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In the enthalpy relaxation of poly(cyanobiphenyl ethylacrylate) (PCB2A), the decrease in enthalpy was mea-
sured as a function of ageing time and ageing temperature with DSC technique. Obtained data was analysed
at first with the activation energy spectrum (AES) model, then compared with the prediction of a multi-
parameter phenomenological model which follows the evolution of the configurational entropy (SC) of the
sample during the whole thermal history. In AES model, the decrease in enthalpy is controlled by molecular
processes whose energies are distributed over a continuous spectrum. The spectrum gives the relation be-
tween the number and energy of processes. In consequence, AES of a single peak was obtained. The energy
at which the peak maximum was located decreased with the increase in ageing temperature, which is a
well-known behaviour as a distribution of relaxation processes. Furthermore, cp(T), the heat capacity data
obtained by the calculation based on SC model reproduced the experimental cp(T) curve. Model parameters
found in the calculation was discussed in relation to the energy value of AES maximum.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The effect of physical ageing on glassy polymer has been studied ex-
tensively via several experimental methods. Of interest in these exper-
imental methods is the continuous evolution of the thermodynamic
state towards equilibrium [1,2]. The evolution of the thermodynamic
state is referred to as structural relaxation, and is accompanied by
changes in various properties. Many studies have reported on these
various properties, including volume recovery [3,4], viscosity [5],
creep compliance [6–8], stress recovery [9]. The interrelationships
between these properties are considered using the linear viscoelastic
functions. This is making further progress towards the modelling tech-
nologies [10–12].

Among the different experimental methods, the differential scan-
ning calorimetry (DSC) is frequently used to investigate the enthalpy
relaxation. Analytical methods for the result of DSC are also being de-
veloped on the basis of the thermodynamic state variables. The vari-
ables employed are the configurational entropy, Sc and the fictive
temperature, Tf [13,14]. Most of the analytical methods are based on
the framework of Tool–Narayanaswamy–Moynihan (TNM) approach
[14–16]. In the TNM approach the relaxation functions of infinitesi-
mal intervals and Boltzmann superposition principle are combined.
This approach has both positive and negative attributes. On the one
hand, the TNM framework succeeds in reproducing the curve of the
+81 776 27 8767.
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heat capacity, cp(T) for many materials, on the other hand, several
issues are raised for the processes of cp(T) calculation.

Some of the unresolved issues found in literatures are described
here; the mathematical model is comprised of model parameters
which have strong dependence of thermal history [17–19]. The TNM
framework was firstly tested on the experimental data of inorganic
glasses, and the implicit assumption for polymers to be treated like in-
organic glasses could be questionable; in particular, the characteristics
of polymer cannot be found in the models at all, for example, molecular
weight, gyration radius, chain architecture and so on [17,20,21]. The
effect of thermal lag inside theDSC cup cannot explain the discrepancies
between model calculation and experimental results [22–24].

The TNM framework, despite its incompleteness, is still the model
of choice for approaching the glass transition and structural recovery
due to its ability to capture all of the phenomenology associated with
the glass transition kinetics.

In this work, we attempted to improve TNM framework by ac-
counting for the parameter of the energy constant used in the
model of the configurational entropy (SC model). Concerning cp(T)
calculations of the model of both Tf and Sc, the expressions for the
relaxation time are shown below.

τ ¼ Aexp
xΔh
RT

þ 1−xð ÞΔh
RT f

� �
ð1Þ

τ ¼ Aexp
B
TSc

� �
ð2Þ
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Eq. (1) is a generalised version of the Arrhenius type, whereas
Eq. (2) is proposed using the molar Gibbs free energy barrier of B
for the equilibrium relaxation time of glass-forming liquids taking
into account of the transition probability of a cooperative region.
Although both expressions often can be seen in the TNM framework,
the model of Tf is more frequently seen than SC model, particularly
over the last few years. Nevertheless, the reasoning of SC model is
not at a disadvantage compared to the model of Tf, rather, some
shortcomings of Eq. (1) are suggested in capturing the structure
dependence of relaxation time [17,23,25].

The investigation whether each of these τ-expressions fits or not to
the results of our experiment is outside of thiswork. Thiswork is to con-
tribute to the determination of thematerial parameters such as A, B, etc.
As a background, it must be remarked that the independent determina-
tion for B value has not yet been accomplished. To overcome an indeter-
minate B value, the activation energy spectrum (AES)was introduced as
a proposal to be related to the model parameter.

AESmodel provides information about thermally activated process-
es which are available to contribute to observed changes in the polymer
properties as it ages. By “processes”, we are referring to any thermally
activated rearrangement of single atoms or atom groups. In glassy poly-
mers, it can be considered that the rearrangement is caused by the mo-
tion in a segmental unit. In relation to the rearrangement, extensive
theoretical and experimental works have been carried out on local dy-
namics of polymers in bulk to elucidate the mechanism of conforma-
tional transitions [27]. As a result, some reasonable mechanisms of the
conformational transitions are proposed, these include a crankshaft-
like motion such as the Schatzki crankshaft [28], three-bond motions
[29], simultaneous rotation about three parallel bonds [30]. However,
it is difficult to tell clearly at present themode of dynamics in segmental
unit during the thermal ageing right after the cooling from the high
temperature. The participant in the motion of the segmental unit is
also ambiguous particularly for the comb-like polymer as used in this
work. Therefore, the term of the local dynamics as used in this paper
means the segmental motion which brings about the processes of
rearrangement, and eventually causes the decrease in enthalpy. Conse-
quently, the analysis of AES model gives the distribution of the relaxa-
tion process.

