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Abstract

A family of amphiphilic poly(acrylic acid-g-styrene), P(AA-g-S), graft copolymers has been prepared by quantitative hydrolysis from

poly(tert-butyl acrylate-g-styrene), P(tBA-g-S), precursors and evaluated by 1H NMR and FTIR. The thermal characterization of these

copolymers as a function of the number of grafted repeat units has been performed by thermogravimetric analysis, TGA, differential scanning

calorimetry, DSC, and dynamic mechanical experiments. A higher thermal stability of the PAA main chain was observed by TGA as

incompatible PS is grafted onto it. Small-angle X-ray scattering, SAXS, measurements have confirmed the existence of phase separation in

the graft copolymers and the morphological behavior was analyzed. An increase on microdomains size is observed when the number of grafts

diminishes. Moreover, the presence of polar functional groups in the backbone chain leads to the formation of hydrogen bonds giving rise to a

substantial modification of the linear viscoelastic response compared with that exhibited by the unhydrolyzed precursory copolymers, as

observed by analysis of melt rheological measurements.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Amphiphilic block copolymers are used now-a-days for a

broad variety of applications [1], e.g. as polymeric

surfactants, reactors for nanoparticles, thickening agents in

paints, in cosmetics, for enhanced oil recovery, or as

biomedical substances, etc. Block copolymers are of a

considerable interest because of their ability to self-

assemble in solution or bulk states. The widely extended

range of potential industrial applications for amphiphilic

block copolymer is a consequence of their particularly

interesting tendency to self-associate in the aqueous

medium [2], yielding microdomains with lowered polarity
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that can be incorporated and transport external hydrophobic

molecules. On the other hand, a large number of their

technological applications demand controlling the level of

surface hydrophilicity or hydrophobicity. Depending on the

application, it may be required that a given liquid wets the

polymer surface (adhesion, printing, etc.) or on the opposite,

it may involve a repellent polymer surface (waterproofing,

oil or soil repellence, etc.). These current and potential

future applications have provoked that polymeric solutions

are gaining importance due to their unique and in a wide

range adjustable physical and structural properties. Despite

this, the solid-state properties of these materials have not

received much attention compared with their solution

behavior.

Linear block copolymers formed by hydrophilic blocks

of polyacrylic acid (PAA) and hydrophobic chains of

polystyrene (PS) have received a great interest in the last

years [3]. Eisenberg and his group [3d–f] have studied the

multiple morphologies and characteristics of ‘crew-cut’

micelle-like aggregates of PAA-b-PS diblock copolymers in
Polymer 46 (2005) 4544–4553
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aqueous solution. On the other hand, Huang et al. [3g] have

described the capacity of these copolymers to afford stable

nanoscale particles. The formation of these nanostructured

materials is due to the assembly of these amphiphilic

diblock copolymers within an aqueous solution followed by

crosslinking reactions selectively throughout core or shell

domains. These copolymers have also been used as

stabilizers in emulsion polymerization [3h]. In addition,

the neutralization of PAA segments has permitted to prepare

halato-telechelic copolymers [3a]. Recently, Tsitsilianis and

Iliopoulos [4] have described the viscoelastic properties

exhibited by a physical gel formed by charged PAA end-

capped with PS sort blocks (PS-b-PANa-b-PS). The unique

property shown by these gels is the possibility to control

their viscoelasticity by changing the conformation of the

elastic chains through the pH of the solution.

A good number of investigations about this system have

been restricted to linear di- and tri-block copolymers,

although in the last years, the preparation and the study of

novel block copolymers with branched architecture (grafts,

stars, dendrimers, hyperbranched, etc.) have successfully

created materials possessing unusual behavior, in compari-

son with traditional linear block copolymers. This has also

allowed opening up a whole new dimension in amphiphilic

block copolymers research, namely the interplay between

topology and morphology on solution and bulk properties

[5]. Some examples in this area corresponds to the work of

Müller and co-workers [6] about amphiphilic cylindrical

brushes with PAA core and PS shell, or that of Francis et al.

[7] where they describe the synthesis and characterization of

novel PS(PAA)2 miktoarm stars carrying one hydrophobic

PS branch and two ionizable PAA arms. Concretely in the

case of graft copolymers constituted by these two

components, a PAA backbone and grafts of PS, only one

article of Carrot et al. [8] describes, to our knowledge, the

organization ability of these copolymers, to form micelles

and at the same, these authors verified its ability to stabilize

emulsions.

