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The dynamic relaxation characteristics of Matrimid� (BTDA–DAPI) polyimide have been investigated
using dynamic mechanical and dielectric methods. Matrimid exhibits three motional processes with
increasing temperature: two sub-glass relaxations (g and b transitions), and the glassdrubber (a)
transition. The low-temperature g transition is purely non-cooperative, and displays an identical time–
temperature response to both the dynamic mechanical and the dielectric probes with a corresponding
activation energy, EA¼ 43 kJ/mol. The b sub-glass transition shows a more cooperative character as
assessed via the Starkweather method. Comparison of dynamic mechanical and dielectric data for the
b process suggests that the dynamic mechanical test (EA¼ 156 kJ/mol) is sensitive to a broader, more
strongly correlated range of sub-glass motions as compared to the dielectric probe (EA¼ 99 kJ/mol).
Time–temperature superposition was used to establish mechanical master curves across the glass–
rubber (a) relaxation, and these data could be described using the Kohlrausch–Williams–Watts function
with an exponent value, bKWW¼ 0.34. The corresponding shift factors were used as the basis of
a cooperativity plot for the determination of dynamic fragility. The relation between fragility index
(m¼ 115) and bKWW for the Matrimid polyimide was in good agreement with the wide correlation
reported in the literature.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polymers below their glass transition temperature, Tg, are non-
equilibrium materials that evolve over time towards an equilibrium
state. This process, known as physical aging, is manifested by
changes in physical properties of the polymer and has been studied
extensively for bulk materials [1–3]. Physical aging is strongly
dependent on the system temperature, which affects both
segmental mobility and displacement from equilibrium [4].
Molecular motions that persist below the glass transition, related to
secondary transitions, allow physical aging to proceed by small
localized rearrangements towards equilibrium [2].

It has been suggested that physical aging does not continue at
temperatures below the sub-glass transition range, because the
localized motions related to these processes become frozen.
However, evidence of low-temperature aging (i.e., below the sub-
glass transition) has been reported [5,6]. For example, Lee and
and Materials Engineering,
ington, KY 40506-0046, USA.

All rights reserved.
McGarry showed that cooperative segmental motions exist at
temperatures below Tb in polystyrene, as evidenced by isothermal
volume relaxation [6]. By studying the effect of secondary relaxa-
tions on physical aging, additional insight regarding the molecular
mechanisms responsible for aging may be obtained and improved
performance predictions, as well as strategies to control and
possibly arrest physical aging, can be developed.

Matrimid� is a high Tg, amorphous thermoplastic polyimide
comprised of 3,30-4,40-benzophenone tetracarboxylic dianhydride
(BTDA) and diaminophenylindane (DAPI); see Fig. 1 [7]. Matrimid is
a useful material for the creation of gas separation membranes [8–
10]. However, the performance of these membranes decreases over
time due to physical aging [11–13]. In an effort to more fully
understand the mechanisms responsible for physical aging in the
BTDA–DAPI polyimide, a comprehensive study of the dynamic
relaxation characteristics of the commercial polymer has been
undertaken. Specifically, dynamic mechanical analysis (DMA) and
broadband dielectric spectroscopy (BDS) have been used to deter-
mine the glass–rubber and sub-glass transition properties of the
Matrimid polyimide. This detailed investigation provides valuable
information regarding the nature of the underlying motional
processes responsible for these transitions, and their potential
relationship to physical aging.
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Fig. 2. Storage modulus (d, Pa) and loss modulus (- -, Pa) vs. temperature (�C) for
Matrimid� polyimide. Frequency of 1 Hz, heating rate of 3 �C/min.