With these backgrounds, this paper is concerned with the cp(T)
curve obtained by DSC measurement for comb-like polymer having
cyanobiphenyl group. The sample is poly(cyanobiphenyl-yloxy)
ethyl acrylate (abbreviated as PCB2A). The reason of examining the
comb-like polymer is the significant variation of free volume in
glass transition, which is expected to lead to the observable enthalpy
decrease upon experimental ageing time. Research reports on enthal-
py relaxation are seen for samples of liquid crystalline polymer of side
chain type, presumably with similar ideas [31–34].

2. Theoretical framework

2.1. Calculation of activation energy spectrum

The activation energy spectrum was calculated following the
method of Gibbs et al. [35]. The spectrum provides the distribution
of the energy and the molecular process, and accounts for properties
of PCB2A. The decrease in enthalpy that occurs in PCB2A upon iso-
thermal ageing below Tg can be represented as,

ΔH tA; TAð Þ ¼ ΔH ∞; TAð Þ � 1 –ϕð Þ: ð3Þ

ΔH(tA, TA) is the decrease in enthalpy for the experimental ageing
time and temperature of tA and TA. ΔH(∞, TA) is the limiting value of
ΔH(tA, TA) as tA→∞, ϕ is the relaxation function expressed as,

ϕ ¼ exp − tA=τð Þβ
h i

ð4Þ
The relaxation time, τ, and the shape parameter, β, where 0bβ≤1,
characterise this function, and are considered to be constant for con-
stant tA [18]. Furthermore, the enthalpy change has been shown in
the relaxation model of Narayanaswamy in integral form with a
certain response function, R(ξ) [7,14].

δH ξð Þ ¼ Δcp ∫
ξ

0

R ξ−ξ0
� �dT

dξ
dξ0 ð5Þ

Δcp is the heat capacity increment at the glass transition; the time
variable is the reduced time ξ which expression is described in the
next section. δH(tA) is equivalent with the departure from the equilib-
rium at TA and can be taken as the measure of structure where,

δH tAð Þ ¼ ΔH ∞; TAð Þ–ΔH tA; TAð Þ ð6Þ

δH(tA) is controlled bymolecular processes whose activation energies,
E, are distributed over a continuous spectrum according to the AES
model. This model predicts that ΔH(tA, TA) can be obtained by the in-
tegral,

ΔH tA; TAð Þ ¼ ∫kTA ln ν0tAð Þ
0

P Eð ÞdE ð7Þ

P(E) is the enthalpy change related to the process with activation
energies in the range between E and E+dE, and is expressed by

P Eð Þ ¼ c Eð Þ � qt Eð Þ ð8Þ

qt(E) is the number density of processes of activation energy E. The
processes contribute to the change in enthalpy with the elapsed
time of tA. c(E) is the measured enthalpy change if only one process
having activation energy of E is thermally activated per unit volume
of material. In practice, more than one type of single atom or multi-
atom process may have the same value of activation energy, that is,
c(E) will then depend on the type of process occurring with the ener-
gy value E. The processes can be regarded, without loss of generality, as
being all of one type with a single average value of c(E). ν0 is the fre-
quency factor for single atom process. The value of ν0 is on the order
of 10−12/sec which is derived from the frequency of the Debye temper-
ature [35]. FromEqs. (3) and (7), the expression to derive the relation of
P(E) and E can be given.

P Eð Þ ¼ −ΔH ∞; TAð Þ
kTA

⋅ dϕ
d ln tA

���tA¼ 1
ν0

exp E
kTA

ð9Þ

In AES, E was expressed as the energy per mole. In addition, P(E)
was expressed nominally as the number of processes in this work.
Therefore, Eq. (9) implies that the total of all energies will be equiva-
lent with ΔH(∞, TA), if they are added up in the range 0bEb∞ at the
constant temperature of TA. As mentioned above, because the partic-
ipant of local dynamics is ambiguous, the unit of P(E) is somewhat
unclear. To conclude, P(E) is shown as the relative value of the num-
ber of processes in the following section. The spectrum gives informa-
tion about the processes controlling the relaxation. A similar
treatment to derive AES can be found for the enthalpy relaxation of
inorganic glasses and liquid crystalline polymer [34,36].

2.2. Calculation of cp(T) curve by TNM framework with SC model

The TNM formalism attempts to describe the glass transition as a
kinetic phenomenon, and takes the two main features for structural
relaxation, those are non-exponential and non-linear character
[31,37]. To account for the former character, in general, the relaxation
is expressed using a stretched exponential function of Eq. (4).

Non-linear effects can be expressed that the instantaneous relaxa-
tion rate depends on both the temperature and the glassy structure
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developed in the sample during the ageing process; the parameter to
measure the structural state is the configurational entropy, that is,
τ=τ[Sc(t), T(t)]. Sc at a time t is regarded as a function of the entire
temperature history the sample had gone through up to t and T(t).
The equation of τ is assumed to have the same form as Adam and
Gibbs' formula of Eq. (2), which was originally intended by the au-
thors only for equilibrium [38,39]. In fact, if the configurational entro-
py in Eq. (2) has the equilibrium value Sc

eq(T), it gives the equation of:

τeq Tð Þ ¼ Aexp
B

Sc
eq Tð Þ⋅T

� �
ð10Þ

which defines Adam and Gibbs' curve of the equilibrium relaxation
time, τeq(T). The parameter A is the pre-exponential factor. B is related
to the microscopic picture of the process through B=sc Δμ/k, where Δμ
is the free energy barrier hindering configurational rearrangement per
mol of molecules or chain segments. sc is the configurational entropy
of the smallest cooperatively rearranging region, which is analogous
to c(E) of the enthalpy change in AES model.

