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Abstract This personal review focuses on two aspects.

First, glass transition dynamics and hence also calorimetry

is connected to dynamic heterogeneity. This results in an

interplay of the corresponding dynamic length scales and

length scales from structural heterogeneities in polymeric

samples. Second, the complexity of the dynamic glass

transition itself results in different effects of this interplay

for different experimental observables. Hence the com-

parison of results from calorimetry with other relaxation

methods gives important clues to an understanding of the

complex glass transition phenomenon.
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Introduction

The investigation of glass transition phenomena in poly-

meric systems by calorimetry is a widely applied tech-

nique. In most cases, the so-called thermal glass transition

is studied in a scanning differential calorimeter (DSC), i.e.,

the step in specific heat cp(T) measured by scanning tem-

perature with a certain rate [1]. This step corresponds to the

freezing in of structural relaxations during cooling because

the slowing down molecular reorganization cannot follow

the change in temperature anymore. Because of the width

of the step, there is a certain arbitrariness in the definition

of a characteristic temperature, the glass temperature Tg.

But more importantly this step signals the transition from

an equilibrium situation at higher temperatures to a

thermodynamic non-equilibrium situation below Tg. This

complicates the interpretation because the results in the

non-equilibrium situation depend on the thermodynamic

history of the sample. Hence also small differences

between different scanning calorimeter designs like power

compensation or heat flux matter for the thermal glass

transition.

With the advent of temperature-modulated calorimetry

(TMDSC), it became possible to measure the response on

small sinusoidal temperature perturbations in equilibrium

above Tg. Calorimetry became a spectroscopic technique

like for instance dielectric or shear spectroscopy, espe-

cially, since the available frequency range has been wid-

ened also in calorimetry by heat capacity spectroscopy

(HCS) techniques [2]. There calorimetry measures the

isothermal frequency response of a dynamic relaxation

quantity, the complex heat capacity c�pðxÞ. The step Dcp
0 in

the real part of heat capacity and, correspondingly, the peak

in the imaginary part cp
00(x) signal the structural or a

relaxation. From the peak position of cp
00(x), a character-

istic relaxation time can then be assigned to the a
relaxation.

A relation between relaxation time (or the inverse

measurement frequency) for the structural or a relaxation

and the heating rate for the thermal glass transition can be

established by finding a pair of both measurements where

the peak in the imaginary part cp
00(x) and the step in

specific heat capacity cp(T) lie at the same temperature.

Often the rule of thumb is applied that for usual scanning

rates of 10 K/min at Tg the a relaxation time is around

100 s. But this can vary by about plus/minus one order of

magnitude [3].

There is no generally accepted theory of the glass

transition in the deeply undercooled liquid [4, 5]. In this

personal review, I will argue in favor of two statements:
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1. The a relaxation process in the supercooled state

(hence also the calorimetric measurement) is always

connected to dynamic heterogeneity. This means that

the mobility of different particles in the same sample

under identical conditions (for instance different

monomers in the same chain) is different on time

scales corresponding to the a relaxation time. The

particles form subsystems of different mobility [6]. Of

course, in equilibrium the mean mobility of all

particles becomes equal at long times because of

ergodicity.

This dynamic heterogeneity is also connected to spatial

heterogeneity in mobility because particles of similar

mobility tend to cluster. I will discuss this in the next

section. The effect is called dynamic facilitation, i.e.,

neighbors of more mobile particles also become more

mobile with higher probability [7]. The old view of

dynamic heterogeneity as ‘islands of mobility’ [8] is

corroborated by molecular dynamic simulations at

high temperatures [9] which show islands of high

mobility surrounded by large regions of low mobility.

2. The a relaxation itself in polymeric systems is a

complex phenomenon, including mobility on different

length scales. While the dynamics on the length scale

of interchain distance is similar to non-polymeric glass

formers, on larger scales the additional constraint of

chain connectivity results in chain modes. These

distinct contributions to the glass transition zone in

polymers have been summarized under the notion of

‘fine structure’ [10] or ‘thermorheological complexity’

[11]. In rheological measurements, the different con-

tributions even show different temperature dependen-

cies. If there are different contributions, it is natural to

ask, additionally, to which contributions calorimetry is

sensitive.

Usually, calorimetry is a measurement on macroscopic

samples with sizes much larger than possible structural

heterogeneities like crystalline lamellae, block copolymer

microphases, and so on. Then the heat capacity is simply

the sum over the contributions of different, separate phases.

