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ABSTRACT: The effects of the different architecture on the dynamic response at nanometers and
nanoseconds was investigated by means of electron spin resonance spectroscopy in a series of
random and block copolymers of an azobenzene methacrylate (MA4) and methyl methacrylate
(MMA) counits. The study evidenced the presence of fast and slow molecular sites for the
molecular reorientation at nanoscale, modulated by the amount of MA4 counits in the random
copolymers, and by the self-assembly in supramolecular structures in the block copolymers. A
series of dynamics features was found, such as the presence of memory effects, the existence and
the degree of coupling of the rotational dynamics to the structural relaxation of the matrix or to its
viscosity, and the population of the different dynamic sites, that provided a detailed description and
characterization of the different mechanisms leading the dynamic response of the structurally

different copolymer systems.
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1. INTRODUCTION

Since the first report on the photo-addressed digital and holographic optical storage on liquid
crystalline azobenzene polymers,' significant progress in the fundamental understanding and
applied science of photo-addressing diverse chemical and physical effects has continually been
achieved for such type of functional polymers.? The azobenzene chromophore acts as both a photo-
responsive moiety and a mesogenic group. Due to its repeated trams-cis-trans cycles within a
polymer matrix reversible processes of photo-orientation, photo-selection, and photo-modulation
can be generated from the molecular level over several spatial and temporal length scales in a
variety of materials.” In our own work we have shown that nematic azobenzene methacrylate
polymers are suitable candidates for all-optical reversible information data storage at both
micrometer and nanometer length scales.*’

Whilst early investigations concentrated on azobenzene homopolymers, it soon became
apparent that the more complex structures and architectures of copolymers may be exploited to
effectively tailor photo-addressed chemical and physical processes.” On the one hand, random
copolymers are matrix materials where excessive steric crowding of azobenzene counits along the
polymer backbone may be remediated by dilution with different, not necessarily mesogenic, counits
resulting in more finely tuned responses. On the other hand, block copolymers may provide highly
localized optical media upon microphase separation, when the mesogenic azobenzene block is
confined in submicron- or nano-scale domains dispersed in the amorphous phase of the non
mesogenic block matrix. Thus, there is a still growing interest in such materials for application in
various technological fields, namely optical nanodata storage.

The possibility of achieving an effective high-resolution and long-term data storage deals
with crucial parameters such as bit stability, homogeneity at molecular level, and working
temperature.®” Therefore, a full knowledge of the polymer characteristics should be gained by

different spectroscopic techniques that cover several length and time scales. Accordingly,

2/36



calorimetry and rheology can be adopted to investigate thermal properties of the melt and dynamics
of polymer chains,* ' while electron spin resonance (ESR) spectroscopy can be employed to study
the stability of different molecular sites and their correlation times as a function of temperature and
to reveal connections between nanoscale dynamics with chain dynamics and thermal responses of
the melt."

It is known that ESR spectroscopy is a powerful technique to investigate molecular
dynamics in simple and complex liquids, having proved to be very sensitive to details of the
molecular rotation and to the structure of the matrix of both simple and complex liquids of medium
to high viscosity."*"* ESR studies in diamagnetic systems are often carried out by dissolving very
small quantities of paramagnetic molecular tracers, so called spin probes,'? whose size and shape
select the length scale of the experiment. The cholestane spin probe was profitably employed in
literature to study reorientation dynamics including liquid crystal polymers.”'""'*?* It locates length
and time scales at the nanometers and nanoseconds, characteristic of cooperative processes.
Therefore, this could play a fundamental role in evidencing possible discrepancies of the global
melt dynamics because of specific local chain properties. So, by means of ESR spectroscopy it was

possible to reveal dynamics crossovers in polymers and soft matter'®"”

and decoupling from the
macroscopic overall dynamics of the matrix and its dynamics at nanoseconds. Heterogeneity was
also found at the nanoscale in polymers.”* A further main finding in ESR studies of paramagnetic
molecular tracers in polymers is the sensitivity to cooperative dynamics of the polymer matrix
associated with signatures and dynamic anomalies in the temperature dependence of the times of the
molecular reorientation. '

The present work reports on an ESR investigation, complemented by rheology and
calorimetry studies, into the dynamics and matrix heterogeneity of MA4-MMA random and diblock

copolymers (Figure 1). We highlight how the different architecture results in very different dynamic

responses and matrix heterogeneities.

3/36



Figure 1. General sketch of the polymer samples investigated with their mole fraction: PMA4
homopolymer (x=100 mol%), PMMA homopolymer (y=100 mol%), random copolymers Rx (x=90,

80, 10 mol%, y=100—x), and block copolymers Bx (x=20, 10, 3 mol%).

2. EXPERIMENTAL SECTION
2.1. Polymers.

The random and diblock copolymers of the azobenzene methacrylate (MA4) with methyl
methacrylate (MMA) (Table 1, Figure 1) were prepared by reported procedures.** In particular, the
block copolymers were prepared by a sequence of two atom transfer radical polymerization (ATRP)
steps, by which a PMMA macroinitiator block (Table 1, average degree of polymerization 200) was
first formed and then used to incorporate the second MA4 block, so that polymers with well defined
structure and low molar mass dispersion were obtained. The composition of the copolymers was
determined from the integrated areas of the '"H NMR well resolved signals of the COOCH; protons
of the MMA counits (at 3.6 ppm) and the OCH, protons of the MA4 counits (at 3.9—4.1 ppm).
Morphology was studied by AFM spectroscopy and discussed in a previous work.*

A conventional nomenclature was adopted in order to refer to random and block
copolymers, Rx and Bx, respectively, where the index x indicates the mole fraction of MA4 counits

in the copolymer.

