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ABSTRACT: Polymers of Intrinsic Microporosity (PIMs) of high performance have developed as materials with a wide appli-
cation range in gas separation and other energy-related fields. Further optimization and long-term behavior of devices with
PIMs require an understanding of the structure-property relationships including physical aging. In this context the glass tran-
sition plays a central role, but with conventional thermal analysis a glass transition is usually not detectable for PIMs before
their thermal decomposition. Fast scanning calorimetry provides evidence of the glass transition for a series of PIMs, as the
time scales responsible for thermal degradation and for the glass transition are decoupled by employing ultrafast heating
rates of tens of thousands K s 1. The investigated PIMs were chosen considering the chain rigidity. The estimated glass transi-

tion temperatures follow the order of the rigidity of the backbone of the PIMs.

Polymers of Intrinsic Microporosity (PIMs) as microporous
materials having interconnected pores of characteristic sizes
less than 2 nm and Brunauer—Emmett-Teller (BET) surface ar-
eas mostly larger than 700 m? g*. Different from porous organic
polymers (POPs) consisting of a three-dimensional covalent
network of cross-linked repeating units, PIMs are composed of
discrete macromolecular chains with a rigid and contorted back-
bone, leading to inefficient packing in the solid state.! PIMs are
soluble in conventional solvents what enables their processing
into robust films, coatings or fibers. Their unique structural fea-
tures and properties make them suitable for devices such as or-
ganic light emitting diodes (OLEDs) and sensors,>* and for the
production of membranes® for gas separations,®’ pervapora-
tion,® and nanofiltration.® Further applications in water treat-
ment,*13 gas storage,'*'¢ and electrochemical devices have
also been suggested.t7-2

In addition to the twisted chain structure of PIMs achieved by
introducing sites of contortion, such as the spiro-centers of
PIM-1,° they possess limited freedom of motion arising from
prohibited rotation along the polymer backbone for instance via
fused-ring structures. However, it would be misleading to as-
sume that such rigid structures are completely incapable of
small-scale rotational fluctuations. Computer simulations sug-
gest that the chain-forming dioxane bridges and spirobisindane
(SBI) linkages in PIM-1 (Figure 1, panel B) still flex consider-
ably.?* Dielectric measurements on PIM-1 films also provided
evidence of a relaxation process related to local fluctuations.?
In our recent work for the first time a glass transition in PIM-1

was observed applying fast scanning calorimetry (FSC).?¢ Aim-
ing a further enhancing of chain rigidity and insufficient pack-
ing — hence increasing the performance of PIMs in gas separa-
tions,?” new structure designs were developed. For example,
fusing ethanoanthracene (EA) and Troger’s base (TB) gave the
highly rigid, irregularly shaped PIM-EA-TB%2 (Figure 1,
panel A). PIM-EA-TB was confirmed to be more rigid than
PIM-1 through modeling and this enhanced rigidity resulted in
gas separation membranes with greater selectivity.” Neverthe-
less, partial collapse of the microporous structure induced by
physical aging is commonly observed for all PIMs.30:3t

Investigations of the glassy dynamics and its role in the for-
mation and persistence of microporosity in PIMs are of funda-
mental and technological importance and further experimental
studies are required.?>323 Following the previous investiga-
tions of PIM-1 by FSC,? the present work extends this method-
ology to a series of polymers with a change in chain rigidity. In
addition to the archetypal PIM-1, PIM-EA-TB and DMDPH-
TB3* were chosen (see Figure 1). The latter was considered to
possess a more flexible chain than PIM-EA-TB or PIM-1 as it
contains C-C single bonds within its methylene units.

Generally, the glass transition temperature (Tg) of polymers is
the central parameter determining its behavior with respect to a
wide range of applications. Below Ty, polymers are in a glassy
state with solid-like elastic properties. Segmental motions are
frozen. Physical aging, associated with local fluctuations, is
closely related to the stability of end-use material properties



(volumetric, mechanical, electrical, gas permeability, etc.).
Upon heating through Ty, polymers enter a rubbery state show-
ing a distinct viscoelastic behavior. From a fundamental scien-
tific perspective, the glass transition is an actual problem of con-
densed matter physics.