This enables the identification and characterization of

distinct thermodynamic phases in heterogeneous systems,

but the results give no direct information on the spatial

structure of these heterogeneities. But if the molecular

processes responsible for the a relaxation cover a certain

spatial range, their typical size will interfere with the size

of possible structural heterogeneities. Hence an influence

on heat capacity other than a simple sum rule is expected

and the results can only be fully understood if one recog-

nizes the spatial character of the relevant motions. Vice

versa, calorimetry can even collect information on the

relevant length scales of the relaxations.

Naturally, it is impossible to give here a full account of

all the work in this field. Hence, I will discuss these aspects

for different selected examples from recent literature or

own work. I will discuss different kinds of heterogeneous

polymeric systems. The important class of semicrystalline

polymers will mostly be omitted from this review because

there are other exhaustive reviews [12–14].

Dynamical heterogeneity of the glass transition in a

structurally homogeneous sample

Before we discuss structural heterogeneous samples, let us

look at the simpler case of a homogeneous amorphous

sample.

There exists the old view of physical chemistry that in

the dense liquid free volume is so sparse that a couple of

particles have to move cooperatively to enable the diffu-

sion of the single particles [15]. Adam and Gibbs called

this spatial aspect of the mobility cooperatively rearranging

region (CRR) [16], but gave no explicit method to calculate

the cooperativity, i.e., the number of cooperatively moving

particles, or the corresponding length scale from experi-

ment. Simple statistical estimates of configurational

entropy for the CRR (for instance Boltzmann entropy with

only a few different sub-states for the CRR) gave unrea-

sonable small numbers for the cooperativity\1 [17]. Other

approaches try estimates of configurational entropy from

statistical models [18] or an experimental separation of the

configurational and vibrational contributions to the mea-

sured cp. But this is not settled yet.

The fluctuation approach by Donth [19] provides an

explicit formulae to calculate the size of independently

fluctuating subsystems which are then identified with the

CRR. This approach uses data from calorimetry [20]. It

starts from the fluctuation dissipation theorem FDT and

relates the measured specific heat contribution of the glass

transition with entropy fluctuations. They are connected to

corresponding temperature fluctuations in the subsystem.

Originally, the width of the measured step in cp(T) over

temperature has been taken directly as the size of tem-

perature fluctuations inside the CRR [20]. This was

recently modified by the present author [21]. The temper-

ature fluctuations are seen now as the source of mobility

fluctuations inside the subsystem. They modulate the local

relaxation times and cause the width of the frequency

dispersion of the isothermally measured complex c�pðxÞ.
Because the relaxation time dispersions are always nar-

rower than the corresponding frequency dispersions of

c�pðxÞ, this new view gives smaller values for the temper-

ature fluctuations from experiment. This results in some-

what larger sizes for the subsystems or larger cooperativity.

Typical values for cooperativity near to Tg are of the order
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of 100 particles. By ‘particle’ in case of polymers the

repeating unit is meant, in all other cases the whole mol-

ecule. The uncertainty of the characteristic length is in the

20% range because of some uncertainties in the estimation

of parameters from experimental cp curves [20].

A similar approach by Berthier et al. [22] also starts

from the fluctuation dissipation theorem FDT, but uses

enthalpy fluctuations instead of entropy fluctuations.

Accordingly, specific heat cp stands in the denominator not

numerator. With the same argument as Donth of using only

the representative part of cp for the glass transition, cp is

then substituted by Dcp. The difference between both

approaches has been tested in some cases [23]. But the

estimation of the temperature dependence of Dcp between

liquid and glass above Tg is not clear and in several

instances even a constant value for Dcp has been used. The

temperature dependence of Dcp should help to discriminate

between the different models if HCS data over a broader

frequency and hence also temperature range will become

available.

Furthermore, the relation of the heterogeneity according

to Ref. [22] to the traditional CRR has to be clarified

because the former model gives a heterogeneous correla-

tion length also for an Arrhenius type process [24], tradi-

tionally connected to non-cooperative local processes. The

understanding of cooperativity as the number of particles

surmounting an energy barrier at the same time [23, 25]

would correspond to an one-barrier model and is different

from the old view where particles in the CRR are relaxed

by a diffusing defect one after the other [26]. Hence the

relation between of the notion of cooperativity in different

approaches is not clear in the moment and deserves further

investigations.

Importantly, all these considerations relate to the equi-

librium situation above the thermal glass transition at Tg.