Fig. 1. Chemical structure of Matrimid� BTDA–DAPI (3,30-4,40-benzophenone tetra-
carboxylic dianhydride and diaminophenylindane) polyimide.
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Characterization of the dynamic relaxation processes of poly-
imides as a function of constituent backbone structure has been an
area of extensive activity. Dynamic mechanical and dielectric
relaxation techniques have been widely applied to establish
transition temperatures, relative relaxation intensity, and the
time–temperature characteristics of the motional transitions
encountered in these materials [14–28]. To date, however, a detailed
report of the sub-glass and glass–rubber relaxation properties of
BTDA–DAPI (i.e., Matrimid) has not appeared.

A number of authors have summarized the common relaxation
features of polyimides [22,26,28]. Typically, three relaxation
processes are observed with increasing temperature designated g,
b and a, respectively, with a corresponding to the glass–rubber
relaxation. For polyimides based on the BTDA dianhydride, Tg (re:
dynamic mechanical peak at 1 Hz) is usually in the vicinity of �110
to �90 �C, and Tb is observed at 80–130 �C [23,28]. Owing to the
local character of the sub-glass relaxations, their time–temperature
relations can be described by a constant activation energy accord-
ing to the Arrhenius relation. For the g process, the apparent acti-
vation energy (EA) is approximately 40–60 kJ/mol, and for the
b process, EA¼ 130–160 kJ/mol. While the g and b sub-glass
relaxations are nominally local and non-cooperative in nature, the
exact molecular mechanisms underlying these relaxations have
been the subject of some discussion [22]. In the case of the g
transition, the presence of residual water in the polymer appears to
play an important role, with numerous studies reporting a direct
correlation between water content and the intensity of the relax-
ation [15,16,28]. However, there is sufficient evidence to suggest
that for many systems, detection of the g transition is not solely
dependent on the presence of coupled water molecules, and may
reflect limited motions such as phenyl ring oscillations [20,22]. For
the b transition in polyimides, various mechanisms have been
postulated involving motions that while still essentially local in
character, encompass larger portions of the repeat unit that
respond in a correlated manner [17,18,22]. A recent review by Ngai
and Paluch examines in detail the dynamic properties of sub-glass
relaxations, and in particular the characteristics of secondary
relaxations in glass formers with varying degrees of flexibility. In
more rigid systems, the origin of the b relaxation is linked to small
amplitude motions that ultimately involve the entire repeat
segment [29].

2. Experimental

2.1. Materials

Commercial polyimide based on 3,30-4,40-benzophenone tetra-
carboxylic dianhydride and diaminophenylindane (BTDA–DAPI;
Matrimid� 5218 from Huntsman Advanced Materials) was gener-
ously supplied by Air Liquide/Medal, Newport, DE. The polymer
was provided in the form of flakes, and was used as-received in this
study. The structure of Matrimid is shown in Fig. 1.

2.2. Film preparation

Polymer films (thickness of w150 mm) were prepared by solu-
tion casting onto silicon wafers using metal casting rings. The
casting solvent was methylene chloride and glass plates were used
as covers to slow evaporation. The films were allowed to dry for one
week at ambient conditions and were subsequently held under
vacuum at 100 �C for four days, 200 �C for one day, and then in
a nitrogen purge at 330 �C for 30 min. This drying procedure was
designed to maximize solvent removal without crosslinking the
material, which can occur when the polymer is exposed to high
temperatures in the vicinity of Tg for extended times [30]. Solubility
tests performed on samples subjected to the drying protocol
indicated no evidence of crosslinking. Upon completion of the
solvent-removal procedure, the samples were stored at ambient
temperature and humidity. Prior studies on water uptake in
annealed Matrimid films indicate an equilibrium water content of
approximately 1.5 wt% for these test samples (50% relative
humidity, see Ref. [31]).

2.3. Dynamic mechanical analysis

Dynamic mechanical analysis was performed using a TA
Instruments Q800 DMA configured in tensile geometry. Storage
and loss moduli (E0; E00) were measured both in temperature sweep
mode (1 Hz; 3 �C/min), as well as in frequency sweep mode (0.1–
30 Hz) at discrete temperatures ranging from �150 to 425 �C. All
measurements were performed under nitrogen atmosphere.