The evolution of the configurational entropy in response to a ther-
mal history that consists of a series of temperature jumps from Ti–1 to
Ti at time instants ti followed by isothermal stages, is given by

Sc ξ; Tð Þ–Sceq Tð Þ ¼
Xn
i¼1

∫
Ti

Ti−1

Δcp
T

dT

0
@

1
Aϕ ξ−ξið Þ: ð11Þ

By rescaling the experimental time to the reduced time of ξ, Sc can
be expressed as a function of t,

ξ ¼ ∫
t

0

dλ
τ λð Þ ð12Þ

where ξi=ξ(ti). Further, it is assumed that if the sample is subjected to
an arbitrary temperature program, the state attained by the material as
the progress of time without limit is uniquely determined by T, and is
independent of further details of temperature history. For this limit
state, a function Sc

lim(T) exists, which depends only on temperature,
and gives the limit value of Sc(t) in such a process as just described
when t→∞. If the limit state of the structural relaxation process coin-
cides with the extrapolation of the equilibrium values determined at
temperatures above Tg, Sclim(T)=Sc

eq(T) could be given with,

Sc
eq Tð Þ ¼ ∫

T

T2

Δcp θð Þ
θ

dθ: ð13Þ

where Δcp(T)=cpl(T)–cpg(T) is the configurational heat capacity,
the difference in the heat capacity between equilibrium liquid and glass
at the same T. T2 is the equilibrium second order-transition temperature.

It should be noted for the relaxation function of ϕ appeared in
Eq. (11). Strictly speaking, ϕ of Eq. (11) is not the same as that of
Eq. (3); while ϕ of Eq. (11) expresses the relaxation after the temper-
ature jump from Ti–1 to Ti and has the form of reduced time domain,
Eq. (3) is the relaxation function during the ageing and in the form
of real time domain. However, ϕ of Eq. (3) seems to be expressed with
the data of reduced time domain, because the decrease in enthalpy is
also expressed with the integral of reduced time (see Eqs. (3) and (5)).
The same ϕ function, and therefore the same value of β, was applied
for both Eqs. (3) and (11).

It is supposed here that, after rescaling time, the non-linear
function can be expressed in the form of a ‘quasilinear’ relationship
between Sc(t) and T(ξ).

Sc tð Þ ¼ Sc
lim Tð Þ–

Xn
i¼1

Slimc Tið Þ−Slimc Ti−1ð Þ
h i

� ϕ ξ tð Þ−ξ ti−1ð Þ½ � ð14Þ
Further, the limiting value of Δcp(T) can be written as Δcplim(T)=
cp
lim(T)−cpg(T) and,

Δcp
lim Tð Þ ¼ T

dS lim
c Tð Þ
dT

ð15Þ

Sc
lim(T) is calculated as

Sc
lim Tð Þ ¼ Sc

eq T⁎ð Þ þ ∫
T

T⁎

Δc lim
p θð Þ
θ

dθ ð16Þ

In Eq. (16), T* is a temperature above Tg in the equilibrium liquid
state, where the limit state coincides with the equilibrium state.
T*=Tg +10 °C was taken in this study.

By applying the set of these equations to the thermal history, the
expression of Sc(t) is derived.

Sc tð Þ ¼ Sc
lim T tð Þ½ �–

Xn
i¼1

∫
Ti

Ti−1

Δc limp θð Þ
θ

dθ

0
@

1
A� exp − ∫

t

ti−1

dλ
τ λð Þ

0
@

1
A

β2
4

3
5 ð17Þ

The resulting equation has four adjustable parameters: A, B, T2 and
β. Three of them, A, B, T2, together with Δcplim(T) define the depen-
dence of the equilibrium relaxation times from Eq. (10).

Eqs. (13–17) must be solved numerically. In this work the cooling
and heating in the thermal histories were replaced by a series of 0.5-
degree temperature jumps followed by isothermal stages with a
duration calculated to result in the same overall rate of temperature
change as in the actual experiments. For the specified temperature
the configurational entropy was calculated with Eq. (17), then the
relaxation time corresponding to that configurational entropy was
calculated using Eq. (2).

The analysis requires to express the experimental results and
calculated values in terms of Δcp(T) curves, whereas there is no
straightforward relationship between the configurational entropy
and cp(T). However, the following relation can be used;

cp Tð Þ–cpg Tð Þ ¼ dHc=dT ð18Þ

where Hc is the specific configurational enthalpy. For the dependence
of Hc on the thermal history, the same manipulation as used for Sc(t)
is applied.

Hc tð Þ ¼ Hc
lim T tð Þ½ �–

Xn
i¼1

∫
Ti

Ti−1

Δclimp Tð ÞdT
0
@

1
A� exp − ∫

t

ti−1

dλ
τ λð Þ

0
@

1
A

β2
4

3
5 ð19Þ

The assumption made here in order to determine Hc(t) is that en-
thalpy and entropy have the same relaxation function ϕ; in other
words, the relaxation times for enthalpy and entropy are same. cp(T)
evaluated using Eq. (18) was compared with the experimental result.

It is necessary to make an additional assumption on cp
lim(T) be-

cause we have no information concerning the temperature depen-
dence of cplim(T). Its phenomenological shift of δ in the heat capacity
with respect to cpl(T) was taken into consideration as depicted in
Fig. 1 in a narrow temperature range around Tg to account for the
overestimation of the enthalpy of polymer appeared in TNM. The
phenomenological shift of δ‐parameter has been widely accepted in
applying SC model [37,40–42]. As for the evaluation of cp, the tempera-
ture dependence of Sc is shown in Fig. 1 for the liquid state (equilibrium),
for an experimental scan at finite rate (solid line), and for the hypothet-
ical limit of the structural relaxation process. Thismetastable limit, inter-
mediate between liquid and glass, is distinctive of polymers and could
originate from a collapse of the configurational rearrangements of poly-
mer chains when the rearrangements reach a limit, for example, by the
presence of topological constraints.



