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ABSTRACT:

Quasielastic neutron scattering by employing a combination of time-of-flight and backscattering
techniques is carried out to explore the molecular mobility of a polymer of intrinsic microporosity
(PIM-1) at microscopic time scales in comparison with a high-performance polyimide. Molecular
fluctuations can change the structure of the temporary network of micropores and open or close
pathways for gas molecules. Therefore, the investigation might help to understand the selectivity of
PIMs in gas separation processes. The performed neutron scattering experiments provide evidence for a
low-temperature relaxation process, which was assigned to methyl group rotation. This methyl group
rotation was analyzed in terms of jump diffusion in a three-fold potential. The analysis results in a
fraction of methyl groups which are immobilized. For PIM-1 it was found that the fraction of
immobilized methyl groups decreases with increasing temperature up to 350 K. At higher temperatures
the number of immobilized methyl group increases gain due to an underlying relaxation process. This
motional process on a somewhat larger length scale might lead to a reversible structural rearrangement
which partially hinders the strongly localized methyl group rotation. In addition, it was found that the
activation energy for the methyl group rotation for PIM-1 and the polyimide is significantly higher than

for conventional polymers.
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MANUSCRIPT TEXT

1. Introduction

Polymers of intrinsic microporosity (PIMs) appeared as a new class of polymers about 16 years ago.
PIMs have interconnected pores with characteristic sizes less than 2 nm and Brunauer—-Emmett-Teller
(BET) surface areas mostly larger than 700 m* g'. Most PIMs consist of uncrosslinked polymer chains,
soluble in conventional solvents which enables easy processing. The contorted ladder-type backbone
structure of PIMs leads to inefficient packing in the solid state. Due to the unique structural features of
PIMs, a variety of possible applications of them have been discussed. These applications include
organic light emitting diodes (OLEDs) and sensors, electrochemical devices** or membranes for
pervaporation'*, and nanofiltration.” One of the most promising possible applications of PIMs is their
use as active materials in membranes for gas separation processes.“*The separation of gas mixtures is an
integral part of many processes in the chemical industry and natural gas treatment, as well as biogas
upgrading. The essential quantities characterizing materials for gas separation are the permeability P and

the permselectivity o+ The latter is defined as the ratio of the permeabilities of two different gases.

Pa
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Based on experimental data of a large number of polymers, a limiting trade-off behaviour was observed

between permselectivity and permeability for technically relevant gas pairs and published by Robeson

in 19917»as the well-known upper-bound in a double-logarithmic plot of permselectivity a,j vs.

permeability of the more permeable gas P,. Freeman »> established a theoretical basis for these

empirical relations.

While the solubility of a gas molecule in a certain polymer is mainly related to its the diffusivity
depends on its effective size, i.e. the minimal diameter of the molecule allowing the passage through a
rigid or dynamic bottleneck of the polymer matrix. For such consideration effective kinetic diameters
obtained from measurements on zeolites were used.»» Thus, the permselectivity of high-performance
membrane polymers based on solution-diffusion is ascribed to a discrimination with respect to the
effective diameter of the respective gas molecules.

When microporous structures are considered, also the general question concerning the transport

mechanism arises which has been intensively discussed by Wijmans and Baker.”” They postulate the



transition between Knudsen flow through pores and solution-diffusion in the fractional free volume of
dense polymers at characteristic sizes in the range of 5 to 10 A (0.5 -1 nm) but also emphasize that the
temporal stability of the pore network is an essential factor for the transport mechanism.

PIMs are characterized by an outstandingly high permeability in combination with a still reasonable
selectivity. The latter point is somehow surprising; because of the interconnected pore network a more
Knudsen-like diffusion might be expected instead of a size-discriminating transport process. Concerning
the size-dependence of gas diffusivities an analysis of data of PIMs and thermally rearranged (TR)
polymers, a linear relation of diffusivity and the squared effective gas diameter is suggested.” A closer
look at the respective plot reveals a slight deviation from this behavior for the smallest gases He and H.
in PIM-1, which was proposed as being characteristic for several PIMs in a recent paper by Fuoco et al.”
Their more detailed analysis shows that the diffusion of very small gas molecules like H. or He follows
a much less pronounced linear size dependence compared to the larger gases O,, CO,, N, and CH.. So,
their behavior follows a characteristic known for porous materials like zeolites, rather than the behavior
of conventional glassy polymers without microporosity. This was also shown as being distinctly
different from the behavior of poly(1-trimethylsilyl-1-propyne) (PTMSP) also a rigid ultrapermeable
polymer, which exhibits permeabilities in the same range as PIMs but with considerably lower
selectivities. Moreover, the existence of characteristic bottlenecks was evidenced by molecular
dynamics (MD) simulations. It is suggested that these bottlenecks form windows between individual
free volume elements (parts of the microporosity) with variable sizes between the effective sizes of the
smaller gases He and H. and the larger gases. So, the small gases can always pass these windows,
whereas the passage of the larger gases is coupled with the dynamics of these characteristic bottlenecks,
giving rise to the attractive selectivities of PIMs for membrane separations.

