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Heterogeneities in the Dynamics of a Molecular Tracer in
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G. Galli
Dipartimento di Chimica e Chimica Industriale e INSTM,
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We studied by electron spin resonance (ESR) spectroscopy the reorientational
dynamics of the cholestane spin probe dissolved in the matrix of the PMA4 40/60
copolymer containing methyl methacrylate (MMA, 40 mol%) and azobenzene
methacrylate (MA4, 60 mol%) counits. Heterogeneities in the probe dynamics at
the nanometer length scale were evidenced and attributed to the existence of mol-
ecular sites with slow and fast spinning correlation times. Different dynamic
regimes were also observed with a crossover temperature TC that was correlated
with the glass transition temperature Tg of the copolymer, TC ¼ 1.17 Tg. Even
though the nematic-to-isotropic transition temperature could not be detected, the
probe dynamics experienced the onset of nematic order at the molecular level.
The results are compared with those of the closely related nematic PMA4 30/70
copolymer.

Keywords: azobenzene; cholestane probe; dynamic heterogeneity; liquid crystal
polymer; nematic

INTRODUCTION

Side chain azobenzene polymers have been largely investigated due
to their potential application as media for optical information storage
[1–4]. In such materials, heterogeneities at molecular level may
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substantially affect the stability of the photochemically imprinted bit,
thus seriously limiting the effectiveness of the azobenzene-based
polymer matrices as erasable storage media at the nanometer length
scale. We found that the homogeneity of azobenzene-containing
polymethacrylates PMA4, homopolymers and copolymers with methyl
methacrylate (MMA) (Fig. 1), critically depends on their thermal
history [5–8], e.g. on isothermal annealing of the polymer at tempera-
tures within the nematic phase or the isotropic phase.

Recently, it appeared that PMA4 copolymers [9] may be more suit-
able than the PMA4 homopolymers [10] for optical recording on the
nanometer length scale in terms of both thermal stability and ultimate
size of the optically induced bit due to the reduced influence of the
nematic potential. Therefore, in this work we investigated a 40=60
copolymer incorporating a significant amount of nonmesogenic MMA
counits (x ¼ 0.60), which was expected to result in a further narrowing
of the nematic range above the glass transition temperature of the
copolymer. We studied by electron spin resonance (ESR) spectroscopy
the reorientation dynamics of the cholestane probe dissolved in the
copolymer over a broad temperature range and compared the results
with those observed in a previous 30=70 copolymer (x ¼ 0.70). In fact,
ESR spectroscopy has proven to be a powerful technique to investigate
heterogeneities [8] on the molecular length scale in simple and com-
plex liquids of medium or high viscosity owing to its sensitivity to dif-
ferent molecular environments in the polymer matrix and their
population as a function of temperature.

MATERIALS AND EXPERIMENTAL

The copolymers were prepared by free-radical polymerization of
the respective MMA=MA4 comonomer feed mixtures according to a

FIGURE 1 Structures of the PMA4 host matrices (homopolymer (x ¼ 1), and
30=70 (x ¼ 0.7) and 40=60 (x ¼ 0.6) copolymers), and the cholestane tracer
guest.
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literature procedure [11]. The 40=60 copolymer showed no isotropisa-
tion peak because of its proximity to the glass transition temperature
Tg and was essentially nonmesogenic.

The average molar masses were determined by size exclusion
chromatography (SEC) of chloroform solutions with a 590 Waters
chromatograph that was equipped with two PL gel Mixed D columns
and both RI R401 and UV LC75 detectors. Polystyrene standard
samples (Mn ¼ 1�103 � 5�105 g=mol) were used for calibration. Physico-
chemical characteristics of the copolymers are reported in Table 1.

Differential scanning calorimetry (DSC) measurements were per-
formed with a Perkin-Elmer DSC7 calorimeter calibrated with
indium. A heating rate of 10 K=min was used.

Rheological measurements in oscillatory regime were performed
with a Haake RheoStress RS150H rheometer in the plane-plate
geometry. The temperature dependence of the structural relaxation
time in the investigated regions, 335–438 K, was well described by
the Vogel-Fulcher (VF) law with parameters T0 ¼ 258� 2 K and Tb ¼
1960� 70 K. Previous similar measurements provided VF parameters
T0 ¼ 266� 5 K and Tb ¼ 1570� 50 K for the 30=70 copolymer [6].

The ESR studies were performed on the polymeric matrix of interest
in which the cholestane spin probe was dissolved. The 40=60 copolymer
samples were prepared at room temperature by mixing two chloro-
form solutions containing predetermined amounts of polymer and
cholestane, respectively. The resulting solution (10�3 cholestane=
azobenzene repeat unit molar ratio) was evaporated to complete
dryness by heating to 368 K under vacuum for 240 h.

