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Abstract: 

Polymers with intrinsic microporosity are promising candidates for the active separation layer 

in gas separation membranes. Here, the vibrational density of states (VDOS) for PIM-1, the 

prototypical polymer with intrinsic microporosity, is investigated by means of inelastic 

neutron scattering. The results are compared to data measured for a more conventional high-

performance polyimide used in gas separation membranes (Matrimid). The measured data 

show the characteristic low frequency excess contribution to VDOS above the Debye sound 

wave level, generally known as the Boson peak in glass-forming materials. In comparison to 

the Boson peak of Matrimid, that of PIM-1 is shifted to lower frequencies. This shift is 

discussed considering the microporous, sponge-like structure of PIM-1 as providing a higher 

compressibility at the molecular scale than for conventional polymers. For an annealed PIM-1 

sample, the Boson Peak shifts to lower frequencies in comparison to the un-annealed sample. 

These changes in the VDOS of the annealed PIM-1 sample are related to changes in the 

microporous structure as confirmed by X-ray scattering. 
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Introduction 

A key technology for the efficient separation of gases in the energy supply and chemical 

industries is membrane technology, which stands out as a greener technology compared to 

more energy consuming techniques based on cryogenic or adsorption processes. Glassy 

polymers are still the most important class of materials for the active separation layer in such 

applications, due to the easy and inexpensive processability of polymers at large scales. 

Nearly 15 years ago, a new class of suitable polymeric materials appeared which are 

completely soluble in conventional solvents but characterized by an intrinsic microporosity 

(PIM), firstly synthesized as PIM-1 (a polybenzodioxane) by Budd and McKeown.1,2 The 

intrinsic microporosity manifests itself by a rather high BET surface > 700 m2/g determined 

by low temperature N2 adsorption.2 Conventional glassy high-performance polymers used for 

gas separation membranes typically possess a large fractional free volume, which leads to 

extremely high gas permeabilities but at the same time often to insufficient permselectivity 

values. One example of the latter case is the polyacetylene PTMSP (see for instance reference 

[ 3 ]). In contrast, PIMs combine comparably high permeabilities with reasonable 

permselectivities. For that reasons PIMs are currently considered as state-of-the-art materials 

for air separation and also hydrogen recovery.4,5 

No glass transition temperature Tg could be detected for PIMs with conventional DSC 

measurements before degradation. At room temperatures PIMs are thus deeply in a glassy 

state and therefore undergo distinct physical aging effects6  which hamper their practical 

application in gas separation membranes. PIMs share this unwanted property with other 

glassy or superglassy polymers like polyimides (see for instance [7,8,9]) or polynorbornenes 

with stiff mains chains and bulky side groups10. Therefore, one current research topic in this 

field is to reduce physical aging effects either by improved chemical structures or by adding 

nanofillers (see for instance [11-14]). 
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Recently, the molecular mobility and the conductivity of PIM-1 were investigated by 

broadband dielectric spectroscopy.15 In principle a correlation between the molecular mobility 

and the diffusion of small molecules like gases can be expected for dense polymer systems 

from transport models 16 , 17  as well as from molecular dynamic simulations 18 , 19  for 

conventional glassy polymers. Such a correlation was inferred from experimental data 

including dielectric results.20,21,22 Because the transport mechanism is somewhat different for 

superglassy polymers with intrinsic microporosity, such a correlation is no longer expected 

for PIMs. This is supported by atomistic molecular dynamic simulations, where for these 

systems a continuous free volume phase is proposed.23,24 The structure might be considered as 

consisting of lager pore-like objects, with a broader distribution interconnected by smaller or 

wider channels. As discussed above, BET surface areas of 720 – 850 m2/g and pore sizes in 

the range of 5.2 to 10.7 Å are obtained experimentally.6,25,26 It is worth to mention that these 

values are obtained by the application of classical models, which are not especially optimized 

for PIMs, to BET or positron annihilation data. Moreover, these values depend strongly on 

processing conditions, like casting solvent and thermal history, as well as methanol treatment 

or gas exposure.11,26 Furthermore, one has to note that these values are also dependent on the 

characterization technique employed and on the way the data are evaluated.6,27 

Glassy polymers - as amorphous materials in general - show excess contributions in the 

vibrational density of states (VDOS; g(w), w - frequency) in the frequency range of w = 0.2–1 