In that respect the molecular mobility of PIMs must be discussed. Due to molecular fluctuations, like the
rotation of methyl groups, the bottlenecks between the free volume elements can be opened or closed.
The molecular mobility of high-performance polymers has already been investigated by quasielastic
neutron scattering.» It was concluded that molecular fluctuations at a time scale of picoseconds are
relevant for the gas transport in polymers. Moreover, a correlation between the neutron data and the

diffusion coefficient of gas molecules has been reported.*



The first synthesized polymer of intrinsic microporosity was PIM-1, a polybenzodioxane.””* As for
most other PIMs investigated since then, no glass transition temperature could be measured by
conventional differential scanning calorimetry before the chemical decomposition of the polymer.'*
Recently fast scanning calorimetry was applied to study the glass transition of PIM-1.°2°By this
approach the kinetics of chemical decomposition and glassy dynamics are decoupled and a glass
transition temperature of 644 K at a heating rates of 10* K was estimated. When prepared as a film,
from solution by slow evaporation of the solvent, they show an early solidification due to their rigid
backbone and their limited molecular mobility. This gives rise to their microporosity resulting from
inefficient packing, but also leads to strong physical aging effects which limits their application.’” PIMs
share this unwanted property with other glassy polymers like polyimides (see for instance [38,39.,40]) or
polynorbornenes with stiff main chains and bulky side groups.” = In addition to fast scanning
calorimetry, the molecular mobility PIM-1 was investigated by broadband dielectric spectroscopy.” A
single relaxation process was observed at high temperatures with relaxation rates having an Arrhenius-
like temperature dependence with an activation energy of 104 kJ/mol. This process designated as [*-
relaxation was assigned to molecular fluctuations of aggregates. Recently inelastic neutron scattering
was employed to study the vibrational density of states in the energy range of a few meV.*
Characteristic excess vibrations (Boson Peak) to the Debye type density of states were found. Compared
to the Boson Peak of conventional polymers, the Boson Peak for PIM-1 is shifted to lower frequencies.
This was discussed in terms of a higher compressibility on a molecular length scale due to the sponge-
like microporous structure of PIM-1. In the present study, quasielastic neutron scattering was applied to
investigate the molecular mobility of PIM-1. A polymer with no intrinsic microporosity is included in
the investigation to compare it with PIM-1. For that comparison, Matrimid was chosen as a
commercially available high-performance polyimide. Matrimid has a fractional free volume of 13- 15 %
and no intrinsic microporosity (i.e. no significant BET surface). It is frequently used in studies

addressing the gas transport of gases or related problems.’®>’



2. Experimental Section

Sample Preparation

The chemical structures of PIM-1 together with an optimized model of the repeat unit and Matrimid are
shown in Figure la and 1b. The synthesis of PIM-1 was discussed in more detail in ref. 43. The
molecular weight My was estimated as 82800 g/mol with a polydispersity index of 2.8 by size exclusion
chromatography using chloroform as solvent and polystyrene as calibration standard. Matrimid 5218
was obtained from Huntsman International LLC. It was provided in the fully imidized state according to

the producer.

CN

Figure 1: Chemical structure of PIM-1 (a) and Matrimid (b).

Films were prepared from both polymers using the preparation conditions that were discussed in detail
in ref. 43. In short, 1 g of the polymer was dissolved in chloroform with shaking for 4 to 5 hours,
followed by ultra-sonication for 5 min. After that the solution was filtered employing a 5 um PTFE-
filter. To obtain a film the solution was cast in a Teflon mold. The mold was placed in a closed chamber
where its atmosphere is saturated with chloroform to control the evaporation of the solvent from the
film. In the literature, different annealing temperatures in the range from 40 °C to 100 °C have been

employed, which result in different PIM-1 films having somewhat different gas permeability values.



