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Abstract

Calorimetric and dielectric results for crystallizable poly(n-alkyl methacrylates) (PnAMA) withC = 12, 16 and 18 alkyl
carbons per side chain are presented. Degree of crystallizationDcal and melting peak temperatureTM are estimated from
conventional DSC measurements. For poly(n-hexadecyl methacrylate) (C = 16) the influence of isothermal crystallization is
studied by DSC as well as TMDSC. Changes in dielectric relaxation strength�ε andα peak shape during crystallization are
investigated. Effects of side chain crystallization on the complex dynamics of PnAMA are discussed. The results are related
to the relaxation behavior of lower nanophase-separated PnAMA with two co-existing glass transitions, the conventional
glass transition (aorα) and the polyethylene-like glass transition (αPE) within alkyl nanodomains formed by aggregated alkyl
rests. It is shown that amorphous as well as semicrystalline PnAMA can be understood as nanophase-separated polymers
with alkyl nanodomains having a typical dimension of 1–2 nm. The results are compared with the predictions of simple
morphological pictures for side chain polymers. X-ray scattering data for the amorphous and semicrystalline PnAMA are
included in the discussion. Common aspects of nanophase-separated systems in both states as well as differences caused by
crystallization are discussed. Indications for the existence of rigid amorphous regions are compiled. Different approaches to
explain a similar increase ofTg(αPE)—the glass temperature of the amorphous alkyl nanodomains—andTM—the melting
temperature of crystalline alkyl nanodomains—with side chain length are considered. Pros and cons of both approaches, based
on increasing order within the alkyl nanodomains and confinement effects in nanophase-separated systems, are discussed. Main
trends concerning crystallization and cooperative dynamics are compared with those in other systems with self-assembled
nanometer confinements like microphase-separated blockcopolymers or semicrystalline main chain polymers.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Crystallization behavior and dynamics of side
chain polymers with long alkyl rests have been inves-
tigated since the early years of polymer research by
dilatometry and calorimetry[1,2], different methods
of relaxation spectroscopy[3–5], and scattering tech-
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niques [6]. This topic is related to other important
fields of polymer research and application like the op-
timization of widely used semicrystalline polymers,
development and design of liquid crystalline materials
or a better understanding of the complex dynamics in
biological systems.

A lot of work was done on linear polymers with
lamellar crystals intercalated by less ordered regions
[7,8]. It was shown that the dynamics in the amor-
phous regions of such semicrystalline polymers differs
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significantly from those in purely amorphous materi-
als due to restrictions by the crystalline regions[9–11].
Usually, the dynamic glass transitionα broadens due
to crystallization andTg shifts to higher values[12].
Dielectric investigations in the molten and semicrys-
talline state showed in many cases a decrease of the
dielectric relaxation strength during the crystallization
accompanied by a shift of the average relaxation fre-
quency of the broadenedα relaxation to lower values
[10,11]. Similar behavior was observed recently also
for side chain polymers[13,14] although sometimes
no shift of theα relaxation frequency occurs[14].

In the recent time new impulses come also from the
increasing interest in nanophase-separated materials
[15], a renewed discussion about the basics of polymer
crystallization[16] and a lot of questions related to
crystallization[17] and cooperative dynamics[18,19]
in nanometer confinements.

Nanophase separation effects with typical length
scales in the 1–5 nm range are obviously a typical fea-
ture of amorphous and semicrystalline materials with
incompatible molecule parts[15]. Interesting exam-
ples are polymers with long alkyl rests in the side
chain showing a nanophase separation of incompatible
main and side chain parts[20]. It was shown recently
for a series of amorphous poly(n-alkyl methacrylates),
PnAMA, that there are structural as well as dynamic
indications for the nanophase separation[24]. (I) In
X-ray scattering data for higher PnAMA, a pre-peak
in the range 2 nm−1 < q < 5 nm−1 was observed (in-
set ofFig. 1A). This pre-peak shifts systematically to
lower scattering vectorsq with increasing side chain
length indicating an increase of the repeating unit from
an Bragg approximationdII = 2π/qmax in the 1–3 nm
range (Fig. 1A). Obviously, alkyl rests belonging to
different monomeric units and chains aggregate in the
melt and form larger and larger alkyl nanodomains. (II)
Similar to the situation in microphase-separated block
copolymers nanophase-separated polymers with long
alkyl rests show two co-existing glass transitions. The
conventional glass transition (α) involving the main
chain and an additional polyethylene-like glass tran-
sition (αPE) within the alkyl nanodomains.1 This can