The topology or molecular architecture is a very

important factor in the morphological behavior of block

copolymers. While the morphology of linear, conformation-

ally symmetric diblock copolymers relies entirely on the

volume fraction of the respective blocks, the morphology of

graft (and other branched block copolymers) also depends

on an additional factor, the molecular asymmetry parameter.

This asymmetry parameter contains a factor describing the

conformational asymmetry between the two blocks and

another factor describing the asymmetry inherent to the

macromolecular architecture [9]. Hence, branched block

copolymers are able to yield morphologies that cannot be

developed by linear diblock copolymers at the same volume

fraction. Benoit and Hadziioannou [10] proposed for graft

copolymers a general theory to predict the scattering profiles

in the homogeneous state and at the spinodal. They found

that the scattering profiles of grafts copolymers as well as

the spinodal curves were relatively insensitive to the total
number of constituting units, approaching a limiting value at

high number of units. Additionally, they found that the

relevant values cN (c being the Flory interaction parameter

between both monomers and N the total number of

monomeric units in the copolymer) for controlling phase

behavior was that of the constituting unit rather than of the

whole graft copolymer. A similar result was found by

Balazs and co-workers when considered the behavior of

order–disorder transition in graft copolymers [11].

The aim of this paper is study the structural and thermal–

mechanical properties of a series of amphiphilic graft

copolymers, poly(acrylic acid-g-styrene) P(AA-g-S) in their

bulk state. The difference between the distinct graft

copolymers is the number of graft incorporated onto the

PAA backbone. These copolymers were prepared by total

hydrolysis of poly(tert-butyl acrylate-g-styrene) graft pre-

cursory copolymers, P(tBA-g-S). The synthesis, thermal

and viscoelastic properties, along with the morphological

behavior of these graft precursors have been described in

earlier papers [12]. These previous studies indicate phase

separation and, thus, the existence of microdomains of both

two components from above a certain degree of grafting.
2. Experimental
2.1. Graft copolymers

The methods used for the synthesis and characterization

of graft copolymer precursors, P(tBA-g-S) were given in a

previous paper [12a]. The preparation of the P(AA-g-S) was

carried out as follows. P(tBA-g-S) copolymers were

dissolved in an equal weight of dioxane (based on the

mass of polymer added), and a three-fold excess of

concentrated HCl was added (based on the moles of

backbone ester groups). The flask was covered with a

condenser, and the solution was heated to reflux. After 6 h,

the solution was cooled, precipitated into hexane and then

dried under vacuum to constant weight.
2.2. Characterization

The amphiphilic copolymer characterization was made

by using KBr pellets in a FTIR Perkin–Elmer spectrum one

and by proton nuclear magnetic resonance spectroscopy. 1H

NMR spectra were performed on Bruker AMX500 and

DSX700 spectrometers. DMSO-d6 (PAA-g-PS) or CDCl3
(PtBA-g-PS) were used as solvents and using the deuterated

proton signal as reference. Both techniques indicated a

practically complete hydrolysis in all the samples.

The values of the apparent weight-average, number-

average molecular weight, and number of grafts per chain

along with copolymer composition of all the amphiphilic

graft copolymers are listed in Table 1.



Table 1

Molecular characteristics of P(AA-g-S) amphiphilic graft copolymers and the homopolymers PAA and PS

Polymer Calcd wt% PSa wt% PS by 1H NMR �Mn
b �Mw

b Ngraft

PAA – – 83,000 213,000 –

PAA-g-S1 32 29 113,000 301,000 7

PAA-g-S2 39 37 117,000 350,000 10

PAA-g-S3 50 47 128,000 409,000 15

PAA-g-S4 69 68 161,000 629,000 32

PS – – 13,000 13,650 –

a Calculated from the Mw values of grafted PS and graft copolymers.
b From SEC of the precursor graft copolymers, P(tBA-g-S), and recalculated after hydrolysis.
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2.3. Specimen preparation

The samples of PAA, macromonomer PS, and the

different P(AA-g-S) graft copolymers were prepared by

compression molding, for dynamic mechanical and SAXS

measurements, in a press between hot plates (disks with

8 mm of diameter and a thickness of approximately, 1 mm),

at temperatures of 120 (PS) and 140 8C (PAA and PAA-g-

PS), at a pressure of 2 MPa for 20 min, and subsequently,

quenched to room temperature.
2.4. Glass transition temperatures

Glass transition temperatures, Tgs, were measured

using a differential scanning calorimeter, Perkin–Elmer

DSC/TA7DX, PC series with liquid nitrogen. The

temperature scale was calibrated from the melting

point of high purity chemicals (lauric and stearic acids

and indium). Samples (w10 mg) were weighed and

scanned at 10 8C/min from 30 to 150 8C under dry

nitrogen (20 cm3/min). Three consecutives scans were

performed at 10 8C/min for each sample: heating/

cooling/heating. The actual value for the Tg was

estimated as the temperature at the midpoint of the

line drawn between the temperature of intersection of

the initial tangent with the tangent drawn through the

point of inflection of the trace and the temperature of

intersection of the tangent drawn through the point of

inflection with the final tangent. The listed value is the

average for several measurements conducted for each

composition.