(a) (b)

Fig. 1. (a) Schematic representation of the configurational entropy, Sc, corresponding to
the liquid state denoted by ‘eq.’ (dashed line), to the experimental scan at a finite cooling
rate (solid line), and to the metastable state denoted by 'lim', hypothetical limit of the
structural relaxation process (dashed-dotted line). (b) cp(T) lines corresponding to three
cases shown in (a): the dashed line corresponds to the liquid state, the solid line corre-
sponds to the experimental cooling scan, and the dashed-dotted line corresponds to
cp(T) in the limit states of the structural relaxation process.

Table 1
Characteristics of PCB2A sample and coefficients of the linear equation fitted for cp(T)
obtained by the reference scan of tA=0.

Sample
code

Mw Mw /
Mn

Tg /
°C

TN-I /
°C

TbTg T>Tg

a×103 b a×103 b

P2A_1 1.5×105 1.25 80 104 – – – –

P2A_2 1.0×105 1.70 80 102 – – – –

P2A_3 2.7×104 1.26 75 102 6.4 −1.27 6.1 −1.00
P2A_4 1.7×104 1.17 75 100 7.5 −1.61 7.4 −1.45
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We have employed simultaneous fitting procedures, with the aim
of reproducing six different DSC curves obtained for the thermal his-
tory of the constant ageing temperature. (The number of DSC curves
varied depending on the set of measurements.) For equations
shown above, the unknowns are A, B, T2, β and δ. An iterative search
routine was used to determine the best single set of these parameters
with reference to the method of function minimisation [43,44]. That
is, the successive substitutions of the parameters were carried out
to find the minimum of the average square deviation defined as

σa ¼
1
6N

X6
i¼1

XN
j¼1

w ið Þ cp;expt i; jð Þ−cp;theor i; jð Þ
n oh i2

: ð20Þ

In Eq. (20), the index i means the experimental scan whereas the
index j denotes the points of each scan. Regarding the fitting procedure
written here, the strong correlation among the parameters has already
been reported. In fact, a correlation that both A and T2 decreased with
the increase in B could be seen for DSC data in this work. Then, the
parameter B was kept fixing at first, whereas the others were changed
successively in the search routine.

3. Experimental section

3.1. Materials

The monomer, 6-(4′-cyanobiphenyl-4-yloxy) ethyl-acrylate was
synthesised following literature procedures by starting from 4-cyano-
4′hydroxybiphenyl [45,46] The polymer PCB2A was prepared by
radical polymerisation in an absealed ampoule for 30 h at 333 K. Amix-
ture of toluene and dimethyl sulfoxide was used as the polymerisation
solvent. PCB2Awas purified by repeated precipitation, and fractionated
byGPC. Theweight-averagemolecularweight (Mw) of each fractionated
polymer was determined by GPC calibrated with polystyrene standards.
The molecular weight and the index of distribution,Mw/Mn of fraction-
ated samples are summarised in Table 1, together with Tg, TN-I.

3.2. Methods

JEOL JNM-LA-500, proton NMR and Nicolet Inc. MAGNA FT-IR were
used to verify the chemical structure of the monomer synthesised. The
elemental analyses were also carried out for the monomer to confirm
sample identification; the results were as follows; C18H15O3N(293)
Calc.: C73.72; H5.12; N4.78. Found: C76.69; H4.44; N5.52. GL-Sciences
gel permeation chromatograph equipped with 504R differential refrac-
tometer was used to determineMw of the fractionated samples; tetrahy-
drofuran was used as the mobile phase at 1 mL min−1 and Shodex gel
columns were calibrated with polystyrene standards. The phase behav-
iour was observed under OLYMPUS AX-70 polarising optical microscope
(POM) equipped with Mettler–Toledo FP90 hot stage.

SEIKO DSC200 was used to obtain cp(T) curve from the DSC curve
of dq/dt vs temperature, where the calibration was carried out with
reference to cp of Indium of 200, 250, 298, 400, 500 K [47]. In the mea-
surements, the sample was (i) first maintained at 140 °C, well above
Tcl for 5 min to erase any previous thermal history; (ii) cooled to a
specified ageing temperature, TA with a cooling rate of 12 °C/min;
(iii) annealed for the ageing period tA; and (iv) cooled to a tempera-
ture well below Tg (Tg—50 °C); then the DSC curve was recorded on
heating with a rate of 5 °C/min to determine the enthalpy loss,
ΔH(tA, TA). Before each measurement, the reference scan was record-
ed following steps (i), (ii) and (iv), from which cp(T) was fitted to the
linear equation of;

cp Tð Þ ¼ aT þ b: ð21Þ

In determining the coefficients of the range higher than Tg, the
temperature regions of the fittings are always chosen to the lower
outside of the tail of TN-I endothermic peak to avoid the influence of
the peak on the linear equation. The coefficients determined are
shown in Table 1. The error level of the coefficients is very important
because it is sensitive to the calculation of Sc

eq(T) of Eq. (13), and
consequently to that of cp(T); the error level is directly reflected by
the uncertainties of DSC raw data, which was described in the results
shown in Fig. 3.