2.2. Molar Mass Distribution and Thermal Characterization.

Average molar masses and molar mass distributions (Table 1) were determined by size-
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exclusion chromatography (SEC) of chloroform solutions with a Waters 590 chromatograph,
equipped with two Shodex KF804 columns, and both Waters R401 differential refractive index and
PerkinElmer LC75 ultraviolet detectors, or by SEC of chloroform and tetrahydrofuran solutions
with a JASCO PU-1580-CO2 chromatograph, equipped with two PLgel 0.005 mm MIXED-C and
MIXED-D columns and both JASCO 830-RI differential refractive index and PerkinElmer LC75
ultraviolet detectors. Standard samples of polystyrene (molar mass 1-500 kg mol™) were used for
calibration. Based on previous measurements,” we estimate that the absolute values of the molar
masses in the distribution of these copolymer samples may differ by 10% from the respective SEC

values.

Table 1. Chemical and Physical Characterization of the Copolymers

sample x M, M, MM, TSN K TMMAYEK) Ta(K) Tow (K)

(mol%) (kg mol™) (kg mol™)

PMMA  --- 21 27 1.27 - 378 - --—-
R90 90 53 180 3.61 306 - 353 -—-
R80 80 49 177 3.40 308 --- 352 -
R10 10 22 57 2.62 356 --- - -—-
B20 20 34 44 1.31 324 394 358 413
B10 10 27 34 1.27 328 397 353 423
B03 3 29 36 1.24 --- 392 353 433

“ Random copolymers showed one glass transition reported as 7,4,

Differential scanning calorimetry (DSC) measurements of random copolymers were carried
out with a Perkin-Elmer DSC7 calorimeter, recording thermograms on heating at 10 K min™" after
cooling at 40 K min™' from about 383 K. The DSC curves of block copolymers were recorded with
a Mettler Toledo DSC30 calorimeter on heating from about 225 K at 10 K min™" after cooling at 20

K min! from about 473 K.

All copolymers, except R10, were liquid crystalline and a nematic-to-isotropic transition
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temperature 7 was found. The weakening of the nematic potential as the content of MA4 counits
decreased in random copolymers ultimately led to disappearance of the nematic phase in R10.
Random copolymers presented one glass transition temperature 7,, while block copolymers, except
B03, exhibited two T,s: T,,M™* and T,"M**. This is expected of microphase separated block
copolymers.?’

The T, and T, transition temperatures were determined by using different definitions. For
random copolymers, the glass transition at 7, was determined according to the enthalpic
definition.” For block copolymers, the 7,"™* and the 7,"** were measured following the inflection
method® due to the broadened shape of the DSC thermograms at lower temperatures. The nematic-
to-isotropic transition temperature 7, was measured with the peak definition.

Previous investigations in block copolymers by means of atomic force microscopy showed
that the block copolymers were microphase separated up to an order-to-disorder transition
temperature (7o), above which one disordered phase existed.*

The transition temperatures are reported in Table 1.

2.3. Rheological Characterization.

Rheological measurements for random copolymers were carried out with a Haake
RheoStress RS150H rheometer equipped with a TC501 temperature control system and parallel-
plate sensor system (20 mm diameter) at temperatures ranging from roughly 75 up to 7,+120 K. The
viscoelastic characterization of block copolymers was carried out with an Anton Paar Physica
MCR301 rheometer by means of a plane-plate sensor system (25 mm diameter), from temperatures
at about 7,”* for BO3 or 30-40 K above T, ™** for B10 and B20 up to temperatures in the flow
region. A CTD450 temperature control unit kept the temperature of the sample stable within 0.1 K.
In all cases, oscillatory, steady-state viscosity and creep-recovery experiments were performed. All

the measurements were gap-independent. The applied stress intensities were chosen to perform
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measurements in the linear viscoelastic regime response, as verified by suitable tests on the polymer
matrices of interest.

Steady-state viscosity, creep and creep-recovery experiments were carried out in order to
evaluate zero-shear viscosity. In the case of creep-recovery experiments, the viscosity of the
materials was evaluated without breaking the linear viscoelastic limit.***°>* In oscillatory
experiments, isothermal frequency sweeps were usually performed in the range from 10~ Hz to
24.4 Hz. However, on approaching T,, the lower limit was extended down to 10™* Hz. From
oscillatory experiments, zero-shear viscosity was obtained according to the relationship

30,33

n=lim,—oG"/c,™” whenever possible. G" is the loss modulus, which is defined, together with the

shear modulus G', in terms of the complex modulus G" as G'=G'+iG", with i*= —1.

2.4. ESR: Apparatus and Experimental Techniques.

ESR measurements were carried out with a continuous wave Bruker ER200D-SRC
spectrometer operating in the X-band, equipped with an X band bridge (Bruker ER042-MRH) and a
NMR gaussmeter ERO35M. The temperature was controlled with a gas-flow variable temperature
unit (Bruker BVT100) with nominal accuracy of 0.1 K. For more details about the procedure and

the technique see Ref. 19 and references therein.

X'
O
Figure 2. Structure of the cholestane spin probe.

The molecular tracer used in the present study is the cholestane nitroxide (33-doxyl-5a-
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cholestane, 98%, Aldrich, Figure 2), chosen because of its geometry and its good thermal stability. "

The cholestane molecule is quite asymmetric in shape and can be sketched as a prolate ellipsoid
with semiaxes of about 0.99 and 0.29 nm.'*** Its size is just across the nanometer length-scale
that™'** characterizes the dynamic heterogeneity and cooperativity in polymers and supercooled
liquids on approaching the glass transition. The cholestane rotational dynamics is described in terms
of the diffusion model under cylindrical symmetry.***>*¢ Accordingly, a spinning diffusion
coefficient Dy characterizes the rotation along the symmetry axis of the molecule and a tumbling
diffusion coefficient D, accounts for the rotation of the axis itself.”” The ratio D)/D resulted to be
close to 15 for cholestane in all the investigated samples. For comparison purposes with the results

TILIS 4n this work the reorientation of cholestane is

of rotational dynamics reported in literature,
discussed in terms of a spinning correlation time, defined as 7=1/(6Dy).**
The values of the principal components of the magnetic tensors were drawn by the ESR

lineshape in a ultraslow motion regime,” according to a procedure detailed elsewhere.*” The values

of the Zeeman and hyperfine tensors in the molecular frame'* are reported in Table 2.