1 Note, that theα, β, γ nomenclature used here is different from
that used for semicrystalline polymers like polyethylene, whereα

belongs to crystal effects,β is the cooperative glass transition and
γ belongs to localized, less or non-cooperative motions.

Fig. 1. Structural and dynamic parameters for PnAMA as func-
tion of the number of alkyl carbons per side chain. (A) Equiv-
alent Bragg spacings for a series of amorphous PnAMA includ-
ing random copolymers (�) and semicrystalline poly(n-octadecyl
methacrylate) (�) as obtained from SAXS atT = 25◦C (for de-
tails see[22]). WAXS data by Miller et al.[6] (�) and Floudas
and Stepanek[21] (�) are included. The dashed line indicates the
slope for an alltrans configuration of the alkyl rests. The X-ray
scattering intensity for poly(n-heptyl methacrylate) is given in the
inset. Pre-peak (II) and conventional van der Waals peak (I) are
indicated. (B) Peak maxima fromG′′(T) shear curves at 10 rad/s
((�) a or α, (�) αPE, (�) β) and from c′′

p TMDSC curves at
tp = 60 s (�) for amorphous PnAMA and melting temperatures
for semicrystalline PnAMA (�) as well as alkanes (×)[23]. The
inset shows theG′′ curve for poly(n-hexyl methacrylate) (C= 6)
at 10 rad/s with co-existinga andαPE peaks.

be concluded from data of the 3ωmethod of heat ca-
pacity spectroscopy in combination with those from
other relaxation spectroscopy methods. TheαPE pro-
cess is observed in dynamic heat capacity (c∗

p) and
shear (G∗) data while theαPE contributions to the di-
electric response (ε∗) are negligible[25]. Calorimetric
measurements by DSC on this[26] and other polymer
series[27,28] support this picture.

An interesting aspect seems to be the interrelation
between the complex dynamics in such nanophase-
separated systems and side chain crystallization. In
other words, the question is what happens with the
two dynamic glass transitions in side chain polymers
if long and flexible alkyl rests crystallize within the
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alkyl nanodomains formed due to self-assembling in
the melt. Note, that there is a systematic increase of
the relaxation temperature (orTg) of the αPE process
with side chain length (Fig. 1B). This trend could
be due to an increase of order within the alkyl nan-
odomains consistent with pre-ordering effects[16]
or could be related to restrictions of the cooperative
motions by the size of the alkyl nanodomains being
a self-assembled confinement for theαPE process in
such systems[25]. Related questions are those for
rigid amorphous regions in semicrystalline materials
[29,30] and the controversially debated question for
existence and size of cooperatively rearranging re-
gions (CRRs) in glasses[31–34]. Moreover, one can
expect contributions to a better understanding of the
dynamics and the properties of confined or semicrys-
talline materials—like the widely used polyolefines—
with a lot of internal restrictions.

We present here a systematic study of the crystal-
lization in higher PnAMA by standard and tempera-
ture-modulated DSC in combination with dielectric
spectroscopy measurements on selected PnAMA sam-
ples. The aim is to learn more about the transition from
amorphous nanophase-separated side chain polymers
to semicrystalline materials with oriented alkyl rests
and the influence of the crystallization process on the
complex dynamics of these systems.

