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ABSTRACT: Dynamic mechanical spectroscopy (DMS) is used to further investigate the recently observed
order-disorder transition (ODT) in comblike block copolymers obtained by hydrogen bonding between
poly(4-vinylpyridine) and pentadecylphenol (P4VP-PDPx). For stoichiometric amounts of pyridine and
phenol, i.e., x ) 1.0, the ODT to a lamellar structure occurs at T = 65 °C. The dynamic moduli G′ and
G′′ simultaneously show a crossover from a liquidlike behavior (G′ ∼ ω1.5 and G′′ ∼ ω) to a response
intermediate between a Newtonian fluid and a solid (G′ ≈ G′′ ∼ ω1/2). The behavior above TODT differs
slightly from a homopolymer melt (G′ ∼ ω2.0) due to composition fluctuations, whereas the behavior below
TODT is characteristic for quenched block copolymer lamellar phases with local uniaxial order and global
isotropy. Near room temperature, a transition to solid behavior (G ∼ ω0) takes place due to crystallization
of the alkyl side chains. Larger amounts of PDP lower the TODT temperature, and for x ) 2.0 the transition
to solid response occurs directly from the disordered state. Small and wide angle X-ray scattering (SAXS
and WAXS) experiments and differential scanning calorimetry (DSC) corroborate these findings.
Furthermore, SAXS and WAXS demonstrate that the low-temperature state of P4VP-PDP2.0 is not stable
and indicate that ultimately macrophase separation into a pure crystalline PDP phase and a microphase
separated P4VP-PDP phase occurs.

Introduction
Block copolymer systems have been studied exten-

sively during the last decades and continue to attract
the interest of experimentalists and theoreticians alike.
Composed of at least two different polymer blocks,
immiscibility of these blocks induces self-assembly into
various ordered microstructures. Until now at least six
different microphases have been discovered in diblock
copolymer melts. These include the three traditional
structures, periodically arranged spheres, hexagonally
packed cylinders, and lamellar, and the three new
phases which have been discovered only very recently:
hexagonally modulated lamellar, hexagonally perforated
layers, and bicontinuous “gyroid”.1 Block copolymer
melts usually (i.e., the UCST situation) form disordered
phases at elevated temperatures where the different
blocks are homogeneously mixed. The order-disorder
temperature TODT of block copolymers is defined as the
temperature at which the ordered microdomain struc-
tures disappear completely during heating or begin to
appear during cooling. A theoretical review of block
copolymers can be found in a very recent article by
Matsen and Bates2 and in the classical review by
Fredrickson and Bates.3
The rheological properties of block copolymers near

the order-disorder temperature TODT are quite different
from homopolymer melts. A most recent review by
Fredrickson and Bates1 deals extensively with various
aspects of block copolymer rheology. Dynamic mechan-

ical spectroscopy (DMS) has turned out to be a very
efficient tool to determine the position of the TODT, to
study the order-disorder transition behavior,4-17 and
even in some cases to discriminate between different
morphologies.18 There are several methods to deter-
mine TODT from rheological data. In some cases the
TODT can be determined from viscosity measurements
as a function of temperature, where it corresponds to
the temperature where the Newtonian type viscosity is
observed for the first time during heating.4-7 Another
method is to use isothermal frequency scans at various
temperatures. At the TODT the dynamic storage modu-
lus G′(ω) or the dynamic loss modulus G′′(ω) shows an
abrupt drop as a function of temperature.7-14 Han and
co-workers13-17 proposed the use of log-log plots ofG′(ω)
versus G′′(ω). The TODT then would correspond to the
temperature where log G′ versus log G′′ plots become
independent of temperature during heating from the
microphase-separated state.