Table 2. Values of the Magnetic Tensor Components in the Molecular Frame

samples Qo o g-  a.(gauss) a, (gauss) a..(gauss)
R90, R80 2.0026 2.0092 2.0069  32.6 5.5 5.0
R10 2.0026 2.0093 2.0066  32.9 6.0 5.0
B20, B10, B03 2.0026 2.0092 2.0069  32.9 5.5 5.0

All the samples were prepared at room temperature by mixing two chloroform solutions
containing predetermined amounts of polymer and cholestane, respectively. The resulting solutions
had a concentration of about 10~ cholestane/repeat unit molar ratio. The samples were then
evaporated to complete dryness by heating under vacuum at a proper temperature, and finally sealed
in a standard ESR tube.

7,115

Previous studies on PMA4 homopolymers and random copolymers had evidenced the
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presence of memory effects, because of the polymer thermal history, that affected the stability of the
ESR lineshape. Therefore, to obtain stable and reproducible responses we followed a thermal
procedure”" involving the annealing of the sample in the isotropic phase at a temperature 7, until a
stable ESR spectrum was recorded. The samples were then cooled, and ESR spectra were recorded
over sets of decreasing temperatures. Spectra in the upper temperature region were simply recorded
on slowly heating the sample from 7,. No memory effects were detected in ESR lineshapes of the

block copolymers and the spectra were just recorded at the desired temperature.

3. RESULTS AND DISCUSSION
3.1. Viscosity of Copolymers.

Rheological material functions, such as zero-shear viscosity # and complex shear modulus
G", were investigated for random and block copolymers, from roughly T, up to high temperatures,
above Ty and Toa. The curves of zero-shear viscosity versus temperature, obtained from steady-state
viscosity (for random copolymers only), creep-recovery and dynamics experiments, are shown in
Figure 3. Values for selected literature PMMA homopolymers are also shown in Figure 3 for
comparison.”*' No discontinuity was observed in the investigated temperature range for any

sample, not even across Th or Toq. %
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Figure 3. Top: viscosity of PMA4 copolymers as a function of 1000/7. Bottom: logarithm of the
rescaled viscosity (n(T)/n(Te))(Tz—To)/T» of PMA4 copolymers as a function of 7,/T; the rescaled

viscosity of selected literature PMMA homopolymers***' (Table 3) is also shown.

Moreover, the shear moduli in dynamic experiments carried out in the linear response
regime did not show any heterogeneous behavior across the characteristic temperatures of the
different samples.’*** However, the different chemical and structural arrangement of the block
copolymers led to the failure of the time-temperature superposition* principle (TTS) in B20 and
B10. Therefore, viscosity was only evaluated by creep-recovery experiments for these

copolymers.* Interestingly enough, for B20 and B10, it was possible to collapse to a single master
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curve the G' component of the shear modulus, by superimposing the isothermal frequency sweeps.
This could be ascribed to the blocky nature of the copolymers for which the different temperature
dependence of the monomeric friction coefficients of the counits affects to a greater extent the
viscous properties rather than the elastic ones.*

For each sample of Figure 3, the viscosity temperature dependence can be profitably fitted
by a single Vogel-Fulcher (VF) law*

Tb
T—T,

n(T)=n,exp (1)

where 7} is the pseudo-activation temperature and 7 is the Vogel temperature. The best fits are
superimposed to the experimental curves in Figure 3. Values of 7, and 7, are given in Table 3,
where values®™ of 7. are also reported for the sake of completeness. In Table 3, the fitting parameters
according to a VF dependence are also reported for the shift factor® a(7) of G'in B20 and B10. The
presence of different mechanisms driving elastic and viscous behaviors in these block copolymers is
confirmed by the non coincident values of the VF parameters, that describe the temperature

dependence of viscous and elastic relaxations. The Stickel representation of the viscosity,**"

namely 1/v/d(log#)/d(1/T) versus 1000/T, confirms the occurrence of a single VF behavior. This

is illustrated in Figure 4 for R80 and B10.
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Figure 4. Stickel plot of zero-shear viscosity of R80 (triangles) and B10 (squares).

Figure 3 (bottom) shows the fragility plot* of the copolymers together with some literature

PMMA homopolymers. In this representation for the viscosity, the fragility index® m characterizes

the steepness of the slope of logy dependence on T,/T near T,; m=d(log ﬂ(T))/d(Tg/T)Tg. A
stronger deviation from Arrhenius behavior corresponds to a more fragile system and to a larger m
value. It is seen (Figure 3 and Table 3) that the PMMA homopolymers locate in a central region of
the plot in which both the random and the block copolymers with lower amounts of MA4 counits
are included. On the other hand, a trend is observed in random copolymers exhibiting increasing
fragility with the increase in MA4 counit percentage. By contrast, the block copolymers (Table 3)
become less fragile (namely stronger) with the increase in MA4 block percentage. This opposite

behavior is probably connected with the different configurational entropy of the main chains in the

different polymer architectures.™
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Table 3. VF Parameters of the Investigated Copolymers

sample variable N- (Pas) T (K) T (K) m
R90 n(T) (5.10+£0.60)x10° 1240+40 274+3 162+7
R80 n(T) (8.80£0,80)x10° 1480460 268+3 123+7
R10 n(T) (4.10£0.830)x10*  2680+80 27243 59+4
B20 n(T) (3.00+£0.050)x 107 210+30 330+30 9+4
a(T) 1450450 340+4
B10 n(T) (7.24£0.050)x102  1800+250  240+20 1342
a(T) 195050 32343
B03 n(T) (1.20£0.050)x10?>  1880+50 327+3 76+7
PMMA 1 n(T) 3530+50 286+1 5642
PMMA2’ n(7) 2920+40 303+1 8543
PMMA3¢ n(T) 3220+50 323+1 124+4