2. Experimental

The poly(n-alkyl methacrylates) withC = 10, 12
and 18 were synthesized by standard free-radical poly-
merization. Poly(n-hexadecyl methacrylate) (C= 16)

Table 1
Sample characterization and comparison of dielectric and calorimetric results for higher poly(n-alkyl methacrylates)

C Label Full name M0
(g/mol)

M̄w

(kg/mol)
M̄w/

M̄n

TM
a

(◦C)
�H

(J/g)
�H

(kJ/mol)
Dcal

b

(mol%)c
Dε

(%)
Ccrystal

d Cnon-crystal
d

10 PnDMA Poly(n-decyl methacrylate) 226 782 3.8 – 0 0 0 0 0 10
12 PnLMA Poly(n-lauryl methacrylate) 254 502 4.0 −26 9 2 6 14 0.7 11.3
16 PnHDMA Poly(n-hexadecyl methacrylate) 310 161 2.4 16 39 12 22 39 3.5 12.5
18 PnODMA Poly(n-octadecyl methacrylate) 338 514 4.6 27 46 16 26 ≈50e 4.7 13.3

a TM as obtained from the maximum of the melting peak.
b Determined using�H = 3.4 kJ/mol per CH2 unit of the alkyl rest according to the value estimated for alkanes in[41].
cCH2 (mol%) units in the alkyl nanodomains.
dEstimated fromDcal: C = Ccrystal + Cnon-crystal with Ccrystal and Cnon-crystal being the numbers of alkyl carbons in crystalline and

non-crystalline regions of the alkyl nanodomain, respectively (Fig. 8A).
e From [13].

was purchased from Aldrich as a solution in toluene.
All samples have high molecular weight (M̄w >

105 g/mol) and similar tacticity (≈78% syndiotactic
diades).Table 1summarizes the characteristica of the
used poly(n-alkyl methacrylates).

For the calorimetric measurements a DSC 7 in-
strument (Perkin-Elmer) with temperature modulated
DSC (TMDSC) software-option was used. The sam-
ple mass for DSC and TMDSC measurements was
about 10–15 mg. The DSC was calibrated at zero
heating rate according to the GEFTA recommenda-
tion [35]. The calibration was checked in the TMDSC
mode with the smectic A to nematic transition of
the liquid crystal 8OCB[36,37]. Nitrogen gas with
a flow rate of about 20 ml/min was purged through
the cell. TMDSC measurements are performed with
saw-tooth-like modulation. Details of the data evalu-
ation methods are described in[38]. Multi-frequency
TMDSC measurements are performed according to
[39] in order to get some additional information about
c∗
p at higher frequency. Fourier components, which

occur during a special step-like heating program, are
analyzed in these experiments.

For dielectric measurements, we used a commercial
setup from Novocontrol with a Schlumberger SI1260
response analyzer. The sample was prepared in a cell
with an electrode diameter of 20 mm and a sample
thickness of 0.1 mm. The measurements were done
in temperature-step-scan mode. At each temperature,
the complex dielectric functionε∗(ω) = ε′ − iε′′
was scanned in the frequency range from 0.1 Hz to
1 MHz. A cooling experiment with temperature steps
of 1 K corresponding to effective rate of−0.1 K/min
was performed on PnHDMA (C= 16). A second
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measurement was done during heating after cooling
with a rate of about−10 K/min. Temperature steps of
5 K were used corresponding to an average heating rate
of +0.3 K/min. The data were fitted using the Havril-
iak Negami (HN) functionε∗ = ε′(ω) − iε′′(ω) =
�ε(1 + (iω/ωc)

β)−γ + ε∞ and, if required, an addi-
tional conductivity termσ ∼ 1/ω. The fit program
[40] uses the Levenberg–Marquardt algorithm for op-
timization.

3. Results

The standard DSC melting curves for higher
poly(n-alkyl methacrylates) inFig. 2 show a system-
atic increase of the melting peak area with increasing
side chain length accompanied by an increase of the
(melting) peak temperatureTM. First indications for a
crystallization of alkyl rests within alkyl nanodomains
are observed for poly(n-lauryl methacrylate) with
C = 12 alkyl carbons per side chain. The increase
of the peak area reflects an increase of melting en-
thalpy �H and degree of crystallizationDcal while
the smaller peak width can be understood as indi-
cation for an increasing perfection of the crystalline
regions. Analyzing the melting peaks using the sim-
ple procedure in the inset ofFig. 2, we observed an
increase of the melting enthalpy from�H ≈ 2 kJ/mol
for C = 12, �H ≈ 16 kJ/mol for poly(n-octadecyl
methacrylate),C = 18. This corresponds (Table 1)