In this article we will consider a completely different
class of copolymer systems obtained by hydrogen bond-
ing between homopolymers and end-functionalized oli-
gomers. In this way highly polydisperse mixtures of
comblike copolymer structures, based on reversible
rather than covalent bonding, are obtained.19 We will
focus on a particular system, poly(4-vinylpyridine)-
pentadecylphenol (P4VP-PDPx, where x represents the
ratio between the number of phenol and pyridine
groups). It has recently been demonstrated that this
kind of system exhibits an order-disorder transition
(ODT); for x ) 1, it occurs at T = 65 °C.20,21 Many
similarities exist with conventional comb copolymer
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systems, which have been discussed in some detail in
the literature.22-25 However, due to the reversible
nature of the side chain attachment, there are also
interesting differences which potentially may lead to
very rich phase behavior.26,27 It is well established that
by using suitable end-functionalized oligomers, self-
organized mesomorphic structures may be obtained
from flexible polymers, usually of a lamellar type.20,21,28-33

In the case of polyelectrolytes complexed with surfac-
tants, evidence for a hexagonal structure and some other
morphologies, such as egg-carton, has been presented
as well.34-36 For the stoichiometric polyelectrolyte-
surfactant systems, the microphase-separated morphol-
ogies are very stable, and phase transitions are not
observed nor is the possibility discussed. The strong
ionic interaction and the large polar-nonpolar repulsion
favor mesomorphic structures and prevent the occur-
rence of an ODT under normal conditions. However,
and this is one of the biggest advantages of using
weaker interactions, order-disorder transitions are
present in suitable polymer systems involving end-
functionalized oligomers which interact with the poly-
mer via hydrogen bonding.20,21,33
Comblike copolymer systems based on association

between homopolymers and end-functionalized oligo-
mers have definite advantages compared to conven-
tional comb copolymer systems. They are very easy to
“synthesize” and offer a simple method to vary the
number and the length of the “combs” by simply varying
the oligomer mole fraction x and the length of the
oligomers. The possibility to change the strength of the
polymer-oligomer interaction gives yet another param-
eter to tailor the behavior. The interaction strength of
the association can be varied from an almost permanent
ionic bonding28,30 to weak secondary interactions.20,33,37
In many cases these systems are also very ideal to study
experimentally. They are often much better organized
than many block copolymer systems, and due to a very
intensive small angle X-ray scattering (SAXS) pattern,
they allow the use of relatively short measuring times
in a conventional SAXS setup; therefore, high temper-
ature resolution measurements over an extended tem-
perature interval are feasible.
In this paper we will report for the first time the

rheological behavior of a particular representative of
this class of comblike copolymer systems, i.e., P4VP-
PDPx. We use both rheological measurements and
X-ray scattering data to address the behavior of the
system near the order-disorder transition and will
discuss briefly the interference of the crystallization of
the side chains with the ODT for more than stoichio-
metric amounts of PDP.

Experimental Section
Materials and Sample Preparation. The atactic P4VP

was acquired from Polyscience Europe GmbH. The viscosity
average molecular weight Mv ) 49 000 g/mol. 3-Pentadec-
ylphenol (PDP) was purchased from Bauer & Pfaltz (purity
97%). Chloroform was of analysis grade and was carefully
dried by 3 Å molecular sieves. P4VP and PDP were first dried
at 60 °C in vacuum for 2 days. P4VP-PDPx complexes were
prepared from chloroform solutions. Here x denotes the
number of phenol groups per vinylpyridine repeat unit. We
will consider mostly the nominally fully complexed case, i.e.,
x ) 1.0. The PDP and the solvent were first mixed together
until a clear solution was obtained. P4VP was subsequently
added followed by mechanical stirring for approximately 1 h
at room temperature. The concentrations of polymer in the
solvent were kept low (less than 1 wt %) to ensure homogenous
complex formation. Chloroform was evaporated on a hot plate

at 50 °C. The complexes were further dried at 60 °C in vacuum
for at least 2 days and subsequently stored in a desiccator.
Rheological Measurements. The dynamic storage and

loss moduli, G′(ω) and G′′(ω), were measured using a Bohlin
VOR rheometer in oscillation mode in the frequency range 0.01
e ω/2π (Hz) e 20 at temperatures between 20 and 90 °C.
Measurements were performed during slow cooling (approxi-
mately 0.2-0.3 °C/min). The measuring geometry was con-
centric cylinder C 14, which consists of a fixed bob (inner
cylinder, diameter 14 mm and cone angle 15°) located in a
rotating cup (outer cylinder, diameter 15.4 mm). Below the
ODT, small strain amplitudes of 1-2% were used (0.001-0.01
strain), and above the ODT at high temperatures and low
frequencies, strain amplitudes up to 30% were used (strain
less than 0.1), which are all well within the linear viscoelastic
range.
Small Angle X-ray Scattering. A sealed fine focus Cu

