This article was downloaded by: [University of California, San Diego]

On: 07 August 2012, At: 12:18

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl20

Linear Viscoelastic Behavior of an
Azobenzene Nematic Block Copolymer

Laura Andreozzi ¢, Ciro Autiero ® , Massimo Faetti * , Marco
Giordano ? , Fabio Zulli *, Giancarlo Galli ® & Sara Menghetti °

# Dipartimento di Fisica “E. Fermi”, Universita di Pisa, Pisa, Italy
and polyLab IPCF-CNR, Pisa, Italy

b Dipartimento di Chimica e Chimica Industriale, Universita di Pisa,
Pisa, Italy and INSTM, Pisa, Italy

Version of record first published: 07 Oct 2011

To cite this article: Laura Andreozzi, Ciro Autiero, Massimo Faetti, Marco Giordano, Fabio Zulli,
Giancarlo Galli & Sara Menghetti (2011): Linear Viscoelastic Behavior of an Azobenzene Nematic Block
Copolymer, Molecular Crystals and Liquid Crystals, 549:1, 133-139

To link to this article: http://dx.doi.org/10.1080/15421406.2011.581524

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421406.2011.581524
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, San Diego] at 12:18 07 August 2012

Mol. Cryst. Lig. Cryst., Vol. 549: pp. 133-139, 2011 Tavl .
r & Franci
Copyright © Taylor & Francis Group, LLC e 'Iafc?r(&?anfslﬁmu? s

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421406.2011.581524
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We report on the rheological investigation of a nematic block copolymer of an azoben-
zene methacrylate (MA4) and methyl methacrylate (MMA). Relaxation processes are
discussed in terms of chain architecture and viscoelastic response of the polymer. In
contrast to analogous random copolymers of MMA and MA4, the present block copoly-
mer did not show validity of the time-temperature superposition (TTS) principle for
all material functions. TTS was found to work only for the storage modulus. Rheolog-
ical steady-state and oscillatory measurements were thus compared in order to obtain
further insight into such a peculiar phenomenon.
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1. Introduction

In the last years great attention has been paid to devices for optical information storage
based on side-chain polymers, especially those containing photoresponsive azobenzene
units [1-7]. The attainment of ultra-high density (foreseen up to 1 Tbyte/cm?) optical data
storage, e.g. for re-writable DVDs, requires the development of materials able to sustain sta-
ble modifications of their optical properties sized on the order of tens of nanometers, or even
less. Besides new materials, research on nano-optical writing demands non-conventional
optical schemes able to access sub-diffraction spatial resolution. To these aims, we re-
cently investigated a copolymer system of methyl methacrylate (MMA) and a methacrylate
carrying an azobenzene side-group (MA4) as nematogenic photoresponsive unit [5—14].
An effective, high-resolution and long-term data storage is possibly achieved only by
controlling crucial parameters such as bit stability, homogeneity at molecular level, and
working temperature [5, 6]. Therefore, a full knowledge of relaxation processes of the poly-
meric matrix is needed, which should employ different spectroscopic techniques that can
cover several length and time scales. Accordingly, we used electron spin resonance spec-
troscopy and rheology to study the stability of different molecular sites, their correlation
times, and viscoelastic relaxation times as a function of temperature in MA4 homopoly-
mers and MMA-MA4 random copolymers [5—14]. Similar analyses have been extended
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Figure 1. Sketch of the block copolymer B10 (10 mol% MAA4).

to a newly synthesized MMA-MA4 block copolymer (B10) containing a relatively short
azobenzene block (10 mol% MA4) (Figure 1).

Here we show the results of the linear viscoelastic characterization of B10 performed
by means of creep-and-recovery experiments and oscillatory measurements. We found that
the time-temperature superposition (TTS) principle does not hold for this block copolymer.
Nevertheless, superposition of storage modulus was possible, allowing the detection and the
comparison of different relaxation mechanisms that are discussed in terms of the polymer
architecture.

2. Materials and Experimental

The B10 block copolymer was prepared by a sequence of two atom transfer radical poly-
merization (ATRP) steps, by which a MMA macroinitiator was first formed and then used
to incorporate the second MA4 block. The experimental procedure will be detailed else-
where [15]. The copolymer composition and the average degrees of polymerization were
evaluated from the 'H NMR spectra by using the known values for the MMA macroini-
tiator. The average molar masses and their dispersity were determined by size exclusion
chromatography (SEC) with PMMA standards (Table 1). Differential scanning calorimetry
(DSC) measurements were performed with a Perkin-Elmer DSC7 calorimeter (10 K/min
heating rate) frequently calibrated with indium and zinc standards. The glass transition
temperatures for the MA4 and MMA blocks (7,4 and T,MM4, respectively), and the
nematic-isotropic transition temperature 7y; are also reported in Table 1.