An X band Bruker ER 200 SRL was used and the temperature control
(� 0.1 K accuracy) was ensured by a Bruker BVT100 system. Simula-
tion of the ESR spectra was performed by using a theoretical approach,
based on the generalized Mori theory [12].

The cholestane spin probe exhibits nearly axial symmetry [13]. Its
reorientational dynamics is characterized by a spinning motion around
its own symmetry axis and a tumbling motion of the symmetry axis
itself with correlation times sjj and s?, respectively. The anisotropy

TABLE 1 Physico-Chemical Characteristics of the Polymer Samples

Sample Mw (g=mol) Mw=Mn Tg (K) TNI (K)

30=70 Copolymer 117000 3.54 314 345
40=60 Copolymer 93200 4.01 320 nd

nd: not resolvable from the glass transition.
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ratio s?=sjj was found to be 15 over the whole temperature range.
Therefore, only the temperature dependence of sjj will be shown.

The principal components of the magnetic tensors of the spin probe
were drawn by the powder lineshapes of the linear ESR recorded at
143 K, according to the procedure detailed elsewhere [14]. Powder line-
shapes in both polymer samples were found to be coincident; the
values of the Zeeman and hyperfine tensors in the molecular reference
frame are listed in Table 2.

RESULTS AND DISCUSSION

The ESR equilibrium spectrum for the PMA4 40=60 copolymer was
obtained quickly and no particular thermal procedure was needed
to obtain reproducible results. The spectra were then taken on
slowly heating the sample from room temperature up to 423 K. This
is in contrast with the behavior of the PMA4 homopolymers [8] and
30=70 copolymer [5] for which particular thermal annealing proce-
dures had to be devised in order to erase memory effects. This
feature may be a manifestation of the nonmesogenic character of
the 40=60 copolymer. Representative ESR spectra of the PMA4
40=60 copolymer recorded at different annealing times are reported
in Figure 2.

The bimodal character of the distribution function of the spin probe
sites is confirmed using a two d-like distribution to simulate theoreti-
cal spectra at high temperatures, as reported elsewhere [8].

The temperature dependence of the spinning correlation time in the
fast and slow molecular sites of cholestane in the 40=60 copolymer is
shown in Figure 3 which also compares it with that of the 30=70 copo-
lymer. Very similar trends are apparent for both copolymers. The slow
component exhibited an Arrhenius behavior in the temperature region
below Tg. The activation energy DEa was found to value 29 kJ=mol, to
compare with 31 kJ=mol for the 30=70 copolymer after annealing at
383 K [15].

TABLE 2 Values of the Principal Components of the Zeeman and Hyperfine
Tensors in the Molecular Reference Frame for Cholestane

g A (gauss)

gxx gyy gzz Axx Ayy Azz

2.0026 2.0092 2.0069 32.6 5.5 5.0

166=[366] L. Andreozzi et al.
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Above Tg, two different dynamic regions, namely high tempera-
ture and intermediate temperature regions, were detected (Fig. 3).
The temperature dependences of the spinning correlation time for

FIGURE 2 Time stability of the ESR lineshape during annealing of the 40=60
copolymer at 399 K.

FIGURE 3 The temperature dependences of the spinning correlation time in
the fast and slow sites of the cholestane spin probe for the 40=60 copolymer (a)
and for the 30=70 copolymer (Ta ¼ 383 K) (b). The insets show the percent
population of the fast sites as a function of temperature.

Heterogeneities in Azobenzene Copolymers 167=[367]

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

12
 2

2 
A

ug
us

t 2
01

2 



both fast and slow components could individually be described by
the VF law:

sjj ¼ sjj0 exp
Tb

T � T0

� �
ð2Þ

where sjj0 and Tb, the activation pseudo-energy in K, are constants
depending also on the spin probe, and T0 is the Vogel temperature.
The values of the fit parameters for the two copolymers are compared
in Table 3. Since T0 resulted of the same value as the corresponding
Vogel temperature from rheological measurements in both high and
intermediate temperature regions, sjj can be expressed by a fraction-
ary law of the structural relaxation time sst:

sjj / sstðTÞn ð3Þ

In Equation 3, the fractional exponent n may vary between 0 and 1,
with n ¼ 1 corresponding to a complete coupling of the probe dynamics
to the structural relaxation of the host matrix. The fractional exponent
results to be the ratio of the activation pseudo-energy, relevant to the
ESR dynamics, to the Tb value of the structural relaxation time sst

[16]. In [8] the decoupling of the dynamics of a paramagnetic tracer
dissolved in the PMA4 homopolymer was taken as a measure of the
decoupling degree of the probe dynamics from the a relaxation of the
polymer. In particular, the observed decoupling in the high tempera-
ture region was ascribed to a steric hindrance due to the specific
characteristic of the host matrix. The ratio nC between the fractionary
exponents for the intermediate and high temperature regions,