Fig. 2. Standard DSC heating runs with dT/dt = +10 K/min after
cooling with dT/dt = −10 K/min for higher PnAMA. The labels
indicate theC number. The inset shows the determination of the
melting enthalpy�H based on an extrapolation ofcmelt

p (T) and
an estimation of the uncertaintyδ(�H) based on high frequency
data (thin dotted line) as obtained from multi-frequency TMDSC
experiments (Fig. 3).

to an increase of the degree of crystallization from
Dcal ≈ 6 to 26 mol% of the alkyl rests considering
the approximation

Dcal = �H

�HCH2

(1)

with �HCH2 ≈ 3.4 kJ/mol being an average melt-
ing enthalpy per CH2 unit for alkanes[41]. Slightly
larger values (�HCH2 ≈ 4.1 kJ/mol) are reported for
polyethylene[42]. This causes an uncertainty in the
Dcal values of about 20% indicated by error bars in
Fig. 7.

Typical changes during isothermal crystallization
are shown inFig. 3: standard DSC heating curves for

Fig. 3. Melting behavior of differently crystallized PnHDMA sam-
ples. (A) Standard DSC heating runs with dT/dt = +10 K/min
after isothermal crystallization atT = 6◦C for different times
(solid: t = 0 h; dashed:t = 0.5 h; dotted:t = 7 h) and controlled
cooling with −10 K/min. The thin dotted lines represent high fre-
quency data (tp = 15 s) from a multi-frequency TMDSC scan
with a slow underlying heating rate (dT/dt = +0.1 K/min). (B)
|c∗

p(T)| data from TMDSC scans (tp = 60 s; Ta = 0.2 K) with
an underlying heating rate of dT/dt = +1 K/min. The isothermal
crystallization times atT = 6◦C are the same as in part A. Cool-
ing rate was−10 K/min. The inset shows TMDSC data during
the isothermal crystallization atT = 6 and 14.5◦C (tp = 120 s;
Ta = 0.4 K) and the corresponding value ofcmelt

p ((– – –)T = 6◦C;
(—) T = 14.5◦C) linearly extrapolated from the meltcp above
20◦C. The isothermal measurement at 14.5◦C was performed on
a sample having the some history as the dashed curves in part B.
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PnHDMA (C = 16) after 0, 0.5 and 7 h isothermal
crystallization at 6◦C are presented (Fig. 3A). Ob-
viously, isothermal crystallization causes narrowing
and high-temperature shift of the melting peak. Peak
area and degree of crystallization, however, are nearly
unaffected (�H≈ 12.3 ± 0.6 kJ/mol). Correspond-
ing results from TMDSC (Fig. 3B) show that isother-
mal crystallization at 6◦C affects mainly the absolute
value of the dynamic heat capacity|c∗

p| in the tem-
perature range−10 to 10◦C while |c∗

p| at lower tem-
peratures is nearly unaffected. The comparison with
high frequency data (tp = 15 s) from multi-frequency
TMDSC measurements indicates that there are con-
tributions due to reversible melting in PnHDMA. The
inset of Fig. 3B shows the time dependence of|c∗

p|
from TMDSC during the isothermal crystallization at
T = 6 and 14.5◦C. A comparison with thecmelt

p value
from an extrapolation of the temperature dependence
of cp in the melt indicates that there are at least in
the 14.5◦C experiment contributions due to reversible
melting. Obviously, the|cp(t)∗| value from TMDSC is
also in the extrapolation to long times larger thancmelt

p .
Assuming that a|c∗

p| curve at higher frequency,
e.g. from multi-frequency TMDSC measurements,
gives a more realistic baseline for the calculation
of the melting enthalpy, the�H values could be
about 10% larger than those from our standard pro-
cedure (insetFig. 2). However, there will be also
uncertainties if single|c∗