Tgs were also analyzed by dynamic mechanical proper-

ties measured with a Perkin–Elmer DMA7/TA7/DX

analyzer working in a compression mode. The measuring

system consisted of a 5 mm diameter parallel plate.

Isochronal experiments were carried out with a heating

rate of 2 8C/min (1 Hz frequency, 1% strain).
2.5. Thermal degradation

A Perkin–Elmer TGA-7 instrument was used for the

thermogravimetric measurements. The instrument was

calibrated both for temperature and weight by usual

methods. Non-isothermal experiments were performed in
the temperature range from 30 to 700 8C at heating rate of

10 8C/min. The average sample weight was 6 mg and the

dry nitrogen flow rate was 20 cm3/min.
2.6. Small-angle X-ray scattering

A Rigaku Rotaflex X-ray source with a wavelength of

0.154 nm Cu Ka was employed for small-angle X-ray

scattering (SAXS) experiments. A three-pinhole collimator

was used to generate a beam with a diameter of 0.1 mm.

Scattering patterns were recorded on a two-dimensional

Siemens X-100 area detector with a sample-to-detector

distance of 145 cm. SAXS measurements were performed

on compression-molded specimens and each profile was

recorded at room temperature over a period of 2 h. The

profiles are presented as a function of magnitude of

scattering vector q, which is given by qZ ð4p=lÞðsinðq=2ÞÞ,

where l and q are the wavelength of X-ray and the scattering

angle, respectively. The scattered intensity is shown on a

logarithmic scale in arbitrary units.
2.7. Rheological measurements

Rheological testing was performed with an advanced

rheometric expansion system (ARES, Rheometrics Scien-

tific) in the oscillatory mode with parallel-plate fixtures

(8 mm) equipped with a 2KFRTN1-transducer. Dynamic

frequency sweep experiments were conducted to measure

the shear storage and loss moduli (G 0 and G 00) as a function

of angular frequency (u) ranging from 0.1 to 100 rad/s at

various temperatures (the highest temperature used did not

exceed 180 8C). Master curves were constructed from the

isothermal measurements in frequency sweeps using time–

temperature superposition. Frequency sweeps required

maintaining a constant gap between the plates (sample

thickness) by compensating for tooling expansion/contrac-

tion with changes in the test. The strain applied to each

specimen during testing was chosen to ensure that the

obtained data were within the linear viscoelastic regime. All

of the measurements were conducted under a nitrogen

atmosphere in order to avoid oxidative degradation of the

samples. Moreover, it was necessary to ensure that no

significant degradation of the samples occurred at high

temperatures. The initial frequency test was always
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performed at 140 8C, and after testing at the highest

temperatures for a particular specimen, the measurement

at 140 8C was again repeated. In general, a very good

agreement was observed between these two 140 8C

measurements (initial and final one). Thus, no significant

thermal degradation could be detected.
3. Results and discussion

The amphiphilic graft copolymers were obtained through

acid-catalyzed hydrolysis in order to modify the ester

groups of PtBA backbone to its acid form. FTIR and 1H

NMR determined the degree of hydrolysis of the resulting

polymers. In all cases, conversions of tert-butyl ester groups

into carboxylic acids were higher than 90%. Fig. 1(a) shows

the FTIR spectra of a graft copolymer sample recorded

before (PtBA-g-S4) and after (PAA-g-S4) hydrolysis with

HCl. Hydrolysis is clearly responsible for the occurrence of

a broad absorption between 3400 and 2400 cmK1, which is

characteristic of the OH groups, and the doublet band at

w1400 cmK1 corresponding to the stretching vibration of

–CH3 groups totally disappears after hydrolysis. Fig. 1(b)

shows the disappearance of the resonance at 1.39 ppm,
Fig. 1. (a) FTIR spectra and (b) 1H NMR spectra of a graft copolymer

before (PtBA-g-S4) and after (PAA-g-S4) hydrolysis with HCl.
which is characteristic of the protons of the tert-butyl