Here, the films of both polymers were annealed at 100 °C (375 K) for 3 days after removing from the
Teflon mold.

To minimize physical aging effects, the samples were prepared just before the measurement. For the
neutron experiment the films were hermetically welded in flat aluminum cells which are transparent to

neutrons.

Neutron Scattering

Inelastic neutron scattering is sensitive to molecular motions at microscopic length scales and times.*
The experiments were carried out by different spectrometers working with different principles.
Momentum and energy are exchanged between the nuclei of the sample and the neutrons. As the main

experimental quantity, the double differential cross section is obtained which is given by

dzo_l

k
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k; and k¢ are the incident and final wave vectors of the neutron beam, respectively, defining the
scattering vector q. The measured energy transfer AE is related to the angular frequency ® by w=AE/h.
Q is the solid angle of detection. c.n and oinc are the scattering cross-sections for coherent and
incoherent scattering, where Si(q,m) are the coherent and incoherent dynamic structure factors
(scattering functions). PIM-1 and Matrimid contain hydrogen (H), carbon (C), nitrogen (N), and oxygen
(O) (see Figure 1) where the corresponding scattering cross-sections are given in Table 1. Hydrogen is
the strongest (mostly incoherent) scatterer and the (mostly coherent) contributions of all nuclei for PIM-
1 and Matrimid are much smaller. This means the measured scattering will be predominantly incoherent

and due to the hydrogen nuclei.

Table 1: Cross-section for incoherent and coherent scattering of the relevant nuclei.

Nuclei o,.|barn] o.,|barn]

H 80.27 1.756




C 0 5.551

N 0.3 11.01

O 0 4232

Elastic scans: Elastic fixed window scans (AE=0) employing a neutron backscattering spectrometer
provide an overview about the molecular dynamics at a time scale of ca. 2 ns. The corresponding

measurements were carried out at the high-resolution spectrometer SPHERES***

operated by the Jiilich
Centre for Neutron Science (JCNS) at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany.
SPHERES is a cold neutron backscattering spectrometer of the third generation with focusing optics and
a rotating phase-space-transform chopper. It was used in standard configuration with an incident

wavelength of A,= 6.27 A. The maximal accessible elastic scattering vector was q=1.76 A™. An

effective mean-square displacement <u>>, is calculated from the elastic scattered intensities. For that

purpose, the usual Gaussian form

la(q)/ Io(q) = et@"<">ert/) 3)

with the addition of a multiple-scattering contribution*® was used (I.i(q) and Io(q) are the elastically and
totally scattered intensities). Io(q) was estimated by a measurement with increased statistics at 10 K. The
scans were carried out with a heating rate of 0.45 K/min, which corresponds to one data point per 0.5 K.
Quasielastic measurements: For the quasielastic neutron scattering, neutron time-of-flight spectroscopy
was combined with neutron backscattering spectroscopy. This combination results in a broad time
range. The multi-chopper cold neutron time-of-flight spectrometer TOFTOF* was employed for the
time-of-flight measurements. It is operated by the Technische Universitit Miinchen at the MLZ.
TOFTOF was used employing a standard configuration with an incident wavelength of A,= 6 A. This
results in an energy resolution 45...62 peV (full width at half maximum (FWHM), increasing with
higher scattering angle) with a maximal accessible elastic scattering vector of g=2.3 A™'. The incoherent

dynamic structure factor for PIM-1 measured at TOFTOF for different temperatures is depicted in



Figure 2a. The spectra measured for higher temperatures show the characteristic quasielastic broadening

compared to the resolution of the spectrometer measured at 4 K.
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Figure 2a: Neutron Time-of-Flight spectra measured at TOFTOF for PIM-1 at the indicated
temperatures at a q vector of 1.42 A+, The spectra were normalized by the peak value of the
elastic line. The scattering of the empty can is already subtracted. The statistics of the

measurement can be judged from the scatter of the data.

Neutron backscattering was carried out at the backscattering spectrometer SPHERES (see above).
SPHERES was again used in standard configuration with an incident wavelength of A,= 6.27 A and an
average resolution of 0.59 peV (FWHM). Figure 2b depicts Spc(q, AE) for PIM-1 measured at

SPHERES for different temperatures. The neutron backscattering spectra also show the characteristic

quasielastic broadening.

