange materials [1], as membranes [4]
and in sewage treatment and flocculation [5]. One of the main
advantages of these materials is their ability to expand in
saline solutions, the so called antipolyelectrolyte behaviour
[2]. The influence of different factors like temperature, ionic
strength and pH on the behaviour of the polyampholytes in
solution has been studied [1]. Solution behaviour of ampho-
teric polymers depends on the ratio of the acidic to basic
groups incorporated in the polymer. In polyampholytes the
electrostatic interactions can be repulsive or attractive. When
the polymer has an excess of anionic or cationic groups,
behaves as a polyelectrolyte [6]. A polyampholyte exist in

agueous solution as a polycation at low pH-values and as
polyanion at high pH-values. At intermediate pH-values
amphoteric polymers show a point where the ratio of positive
to negative chargesis the unity; this point is called the isoelec-
tric point (IP) in analogy with proteins. The IP is characterized
by a minimum of chain expansion in solution. The IP shifts to
higher pH values when the base/acid ratio in the polymer is
increased [7]. Classical examples of polyampholytes are the
statistical copolymers of N,N’-(dimethylamino)ethylmethacry-
late (DMAEM) with methacrylic acid (MAA). These copoly-
mers have been studied 50 years ago [7, 8] and gave an insight
into the general pH- and ionic strength-dependent behaviour of
polyampholytes having weak acid and weak basic groups. The
interest in this kind of copolymers was reborn in the nineties
[2, 3, 9-11] with emphasis in diblock and triblock copolymer
architectures and continued into this century [12-15] due to
their capability to self assemble in water to aggregates of dif-
ferent morphologies. In some of these studies block-copoly-
mers were compared to random or statistical analogs. For
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example Patrickios et al. [9] reported that while DMAEM-
MAA-methylmethacrylate (MMA) triblock-copolymers aggre-
gate to micellar structures depending on pH, random copoly-
meric-analogs do not. Hadjikallis et al. [14] came to a similar
conclusion when the behaviour of blocky and random copoly-
mers of MAA and 2-imidazoilethylmethacrylate were com-
pared.

The self organization of hydrophobically modified water
soluble polymers has been a focus of interest in past decades
due to its applications as thickeners in food and as modifiersin
paints [16, 17], as well as with respect to their biotechnologi-
cal and pharmaceutical applications [8, 18]. In aqueous solu-
tion, association of hydrophobes covalently linked to water
soluble polymers may occur intra- or intermolecularly. In con-
centrated solutions, interpolymer association would lead to
bulk phase separation, whereas intrapolymer association leads
to the formation of unimolecular micelles [19]. It has been
reported that block-copolymers show the tendency to inter-
polymer association, whereas random-copolymers tend to
associate intramolecularly [20]. However, recent studies showed
that the preference of random copolymers to associate intramol-
ecularly depends strongly on the fine chemica structure of the
polymers [19, 21]. In the case of hydrophobically modified
polyelectrolytes, hydrophobic self-association can occur com-
peting with electrostatic repulsions within the same polymer
chain or between different polymer chains, respectively;
depending strongly on macromolecular architecture [21].

To our knowledge, the case of hydrophobically modified
statistical polyampholytes has not been studied in deep. It is
fairly possible that the hydrophobic self-association phenome-
non may lead to the formation of micelles or other type of
aggregates, however, the fact that electrostatic interactions may
be repulsive or attractive depending on composition and pH
needs to be evaluated carefully. Since the preparation of statis-
tical copolymersis much easier than that of block-copolymers,
this could open the possibility for a simple and versatile
method to yield nano-sized structures as containers for several
novel applications. Thisis the case for which this investigation
was undertaken. For this, a series of statistical copolymersin a
wide range of compositions containing the basic monomer
DMAEM and two acidic monomers derivatives of methacrylic
acid with hydrophobic spacers of different length (3 and 5
methylene groups) were synthesized. Extensive viscometric
and light scattering studies were conducted to clarify the
behaviour of these copolymers in aqueous solution as a func-
tion of pH in search of associative phenomenato occur.