Cooperativity decreases with increasing temperature [15,

27]. The mobility constraints for the single particles are

loosened by the increase in thermal fluctuations or free

volume. Hence there is lesser need for cooperativity. This

has to be distinguished from the description of the thermal

glass transition where in passing from low temperatures an

unfreezing of mobility and correspondingly an increase in

particles taking part in the motions is expected [25].

Another thermodynamic model investigates Gaussian

excitations for glass-former dynamics and thermodynam-

ics. The corresponding picture is also ‘hot islands in a sea

of kinetically frozen molecules.’ The number of particles

Nc in these islands is estimated to be 10–20 [28]. The

thermodynamic random first-order transition theory RFOT

of Wolynes et al. [29] describes the mobility pattern as

caused by entropic droplets. With several assumptions on

the temperature dependence of configurational entropy and

Dcp they arrive at a size of about 125 beads per CRR near

Tg [29], but the division of the molecule in ‘beads’ remains

rather arbitrary. Also the predicted correlation of fragility,

the steepness of the temperature dependence of the relax-

ation time, of the glass transition and Dcp in a series of

poly(n butyl methacrylate)s of different molecular weights

seems not to work [30].

Of course, these different approaches are specific mod-

els and hence researcher tried to find direct ways to proof

experimentally dynamic heterogeneity. Nuclear magnetic

resonance NMR with multidimensional schemes verified

the existence of dynamically different subsystems in

polymers near Tg [31]. With additional information from

spin diffusion also a characteristic length scale in the

nanometer range was determined [32]. This result gave

credit to the estimates from calorimetry [20]. A comparison

also for non-polymeric glass formers is given by Qiu and

Ediger [33]. But the spatial shape of the CRR remains

unknown also from NMR [32]. Theoretical approaches

predict the shape of a CRR as compact at low temperatures

near Tg [4, 29] and fractal or ‘stringy’ at higher tempera-

tures [29]. But there is no experimental proof for this yet.

To have direct access to spatial information a scattering

technique would be preferential. Early attempts with static

neutron scattering failed [34]. But this is understandable.

The dynamics near to Tg are very sensitive to density.

Hence, even if a density contrast is connected with the

dynamic mobility pattern it would be far to small to be seen

in the static scattering.

Dynamic neutron scattering, better suited to identify

only dynamic contributions of interest, is still confined to

correlation times smaller than microseconds. Typically,

this is above the crossover region [35, 36] in dynamics

where the temperature dependence of the a relaxation time

and intensity changes, translational and rotational diffusion

start to decouple and primary a and secondary relaxations

split off. Above the crossover, the dynamical heterogeneity

is expected to be in its mature state and not fully developed

[27]. This high temperature region can in some cases be

clearly distinguished by calorimetry from the temperature

region below the crossover near to the conventional glass

transition at Tg. For poly(n hexyl methacrylate) a saddle-

like peculiarity in cp
00(x) was found at the crossover by

HCS [37], confirmed by an analysis of DSC data by the

Narayanaswamy model [38]. To span the whole tempera-

ture range between Tg and the crossover temperature for

more polymers dynamic heat capacity data for the a
relaxation over a large frequency range would be necessary

[27]. But HCS is still limited to frequencies below some

10 kHz [39].

The problem of limitation to short time scales arises for

the molecular dynamic simulations too. Compact clusters

of 30–60 particles are identified as involved in elementary

moves (‘democratic particle motions’) for metabasin
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transitions in simple glass formers [40]. But how these high

temperature heterogeneities in mobility above the cross-

over temperature are related to low temperature dynamic

heterogeneities near to Tg is an open question.

With increase in computational power and experimental

possibilities neutron scattering and simulation will reach

the crossover temperature from above and calorimetry

from below and eventually get an overlap to confirm the

length scale of heterogeneity [41]. Although this is not yet

reached the existence of the dynamic heterogeneity is

confirmed by many methods and even the corresponding

length scale of some nanometers near to Tg is widely

accepted. I will give examples on this in the following.