Creep-and-recovery experiments and frequency sweep measurements were carried out
with a Anton Paar Physica MCR301 torsional theometer in the plane-plate geometry (25 mm
diameter). A CTD450 temperature control unit kept the temperature of the sample stable
within 0.1 K. Preliminary tests were conducted to ensure that all measurements were carried
out in the linear viscoelastic regime.

3. Results and Discussion
The rheological measurements were performed in the temperature range 400-465 K. First of

all, let us examine the response of oscillatory measurements. Frequency sweeps of complex

Table 1. Transition Temperatures and Molar Mass Dispersity of the Block Copolymer

T, MA4 T, MMA T M, M,/M,
(K) (K) (K) (g/mol)

323 397 353 34300 1.27




Downloaded by [University of California, San Diego] at 12:18 07 August 2012

Rheology of an Azobenzene Block Copolymer 135

6 open symbols: G’
100 |~ filled symbols: G"

-
&
5
> 10’ |
E
3
Q
g
2
g .
g 10'
M)
a
o) —— 413 K
3 —+ 408 K
10° - —— 403K
I I I I I I I
10™ 10° 10" 10> 10° 10* 10°

frequency, /' (Hz)

Figure 2. Frequency sweeps of storage (open symbols) and loss (filled symbols) moduli horizontally
shifted in order to obtain a master curve of G’ at the reference temperature 7, = 463 K.

shear modulus at different temperatures are shown in Figure 2. Data are horizontally shifted
in order to build a master curve of G’ and G” according to TTS principle [16, 17]. It appears
from inspection of Figure 2 that the loss modulus G” frequency sweeps cannot be shifted
to completely match measurements acquired at different temperatures in order to build a
unique master curve. Instead, complete superposition of G’ could be achieved.

In our previous investigations on the rheological response of MA4 homopolymers and
MMA-MAA4 random copolymers, we never found any failure of TTS, even for polymers
with molar masses much higher than the M,, of B10 [18, and references therein]. Failure
of the TTS principle in B10 has to be ascribed to the blocky nature of the copolymer. In
fact, it is worth recalling that one way for the failure of TTS principle is when a different
temperature scaling is found for relaxation mechanisms of the polymer chain. Therefore
one can expect that the relaxation mechanisms of the two MA4 and MMA blocks along the
main chain are driven by different mechanisms.

Let us interpret this behavior in terms of main-chain normal modes [19]. The linear
viscoelastic frequency response of polymers can be described in terms of the superposition
of different normal modes. The first normal mode represents relaxation mechanisms on the
scale of the whole polymer chain. On increasing the index of the mode, the associated relax-
ation time decreases involving less and less counits along the chain. This means that in ran-
dom copolymers, chain normal modes can be considered equal, on average, even when they
involve a few counits for high mode index [19]. On the contrary, differences in architecture
render the polymer sensitive to very low modes for B10. Nonetheless, a partial superposi-
tion was possible at lower frequencies, corresponding to higher relaxation times. This was
because the lower is the frequency, the longer is the chain mode contributing to the polymer
dynamics. Therefore, in this terminal region the monomeric friction coefficient of the poly-
mer chain can be reasonably considered as an average of the friction coefficients of the MA4
and MMA blocks. The frequency response of the longest modes, which have almost the
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same averaged friction coefficient, can be therefore superposed. On the contrary, the shorter
modes originate from MMA or MA4 units only. This results in different temperature de-
pendences of monomeric friction coefficients and inhibits the validity of the TTS principle.

Even though the TTS principle does not hold for the loss modulus G”, it was possible
to build the master curve for the storage modulus G’ shown in Figure 2 at the reference
temperature 7, = 463 K. The fact that TTS holds for G’ in the whole investigated range
could be ascribed to the fact that blocky nature of the copolymer and different temperature
dependences of the monomeric factors affect more the viscous properties of the material
than the elastic ones. This can be naively explained considering that the polymer backbone
has the same methacrylate nature in both blocks of the copolymer, which are instead
differentiated for the side chains, mainly responsible for steric effects.