groups. The remaining resonance at w1.4 ppm, still present

after hydrolysis, is assigned to the b-methylene protons of

the styrene segments that generally lead to a multiplet

centered at 1.5 ppm.
3.1. Thermal characterization

The TGA and the related derivative, DTG, curves of the

different copolymers as well as PAA and PS macromono-

mer under nitrogen at 10 8C/min are shown in Fig. 2(a) and

(b), respectively. It is well established [13] that the

decomposition of PAA is related to three main processes;

dehydration, decarboxylation and chain scission. The

dehydration could occur by intra or intermolecular reaction

of carboxyl groups. Temperatures above 200 8C are

required, so that intermolecular reactions occur. Probably

these reactions between COOH that are left isolated after

random intramolecular dehydration has taken place at slight

lower temperatures. This would involve adjacent monomer

units. The intramolecular reaction leads to the formation of

six-membered glutaric anhydride type rings. The decarbox-

ylation to give carbon dioxide becomes increasingly

important above 250 8C and both water and carbon dioxide

continue to be evolved on heating up to 500 8C. Chain

scission occurs above 350 8C, where the formation of

significant amounts of cold ring fraction consisting of

dimer, trimer, etc. are possible due to release of fragments

with short sequences of acrylic acid units, previously

isolated between anhydride rings. Finally, the chain scission

occurs adjacent to the anhydride rings, followed by further
Fig. 2. Themogravimetric curves and their derivatives for PAA, PS

macromonomer and P(AA-g-S) graft copolymers under a nitrogen

atmosphere, at a heating rate of 10 8C/min.
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reaction of the generated macroradicals. On the other hand,

the decomposition of polystyrene macromonomer is

detected in a single sharp step around Tmax at 426.0 8C.

The degradation in the P(AA-g-S) graft copolymers takes

place through two clear stages: the first one is mainly

associated with dehydratation and decarboxylation reaction

of the backbone similar to PAA degradation. The second

stage is attributed to the degradation reaction by either the

chain scission of branches or backbone. The temperatures of

5%, 50% mass loss, T5%, T50% and the two maximum rate

temperatures of weight loss, Tmax, corresponding to the first

and second stages as well as the area percentage of the

maxima are collected in Table 2. The 5% weight loss

temperature has been taken for simplicity as an index to

assess the thermal stability. The variation of T5% as graft

number increases is very slight, however, the T50% notably

increases with that content, which indicates the stability

enhances due to polystyrene being incorporated in the

backbone. The two maximum rate temperatures of weight

loss between copolymers remain largely unchanged, but

there is a significant shift to higher temperatures compared

to PAA and PS macromonomer. Therefore, when poly-

styrene is grafted, a higher thermal stability of the main

chain is achieved. The DTG curves have been deconvoluted

using modified Gaussian curves and assuming a linear

background over the temperature range of the fit. The area

percentage of the first peak decreases while the second peak

area increases as the PS content is raised. The related

integrals are in agreement with the related PS content in the

copolymer.

DSC, dynamic mechanical measurements, SAXS and,

more recently, solid-state NMR are some of the techniques,

which allow to determine the existence of phase segregation

of amphiphilic copolymer systems [14]. Amorphous block

and graft copolymers with a microphase separated structure

present two different Tgs dependent mainly on the molecular

weights of the corresponding blocks and the copolymer

composition. Tgs values determined by DSC are collected in

Table 2 for the copolymers under study. A single glass

transition temperature is detected in all of the DSC

thermograms except in PAA-g-S4 copolymer that contains

the highest number of branches and exhibits two glass

transitions. The main transition assigned to the PAA

backbone is significantly moved toward higher temperatures
Table 2

Glass transition temperature and temperature of 5 and 50% mass loss, T5%, T50%, t

the maximums corresponding to each amphiphilic graft copolymer and homopoly

Polymer Tg
a (8C) T5% (8C) T50% (8C) T

PAA 79.5 227.5 377.3 2

PAA-g-S1 91.8 288.5 406.3 3

PAA-g-S2 95.6 292.2 410.0 3

PAA-g-S3 96.5 290.4 425.2 3

PAA-g-S4 100.5, 131.6 297.7 437.9 3

PS 98.4 386.9 422.7 –

a Determined by DSC.
in the graft copolymers compared to the PAA homopoly-

mer, as expected. This shift is probably due to the

introduction of rigid PS as a side segment in the PAA

backbone that imposes a hindrance to this cooperative

motion. A second transition around 132 8C is observed just

for PAA-g-S4 copolymer and is correlated to long-range

segmental motions within PS grafts. This transition is also

shifted to higher temperature than the Tg found in the

macromonomer (w97 8C). The fact that a Tg is higher in the

copolymer than in either the pure backbone or pure graft is

rather unusual, although there are some examples in the

literature. Yao et al. [15] found in poly(vinyl alcohol)-g-

poly(methyl methacrylate) (PVA-g-PMMA) graft copoly-

mers that the main chains also increased the Tg of the side

methacrylic chains whereas the data reported by Xu et al.