THz (energy range 1–5 meV) in comparison to what is expected from the Debye model of 

sound waves, which gives g(w)~w2. Therefore, in the reduced representation g(w)/w2 versus 

frequency w a peak is observed, which is known as the Boson Peak (BP).28 Generally, the BP 

is considered as a universal feature of amorphous materials and materials with partial 

disorder. There are strong indications that the Boson Peak has some relevance for the glass 

transition despite the fact that the underlying time scales are different (i.e. about 100 s for the 

thermal glass transition at Tg; BP – ps).28 Here it is also worth to note that the excitations 
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responsible for the Boson Peak are also reflected in an excess contribution to the temperature 

dependence of the specific heat cp at low temperatures in comparison to the prediction cp~T3 

obtained in Einstein/Debye theory of the specific heat for solids. 

Until now, the molecular origin of the Boson Peak has been a subject of controversy. Existing 

theories can be roughly divided into two classes. In the first class, the BP is considered to 

originate from quasi-localized modes29-31 due to peculiarities of the interatomic forces in the 

amorphous structure (groups of atoms subjected to a soft potential) and therefore considered 

to be different from sound waves. The second class of theoretical approaches considers the BP 

in amorphous materials to be a frequency broadened version of the Van Hove-singularity of 

crystalline systems.32 It is concluded that the VDOS of the amorphous system is in principle 

related to sound waves and is a modification of the vibrational density of states of the 

corresponding crystalline system due to random fluctuations of force constants.33 Recently, it 

was demonstrated by numerical simulation that the BP can also be considered to be a 

consequence of a local breaking of center-inversion symmetry. 34  Results obtained from 

studies investigating the VDOS for low molecular weight materials and polymers in 

nanoscale confinement35-38 provide some evidence that the BP is related to collective effects 

like sound waves.39 

Here, the vibrational density of states of PIM-1 is explored by inelastic neutron scattering for 

the first time. Firstly, it has to be clarified if PIM-1 shows a Boson Peak at all, as no glass 

transition could be detected by conventional thermal analysis up to now. Secondly, in the case 

that a BP is found and assuming that it is related to sound waves, the propagation of sound 

waves should be different for a material with a continuous free volume phase (evidenced by 

molecular simulations23,24) compared to a polymer with no intrinsic microporosity like a 

polyimide. If differences in the VDOS are proven to exist for PIM-1 in contrast to a 

conventional polymer, this would provide further evidence that the BP is related to sound 
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waves. Furthermore, the influence of a thermal treatment (i.e. physical ageing) of PIM-1 on 

the VDOS is investigated. 

 

Experimental: 

The chemical structure of PIM-1 is shown in Figure 1a. The synthesis of PIM-1 was discussed 

in more detail in ref. 15. Size exclusion chromatography using chloroform as solvent and 

polystyrenes as calibration standards results in a molecular weight MW of 82800 g/mol and a 

polydispersity index of 2.8. The conditions for film formation were discussed in detail also in 

ref. 15. In brief, 1 g of PIM-1 was dissolved in chloroform by shaking for 4 to 5 hours. The 

solution was filtered (5 µm PTFE-filter) and ultra-sonicated for 5 min. Finally, the solution 

was cast in a Teflon mold, after which it was placed in a closed chamber. To control the 

solvent evaporation from the film the atmosphere of the chamber was saturated with 

chloroform. At room temperature, a solid film is formed overnight. It is worth to note, that 

different annealing and/or conditioning protocols have been discussed in the literature. 

Different annealing temperatures in the range from 40 °C to 100 °C have been employed, 

which result in different PIM-1 structures having quite different gas permeability 

values.11,40,41 In order to enable comparison of the data, the same annealing protocol was 

applied as in an earlier study addressing dielectric spectroscopy.15 After removing the film 

from the Teflon mold, it was annealed in a vacuum oven at 75 °C for 3 days. 