“About 59% syndiotactic PMMA..*
"Less than 35% syndiotactic PMMA.*
‘Conventional PMMA..*

3.2. ESR Lineshapes.

Figure 5 shows the time evolution of the experimental ESR spectra for R90 and B10. The
process was followed until a stable spectrum was eventually reached at the annealing temperatures
T.=358 K for R90 and 7,=387 K for B10. Note that the temperatures 7, were set in the high
temperature region of the investigated ranges, in the isotropic state of the liquid crystalline samples.
R90 and R80 are characterized by a time evolution of the ESR lineshape during their annealing, as
shown in figure 6 for R90. On the other hand, the block copolymers did not exhibit any thermal
history dependence (in Figure 5 the B10 case), as well as R10 random copolymer, as a probable
consequence of the small perturbation produced on the matrix by the ordering of the mesogenic
units in the liquid crystalline phase of the polymer matrices.

From the figure, the sensitivity of the ESR lineshape to local environments is evident. In

fact, the lineshapes of the copolymers, excluding R10 that contain a very small amount of
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mesogenic MA4 units, signal the presence of two different sites, a slow and a fast one, for the probe
reorientation in the polymer matrix (see the vertical dotted lines in Figure 5). The percentage of site
population is subjected to time evolution or not, depending on the polymer considered. As an
example, a comparison between the stable ESR spectrum of R90 and the initial one shows that the
contribution from the slow component of the ESR lineshape increases up to a saturation value as the

annealing time increases.

R90 e B10 e

T, =358 K —— 72 hours (stable) T,=387K --— 96 hours
' --= 96 hours superimposed spectra
\ —=--= 120 hours

o S i P
2 ki
’

signal (AU)
signal (AU)

[ R

M| 1
3320 3340 3360 3380 3400 3260 3280 3300 3320
magnetic field (gauss) magnetic field (gauss)

Figure 5. Time evolution of the ESR lineshape. Left: R90 during the annealing at 7,=358 K. Right:
B10 during the annealing at 7,=387 K. The stable spectrum is reached by R90 after 72 hours, while

B10 does not show any time evolution of the spectra.

For all cases of heterogeneous reorientation, careful simulations were carried out to confirm
the bimodal character of the distribution function of the molecular tracer sites.””' In particular, a two
0-like distribution function, with a fast and a slow dynamic components, was shown to provide the

best simulation of the ESR spectra.’
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Table 4. Time Evolution of the Population Percentage of the ESR Spectra of R90 and R80 at
T,

sample population % atOh at24 h at48 h at 72 h (stable)

R90 fast 80% 72%  67%  60%
slow 20% 28% 33% 40%
R80 fast 63% 61% 58% 55%

slow 37%  39% 42% 45%

Table 4 summarizes the evolution of the population percentage at 7,=358 K for R90 and
R80. One notes that the slow component percentage grows at the expenses of the fast component
towards an equilibrium percentage while the values of the spinning correlation times during the
annealing time are constant within the experimental error. Therefore, a mechanism of redistribution
of the tracers in different molecular sites inside the polymer matrix is responsible for the observed
time dependence of the ESR spectra of the polymer matrices with a more distinct liquid crystalline

character.

3.3. Rotational Dynamics in Random Copolymers.

The temperature dependence of the spinning correlation time 7; of the cholestane molecular
tracer dissolved in the investigated random copolymers is shown in Figure 6. For the samples
characterized by heterogeneous reorientation, the correlation times in the fast and slow molecular

sites and the percent population of the fast sites are shown as a function of the temperature.
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Figure 6. Temperature dependence of ESR correlation times in the R90 (top), R80 (middle), and

R10 (bottom) copolymer samples. The insets show the population of the fast dynamic component.
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The rotational dynamics in R90 and R80 was investigated from temperatures slightly greater
or smaller than 7,. Starting from the highest temperatures, the reorientation appears heterogeneous
and suggests a trend towards a collapse to a homogeneous dynamics just at 7, (Figure 6). The
reorientation processes in R10 are homogeneous at the nanoscale, as detected by the ESR
spectroscopy.

At a general glance at the dynamics trend of the investigated samples, different dynamics
regimes are identified for the correlation time behavior, that onset at peculiar temperatures and are
reproduced by different laws, as described later in detail. In the presence of heterogeneity, different
regimes are also detected for the population percentages.

Firstly, we focus the attention on R90 and R80 that exhibit heterogeneous dynamics. The
populations of their fast sites, shown in the insets of Figure 6, show two dynamics regions: (1) a
high-temperature region extends between approximately 440 K and the respective T,i, in which the
value of the fast component percentage smoothly decreases from about 80% and stabilizes at about
60%—55%; (2) from T}; an intermediate-temperature region develops, where, in correspondence of
the quick depletion of the fast sites, the slow sites become more significantly populated on
decreasing the temperature. This region covers temperature intervals with very different extension
for the two copolymers, namely 10 K for R80 and 35K for R90. The fast population then disappears
and, at the lowest temperatures, the rotational dynamics pertains to the slow component only. Thus,
the latter appears more persistent than the fast one because it extends over a larger temperature
region, that ends at, or includes 7,. We suggest that the relative instability of the fast component in
the intermediate-temperature region is due to the increasing strength of the nematic ordering
potential in the host matrix as the temperature lowers. The fast reorientation probably occurs at the
nematogenic cores, so that the molecular tracer is expelled to the surrounding regions because of its