[16] for poly(styrene)-g-poly(ethylene oxide) (PS-g-PEO)

graft copolymers showed that the Tg of the PS was moved up

to 118 8C. As a result, the main chain and side chain reduce

the mobility each other in these graft copolymers. In the

PAA-g-S copolymers analyzed, this behavior might be

associated with the existence in these copolymers of

hydrogen bonds between carboxylic acid groups that lead

to an increase of backbone interactions. Such interactions

reduce the mobility of the whole polymeric material and,

therefore, the occurrence of generalized motions within PS

grafts shifts to higher temperatures. The importance of these

hydrogen bonds in the rheological behavior will be

discussed in a next section.

Dynamical mechanical isochronal temperature sweep

measurements (at 1 Hz) of the samples also probe the

microphase separation in the copolymers under study, as

observed clearly in Fig. 3. This figure shows temperature

scans of loss tangent, tan d (E 00/E 0), for different graft

copolymers and the corresponding linear homopolymers.

PAA shows a broad peak centered at about 98 8C assigned to

its Tg, while for PS macromonomer, it is observed that after

this cooperative relaxation occurs the tan d values start to

considerably increase due to its low molecular weight. The

PS graft Mn is lower than average molecular weight of chain

entanglement and, therefore, the flow immediately starts to

occur. All graft copolymers exhibit a well-defined maxi-

mum related to the cooperative movements of the PAA

backbone, as shown in this figure. The peak maximum is

shifted to higher temperatures as the graft content increases
emperature of the first and second maximum, Tmax, and area percentages of

mers

max1 (8C) Areamax1 (%) Tmax2 (8C) Areamax2 (%)

82.7 27.2 378.3 72.8

96.3 58.4 439.4 41.6

93.6 52.3 425.9 47.7

96.6 38.5 440.3 61.5

97.3 20.7 434.0 79.3

– 426.0 –



Fig. 3. Plots of tan d versus temperature for several of P(AA-g-S)

copolymer samples and the corresponding homopolymers, PAA and PS

using DMA at 1 Hz excitation frequency.

Fig. 4. Small-angle X-ray scattering intensities as a function of the

scattering vector, q, for P(AA-g-S) graft copolymer samples. Several non-

hydrolyzed P(tBA-g-S) ‘parent’ copolymers are also plotted for

comparison.
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due to the movement hindrance introduced by these grafts.

Moreover, a second relaxation related to the glass transition

of PS grafted chains is observed in copolymers with a

number of grafts of 10 or higher using DMA. It has to be

noted that this process could only be detected by DSC for

the PAA-g-S4 sample. Therefore, the DMA technique

seems to be more sensitive to identify the existence of phase

separation between the two components within these graft

copolymers [12b]. This relaxation is detected as a shoulder

overlapping the relaxation related to Tg of the PAA

backbone. Its intensity clearly increases and its maximum

is shifted to higher temperatures as the number of PS graft

content is raised, because of the larger mobility restrictions

existing in the copolymer. The different Tg values are

collected in Table 3, correlating well with those already

found by calorimetric measurements.

3.2. SAXS analysis

The bulk structural organization of these graft copolymer

systems was studied by 1D and 2D SAXS measurements.

Fig. 4 displays the SAXS profiles plotted against the

scattering vector, q, for the different amphiphilic graft

copolymers at room temperature. The incident X-ray beam
Table 3

Morphological and rheological properties of the P(AA-g-S) graft

copolymers and PAA and PS homopolymer samples (reference temperature

120 8C)

Polymer Tg
a (8C) C1 C2 (K) D* (nm)b

PAA 98 7.5 79.4 –

PAA-g-S1 100 11.4 79.5 –

PAA-g-S2 101, 126 8.9 80.2 31.4

PAA-g-S3 102, 127 8.6 74.2 32.9

PAA-g-S4 109, 129 10.1 74.6 21.1

PS 100 8.3 83.1 –

a Estimated by dynamic mechanical measurements (tan d).
b Primary SAXS reflection, D*Z2p/q*.
was normal to the sample surface (through-view scattering).

