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Abstract

:

The microscopic diffusion and the low frequency density of states (VDOS) of PIM-EA-TB(CH3) are investigated by inelastic and quasi-elastic neutron scattering where also the demethylated counterpart of PIM-EA-TB(H2) is considered. These intrinsic microporous polymers are characterized by large BET surface area values of several hundred m2/g and pore sizes between 0.5 and 2 nm. Detailed comparison is made to the archetype of polymers of intrinsic microporosity, PIM-1, and polynorbornenes also bearing a microporosity. Due to the wavelength of neutrons, the diffusion and vibrations can be addressed on microscopic length and time scales. From the inelastic neutron scattering experiments the low frequency density of states (VDOS) is estimated which shows excess contributions to the Debye-type VDOS known as Boson peak. It was found that the maximum frequency of the Boson peak decreases with increasing microporosity characterized by the BET surface area. However, besides the BET surface area, additional factors such as the backbone stiffness govern the maximum frequency of the Boson peak. Further the mean squared displacement related to microscopic motions was estimated from elastic fixed window scans. At temperatures above 175 K, the mean squared displacement PIM-EA-TB(CH3) is higher than that for the demethylated counterpart PIM-EA-TB(H2). The additional contribution found for PIM-EA-TB(CH3) is ascribed to the rotation of the methyl group in this polymer because the only difference between the two structures is that PIM-EA-TB(CH3) has methyl groups where PIM-EA-TB(H2) has none. A detailed comparison of the molecular dynamics is also made to that of PIM-1 and the microporous polynorbornene PTCNSi1. The manuscript focuses on the importance of vibrations and the localized molecular mobility characterized by the microscopic diffusion on the gas transport in polymeric separation membranes. In the frame of the random gate model localized fluctuations can open or close bottlenecks between pores to enable the diffusion of gas molecules.
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1. Introduction


Green key technology for the separation of gasses is membrane processes employing glassy polymers as materials for the active separation layer. Compared to other approaches which are based on cryogenic processes or on adsorption they are essentially more energy and cost efficient. Moreover, separation devices based on polymer membranes can be employed in large-scale applications such as purification of natural gas as well as in small-scale processes such as the upgrading of biogas.



The generally accepted approach to describe the gas transport in solid polymers is the solution diffusion model [1]. The gas molecules are adsorbed at a membrane, where this process is described by the solubility S. After the adsorption process the gas molecules diffuse through the film. The relevant parameter for this process is the diffusion coefficient D which is directly related to the molecular mobility of the polymer. The first relevant property characterizing a material for gas separation processes is the permeability P given by the product P = S*D. P describes mainly the gas flux through the membrane [2,3]. Besides a high permeability the polymer membranes must be selective. This is described by the second relevant quantity the permselectivity    α  a b     that is defined as the ratio of the permeabilities of two different gases a and b.



The analysis of the values of a high number of polymers revealed that there is a trade-off relationship between permselectivity and permeability which is called Robeson upper-bound in a double-logarithmic plot of the permselectivity    α  a b     plotted against the permeability of gas Pa which is more permeable [2,3,4,5,6]. A theoretical basis of the empirical Robeson upper-bound was given by Freeman [7,8].



Currently, the focus of research is to synthesize polymers with a high permeability and permselectivity values above the Robeson upper-bound. This concerns mainly glassy polymers having a large fractional free volume such as poly(trimethylsilylpropyne) (PTMSP) [9] as well as poly(4-methyl-2-pentyne) (PMP) [10,11]. For these polymers from the group of the polyacetylenes, the permeability is orders of magnitude higher compared to conventionally glassy polymers but with low permselectivity values. Based on these developments, the research has led to novel classes of polymers characterized by an exceptional high free volume as the polymers of intrinsic microporosity (PIMs) [12,13]. PIMs have high values of Brunauer/Emmett/Teller (BET) surface areas of several hundred m2/g. The high value of the BET surface area goes along with the formation of a continuous void phase due to the high free volume [14,15].