The resolutions for both instruments R(q,AE) were obtained by measuring the sample at 4 K. It is
assumed that all molecular fluctuations leading to quasielastic scattering are frozen besides quantum
zero-point motions. The program INX" was used to evaluate the TOFTOF data. It features TOF to
energy conversion, background subtraction, vanadium normalization, and self-attenuation correction.
The neutron backscattering data measured with SPHERES were analyzed by the program SQW.”! SQW

applies backscattering and vanadium normalization, self-attenuation correction, and in addition
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performs an attenuation correction on the background to be subtracted. Both programs calculate an

effective but cross section weighted Sinc(q,AE).

The time-of-flight and the backscattering data have a large difference in the energy resolution (see

Figure 2). Therefore, both sets of data were Fourier transformed and divided by the Fourier transform of
the corresponding resolution. Hereby absolute values of the incoherent intermediate scattering function
Sme(q,t) were obtained. In that way, the data from time-of-flight and backscattering can be jointly
analyzed in the time domain. Moreover, both data sets were corrected for multiple scattering. For that a
procedure working in time domain was employed.’> The multiple scattering fraction was fitted to
optimize the limit Si,.(q—0,t)=1 because the exact scattering geometry is not known. With respect to
single scattering the estimated multiple scattering fractions for PIM-1 were 19% and 22% for SPHERES

and TOFTOF respectively and for Matrimid 18% and 16%.
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Figure 2b: Neutron backscattering spectra from SPHERES for PIM-1 at an angle of 90°. The
spectra were normalized by the peak value of the elastic line. The scattering of the empty cell
is already subtracted. Thin solid line — 4 K (resolution), squares — 200 K and circles — 300 K.
The thick dashed line is a guide to the eyes for the data at 200 K and the dashed dotted line is
a guide to the eyes for the data at 300 K. The statistics of the measurement can be judged
from the scatter of the data.
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3. Results and Discussion

Figure 3a depicts the temperature dependence of the effective mean squared displacement for PIM-1
and Matrimid. For low temperatures, the temperature dependence of the effective mean squared
displacement from both materials is due to vibrations. In addition, for PIM-1 a clear step-like change in
<w,>(T) in the temperature range from 100 K and 250 K occurs, indicating the onset of molecular
fluctuations at a time scale of ca. 1 ns. By means of dielectric spectroscopy no relaxation process was
observed for PIM-1 in this temperature range.» This means the fluctuations detected by the elastic scan
must be due to fluctuations of nonpolar groups. The only moieties which can be mobile at this low
temperature are the methyl groups. Therefore, the detected process is assigned to the methyl group

rotation. Nevertheless, it is known from the literature that for conventional polymers the methyl group
rotation is observed in the temperature range of 100 und 150 K at a time scale of ca. 1 ns.>>”* When the

point of inflection in <u>,, appears at a higher temperature a higher thermal energy is need to activate
the underlying process. Therefore, this points to a higher activation energy for the methyl group rotation

of PIM-1 and the high-performance Matrimid in comparison to conventional polymers.
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Figure 3a: Effective mean squared displacement <w,> versus temperature: circles — PIM-1,

squares — Matrimid. The inset enlarges the low temperature range for Matrimid. For

Matrimid the position of the *-relaxation observed by dielectric spectroscopy is indicated.>
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Lines are guides for the eyes.

For Matrimid also a change in the temperature dependence of the effective mean squared displacement
is detected. However the observed change in <u:,>(T) for Matrimid is much smaller than that observed
for PIM-1 (see Figure 3a, and inset of Figure 3a). At first glance one must consider that PIM-1 has 4
methyl groups while Matrimid has only 3. In the case that the number of methyl groups per repeat unit
is the only difference between the processes in both polymers a scaling by SF= (3 * number of methyl
groups) / (number of all protons in the repeating unit) should lead to an overlap of the mean squared
displacement for both polymers. Figure 3b shows that the curves collapse in their onset consistent with
the interpretation of methyl group rotation as the molecular origin. Nevertheless, the point of inflection
in <u>,(T) is shifted to a higher temperature for Matrimid, indicating a difference in the thermal
activation. Moreover, at temperatures >200 K, <u>,(T) increases more strongly than expected, probably

due to the onset of the *-relaxation for Matrimid.
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Figure 3b: Effective mean squared displacement <u.> versus temperature normalized by the

scaling factor described in the text: circles — PIM-1, squares — Matrimid.