To compare the data obtained for PIM-1 with data of a polymer with no intrinsic 

microporosity a second material was included in this study. For that purpose, Matrimid was 

chosen as a commercially available high-performance polyimide with no intrinsic 

microporosity (i.e. no significant BET surface) but with a high free volume, which is 

frequently used in gas separation applications as well as in studies addressing gas transport 

and related properties.7,8 The chemical structure is given in Figure 1b. Matrimid 5218 (3,3´-

4,4´-benzophenone tetra-carboxylic dianhydride and diaminophenylindane) was obtained 
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from Huntsman International LLC. According to the producer it was provided in the fully 

imidized state. The film preparation followed the same route as described above for PIM-1. 

The samples were prepared just before the measurement, for which they were sealed 

hermetically (by welding) in a flat aluminum cell which is transparent to neutrons. 

 

a 

 

b 

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

The neutron scattering measurements were performed at the multi-chopper cold neutron time-

of-flight spectrometer TOFTOF42, operated by the Technische Universität München at the 

Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany. TOFTOF was used in standard 

configuration with an incident wavelength of ln= 5.0 Å corresponding to a resolution of 85–

100 µeV (full width at half maximum) in the q-range used for the VDOS evaluation. In this 

configuration, the maximal accessible elastic scattering vector is q=2.3 Å-1. For background 

and absorption correction of the raw data, the program INX was used. 43  To obtain the 

resolution of the instrument the sample was measured at 4 K because it is expected that all 

molecular motions are frozen at this low temperature except for the quantum-mechanical 

zero-point motion. The VDOS was measured at 100 K to avoid the inelastic scattering due to 

the vibrations being overlapped by quasielastic contributions. To correct the data for the 

scattering of the empty can, the empty sample holder was also measured at 4 and 100 K. The 

program INX was again used to obtain absolute values of the dynamic structure factor.43 

The SAXS/WAXS measurements were performed on a Xenocs Nano-inXider-SW, with a 

microfocus X-ray tube with a copper target. The X-rays are focused and monochromatized to 

a wavelength of 0.154 nm, by means of a multilayer optic, after which they are collimated 
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using two scatterless pinholes. The WAXS detector consists of one single-photon counting 

Pilatus 100k detector module, 93 mm from the sample, collecting an angular range of 3.1 nm-1 

< q < 4.2 nm-1. The SAXS detector consists of an identical module mounted 933 mm from the 

sample behind a semitransparent beamstop, aligned so that a practical angular range of 0.06 < 

q (1/nm) < 3.6 could be covered. Data from both detectors have been processed using the 

DAWN software package44, according to the latest available procedures.45 

The data have been (in the following order) masked, corrected for counting time, dark-

current, transmission, primary beam flux, background, thickness and solid angle, scaled to 

absolute units, followed by an azimuthal integration step. 

Uncertainties have been calculated by propagating the Poisson statistics through the 

corrections. Distance- orientation- and beam-center calibration of the SAXS and WAXS 

detectors were performed using silver behenate and LaB6, respectively. Intensity calibration 

was achieved using the NIST SRM3600 calibration standard. Without arbitrary scaling, the 

data from the two detectors overlap with good agreement. It should be noted the SAXS and 

WAXS parts have different resolutions with respect to q. 

 

Results and Discussion: 

The structure of solid PIM-1 was discussed earlier in detail in refs. [46 and 47] employing a 

combination of small- and wide-angle X-ray scattering (SAXS/WAXS). X-ray measurements 

were carried out here for the following two reasons. Firstly, here the sample was cast and 

annealed in a different way than described in references [46,47]. Secondly, two kinds of 

inelastic neutron experiments are carried out. The first experiment was carried out on a freshly 

prepared sample. The second experiment was conducted on the same sample which was 

subjected to physical aging at higher temperatures. The observed changes in the vibrational 

density of states were related structural to features revealed by X-ray measurements. 

Nevertheless all interpretations and assignments made for X-ray result for PIM-1 given here 
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are based on discussions in references [46,47] which are supported by models and atomistic 

molecular simulations. 

Figure 2 depicts the SAXS/WAXS pattern of the PIM-1 used in this study in comparison to 

Matrimid. 
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Figure 2: SAXS/WAXS pattern for PIM-1 (circles) and Matrimid (squares). The curve for 
Matrimid is by half a decade shifted along the y-axis to lower values for clarity. 
 