Fine structure of the glass transition and distinction

between different experimental observables

The second aspect one has to keep in mind is the existence

of the ‘fine structure’ or ‘thermorheological complexity’ of

the a relaxation in polymers showing up in the frequency or

time dependence of physical properties [10, 11]. It is the

result of a superposition of different contributions to the

dynamic glass transition. The main contribution are those

relaxations usually termed ‘segmental modes’ or ‘proper

glass transition.’ The physical picture is that beginning on

short time scales the monomeric segments start to explore

their configurational degrees of freedom within their local

cage and relax cooperatively with their immediate sur-

rounding. This is similar for small molecule glass formers

and for polymers and is measured as a calorimetric signal

for the a relaxation. This segmental relaxation removes the

constraints of the cage formed by the neighbors (neigh-

boring particles or monomeric units) and enables diffusion

or flow on length scales larger than the nearest neighbor

distance. But for polymers flow is hindered by chain con-

nectivity and hence for longer times other polymer specific

modes appear. They are supposed to be similar to Rouse

modes. These chain modes do not necessarily contribute to

the calorimetric signal. For instance, it is known that the

flow transition of polymers, corresponding to the longest

chain mode by reptational movement of the whole chain,

gives practically no calorimetric signal [42, 43] while it is

very prominent in shear rheology. Hence, one should

always keep in mind that the different contributions to the

broad dispersion zone of the dynamic glass transition in

polymers will in general show up differently for different

experimental methods [2]. This is an unavoidable effect

caused by the different coupling of the measured physical

quantities to the molecular mobility and should be distin-

guished from the purely experimental difficulty of com-

parison of results from different samples in different

experimental equipment.

Glass transition in confinement

An old idea to test the existence and spatial size of dynamic

heterogeneities is to use external confinement of varying

size and to look for the influence on the dynamics. If by

increasingly tighter confinement both length scales become

comparable a strong influence is expected.

Classical work was done on small molecule glass

formers in porous host systems [44]. A shift in glass

transition temperature Tg compared to bulk values was

detected. Later also polymers were incorporated in porous

glasses [45, 46]. Calorimetry showed a decline of the glass

transition step Dcp for strong confinement below some

nanometers. For instance for poly(methyl phenyl siloxane)

PMPS the increment in cp vanished for a pore size smaller

than 3–5 nm [47].

This is compatible with the existence of a predefined

length scale for the cooperative movements. If external

confinement does not allow such movements, the cooper-

ative character of the relaxation and the corresponding

calorimetric signature disappear. Only local non-coopera-

tive relaxations remain. This is known as the concept of the

‘hindered glass transition’ [48, 49].

But in confinement always the problem of possible

specific surface interactions between guest and host persists

and a separation of the influence of confinement and sur-

face interaction is necessary [50]. The influence of the

surface can be minimized by special treatments, e.g., sil-

anization of porous glasses. A special trick is to use the

same material for guest and host in a semicrystalline

polymer. Here the confinement for the amorphous phase by

the crystalline phase in poly(ethylene terephthalate) PET

was studied [51]. A correlation of the characteristic length

scale of glass transition heterogeneity from calorimetry of

1 to 1.5 nm and the lamellar thickness of the amorphous

phase from scattering of 1 to 2.5 nm for different crystal-

linities was found.

Similar studies were recently done on poly(L-lactic acid)

where a dependence of glass transition temperature on

semicrystalline morphology, obtained by different crystal-

lization temperatures, was found [52]. Analogously, by

varying the isothermal crystallization time different

degrees of crystallinity were realized in another study [53].

There also the length scale of cooperativity for the mobile

amorphous phase was calculated. It decreased from 3.1 to

1.5 nm when crystallinity increased from 0 to 42%. The

decrease resulted from the broadening of the calorimetric

glass transition. Contrary, in a later analysis the broad

transition was split into two contributions [54]. They were

suspected to belong to two different mobile amorphous

phases, inter- and intra-spherulithic. Both have correlation

lengths of 2.9 and 2 nm, respectively, independent on

crystallinity. Obviously, further calorimetric investigations
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on this polymer are necessary. Structural information from

small angle X-ray scattering SAXS suggests a thickness of

9.2 nm for the mobile amorphous layers. This is much

more than the length scale of dynamic heterogeneities.

Hence this polymer does not confine its amorphous parts

and a direct correspondence between structural and

dynamic length scales does not exist.

Also curing of thermoset resins in confinement has been

studied [55]. Calorimetry on the final network in the

smallest pores of 11.5 nm diameter results in two glass

transition steps in the DSC curves. The lower glass tran-

sition shows the expected depression of Tg while the

appearance of a higher transition has been related to the

existence a less mobile surface layer. Assuming this two-

layer model one can estimate a surface layer thickness of

1.6 nm for the fully cured network. Generally, one would

expect that the thickness of the surface layer with dynamics

different from the bulk is about the same as the length scale

of dynamic heterogeneities. The latter gives also the min-

imal range of influence of the interface. All the length

scales estimated above are compatible with the size of

dynamic heterogeneities for homogeneous samples dis-

cussed before.