Experimental
Copolymer synthesis

The basic monomer N,N’-(dimethylamino)ethylmethacrylate
(DMAEM) was distilled under reduced pressure before use. The
monomers with protected acid groups and hydrophobic spacers
with 3 and 5 methylene units, 4-(methacryloyloxy)butanoate

(M4MOB) and 6-(methacryloyloxy)hexanoate (M6M OH),
respectively were synthesized as reported elsewhere [22].
Homopolymers of DMAEM, M4AMOB, M6MOH and two
series of copolymers of DMAEM with M4AMOB and
M6MOH, respectively, were synthesized by free radical poly-
merization in tetrahydrofurane (THF, Spectrum) as solvent
under argon at 60 °C for 72 h using 1 mol% of N,N’-azobi-
sisobutyronitrile (AIBN, Spectrum) as initiator (Figure 1-A).
The feed ratio of monomers used for the copolymer synthesis
was 75, 50 and 25 mol% of DMAEM in the mixture keeping
the total monomer concentration of 1 M. The preparation of
M4MOB-DMAEM (50-50) copolymer gives an example of
the general procedure used for the copolymer synthesis: 3.91 g
(0.021 mol) of M4AMOB, 3.3 g (0.021 mol) of DMAEM and
0.06 g (0.00021 mol) of AIBN were dissolved in 42 mL of
THF. The solution was transferred to a Schlenk-flask and was
purged with argon and vacuum at -70 °C using three freeze-
thaw cycles to eliminate any dissolved air. Afterwards the
Schlenk-flask was filled with argon and was heated to 60 °C
for 72 h to allow polymerization. The copolymer products
where dissolved in THF and precipitated in petroleum ether
(36-60 °C, Fermont). This process of purification was repeated
three times. Finally the products were dried in vacuum oven at
40 °C for four days.

Deprotection of acid groupsin copolymers

For the deprotection of the acid groups in the copolymers, a
selective ester cleavage reaction was carried out at 115 °C for
24 h using dry pyridine as solvent as reported by Rogel-
Hernandez et al. [22] for homopolymers (Figure 1-B). The
reaction on MAMOB-DMAEM (50-50) copolymer is
described as an example of the general procedure used: In a
three necked round bottom flask equipped with magnetic stir
bar, reflux condenser, thermometer and argon inlet, 3.5 g (0.01
mol) of MAMOB-DMAEM (50-50) copolymer, a 4-fold
excess of anhydrous lithium iodide (5.22 g, 0.04 mol, Acros)
and 0.8 g (0.01 mol) of anhydrous sodium acetate (Aldrich)
were dissolved in 30 mL of dry pyridine (Aldrich). The reac-
tion mixture stirred for 24 h at 115 °C under argon. The solu-
tion was then cooled and the solvent removed under vacuum.
The crude product was dissolved in deionized water under stir-
ring and was dialyzed extensively for one week using cellulose
ester dialysis tubing (MWCO: 500, Spectra/pore). The content
of the dialysis tubing was concentrated using a rotary evapora-
tor and the product was finally dried in vacuum oven at 40 °C
for five days.

Nuclear magnetic resonance spectr oscopy

H NMR-spectra were recorded using either a Varian Gemini
Il 200 spectrometer (200 MHz), for monomers and protected
copolymers or a Bruker Avance 4000 NMR spectrometer (400
MHz) for deprotected homo- and copolymers. CDCl,, C,D O,
CD,0OD or D,O (all from Aldrich) were used depending on the
solubility of the products. With exception of D,O, tetramethyl-
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Fig. 1. Preparation method for ampholytic copolymers: A- Copolymerization to yield DMAEM/acid group protected copolymers. B-Selective

saponification to yield ampholytic copolymers

silane (TMS) was added as standard to the deuterated solvents
used.

Molecular weight determinations

Molecular weight and molecular weight distributions of pro-
tected copolymers were determined by gel permeation chro-
matography (GPC) using a Varian 9002 GPC equipped with
refractive index (RI) and UV detectors. A mixed bed column
(phenogel 5 linear) from Phenomenex was used for the separa-
tion. Calibration was carried out using polymethylmethacry-
|ate standards ranging from 2 050 to 1 000 000 g/mol. The elu-
ent was THF (HPLC grade, Spectrum) added with 1 vol% tri-
ethylamine (TEA, Aldrich) at a flow rate of 0.5 mL/min at 30
°C [23]. Since Mark-Howink parameters were not available for
the copolymers, al molecular weights are reported as PMMA
equivalents. The molecular weights of selected deprotected
homo- and copolymers were determined by static light scatter-
ing (SLS) using the same equipment described in the subsec-

tion Light scattering studies (below) but using a 0.05 M NaCl
aqueous solution as solvent.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were
performed on a TA Instruments MDSC 2920. 18-23 mg of
well dried samples (40 °C for 24 h in vacuum) was heated
from -40 °C to 150 °C at a rate of 2 °C/min. The temperature
was modulated to +/- 0.5 °C every 60 sec under nitrogen
atmosphere. To clear thermal history, the curve of reversible
heat at the second heating was evaluated at half height of the
glass-transition event, and reported as the glass transition tem-
perature (T).