4. Results

4.1. Phase behaviour

As shown in Table 1, both Tg and TN-I varied with the molecular
weight of the polymer. TN-I was determined with the endothermic
peak appeared in the heating DSC scan. Tg was determined with the
plot of H vs temperature [48], which is shown below in detail. The
variations of the transition temperatures with the molecular weight
are approximately consistent with earlier works carried out for the
cyanobiphenyl polymer with different spacer length [32,49–51],
which were easily grasped. In contrast, the kinetics from isotropic to
nematic transitions of PCB2A were complex. The results of cooling
DSC scan with a rate of −0.1 °C/min are shown in Fig. 2. It is obvious
that the exothermic peaks in the curves of P2A_1 and P2A_2 have dis-
appeared whereas those of other two samples remain. The shoulders
on the DSC curves can be seen as an indicator of the glass transition
on samples of P2A_3 and P2A_4, whereas there are no shoulder
near glass transition region for P2A_1 and P2A_2. From the tempera-
ture jump observation in POM, it was found that it took relatively
long time for the isotropic-nematic transition of P2A_1 and P2A_2;
approximately 60 min that the nematic phase appeared by the tem-
perature jump from 105 to 90 °C. DSC scan speed of −0.1 °C/min is



Fig. 2. Cooling DSC curves for PCB2A samples. The cooling rate is −0.1 °C/min.
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still too fast to follow the isotropic-nematic transition, and conse-
quently the exothermic peak cannot be observed. The slow dynamics
induced by a large molecular weight is shown here as an example of a
research object of interest [52,53].

4.2. Enthalpy relaxation

The heating DSC curves for P2A_4 with the ageing of TA=64 °C
was shown in Fig. 3 to illustrate ΔH(tA, TA) which can be evaluated
by the area bounded by the DSC curves with and without ageing. As
shown in Fig. 3 the temperature of the endothermic peak shifted
higher with the ageing time. Because the peak temperature corre-
sponds to the process of enthalpy recovery during the heating of
the aged sample, the increase in the peak temperature may be attrib-
uted to the decrease of the molecular mobility of the chain segments
as a consequence of the decrease in free volume [32].

The uncertainties of DSC curves must be alluded here; they are im-
portant because most of the data discussed in this work are directly,
or indirectly, derived from DSC curve. In fact, the series of DSC scans
were repeated for P2A_3 of TA=58 °C and P2A_4 of TA=64 °C, after
an interval of a half year. In consequence, the heat flow curves of
P2A_4 acquired with that interval were in good agreement with
Fig. 3. Heating DSC curves of P2A_4 annealed at TA=64 °C. Samples were annealed;
tA=34, 64, 305, 725, 3963 min in the order of decreasing intensity. The heating rate
is 5 °C/min. The dashed line is the data for reference scan (that is, tA=0).
those data shown in Fig. 3 in the temperature ranges of 50–64 °C and
90–96 °C, showing that the baselines before and after the glass transi-
tion did not shift. The coefficients of Eq. (21) were determined in the
temperature ranges of 57–64 °C and 90–92 °C. As for the area bounded
by theDSC curves, which is equivalent toΔH(tA, TA), the errors found for
the experiments of tA=34–3963 min, P2A_4 of TA=64 °C were less
than 180 mJ/g; the difference of 180 mJ/g corresponds to that of 0.03
in the level of − ln ϕ appeared in Fig. 5. The extent of scattering of
− lnϕ data was estimated and indicated as the error bar in Fig. 5 for
plots of TA=58 °C(P2A_3) and TA=64 °C(P2A_4). This error level will
not prevent the progress of the discussion taking into account the fact
that the calculations of AES and TNM framework are carried out on
the basis of the derived data of τ, β of Eq. (4) and ΔH(tA, TA), which
are closely related with the plot of − ln ϕ and tA.

By the conversion from DSC raw data of Fig. 3 to cp(T) data, the
plot of H vs temperature was constructed using the relation of enthal-
py and the heat capacity as expressed in Eq. (22).

H T2ð Þ ¼ H T1ð Þ þ ∫T2
T1
cp Tð ÞdT ð22Þ

The result was shown in Fig. 4 for the reference scan (i.e. tA=0) of
P2A_4. The extrapolation line was also added to Fig. 4 to illustrate the
determination of ΔH(∞, TA) for an arbitrary ageing temperature. As
can be seen in Fig. 3, the tail of TN-I endothermic peak appears at tem-
peratures higher than 92 °C, which will influence the determination of
ΔH(∞, TA). It should be noted that the calculation values of cp(T)
obtained with Eq. (21) were used to avoid the influence instead of the
experimental values in constructing the H vs temperature plot in the
range higher than 92 °C. Using the straight line shown, we can extrapo-
late the equilibrium values for P2A_4 at temperatures lower than the
glass transition, and hence the value of ΔH(∞, TA) is determinable.

For samples of P2A_3 and P2A_4, ϕ values were calculated as a
function of tA from data of ΔH(tA, TA) and ΔH(∞, TA). Whereas, for
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Fig. 4. The relation of enthalpy and temperature obtained with Eq. (22) from cp(T) of
heating scan for P2A_4. T1=30 °C was used. The vertical bar at TA=54 °C is equivalent
to ΔH(∞, 54 °C).



Fig. 6. The reduced plot of the relaxation function obtained for the enthalpy relaxation
of P2A_3. The average relaxation timebτ>were calculated with Eq. (23). ϕ values of
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P2A_1 and P2A_2, the calculation of ϕ was stopped since the shoul-
ders of Tg that appeared on heating measurements were not so clear
in comparison with other two samples that further analyses based
on TNM framework seemed to be difficult. Note that, still P2A_1 and
P2A_2 showed enthalpy overshoots like those seen in Fig. 3 upon
the thermal ageing experiments.