Circular patterns of scattered intensities were obtained from

the two-dimensional detector, implying that no preferential

orientation of microdomains was developed globally. One

of the specific features of these SAXS plots is that the

sample with the lowest PS grafted content, PAA-g-S1, does

not exhibit a Bragg peak. The absence of reflections agrees

with the results obtained by DSC and dynamic mechanical

analysis, just described, and with the SAXS data obtained in

its corresponding unhydrolyzed precursory copolymer

[12c]. However, the copolymers with higher PS content

show a strong primary scattering peak followed by a weak

shoulder that can be ascribed to a second order peak. This

second order peak is better defined in PAA-g-S4 confirming

that this copolymer exhibits the strongest phase segregation.

The position of Bragg peaks seems to move to higher q

value with increasing fraction of PS in the copolymer.

However, no long-range order correlations are exhibited by

these samples. The relative peak positions at qn/q* ratio of 1

and 2 could suggest the presence of an approximately

lamellar morphology for the three copolymers with the

highest PS contents. This lamellar organization is in

agreement with the volume fraction of the specimens if

behaviour similar to a linear diblock copolymer is assumed.

It is important to note that for graft architectures (and other

branched polymer material), each of the established

morphologies, i.e. spheres, cylinders, lamellae, etc. is

observed at a higher PS graft volume fraction than would

be expected in a simple diblock copolymer [9]. Although a

lamellar structure is certainly a more likely scenario for

these P(AA-g-S) samples the peaks are too broad to allow a

conclusive assignment. Bendejacq et al. [3b] have analyzed
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some solvent-cast films of linear PAA-b-PS diblock

copolymer and found similar results. The authors of [3b]

observed lamellar or hexagonally packed cylindrical

morphologies for copolymers in the middle composition

range (in some samples with little long-range order). Some

of those diblock copolymers with greater compositional

asymmetry exhibited even spherical microdomains without

lattice order.

The absence of less prominent peaks at higher orders for

asymmetric PAA-b-PS diblock copolymers is well-estab-

lished in the literature for other asymmetric block

copolymers, such as graft copolymers [17,18]. In general,

these materials develop the domain shape (spheres,

cylinders, or lamellae) predicted by theory, though spherical

and cylindrical morphologies have reduced long-range

lattice order compared to those found in diblocks and

other simpler molecular architectures. However, some long-

range order is, at least, present in the lamellar morphologies,

due to the space filling requirements of the lamellar

domains.

The morphology depends additionally strongly on the

sample preparation method and, unfortunately, the anneal-

ing of PAA at elevated temperature, well above the PS glass

transition temperature to push organization toward equili-

brium, is precluded due to its susceptibility to degradation

and crosslinking.

Values of the interdomain spacing, D, were calculated

from the position of the first-order peak q* as DZ2p/q* and

are listed in Table 3. An increase of graft density in the

copolymers leads to a reduction of the microdomains size.

This feature might be associated either with the shortening

of backbone block between grafts as the graft density raises

or with a disentanglement of the backbone, sketched in the

Fig. 5, with increasing number of grafts. This result is in

agreement with theoretical predictions of Benoit and

Hadziioannou [10] for homogeneous grafted copolymers

and with experimental data obtained either by Biver et al.

[19] in amphiphilic grafted copolymers based on a

hydrophilic poly(vinyl alcohol) backbone and hydrophobic
Fig. 5. Model representation of the organized domains in P(AA-g-S)

copolymers with (a) low and (b) high number of grafts.
palmitic side chains, or by Gido and Hadjichristidis in

copolymers with chain of PS grafted on polyisoprene

backbone [17]. In fact, even in homopolymers, incompat-

ibility between polymer backbone and side groups can lead

to locally lamellar structures [20].

Fig. 4 also shows the SAXS curves at room temperature

for several non-hydrolyzed P(tBA-g-S) copolymers. There

is evidences of a stronger microphase separation in P(AA-g-

S) copolymers than in their precursors possibly due to the

larger interaction parameter c between PS and PAA blocks

than between PS and PtBA. Therefore, a well-defined

maximum appears in the SAXS data accompanied by a

significant increase in the scattering intensity for the P(AA-

g-S) copolymers, probably related with the lower electron

density contrast between the constitutive blocks within the

former P(tBA-g-S) copolymers compared with that existing

in the amphiphilic P(AA-g-S) copolymers. Another remark-

able feature evident from a comparison of both series is that

the primary reflection is located at similar scattering vector

q*. This fact indicates that after hydrolysis of the PtBA

segments, the possible reorganization due to the possible

association of the polar acid groups must be severely

limited. Therefore, the high molecular weight and multiple

junction points of these materials reduce the molecular

mobility necessary for promoting this process.