Viscosity studies

Viscometric measurements were carried out using a Seide-
Deckert viscometer at 25 °C. Stock solutions were prepared by
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dissolving designated amounts of polymer in buffer solutions
prepared at constant ionic strength (I = 0.1 M) with pH values
from 2 to 11, at room temperature. Two days were required
for the polymers to dissolve completely. The solutions were
filtered off using 0.2 mm polytetrafluoroethylene (PTFE)
membrane filters before measurement. Three to five solutions
from each sample in each buffer were prepared with concen-
trations ranging from 0.5 to 6.0 g/L. Each measurement was
repeated five times and the actual pH of each solution was
messured after the viscometric evaluation. The same solutions
were used for light scattering measurements, both static and
dynamic to have a better comparison of results.

For studies of formation and stability of aggregates using
viscometry, a Cannon-Ubbelohde viscometer at 25 °C was
used. Solutions in the concentration range of 0.6 to 1.0 g/L in
the buffer of pH=7 were prepared and filtered off using 0.2
mm PTFE syringe filters.

Light scattering studies

Static light scattering measurements (SLS) were performed at
room temperature on a modified static light scattering appara-
tus FICA 50 (SLS Systemtechnik, Germany) using a laser
light source of 633 nm, in the angular range of 30-145° in
steps of 5°. For these studies, buffer solutions of copolymers
with nominal pH-values from 2 to 11, at a constant ionic
strength (1=0.1M) were prepared, allowed to stand for 2 days
and filtered off using 0.2 mm PTFE membrane filters. The
refractive index increment needed for SLS studies was mea-
sured using a DR-1 differential refractometer (SLS
Systemtechnik, Germany) at room temperature. The equip-
ment was calibrated previously with a standard KCI solution.
The concentration range studied was from 0.5 to 3.0 g/L using
Buffer-solutions of nominal pH-valuesfrom 2to 11.

Dynamic light scattering (DLS) measurements were per-

formed at room temperature using a DL S 700 (Otsuka, Japan)
at an angle of 90°. For these measurements only the solution
with the highest concentration for each copolymer (in each
buffer) was used. The hydrodynamic diameter D, of the
macromol ecules was calculated using the Stokes-Einstein
equation for spheres, as usual [24].

Results and Discussion

Copolymer synthesis and characterization
Copolymers with protected acid groups

Figure 1-A show the structures of the copolymers of DMAEM
and methacrylic acid derivatives with hydrophobic spacers
prepared. The main characterization parameters for the prod-
ucts obtained are given in Tables 1 and 2. All polymers were
obtained in good yields, although the copolymers prepared
using MAMOB were obtained in higher yields. Copolymer
compositions were determined from *H NMR spectroscopy by
integration ratio of the signals corresponding to methylene
protons adjacent to the oxygen atom in both monomers taking
the integration of the methoxy signal from the protected acid
group as a reference (protons “i” and “j” referred to protons
“h” in chemical structure insert on Table 2). All obtained
NMR signals for homopolymers and selected copolymers are
listed in Table 2. Only one example of every copolymer islist-
ed since they show the same signals independent of the com-
position; only the integration value varied as a function of
composition. The content on hydrophobic comonomer was
close to the corresponding monomer feed mixture. Weight
average molecular weights obtained by GPC at 30 °C are in
the range of 4.0 x 10* to 1.02 x 10° g/mol and the samples are
polydisperse (Table 1). The glass transition temperatures
obtained for the series of copolymers including monomers

Table 1. Results of copolymerization and main properties of the copolymers at room temperature with protected acid groups

Copolymer Yield Hydrophobic M, Poly- T,
(feed composition) [%0] comonomer [g/mol] dispersity [K]