The observed X-ray pattern of PIM-1 shows similar features to that reported in refs. [46] and 

[47]. The observed small differences may be due to a different preparation and annealing 

protocol used in this study. For PIM-1 at low q-values the intensity decreases following a 

power law with an exponent of 3.2 ± 0.2. This seems to be in disagreement with a dense mass 

fractal (exponent 3) but with a structure with a fractal surface (exponent 3.2),48 discussed also 

in ref. [47]. This interpretation is also in agreement with a possible continuous free-volume 

phase of PIM-1. For Matrimid a behavior close to the classical Porod law (with an intensity 

decay of approximately I~q-4) is obtained as found for most polymers. 

In the q-range from 0.05 Å-1 to 1 Å-1 for PIM-1 a broad scattering feature is observed with 

weak maximum at ca. qmax= 0.29 Å-1. Applying a simple Bragg model as rough 

approximation, this would correspond to a mean distance of ca. 2.1 nm. As discussed in ref. 
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[47] the maximum pore size observed by various techniques is 1 nm. Nevertheless, it is 

pointed out that the scattering in the range between 0.05 Å-1 and 1 Å-1 is most likely related to 

the microposity46 because it is sensitive to the annealing (or physical ageing) of PIM-1, which 

in turn leads to a reduction of the permeability probably due to a reduced diffusion coefficient 

resulting from a partial collapse of the microporous structure.47 The scattering in the q range 

between 0.05 Å-1 and 0.1 Å-1 evidence larger scattering objects which might be related to a 

continuous free volume phase suggested by atomistic molecular dynamic simulations.23,24 

Matrimid shows a slight peak at q=0.3 Å-1. This cannot be related to any kind of 

microporosity because Matrimid is a polymer without intrinsic microporosity and was 

especially selected for comparison for that reason. The origins for this peak are not clear up to 

now. Nevertheless, it is interesting to note that the corresponding Bragg distance of the peak 

of ca. 1.9 nm corresponds roughly to the length of the monomer unit of Matrimid, which is 

estimated to be about 2 nm from simple geometric considerations. 

In the higher q-range (q ³ 1 Å-1), a scattering behavior is observed for Matrimid, which is 

expected for amorphous polymers, consisting of an amorphous halo due to correlations of 

carbon atoms and some broad structural features. This is considerably different for PIM-1, 

where a broad structural feature is observed with at least four weak scattering peaks. Up to 

now it has not been completely clear which structures are responsible for these scattering 

peaks. On the one hand, they might be related to an underlying form factor in addition to the 

structure factor related to the microporosity. On the other hand, atomistic molecular dynamics 

(MD) simulations show that these high-q features might originate from correlations due to 

characteristic distances between spiro centers of different chains.46 

Neutron spectroscopy senses the molecular motions on microscopic length and time scales.49 

During the scattering experiment momentum and energy are exchanged between neutrons and 

the nuclei of the sample, yielding information about the space and time dependence of these 
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dynamical processes. As the main experimental quantity, the double differential cross section 

is obtained, which is given as 
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Here ki and kf are the incident and final wave vectors of the neutron beam and q denotes the 

scattering vector. Here ħω	 is the energy transfer DE related to an angular frequency w where ħ 

is the Planck constant divided by 2p (ħ=h/2p), and W is the solid angle of detection. Sinc(q,w) 

is the incoherent dynamic structure factor related to the self-correlation function of nuclei 

where Scoh(q,w) is the coherent dynamic structure factor related to pair correlations of nuclei. 

σcoh=4pb	2 and σinc=4p(	b= - b	2) are the scattering cross-sections for coherent and incoherent 

scattering where b are the scattering lengths averaged over isotopes and spin disorder. (The 

coherent part in this equation is strictly correct only for elemental samples. But since the 

actual sample scatters predominantly incoherently this simplification is not relevant for the 

calculation of the VDOS.) The calculated scattering cross-sections for PIM-1 are σinc,PIM-1= 

0.278 mm-1 and σcoh,PIM-1= 0.0376 mm-1. The corresponding values for Matrimid are σinc,Mat= 

0.281 mm-1 and σcoh,Mat= 0.0381 mm-1. The calculation is given in the Supporting Information. 