In Fig. 5 shown is the relation of− ln ϕ and tA for P2A_3 and P2A_4.
From the slope and the intersection, the parameters of β and τ are de-
termined, which can be used for further analyses. As a result, β value in-
creased with the increase in TA. As is known generally, β is an index of
broadness for the distribution of τ in the multiple relaxation processes.
Further, the fact thatβ gets closer to 1 implies the processes approach to
the single relaxation of Maxwell type. It can be considered that the
relaxation process is averaged with the enhancement of segmental
motion owing to the rise in the ageing temperature.

Next, the reduced plot of ϕ vs (tA/bτ>) was constructed for ϕ
functions of P2A_3 to verify the master curve (see Fig. 6),
wherebτ>is the average relaxation time [54].

bτ>¼ τ
β
Γ 1=βð Þ: ð23Þ

Fig. 6 was estimated for the plot of TA=58 °C from the extent of
scattering of ϕ data. It was clarified that bτ>is the shift factor in
the time domain, in other words, the thermal ageing of tA and TA
(b)

(a)

Fig. 5. Double logarithmic plots of − lnϕ vs tA for P2A_3 (a) and P2A_4 (b). The ageing
temperature, TA is shown in the figure.

TA=58, 63, 68 °C were used as shown in the figure.
effects on PCB2A with thermo-rheological simplicity [55]. WLF plot
of (TA−Tg) / log (bτ>) vs. (TA−Tg) with Tg value seen in Table 1
for P2A_3 and P2A_4, was constructed and shown in Fig. 7 to evaluate
the constants of C1 and C2 on the basis of the following equation.

log bτ >ð Þ ¼ −
C1 TA−Tg

� �

C2 þ TA−Tg

� � ð24Þ

The plot showed a single linear relation, which implies that any
remarkable difference cannot be seen between these two samples
for relaxation processes. C1=14.29 and C2=39.9 were obtained
here; they were lower than the values of C1=17.44 and C2=51.6
known as the universal constants. If the free volume theory can be
applied to this result, the volume expansion at Tg is larger than
those of many polymers for which the universal constants can be
applied; this must be characteristic of the comb-like polymer.

5. Discussion

5.1. Activation energy spectrum

The decrease in enthalpy caused by thermal ageing at constant
temperature is related to the approach of PCB2A sample to the equi-
librium state, and is controlled by molecular processes being accom-
panied by the local dynamics; activation energies of the dynamics,
E, are distributed over a continuous spectrum. AES of P2A_3 and
P2A_4 samples are shown in Fig. 8 where P(E) is expressed as the
relative number, that is, the height of the largest peak in the AES
becomes equivalent to 100.

The spectra obtained show a peak and tend to zero for small and
large energies,which is thewell-knownbehaviour as thefirst derivative
of the stretched exponential function. While the peak height gets
lowered for P2A_3 in the order of increasing TA, its variation for P2A_4
was not monotonous against TA, which can be accounted for with the
factors to influence the peak height. The factors are ΔH(∞, TA), β and
TA; as the increase inΔH(∞, TA) the peakheight increases.β has an influ-
ence on both the peak height and the spectrumwidth. Furthermore, as
the rise in TA, the peak height increases but the effect of TA is not so



Fig. 7. WLF plot based on Tg shown in Table 1 for P2A_3 (circle) and P2A_4 (square).

1693Y. Tanaka, T. Yamamoto / Journal of Non-Crystalline Solids 358 (2012) 1687–1698
strong as that of β, ΔH(∞, TA). These three parameters are in competi-
tion with each other to determine the peak height of AES. As a result,
the temperature dependence of the peak height for P2A_4 was not
simple. The energy where the maximum locates, which is denoted by
Etop, is in the range from 100 to 120 kJ/mol for both P2A_3 and P2A_4
upon TA employed in the experiments. The tailings of the peaks shifted
in accordance with TA.

Etop shifted to a higher energy as the ageing temperature lowered;
the energies required to activate the local dynamics at lower temper-
ature for the progress of the relaxation are higher than those consid-
ered at higher temperature. A comparison of Etop was tried here with
the value found in the literature. Although the reports on activation
energies for polymers with cyanobiphenyl group are limited, as an
analogue, the viscosity for polymers with cyanophenyl benzoate
groups in the side chain can be seen. The activation energy is reported
as Evisc=108 kJ/mol, which is almost in the same range as observed
in this study [56].

Although the relaxation process is somewhat ambiguous with re-
spect to the participant of the local dynamics, the fact that Etop locates
roughly around 110 kJ/mol can be a characteristic feature of the en-
thalpy relaxation of PCB2A. In order to make Etop value comparable
with the energy constant of B shown in the later section, it is assumed
here that the molecular weight of the participant is approximately
equivalent with that of the repeating unit of PCB2A, denoted by
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Fig. 8. Activation energy spectra for the enthalpy relaxations of PCB2A, (a) P2A_3,
(b) P2A_4. TA of the ageing experiment is shown in the figure.
Munit; then we obtain 110 kJ/mol=380 J/g for Etop as Munit=293.3.
Although we have no grounds for the assumption given here, the re-
peating unit can be the primal measure for counting the size of the
participant. The resulting value of Etop appears in the interpretation
of SC model parameter shown below. A similar argument can be
seen in the paper of Gómetz et al.; it is assumed that the molecular
weight of chain segment for the conformational rearrangement can
be substituted by that of the monomeric unit, in the discussion of B
parameter appeared in SC model [57].