2.4. Broadband dielectric spectroscopy

Dielectric spectroscopy was performed using the Novocontrol
‘‘Concept 40’’ broadband dielectric spectrometer (Hundsangen,
Germany). Prior to measurement, concentric silver electrodes were
vacuum-evaporated on each polymer sample using a VEECO
thermal evaporation system. Samples were subsequently mounted
between gold platens and positioned in the Novocontrol Quatro
Cryosystem. Dielectric constant (30) and loss (300) were recorded in
the frequency domain (1 Hz–1 MHz) at 10 �C isothermal intervals
from�150 to 300 �C (i.e., sub-glass transition range). A high level of
conduction was encountered at temperatures >300 �C, precluding
a full analysis of the glass–rubber relaxation via dielectric methods.

3. Results and discussion

3.1. Relaxation properties of Matrimid polyimide

The overall dynamic mechanical relaxation properties of the
BTDA–DAPI polyimide are reported as storage and loss moduli
(1 Hz) vs. temperature in Fig. 2. Matrimid shows three distinct
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Fig. 4. Loss modulus (GPa) vs. temperature (�C) for Matrimid� polyimide. (a) g tran-
sition; (b) b transition. Curves are provided as a guide to the eye.
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relaxation peaks in E00 with increasing temperature, consistent with
the results for similar polymers [28]; the relaxations are labeled as
g, b and a, respectively, where a corresponds to the glass transition.
The peak temperatures are: �112 �C (Tg), 80 �C (Tb) and 313 �C (Ta).
Dielectric loss data (300) are compared with the mechanical loss
results across the sub-glass transition range in Fig. 3. The dielectric
results also show two distinct sub-glass transitions, and the posi-
tion and breadth of each relaxation are in close correspondence to
the dynamic mechanical curve. Based on the relative peak heights
of the sub-glass transitions, the b process would appear to be
somewhat more prominent in the dynamic mechanical
measurement.

3.2. Sub-glass relaxation processes

Detailed dynamic mechanical results for the g and b transitions
(0.1–30 Hz) are presented in Fig. 4; please note the different
temperature scales associated with the individual graphs. The
maxima in E00 from the isochronal curves are the basis for the
Arrhenius plots (f [Hz] vs. 1000/T [K]) presented in Fig. 5. Over
the limited range of accessible frequencies, both the g and the b
dynamic mechanical data sets display linear Arrhenius behavior.
The slope of the data reflects the apparent activation energy in
each case: EA (g)¼ 43 kJ/mol and EA (b)¼ 156 kJ/mol. These values
are in good agreement with the ranges reported for polyimides
based on BTDA, as discussed above [28].

Dielectric data for the g and b transitions are presented as
dielectric loss vs. frequency at discrete temperatures in Fig. 6. The
individual relaxations can be described using the Havriliak–Negami
(HN) modification of the single-relaxation time Debye expression:

3* ¼ 30 � i300 ¼ 3U þ
3R � 3U�

1þ ðiusHNÞa
�b (1)

where 3R and 3U represent the relaxed (u / 0) and unrelaxed (u /

N) values of the dielectric constant for each relaxation, u¼ 2pf is
the frequency, sHN is the relaxation time for each process, and a and
b represent the broadening and skewing parameters, respectively
[32,33]. When the parameters a¼ b¼ 1, Eq. (1) reverts to the Debye
form. The WINFIT software package provided with the Novocontrol
spectrometer was used to obtain HN best fits for the 300 vs.
frequency data at each temperature; see solid curves in Fig. 6. HN
parameters determined for the individual relaxations are plotted
vs. temperature in Fig. 7, with D3¼ 3R� 3U corresponding to the
dielectric relaxation intensity. For the sub-glass g transition, both
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Fig. 3. Dynamic mechanical loss modulus (d, GPa) and dielectric loss (C) vs.
temperature (�C) for Matrimid� polyimide across the sub-glass transition region.
Frequency of 1 Hz.
broadening and high-frequency skewing are evident, with a w 0.5
and b w 0.4, respectively. In the case of the b transition, the
dielectric dispersion is observed to be symmetric in the frequency
domain, such that the data can be satisfactorily fit using the Cole–
Cole form of Eq. (1), with the skewing parameter (b) equal to unity
[34]. The b relaxation is observed to narrow with increasing
temperature (i.e., broadening exponent (a) increases with temper-
ature), indicating a tighter distribution of relaxation times at higher
temperature. The relaxation intensity (D3) is comparable in
magnitude for both sub-glass relaxations, and decreases with
temperature reflecting an apparent loss of net dipolar correlation
with increasing thermal energy.