For confinement in thin films the situation is still

unclear. After classical work on Tg shifts from dilatometry

for film thickness smaller than about 100 nm in supported

[56] and free standing polymeric films there are some

recent works that notice influence of experimental condi-

tions on the results [57]. Calorimetric investigations on

microtome-sliced networks [58] found a decrease in Tg for

40 nm films while high-speed scanning calorimetry found

no thickness dependence for 3 nm polystyrene films [59],

polystyrene films in the 4–50 nm range and poly(methyl

methacrylate) PMMA films in the 10–400 nm range [60–

62]. Also revised dielectric investigations for isotactic

PMMA found no thickness dependence of Tg down to

6.6 nm [63].

For a comparison to the characteristic length scale from

calorimetry near to Tg one must notice that the thickness of

the thin films normally does not reach the typical CRR size

in the 3 nm range. Additionally, for the short time scales of

the high speed calorimetry mentioned above the CRR size

may be even smaller [27]. That this indeed can play a role

was confirmed by investigations on the calorimetric glass

transition temperature and absolute heat capacity of stacks

of polystyrene ultrathin films (17–100 nm thickness) in

conventional DSC [64]. Contrary to the high-speed calo-

rimetry results the thin film stacks showed a Tg depression

at slow heating compatible with the results of dilatometry

on single thin films [56].

The depression of Tg in thin films is usually interpreted

as the signature of a more mobile surface layer. It may be

sufficient that only this surface layer has a thickness

comparable to the CRR size while the rest of the film

retains bulk properties. This could explain the discrepancy

between typical CRR sizes and film thickness.

In thin film studies also surface sensitive experimental

methods are used. This includes for instance the healing of

surface undulations or the incorporation of colloidal par-

ticles into the surface. One should notice that this needs the

movement of larger parts or even of the whole polymeric

chain. In light of the fine structure of the a relaxation

described above this can result in qualitative differences

between different measures of dynamics in thin films. A

confinement effect on local segmental motions measured

by calorimetry must not necessarily mean a comparable

effect on Rouse modes [65] or chain diffusion [66].

Calorimetry on nanocomposites

This is the inverse geometry compared to the confined

systems above. Now the polymer under study constitutes

the matrix, filled with nanoscale particles as inclusions. A

change in physical properties of the polymer is expected at

the interface between polymer matrix and particles. The

characteristic length scale of the dynamic glass transition

was defined in the fluctuation approach by the spatial size

of independently relaxing subsystems or CRRs. Because a

local region cannot relax independently from a neighboring

confining interface the minimal range of influence of the

interface will obviously correspond to the radius of the

CRR. In nanocomposites, this length scale is comparable

with the size of the particles and hence the volume fraction

of the polymer interface region can be large in highly filled

systems. This enables the experimental study of these

interface contributions (M. Beiner, to be published).

At the same time, these filled systems are of high

interest for practical applications. Beside the old example

of carbon-black filled rubbers many new applications for

instance for conducting and transparent polymers, rein-

forced transparent polymers or sensors appear. Though

often mechanical properties are of primary interest calo-

rimetry can help to characterize the interface material. This

is quite common. But here I emphasize the inverse possi-

bility. By characterization of the thickness of the boundary

region one can conclude on the length scale of dynamic

heterogeneity, similar to studies under confinement.

An early example of an investigation of the calorimetric

glass transition in filled rubber is Ref. [67]. From the

dependence of the step height Dcp at the glass transition on

the volume fraction of the filler a thickness of 1.5 nm of an

immobilized layer at the interface with the spherical par-

ticles was determined. This compares well with the char-

acteristic length of the bulk glass transition in the rubber

matrix of about 2.3 nm. For PMMA filled with silica

Glass transition of heterogeneous polymeric systems 595

123



particles, an immobilized layer of about 2 nm thickness

was found [68].

