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Abstract Standard and StepScan DSC studies have been
performed on a series of statistical methacrylate copoly-
mers with electron-donor and electron-acceptor pendant
groups that form intramolecular electron transfers. From
standard DSC analysis we concluded that glass transition
temperature slowly increased with increasing electron-
acceptor monomeric moiety ratio up to 0.5 in the main
chain. Using StepScan DSC method we calculated the size
and volume of cooperative rearranging region as well mean
temperature fluctuation at glass transition temperature. It
was estimated also the average number of monomer units
in the cooperative rearranging region. All parameters were
calculated according to the method proposed by Donth
based on Heat Capacity Spectroscopy. The results show
that the presence of intermonomeric electron transfers
decreased the chain mobility, as well as the cooperativity
of relaxation processes of these structures in the glass
transition range. This is reflected by minimal values of
these parameters around 0.4 ratio of copolymer composi-
tion. Such behavior is similar to that of crosslinked or
confined systems (e.g., nanocomposites, thin films) that
have reduced chain mobility.
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Introduction

Despite of practical importance of T, value, glass transition
is not completely understood, namely if it is a pure kinetic
process [1, 2] or it has only a thermodynamic behavior [3].
This is a reason for that glass transition still remains an
intensively discussed issue. Most of researchers in the field
consider that glass transition involves cooperative relaxa-
tion features, all of them agreeing both on kinetic and on
thermodynamic behavior.

Adam and Gibbs [4] postulated the existence of coop-
erative rearranging region (CRR) as the smallest volume in
material that at a given temperature can undergo rear-
ranging independently of another neighboring regions.
They proved that a cooperativity effect of rearranging
regions is correlated with a thermodynamic behavior of
glass transition. Therefore, the study of CRR could
improve the understanding of the relaxation processes in
amorphous materials at temperatures close to the T, value.
Thus, glass transition process could be evaluated in terms
of cooperatively rearranging regions (CRR).

The CRR size is identified with the characteristic length
of glass transition (&,) that could be considered as an
intrinsic parameter of the material. This parameter, &, (or
CRR size), was calculated for the first time by Donth in his
dedicated study [5], based on Heat Capacity Spectroscopy
(HCS) experiments. Moreover, he proposed an interpreta-
tion of CRR in terms of thermodynamic fluctuation model of
small volume in material based on configurational entropy
fluctuations. Such small volume that is named as sub-system
is assigned to a local cubic nanometer size volume in
amorphous materials. Later, Sillescu had same supposition
in his review [6] based on configurational entropy and
dynamic heterogeneity of such sub-system. According to his
conclusions, more available conformational states are
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possible only if CRR is large enough. Sillescu connect the
CRR term to dynamical heterogeneity over a sub-system
with thermodynamic fluctuations.

CRR in glass-forming materials is described by Donth
as a fluctuating space of a very small CRR volume (V,)
that is related to CRR size as V, = fi [5]. The term
“fluctuating” refers to a thermal fluctuation of CRR in
glass transition range. Mean thermal fluctuation (noted as
oT) could also be considered as an intrinsic parameter of
glass transition that is responsible for changes in CRR
volume due to changes of conformational entropy. These
changes generate the rearranging processes of monomeric
units, short parts, or branches of main chain in polymers
by cooperative motions, independently of their neighbor-
ing regions. The CRR can be described as the volume of
material with autonomy of relaxation processes induced
by thermal fluctuations. According to Richert [7], CRR is
as specific region which have a local relaxation time,
therefore an amorphous polymer will have a very large
number of CRR, each one with its own mobility and
dynamic given by specific internal rearrangements. These
rearrangements depend on the chemical nature of mono-
meric units, as well as on the particular steric hindrances
induced by structure development at different levels by
various ways (crystallization, blending, filler adding, thin
film formation).

The values of CRR size were estimated in many works
by different experimental techniques such as "H-NMR [8,
9], calorimetry [5, 10], atomic force microscopy [11],
dielectric spectroscopy [12, 13] as well as by theoretical
evaluation from molecular dynamic simulations [14, 15].
Most authors agree on similar range of CRR size, between
1 and 5 nm. In most of works, the size of CRR is proved to
increase as temperature decreases. One interesting work
has been published on direct observation of molecular
cooperativity by probing dielectric fluctuation at nanoscale
in glass transition range [16].