p| curves at higher frequen-
cies are known due to the onset of crystallization
above Tg(αPE). Independent information about the
relaxation behavior at TMDSC frequencies for the
higher PnAMA (C ≥ 12) requires experiments in
the completly amorphous material close toTg(αPE).
The frequency dependence of the underlying dynamic
glass transition(s) is not easily to obtain. That there
are significant, frequency-dependent contributions
to |c∗

p| in the range−40 to 10◦C can be seen by
comparing low frequency TMDSC data (tp = 60 s)
with data at higher frequency from multi-frequency
TMDSC measurements (tp = 15 s) on PnHDMA
(Fig. 3B). The assignment of heat capacity contribu-
tions to reversible melting and the two dynamic glass
transitions in nanophase-separated side chain poly-
mers, however, remains very difficult and is probably
impossible based on DSC and TMDSC data alone.

Additional information comes from dielectric mea-
surements during the crystallization of PnHDMA. The

Fig. 4. Imaginary part of the dielectric function, for PnHDMA
as obtained in a cooling experiment. The isotherms are measured
from 25 to 0◦C every 1 K with an average cooling rate of about
dT/dt = −0.1 K/min.

imaginary part of the dielectric functionε′′ in Fig. 4
was measured during a stepwise cooling of the sample
with an effective cooling rate dT/dt ≈ −0.1 K/min.
As the temperature approachesTc ≈ 11◦C the sam-
ple crystallizes rapidly. This results in a significant
broadening of the dielectric loss peak and especially
in the occurrence of a low frequency wing. Above and
below 11◦C the peak shape is nearly temperature in-
dependent. The change of the peak shape is accompa-
nied by a significant decrease of maximum frequency
ωmax (Fig. 5A) and dielectric relaxation strength�ε

(Fig. 5B). The lower intensity�ε might be interpreted
as a reflection of the decreasing fraction of amorphous
material while the peak broadening can be understood
as indication of an increasing heterogeneity in the
vicinity of the dipoles. One should keep in mind that
dielectric spectroscopy detects here mainly the con-
ventional glass transition (aor α) and that the contri-
butions of the polyethylene-like glass transition (αPE)
to �ε are negligible (�εαPE/�εα < 0.1) [25]. Thus,
the decrease in�ε during the crystallization is not a
trivial effect but shows clearly the influence of side
chain crystallization within the alkyl nanodomains on
the main chain, especially the carboxyl group, includ-
ing the main dipole moment of the monomeric unit.

Considering that the number of mobile dipoles is a
measure of the amorphous volume fraction, the degree
of crystallization can be estimated[13] from

Dε(T) = 1 −
(

�εsc(T)

�εnc(T)

)
(2)
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Fig. 5. Frequency of the dielectric loss maximum logωmax (A)
and relaxation strengthT�ε (B) as function of temperature.
Data for two different average cooling and heating rates are
shown ((�) −0.1 K/min, (�) +0.3 K/min after rapid cooling with
dT/dt ≈ −10 K/min). The state after isothermal crystallization at
6◦C for 20 h is also given (⊕). The solid line indicates the onset
of crystallization atTc = 11◦C, the dotted line is an extrapolation
of �ε(T) in the melt to the temperature range where crystallization
occurs.

with �εsc and �εnc being the dielectric relaxation
strength in the semicrystalline and non-crystalline
state, respectively. The�εnc(T) values are deter-
mined by an extrapolation of the dielectric relax-
ation strength in the melt (Fig. 5B). The�εsc(T)

values depend significantly on temperature and
time-temperature program (Fig. 6). A linear extrap-
olation of the temperature-dependentDε(T) values,
however, gives relatively independentDε(Tc) ≈ 0.39
values, i.e. the part of the sample that crystallizes
spontaneously and fast nearTc is relatively program
independent. TheDε(Tc) values are compared with
the calorimetricDcal values from standard DSC mea-
surements for higher PnAMA inFig. 7. Obviously,
the Dε(Tc) values are significantly larger than the
correspondingDcal values. This shows the limitations
as well as the chances of a combination of both meth-
ods. The discrepancy betweenDε andDcal indicates
a different influence of the side chain crystallization
on calorimetric and dielectric responses. The melting