Interface layer thicknesses were determined for particle

filled polymer matrices by DSC [69], elastic modulus [70],

SAXS [71] or dielectrics [72] and for polymer/clay inter-

calated nanocomposites by wide angle X-ray scattering

WAXS [73]. In all cases, the thickness of a few nanometers

was compatible with the length scales for bulk dynamic

heterogeneity from calorimetry, partially measured on the

same samples and evaluated according to the fluctuation

approach above. From dielectric intensity, it was possible

to calculate the thickness of this layer at different tem-

peratures. It is about 3 nm near to Tg and decreases with

increasing temperature [72]. Such studies can contribute to

the important question on the temperature dependence of

the characteristic length scale of the a relaxation. Here

dielectrics with the wider frequency range compared to

calorimetry has an advantage. But of course the problem

with specific surface interactions remains.

A formal equivalence between polymer nanocompos-

ites and the much simpler model system of thin polymer

films has been postulated [74]. Later work highlighted a

strong effect of processing conditions on the observed

behavior [75]. Better controlled model polymer nano-

composites were build from a polymer sandwiched

between two parallel planar silica surfaces [76]. Tg was

measured by a fluorescence method with label molecules

inside the polymer film. These model composites showed

for the strongly with silica interacting polymers PMMA

and poly(2-vinyl pyridine) P2VP a large increase in glass

temperature. In case of P2VP Tg starts to increase already

for relatively large film thicknesses of some 100 nm.

Currently, there is no explanation for this long range

effect. Possibly, the conformation of the whole chain is

disturbed and this influences then more local segmental

motions.

Microphase-separated block copolymers or nanophase-

separated systems

Block copolymers are somehow similar to nanocomposites.

If the different blocks are incompatible they form separate

domains. But here both components are connected by the

polymer chain. Hence their separation is restricted by the

chain length. This results in typical small dimensions of the

domains in the nanometer range. Fortunately, the self-

organization of the different blocks in domains solves the

problem one has with the dispersion of the filler in nano-

composites. To reach smaller domain sizes, the molecular

weight of the chain has to decrease. But this also decreases

the thermodynamic driving force for demixing of the

different blocks. Hence they have to be highly incompati-

ble to preserve the phase separated structure.

An extreme case are nanophase separated systems where

the incompatible parts are the polar main chain and the

non-polar alkyl side chains of high polymers [77, 78]. It is

thought that the alkyl side chains of several monomeric

units of the same or different main chains aggregate. The

size of the alkyl nanodomains increases with side chain

length as confirmed by SAXS [79]. A cooperative dynamic

glass transition, called aPE, can take place inside these

separate alkyl domains if their size reaches a certain

threshold. This relaxation is distinct from the a relaxation

of the main chains. Hence one can find in calorimetry two

separate glass transition signals for these homopolymers.

As an example for poly(decyl methacrylate) the estimated

size of the length scale of cooperativity inside the alkyl

domains from calorimetry is 0.6–0.7 nm, while the geo-

metric size of these domains from SAXS for a simple one-

dimensional model is about 1.1 nm [78, 79]. Although no

detailed information on the spatial shape of the nanodo-

mains is available, yet this simple estimate gives a rea-

sonable agreement.

The glass transition temperature of the separate process

in the alkyl nanodomains is independent of the chemical

nature of the main chain and scales with the length of the

side chains, i.e., the size of the domains [80]. This con-

firms the separation of main and side chains. The shift in

Tg to lower values for smaller domains is a confinement

effect, expected for a hindered glass transition [80]. The

advantage of calorimetry compared to for instance

dielectrics in this case is that it can confirm the cooper-

ative nature of this process [77], distinct from a local

secondary relaxation.

Miscible polymer blends

As a final example of heterogeneous polymeric systems, I

want to discuss miscible polymer blends [81]. One could

naively expect that miscible polymer blends are homoge-

neous systems because the chains of both components are

intimately mixed. But the notion of homogeneity or inho-

mogeneity depends on the property under consideration or

the corresponding length scale [82]. This becomes imme-

diately clear for the so-called self-concentration model of

Lodge and McLeish for polymer blends [83]. Because of

chain connectivity the immediate neighborhood of one

monomer contains with a higher probability monomers

from the same chain than from the other blend component.

Local probes like for instance NMR will find a more het-

erogeneously distributed situation while other measure-

ment methods with a larger probe volume as for instance
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calorimetry will measure values corresponding more to the

mean composition of the whole sample and hence will

notice a more homogeneous situation.

The surprise for miscible polymer blends was that the a
relaxation time of both blend components can be orders of

magnitude different. This was found by NMR spectroscopy

or dielectrics. Hence both components show dynamic

heterogeneity regarding the dynamic glass transition [82].