Many works were focused on the evolution of &, with
different chemical modifications or structural parameters for
various polymeric materials. Results come to explain the
role of cooperative rearranging processes on structural
dynamics in material near T, value. Thus, the value of &,
was correlated to the cross-link density in polymer networks
[17, 18], with confination degree in nanostructured poly-
meric materials [19, 20] or with fragility index for large
series of different glass-forming materials [21]. Some works
estimated the variation of &, with degree of crystallinity in
PLLA [22], domains of microphases in polyurethanes [23],
or filler content in polymer-based nanocomposites [24-27].
Relative recent studies report the variation of &, with the
anisotropy in PLLA [28], or in drawn PET [29, 30]. A new
study investigates the effect of curing on nanoconfinement
by monitoring the &, value [31].
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The characteristic CRR size and volume at glass tran-
sition can be evaluated from dynamic calorimetry experi-
mental data using the method proposed by Donth based on
thermodynamic fluctuation theory applied to glass transi-
tion [5]. The equation used for calculations of &, from
dynamic calorimetry derived from thermodynamic defini-
tions proposed by Adam and Gibbs. Most authors have
measured this parameter by DSC [5, 21, 31-33] and MDSC
[21, 23, 29, 30]. Heat Capacity Spectroscopy is a relative
complex technique that was also used for determination of
&, [5, 32, 34], because it can minimize the errors in
experimental data.

StepScan DSC, as a relatively new calorimetric method,
can give similar results to those obtained by other methods
of MDSC group techniques. By this method it is possible to
split a global calorimetric signal in two signals that can be
associated to the two processes given by the MDSC
method: a fast one (known as in phase signal, reversible
part, thermodynamic or storage C, process) and a slow one
(denoted as out of phase signal, irreversible part, kinetic or
loss C,, process) [35]. Experimentally it was found that the
thermal history does not affect the thermodynamic
response of the signal at glass transition [36, 37], but it
does affect its kinetic response that is represented by
exothermic changes during cooling or, opposite endother-
mic changes during heating through glass transition tem-
perature range. Perkin Elmer (USA) developed the
StepScan DSC method [38] that is a simplified method of
the well-known MDSC technique [39]. The temperature
program in StepScan DSC consists of a number of cycles
including short periodic dynamic heating/cooling steps
followed by isothermal steps. This is different to MDSC
methods where a sinusoidal temperature program overlaps
on linear heating/cooling. StepScan DSC gives similar
information without need of complex Fourier transforma-
tion for deconvolution of heat capacity data as used by
MDSC. StepScan DSC was used in many works as a
general thermal analysis method of glass transition process
[37, 39, 40], in studies of multiple melting processes in
polymers [41, 42], or for studying thermal history effects
[43], even on crystallization kinetic [44].

StepScan DSC was also used as a suitable analysis
method for calculation of CRR size, CRR volume and
thermal fluctuation interval. Up to now these parameters
were calculated by this method for crosslinked PS and
PMMA [45], showing that CRR size decreases as the cross-
link density increase, this variation depending on the
chemical structure. In another work the CRR size was
estimated for rod-like capsules with crosslinked PS as
shell, the confinement effect being discussed in function of
CRR size [46].

The main purpose in this study is to calculate CRR size
and volume, also to estimate the number of monomeric
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units inside CRR (noted as N,) and mean fluctuation
temperature (67) at glass transition for a series of statistical
methacrylate copolymers with pendant electron-donor and
electron-acceptor groups using experimental data results
from StepScan DSC measurements in glass transition
range. StepScan method was used because it offers direct
access to Cp, and its variation with temperature during glass
transition while this is difficult to obtain by standard DSC.
We also tried to find a correlation between these parame-
ters and the ratio of the electron-acceptor moiety in
copolymer that is responsible for the density of electron
donor—acceptor pairs. This correlation was discussed in
terms of intermonomeric charge transfer interactions as
intrinsic properties of materials, formed once with
copolymer synthesis.