In addition to the elastic scans, the molecular mobility of PIM-1 and Matrimid was also investigated by
quasielastic neutron scattering. Figure 4 gives the incoherent intermediate (time dependent) scattering
function Si,e(q,t) at 300 K for different g-vectors. The data in the range from 0.1 ps to 30 ps corresponds

to neutron time-of flight measurements at TOFTOF while the data from 30 ps to ca. 3 ns were measured
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by neutron backscattering on SPHERES. Both data sets match together. Sic(q,t) shows a single decay
indicating a relaxation process which is assigned to methyl group rotation. For Matrimid a
corresponding behavior is observed. The standard model for methyl group rotation is the Rotation Rate
Distribution Model (RRDM).” In our treatment for simplicity a stretched exponential function is fitted
to the data

Sinc(q,t) = DWE ((1 — EISFy)exp <— (})BM> + EISFM>, 4)

M

where DWF is the Debye-Waller factor, T, is the relaxation time for methyl group rotation and B, is the

stretching parameter describing the distribution of relaxation times. EISF, denotes the Elastic Incoherent

Structure Factor.
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Figure 4: Incoherent intermediated scattering function S.(q.,t) versus time for PIM-1 for
different q vectors at 300 K: squares — 0.69 Al circles — 1.04 A, asterisk — 1.42 A and
triangles — 1.76 A™.

The data can be well described by Equ. 4. (Values of B3, are given in the supporting information.) The

Elastic Incoherent Structure Factor for the methyl group rotation can be calculated in the framework of
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jump rotation in a threefold potential V(¢p)~(1 — cos(3¢))/2 which is the most straightforward model

53,56

for methyl group rotation.””” It results from the three equivalent energy minima with respect to the

rotation angle ¢ of the methyl group. Within this model EISF, is given by

1 in (V3
EISFy(q) = : (1 + z%q‘”) (5)

r is the radius of the circle spanned by the positions of the hydrogen nuclei of the methyl group which is
1.027 A. In Figure 5a and 5b the q dependence of the EISFy for PIM-1 and Matrimid in comparison to

the calculation of Equ. 5 is depicted. The calculated data do not agree with the experimental values.
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Figure 5a: q dependence of the elastic incoherent structure factor for PIM-1 at T=300 K.
Dotted line - calculated data according to Equ. 5. Dashed line - calculated data according to
Equ. 6 with the theoretical value of Cx,=0.4. Solid line fit of Equ. 6 to the data. Typical error

bars are estimated based on the errors of the fits of Equ. 4.
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Figure 5b: q dependence of the elastic incoherent structure factor for Matrimid at T=300 K.
Dotted line - calculated data according to Equ. 5. Dashed line - calculated data according to
Equ. 6 with the theoretical value of Csx=0.6086. Solid line fit of Equ. 6 to the data. Typical

error bars are estimated based on the errors of the fits of Equ. 4.

To discuss the discrepancy of the theoretical data and the experimental values one must consider that for
both PIM-1 and Matrimid not all hydrogen nuclei are in the methyl groups. For PIM-1 20 hydrogen
nuclei are in the repeat unit of which 12 protons are in the methyl groups. This means 8 protons do not
participate in the methyl group rotation and scatter elastically at the considered temperature far below
T.. The fraction of elastic scattering hydrogen nuclei C,, is 0.4. For Matrimid 9 of 23 protons are in

methyl groups. This means 14 hydrogen nuclei scatter elastically (C.=0.6086). With these

considerations Equ. 5 must be corrected for elastic scattering to=

EISFM,corr(q) = (1 - Cfix)EISFM (q) + Cfix- (6)

Figure 5b shows that this approach works quite well with the theoretical fraction C, for Matrimid. For
PIM-1 a systematic deviation of the calculated from experimental values is observed. For that reason,
Equ. 6 is fitted to the experimental data and effective values of C,, are estimated from that as function of

temperature. Figure 6 shows C,. normalized to the theoretical value C...,.... for PIM-1 and Matrimid. For
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Matrimid C., is close to the theoretical value. This good agreement indicates that the observed process is
indeed the methyl group rotation. The significantly lower value obtained for T=400 K is probably due to
contributions of protons not belonging to the methyl groups and becoming mobile above thef*-

relaxation of Matrimid which has been identified earlier in the temperature range above 350 K.= Also a
corresponding change in the effective mean squared displacement for Matrimid is observed in this

temperature range (see Figure 3a).