steric hindrance as the available free volume at the mesogenic units decreases on lowering
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temperature. The process turns out to be favored as much as the available free volume increases in
extension, namely, as much as the mesogenic content in the sample diminishes. This is confirmed
by comparing the dynamics over different time scales, as shown below. It is also consistent with
previous findings on a PMA4 homopolymer and a R70 copolymer, both subjected to the same
thermal annealing at 358 K." In the homopolymer at temperatures above T, the fast dynamics
stabilized at a population of about 40%—-50%, because of the lower volume available for the
cholestane at the mesogenic units with respect to R90 and R80. On the other hand, the fast
component percentage endured in a larger interval of 20 K below T, likewise the present R90. In
R70, the fast component stabilized at 30%—40%, a smaller value probably because of the lesser
amount of MA4 counits available as sites for the reorientation of the molecular tracer, and it
stopped suddenly at 7.;, where the nematic phase onsets and the cholestane is expelled away from
the mesogenic units. The R80 case results to be an intermediate one between R90 and R70.

In the dependence of the spinning correlation time 7; of the fast and/or slow components of
the molecular tracer on temperature (Figure 6), different dynamics regimes can be identified. The
crossover temperatures between the dynamics regions almost coincide with 1.27,. In the following,
we will be referring to them as the high- and intermediate-temperature dynamics regions. For the
slow component of R80 an additional dynamics regime was observed that develops in the low-
temperature region below the crossover temperature 7,, its temperature dependence being
reproduced by an Arrhenius?’ behavior: 7=t exp(AE/RT). The activation energy value AE

evaluated for this region (Table 5) resulted to be in a range characteristic of the cholestane and other

34,52 22,53 ;

spin probes in molecular glasses™** or oligomers*>> in a nearly solid-like diffusion rather than in
polymer’ glasses. As one example, at temperatures below T,, AE was usually found to be 31-35
kJ/mol for cholestane reorientation in PMA4 homopolymers and copolymers” and various
poly(alkyl acrylate)s."” ' These values were ascribed to coupling of the spin probe dynamics to

secondary relaxation modes of the matrix.” It has been proved that cholestane dynamics is more
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strongly related to the polymer main backbone relaxation than other molecular tracers of different
shape and size.” Therefore the present values of AE suggest a sort of segregation mechanism in this
temperature region and/or a very local dynamics where the relevant features are driven by small
numbers of units in a cage with dynamic characteristics similar to those of molecular glass formers.
In Table 5, it is seen that the crossover temperatures signaling dynamic anomalies between
the intermediate- and high-temperature regions are located at about 1.27,, with values for the slow
component rotational correlation time (about 107 s) virtually coincident with the universal “magic”
relaxation time 7(7:), that marks the dynamic crossover from liquid-like to solid-like behavior of
glass formers.> T. is the critical temperature of the mode coupling theory.”> We have found a very
similar behavior, with the same cholestane probe, in several other polymers such as PPG,* PMA,*

TILIS where the crossover was

PnBA,"” PEA,”® and some liquid crystalline polymethacrylates,
ascribed to the onset of cooperativity. It should be emphasized that in all the quoted cases the
crossover temperatures were found to be near the value 1.27,, where the critical temperature of
mode coupling theory 7. is usually found and where dynamic heterogeneities become appreciable
on the nanometer length scale also in polymer samples with homogeneous architecture and
glasses.™

In both high- and intermediate-temperature regions, the temperature behavior of 7; for the

cholestane sites could be reproduced fairly well by assuming a VF law* (see eq 1):

T

_ b
‘L’H(T)— T\ €XP T—iTO (2)

The values of the fit parameters are reported in Table 5 for both slow and fast dynamic components
of R90 and R80 samples, along with the ranges of temperature of the dynamics regions. 7, resulted
in all cases coincident with the corresponding Vogel temperature obtained by means of rheology
measurements, signaling in such a way that the rotational relaxation is driven by the dynamics of
the polymer main chain. As a consequence, in both high- and intermediate-temperature regions, and

for the fast and slow dynamic components, the spinning correlation time behavior can be expressed
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as a fractional law of the viscosity:

o(T)oc[n(T)F (3)
where &, the fractional exponent, may vary between 0 and 1, with &=1 corresponding to a complete
coupling of the molecular tracer dynamics to the terminal viscosity relaxation of the host matrix. ¢
resorts to be the ratio of the 7, of the VF law relevant to the dynamics of the rotational dynamic
component over the value of the pseudo-activation temperature pertinent to the sample viscosity. In
this way, the values of the fractional exponent ¢ were calculated for the random copolymers and are

given in Table 5.

Table 5. Dynamics Details and Parameters of the Random Copolymers

sample region® law’ Trange (K) 7.x10"(s) To(K) T (K) & AE (kJ mol™)
R90 HT(F) VF 434-371 (6.7£0.2)x107"? 270+8 693+50 0.45+0.04 -
IT(F) VF 371-322 (2.4£02)x10° 27048 180£16 0.10+0.01
HT(S) VF 434-365 (3.6£0.2)x107"° 270+8 48620 0.39+0.02 -
IT(S) VF  365-304 (3.9402)x10° 27048 42+5  0.04+0.01
R80  HT(F) VF 430-370 (1.040.2)x10™"" 265£9 690+60 0.45-0.04
IT(F) VF 370-343 (5.9£0.2)x107° 265+7 23520 0.18+0.02
HT(S) VF 430-374 (9.840.2)x107" 2657 415+£20 0.26+0.02 ---
ITS) VF 374314 (24202)x10° 26548 67+7  0.04+0.01
LT(S) Arr 314-293 (3.3£0.2)x107"° - - - 15.0+£0.5
R10 HT VF 466419 (1.7£0.1)x10™"? 272+6 1270+£50 0.48+0.03 ---
IT VF  419-362 (5.1£0.2)x107"° 27246 450+20 0.17+0.01 ---

LT Arr 362-316 (7.4+0.2)x107""  --- --- --- 14.0+0.5

“Key: high-temperature (HT); intermediate-temperature (IT); low-temperature (LT) region. Slow (S)
or fast (F) component is also specified.
®Arrhenius or VF (eq 2) behavior.
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Figure 7. Crossover region for cholestane in random copolymers: spinning correlation times versus

viscosity. Power law fits are superimposed.