Methods
Experimental procedures

This study was performed on a series of statistical
copolymers of two methacrylic monomers with electron-
donor and electron-acceptor pendant groups, respectively.
One monomer had N-ethyl-3-hydroxypropyl phenothiazinil
methacrylate as electron-donor (D) pendant group on the
methacrylic unit while the other one had the methacyloyl-
f-hydroxyethyl-3,5-dinitrobenzoate as electron-acceptor
(A) pendant group, as shown in Fig. 1. The composition of
copolymers was expressed by the molar ratio of electron-
acceptor/electron-donor (A/D) groups, as determined
together with molecular weight by GPC measurements in
DMF (calibrated with PS standard) and presented in
Table 1.

|
EMFtM  EMFM p, DNBM DNBM ()
Fig. 1 Chemical structure of pendant electron-donor (D) and elec-

tron-acceptor (A) groups of the methylmethacrylate monomers

Formation of intramolecular (intermonomeric) electron
transfers in these copolymers was proved by UV-VIS
and 'H-NMR at 60 MHz [47]. '"H-NMR analysis at
400 MHz showed a statistical sequence of monomers
distribution.

Calorimetric data were collected with Pyris Diamond
DSC (Perkin Elmer) instrument used both in standard and
in StepScan DSC mode of analysis. Sample weights were
of about 8.5 mg and nitrogen was used as purged gas for an
inert atmosphere and good thermal conductivity, at a flow
rate of 20 mL min~". Firstly the samples were pretreated
to erase thermal history and to allow a good formation of
glassy state. The procedure consisted in heating by
10 °C min~" from 30 °C up to 150 °C, maintaining for
1 min at 150 °C then slowly cooling back to 30 °C by
10 °C min~".

In standard mode DSC analysis samples were heating up
by 10 °C min~" up to 150 °C and scanned. The repro-
ducibility of glass transition behavior for at least three runs
showed that the intramolecular interactions between the
electron-donor and the electron-acceptor pendant groups in
our copolymer series are strong enough to not be affected
by the increase of thermal energy when passing through the
glass transition. The data collected was used to determine
glass transition temperature (7,) as mid-point of step in
heat flow of sample. For standard mode DSC instrument
was calibrated using Indium as standard for melting tem-
perature and heat flow measurements.

The StepScan procedure used the following experi-
mental parameters: in each cycle a linear heating rate of
10 °C min~"' for the dynamic segment increases the tem-
perature with 2 °C (mean step amplitude) and an equilib-
rium criterion of 0.001 mW that automatically determined
the length of the isothermal segment that followed each
dynamic segment. The dynamic/isothermal heating cycles
started at 30 °C and were repeated up to 150 °C. The data
analysis software automatically separated the thermody-
namic (reversible) and kinetic (irreversible) C, data. Glass
transition temperature was calculated as mid-point of step
in heat capacity of sample in reversible signal (thermody-
namic C,,). StepScan DSC minimized the systematic errors
due to calibration for C, measurements using sapphire
(ALO3).

Densities of samples were measured by pycnometry in
methyl alcohol at 25 °C.

Table 1 Composition expressed as electron-acceptor/electron-donor (A/D) ratio and molecular mass of methylmethacrylate copolymer series

Characteristic Sample code

D P1 P2 P4 P5 P6 P7 A
A/D ratio 0 0.10 0.22 0.35 0.53 0.60 0.72 0.76 1
Mw x 10*/g mol ™ 138 104 83 72 78 64 67 67
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Evaluation of CRR size and related parameters

Experimental parameters used for calculation of CRR size
was extracted from the reversible signals from StepScan
DSC experiments as described. The CRR size, the volume
of CRR region (V, = &)y as well as the number of parti-
cles, considered in case of polymers as the monomeric
units (N,) in one average CRR volume were calculated
according to Donth relationships [5]:

A(2)

3 _ T2 1
Z wle oy W
3
N, =% @)
0

were N4 is Avogadro number, 67 is the mean temperature
fluctuation over a CRR volume, T, is glass transition
temperature, kg is Boltzmann constant, p is sample density,
1/C, is reciprocal volume heat capacity at constant volume
and M, is molar volume of each monomeric unit, consid-
ered as particle included in CRR volume.