Generally, the T4 of a PIM is not detectable before thermal de-
composition using conventional thermal methods like differen-
tial scanning calorimetry (DSC) and dynamic mechanical ther-
mal analysis.>3 Recently, Fast Scanning Calorimetry was
demonstrated to be a suitable method to prove the existence of
a glass transition for PIM-1.2 The strategy behind this approach
is to decouple the time scales corresponding to the glass transi-
tion and to the thermal degradation by employing fast heating
rates (tens of thousands K s?).%

The chemical structures of the investigated polymers are shown
in Figure 1. Detailed information about their synthesis is given
in the literature for PIM-EA-TB,” PIM-1,° and DMDPH-TB.*
(see also Supporting Information). PIM-EA-TB consists en-
tirely of benzene rings fused together by inflexible bridged bi-
cyclic units. PIM-1 possesses a quite rigid repeating unit with a
relatively flexible spiro-center as a site of contortion. DMDPH-
TB consisted of TB units connected by a methylene unit (-CH.-
) about which the C-C single bonds allow in principle free rota-
tion. Therefore, the overall rigidity of the polymer backbone is
in the order of PIM-EA-TB>PIM-1> DMDPH-TB, as reflected
in their apparent BET surface areas of 1050, 750 and 35 m? g%,
respectively.” For conventional polymers, the glass transition is
related to cooperative segmental fluctuations. In contrast, for
most PIMs (e.g. PIM-EA-TB and PIM-1) with limited degrees
of freedom, cooperative rearrangements of segments are ex-
cluded, and only local fluctuations are expected. Although
DMDPH-TB with C-C bonds in each repeating unit might in
principle allow for bond rotation, cooperative motions at the
segmental level could only occur with difficulty, due to the rigid
moiety containing a TB unit.

EA B SBI Dioxane c-C TB
o) P [oe)

PIM-EA-TB PIM-1 “ DMDPH-TB "
A B C

Figure 1. Chemical structures of three selected polymers. (A)
PIM-EA-TB with EA (purple) and TB (green) units; (B) PIM-1
containing SBI (blue) and dioxane (red) linkages; (C) DMDPH-
TB with C-C bond (yellow) and TB (green) unit.

The glass transition behavior of the polymers was investigated
using a differential power-compensated fast scanning calorim-
eter based on the chip sensor XI-469 of Xensor Integration
(Netherlands).728 In the study of PIM-1, the sensor XI-415 was
employed.?® In short, the measurement principle is similar to the
well-known power compensated differential scanning calorim-
etry, but the heaters and temperature sensors are integrated in
the chip structure allowing for extreme high heating and cooling
rates. Detailed information regarding the principle of the meas-
urement and the setup are collected in the Supporting Infor-

mation. For low sample masses and larger changes of the spe-
cific heat at Ty, heating and cooling rates of up to ~10® K s can
be achieved under optimized conditions. For the measurements,
a small amount of a sample film was located on the sensor in
the middle of the heated area and a thermal link between the
sensor and the film was established by a spontaneous process.
All reported measurements were conducted in air atmosphere,
because no differences were found between measurements car-
ried out in air and under protective argon atmosphere.

Results for PIM-1 have been reported earlier?® and are included
here for comparison with PIM-EA-TB and DMDPH-TB. The
T,y of PIM-EA-TB was first roughly located between 600 K and
800 K by analyzing images of the sample after each heating run
carried out by increasing the upper temperature limit stepwise.
The pictures were taken using a microscope. (Figure S1 in the
Supporting Information). After that procedure three complete
heating/cooling experiments from 320 K to 850 K at a rate of
10* K s was carried out. At this rate the duration of the heating
interval is only ca. 0.05 s. In Figure 2A, these three successive
heat flow curves for heating/cooling runs are depicted, which
overlap each other, confirming the repeatability of the measure-
ments and the absence of thermal decomposition. It proves also
that essentially no significant amount of solvent is left in the
sample from the preparation. (In reference 26 it was also shown
that the FSC results are reproducible for different samples.) In
both the heating and cooling cycles, a step in the heat flow was
observed, which is generally considered as the characteristic
feature of a glass transition in a DSC study. The mid-step height
of the increment of the heat flow is used to estimate the glass
transition temperature to be Ty = 663 K for PIM-EA-TB upon
heating and cooling at a rate of 10* K s™. Consistent with the
ladder-like rigid structure of PIM-EA-TB this value is high and,
as expected, also higher than the Ty of PIM-1 (644 K) at the
same heating rate (see below).?® Pictures of the PIM-EA-TB
film on the sensor surface were taken under a microscope after
subsequent heating runs at 10* K s (Figure S1 in the Support-
ing Information). Figures 2C and 2D display the effect when the
glass transition region is crossed. Especially after heating to
850 K, i.e. above Ty, the sample became smaller and its edges
more rounded. The observed shrinkage (see also Animation S1
in the Supporting Information) after the first heating to 850 K
substantiates the occurrence of a glass transition leading to a
significant softening of the sample and relaxation of internal
stresses. In the following heating runs, only marginal changes
in the size and form of the sample are observed because most of
the stresses are relaxed during the first heating to 850 K. In con-
trast to that, the previous heating run to 700 K did not provide
sufficient time above T4 (<<1 ms)) to allow for significant stress
relaxation. It should be noted that even after ten complete heat-
ing/cooling experiments to 850 K with different heating/cooling
rates no indications of a thermal degradation were detected.
This was confirmed by FTIR measurements as reported in the
previous work.? After these heating/cooling runs, the sample
can be completely removed from the sensor by dissolving it.
The solubility of the sample indicates that no cross-linking took
place.