Contrary, calorimetry usually shows only one step in heat

capacity at the glass transition but strongly broadened. This

single step is even used as a criterion for miscibility. But is

has been shown that the reverse conclusion is misleading.

Even for a miscible poly(ethylene oxide) PEO/PMMA

blend two separate calorimetric glass transitions can be

identified [84, 85].

From the influence of self-concentration on the dynamic

glass temperature one can conclude on the relevant vol-

ume. With a corresponding model of blend dynamics and

the combination with Adam Gibbs, Ref. [86] found from

dielectric measurements in combination with calorimetric

data in polyisoprene/poly(vinylethylene) blends that no

more the Kuhn segment length is relevant. A cooperativity

length scale was anticipated. This was later consequent

realized in Ref. [87]. But another recent paper questions the

way of inclusion of concentration fluctuations in models

for the blend dynamics [88]. A relevant length scale of only

0.5–1 nm was calculated, much smaller than even the

Kuhn segment length [89]. But the arguments in Ref. [88]

correspond to dielectrics not calorimetry. In the criticism of

the self-concentration model a temperature independent

length scale was assumed which is surely not the case.

Hence the discussion of these length scales in miscible

blends is not settled.

An interesting experiment was done by Zheng and

Simon [90]. In a blend of poly(alpha methyl styrene) with

its own, chemically identical, oligomer thermal concen-

tration fluctuations are avoided but the strong dynamical

asymmetry in the a relaxation between the components is

retained. Calorimetry finds a strongly broadened glass

transition. It was separated in the contributions from both

components and the corresponding length scale calculated

from the self-concentration model. A rather large value for

the relevant length scale of 2.7 nm resulted from the small

value of 0.056 for the self-concentration. From the same

calorimetric data, the characteristic length scale according

to the fluctuation approach was calculated. In dependence

on polymer concentration values from 1.5 to 2.5 nm were

found. Hence they are in tendency higher than the Kuhn

segment length of 1.7 nm. If one includes the correction

according to Ref. [21], the length scales come even nearer

to 2.7 nm and give a consistent picture for the relevant

volume of the a relaxation from self-concentration model

and fluctuation approach.

Another aspect in dynamically strong asymmetric

polymer blends is a mutual confinement effect. Below Tg of

the high Tg component (for instance poly(vinyl acetate)

PVAc) its less mobile chains act similar as a static con-

finement for the more mobile chains of the lower Tg

component (for instance PEO) [91]. This corresponds to

the case of the hindered glass transition (see above) and

speeds up the more mobile component. Hence the more

mobile component in a blend with a lesser mobile com-

ponent can become even more mobile than in the bulk at

the same temperature.

Conclusions

The estimation of characteristic length scales or cooper-

ativities for the a relaxation by the fluctuation approach

from calorimetric data is an important tool in studying

molecular mobility. Especially important in the future are

more data on the temperature dependence of the coopera-

tivity. This demands experimental progress for a broader

frequency range in calorimetry or HCS and systematic

studies for a wider class of materials.

Especially in nanostructured samples the interface

region between different phases represents a large part of

the whole system and correspondingly plays an important

role for the properties. By studying the glass transition in

such samples by calorimetry one can identify this interface

material and vice versa get information about the length

scales responsible for the dynamic glass transition. Hence

calorimetry not only characterizes significant material

properties but additionally contributes to an important

unsolved problem in condensed matter research.

The selective sensitivity on cooperative motions makes

calorimetry an essential tool compared to other relaxational

methods. The comparison to other results for instance from

dielectrics enables to distinguish between non-cooperative

local processes and the cooperative a relaxation. This gives

additional credit to the assignment of unknown relaxation

processes to molecular models.

Acknowledgements We thank the German Science Foundation and

state Saxony-Anhalt for financial support.

References

1. Mathot VBF (ed) Calorimetry and thermal analysis of polymers.

München: Hanser; 1994.

2. Beiner M, Korus J, Lockwenz H, Schröter K, Donth E. Heat
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30. Schröter K, Reissig S, Hempel E, Beiner M. From small mole-

cules to polymers: relaxation behavior of n-butyl methacrylate

based systems. J Noncryst Solids. 2007;353:3976–83.

31. Schmidt-Rohr K, Spiess HW. Nature of nonexponential loss of

correlation above the glass transition investigated by multidi-

mensional NMR. Phys Rev Lett. 1991;66:3020–3.