3.3. Rheological behavior

The occurrence of a phase-separated microstructure

strongly affects the linear viscoelastic response of block

copolymer systems, especially at long time/low frequency.

In addition, the presence of functional groups might give

rise to macromolecular structures formed by non-covalent

associations (e.g. dipolar interactions or H-bonding) due to

the affinity for one to another. These macromolecular

structures caused by the assembly of repeating units on

different chains (interpolymer) or on separate regions of the

same chain (intrapolymer) have been demonstrated to be a

important factor in the thermo–mechanical properties of

these materials [21]. Therefore, the influence of the

microstructure and the molecular architecture on the

rheological response of these graft copolymers is analyzed

and compared with that exhibited by the corresponding

unhydrolyzed precursors.

For the rheological characterization master curves were

constructed applying time–temperature superposition, TTS,

to the isothermal dynamic frequency sweep data in the

temperature range from 70 to 180 8C, Fig. 6. Excellent

superposition of both shear storage modulus, G 0, and shear

loss modulus, G 00, was observed in both linear homopoly-

mers, PAA and PS, and graft copolymers. The horizontal

shift factors, aT, used to superimpose the curves and validate

TTS fitted the WLF equation [22] and the parameters C1 and

C2 calculated are listed in Table 3. The application of TTS

to thermorheological complex liquids such as block

copolymers deserves some comments, since there are two



Fig. 6. Dynamic moduli-frequency master curves, storage (G 0, open

symbols) and loss (G 00, solid symbols), for homopolymers (PAA and PS)

and several copolymers (PtBA-g-S4 is also included). Plot inset (a) shows

master curves for PtBA homopolymer for comparison. Reference

temperature is 120 8C.

Fig. 7. Four possible forms of carboxylic acid groups in the condensed

phases: cyclic dimer, free monomer, and inner and terminal COOH groups

in oligomeric forms [28].
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temperature-dependent monomeric friction coefficients in

the system (corresponding to the PS and PAA rich

microdomains), the investigated systems do not have a

linear topology and the morphology is itself temperature

dependent. However, although there are two monomeric

friction coefficients in these copolymers, the relaxation time

scales of the PAA and PS domains are very similar (due to

small difference in both Tgs). This fact may explain why

applying TTS still leads to attain well-defined master

curves.

To investigate the possible role of segmental interactions

between the constituent blocks, the different viscoelastic

properties exhibited in both ‘parent’ components, the PAA

backbone and the side chains of PS should be known. In Fig.

6(a), the two homopolymers (PAA and PS) are shown at

reference temperature of 120 8C. The curves for PAA only

show the transition and the rubbery plateau regions, so that

PAA does not flow in the experimental range analyzed and,

therefore, the terminal region is not reached. The main

striking feature of the rheological behavior of this homo-

polymer is the very broad rubbery plateau. The response of
this structure in this regime is reflected in the dominant

elasticity (G 0OG 00), indicating extensive associations. The

viscoelastic behavior of PAA is totally different from that

shown by its unhydrolyzed precursor, PtBA, as it can be

observed in the plot insert in Fig. 6(a), where both master

curves are included for comparison (the reference tempera-

ture is also 120 8C). The curve for the PtBA shows the usual

transition, rubbery plateau and terminal regions typical for

entanglement linear homopolymer. This plot clearly

demonstrates that when a polymeric chain is chemically

modified with acid groups as in the present study, promoting

the formation H-bonds, its viscoelastic properties signifi-

cantly change, e.g. factor 103 for G 0 at low frequencies. The

new functional groups provoke a stable elastic network that

dominates the broad viscoelastic spectrum. Dong and co-

workers [23] described the coexistence of various types of

hydrogen forms in PAA homopolymers, and the fact that

these different structures of hydrogen bonds persisted even

when the temperature rose well above the Tg. In Fig. 7, the

four possible forms of carboxylic groups in the condensed

phases are represented. On the other hand, the viscoelastic

behavior for the PS macromonomer is typical of polymer

melts of low molecular weight below the average molecular



Fig. 8. Plots of loss angle as a function of the frequency for several

P(AA-g-S) copolymers. PAA and PS homopolymers data are also

plotted for reference.
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weight between entanglement (which is about 17 kg/mol

[22]) and the viscous component dominates its response to

the deformation field.

The lower plots, Fig. 6(b) and (c), depict the master

curves for the same two magnitudes, G 0 and G 00, in the graft

copolymers with very different graft density, samples PAA-

g-S2 and PAA-g-S4, at a reference temperature of 120 8C.

The entire range of viscoelastic behavior is not observed,

since the terminal region was not accessed for the samples.