content index

[mol %]
PolyDMAEM (100) 84 - 40 000 18 291.55
CopM4MOB-DMAEM (25-75) 96 22 100 200 - 280.75
CopM4MOB-DMAEM (50-50) 97 52 64 500 36 280.15
CopM4MOB-DMAEM (75-25) 98 75 42 300 20 277.75
PolyM4MOB (100) 93 100 76 600 21 273.15
CopM6MOH-DMAEM (25-75) 89 25 84 200 30 268.85
CopM6MOH-DMAEM (50-50) 91 44 88 800 32 264.15
CopM6MOH-DMAEM (75-25) 85 72 78 700 35 256.25
PolyM6MOH (100) 84 100 96 500 35 236.65
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Table 2. 'H-NMR chemical shifts (8) of copolymers with protected acid groups. (8-valuesin ppm)
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PolyDMAEM 0.9-1.0 - 1.9 - 2.3 - 26 - - 4.0
PolyM4MOB 0.9-1.1 18 - 2.0 - 24 - 37 4.0 -
PolyM6MOH 0.8-1.0 14 - 1517 - 2.3 - 36 39 -
CopM4MOB
-DMAEM (50-50) 0.9-1.1 18 1.8 2.0 23 24 26 37 39 41
CopM6MOH
-DMAEM (50-50) 0.9-1.1 14 1.8 1517 2.3 2.3 26 37 39 41

* Two shifts within range because of atacticity

with 3 and 5 methylene spacers, show that the higher the con-
tent of the comonomers with spacer groups, the lower the
value of T due to side chain flexibility introduced by the
aliphatic spacer.

Copolymers with deprotected acid groups

The copolymers with protected acid groups were subjected to
selective ester cleavage reactions aiming deprotection of the
acid groups applying the methodology described by Rogel-
Hernandez et al. [22] (see Figure 1-B). The copolymers were
obtained with deprotection yields that varied strongly with the
starting copolymer composition (from 48 to 96%, Table 3). As
a result the obtained amphoteric copolymers have to some
extent also a content of hydrophobic non-ionic units in their
structure. The composition of these copolymers was estimated
by H:-NMR measurements in D,O or CD,OD, depending on
solubility (Table 3).

The amphoteric copolymers obtained after selective
saponification were not soluble in THF anymore and the GPC
analysis was not possible for this copolymer series using our
equipment. We determined the molecular weights instead by
SLS in aqueous NaCl solution for the copolymers that were
water soluble at neutral pH. The obtained molecular weights

can not be compared with those of the starting copolymers
given the fact that the values of the starting copolymers are
PMMA equivalents (Table 3). As expected, the T, values of
the deprotected copolymers increased dramatically with
respect to the protected copolymers since by having free acid
groups in addition to the tertiary amine groups there are many
possibilities of interchain and intrachain attractive interactions
like hydrogen bonding and acid-base interactions in the solid
State.

Viscosity studies

It is known that the viscosity of dilute polymer solutions
depends on the hydrodynamic volume of the polymer and
their concentration [25]. At a constant ionic strength, the vis-
cosity of a polyampholyte can also be related to its volume in
solution; however a determination of the intrinsic viscosity of
charged polymers is complicated due to their behavior at very
high dilution, including the presence of an irreproducible max-
imum or even values of reduced viscosity that approach infini-
ty [2]. An dternative for the calculation of intrinsic viscosity
of this kind of polymers has been the evaluation of viscosity
data using the Fuoss and Strauss equation [26]; however,
recently it has been postulated that their use has been one of
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Table 3. Results and main properties of copolymers at room temperature after deprotection reaction on acid groups.

Content on Content on Content
Start composition Yield' monomer monomer on M, R, T,
of the copolymers [%6] with free with protected DMAEM [g/mol] [nm] [K]

acid groups acid groups [mol %]

[mol %] [mol %]

CopM4MOB-DMAEM (22-78) 48 11 7 82 98 200 20 301.9
CopM4MOB-DMAEM (52-48) 70 36 19 45 - - -
CopM4MOB-DMAEM (75-25) 63 48 44 8 143 000 42 -
PolyM4MOB (100) 96 96 4 - 98 000 - 362.7
CopM6MOH-DMAEM (25-75) 81 20 10 70 - - 359.9
CopM6MOH-DMAEM (44-56) 80 35 35 30 120 000 - 373.7
CopM6MOH-DMAEM (72-28) 74 54 27 19 - - 364.3
PolyM6MOH (100) 59 59 41 - 59 000 (14) 2755