X-ray tube was used in a point-focusing mode. The Cu KR (λ
) 1.542 Å) radiation is monochromatized with a Ni filter and
a totally reflecting glass block (Huber small angle chamber
701). The scattered radiation is detected in the horizontal
(beam width) direction by a linear one-dimensional propor-
tional counter (MBraun OED-50M). The space between
sample and detector is evacuated to 0.05 mmHg using 13 µm
polyimide foils as X-ray windows. The beam height is limited
by two horizontal slits with approximately 1 mm aperture, one
before the sample and another in front of the detector. Also,
a narrow vertical slit is placed before the sample to reduce
background scattering. The fwhm of the beam width is below
0.002 Å-1, and the instrumental function in the vertical
direction, due to beam height and detector height profiles, is
determined to have fwhm ) 0.048 Å-1. Owing to this, no
correction for the experimental smearing is necessary in the
current analysis. The small angle scattering was recorded at
various temperatures.
Additional measurements were performed at beamline 8.2

of the Synchrotron Radiation Source in Daresbury, U.K., using
a beam of λ ) 1.52 Å X-rays measuring 3 × 0.3 mm2 at the
sample position. The SAXS data were collected with a
Daresbury quadrant detector, the wide angle X-ray scattering
(WAXS) data were acquired with a curved INEL detector, and
a DSC unit, which is a modified Linkham THM microscope
hot stage, was used for thermal data collection. More details
about the setup can be found in a recent publication by Bras
et al.38

Results
Mesomorphic structures in comblike copolymers ob-

tained by hydrogen-bonding association between flexible
polymers and end-functionalized oligomers have been
discussed in length in our previous papers.20,21,37,39 The
presence of an order-disorder transition in P4VP-PDPx
was first reported in ref 21, and here we will address
this system in more detail, emphasizing dynamic me-
chanical spectroscopy. So far, we have not been able to
obtain good transmission electron microscopy data, and
our knowledge about the mesomorphic structures rests
solely on the SAXS data. The presence of a faint second-
order peak at 2 times the first-order peak wave vector
indicates that this particular system for various com-
positions x organizes in the form of lamellae. Figure 1
presents a picture of the hydrogen-bonding interaction
between P4VP and PDP as well as an oversimplified
picture of the lamellar morphology. Bates and co-
workers1,18 demonstrated that DMS can also offer a kind
of fingerprint of the microphase-separated morphology,
at least for diblock copolymers. In pure diblocks and
binary blends of polyethylene-poly(ethylethylene), five
different structures were identified: spherical (S), cy-
lindrical (C), gyroid (G), hexagonally perforated layers
(HPL), and lamellar (L). In particular the S, G, and
HPL phases displayed a considerably different DMS
behavior from that of the L and C structures.
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Rheology. At the order-disorder transition, the low-
frequency dynamic storage modulusG′ is known to show
a precipitous drop upon heating from the ordered phase.
In fact, the measurement of G′ at a fixed frequency
during slow heating is one of the most convenient
methods to determine the TODT. Figure 2 shows the
isochronal dynamic shear storage modulus of P4VP-
PDP1.0 as a function of temperature. Especially at low
frequencies a steep drop occurs at approximately 65 °C,
which corresponds to the transition temperature as
determined from the SAXS data, which will be pre-
sented further on. Log-log plots of G′ and G′′ versus
ω of the same system are presented in Figure 3. As
before, at temperatures between 65 and 70 °C an abrupt
drop in the dynamic storage and loss moduli occurs at
low frequencies. At temperatures below 65 °C we find
G′(ω) ≈ G′′(ω) ∼ ω0.5, which is the typical behavior
reported for lamellar morphologies of ordinary di- and
triblock copolymers and which supports the model
presented in Figure 1. At temperatures of 70 °C and
higher we find G′(ω) ∼ ω1.5 and G′′(ω) ∼ ω1.0. Values of
2.0 and 1.0, respectively, are predicted and found for
these exponents in simple homopolymer melts.40,41 The
fact that for temperatures above the TODT the frequency
dependence of G′ deviates slightly from the terminal
zone limit behavior is generally attributed to pretran-
sitional composition fluctuations which may persist as
far as 50 °C above the transition temperature.8,12,42,43
At low temperatures G′ and G′′ become independent of
the oscillation frequency ω which can be attributed to
the alkyl side chain crystallization.