1.2
)
|
= ) I
= 1.1 \‘ I
2 I
2 |
o
Tx [ ] n
O 10F ------- - - oo o e oo oo - - -
|
A (m)
B*(PIM-1)  B*(Matrimid)
0.9 ; : ——— ;
300 350 400

TK]

Figure 6: Fraction of immobilized hydrogen nuclei normalized by the theoretical fraction:

circles — PIM-1, squares — Matrimid. The dashed line represents the theoretical fraction.

Typical error bars are estimated based on the errors of the fits of Equ. 4.

For PIM-1 a different behavior is observed. In general, C,, is higher than the theoretical value, i.e. a part
of the methyl groups is somewhat immobilized. Furthermore, C,, decreases with increasing temperature
indicating that the number of mobile methyl groups increases due to a change in the microporous
structure with increasing temperature. An extrapolation of this trend yields that at 400 K the theoretical
value is reached. Surprisingly, the experimental value of the immobilized methyl groups at 400 K is
distinctly increased. (Unfortunately, experiments at higher temperatures cannot be carried out because
PIM-1 will undergo significant physical aging during the prolonged time-period needed for a
backscattering experiment at one temperature.) At first it seems reasonable to ascribe this to structural

changes resulting from aging processes. But this increase of C,, cannot be explained by physical aging,
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which would be irreversible, because a second elastic scan carried out after the first one (not shown

here) gives identical data. As mentioned above, dielectric investigations performed earlier on PIM-1
evidence one relaxation process called B*-relaxation becoming active at temperatures above 350 K.=
This relaxation process has a rather high activation energy above 80 kJ/mol and is therefore assigned to
coordinated fluctuations of aggregates. The the molecular origin of the B*-relaxation for PIM-1 is
essential different from that of Matrimid. For a detailed discussion see ref. 43. At the first glance this
B*-relaxation is not manifest in the temperature dependence of the mean squared displacement from the
neutron scattering results for PIM-1. For that reason, <uw.>(T) is analyzed in more detail in the
temperature range above the methyl group rotation (see Figure 7). In order to visualize the change in the
slope in <u’.>(T) we fitted linear functions in the ranges 250...300 K and 400...525 K, respectively.

With this procedure we do not want to imply that <u’.>(T) has to follow a linear behavior in general.
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Figure 7: Temperature dependence of the effective mean squared displacement in the
temperature range from 250 K and 525 K. The solid line is a linear fit to the data in the

temperature range from 250 K to 350 K. Dashed line linear regression to the data in the
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temperature range above 400 K.

The slopes of both fit lines are significantly different and the transition between both lines is in the
temperature range around 350 K where the [B*-relaxation becomes active. The slope in the high
temperature range is lower than in the low temperature range indicating some immobilization.
Therefore, it is concluded that the B*-relaxation of PIM-1 might be the reason for the sudden increase of

C.. indicating the immobilization of a part of the methyl groups.

As expected for a localized process like methyl group rotation, the relaxation time does not depend on

the q vector (see supporting information).
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Figure 8: Relaxation time for methyl group rotation versus inverse temperature for qg=1.76 A°
': circles — PIM-1, squares — Matrimid, asterisks — poly(methyl phenyl siloxane). The data for
the poly(methyl phenyl siloxane) were taken from reference 54. Lines are fits of the
Arrhenius equation to the data. Typical error bars are estimated based on the errors of the fits

of Equ. 4.