32. Tracht U, Wilhelm M, Heuer A, Feng H, Schmidt-Rohr K, Spiess

HW. Length scale of dynamic heterogeneities at the glass tran-

sition as determined by multidimensional NMR. Phys Rev Lett.

1998;81:2727–30.

33. Qiu XH, Ediger MD. Length scale of dynamic heterogeneity in

supercooled D-sorbitol: comparison to model predictions. J Phys

Chem B. 2003;107:459–64.

34. Leheny RL, Menon N, Nagel SR, Price DL, Suzuya K, Thiyag-

arajan P. Structural studies of an organic liquid through the glass

transition. J Chem Phys. 1996;105:7783–94.

35. Laughlin WT, Uhlmann DR. Viscous flow in simple organic

liquids. J Phys Chem. 1972;76:2317–25.
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123



47. Schönhals A, Goering H, Schick C, Frick B, Mayorova M, Zorn

R. Segmental dynamics of poly(methyl phenyl siloxane) confined

to nanoporous glasses. Eur Phys J Spec Topics. 2007;141:255–9.
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77. Beiner M, Schröter K, Hempel E, Reissig S, Donth E. Multiple

glass transition and nanophase separation in poly(n-alkyl meth-

acrylate) homopolymers. Macromolecules. 1999;32:6278–82.

78. Beiner M. Relaxation in poly(alkyl methacrylate)s: crossover

region and nanophase separation. Macromol Rapid Comm.

2001;22:869–95.

79. Beiner M, Kabisch O, Reichl S, Huth H. Structural and dynamic

nanoheterogeneities in higher poly(alkyl methacrylate)s. J Non-

cryst Solids. 2002;307–310:658–66.

80. Beiner M, Huth H. Nanophase separation and hindered glass

transition in side-chain polymers. Nat Mater. 2003;2:595–9.

81. Colmenero J, Arbe A. Segmental dynamics in miscible polymer

blends: recent results and open questions. Soft Matter. 2007;3:

1474–85.

82. Beiner M. Proteins: is the folding process dynamically encoded?

Soft Matter. 2007;3:391–3.

83. Lodge TP, McLeish TCB. Self-concentrations and effective glass

transition temperatures in polymer blends. Macromolecules.

2000;33:5278–84.

84. Lodge TP, Wood ER, Haley JC. Two calorimetric glass transi-

tions do not necessarily indicate immiscibility: the case of PEO/

PMMA. J. Polym Sci B Polym Phys. 2006;44:756–63.

85. Gaikwad AN, Wood ER, Ngai T, Lodge TP. Two calorimetric

glass transitions in miscible blends containing poly(ethylene

oxide). Macromolecules. 2008;41:2502–8.

86. Cangialosi D, Alegria A, Colmenero J. Predicting the time scale

of the component dynamics of miscible polymer blends: the

polyisoprene/poly(vinylethylene) case. Macromolecules. 2006;

39:7149–56.

87. Cangialosi D, Alegria A, Colmenero J. Route to calculate the

length scale for the glass transition in polymers. Phys Rev E.

2007;76:011514.

88. Kumar SK, Shenogin S, Colby RH. Dynamics of miscible poly-

mer blends: role of concentration fluctuations on characteristic

segmental relaxation times. Macromolecules. 2007;40:5759–66.

89. Shenogin S, Kant R, Colby RH, Kumar SK. Dynamics of mis-

cible polymer blends: predicting the dielectric response. Macro-

molecules. 2007;40:5767–75.

90. Zheng W, Simon SL. The glass transition in athermal poly(alpha-

methyl styrene)/oligomer blends. J Polym Sci B Polym Phys.

2008;46:418–30.

91. Tyagi M, Arbe A, Alegria A, Colmenero J, Frick B. Dynamic con-

finement effects in polymer blends. A quasielastic neutron scattering

study of the slow component in the blend poly(vinyl acetate)/

poly(ethylene oxide). Macromolecules. 2007;40:4568–77.

Glass transition of heterogeneous polymeric systems 599

123


	Glass transition of heterogeneous polymeric systems �studied by calorimetry
	Abstract
	Introduction
	Dynamical heterogeneity of the glass transition in a structurally homogeneous sample
	Fine structure of the glass transition and distinction between different experimental observables
	Glass transition in confinement
	Calorimetry on nanocomposites
	Microphase-separated block copolymers or nanophase-separated systems
	Miscible polymer blends
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