For comparison, the master curves of a random MMA-MA4 copolymer (70 mol%
MA4) and a MA4 homopolymer are shown in Figure 3 [14, 18]. It is evident that the
presence of the MMA block makes the shear modulus of the block copolymer greater in a
wide frequency range, even though the average weight molar mass of the block copolymer
is much lower than that of both the random copolymer and homopolymer. Moreover, the
MMA block, whose molar mass is larger than the entanglement mass [20] of PMMA (about
9000 g/mol), also determines a rubbery plateau in frequency sweeps of the block copolymer,
which instead is missing in other even higher molar mass random MMA-MA4 copolymers
and MA4 homopolymers [14, 18]. In these systems, the lack of the entanglement plateau was
ascribed to the nematic order which dilates the confining tube and shifts the entanglement
to higher molar masses [18].

Evidence that the elastic and viscous behaviors of the block copolymer are driven
by different mechanisms is also provided by comparison between the viscosity evaluated
by creep-and-recovery experiments and the shift factors obtained by construction of stor-
age modulus master curve (Figure 4). According to TTS, the dependence of the shear
elastic complex modulus G* on the frequency f and the temperature 7 can be written as
a function of the shear elastic complex modulus measured at the reference temperature
T, [16, 18, 21]:

G*(f. T) = br.(T)G*(ar (D) f, T,). (D

dynamic modulus, G*(Pa)
s,
T
Ll
dynamic modulus, G*(Pa)
>

10° 10 10’ 10' 10° 10° 10* 10° 107 107 107 107 10
(a) frequency, f(Hz) (b) frequency, f(Hz)

Figure 3. Master curves of a random MMA-MA4 copolymer (70 mol% MA4) (a) and a MA4
homopolymer (b) at 7, = 388 K and 338 K, respectively [14, 18].
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Figure 4. Temperature dependence of: viscosity evaluated by creep-and-recovery experiments (cir-
cles), shift factors obtained by construction of G’ master curve (filled squares), and shift factors
obtained trying to overlap the high-frequency side of G” frequency sweeps (empty squares). WLF fit
parameters (Eq. (2)) are given in Table 2.

The vertical and horizontal shift factors, by(T) and ap(T), are two real temperature-
dependent functions. The ar(T) factor strongly depends on temperature and follows the
Williams-Landel-Ferry (WLF) law [16, 18, 21]:

—logar,(T) =C(T —T)/(C+T —T,). (@)

Master curves and horizontal and vertical shift factors at the reference temperature are
obtained by means of a numerical shift of the experimental isothermal frequency sweeps
of the dynamic modulus [17].

When TTS holds, horizontal shift factors and zero shear viscosity are expected to
have the same temperature dependence described by a WLF law [16, 21, and references
therein]. This is not the case for B10. In fact, inspection of Figure 4 shows how shift factors
obtained building the master curve of G’ follow a WLF law, but viscosity follows a different
temperature behavior (Figure 4). This finding supports the idea of different mechanisms
driving the viscous and elastic responses of the block copolymer. A profitable comparison
could be expected between viscosity and G”. Therefore, since the viscous behavior of a
sample is determined by the G” modulus, we tried to overlap the high-frequency side of
G" frequency sweeps obtaining the shift factors shown as open squares in Figure 4. Their
temperature dependence is similar to that of viscosity. WLF parameters obtained fitting
horizontal shift factors and viscosity data of Figure 4 are given in Table 2. Fit parameters of
shift factors obtained building the master curve of G’ are comparable with WLF parameters
found for PMMA homopolymers [16, 22].
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Table 2. WLF Fit Parameters of Temperature Dependence of Viscosity and Shift Factors
Obtained by Superposition of Storage and Loss Moduli

WLF parameters C ¢ (K) T, (K)
horizontal factors for G/ 6.0+0.1 140 £2 463
viscosity® 3.6+0.2 220420 463
horizontal factors for G” 3.64+0.1 220410 463

@ WLF parameters for viscosity were obtained by mathematical equivalence of WLF and
Vogel-Fulcher parameters [16].

4. Conclusions

Block architecture of the B10 block copolymer improves the thermal stability of the matrix
increasing relaxation times of the melt with respect to analogous random copolymers. The
dynamics of the polymer chains, which is complicated by the different monomeric friction
coefficients of the two blocks, was interpreted in terms of chain structure and molar mass
distribution. Comparison of the rheological response of block copolymers of different MA4
contents is planned in order to highlight and better evaluate the role of chain architecture in
such a peculiar viscoelastic behavior. The block copolymer can be used as a photoresponsive
matrix for optical data storage. Nano-writing experiments by scanning near-field optical
microscopy (SNOM) are currently being carried out.
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