Figure 8 gives the temperature dependence of the relaxation time versus inverse temperature (relaxation
map) for PIM-1 and Matrimid. Moreover, data for the conventional polymer poly(methyl phenyl
siloxane) are included for comparison. This comparison shows that the methyl group dynamics for PIM-

1 and Matrimid is shifted to higher temperature. This is due to the higher steric hindrance of the methyl
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group rotation because of the stiff and rigid chain structure of PIM-1 and Matrimid. The temperature

dependence of the relaxation time of methyl group rotation follows the Arrhenius equation which reads
E
TeH, = Too€XP (R—?) (7

where E, is the activation energy, T, is the relaxation rate at infinite temperatures, and R is the universal

gas constant. The Arrhenius equation is fitted to the data and the activation energies are estimated as 13
kJ/mol for PIM-1, 9 kJ/mol for Matrimid, and 5.4 kJ/mol for poly(methyl phenyl siloxane). (Further
values of the activation energies for the methyl group ration of other conventional polymers like PMMA
can be found elsewhere.»» The values are in the same range as for poly(methyl phenyl siloxane).) The
activation energies for PIM-1 and Matrimid are essentially higher than that of poly(methyl phenyl
siloxane). This can be attributed again to the stiff and rigid chain structure of the high-performance
polymers PIM-1 and Matrimid. Moreover, the activation energy for methyl group rotation is higher for
PIM-1 than for Matrimid. This result might be understood by the more rigid chain structure of PIM-1 in
comparison to Matrimid. This conclusion should be confirmed by further experimental investigations
for instance on addition type polynorbornenes with bulky side groups and atomistic molecular dynamic

simulations.

4. Conclusion

Quasielastic neutron scattering has been employed to investigate the molecular mobility of the high-
performance polymer PIM-1. PIM-1 is a polymer of intrinsic microporosity with possible applications
in gas separation membranes and electronics. Matrimid was chosen as reference material. The
investigation was carried out to shed some light on the selectivity of polymers of intrinsic microporosity
in gas separation processes. Molecular fluctuations like methyl group rotations can change the structure

of the temporary interconnected microporous network and can open and close channels/bottlenecks

between pores for gas transport processes. This statement does not mean that that the rate of the methyl
group rotation directly correlates with the rate of the diffusion. Actually, for PIM-1 the rate of diffusion
as well as gas solubility are mainly due to its microporosity which is not present in Matrimid. Therefore,
the permeability is much higher for PIM-1 than for Matrimid. Values of the diffusion coefficients for

different gases are compared for PIM-1 and Matrimid in the supporting information. It is reasonable to
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assume that the gas diffusivity in Matrimid is determined primarily by motional processes on a larger
length scale and the methyl group rotation does not play a significant role in that context. In contrast to
that the transport properties of PIM-1 are dominated by its microporosity and continuous void phase. In
this context the methyl group rotation may exert a relevant influence and thus affect the transport of gas

molecules of different size in terms of selectivity It should be further noted that the role of the methyl

groups the for physical aging of PIM-1 and its composites have also been discussed based on results
obtained by NMR techniques.*

To gain an overview about the molecular dynamics, elastic scans were carried out. The effective mean
squared displacement indicates one relaxation process which is assigned to the methyl group rotation in
both polymers. A combination of neutron time-of-flight and neutron backscattering spectroscopy is used
to investigate the methyl group dynamics in detail. To analyze time-of-flight and backscattering data

together, the dynamic structure factors are Fourier transformed and divided by the Fourier transform of

the corresponding resolution. This procedure results in absolute values of the incoherent intermediate
scattering function Spyc(q,t). With this method a broad dynamical range can be covered by neutron
scattering. Smc(q,t) shows a single step-like decay which is further analyzed by a stretched exponential.
As results, the relaxation time and the elastic incoherent static factor are obtained. The q dependence of
the EISF is analyzed in terms of diffusional jump rotation in a threefold potential where the hydrogens
which are not located in methyl groups are considered. For PIM-1 it was found that the fraction of
mobile groups first increases with increasing temperature up to 350 K. At 400 K the number of mobile
methyl groups is decreased again, which is discussed in the framework of the B*-relaxation found by
dielectric spectroscopy. The temperature dependence of the relaxation time of the methyl group rotation
follows the Arrhenius equation. The estimated activation energies of the methyl group rotation for PIM-
1 and Matrimid are essentially higher than for a conventional polymer. This can be explained by the
rigid and stiff backbone structures of PIM-1 and Matrimid. Moreover, the activation energy for the

methyl group is higher for PIM-1 than for Matrimid.
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It seems reasonable that the methyl group rotation and its complex interplay with the B*-relaxation
affects the interconnected network of micropores and therefore might be an important aspect of the
unusual transport behavior of PIMs giving rise to their extraordinary potential for gas separation

membranes.
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