It is worth noting that the microporosity of PIMs is due to their rigid backbone structure with a contorted chain structure ins some cases due to spiro-centers resulting in an ineffective packing of segments in the solidified state. Another approach to obtain polymers bearing an intrinsic microporosity is to consider “addition” polymerized polynorbornenes with bulky side groups [16,17]. In the case of these polynorbornenes the microporosity arises, besides from a (semi)stiff chain structure, mainly from the bulky side groups which prevent conformational changes causing an ineffective chain packing in the solid state. In this group, polynorbornenes with Si-substituted bulky sides gain some importance [18,19,20].



The diffusivity of a gas molecule in a membrane based on polymers is related to its (effective) size. This means the minimal diameter of a gas molecule enabling its transport through a dynamic or rigid bottleneck in a polymer. Often the effective kinetic diameter is employed for such considerations, which can be obtained from experiments with zeolites [4,21,22,23]. Therefore, based on the solution diffusion model the permselectivity of high-performance polymers for membranes can be discussed in a frame of discrimination to the effective diameter of the considered gas molecule.



It is known that PIMs have a quite high permeability combined with a reasonable selectivity. The same is true for polynorbornenes bearing a microporosity with large values of BET surface area. Because of the interconnected pore network, the latter point is surprising as a more Knudsen-like transport should be expected rather than a size-depending, activated sieving mechanism. For thermally rearranged polymers and PIMs an approximate linear relationship between the diffusivity and the effective diameter of the gas molecules is suggested [24]. A more detailed analysis reveals that there is a transition of a less pronounced pore size dependence observed for H2 and He to a stronger one for gases with a larger effective kinetic diameter such as O2, CO2, N2 and CH4 [25,26]. This is essentially different to the behavior found for glassy polymers such as poly(1-trimethylsilyl-1-propyne) which have permeability values comparable to PIMs but lower permselectivities. Moreover, molecular dynamic simulations show the existence of characteristic bottlenecks which form windows between the different free volume elements [25,27]. The bottlenecks have sizes between the effective diameter for H2 and He and that of gasses with larger sizes. This means gas molecules with smaller sizes can diffuse through these bottlenecks without restrictions whereas for gasses with larger effective diameters their passage relates to the dynamics of the characteristic bottlenecks which is due to the molecular mobility of the polymer. Even localized fluctuations can open or close these bottlenecks for the transport of gas molecules with a larger kinetic diameter. Therefore, it is important to understand the molecular mobility and the vibrations in polymers of intrinsic microporosity as even fluctuations of small groups can open or partly close these bottlenecks and so might be relevant for their attractive permselectivities.



Quasi-elastic neutron scattering has been utilized study the microscopic mobility of such high-performance polymers [28,29,30]. Molecular fluctuations with characteristic time ranges of picoseconds at room temperatures are found to be important for the gas transport properties of polymers. Additionally, a correlation between the measured diffusion coefficient of gas molecules and the neutron data has been discussed [30]. This discussion was made in terms of a random gate model introduced by Kanaya [29]. In these considerations it is also assumed that localized fluctuations can play the role of door openers at bottlenecks between free volume elements. More recently, quasi-elastic neutron scattering studies have been reported for PIM-1 [31] and for highly permeable polynorbornenes [32]. In these investigations also the role of localized mobility is emphasized for gas transport through microporous polymers.