The crossover regions are better shown in Figure 7, where the fast and slow rotational
correlation times are directly plotted versus #. Many reports on fractional diffusion laws in many
different glass-forming systems have appeared in the literature using ESR spectroscopy '+
and other® experimental techniques. Furthermore, recent theoretical and numerical studies on
different glass former models evidenced the presence of decoupling phenomena in transport
properties,” invoking a crucial role of the growing length scale typical of the heterogeneous and
cooperative character of dynamics. To our knowledge, the occurrence of complete coupling
between the tracer reorientational dynamics and structural relaxation processes or viscosity in the
polymer matrix, over a large range of high temperatures, has been demonstrated in a very few

cases?>?

and was only inferred™ in a PMA4 oligomer. Regarding liquid crystalline polymers, it was
shown that, in the highest temperature regions, the decoupling of the dynamics of the molecular
tracer dissolved in the PMA4 homopolymer should be ascribed to a steric hindrance due to the

specific local characteristic of the host matrix, rather than to a cooperativity effect in dynamics.’

The cooperative effects onset in the intermediate-temperature (mostly nematic) region. Here the
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dynamics is still driven by the polymer main chain, as deduced by the common value of the Vogel
temperature, but the fractional exponent ¢ lowers, accounting for both the steric and the cooperative
effects due to the ordering of the polymer side groups driven by the nematic potential.” The same
interpretation can be adopted in the present study. More specifically, in the high-temperature
(isotropic) region and for the fast component of the molecular reorientation, the decoupling degree
between cholestane dynamics and PMA4 random copolymer viscosities turned out to be &ure=0.45
for both R90 and R80 (Table 5). The value is consistent with the R70 case (&ur=0.52),”" and shows
a possible similarity with the homopolymer case (&urr=0.61) after the thermal treatment at 358 K.
The relatively high value of &ur), together with the clear sensitivity of the probe dynamics to the
nematic-to-isotropic transition, located near 1.27,, strengthens the hypothesis that the sites
experienced by the molecular tracer in these liquid crystalline polymers may be located among the
mesogenic side groups. This appears also in agreement with previous observations on a closely
related nematic polyacrylate.”” Most importantly, the result validates the interpretation given in
discussing the populations of the fast sites. In Table 5, the fractional exponents & are also
reported for the fast sites of R90 and R80 in the intermediate-temperature region. It is seen that the
copolymers have slightly different values of the power law exponents.

Regarding the slow component of the molecular reorientation in the high-temperature
region, the smaller value evaluated for 7, (Table 5) implies a greater decoupling from the structural
relaxation dynamics, despite the slower dynamics of the probe. Accordingly, the slow sites are
likely situated away from the mesogenic unit. In this case, the onset of the nematic potential is
experienced by the molecular tracer in the dynamic sites in a smooth way so that, according to the
results on population, no expulsion is induced because of the steric interplay between cholestane
and polymer matrix. For the slow component in the high-temperature region, the decoupling degree
between cholestane dynamics and PMA4 random copolymer viscosities turned out to be &urs=0.39

and &urs=0.26 for R90 and R80 respectively (Table 5). This decreasing trend collocates these
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values between the highest ones, exhibited by homopolymers®' (&ursy=0.41), and the smallest ones,
found in random copolymers with smaller percentage of MA4 counits: &urs=0.18 in R70 and
Eurs=0.13 in R60.°“* This could be due to the softening of the “cages”, which collectively host the
slow reorientational sites, when the number of mesogenic units in the copolymer is lowered. The
slow component of the cholestane dynamics in the intermediate-temperature region, because of the
poor coupling to the main polymer relaxation, results in low fractionary exponents &irs) (Table 5) in
agreement with the ones found in other random PMA4 copolymers.®

A different scenario is available with the dynamics of R10 (Figure 6), where the mesogenic
unit percentage is low and the polymer matrix does not evidence any liquid crystalline feature, both
at a macroscopic length scale, as detected by DSC and rheological measurements, and at nanoscale,
as detected by ESR spectroscopy. The rotational dynamics of the molecular tracer appears

homogeneous as for molecular glass formers, low molecular weight polymer glass

16,17,22,24,34,57,63,64 18-21,23

formers and non mesogenic polymer matrices. Three dynamics regions are
identified: a high temperature VF region down to the crossover at 1.227,, another VF region at
intermediate temperatures ranging from 1.227, to 1.107,, and finally an Arrhenius regime, below 7.
This last shows a AE of 14 kJ/mol, comparable to the R80 case. The 7; values cover a dynamics
range that approximately includes the variations of both fast and slow component dynamics in R90
and R80, taken together.

One notes the temperatures at which the dynamics anomalies occur. The first one from
above locates at 1.227,, once again, where mode coupling theory would locate its critical
temperare.” Therefore, we have confirmation that the decoupling phenomenon at high temperatures
in random copolymers is independent of the liquid-crystalline character of the material. It may
rather be ascribed to cooperative phenomena occurring in amorphous materials as the temperature is

lowered.® The second crossover, from VF to the Arrhenius regime, falls at a value very near the T,

temperature of PMMA. This last finding, and the small amount of PMA4 counits, suggest that R10
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dynamic behavior should be mainly related to dynamic processes present in a neat PMMA polymer,
rather than in PMA4 homopolymers. This is also well supported by the value of the Vogel
temperature 7o, from both ESR and rheology measurements, that is close to these of PMMAs, and
by the 7»s of the high- and intermediate-temperature regions, that provide ¢ values in agreement

with the ones pertinent to poly(alkyl acrylate) matrices.”