Therefore, the observed scattering is primarily incoherent due to the hydrogen nuclei. 

Figure 3a shows spectra for Matrimid as measured by TOFTOF normalized to the height of 

the elastic peak at two different temperatures at an angle of 122°. The spectrum measured at 

4 K serves as resolution. The data obtained at 100 K show a Boson Peak around an energy 

transfer of ca. 1.3 meV. Figure 3b gives corresponding data for PIM-1. Compared to 

Matrimid, here the Boson Peak appears at lower energy transfer values below 1 meV. 

In order to extract the low-energy vibrations from the raw data, the incoherent dynamic 

scattering function is expressed by the standard expression for the one-phonon scattering:50 
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Here )q(W2e-  is the Debye-Waller factor and kB is the Boltzmann constant. m  denotes the 

average mass of an atom. Due to the high incoherent neutron scattering cross section the 

influence of hydrogen atoms is overrepresented in this expression.	For the calculation of m  it 

is assumed that in the frequency region studied hydrogen atoms participate proportionately in 

the total vibrational spectrum of the materials. Generally, the measured scattering is the 

convolution of Equ. (2) with the resolution function of the instrument R(q,w). The Boson 

Peak is a broad feature in comparison to the resolution. Therefore, the convolution effect on 

the inelastic term can be omitted and it holds:51 
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By measuring the spectra at two different temperatures (here 4 K and 100 K) a system of two 

linear equations is obtained. From that system both the vibrational density of states g(w) and 

the resolution of the instrument R(q,w) can be obtained. The resulting VDOS (which in 

principle should be q-independent) was averaged over the range q = 1.5 - 2.3 Å-1 to improve 

accuracy. 

It has to be noted that below about 0.8 ps-1 all VDOS curves show a strong increase towards 

zero frequency. This feature has been found in some but not all VDOS calculations from 

inelastic neutron scattering. It could be either due to quasielastic scattering from processes 

with very low energy barriers or yet unknown excitations with energies below that of the BP. 
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Figure 3: TOFTOF spectra at a scattering angle of 122 ° normalized to the height of the 
elastic line: Squares – resolution of TOFTOF measured at 4 K. Circles – Inelastic scattering 
measured at 100 K. a) – Matrimid, b) – PIM-1. 
 

In Figure 4 the density of states g(w) normalized by w2 (Debye density of states) of Matrimid 

and Poly(methyl phenyl siloxane) (PMPS) are compared, where the data for PMPS were 

taken from ref. [35]. This figure evidences that Matrimid has a Boson peak as expected from 

the raw data. Its frequency position is similar to the VDOS of PMPS. Similar results than for 

PMPS are also found for other conventional amorphous polymers like polystyrene52,53 or 

poly(methyl methacrylate)54 Therefore, it can be concluded the BP observed for Matrimid 

resembles the behavior of conventional polymers in the glassy state. 
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Figure 4: Vibrational density of states normalized by w2 for Matrimid (circles) and 
poly(methyl phenyl siloxane) (triangles) obtained from the q range 1.5–2.3 Å-1 of the 
TOFTOF data. The data for PMPS were taken from ref. [35] (from q = 1.55–2.05 Å-1). Lines 
are guides for the eyes. 
 

In Figure 5 the VDOS normalized by w2 is compared for Matrimid and PIM-1. A Boson Peak 

is also observed for PIM-1. Surprisingly, for PIM-1 the BP is shifted to lower frequencies and 

gains in intensity compared to that of Matrimid. In the class of theories relating the Boson 

Peak to sound waves an elastic continuum is considered which is characterized by an elastic 

modulus which is allowed to fluctuate due to the amorphous structure.55  These theories 

predict a shift of the BP to lower frequencies for a softer material on a molecular scale. This 

concept was supported by experiments were the stiffness of the material under investigation 

was varied either by mixing56  or changing its structure in a continuous way.57 At first glance 

the shift of the Boson Peak to lower frequencies seems to be in contradiction to the stiff chain 

structure of PIM-1 with ladder-like structure and a spiro center (see Figure 1a). A more 

detailed consideration leads to the conclusion that the structure of PIM-1 decreases 

dramatically the number of conformational degrees of freedoms of a corresponding chain by 

suppressing the possibilities of segmental rotations (see Figure 1a). This is different for 