Besides molecular mobility, vibrations are important characteristics for materials. In difference to crystals, disordered materials such as polymers are characterized by additional contributions to the low frequency vibrational density of states g(ω) (VDOS, ω—angular frequency) in comparison to the VDOS g(ω) predicted by the sound wave model of Debye [33]. These excess vibrations are observed in the frequency range of ω = 0.2–1 ps−1 which corresponds to an energy range 1–5 meV. In the representation g(ω)/ω2 these excess contributions result in a peak, known as the Boson peak (BP) [34,35]. Although the molecular origin of the BP is discussed for a long time, currently there is no general agreement reached about it. Further, there is an intense discussion of how the low frequency density of states is related to the thermodynamic state of the considered material [35]. There are several groups of theoretical approaches to the Boson peak. In the soft potential model, the BP is assigned to quasi-localized excitations in a soft potential which are characteristic for the amorphous state, and which do not exist in the highly ordered crystalline structure [36,37,38]. In this picture the quasi-localized modes are assumed to be different from sound waves. In a further group of theoretical considerations it is assumed that the Boson peak is related to the van Hove-singularity of the corresponding (hypothetical) crystalline system which is for the amorphous state broadened and shifted on the frequency scale due to the disorder [39]. In a somehow intermediate approach pioneered by Schirmacher [40], the corresponding excitations are considered to have properties of soundwaves, but the BP is not a modification of the van Hove-singularity. “Soft spots” are considered reminiscent to the first group of theories [41]. Additionally, it was shown by numerical calculation that the Boson peak can be also ascribed to a breaking of center-inversion symmetry on a localized scale [42].



As evidenced by results found for low molecular weight glass formers and polymers also including confinement investigations, the Boson peak of amorphous materials is related to collective effects for instance sound waves [43,44,45,46,47]. Moreover, direct experimental relationships between the Boson peak and the thermodynamic state were discussed for geological aged amber [48,49], vapor deposited ultra-stable glasses [50,51] and polymer spheres [52]. Recently a correlation was found of the maximum frequency of the Boson peak and the microporosity described by the BET surface area for microporous polynorbornenes and PIM-1 [53].



Here, the microscopic diffusion in two polymers of intrinsic microporosity, PIM-EA-TB (CH3) [13,54] and the demethylated counterpart PIM-EA-TB(H2) [55] is investigated by neutron backscattering. In detail elastic or fixed window scans are used to characterize the molecular mobility in these two polymers on a time scale that corresponds to the resolution of the instrument (ca. 2 ns). Moreover, a comparison is made to the molecular mobility of PIM-1 [31] and one microporous polynorbornene PTCNSi1 [19,20]. Elastic scans and quasi-elastic neutron scattering data for PTCNSi1 can be found elsewhere [32].



In addition to the molecular mobility the VDOS is investigated by inelastic neutron scattering using a time-of-flight (TOF) instrument. Detailed comparison is made to the VDOS of PIM-1 [56] and that of microporous polynorbornenes [54].




2. Materials and Methods


Materials: As model polymers of intrinsic microporosity first PIM-EA-TB(CH3) is considered [13,55]. Its chemical structure is given in Figure 1, where the synthesis of it is described elsewhere [13]. The molecular weight of the polymer is 155,800 g/mol. The microporosity of PIM-EA-TB(CH3) characterized by the corresponding BET surface value is found to be 1030 m2/g.



Due to the stiff and contorted backbone structure of PIM-EA-TB(CH3) the glass transition temperature could not be estimated by normal differential scanning calorimetry. By employing fast scanning calorimetry, the kinetics of the glass transition and thermal degradation can be disentangled, and 663 K could be estimated as glass transition temperature for a heating rate of 104 K/s [57].



In addition to PIM-EA-TB(CH3), PIM-EA-TB(H2) can be prepared which has the same backbone as PIM-EA-TB(CH3) but no methyl groups (see Figure 1) For the details of the synthesis (see [57]). Its molecular weight is estimated to 62,000 g/mol where the BET surface area is 845 cm2/g.



For comparison also the chemical structure of PIM-1 is given which is the archetype of polymers of intrinsic microporosity. The BET surface values of the polymers discussed here are summarized in Table 1.



For sample preparation, both polymers were solved in chloroform. The concentration of the solution was adjusted to a value that the final films will have a thickness which enables an approximately 10% scattering to reduce multiple scattering events. The solution was cast into a mold made from Teflon. The mold was placed in a closed chamber. The atmosphere of the chamber was saturated with the vapor of chloroform. So, the initial evaporation of the solvent from the sample was controlled. After three days a film was formed. Then the mold was transferred to a vacuum oven (oil free vacuum) and annealed at 348 K for three days to evaporate the solvent completely. Finally, the sample was welded in an aluminum sample cell for the measurements. It is important to note that aluminum is nearly transparent for neutrons.