TABLE 3 Fit Parameters of the VF Temperature Dependence of the Fast (F)
and Slow (S) Spinning Correlation Times sk in the High (H.T.) and Inter-
mediate (I.T.) Temperature Regions

Temperature region sk0 (s) T0 (K) Tb (K)

40=60 Copolymer

H.T. (F) (1.4� 0.3) �10�11 258� 4 760� 60
H.T. (S) (3.2� 0.3) �10�9 258� 4 263� 25
I.T. (S) (9.4� 0.2) �10�9 258� 4 138� 12

30=70 Copolymer (Ta ¼ 383 K)

H.T. (F) (4.8� 0.3) �10�12 266� 4 778� 62
H.T. (S) (4.4� 0.3) �10�10 266� 5 493� 39
I.T. (S) (1.1� 0.2) �10�8 266� 5 147� 12
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resulted to be a measurement of the cooperativity degree in the probe
dynamics in the intermediate region and 1=nC the number of cooperat-
ive repeat units.

A crossover in the dynamics of the slow component occurs for both
copolymers at the temperature of 375 K, that is well inside the iso-
tropic phase (Fig. 3). Numerous observations in very different polymer
systems evidenced that the crossover between different dynamic
regimes intervened at temperatures in the range 1.1–1.2 Tg [17,18].
Such temperatures were often signaled by changes in the VF para-
meters and those variations were ascribed to the onset of cooperativity
in dynamics at a critical temperature TC [8,17,18, and references
therein], according to the mode coupling theory [19].In the present
copolymers the ratio TC=Tg ¼ 1:17 is in keeping with the above
interpretation. Therefore, the onset of cooperativity in the copolymers
appears to be responsible for the changes of the VF parameters rel-
evant to the slow molecular site.

On lowering temperature, the spinning correlation time of the
paramagnetic probe appears to be unaffected by the isotropic-to-
nematic transition in the 30=70 copolymer (Fig. 3). In fact no changes
in the dynamics of the slow component can be appreciated across
TNI. Thus, in both copolymers the molecular tracer weakly interacts
with the mesogenic side groups. The smaller value of the pseudo-
energy Tb in the 40=60 copolymer with respect to the 30=70 copoly-
mer (Table 3) suggests that in the latter the slow molecular sites
are situated closer to the polymer main chain. This may be explained
by positioning the slow component in regions near the methyl meth-
acrylate units comprised between sequences of azobenzene groups.
Note that for the 40=60 copolymer 1=nC � 2, that is of the same order
as that found for cholestane when it was dissolved in different poly-
(ethyl acrylate) samples [18]. By contrast, the number of cooperative
repeat units is much larger in nematic PMA4 homopolymer
(1=nC � 5�10 depending on the thermal history [20]) and 30=70
copolymer (1=nC � 3) (Table 3) [15,20].

The temperature behavior of the fast dynamic sites is also worth
emphasizing. In fact, in both 40=60 and the 30=70 copolymers, the fast
molecular sites become unstable at certain temperatures that coincide
in the latter with the corresponding TNI (Fig. 3). Thus, it appears that
at a molecular scale the onset of the nematic potential of the 40=60
copolymer is probed by the cholestane dynamics, even though the
nematic phase cannot be clearly detected at a macroscopic length
scale. Moreover, at temperatures lower than the crossing temperature
between fast and slow dynamics, the cholestane dynamics becomes
homogeneous.

Heterogeneities in Azobenzene Copolymers 169=[369]
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CONCLUSIONS

ESR investigations may be considered preliminary to optical investi-
gations oriented to optical writing and are very valuable in confirming
the availability of homogeneous molecular sites in the polymer matrix.
Homogeneity of the polymer is one relevant parameter in optical writ-
ing at the nanometer scale.

This work has investigated the capability of the 40=60 PMA4 copo-
lymer to form homogeneous substrates at the nanometer length scale
by looking at the dynamics of a molecular tracer dissolved in the poly-
meric matrix, in a comparison with the one of 30=70 copolymer, differ-
ing in the content of MMA counits.

It has been found that the 40=60 copolymer easily exhibits stable
substrates without resorting to the thermal treatment, necessary in
the 30=70 copolymer and the corresponding PMA4 homopolymer.
These stable substrates have large intervals of temperature above
the glass transition with single dynamic sites, and therefore they
result homogeneous.

From this viewpoint, PMA4 copolymers could provide the best sub-
strates for optical recording at nanometer length scale because of the
reduced influence of the nematic potential. The consequence of this
more local character of the intermolecular interaction would result
in a reduced size of the optical imprinted bit, that is ultimately dic-
tated by instrumental limitation. The 40=60 copolymer is expected to
be a very effective material at the nanometer scale, although unsuit-
able in optical writing on the macroscopic scale.
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