Mean temperature fluctuation (67) was calculated by
“rule of thumb” [21]: 6T = AT/2.5 on heating. AT repre-
sents the temperature interval where C,(T) of sample varies
between 16 and 84% from total AC,, step at glass transition.
This important parameter was determined from the
reversible signal in StepScan DSC in glass transition range
as shown in Fig. 2.

Donth defined the step of reciprocal volume heat
capacity in glass transition range as:

A(1/C,) = (1/C,)8—(1/C,)lauid o)

were (C,)2"%* and (C,)""¢ are the volume heat capacity in
glass and liquid state, respectively.

Another way to calculate the reciprocal volume heat
capacity was proposed by Hunth et al. [48] and used by
other authors, as following:

liquid
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Fig. 2 Evaluation of AT and (Cﬁ,)
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g
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where c;‘“ = ((Cp)liquid + (Cp)glass)/Z is the mean average
heat capacity between glass and liquid state at the limits of
glass transition range. This value was determined at glass
transition temperature, as shown in Fig. 2.

For ¢, calculation we considered the approximation of
Hempel et.al. [21] that neglects the difference between the
heat capacities at constant pressure and the heat capacities
at constant volume. This allows to replace C, with C,, and
therefore to calculate (C,)2, (C,)""9, and A(1/C,) at T,
from the variation of C, signal that is directly available
through the StepScan experiments. By both Donth and
Hunth methods were calculated values of A(1/Cp), and was
observed some little differences, which showing same
evolution function of electron-acceptor monomer ratio.
Therefore, based on this will use values extracted from
reversible signals of StepScan according only to Donth
method for CRR size calculations.

Results and discussions

Heat flow variation with temperature as determined from
standard DSC analysis of the copolymer series is presented
in Fig. 3. All copolymers have glass transition tempera-
tures higher than the corresponding homopolymers show-
ing that the chain mobility was strongly reduced. On the
other hand the range of glass transition was not visibly
affected by the copolymer composition even the clearly T,
changed. This behavior is different to other polymer sys-
tems (e.g., crosslinked ones) that show a net broadening of
glass transition range when the mobility is drastically
reduced. It is clear that glass transition temperature
depends on copolymer composition. 7, has maximal values

Heat flow
)
w

1 1 1
60 80 100 120 140
Temperature/°C

Fig. 3 Standard DSC signals for copolymer series
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Table 2 Reciprocal heat capacity at constant presure and number of monomeric units in a CRR for methylmethacrylate copolymer series

Characteristic Sample code

D P1 P2 P3 P4 P5 P6 P7 A
A(1/Cp)*/g °C ! 0.136 0.116 0.098 0.088 0.091 0.097 0.107 0.111 0.13
N, 137 101 76 64 66 72 86 95 136

* Values for reciprocal heat capacity were calculated as described by Donth (see Fig. 2)

when electron-acceptor monomer moiety has values
between 0.3 and 0.6 and decreases towards extreme
compositions.

The electron transfers occur by pairs of electron-donor
and electron-acceptor groups, their number depending on
copolymer composition. Based on this we can say that
glass transition temperature in our copolymer series has an
evolution with the number of pairs of donor—acceptor
electron that generates the intramolecular electron trans-
fers. This explains the maximal values of 7, when the
number of electron-donor groups is similar to that of
electron-acceptor groups (balanced ratio of pendant
groups) that gives maximal number of pairs.

Based on an early study [49], one can say that a weak
charge transfer complexes appeared between electron-
donor and electron-acceptor pendant groups by electron
transfer process with effect in reducing the flexibility and
mobility of polymer chains. It is clear that chemical
structure of pendant groups has a major contribution on the
charge transfer complex with an effect on reducing the
chain mobility of copolymers.