* Deprotection of acid groups

the capital errors of polyelectrolyte history [27]. Therefore we
used single-point (concentration) reduced viscosity values to
follow changes in coil dimensions of our copolymersasitisa
common practice for charged polymers [2, 7, 28, 29]. Since
the synthesized copolymers contain carboxylate and amine
groups on the main chain, an effect of pH on the viscosity of
the copolymers would be expected [6, 7]. The dependence of
the reduced viscosity (n./C,) on the pH for the ampholytic
copolymers with three methylene spacers (deprotected
M4MOB-DMAEM copolymers) in buffer-solutions of con-
stant ionic strength (I =0.1 M) are shown in Figure 2. The
copolymers with lower content on partially hydrophobic acid
comonomer were soluble over the entire pH-range studied,
while the copolymer with 48% content on deprotected acid
comonomer was insoluble at pH values lower than 6.5. The
copolymers showed high values of viscosity both in acid and
alkaline buffers suggesting that the chains adopt an extended
polyelectrolyte configuration due to electrostatic repulsions
between the groups of the same charge. They act as polyca-
tions at low pH values and as polyanions at high pH values.
They show also a minimum in viscosity (isoelectric point, |P)
at intermediate pH values due to the strong electrostatic attrac-
tions between groups of opposite signs suggesting that the
copolymer chains are strongly collapsed. The IP of the
copolymers shifted to lower pH values when the amino to acid
ratio in the copolymer decreased. The homopolymers from
M4MOB after deprotection (poly(4-methacryloyloxy-butanoic
acid)) and DMAEM show typical polyelectrolyte behaviour
with viscosity increase at high and low pH values respectively
due to the presence of carboxylate groups in the former and
guaternized amino groups in the later (Figure 2). The
homopolymer DMAEM was soluble in al range of pH values
studied while the polyacid from M4AMOB precipitated at low
pH values as already mentioned due to the presence of
hydrophobic spacers. The deprotected polymer from M6MOH
(poly(6-methacryloyloxy-hexanoic acid), here not shown)

revealed also a viscosity maximum at high pH values and was
not soluble at pH values lower than 5.2.

Light scattering studies

Static light scattering measurements were carried out to sup-
plement the viscosity studies. They were conducted on the
same solutions as for the viscosity experiments. The values of
the radii of gyration (R), proportional to the polymer volume
in solution, and the apparent molecular weights are reported in
this investigation. Figure 3 shows that R, of the copolymers
behaves similarly to the viscosity in dependence of pH. R,
increases at pH values where the viscosity increases, and R,
droops at intermediate pH values, in analogy to viscosity. The
increase of R, on acid and alkaline buffers normally would
indicate extended conformation of the copolymer chain and

60 - Insoluble A

1 sp/Cp, (MmL/g)
N
o
L

Fig. 2. Reduced viscosity in agueous buffers (I = 0.1M) as a function
of pH for deprotected polymers and copolymers originated from
M4MOB and DMAEM: > — CopM4MOB-DMAEM (22:78) [C = 1.8
g/L], A - CopM4AMOB-DMAEM (52:48) [C = 1.8 g/L], O —
CopM4MOB-DMAEM (75-25) [C = 1.8 g/L], ¢ - FI)DonM4MOB [C=
0.5g/L], » — POlyDMAEM [sz 05 g/L]. Curves draw as a guide for
the eye only.
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Fig. 3. Radius of gyration (R) in aqueous buffers (I = 0.1M) as a
function of pH for deprotectedg copolymers originated from M4MOB
and DMAEM: o — CopM4MOB-DMAEM (22:78), OO - CopM4MOB-
DMAEM (52:48), A — CopM4MOB-DMAEM (75-25). Curves draw
asaguide for the eye only.

the reduction of R at intermediate pH buffers would indicate
chain contraction. However the values of R, from 175 to 210
nm do not corresponds with the size of a single copolymer
chain. For example for the MAMOB-DMAEM (22-78)
copolymer an R, of 20 nm was measured in neutral water with
added salt after deprotection reaction (0.05 N NaCl, Table 3).
Moreover, the molecular weight of the same copolymer under
the same conditions (neutral water, sat added) is M =98 200
g/mol, while in the buffer solutions at pH of 7.9, an apparent
M,, of 9.95 million g/mol was measured (Table 4)! These
results indicate that aggregation is occurring. In order to
investigate further this behaviour we performed dynamic light
scattering studies (DLS) in buffer solutions of different pH-
values for the same copolymers. Figure 4 shows the, from dif-
fusion coefficients calculated distributions of hydrodynamic
diameters (D,) for the copolymer MAMOB-DMAEM (22-78)

Rosario Santos-Rosas

after deprotection reaction at different pH values. As we can
see the average values of D, are much higher than the expecta-
tions for single macromolecules. Moreover, there are at least
two distributions of sizes at each pH-value indicating the for-
mation of aggregates that merge, in some cases, to even larger
structures. In Table 4 the mean values of D, for each popula-
tion of aggregates and the results obtained by SLS are com-
pared for the copolymer MAMOB-DMAEM (22-78) after
deprotection reaction as a function of pH. The apparent mole-
cular weights of the structures formed are in the millions,
showing that more than 100 copolymer chains may aggregate
into the structures formed. Taking the D, values of the mid-
size population of aggregates (hundreds of nm), we recognize
the same trend observed for R, and reduced viscosity: increase
at low and also at high pH values while a decrease is observed
at intermediate pH values. This further confirms the ampholyt-
ic behaviour of these macromolecular structures: expansion at
low and at high pH-values, while contraction at intermediate
pH-values, near the isolelectric point, is observed.