5.2. TNM framework

The magnitude of the enthalpy overshoot in DSC curve observed for
the ageing sample increased with the ageing time as shown in Fig. 3.
The DSC curve was converted to cp(T) curve with reference to cp of
indium and then the data fitting of SCmodel was performed. The fitting
procedure resulted in the data output of a single set of parameters (lnA,
B, T2, δ) which minimises the data deviation of Eq. (20). Regarding the
fitting procedure demonstrated in this study, some correlation among
the parameters has already been reported in the literature. In fact, a
correlation that both lnA and T2 decreased with the increase in B
could be seen for our DSC data. The fixed values of B were chosen as
500≤B≤3000 with an interval of 500 after the manner shown in the
literatures [37,57,58]. For the respective B values, different parameter
sets are found. Taking the correlation into account, lnA, T2 and δ were
changed successively for given B by the search routine to fit the model
cp(T) curve to the experimental cp(T) data. The model data were calcu-
lated under a constant TA with the β value determined from− lnϕ vs tA
plot.

The examination of SC model was performed by a simultaneous fit
of six experimental scans at TA=54 °C for P2A_4. The results of the
best fit corresponding to B=500 J/g are shown in Fig. 9 [59]; the set
of parameter acquired, (lnA, B, T2, δ)=(−22, 500, 35, 0.145). The
ability of the SC model was acceptable in reproducing the position
and shape of cp(T) peak which is the indication of enthalpy recovery,
and the result of the parameter set was also used to construct the plot
of τeq vs T shown below. The results of the best fit corresponding to
B=500 J/g for simultaneous fits of five scans at TA=59 °C and six
scans at TA=64 °C for P2A_4 are shown in Fig. 10; the sets of param-
eter acquired were indicated in the figure caption.

The examinations were also conducted for DSC scans of P2A_3,
which result of simultaneous fit using B=500 J/g on seven scans at
TA=58 °C was shown in Fig. 11; the parameters acquired, (lnA, B,
T2, δ)=(−22, 500, 41, 0.141). As for the result of P2A_3, the ability
to reproduce cp(T) curve was in the same level as the result for
P2A_4. Then, the parameter set was forwarded to the next process
of constructing the plot of Sc vs T.

From the inspection of cp(T) curve, some features of the material
response after the thermal treatments can be given. The position of
the endothermic peak experimentally observed, slightly shifted to
higher temperature side by the rise in TA. Taking the results of Fig. 3
into consideration, the peak position is influenced by both TA and tA.
Also, it has relationship with the process of recovery of enthalpy,
and thus recovery of entropy, during the heating of the aged sample.
The position shift is, in general, accounted for by the evolution of the
out-of-equilibrium configurational entropy. In order to verify the re-
lationship of the peak position and configurational entropy, the calcu-
lated Sc(t) data of B=500 obtained for scans of P2A_3, TA=58 °C
were plotted in Fig. 12; data of tA=64, 124 were removed to prevent
them from overlapping. Fig. 12 contains Sc

eq(T) for reference, which
was calculated by Eq. (13) with the parameter of T2 obtained in the
search routine performed. Schematic diagram like Fig. 12 is often
used to account for the effect of ageing on physical properties. In
particular, the diagram of enthalpy–temperature curve can be seen
in much of the literature to illustrate enthalpic Tg, unrelaxed enthalpy,
equilibrium glassy state and so on. By following the curve of Sc(t)
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along with the temperature profile shown in the experimental sec-
tion, it becomes clearer to realise the relation of ageing and the inten-
sity of overshoot. In the cooling process, the sample follows the line of
Sc
eq(T) from high temperature, then deviates from it to the plot of

tA=0 with further cooling below Tg, finally reaches TA. At TA, the sam-
ple experiences the ageing by lowering its Sc(t); the amount of the
decrease in Sc(t) depends on tA as shown by the relaxation function
of Eq. (4), where the sample reaches Sceq(T) at equilibrium. After the
ageing, the sample follows the plot of the respective ageing time
with further cooling as well as the heating scan process.

In the heating scan process, Sc(t) of the aged samples shows pla-
teau value up to T≈70 °C, then it increases with the rise in tempera-
ture. After passing Tg, it continues to increase and finally meets up
with the line of Sceq(T). While Sc(t) of tA=0 is always higher than
Sc
eq(T) until the meeting, Sc(t) of respective tA once gets lower than

Sc
eq(T), then increases rapidly to meet up with Sc

eq(T); the rapid in-
crease corresponds with the recovery of entropy. It is clear that the
rapid increase shifts to the higher temperature side as the increase
in tA, which coincides with the shift of the peak position shown in
the DSC curve.

The Sc(t) data of B=500 obtained on P2A_4 for three scans of
(tA, TA)=(724, 54), (724, 59), (725, 64), i.e., those displayed in
Figs. 9 and 10, were examined for the relationship between TA and
the temperature range where the entropy recovery takes place in
the heating scan. As a result, it was revealed that the temperature
range shifted to the higher side with the increase in TA.(The figure
was omitted.) The rise in TA, in other words, the increase in the relax-
ation rate, is the reason for the shift of the temperature range of the
entropy recovery. Obviously, the faster the relaxation rate is, the larg-
er for same tA the amount of the decrease in Sc(t) is. If the amount of
Sc(t) decrease is larger, the entropy recovery takes place in the higher
temperature side like Sc(t) curves in Fig. 12; consequently, the cp(T)
peak appears at higher temperature.