Both intramolecular and intermolecular interactions
could simultaneous act in a polymeric material, but their
distribution in glassy state is irregular because limited
mobility induces structural heterogeneity. Heating a poly-
mer sample over its T, increases structural homogeneity
and decreases the density of intermolecular interactions
because the mobility of chains allows the arrangement of
macromolecules in a quasi-equilibrium state determined
mainly by the intramolecular interactions. Slowly cooling
through the glass transition range conserves the density of
both intra- and inter-molecular interactions. Therefore, the
effect of intermolecular interaction is minimized by the
pretreatment procedures applied to our samples, as
explained above. On the other hand the statistical distri-
bution of electron-donor and electron-acceptor pendant
groups on our macromolecular polymethacrylate chains
favors the formation of intramolecular electron transfer
interactions. Considering these aspects we could safely
neglect in our study the intermolecular interactions and
consider only the intramolecular ones. These are weak
interactions, however, if their number is high enough their
global effect can influence both the chain mobility and the
cooperative region, as discussed below.

From reversible signals of StepScan DSC were deter-
mined the T,, 67, and A(1/C,) following the methods
presented in experimental part, as these values are neces-
sary to calculate the CRR size and related parameters.
Values for A(1/C,,) are presented in Table 2, and T, values
extracted both from StepScan and form standard DSC are
comparatively shown in Fig. 4 as function of electron-
acceptor monomer ratio in our copolymer series. Is clear to
observe that a similar evolution of T, with copolymer
composition was found by both methods. Moreover, the
difference between the values measured by standard and
StepScan DSC is of maximum 2 °C that is commonly
accepted. Since StepScan DSC minimize the errors as
mentioned in introduction part, we used the T, values
determined by this method for our calculations of CRR
sizes, as well for number of monomeric units on CRR (V,).

Calculated values for CRR sizes and CRR volume are
presented in Fig. 5 function of copolymer composition.
These values are in same range of 1-5 nm reported by
other authors for various polymer systems. For example the
CRR values found for poly(n-alkyl methacrylate)’s were
around 1 nm and decreased as the number of C-atoms of n-
alkyl side groups increased due to an internal plasticizing
effect [5]. Higher CRR sizes of about 3.2-4 nm found for
our methacrylate copolymer series could be explained by
the presence of relative bulky side groups containing
phenothiazinine and dinitrobenzoate units that increase the
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Fig. 4 Variation of T, with electron-acceptor/donor ratio of pendant
groups in copolymers as determined by standard and StepScan DSC
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Fig. 5 Variation of CRR size and volume with electron-acceptor/
donor ratio of pendant groups copolymers
60
free volume and therefore the number of conformational
states of copolymer chains. — ®r
. «
The values calculated for the CRR size of our copoly- >
. . R = 50l
mer series lays close to the uncertainty range of 9% that is
usually accepted [21]. However, these small differences are
. . . . 45 L
caused mainly by the very weak interactions and interac-
tion changes caused by the variation of electron-donor and ‘0
electron-acceptor moieties in the structure of copolymers. [ ) ) ) ) )

The most important observation from Fig. 5 is the general
trend of the CRR size in the series rather than its exact
value. Minimal values for CRR sizes and CRR volume
were observed for balanced composition in our copolymer
series, which could be explained in terms of intramono-
meric electron transfers between the electron-acceptor and
the electron-donor containing groups. The rearranging
processes in glass transition range are affected by the
decreasing of cooperativity in copolymers. This could be
explained by the fact that balanced composition of elec-
tron-donor and electron-acceptor groups allows maximal
probability to form electron transfers interactions, that
decreases the length scale motions associated with glass
transition. Maximal densities of electron transfers reduce
chain movements therefore less conformational states
become available, inducing lower values for CRR sizes and
volume. This is in good agreement with Sillescu that cor-
related the CRR size with the available conformational
states [6]. Going to extreme composition of copolymers the
CRR size and volume increase to maximal values corre-
sponding to homopolymers. The number of monomeric
units (&V,) inside CRR volume also has minimum values for
balanced composition of copolymers as presented in
Table 2.