Self-association: Concentration dependence

Another question that arises at this point is about the concen-
tration dependence of the aggregation capacity of these statis-
tical ampholytic copolymers. It is well-known that the self-
association of block-copolymers in a selective solvent into
micelles depends not only on the chemical structure of the
blocks but also on parameters like temperature and copoly-
mer-concentration. In the case of concentration, above a so
called critical micelle concentration (CMC) a micelle exists
certainly, while below the CMC the association-equilibrium
favors the molecular dissociation into single copolymers
(unimers) [30]. In our case, we studied the reduced viscosity
behaviour of the MAMOB-DMAEM (22-78) copolymer after
deprotection reaction at three different concentrations: 0.60,
0.86 and 1.00 g/L. This study was performed in a buffer solu-
tion of pH=7.1 at ionic strength of 0.1 M. All solutions were

Table 4. Characteristics of macromolecular aggregates at room temperature from deprotected CopM4MOB-DMAEM(22:78) as a func-

tion of pH.
pH Concentration M, R, D,
(g/L) (108 g/ mol) (nm) (nm)
37 25 16.6 209 284 2139
3.9 25 11.2 206 8 47 886
45 20 13.7 200 10 65 734
55 22 33.0 184 26 282
7.9 23 9.95 177 37 225
8.2 22 334 188 7 57 329
85 25 30.6 203 9 80 877
9.0 21 17.3 202 21 72 815
9.3 20 121 198 18 123 1065
10.7 21 6.96 192 22 194 1286

Note 1: Single chain M, = 98 200 g/mol, R, =20 nm

Note 2: Composition of copolymer after deprotection is: 82% DMAEM-11% free-acid M4AMOB-7% M4MOB
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Fig. 4. Distribution of hydrodynamic diameters (D,) for agueous solutions of deprotected CopM4MOB-DMAEM (22:78) at different pH-values

(room temperature).

first evaluated after 48 h of preparation and were filtered off
using 0.2 mm syringe filters before measurement. After this
original reduced viscosity measurement, the solutions were
subjected to sonication for 20 min and the reduced viscosity
was measured again. Finally the solutions were allowed to
reach equilibrium again (48 h) and were evaluated for reduced
viscosity for the third time. The results of these experiments
are pictured in Figure 5. For the solutions at a copolymer con-
centration of 0.6 g/L we observed a large decrease in reduced
viscosity after sonication, thus indicating a disruption of the
structures formed initially. After equilibrium, the reduced vis-
cosity recovers almost entirely its origina value. In contrast,
for a solution at a copolymer concentration of 1.0 g/L sonica
tion did not resulted in any reduced viscosity change, while
for the solution at a concentration of 0.86 g/L a slight decrease
of reduced viscosity after sonication was observed accompa
nied with a partial recovery after equilibrium. These results
suggests that a critical aggregate concentration behaviour may
be encountered in the vicinity of 0.9 g/L insofar that at higher
copolymer concentration the association equilibrium is totally
shifted towards aggregate-formation, while at lower concen-
tration the equilibrium alows for the existence of both aggre-
gates and molecularly dissolved polyampholytes. This con-
firms also that the tendency to aggregation of the synthesized
statistical copolymers is very strong in water even at concen-
trations as low as 0.9 g/L. This strong associative behaviour
may result from the hydrophobic units (remaining protected
acid units) in addition to the presence of hydrophobic spacers

(protected and unprotected acid units) in the copolymer struc-
ture.

Association mode

On the basis of the experimental results, we propose a concep-
tual model for the association of the statistical copolymers
based on attractive hydrophobic interactions and attractive
(ampholytic) or repulsive (electrolytic) ionic interactions

16 T
14 A
12 4
10 ~

n splC p (mL/g)

0.5 0.6 0.7 0.8 0.9 1 11
C, (g/L)