We have to verify whether the different parameter sets found in
the search routine would not contradict each other. The equilibrium
relaxation time, τeq characterises that the relaxation mechanism
was calculated for P2A_4 with different sets of (lnA, B, T2) parameters
of TA=64 °C, and plotted against temperature in Fig. 13. Also in the
work of Andreozzi et al., the issue of different parameter sets was in-
vestigated using the plot of τeq vs 1/T. The plots of different parame-
ters were indistinguishable in the narrow temperature range near Tg
[31]. Or conversely, the plots of τeq vs 1/T become distinguishable
for different sets of parameter if one moves away from Tg. In fact,
the further away one moves from Tg, more and more the differences
of the plot become significant. Nevertheless, Andreozzi et al. showed
the standpoint to support that the different parameters express a sin-
gle relaxation mechanism. The τeq vs temperature plots obtained in
our study also show that they are in no difference around 75 °C of
Tg, and diverge for low and high temperature. We concluded the re-
laxation mechanisms are different for different parameter sets.

Further investigation was carried out by analysing the strong cor-
relations of B–T2 and B–lnA. The correlation can be accounted for with
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taking the logarithm of Eq. (10). When lnA was a fixed constant, Sc(t)
increases, and hence T2 decreases with the increase in B so that τ
value is kept invariable. When T2 was kept constant, it means Sc(t)
is constant, lnA decreases with the increase in B to keep τ value
invariable.

The correlations observed were shown in Fig. 14. The interesting
results seen in Fig. 14 are the dependences of T2 and lnA on the ageing
temperature for a fixed B. For B=3000, both T2 and lnA vary
according to the change in TA, whereas they are nearly unvarying
for B=500. When B was fixed to be 500, T2 and lnA are uniquely de-
termined irrespective of TA, which is a preferable result to express the
relaxationmechanism by SC model. If it was chosen larger than 500 in
fixing B, such a unique determination is no longer realised in the si-
multaneous fit of both P2A_3 and P2A_4. Furthermore, the scatters
of both T2 and lnA against TA become roughly broad as the rise in B.
These results suggests that the parameter set obtained for B=500
or smaller is most applicable to cp(T) curves of ageing temperatures
in wide range.

Careful consideration should be given to matters of the correlation
of lnA, B and T2 because the error level in the parameter output
strongly influences the plots of B–T2 and B–lnA shown in Fig. 14. In
getting the parameter output, values of the average square deviation
defined by Eq. (20) were in the range of 0.051bσab0.201 for P2A_3
and 0.069bσab0.203 for P2A_4. In some cases, the fittings were not
as tight as those found in the literatures [18,19,41]. In addition, the re-
source of the computer system can affect the simultaneous fit. In the
parameter search of lnA and T2, the variables used in the successive
substitutions were rounded off at the decimal point. Accordingly,
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the plots shown in Fig. 14 are to include error bars of ±1. If the iter-
ative routines below the decimal points are allowed, fine adjustment
would be made for lnA and T2.

In connection with the result shown in Fig. 14, the physical mean-
ing of Amust be mentioned. As a matter of fact, it is inconceivable that
the parameter of lnA takes such a low value as lower than −30.
Eq. (2) was derived originally in the Adam–Gibbs theory, where the
pre-exponential factor A is the order of the period of atomic vibra-
tions which would remain the only relevant characteristic times in
the high temperature limit. If the period of atomic vibrations is esti-
mated as in the order of 10−13 s, it would be ln(A/min)≈−25
[26,60,61]. All the values of lnA shown in Fig. 14 are not suitable
except for the values obtained in the search routine of B=500. If
this argument is applied to the results of cp(T) fittings shown in
many literatures, some questions need to be addressed to the data
of A which is shorter than the period of atomic vibrations.

Interestingly, the result that B of 500 J/g or smaller is most suitable
can be interpreted in connection with the activation energy shown in
Fig. 8. The value 380 J/g could be seen for Etop with assuming the mo-
lecular weight of the participant of local dynamics. It sounds plausible
that Etop is approximately equivalent with B taking into account that
the energies of most relaxation processes are concentrated near Etop.

Although the discussion given above implies that B can be substitut-
ed by Etop, we must be cautious before concluding this by taking the
analysing procedures into consideration. The independent determina-
tion for B value has not been accomplished when referring to earlier
works regarding SC model. In these works, the simultaneous fittings
are carried out for cp(T) curves of different TA. On the other hand, thefit-
tings shown in our work are performed within a single TA, moreover, β
are determined with other experimental results. It is necessary to con-
sider these analysing processes in detail for the elucidation of the rela-
tionship between Etop and the energy constant of B.

6. Concluding remarks

The kinetics of the isotropic-nematic transition of PCB2A are
influenced by the molecular weight (Mw). Very slow transition to
make the exothermic peak in DSC curve disappear was observed for
the samples of higher Mw, whereas the DSC peaks appeared as usual
in the isotropic–nematic transition for samples of lower Mw. The influ-
ence of Mw could not be seen for the behaviour of enthalpy relaxation.
Using the enthalpy data obtained from samples of lower Mw, time–
temperature reducibility was applied to the relaxation function,
where the shift factors showed WLF type temperature dependence.
The constants ofWLF equationwere lower than the universal constants,
showing that the volume expansion of PCB2A at Tg is relatively higher;
that is, there shows a characteristic feature of comb-like polymer for
PCB2A. SCmodel makes it possible to calculate cp(T) data in accordance
with the thermal ageing carried out at the experiment; it has sufficient
prediction power. B of the energy constant within model parameters
obtained as the data output of the search routine was discussed in rela-
tion to Etop, the energy in which AESmaximum locates. Although indis-
putable data to show directly that Etop is equivalent with B could not be
acquired, the incorporation of AESmodel helps the analyses of enthalpy
relaxation in terms of the energy value related to the segment motion
participating in the relaxation process.
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