Relaxation times associated with the individual dielectric
dispersions were determined from the HN fits. Specifically, the
relaxation times (sMAX) associated with the peak maxima in Fig. 6
can be derived from the HN relaxation time (sHN) at each temper-
ature [35]:

sMAX ¼ sHN

"
sinð pab

2þ2bÞ
sinð pa

2þ2bÞ

#1=a

(2)

For the b relaxation, the skewing parameter (b) was taken as
equal to 1, such that sMAX¼ sHN. The frequency maxima for the
dielectric relaxations, fMAX¼ [2psMAX]�1, are plotted vs. reciprocal
temperature (i.e., Arrhenius plots) in Fig. 5.

Across the g relaxation range, the dielectric data follow a linear
Arrhenius relation that is identical to the result from the dynamic
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mechanical studies. The combined dynamic mechanical and
dielectric data span nearly seven orders of magnitude in relaxation
time with an apparent activation energy of 43 kJ/mol. The consis-
tency of the dynamic mechanical and dielectric data suggests that
the DMA and BDS techniques are probing the same underlying
motions. Examination of the backbone structure of the BTDA–DAPI
polymer (re: Fig. 1) reveals that the dielectric dispersion response
most likely originates from motions involving the dianhydride
segment, given the concentration of permanent dipoles, as well as
the potential for interactions with residual water molecules, in this
portion of the repeat unit. In the case of the b transition, the
dielectric data again show a linear Arrhenius behavior (see Fig. 5b),
but the dielectric results do not match the time–temperature
relation established by the dynamic mechanical measurements. For
the dielectric probe, EA (b)¼ 99 kJ/mol, which is significantly less
than the value obtained via DMA (156 kJ/mol). Further, when
extrapolated to the low-frequency range, the dielectric relation
predicts peak temperatures (Tb) that are lower than those obtained
via dynamic mechanical testing. This outcome (i.e., downward
offset in dielectric peak temperatures relative to dynamic
mechanical result) is typical of sub-glass relaxation data obtained
for a wide range of flexible and rigid polymers, as demonstrated in
the extensive compilation of McCrum et al. [36].

The linear Arrhenius quality of both the g and the b processes is
indicative of a localized, relatively non-cooperative molecular
origin for these relaxations that is characteristic of sub-glass
polymer relaxations in general. Additional insight with respect to
the character of sub-glass relaxations can be obtained according to
the approach described by Starkweather [37,38], wherein the
apparent activation energy associated with each relaxation is
related to the relaxation temperature (T 0) and its corresponding
activation entropy (DSþ) at a frequency of 1 Hz:

EA ¼ RT0½1þ lnðkT0=2phÞ� þ T 0DSþ (3a)

where k is Boltzmann’s constant and h is Planck’s constant. For
simple, non-cooperative relaxations, Starkweather suggests that
DSþ/ 0, with the resulting equation providing a limiting rela-
tionship between activation energy and relaxation temperature for
isolated, non-interactive motional processes:

EA ¼ RT0½1þ lnðk=2phÞ þ lnðT 0Þ� (3b)
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A plot of activation energy vs. temperature for the sub-glass
transitions in Matrimid is presented in Fig. 8; the solid line in the
plot reflects the DSþ¼ 0 non-cooperative limit. For the g transition,
the activation energy obtained from the DMA and BDS measure-
ments falls very close to the zero-entropy limit, reflecting the
essentially non-cooperative character of this relaxation as probed
by both methods. This result is consistent with similar analyses of
the polyimide g process as reported in the literature [23]. For the
b transition, two important features are evident in Fig. 8: (i) the
results from the DMA and BDS measurements are positioned well
above the zero-entropy line, indicating some degree of cooperative
character inherent to the relaxation as detected by both techniques,
and (ii) the dynamic mechanical EA value shows a much higher
degree of offset, suggesting that the DMA measurement is capable
of detecting a range of motions that encompass a higher level of
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cooperativity as compared to the dielectric probe. Considering the
structure of the Matrimid molecule and the location of permanent
dipoles within the repeat unit, one possible explanation for the
contrasting dielectric and dynamic mechanical results is that the
measured dielectric response is limited to motions of the BTDA
dianhydride segment, while the dynamic mechanical response
reflects longer-range correlated motions involving both portions of
the repeat unit. The longer-range motions captured by the dynamic
mechanical data would likely engender a higher degree of intra-
and intermolecular cooperativity, as shown in Fig. 8. The offset in
activation energy reported here for the dynamic mechanical
b transition is comparable to the results for other polyimides
[23,28].

3.3. Glass–rubber relaxation process

Fig. 9 shows detailed dynamic mechanical results for the
a relaxation range; the observed two order of magnitude decrease
in storage modulus is consistent with assignment of this relaxation
to the glass–rubber transition. Time–temperature superposition
was performed in order to obtain master curves of storage and loss
moduli vs. frequency across the a transition [39]. The storage
modulus master curve was obtained strictly by horizontal shifting
of the data and is plotted as E0 vs. uaT in Fig. 10a, where u is the
applied test frequency and aT is the dimensionless shift factor. A
reference temperature of 307 �C was selected which corresponds to
a central relaxation time, CsD, equal to 1 s. A similar master curve for
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loss modulus could be obtained by a combination of horizontal
shifting (same aT values as above) and vertical shifting; the result is
shown in Fig. 10b.

Both the storage and loss master curves for the a transition
could be described using the Kohlrausch–Williams–Watts (KWW)
‘‘stretched exponential’’ relaxation time distribution function:

fðtÞ ¼ exp
h
� ðt=soÞbKWW

i
(4)

where so is the relaxation time and bKWW is the distribution or
breadth parameter. bKWW can range from 0 to 1, with bKWW¼ 1
corresponding to a single-relaxation time Debye response. Lower
values of b typically reflect increased intermolecular cooperativity
as influenced by the chemical structure of the polymer, as well as
potential constraints owing to the presence of crystallinity or
crosslinks [40]. Series approximations reported by Williams et al.
express modulus and loss for the KWW model in the frequency
domain, and these equations were used as the basis for the curve
fits reported here [41]. The solid curves shown in Fig. 10 correspond
to a single KWW fit with a corresponding distribution parameter,
bKWW¼ 0.34.

The time–temperature character of the glass–rubber relaxation
can be assessed by the construction of a cooperativity plot,
a normalized Arrhenius plot where the shift factor (aT¼ s/sa) is
plotted as log(aT) vs. Ta/T in the vicinity of the glass transition. In
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this context, Ta is the experimental temperature that corresponds
to a central relaxation time (sa) of 100 s. The cooperativity plot for
Matrimid based on the dynamic mechanical results is presented in
Fig. 11 with Ta¼ 296 �C. The data display non-Arrhenius curvature
when plotted against reciprocal temperature that is consistent with
the cooperative character of the glass–rubber relaxation; the solid
curve corresponds to a WLF (Williams–Landel–Ferry) best fit to the
data [39].