Fig. 6. Temperature dependence of the ratio�εsc/�εnc in the
semicrystalline state of PnHDMA. The samples are crystallized
under different conditions (symbols and programs same as in
Fig. 5). The dashed lines are linear fits. The state after 20 h
isothermal crystallization atT = 6◦C (⊕) and the ratio at the
onset of crystallization are indicated (�).

enthalpy�H should reflect really the contributions
from crystalline regions. The simplest explanation
for the relationDε > Dcal might be the existence
of extended rigid amorphous regions. Otherwise,
it is not a priori clear why in side chain polymers
the polarization fluctuations measured by�ε should
be proportional to the degree of crystallization as
suggested byEq. (2). Nevertheless, a comparison
of both values,Dε and Dcal, should help to learn
more about the morphology of nanophase-separated
polymers as well as about importance and con-
tent of rigid amorphous or pre-ordered regions in

Fig. 7. Degree of crystallizationD and melting enthalpy�H

(inset) as obtained for several higher PnAMA from calorimetry
((�) Dcal, Eq. (1)) and dielectrics ((�) Dε, Eq. (2)).
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semicrystalline materials, especially within alkyl
nanodomains.

The increase of�H and Dcal with the number
of alkyl carbons is nearly linear (Fig. 7). This sug-
gests[13,43,44] a simple morphological picture as
shown inFig. 8A. Following this picture the number
of non-crystalline carbons per side chainCnc is nearly
constant (Table 1), i.e. a approximately fixed number
of alkyl carbons close to the backbones are not able to
crystallize. It is interesting that all lower PnAMA (C <

12), where the conventional glass temperature involv-
ing the main chain is significantly higher thanTg(αPE),
do not crystallize. IfTg(α) approachesTg(αPE) (C ≈
12, Fig. 1B) side chain crystallization starts to occur.
Similar behavior is indicated for other series of side
chain polymers with alkyl rests and more or less flexi-
ble backbones[45]. This may indicate that frustration
introduced by the main chain is an important factor
for the ability of alkyl rests to orientate and crystallize
in the alkyl nanodomains.

Fig. 7shows also thatDcal and the dielectric degree
of crystallization close toTc, Dε(Tc), are surprisingly
proportional to each other. This is somehow unex-
pected in the quasi one-dimensional picture (Fig. 8A)
because the number of non-crystalline alkyl carbons is
nearly constant and unaffected by the side chain length
if we apply this picture to our data. Nevertheless, the
dielectric relaxation strength�ε related to the dipoles
in the direct vicinity of the non-crystalline parts of the
alkyl rest is proportional to the number of crystalline
alkyl carbonsCcryst. One may argue that the change in

Fig. 8. Schematic representation of a quasi one-dimensional model (A) and a more global three-dimensional picture (B) for the morphology
of nanophase-separated side chain polymers. The repeating distancedII reflected by a pre-peak in X-ray scattering data (Fig. 1A) is
indicated. (A) The bold lines represent the backbones, the crystalline region is shown in gray, the thin lines are amorphous or rigid
amorphous parts of the alkyl rest. (B) The backbones are the bold lines and the gray regions are aggregated alkyl rests. The hatching
indicates crystalline regions. In both parts, the small ellipses represent the dipoles in the carboxyl groups.

�ε has to do with rigid amorphous parts of the alkyl
rest. The proportionalityDε ∝ Dcal, however, is not
straight forward in this picture. The good agreement
between melting temperatures of alkyl rests in higher
PnAMA and alkanes with the same number of alkyl
carbons (Fig. 1B) is another point that is not so easy
to explain in this picture. The observed coincidence
suggests intuitively that the alkyl rests are completely
incorporated in a crystalline region.

An alternative, more global picture (Fig. 8B) is the
view that only a certain fraction of the alkyl nan-
odomains will crystallize. In this heterogeneous pic-
ture it seems more logical thatDε is proportional to
Dcal and that theTM values for alkanes and alkyl rests
are very similar. However, this picture can not ex-
plain easily the linear dependence ofDcal andCcryst
on the side chain length. In any case, the situation in
semicrystalline side chain polymers should be char-
acterized by some spatial heterogeneity not included
in the simple one-dimensional picture (Fig. 8A) and
the real morphology of such systems should be some-
where in-between the two extremes discussed above
(Fig. 8A and B).