3.4. Cooperativity Index and Packing Length.

Cooperativity effects in the nematic region are accounted for by defining a cooperativity
coefficient &,” equal to &n/&ur, where &ur and &y are the fractionary coefficients in eq 3 relevant to
the high- and intermediate-temperature regions, respectively. In turn, a cooperativity index x=1/Z,
is defined to provide an estimation of the cooperative units involved in this structural relaxation.” In
Table 6, the values of x are reported for a series of random copolymers and PMA4

61560 and a series of poly(alkyl acrylate)s as well.?! The random copolymers series

homopolymer,
include homogeneous and heterogeneous systems, depending on the percentage of mesogenic
counit MA4.

The attention is devoted to the homogeneous non mesogenic polymers and to the slow sites
of the heterogeneous polymers, because these sites for the reorientation of the molecular tracer
pertain to non ordered regions of the materials. It is seen from Table 6, that the collection of data
can be roughly separated in two sets. A first set includes highly cooperative polymers, with a
number of rearranging units involved in the structural relaxation of the polymer matrix x>6: R90
and R80, with high content of mesogenic counits, and PMA4 homopolymer. On the other hand, a
second set with values of the cooperativity index x<3 identifies polymers that exhibit poor or not-
existent liquid crystalline properties and a similar architecture, such as for the poly(alkyl acrylate)

series.

The effect of the PMA4 microstructure over the relaxation properties of the material was
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recently shown considering the polymer chain entanglement in the framework of the packing length
p.% Values of the packing length of the polymers are reported in Table 6.7%°"%* It appears that the
packing length correlates with the number of cooperative units x and that a threshold separates the
two sets of polymers. Note that the value of packing length p=1.0 nm corresponds to a semiaxis

dimension of the molecular tracer cholestane.

Table 6. Cooperativity Coefficients &, Cooperativity Indices x=1/¢c, and Packing Lengths p

for PMA4 Homopolymer, Random PMA4 Copolymers, and Poly(Alkyl Acrylate)s

sample homogeneity & x=1/&c p (nm)
PMA4 homopolymer* no 0.18 6 >0.93
R90* no 0.10 10 1.22
R80* no 015 7 1.14
R70¢ no 032 3 1.01
R60 no 052 2 0.87
R10 yes 035 3 0.45
PMA yes 039 3 0.34
PEA yes 041 2 0.37
PnBA yes 039 3 0.47

“Annealed at 7,=358 K.
b¢c calculated for the slow component in case of non homogeneous samples.

3.5. Rotational Dynamics in Block Copolymers.

The spinning correlation times of cholestane in block copolymers, investigated in a range of
temperatures that extends to above Ty, are shown in Figure 8. As a first consideration, the dynamics
looks heterogeneous, with a fast site and a slow one for the reorientation of the molecular tracer, at
all the investigated compositions of PMA4 and PMMA blocks. This means that in the block
copolymers the probe experiences the presence of nematic domains formed by the MA4 blocks,
independent of their concentration. In comparison with the ESR dynamics observed in random

copolymers, it can be noted that the rotational relaxation is not homogeneous in B10, while it is
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homogeneous in R10 and in random copolymers rich up to 60 mol% of MA4." Thus, ESR
spectroscopy is very sensitive to local environment in which the molecular tracer is embedded and
is able to provide distinct responses in samples with the same molar composition but with different
architectures. As a matter of fact, the microphase separation in block copolymers and the
subsequent confinement in submicron/nanoscale domains favor the segregation of molecular tracers

in the discrete minority phase formed by the nematogenic MA4 blocks, even at low concentrations.
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As a second consideration, the very similar behavior, both in shape and in magnitude, of the
correlation times with temperature in block copolymers can be appreciated. For all the investigated
samples and for temperatures higher than 7,"** (Table 1), the dynamics of the cholestane was
completely characterized in fast and slow sites, imputable to the molecular rotation in the different
separated microphases, and the relative populations were evaluated. For both dynamic components,
two regions were identified for the temperature dependence of the correlation times. In analogy
with the random copolymers, where Arrhenius trends are observed at the lowest temperatures, the
two dynamics temperature regions are referred to as the intermediate- (IT) and the low-temperature

T,PMMA and

(LT) regions. The dynamics anomaly that separates IT and LT regions is located between
the order-to-disorder transition temperature 7o for PMA4 block copolymers (Table 1). More
precisely, the crossover sets in at about 1.27,"4*. Actually, in the random copolymers this same
temperature separates two VF regimes. Therefore, a series of different competing interactions can
play a role in the crossover temperature range, such as either the cooperative processes related to
the liquid crystal phase of the minority PMA4 phase or local relaxations driven by the glassy state
of PMMA.

Below the crossover temperature, the dynamics follows an activated Arrhenius regime. Its
onset is usually ascribed to the coupling of the tracer dynamics to closely localized relaxation
processes® that, in the present case, affect and drive equally both dynamic sites. The activation
energies AE are about 14 kJ mol™" (Table 7), much lower than the AE values in the range 33—38 kJ
mol™' found in random copolymers”" and in linear poly(alkyl acrylate) homopolymers for activated
Arrhenius regimes.”®*' They also do not agree with values reported for PMMA polymers.” On
increasing temperature, the ordered microstructure softens and vanishes, so that, at temperatures

higher than To.>T,""™?, the dynamics becomes somewhat sensitive to a collective relaxation of the

polymer matrix, as signaled by the VF temperature dependence of the cholestane reorientation.
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These findings are in agreement with the ability of the ESR probe spectroscopy to track the host
relaxation process with the nearest time scale to the molecular reorientation.” The VF dynamics

regions, Vogel temperatures 7y and activation pseudo-activation temperatures 7, are reported in

Table 7.