The time–temperature sensitivity of the Matrimid polymer
across the glass transition can be expressed in terms of its dynamic
fragility. Polymers that display severe degradation of structure with
temperature are designated as fragile liquids and their relaxation
typically reflects a high level of intermolecular coupling, often as
a result of a less flexible backbone or the presence of sterically
cumbersome pendant groups. By contrast, polymers with smooth,
more flexible backbones tend to experience reduced intermolecular
constraint and as a result display less time–temperature sensitivity
and correspondingly lower fragility [40]. The fragility index, m,
quantifies the time–temperature sensitivity of the polymer glass
transition based on the slope of the cooperativity curve evaluated at
T¼ Ta:

m ¼ dlogðsÞ
dðTa=TÞ

����
T¼Ta

¼ dlogðaTÞ
dðTa=TÞ

����
T¼Ta

(5)

The value of m depends upon the definition of Ta: for the glass
transition, the convention is to assign Ta such that the corre-
sponding relaxation time, s(Ta)¼ 100 s. Values of the fragility index
determined on this basis range from m¼ 16 (strong limit) to
m� 200 (fragile limit) [42]. Tabulations of dynamic fragility have
been reported in the literature for a variety of polymers and small
molecules [42–44]. For simple polyethylene, m¼ 46, while for vinyl
polymers with pendant substituents, the fragility index is consid-
erably higher (e.g., m¼ 137 for polypropylene; 191 for PVC) [43].
Linear amorphous polymers with stiffer backbones also show
relatively high fragility values; for polycarbonate, m¼ 132 [42].
Based on the dynamic mechanical data presented in Fig. 11,
a fragility index of m¼ 115 is obtained for Matrimid polyimide.
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Bohmer et al. reported an inverse correlation between the
fragility index (m) and the stretching exponent (bKWW) that is valid
across a number of material families, with higher values of m cor-
responding to a stronger degree of non-exponentiality (i.e., lower
values of bKWW and greater intermolecular coupling) [42]. The
parameters measured for Matrimid polyimide (m¼ 115;
bKWW¼ 0.34) exhibit a reasonably good correspondence with the
correlation bounds presented by Bohmer; examination of the
values reported in Ref. [42] shows a cluster of data for a subset of
polymers with bKWW w 0.35, and m ranging from 120 to 145. Thus,
the relatively rigid nature of the Matrimid backbone is observed to
correlate with both relaxation breadth and somewhat fragile time–
temperature character consistent with the overall behavior repor-
ted for a range of polymers.

4. Conclusions

The dynamic relaxation properties of BTDA–DAPI (Matrimid�)
polyimide were investigated using dynamic mechanical and
dielectric methods. Matrimid displayed two sub-glass relaxations
with increasing temperature centered at�112 �C (Tg) and 80 �C (Tb)
based on the measured maxima in mechanical loss modulus at 1 Hz.
Application of the analysis proposed by Starkweather indicated that
the g transition was non-cooperative in nature, and both DMA and
BDS measurements provided an apparent activation energy of
43 kJ/mol that was consistent with values reported for similar
polyimides. The b transition had a more cooperative character, and
comparison of dynamic mechanical and dielectric Arrhenius data
indicated a higher apparent activation energy for the DMA tests
(EA¼ 156 kJ/mol) as compared to the BDS studies (99 kJ/mol). It was
postulated that the dynamic mechanical probe was sensitive to
a wider range of sub-glass motions across the b relaxation range
encompassing a higher level of cooperative response. The glass–
rubber relaxation (Ta¼ 313 �C) was evaluated by time–temperature
superposition; the resulting dynamic mechanical master curves
were fit using the KWW stretched exponential function, with
a corresponding exponent bKWW¼ 0.34. A cooperativity plot was
used to establish the dynamic fragility of the polymer. The value of
the fragility index (m¼ 115) reflected the relatively rigid character
of the polyimide backbone, and the observed relation between
fragility and bKWW was consistent with the correlation reported in
the literature for a wide variety of polymers.
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