Looking on structural data from X-ray scattering
[22] for PnAMA in the amorphous (glassy forC < 4
or molten forC ≥ 4) state atT = 25◦C (Fig. 1A)
we can also not decide between the two alternatives
in Fig. 8. Obviously, significant changes occur near
C = 12 although the studied polymers are in the
non-crystalline state during the scattering experiments
(TM ≤ 25◦C, Table 1). The equivalent Bragg spacing
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related to the pre-peak shows a step fromdII = 1.9 to
2.5 nm and a change in theC number dependence is
indicated. Intuitively it is clear is that a transition from
separated alkyl nanodomains to a continuous phase
should occur with increasingC number due to the in-
creasing volume fraction of the alkyl rests. If the ob-
served changes indII have to do with such an effect
is not yet clear. Probably thedII (C) dependence be-
low C = 12 is non-linear[24], i.e. not consistent with
an all trans configuration of the alkyl rests. The dif-
ference between the Bragg spacings for PnODMA in
the molten and semicrystalline state, however, is ob-
viously relatively small indicating a high degree of in-
ternal order within the alkyl nanodomains also in the
molten state without indications of crystalline order in
X-ray scattering data[22]. A significant broadening
of the pre-peak in the range 6≤ C ≤ 12 could be in-
terpreted as superposition of two contributions in this
region. One could speculate about the coexistence of
amorphous and pre-ordered amorphous or crystalline
regions as observed for other side chain polymers with
long alkyl rests by NMR[44]. This would support spa-
tial heterogeneity in the sense ofFig. 8B. However,
final statements about the existence of pre-ordered
states can not be made based on our X-ray scattering
data and further information about the morphology of
nanophase-separated side chain polymers are needed.

4. Discussion

Summarizing all the experimental findings for
our series of atactic PnAMA, the situation can
be discussed consistently in the following context.
Nanophase separation of incompatible main and side
chain parts starts already in the lower amorphous
members (4≤ C < 12) and leads to the coexis-
tence of two dynamic glass transitions,a or α and
αPE. The polyethylene-like glass transitionαPE oc-
curs within alkyl nanodomains formed by aggregated
alkyl rests. This underlines a certain independence of
the dynamics within these domains. The glass tem-
peratureTg(αPE) increases systematically with side
chain length and alkyl domain size. Obviously, the
short alkyl rests are not able to crystallize close to
the less mobile main chain. If the side chains are
long and flexible enough(C ≥ 12) and the mobility
of the main chain is comparable to that of the alkyl

rests, crystallization in the alkyl nanodomains starts
to occur. The perfection of the structure inside the
alkyl nanodomains increases without basic changes
in the nanophase separation of main and side chain
parts. For even longer alkyl rests degree of crystal-
lization Dcal and melting temperatureTM increase
while the dielectric relaxation strength�ε decreases
indicating an immobilization of the main chain due
to crystallization in the alkyl nanodomains.

A central question is why the glass temperature in
the alkyl nanodomainsTg(αPE) increases with side
chain length. There are two alternative ideas to ex-
plain this. One can think about increasing order in the
alkyl nanodomains. It is an old empirical rule that the
glass temperature increases with increasing order in
the system. Alternatively, one can understand the in-
crease inTg(αPE) as a reflection of the increasing size
of the alkyl nanodomains being a self-assembled con-
finement for the polyethylene-like glass transition in
our nanophase-separated systems. An increase ofTg
with the size of nanometer confinements is experimen-
tally observed in the amorphous regions of specifically
crystallized poly(ethylene terephthalate) (PET) sam-
ples [9] and several liquids confined in nanoporous
glasses with typical pore sizes in the range 2.5–10 nm
[19]. This effect is usually discussed in the picture of a
hindered glass transition[46] and related to the inter-
action between confinement and the size of coopera-
tively rearranging regions, relevant for the cooperative
dynamics in glass-forming materials[32].