Stronger intramolecular interactions due to more elec-
tron donor—acceptor pairs and minimal number of inter-
acting units inside small CRR show a loss of cooperativity.
Therefore, the rearranging processes involving global
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Fig. 6 Evolution of mean fluctuation temperature (67), glass transi-
tion (7) and AC, (a) and of T,/0T ratio (b) with electron-acceptor/
donor ratio of pendant groups in methyl methacrylate copolymers

movements of structural units in glass transition range
become more difficult to activate at balanced composition.
This results in a shift of glass transition to higher temper-
atures as well as in an increase of mean thermal fluctuation.
Indeed, 6T calculated by StepScan DSC shows similar
trend with copolymer composition as T, does (Fig. 6a). On
the other hand, stronger intramolecular interactions at
balanced compositions of copolymers limits the number of
conformational states even after the glass transition, thus
decreasing the variation of C, through the process
(Fig. 6a). These observations show that the intramolecular
interactions affect both the kinetic and thermodynamic
behavior of the glass transition.

The most interesting observation is that even the 7, and
the (67) pass to maximum values, their ratio passes through
minimum values (Fig. 6b). This suggests that the copoly-
mer composition affects mainly the mean thermal fluctu-
ation (07) rather than the glass transition temperature.
Therefore, the intramolecular electron transfer interactions
in our copolymer series decrease the cooperativity while
increasing the thermal fluctuations, the effect on the rear-
ranging processes at glass transition being mainly kinetic.
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Conclusions

A series of statistical methacrylate copolymers with intra-
molecular electron transfers between pendant electron-
donor and electron-acceptor pendant groups was studied by
StepScan DSC in order to determine the effect of copoly-
mer composition on the parameters which describe the
cooperative rearranging region. Minimal values for CRR
size and CRR volume as well as for N, were found at
balanced composition of copolymers (0.4-0.6 ratio). T and
mean fluctuation temperature (67) had maximum values in
this composition range.

A loss of cooperativity in rearranging processes in glass
transition range was observed, similar to crosslinked
polymer systems, polymer nanocomposites or other poly-
mer systems confined in different nanostructures. This was
explained for our copolymer series in terms of intramo-
lecular electron transfers between the electron-donor and
electron-acceptor groups. A decrease of T,/0T was
observed suggesting that the effect of intramolecular
interactions on the rearranging processes at glass transition
is mainly kinetic.

Acknowledgements Thanks to Dr. Mircea Grigoras for copolymer
series synthesis, and to Dr. Virgil Barboiu for valuable support and
discussions about nature of interactions in copolymers.

References

1. Tool AQ. Relation between inelastic deformability and thermal
expansion of glass in its annealing. J Am Chem Soc. 1946;29(9):
240-53.

2. Davies RO, Jones JO. Thermodynamic and kinetic properties of
glasses. Adv Phys Phil Mag Suppl. 1953;2(7):370-410.

3. DiMarzio EA, Gibbs HJ. Nature of the glass transition and the
glassy state. J Chem Phys. 1958;28(3):373-84.

4. Adam G, Gibbs HJ. On the temperature dependence of cooper-
ative relaxation properties in glass-forming liquids. J Chem Phys.
1965;43(1):139-47.

5. Donth E. Characteristic length of the glass transition. J Polym Sci
Part B. 1996;34(17):2881-92.

6. Sillescu H. Heterogeneity at the glass transition: a review. J Non-
Cryst Solids. 1999;243(2-3):81-108.

7. Richert R. Origin of dispersion in dipolar relaxations of glasses.
Chem Phys Lett. 1993;216(1-2):223-7.

8. Schmidt-Rohr K, Spiess HW. Nature of nonexponential loss of
correlation above the glass transition investigated by multidi-
mensional NMR. Phys Rev Lett. 1991;66(23):3020-3.

9. Heuer A, Wilhelm M, Zimaurmann H, Spiess HW. Rate memory
of structural relaxation in glasses and its detection by multidi-
mensional NMR. Phys Rev Lett. 1995;75(15):2851-4.

10. Hempel E, Kahle S, Unger R, Donth E. Systematic calorimetric
study of glass transition in the homologous series of poly(rn-alkyl
methacrylate)s: Narayanaswamy parameters in the crossover
region. Thermochim Acta. 1999;329(2):97-108.

11. Russel E, Israeloff N, Walther L, Gomariz A. Nanometer scale
dielectric fluctuations at the glass transition. Phys Rev Lett. 1998;
81(7):1461-4.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Arndt M, Stannarius R, Groothues H, Hempel E, Kremer E.
Length scale of cooperativity in the dynamic glass transition.
Phys Rev Lett. 1997;79(11):2077-80.