For comparison corresponding data for PIM-1 were included as well as results for the highly permeable super glassy polynorbornene PTCNSi1.



Neutron scattering: Inelastic neutron scattering measurements were carried out at the cold neutron time of flight disk chopper spectrometer (DCS) operated at the NIST Center for Neutron Research [58,59]. It was used in standard configuration that leads to a resolution of 63–66 μeV (full width at half maximum of the energy resolution, depending slightly on the angle). The spectrometer resolution was estimated by a measurement of the sample at 4 K, assuming that all molecular fluctuations and vibrations besides zero-point quantum motions are frozen.



The data from the neutron scattering time-of-flight spectrometer DCS were reduced by the MSLICE procedure of the DAVE software suite [60]. The procedure performs an empty cell subtraction, conversion of TOF to energy transfer, vanadium normalization, and flat-plane self-shielding correction. Energy rebinning was not chosen to preserve the original resolution given by the TOF channels. Binning to angular detector groups of 5° width was chosen instead of q slices because the algorithm used to calculate the VDOS is able to cope with varying q values within a spectrum. The detectors used were in the range 20°–105°. ‘Negative angle’ detectors were not used.



The high flux neutron backscattering spectrometer HFBS [61] operated at the NIST Center for Neutron Research was used in the so-called fixed window mode (elastic scans) to characterize the molecular mobility at a time scale of ca. 2 ns which corresponds to the resolution of the instrument. The resolution of HFBS (full width at half maximum) is 0.87–0.91 μeV for the high angle detectors and 0.99–1.22 μeV for the three lowest detectors (<30°). The applied heating rate was 0.6 K/min for PIM-EA-TB(CH3) and 0.71 K/min for PIM-EA-TB(H2). The counting time for each data point was 1 min, so that the spacing on the temperature axis is 0.66 K and 0.71 K. At the lowest temperature (5 K) the registration of the scattered intensity was extended to 20 min to improve the statistic of that data point because it is used for the normalization of all other points. The empty cell was measured while cooling down the cryostat with an average rate of −0.8 K/min.



The reduction of the elastic scan data from HFBS was done by a self-written Python program. It allows the concatenation of interrupted runs with matching the intensities in case of changes due to re-inserting the sample after a break. In addition, it allows the subtraction of an empty cell run which is not done with the same heating rate or even in cooling (linear interpolation of nearest temperatures). The program neither performs a vanadium normalization nor a self-shielding correction. The resulting indeterminacy of the q-dependent intensity factor is not relevant here because in all further evaluations only the ratio Iel(q, T)/Iel(q, 5 K) is used.




3. Results and Discussion


Due to the wavelength of neutrons, neutron scattering is sensitive to microscopic lengths and time scales [61]. The fundamental experimental quantity is double differential cross-section      d 2  σ   d Ω   d ω    :


     d 2  σ   d  Ω    d ω   =  1  4 π        k f     k i       (   σ  c o h    S  c o h    (  q , ω  )  +  σ  i n c    S  i n c    (  q , ω  )   )   



(1)







Here  ω  is connected to the energy transfer ΔE = ħω (ħ = Planck’s constant divided by 2 π ).  Ω  is the solid angle of observation. The incident and the final wave vector of the neutron beam are denoted as ki and kf. There difference gives the scattering vector q = kf − ki. Si( ω , q) (i—coherent, incoherent) are the coherent and incoherent dynamic scattering functions (dynamic structure factors) whose contributions are weighted by the corresponding cross-sections σcoh and σinc for coherent and incoherent scattering, also providing the contrast. The difference between the two terms is that the coherent scattering results from two-particle correlations while the incoherent results from self-correlations. As provided by Figure 1, PIM-EA-TB (CH3) and PIM-EA-TB(H2) consist of carbon (C), hydrogen (H) and nitrogen (N). For PIM-EA-TB(CH3) this results in the macroscopic cross-sections per volume σcoh = 0.0421 and σinc = 0.3896 mm−1 while for PIM-EA-TB(H2) the corresponding values are 0.0416 and 0.3438 mm−1. This indicates a predominately incoherent scattering for both polymers. The majority of the incoherent cross section is from hydrogen atoms. Therefore, the experiments performed here mainly reflect the self-correlation of hydrogen atoms. For details of the calculation of the scattering cross-sections see Supporting Information.