Interestingly, the increase inTg(αPE) with C for the
amorphous members(C < 12) is comparable to in-
crease inTM with C for the semicrystalline members
(C ≥ 12) (Fig. 1B). If this is true, it seems to be an
important question why both dependencies are similar.
One could speculate that this is a reflection of a general
trend in side chain mobility: In the lower members,
the alkyl rests become mobile first but side chain crys-
tallization can not occur due to the frustration by main
chains which become mobile at much higher tempera-
tures (mobile alkyl nanodomains in a stiff main chain
matrix; Fig. 1B). In the higher members, the onset of
crystallization is determined by side chain mobility.
Crystallization occurs slightly above the glass temper-
ature of the alkyl nanodomains,Tg(αPE), where the
alkyl rest become mobile. In this sense, theTM values
would be coupled to theTg(αPE) values and the sim-
ilarity of the C number dependencies ofTg(αPE) and
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TM above and belowC = 12 would be only conse-
quent. Otherwise, changes inTM for semicrystalline
materials are often discussed to be a result of a varia-
tion in the thickness of the crystalline lamella (of the
order of 10–30 nm). Especially, the increase inTM for
alkanes was related to the thickness of the lamellae
formed by extended molecules in the framework of
Gibbs–Thomson-like approaches[41]. This may in-
dicate the general importance of confinement effects
in amorphous and semicrystalline systems with struc-
tural heterogeneities in the 1–10 nm range.

Qualitatively, our findings concerning the depen-
dence ofDcal on the alkyl nanodomain size are consis-
tent with the results of recent studies to the influence
of nanometer confinements on the crystallization in
microphase-separated block copolymers with domain
sizes of about 10 nm. Also in this case the degree of
crystallization decreases usually with decreasing do-
main size[17]. The situation in nanophase-separated
side chain polymers is obviously similar but charac-
terized by more topological constraints and smaller
domain sizes of order of 1–3 nm. This indicates gen-
eral aspects in systems with self-assembled nanome-
ter confinements. Due to the smaller domain sizes in
nanophase-separated side chain polymers, one would
expect that in such systems early stages of crystal-
lization [16] and pre-ordering effects can be observed
more clearly. The fact that the alkyl nanodomain size
can be tuned precisely and easily by changing the side
chain length may offer new possibilities. Side chain
polymers enable us to study the crystallization pro-
cess within alkyl nanodomains not only as function of
time and temperature but also depending on domain
size and main chain mobility.

5. Conclusions

We have shown that a nanophase separation of in-
compatible main and side chain parts is a characteris-
tic feature of both—amorphous and semicrystalline—
PnAMA. The common aspect is the existence of
alkyl nanodomains with a typical dimension of order
1–3 nm. Within these nanodomains, a crystallization
of alkyl rests occurs for the higher members while an
independent polyethylene-like glass transitionαPE is
observed in lower members. Comparing our results
from calorimetry and dielectrics with the predictions

of different morphological pictures, we conclude that
neither a simple quasi one-dimensional picture nor an
oversimplified three-dimensional picture can explain
all the experimental findings in a consistent way.
Probably the real morphology of nanophase-separated
side chain polymers combines certain aspects of both
pictures. Two alternative explainations for a compa-
rable increase inTg(αPE) and TM with side chain
length (Cnumber) in amorphous and semicrystalline
poly(n-alkyl methacrylates) are considered. The first
interpretation is based on orientation arguments,
the second on confinement effects. The increase in
Tg(αPE) is either related to an increasing order within
alkyl nanodomains or discussed in terms of a hindered
glass transition in a self-assembled nanometer con-
finement. TheTM shift could be a consequence of the
increase inTg(αPE), i.e. caused by side chain mobility,
or related to spatial aspects, i.e. due to the increasing
lamella thickness following Gibbs–Thomson-like ap-
proaches. In general, the presented results indicate the
importance of spatial nanoheterogeneities for a better
understanding of the properties of semicrystalline and
amorphous side chain polymers.
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