Fig. 5. Reduced viscosity as a function of polymer concentration for
deprotected CopM4MOB-DMAEM (22:78) at pH=7.1 (I =0.1M,
room temperature); Sonication experiment: 0-Origina value, A-Right
after sonication, o- 48 h after sonication. Curves draw as a guide for
the eye only.
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Viscosity

pH
Fig. 6. Model of the associative behaviour in water of random
hydrophobic copolyampholytes: @ -lonised basic units, ©-lonised
acid units, < -Hydrophobic units

depending on the pH-value of the aqueous solution (Figure 6).
At intermediate pH values (IP of the polyampholyte) all inter-
actions hydrophobic and ionic, are attractive. As aresult a col-
lapsed aggregate is formed. The viscosity, R and D, show
lowest values. In some cases a precipitate is formed at this pH
values. At lower pH values, a fraction of the units having
basic groups (DMAEM) would be ionized. This will lead to
repulsive cation-cation interactions resulting in expansion of
the aggregate and the inclusion of more solvating water mole-
cules. As a result, the viscosity, R and D, increase its values.
The aggregate is held together through hydrophobic interac-
tions. At higher pH values, a fraction of the units having acid
groups (deprotected M4AMOB or M6MOH) would be ionized.
This will lead to repulsive anion-anion interactions resulting
in expansion of the aggregate and the inclusion of more sol-
vating water molecules. As a result, the viscosity, R and D,
increase its values. The aggregate is held together through
hydrophobic interactions. In some cases, at very high or very
low pH values depending on copolymer composition, the vis-
cosity goes through a maximum and drops again. This behav-
iour may be explained if we consider that the repulsive ionic
forces may overcome the attractive hydrophobic interactions
bringing the disruption of the aggregate structure. However,
from DLS results we must emphasize that the strong associa-
tion tendency of these copolymers is kept even in those condi-
tions, since we observed that larger aggregates tend to be
formed at very high or very low pH values (see Table 4 and
Figure 4).

Effect of the spacer group

For this investigation we used methacrylic acid monomers
having methylene spacer groups of 3 (M4MOB) and 5 units
(MBMOH), respectively. How due these additional methylene
units in the copolymer series influences the observed behav-
iour? Qualitatively we observed the same general features in
both copolymer series regarding ampholytic and associative
behaviour and regarding insolubility in water at certain pH-

Rosario Santos-Rosas

values if the acid comonomer content (protected and depro-
tected) was higher than 70%. In a previous work [22] we
found that the acidity constants (pK ) of methacrylic polymers
with spacer groups increase with increasing number of meth-
ylenes in the spacer group. Therefore we expected a change in
the properties that depend on the acidity of these units in the
copolymers, specially the isoelectric point (IP) of the systems.
Table 5 compares the main observed features of the pH-
dependent aqueous solution behaviour for both copolymer
series. Although, the composition of the copolymersis not the
same in both series, is close enough to alow for some trends
to be recognized. On the one hand we observe that the IP
shifts to higher pH-values in the case of the M6MOH-copoly-
mers, compare for this MAMOB-DMAEM (22-78) and
M4MOB-DMAEM (52-48) copolymers with M6MOH-
DMAEM (25-75) and M6MOH-DMAEM (44-56) copoly-
mers, respectively. On the other hand, the maximum values of
viscosity, A, and R, in alkaline buffers shift also to higher pH-
values for the M6M OH-copolymer series, compare M4MOB-
DMAEM (52-48) and M6MOH-DMAEM (44-56) copoly-
mers. If we compare our results with the IP reported for
DMAEM-MAA copolymers systems, we find the following:
for a random copolymer containing a 1 to 1 ratio of both units
de IPis 6.4 [28], for a block copolymer with same composi-
tion the reported IP is 6.7 [3] and for a random terpolymer con-
taining a ratio of 1:1:1 of DMAEM:MAA:MMA (methyl-
methacrylate) units the reported IP is 6.6 [9]. These results sug-
gest that only the balance of ionisable units determines the IP.
We must emphasize that the same authors report [9, 28] that
block-copolymers show to the contrary of random copolymers,
regions of pH where they are insoluble. In the case of a dlightly
more hydrophobic random copolymers in which instead of
DMAEM, N,N’-diethylaminoethylmethacrylate (DEAEM) was
used, the IP shifted to dlightly higher pH-value of 7.0 for a 1:1
charge balanced sample [7]. Moreover, unbalanced random
DEAEM-MAA copolymers showed regions of pH in which
they were insoluble [7]. In our case, the nearly charge balanced
copolymers we prepared: MAMOB-DMAEM (52-48) and
M6MOH-DMAEM (44-56), showed IP values of 5.4 and 7.9
respectively; therefore 5 methylene units in the spacer are need-
ed to exert a clear shift in the IP to higher values confirming
that the IP is mainly determined by the charge balance and the
respective acidity and basicity constants of the comonomers.