By employing data obtained from temperature-modulated DSC
measurements on PIM-EA-TB (see Supporting Information
Figure S7, S8), the heat flow data were converted
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Figure 2. (A) Thermograms of PIM-EA-TB for 3 successive heating / cooling runs to 850 K with a rate of 104 K s-1; (B) Specific heat
capacity for the heating / cooling experiments estimated from FSC showing the glass transition; (C, D) Images of the PIM-EA-TB
sample on the chip sensor obtained under a microscope at room temperature showing the effect of crossing the glass transition
region. The red shape indicates the contour of the sample after heating to 700 K (C) compared to that after heating to 850 K (D). See
Figure S1 in the Supplemental Information for the complete series of pictures.

into the specific heat capacity (cp) as function of temperature as
shown in Figure 2B. The ¢, curve obtained from the heating run
is in good agreement with the cooling run, which confirms the
reliability of the experiment. Furthermore, from these data the
sample mass could be calculated to be ca. 40 ng. A more de-
tailed description of the data conversion and the sample mass
calculation is given in the Supporting Information.
T/°C
250 300 350 400 450 500

DMDPH-TB

Heat Flow / a.u.

Endotherm :

» PIM-EA-TB

e l
T,=663 K
550 600 650 700 750 800

T/K

Figure 3. FSC curves obtained at a heating rate of 104 K s-1 for
PIM-EA-TB, PIM-1 and DMDPH-TB. For clarity the curves were
moved along the y-axis for clarity. The shape of the FSC curve
measured for PIM-1 seems to be somewhat different than for

the other two polymers. This is attributed to the fact that for
the measurements of PIM-1 a slightly different sensor was em-
ployed.

In Figure 3 the heat flow curves for the three different PIMs at
a heating rate of 10* K s are compared. For PIM-EA-TB a T,
value of 663 K is found, which is 19 K higher than that of PIM-
1 (T = 644 K)? and 33 K higher than that of DMDPH-TB (T,
= 630 K), consistent with the order of their expected backbone
stiffness: PIM-EA-TB>PIM-1>DMDPH-TB. The scaling with
the backbone rigidity is also observed for all other employed
heating rates (see below). From the Analysis of the torsion an-
gles of PIM-1 and PIM-EA-TB” a larger difference in T, might
be expected. In this respect it should be considered that the glass
transition is not only due to intramolecular but also to intermo-
lecular effects. Moreover, the glass transition temperature
measured for DMDPH-TB is in a similar range than for the
other both polymers with a rigid backbone structure. This result
indicates that in the condensed state the chain flexibility of
DMDPH-TB is not that large as it can be expected from the
chemical structure.

According to the cooperativity approach the glass transition
may be related to a length scale ¢ which can be roughly esti-
mated in the framework of the fluctuation approach* to



(1)

where kg is the Boltzmann constant, A(1/Cp)=1/Cp glass-1/Cpliquid-
Here cy=cp is assumed, p is the density, and 8T is the width of
the glass transition. For conventional polymers 8T is found to
be ca. 10 to 20 K for comparable heating rates. For PIM-EA-TB
the width of the glass transition is extremely large (6T =~ 100 K).
Also, for PIM-1 and DMDPH-TB comparable values for 8T
were observed (see Table 1). The fact that the glass transition
region is quite broad cannot be ascribed to a thermal lag due to
the thickness of the sample (see Supporting Information).
Moreover, the change of the specific heat capacity (cp) at the
glass transition is small, which indicates that only a limited
number of degrees of freedom are involved in the glass transi-
tion. According to Equ. 1 &is estimated for all investigated pol-
ymers and given in Table 1 (for details see Supporting Infor-
mation). For PIM-EA-TB the value of ¢is calculated to be 0.26
nm, which is much smaller compared to that of conventional
polymers*. Since larger conformational changes can be ruled
out as molecular origin of the glass transition in rigid PIMs, es-
pecially for PIM-EA-TB and PIM-1, small-scale flex and band
rearrangements are most probably responsible for the observed
glass transition of PIMs. These considerations are in agreement
with the small values of & Modes of local fluctuations are pro-
posed here that are distinct from the other existing mechanisms
responsible for glassy dynamics, i.e. rotational fluctuations,
conformational transitions, or orientational changes as degrees
of freedom.*°

Table 1: Width 8T, increment of the specific heat Ac,, and
length scale ¢ at the glass transition. The data for PIM-1 are
taken from ref. 26. For PIM-1 Ac, was not estimated in ref. 26
for technical reasons.