Pissis P, Kritsis A, Danoakaki D, Burut G, Pelster R, Ninitz G.
Dielectric studies of glass transition in confined propylene glycol.
J Phys. 1998;10(28):6205-28.

Mel’cuk A, Ramas R, Gould H, Klein W, Mountain R. Long-
lived structures in fragile glass-forming liquids. Phys Rev Lett.
1995;75(13):2522-5.

Horbach J, Kob W, Binder K, Angell CA. Finite size effects in
simulations of glass dynamics. Phys Rev E. 1996;54(6):R5897-900.
Russel EV, Israelloff NE. Direct observation of molecular
cooperativity near the glass transition. Nature. 2000;408(6813):
695.

Robertson CG, Wang X. Nanoscale cooperative length of local
segmental motion in polybutadiene. Macromolecules. 2004;37(11):
4266-70.

Putz KW, Palmeri MJ, Cam RB, Andrews R, Brinson LC. Effect
of cross-link density on interphase creation in polymer nano-
composites. Macromolecules. 2008;41(18):6752-6.

Vyazovkin S, Dranca I. A DSC study of «- and f-relaxations in a
PS—clay system. J Phys Chem B. 2004;108(32):11981-7.
Corcione CE, Maffezzoli A. Glass transition in thermosetting clay-
nanocomposite polyurethanes. Thermochim Acta. 2009;485(1-2):
43-8.

Hempel E, Hempel G, Hensel A, Shick C, Donth E. Characteristic
length of dynamic glass transition near 7, for a wide assortment of
glass-forming substances. J Phys Chem B. 2000;104(11):2460-6.
Saiter A, Delpouve N, Dargent E, Saiter JM. Cooperative rear-
ranging region size determination by temperature modulated DSC
in semi-crystalline poly(L-lactide acid). Eur Polym J. 2007;
43(11):4675-82.

Bassi M, Tonelli C, DiMeo A. Glass transition behavior of a
microphase segregated polyurethane based on PFPE and IPDI. A
calorimetric study. Macromolecules. 2003;36(21):8015-23.
Saiter A, Counderc H, Grenet J. Characterisation of structural
relaxation phenomena in polymeric materials from thermal anal-
ysis investigations. J Therm Anal Calorim. 2007;88(2):483-8.
Hongbing L, Nutt S. Restricted relaxation in polymer nanocom-
posites near the glass transition. Macromolecules. 2003;36(11):
4010-6.

Tuan TA, Sylvere S, Grohens Y. Nanoscale characteristic length
at the glass transition in confined syndiotactic poly(methyl
methacrylate). Macromolecules. 2005;38(9):3867-71.

Ellison CJ, Mundra MK, Torkelson JM. Impacts of polystyrene
molecular weight and modification to the repeat unit structure on
the glass transition—nanoconfinement effect and the cooperativity
length scale. Macromolecules. 2005;38(5):1767-78.

Depoulve N, Saiter A, Mano JF, D’Argent E. Cooperative rear-
ranging region size in semi-crystalline poly(L-lactic acid). Poly-
mer. 2008;49(13-14):3130-5.

Lixon C, Depoulve N, Saiter A, D’Argent E, Grohens Y. Evi-
dence of cooperative rearranging region size anisotropy for drawn
PET. Eur Polym J. 2008;44(11):3377-84.

Depoulve N, Nixon C, Saiter A, D’Argent E, Grenet J. Amor-
phous phase dynamics at the glass transition in drawn semi-
crystalline polyester. J Therm Anal Calorim. 2009;97(2):541-6.
Quingxiu L, Simon SL. Surface chemistry effects on the reac-
tivity and properties of nanoconfined bisphenol M dicyanate ester
in controlled pore glass. Macromolecules. 2009;42(10):3573-9.
Korus J, Hempel E, Beiner M, Kahle S, Donth E. Temperature
dependence of o glass transition cooperativity. Acta Polym.
1997;48(9):369-78.