Matrimid, where some degrees of segment rotations remain due to the existence of single 
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bonds in the polymer backbone. The stiff backbone structure of PIM-1 leads to an early 

solidification during film formation by solvent evaporation, and therefore results in a loose 

structure of the solid film. Such a “sponge-like” structure allows a higher compressibility, at a 

length scale defined by the lowest q value considered, than the more densely packed structure 

of the conventional Matrimid with no microporosity. (The relationship of the dynamic 

structure factor to a generalized q and frequency dependent compressibility was discussed in 

ref. [58].) This structure results in a kind of ‘softened’ matrix of PIM-1 compared to Matrimid 

and therefore gives rise to a shift of the BP to lower frequencies. This line of argumentation is 

also consistent with the experimental results that PIM-1 has a lower elastic modulus (ca. 1 

GPa, see reference [59]) than Matrimid (ca. 2.7 GPa, see reference [60]). 

A similar result was found recently on a set of pressurised glasses. The Boson Peak scales 

with the Debye energy ED. ED in turn is proportional to the effective sound velocity which is 

dominated by the transverse contribution.61 
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Figure 5: Vibrational density of states normalized by w2 for Matrimid (circles) and PIM-1 
(squares) obtained from the q range 1.5–2.3 Å-1 of the TOFTOF data. Lines are guides for the 
eyes. The increase in the VDOS for frequencies lower than 0.5 ps-1 is related to contributions 
of quasielastic contributions may by methyl group rotations. 
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Sokolov et al.62-64 related the maximum frequency of the Boson Peak wBP to a length scale 

characteristic for glasses ξ by  

BPt /cA w=x          (4) 

where A is a constant (A»1) and ct is the transversal sound velocity. In principle the 

transverse sound velocity can be measured by Brillouin scattering (see for instance ref. 65). 

But for these measurements a fully transparent sample is required which does not show any 

adsorption or fluorescence. Unfortunately the color of a cast PIM-1 is yellowish which means 

that PIM-1 absorbs in the blue wave length range of light (see Supporting Information). 

Moreover PIM-1 is fluorescent. These properties of PIM-1 prevent Brillouin scattering 

experiments. Although ct is not known for PIM-1, but assuming that a similar length scale is 

relevant to both PIM-1 and Matrimid the lower maximum frequency of the BP for PIM-1 

would mean that the sound velocity is lower for PIM-1 in comparison to Matrimid. From a 

simple intuitive picture it should be expected that the sound velocity should be higher in a 

more dense material than for a sample with lower density. This is in agreement with the 

density values found for PIM-1 (1.15 g cm-3, see ref. [14]) and Matrimid (1.24 g cm-3, see ref. 

[9]) as well as with the considerations given above. 

To study the influence of physical aging on the Boson Peak of PIM-1 the sample was heated 

twice with a heating rate of 0.45 K/min to 525 K and cooled down. It should be noted that 

TGA measurements show that PIM-1 does not decompose chemically or crosslinked at 525 

K. This was also confirmed by a dielectric study were the sample was exposed to similar high 

temperatures comparable time.15 After this dielectric experiment the sample was fully soluble 

and a new film could be cased with identical properties.  
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Figure 6: Vibrational density of states normalized by w2 for PIM-1: freshly prepared – 
squares; aged – asterisk. Lines are guides for the eyes. 
 

In Figure 6 the BP for the freshly prepared sample is compared with the aged one. For the 

aged sample the BP shifts to higher frequencies. It has to be noted that the observed difference 

in the data for the freshly prepared sample and the aged one is significant. This becomes clear 

comparing the VDOS of a fresh sample of Matrimid and a sample which was aged in a similar 

way as PIM-1 (see inset Fig. 7). In the case of Matrimid the data for the fresh and the aged 

sample collapse completely into one curve. 