3T /K Ac, /JK'gt | &/nm
PIM-EA-TB | 100 0.17 0.26
PIM-1 150 (0.22-0.29)
DMDPH- 80 0.16 0.29
B

Another characteristic feature of the glass transition is the dis-
tinct dependence of Ty on the heating rate.*? Therefore, experi-
ments with different heating rates g (from 10* K s to 5x10* K
sy were conducted on PIM-EA-TB to test whether Ty shifts
with increasing heating rates shifts to higher values. This is con-
firmed in Figure 4, showing that faster heating rates result in a
higher T value similar to the behavior of PIM-1.2

Heat Flow / a.u.
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Figure 4. FSC curves of PIM-EA-TB obtained for successive
heating experiments at indicated heating rates.

In Figure 5 the heating rate () is plotted as a function of inverse
Ty in the so-called activation diagram. In general, a curved tem-
perature dependence of the heating rate of the should be ex-
pected when plotted verus 1/T4 which should follow the VVogel-
Fulcher-Tammann (VFT) equation.*3-46

_ B DT
BT = Bexp( -2 @
9 g

Here T, is the value of Ty in the limit of 8 — 0. B is a fit pa-
rameter and has the dimension of a heating rate and D is the so-
called fragility strength parameter. However, for the data of
PIM-EA-TB in the limited range of heating rates a linear-like
dependence versus 1/T is observed. If we approximate the data
by an Arrhenius equation

—E
B(T,) =Bexp (k T’*) 3)
B'g

the apparent activation energy (Ea) of the thermally activated
process was estimated to be ca. 74 kJ/mol. This value is above
the normal range of localized fluctuations in conventional pol-
ymers*’ (20-50 kJ mol*; In some cases, also higher activation
energies have been reported for secondary processes, but these
processes do not give rise to a calorimetric response.). The de-
duced value of activation energy is a rough estimation, as the
error bars in the determined values of T, of +20 K are quite large
and correspond to a broad range of activation energies from 53
kJ mol to 130 kJ mol. Considering this quite large error in the
activation energy and the narrow range of rates (smaller than
one decade) which could only be covered, it is most likely that
for the observed behavior it could not be differentiated unam-
biguously between a VFT- and an Arrhenius-like temperature-
dependence. It should be also noted that for the higher rates ap-
plied, the curvature of a VFT dependence becomes already
smaller which impedes such a distinction and leads to a lower
apparent activation energy. Nevertheless, in terms of the fragil-
ity approach to the glass transition it could not be excluded that
the polymers considered here are behaving quite fragile leading
to weaker temperature-dependence of heating rates than ob-
served for conventional polymers. By relating the fast heating
rates to short relaxation times this assignment is in agreement
with the proposed more localized fluctuations responsible for
the glass transition which are in between localized fluctuations



causing a B-relaxation and segmental motions related to a-re-
laxations in conventional, flexible polymers. Unfortunately, the
study cannot be extended to lower hearting rates because the
polymers will degrade when lower heating rates are applied. In
Figure 5, data of PIM-1 and DMDPH-TB were included in the
activation diagram. These data also support the conclusion that
localized fluctuations are responsible for glassy dynamics in
PIMs.
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Figure 5. log(f) vs. inverse Ty for PIM-EA-TB, PIM-1, and
DMDPH-TB. Error bars were calculated on the basis of ATg =
+20 K for PIM-EA-TB, PIM-1 and DMDPH-TB. Data for PIM-1
were taken from reference 26.

In summary, the dependence of the glass transition of PIMs with
a variation of the backbone rigidity has been clearly demon-
strated by using FSC, where thermal decomposition was
avoided by applying ultrafast heating rates (tens of thousands K
s). The glass transition temperatures (Ty) of the investigated
PIMs were determined, i.e. PIM-EA-TB (663 K) > PIM-1 (644
K) > DMDPH-TB (630 K) for a value of the heating rate of 10*
K s, following the same order as their expected backbone ri-
gidity. As conformational changes of the rigid chains are not
possible, the glass transition is assigned to rather local, small-
scale fluctuations. This is also true for DMDPH because the
glass transition temperature is located in a similar temperature
range than that of the PIMs. The results broaden the knowledge
of the glassy dynamics of discrete rigid chains capable of form-
ing permanently accessible microporosity and increase our un-
derstanding of the origin of the glass transition of this important
new class of polymer. Physical aging of polymers is closely
connected to molecular mobility and, hence, also to the glass
transition. Based on the improved knowledge of the glass tran-
sition in the next step the physical aging of PIMs will be inves-
tigated in detail employing also FSC.#-%°
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