Hempel E, Hempel G, Beiner M, Renner T, Donth E. Linearity of
heat capacity step near the onset of o glass transition in poly(n-
alkylmethacrylate)s. Acta Polym. 1996;47(11-12):525-9.

@ Springer



668

C. V. Grigoras, A. G. Grigoras

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kahle S, Korus J, Hempel E, Unger R, Horing S, Schroter K,
Donth E. Glass-transition cooperativity onset in a series of ran-
dom copolymers poly(n-butyl methacrylate-stat-styrene). Mac-
romolecules. 1997;30(23):7214-23.

Lappalainen M, Pitkden I, Heikkila H, Nurmi J. Melting behav-
iour and evolved gas analysis of xylose. J] Therm Anal Calorim.
2006;84(2):367-76.

Cernosek Z, Holubova J, Cernoskova E, Liska M. Enthalpic
relaxation and the glass transition. J Optoelectron Adv Mat.
2002;4(3):489-503.

Cheromcikova M, Liska M. Simple relaxation model of the
reversible part of the StepScan® DSC record of glass transition.
J Therm Anal Calorim. 2006;84(3):703-8.

Cassel B, Scotto B, Sichina B. Step Scan DSC: An alternative to
the conventional modulated techniques. Perkin Elmer Applica-
tion Note, Pe-Tech 34.

Merzlyakov M, Schick C. Step response analysis in DSC—a fast
way to generate heat capacity spectra. Thermochim Acta.
2001;380(1):5-12.

Gunaratue LMNK, Shanks RA. Melting and thermal history of
poly(hydroxybutyrate-co-hydroxyvalerate) using step-scan DSC.
Thermochim Acta. 2005;430(1-2):183-90.

Sasaki T, Yamauchi N, Irie S, Sakurai K. Differential scanning
calorimetry study on thermal behaviors of freeze-dried poly(L-
lactide) from dilute solutions. J Polym Sci Part B Polym Phys.
2005;43(2):115-24.

Gunaratue LMNK, Shanks RA. Isothermal crystallisation kinetics
of poly(3-hydroxybutyrate) using step-scan DSC. J Therm Anal
Calorim. 2006;83(2):313-9.

@ Springer

43.

44,

45.

46.

47.

48.

49.

Gunaratue LMNK, Shanks RA, Amarasinghe G. Thermal history
effects on crystallisation and melting of poly(3-hydroxybutyrate).
Thermochim Acta. 2004;423(1-2):127-35.

Papageorgiou GZ, Achilias DS, Karayannidis GP, Bikiaris DN,
Roupakias C, Litsardakis G. Step-scan TMDSC and high rate
DSC study of the multiple melting behavior of poly(l, 3-pro-
pylene terephthalate). Eur Polym J. 2006;42(2):434-45.

Sasaki T, Uchida T, Sakurai K. Effect of crosslink on the char-
acteristic length of glass transition of network polymers. J Polym
Sci Part B. 2006;44(14):1958-66.

Sasaki T, Misu M, Shimada T, Teramoto M. Glass transition and
its characteristic length for thin crosslinked polystyrene shells of
rodlike capsules. J Polym Sci Part B. 2008;46(19):2116-25.
Simionescu CI, Bacu E, Grigoras M, Barboiu V. Intramolecular
charge transfer complexes—25. Copolymers of N-ethyl-3-
hydroxymethyl phenothiazinyl acrylate and methacrylate with
acryloyl and methacryloyl-f-hydroxyethyl-3,5-dinitrobenzoate.
Eur Polym J. 1984;20(11):1053-6.

Hunth H, Beiner M, Weyer S, Merlzyakov M, Schick C, Donth E.
Glass transition cooperativity from heat capacity spectroscopy—
temperature dependence and experimental uncertainties. Ther-
mochim Acta. 2001;377(1-2):113-24.

Simionescu CI, Grigoras M. Macromolecular donor—acceptor
complexes. Prog Polym Sci. 1991;16(6):907-76.



	Nanoscale cooperativity on a series of statistical methacrylates copolymers with electron donor--acceptor pendant groups
	Abstract
	Introduction
	Methods
	Experimental procedures
	Evaluation of CRR size and related parameters

	Results and discussions
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