Similar conclusions follow from the behavior of the
dynamic viscosity η, defined by η ≡ G′′(ω)/ω, shown in
Figure 4. At temperatures above the order-disorder
temperature the viscosity is frequency-independent
(Newtonian), but when the temperature is lowered
below TODT the viscosity exhibits strong nonlinear yield
(non-Newtonian). This behavior is yet another mani-

Figure 1. Schematic illustrations of P4VP-PDP hydrogen
bonding and lamellar microphase-separated structure.

Figure 2. Temperature dependence of the dynamic storage
modulus G′ of P4VP-PDP1.0 at various frequencies ω.

Figure 3. Isothermal frequency scans of the (a) dynamic
storage modulus G′ of P4VP-PDP1.0 at various temperatures
and (b) the dynamic loss modulus G′′ of P4VP-PDP1.0 at
various temperatures.

Figure 4. Dynamic viscosity η ≡ G′′(ω)/ω for P4VP-PDP1.0
as a function of frequency for various temperatures.
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festation of a phase transition from a disordered to an
ordered state.8
We also measured the dynamic storage moduli G′ for

a P4VP-PDP2.0 sample which contains twice as many
phenol groups as pyridine groups. In P4VP-PDP
systems an excess amount of PDP leads to a reduction
of the ODT temperature,21 which is remarkable in the
light of very recent calculations by Tanaka and co-
workers,27 predicting the exact opposite behavior. In
the case of x ) 1.5, the order-disorder transition
coincides with the crystallization of the alkyl side
chains.21 For still higher values and hence also for x )
2.0, the TODT is below the crystallization temperature
of the alkyl chains and the crystallization intervenes
before the ODT is reached. This can be seen clearly in
Figure 5 which presents a log-log plot of G′ versus ω.
At high temperatures it exhibits the typical behavior
of homopolymer melts with a slope of approximately 1.5,
and during slow cooling the material remains liquidlike
until the sample crystallizes at 20 °C and G′(ω) ∼ ω0.
Han and co-workers13,14,16,44 suggested that log-log

plots of G′ versus G′′ become virtually independent of
temperature at TODT and that this can be used as
another criterion to determine the transition tempera-
ture. Above the ODT the slope of this curve should be
equal to 2.0, which is the typical value for homopolymer
or random copolymer melts in the terminal zone.
However, Adams et al.45 showed that in some cases the
G′ versus G′′ curves show a temperature dependence
well beyond the order-disorder transition temperature
and thus leads to a substantial overestimation of TODT.
As noted before, Bates and co-workers9,12 attribute this
temperature dependence of the G′ versus G′′ above the
TODT to the presence of composition fluctuations. Figure
6 presents a log-log plot of G′ versus G′′ for our P4VP-
PDP1.0 system. Above the ODT the behavior is inde-
pendent of the temperature with a slope of approxi-
mately 1.5, but the behavior is also independent of
temperature below the ODT, only with a slightly smaller
slope. Therefore, in our case we can only determine the
TODT from these kinds of plots from the point where the
slope of the curve shows an abrupt change, but there
is, of course, no reason to use these kinds of plots for
this purpose since much better alternatives are avail-
able.
Small Angle X-ray Scattering. It is possible to

determine the ODT temperature very accurately by
small angle X-ray scattering using scattering experi-