Table 7. Dynamic Details and Parameters of the Block Copolymers

sample region® law’ Trange (K) 7.x10"(s) To(K) T, (K) & AE (kJ mol™)
B20  IT(F) VF 445406 (2.5:0.2)x10™" 3407 200420 0.14+0.01
LT(F) Arr 406-347 (5.5£02)x107" - 1441
IT(S) VF 445408 (4.7£0.2)x107"° 340+7 180+25 0.12+0.02 -
LT(S) Arr 408-347 (3.1£02)x107° - 1541
BI0  IT(F) VF 467-410 (2.2£02)x10™" 323+7 350430 0.18+0.02
LT(F) Arr 410357 (5.5£02)x107" - 1341
ITS) VF 467413 (9.8£0.2)x10™° 323+7 260+25 0.13+0.01
LT(S) Arr 413357 (2.4+02)x10° - 13+1
B03  IT(F) VF 476408 (3.7:0.2)x10™"" 325:7 370420 0.20:0.01
LT(F) Arr 408-347 (4.9+02)x10" - 1441
ITS) VF  476-409 (1.0£0.1)x10° 325+7 355+20 0.19+0.01
LT(S) Arr 409-347 (9.2£0.2)x107"" - - - 15+1

“Key: intermediate-temperature (IT); low-temperature (LT) region. Slow (S) or fast (F) component
1s also specified.
®Arrhenius or VF (eq 2) behavior.

Following the study on random copolymers (Table 3), an attempt to evaluate the degree of
coupling to the structural relaxation of the matrix for the sites of the block copolymers was carried
out by considering a rescaling with respect to the viscosity of the corresponding matrix. For the BO3
copolymer, with the smallest amount of MA4 counit, this procedure is a smooth one, in that the TTS
principle holds and the 7, values for VF laws from viscosity and ESR spectroscopy coincide. It is
found that the ¢ values for fast and slow sites in the IT range compare with i of the fast

component of R90 and R80, suggesting location of the fast sites of B0O3 in the same matrix
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environment as the ones of R90 and R80, namely at the mesogenic domains of the polymer matrix.

The cases of B10 and B20 are more complicated because of their thermorheological?’
complexity. Although the viscosity curves vs temperature were obtained by creep and flow
experiments without recurring to shifting procedures, in B10 7ys are different in the VF laws
obtained for the viscosity and the ESR molecular reorientation. This provides a clear indication that
non local relaxations, such as the ones pertinent to the long-time dynamics of the chain, are not
adequate observables for the study of scaling laws in block copolymers. In other words, the
molecular tracer dynamics is driven by more local motions of the host matrix. However, the a(7)
function (Table 3) of G’ master curves and the rotational correlation times have coincident 7
values. Accordingly, the rescaling procedure provided &ir values comparable to those of the B0O3
case. In the light of the results with B10, B20 is handled considering the VF parameters from a(7).
The &t values for fast and slow sites result comparable to the values of the other block copolymers
that are slightly diminishing as the percentage of MA4 counits increases.

The temperature dependence of the fast site population deserves some consideration (insets
of Figure 8). Starting from the high temperatures, well above both 7.4 and Tvi, the mean percentages
of fast sites seem leveled off at plateau values that depend on the percentage of MA4 counits. In
particular, the higher the content of mesogenic counits, the higher the percentage of fast sites in the
sample. Starting from 7,4 an increase in fast sites is detected, most pronounced in B10 and B03
samples that possess the greater percentages of MMA counits. This suggests that the ordering
process that takes place in the non mesogenic constituent of the block copolymer makes available
more free volume in the mesogenic part where more molecular tracers are placed. As a
consequence, the fast sites are located in the mesogenic block of the copolymer. On decreasing the
temperature, a maximum is reached, then the percentages of the fast component decrease smoothly,
signaling that in this temperature region a mesogenic ordering plays a role analogous to the one

observed for random copolymers. In fact, by inspection of Figure 7, it is possible to recognize that
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the fast sites of all block copolymers disappear at temperatures close to 358 K, that is at the 7, in

the nematic block copolymers (Table 1).

5. CONCLUDING REMARKS

The resolution of the ESR spectroscopy allowed a thorough characterization of the
cholestane spin probe reorientation in fast and slow molecular sites with different relative
populations over large temperature ranges. Moreover, the different architectures and molecular
structures of copolymers manifest themselves in the heterogeneity persistent even at low
concentration of MA4 counit in block copolymers, as an unequivocal signature of microphase
separation and confinement in submicron/nanoscale domains. The emerging picture is that of
greatly heterogeneous copolymer systems as far as site and cooperativity are concerned. While in
random copolymers the heterogeneity is modulated by the presence of a sufficient amount of MA4
counits, in block copolymers the leading structural property is the ability of self-assembling in
supramolecular structures.

The evaluated decoupling degrees of the correlation times from the structural relaxation
dynamics or from viscosity suggested the mechanisms relevant to the relaxation. In block
copolymers, where the chain dynamics is complicated by the different monomeric friction
coefficients of the two blocks, the rotational dynamics is driven by and coupled to more local
relaxation processes of the polymer matrix. In random copolymers, the cooperativity is related to
the geometric and topologic properties of the polymer chain in the framework of the tube theories of
the polymer melts. Finally, the analysis of the dynamics signatures and the coupling data provided
in all cases a convenient characterization and a location of the sites available for the molecular
reorientation.

In conclusion, the ESR investigation of the rotational motion of the cholestane dissolved in
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MA4-MMA random and block copolymers is a suitable tool to identify dynamics and heterogeneity
of the host matrices in view of their fundamental and applied interest. The richness of information
obtained on these materials in this study is now available for the comprehension of their
nanometer/nanosecond scale behavior on a fundamental ground, and for the provision of guidelines

to their correct application as substrates for optical nanorecording.
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