In the line of argumentation discussed above and also assuming that the Boson Peak is related 

to sound waves, a shift of the BP to higher frequencies would mean that PIM-1 becomes 

‘harder’ on length scales defined by the lowest employed q value. Such an interpretation is in 

complete agreement with a partial collapse of the microporous structure during the physical 

aging of PIM-1. A partial collapse of the microporous pore structure was experimentally 

evidenced by a dramatic decrease of the permeability values of PIM-1. In refs. 46 and 47 the 

partial collapse of the microporous pore structure was discussed as a combined effect of the 

pore volume fraction (changes of pore shape and pore size distribution) and a shrinking of 

pores by analyzing X-ray data in a quantitative way. Most importantly, a decrease of the 
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fraction of micropores was deduced from the X-ray data.47 This decreasing fraction of 

micropores leads to a densification of PIM-1 during physical aging. In turn this process 

decreases the compressibility and increases the sound velocity resulting in a shift of the BP to 

higher frequencies. 

Figure 7 compares the Boson Peak of the aged PIM-1 with that of the aged Matrimid sample. 

This comparison reveals that the Boson Peak for aged PIM-1 is much narrower than that for 

fresh and aged Matrimid. 
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Figure 7: Vibrational density of states normalized by w2 for aged PIM-1 (circles) and aged 
Matrimid (squares). The inset compares the VDOS for a freshly prepared (squares) and an 
aged (stars) Matrimid sample. 
 

This also becomes clear when comparing the BP for the freshly prepared and the aged PIM-1 

sample (Figure 6). The Boson Peak for the aged sample is much narrower than that of freshly 

prepared PIM-1. Within the picture of sound waves this can be understood as that during the 

aging process the low frequency modes are cut out first. A similar interpretation was 

employed for changes of the Boson Peak for confined polymers35,36. This would mean that 

larger pores shrink first to smaller ones during the aging process, in agreement with an 

increase of the intensity of g(w) at higher frequencies leading to a sharper BP. 
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To confirm the change in the microporous structure for the aged PIM-1 sample in comparison 

to the freshly prepared one, X-ray measurements were carried out on a sample which was 

aged in a similar way as employed in the neutron scattering experiments (Figure 8). Changes 

in the X-ray pattern take place in the q range between 0.2 and 0.8 Å-1. These changes are 

similar to those reported in ref. [47] but not as pronounced. This is due to the shorter 

annealing time applied here. The changes were observed in the wave vector region which is 

sensitive to the microporous structure, as discussed above. Therefore they provide strong 

evidence that the changes observed in the Boson peak are directly related to changes in the 

microporous structure of PIM-1. 
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Figure 8: X-ray pattern for PIM-1: freshly prepared – squares; aged – asterisk. Lines are 
guides for the eyes. 
 

Conclusions 

Inelastic neutron scattering is employed utilizing a Time-of-Flight spectrometer (TOFTOF at 

the MLZ) to measure the vibrational density of states (VDOS) for PIM-1, which is the 

archetypal polymer with intrinsic microporosity (PIM). Polymers with intrinsic microporosity 

are considered possible candidates as materials for the active separation layer in gas 

separation membranes, massively improving their performance compared to currently used 
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polymers. As PIM-1 is a (super-) glassy polymer, the question arises whether or not PIM-1 

shows the characteristic excess contributions in the VDOS to what is expected from the 

Debye theory of sound waves, known as the Boson Peak for other glass-forming materials. In 

addition to the measurements carried out for PIM-1, experiments on a standard polymer for 

gas separation membranes (Matrimid) are also carried out for comparison, with the distinct 

difference that Matrimid has no intrinsic microporosity. The measurements revealed that 

PIM-1 shows a Boson Peak, which it is shifted to essentially lower frequencies compared to 

that of Matrimid. Assuming the Boson peak is due to sound waves, this shift to lower 

frequencies in comparison to a conventional glassy polymer points to a softer structure of 

PIM-1. This result is understandable in the framework of the microporous, sponge-like 

structure of PIM-1 providing a higher compressibility at a length scale defined by the lowest q 

value considered, than the denser Matrimid with no intrinsic microporosity. 

Annealing of PIM-1 at elevated temperatures leads to a shift of the Boson Peak to higher 

frequencies compared to the unannealed case. Also, this result is related to shrinking of the 

microporous structure leading to a denser structure compared to the freshly prepared sample. 

This line of argument is supported by evidence from X-ray scattering observations. 

In future work, further neutron scattering experiments will be carried out on other polymers 

with intrinsic microporosity to obtain a more complete picture. 
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