ments with high temperature resolution. Experiments
with a low temperature resolution (temperature incre-
ment > 10 °C) may overlook the sharpness of the ODT
and lead to an inaccurate determination of the TODT.46
Our in-house SAXS device allows measurements with
a small temperature increment (<0.2 °C) and a very
high accuracy. This enables us to determine the order-
disorder transition temperature with an accuracy better
than (0.5 °C. Figure 7 shows the thus obtained SAXS
patterns for P4VP-PDP1.0 as a function of temperature
during slow cooling (0.02 °C /min) from 70 to 50 °C. Each
frame corresponds to a 0.25 °C temperature interval.
The most striking feature in the figure is the strong
increase of scattering upon approaching 65 °C, and at
ca. 63 °C the scattering intensity is saturated. An
exothermic DSC peak and the appearance of birefrin-
gence in optical microscopy measurements are observed
simultaneously with the appearance of this sharp
almost singular small angle scattering peak,47 confirm-
ing the order-disorder nature of the transition. The
measurements were also performed during slow heat-
ing, and the results were identical with those obtained
during cooling, not showing any hysteresis behavior.
The structure is proposed to be a lamellar morphology
as judged from the SAXS patterns. The first-order
diffraction peak is very sharp, and although not visible
in Figure 7, a very weak second-order diffraction peak
exists at a scattering vector of 2 times the value of the
first-order scattering maximum.21
There are various ways to determine accurately the

ODT temperature from SAXS measurements: (i) a plot

Figure 5. Isothermal frequency scans of the dynamic storage
modulus G′ of P4VP-PDP2.0 at various temperatures.

Figure 6. Plot of log G′ versus log G′′ for P4VP-PDP1.0 at
various temperatures.

Figure 7. SAXS profiles of P4VP-PDP1.0 measured at 0.25
°C intervals during cooling with 0.02 °C/min.
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of the reciprocal of the intensity of the diffraction peak
(1/Imax) versus reciprocal absolute temperature (1/T) and
(ii) a plot of the wavelength of the dominant mode D of
the concentration fluctuation (below the TODT D is the
long period of the lamellar structure) versus 1/T. The
value of D is obtained from the relation D ) 2π/q*,
where q* is the characteristic scattering vector of the
peak position of the SAXS pattern. Recently TODT has
been determined as well by employing plots of the
square of the half-width of the half-maximum [(hwhm)2]
versus 1/T. This method was first introduced by Stühn
et al.48 and Ehlich et al.49 These plots will show a
sudden change or in some cases a nearly discontinuous
drop when exceeding the ODT.
Here we have applied these methods for our P4VP-

PDP1.0 system, and Figure 8 presents the plots of 1/ Imax,
(hwhm)2, and 1/D versus 1/T. All curves show a
precipitous or discontinuous drop near the ODT. The
plot of 1/Imax versus 1/T was obtained with a tempera-
ture decrement of 0.25 °C during very slow cooling (0.02
°C/min) and shows a very sharp change between 64.5
and 65.0 °C. From this curve it follows that TODT ) 64.8
( 0.3 °C. Above that temperature 1/Imax decreases
linearly as a function of 1/T. In the ordered lamellar
state the intensity is almost independent of tempera-
ture. The sharpness of the first-order scattering maxi-
mum shows also a very clear transition near the ODT
temperature. At the order-disorder transition, the
square of the hwhm decreases nearly 2 orders of
magnitude as can be seen from the middle part of Figure
8 (notice the logarithmic y-scale). The peak sharpness
is almost constant below and above the TODT. The
uppermost part of Figure 8 depicts 2π/q* versus 1/T.
At high temperatures there exists only a broad scatter-
ing maximum due to the characteristic comb-polymer-
like composition fluctuations, and the peak position
remains almost constant as a function of temperature.
As TODT is approached, a sharp peak starts to develop
at a smaller angle which corresponds to 36.1 Å, ap-