Small differences can be observed comparing these two

curves with the linear viscoelastic spectra of the PAA

homopolymer. At high frequencies, both copolymers

exhibit a slight shift of the cross-over frequencies from

segmental to Rouse-like dynamics in comparison with PAA.

This is attributed to the fraction of non-entangled glassy

polystyrene that slows down the overall dynamics of the

graft copolymer.

However, at low frequencies (Fig. 6(a–c)) no significant

changes are observed for the PAA copolymers regime in

comparison with PAA homopolymer. The dynamic moduli

frequency curves of the graft copolymers show a weak

inflexion in the plateau region and, therefore, this broad

rubbery plateau is characterized by the existence of two

regimes. A primary apparent plateau at higher frequencies

occurs due to the relaxation of the grafts. It is better defined

as the number of PS grafts on the main chain increases, and

is particularly obvious in the shape of G 00 curves. After the

graft relaxation takes place, the rheological response is

dominated by additional relaxation of the backbone before

that microstructure governs the viscoelastic behavior. This

response has been described in the PtBA-g-S precursor

copolymers, [12c] where, at low frequencies, the onset of a

secondary apparent plateau appears when the grafts are

completely relaxed (Fig. 6(c)). This observation is attributed

to the relaxation of the backbone (i.e. all the segments of

the graft copolymer between two graft points). However, the

strong association between the acid groups within the

domains results in a network with a great stability, even at

high temperatures above 120 8C that affects the viscoelastic

properties in the graft copolymer under study. Since, in the

PAA homopolymer the presence of distinct hydrogen-bond

structures has been reported [23], it seems logical to

consider the possibility that these copolymers might lead to

the formation of this type of secondary interactions. In

addition, spectroscopic evidences of such structures of PAA

polymeric chains have been described in statistical copoly-

mers, for instance PS-PAA [24,25] and poly(ethylene-co-

methacrylic acid) [26,27]. Therefore, it is reasonable to

assume that at low frequencies, PS chains affect only

slightly the viscoelastic properties of the backbone. PS

grafts act as viscous fluid within the hydrophilic matrix of

PAA and only a slight reduction in the G 0 values in the

plateau zone for graft copolymers with respect to that found

in PAA homopolymer is observed.

The loss tangent is independent of the absolute module

and, therefore, provides the most reliable and generally
valid rheological method to determine the presence of long-

range connectivity in polymeric material, resulting from

chemical or physical interactions (such as crystallinity,

hydrogen bonds, phase-separated domains, etc.). Fig. 8

shows the variation of loss angle d as a function of frequency

and significant differences for PAA, PS macromonomer,

and the amphiphilic copolymers are observed. For PS, at

low values of frequency, d is nearly 908, meaning that the

sample response is almost entirely viscous. The behavior for

PAA homopolymer markedly differs from that exhibited by

PS. This might be attributed to the formation of hydrogen

bonds in PAA, previously mentioned, showing a behavior

predominantly elastic. Also, a decrease of d is observed for

the distinct copolymer systems indicating that they become

more elastic as the number of grafts increases. Moreover,

the differences in the area under the curves follow the

degree of grafting, as seen in this figure. These experimental

observations can be interpreted by considering that the PS

chains alter the hydrogen bonds between carboxylic acid

groups (producing an increase of intermolecular interactions

in certain regions of the backbone). It is also important to

note, however, that the different degrees of both order and

overall disorder developed in the distinct copolymers also

can affect the elasticity in the low frequency regime.

In conclusion, a family of amphiphilic poly(acrylic acid-

g-styrene), P(AA-g-S), graft copolymers is prepared by

hydrolysis from poly(tert-butyl acrylate-g-styrene), P(tBA-

g-S), precursors. The degree of hydrolysis is evaluated by
1H NMR and FTIR. Dynamic mechanical analysis is more

sensitive than DSC measurements to detect the phase

segregation in these copolymers. The existence of domains

steaming from both components is confirmed by SAXS

experiments that point out that the phases are probably

arranged in a less defined or less extended lamellar
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morphology. On the other hand, the rheological analysis

shows the importance of H-bond interactions in the response

of these amphiphilic graft copolymers compared to that

found in polymers without associating groups. A power law

dependence of dynamic moduli over a range of two decades

is observed in the PAA-g-S copolymer series. G 0 curves for

the different copolymers progressively reach a practically

purely elastic dependence, totally different from that

exhibited for unhydrolyzed copolymers on the same range

of frequencies (G 0wG 00wun with nz0.4). The second

characteristic deals with the increase on the G 0 values in the

rubbery plateau in comparison with those found in the

precursors copolymers.
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