In the case of the copolymers prepared with high concen-
tration on the hydrophobic acid comonomers: M4MOB-
DMAEM (72-25) and M6MOH-DMAEM (72-28), the influ-
ence of the remaining protected acid units is so strong that
insolubility superimposes to the expected features at interme-
diate and low pH-values showing that in this case ionic inter-
actions are secondary to hydrophobic association.

Conclusions

Ampholytic copolymers containing DMAEM as basic units
and methacrylic acid comonomers with aliphatic spacers of 3
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Table 5. Comparison of pH-dependent expansion-contraction behaviour at room temperature in aqueous solution for copolymers after deprotec-

tion reaction.

Starting Copolymer [nsp/Cp]bin mL/g Rgin nm D,finnm
(Composition)2 Max Min Max Max Min Max Max Min Max
CopM4MOB-DMAEM 324 6.7 434 209 176 203 1910 160 866
(22-78) (pH=4.4; 8.4, 10.5) (pH=2.2; 6.2 8.1) (pH=3.7; 7.9; 9.7)
CopM4MOB-DMAEM 245 9.2 474 195 162 228 —_— £125 731
(52-48) (pH=4.3; 5.4; 9.8) (pH=4.1; 5.1 8.1) (pH <5.4; =8.2)
CopM4MOB-DMAEM IS <41.6 61.0 IS <183 197 —_— —_— 506
(75-25) (pH<6.5; =11.0) (pH < 6.2; =8.1) (pH=10.0)
CopM6MOH-DMAEM 25.8 75 25.0 212 196 209 2698 401 1046
(25-75) (pH=3.4; 8.1; 10.5) (pH=4.4; 5.2-81 9.8) (pH=6.1; 6.2-8.5; 10.4)
CopM6MOH-DMAEM 16.7 5.8 40.8 200 29 243

(44-56) (pH=3.8; 7.9; 10.4) (pH=3.3; 42 9.8)

CopM6MOH-DMAEM 5.8 0 55.0 — <186 195 IS <519 940
(72-28) (pH=2.8; 4-6; 10.8) (pH<6.2; =8.1) (pH<6.3; =10.5)¢
& For composition after deprotection see Table 3 b- C-18 g/L

c-Average-value from all distributions, Cp: 20-25¢g/L d-Cp: 40-6.0¢g/L

I1S= Value would lay in insoluble region — Not evaluated

and 5 methylenes, as acid units were prepared by free radical
polymerization followed by selective saponification of the
protected acid groups. This synthetic methodology was effec-
tive to yield the desired statistical copolymers with appropri-
ate molecular weights in a broad range of compositions.
However, the saponification reaction being not complete
resulted in different amounts of hydrophobic protected acid
units remaining in the copolymers and contributing as addi-
tional sites for hydrophobic interactions.

In aqueous solutions the copolymers show a strong asso-
ciative behaviour revealed by an increase in reduced viscosity
and apparent molecular weights by SLS at least 100 times that
of single macromolecules. The macromolecular aggregates
formed are stable to sonication at copolymer concentrations
higher than 0.9 g/L. The size of the aggregates change with
changes in the pH of the solution in a similar fashion than
ampholytic macromolecules as revealed by SLS and DLS
measurements. They expand both at low and at high pH-val-
ues while they contract at intermediate pH-values. DLS stud-
ies showed further that at each pH-value at least two distribu-
tions of sizes of aggregates are formed. At very low and very
high pH-values the aggregates merge into even larger struc-
tures demonstrating their strong associative tendency. On the
one side, since the amount of ionic and hydrophobic interact-
ing groups is composition dependent, the observed features
depend also on the relative content of each type of unit present
in the copolymer. On the other side, since the ionisation of the

units depends on the acidity constant (pK,) of the functional
groups there is a dependency of the observed behaviour on the
type of comonomer used, namely: using as acid comonomer
one including a longer aliphatic spacer (5 methylenes,
M6MOH), brings a shift in the pH of the contraction of the
aggregates to higher values, in comparison to using M4MOB
or asimple MAA, instead. All statistical copolymers prepared
were able to form nano-sized aggregates in arange of pH-val-
ues, depending on their composition.

Nowadays that the formation of micelles and other aggre-
gates for nano-technology purposes are subject of increased
efforts worldwide using block-copolymers as target macro-
molecules, we find that statistical copolymers are an easier to
prepare alternative for stable, nano-sized aggregates, provided
that ionic and hydrophobic interactions are given through an
adequate copolymer composition and pH.
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