proximately 1.0 Å larger than that of 2π/q* in the
homogeneous state. Below the TODT the peak shifts to
smaller angles almost linearly with 1/T and reaches 38.0
Å at a temperature of 25 °C. The value of the TODT
obtained from the SAXS measurements is within ex-
perimental error equal to the one determined from the
rheological measurements.
Finally, Figure 9 shows the results of SAXS measure-

ments on the system P4VP-PDP2.0, as performed at
Daresbury Laboratory. The first frame corresponds to
room temperature, and subsequent frames were ob-
tained during fast heating to 100 °C followed by slow
cooling with 5 °C/min to 0 °C. The SAXS pattern of the
original sample (first frame), which had been kept in
an uncontrolled manner near room temperature for
some days, shows two prominent diffraction peaks. The
second peak (largest scattering vector) is characteristic
for crystalline pure PDP, which we know to be present
in the sample from the WAXS data presented in Figure
10. This observation follows from the fact that crystal-
line pure PDP exhibits a 110 and 200 reflection,20 just
as in the first few frames in Figure 10, whereas
crystalline PDP associated with P4VP shows only a
single 110 reflection. This confirms our previous ob-
servations that for a large excess of PDP, macrophase
separation will ultimately take place. The whole issue
of macrophase separation is of considerable interest,
since recent theoretical work claims that macro fluid-
fluid phase separation should occur in this kind of
system for a large excess of either component.27 Our
observations do not really confirm this statement, since
the macrophase separation may well be due to the
crystallization. The sharp first peak in the SAXS

Figure 8. (Bottom) Reciprocal of the maximum of the scat-
tering intensity 1/Imax as a function of 1000/T (K-1). (Middle)
Square of half-width of half-maximum [(hwhm)2] as a function
of 1000/T (K-1). (Top) Characteristic wavelength of the domi-
nant fluctuation 2π/q* as a function of 1000/T (K-1).

Figure 9. SAXS profiles of P4VP-PDP2.0 as a function of
temperature. After fast heating from room temperature to 100
°C, the sample was slowly cooled with 5 °C/min to 0 °C.

Figure 10. WAXS profiles of P4VP-PDP2.0 obtained simul-
taneously with the SAXS profiles presented in Figure 9.
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pattern (first few frames) corresponds to the microphase
structure of the remaining P4VP-PDP phase. After
melting, a correlation hole peak is present from 100 to
20 °C, where the peak sharpens and at the same time
a very clear second-order peak appears. Simultaneously
taken DSC and WAXS measurements (Figure 10) show
that this transition corresponds to the crystallization
of the alkyl side chains (i.e., only one peak), in full
agreement with the DMS data presented before. The
SAXS pattern at low temperatures is, however, com-
pletely different from the original SAXS pattern (first
few frames) and resembles the SAXS patterns of crys-
tallized samples of P4VP-PDPx for values of x e 1.5.
At this stage we are apparently still dealing with a
microphase-separated structure. Nevertheless, the pres-
ence of considerable scattering at the smallest angles
shows the presence of density fluctuations on a much
larger scale. To a lesser extent this has been observed
before for smaller values of x.21

Concluding Remarks

In this paper we have demonstrated that dynamic
mechanical spectroscopy remains a powerful tool to
investigate the nature and the temperature of order-
disorder transitions in comblike copolymer systems
obtained by polymer-oligomer association. The linear
dynamic mechanical properties of our systems do not
differ in an essential way from the well-established
properties of di- and triblock copolymers, at least not
in the most simple case of lamellar structures. So far,
we have not found structures other than lamellae, but
we hope to address this issue by using longer alkylphe-
nol oligomers in the near future.
Although the microphase separation in P4VP-PDPx

has now been discussed in some detail, the T,x phase
diagram is still far from complete. The theoretical work
of Tanaka and co-workers27 shows that it is of particular
interest to investigate more carefully the x . 1 case. In
more general terms, theoretically one of the most
challenging problems concerns the nature of the mi-
crophase-separated structures of these polydisperse
thermoreversible comblike polymer systems. This is a
function of composition ()x), length of the end-function-
alized oligomers, and strength of the interactions, both
attractive and repulsive. Work along this line is in
progress now.
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