The publication is organized as follows: In the first part the low frequency density of states is considered. A detailed comparison is made to related compounds. The second section focuses on microscopic diffusion as studied by elastic fixed window scans (elastic scans) and in the last and third section it is tried to interrelate both quantities.



3.1. Low Frequency Density of States


Figure 2a shows Sinc(q, ΔE) normalized by the maximum of the elastic line measured at 50 K by DCS for PIM-EA-TB(CH3) while Figure 2b gives the same for PIM-EA-TB(H2). Scattering contributions at an energy transfer of ca. 1 to 2 meV are observed at this temperature compared to the resolution of the spectrometer indicating the Boson peak. The detailed approach to extract the VDOS from Sinc(q, ΔE) is given in [53]. As main input the standard expression for one-phonon scattering [62] is used which defined by:


  S  (  q , ω  )  =  e  − 2 W  ( q )     (  δ  ( ω )  +   ħ  q 2    2  m ¯      g  ( ω )    − ω   ×    (  1 − e x p  (    ħ ω    k B  T    )   )    − 1    )  .  



(2)




kB denotes the Boltzmann constant and    e  − 2 W  ( q )      is the Debye–Waller factor.   m ¯   represents the average mass of an atom. The hydrogen nuclei dynamics is overestimated in the result due to its high scattering cross-section. Nevertheless, assuming that the hydrogen atoms take part proportionately in the total vibrational spectrum of the material in the studied frequency region. Therefore, in a thermodynamic sense the obtained result corresponds to a VDOS.



What is measured during a quasielastic or here inelastic neutron scattering is the convolution of the signal coming from the sample with the resolution of the spectrometer. Compared to the resolution of the instrument the Boson peak is a broad feature. Therefore, the convolution can be approximated by a sum [63]:


   S  obs   ( q , ω ) = R ( q , ω ) ⊗ S ( q , ω ) ≈  e  − 2 W ( q )    (  R ( q , ω ) +   ℏ  q 2    2  m ¯      g ( ω )   − ω   ×    (  1 − exp  (    ℏ ω    k B  T    )   )    − 1    )   



(3)







By measuring spectra of the sample at two different temperatures (here 4 K and 50 K) from Equation (3) a system of two linear equations is derived. From this system the density of states g(ω) is estimated. The obtained VDOS should be independent of the q vector for principal reasons. Therefore, to increase the accuracy, g(ω) was averaged over the detector range 65°–100° corresponding to elastic scattering vectors q = 1.1–1.6 Å−1.



Figure 3a depicts the density of states in the reduced form g(ω)/ω2 versus frequency. As expected from the raw data PIM-EA-TB(CH3) and PIM-EA-TB(H2) show a Boson peak, where the BP for PIM-EA-TB(CH3) moved to lower frequencies in comparison to that of PIM-EA-TB(H2). This should be expected from a correlation of the maximum frequency of the Boson peak with BET surface area [53] as PIM-EA-TB(CH3) has a higher BET surface area value compared to that of PIM-EA-TB(H2) (see Figure 3a). As discussed above, recently a correlation between the maximum position of the Boson peak and the BET surface area was found for polynorbornenes bearing an intrinsic microporosity (see Figure 3) [53]. The data for PIM-1 fits well to this correlation. This is not the case for the results obtained for PIM-EA-TB(CH3) and PIM-EA-TB(H2). These data points are located above the previously reported correlation line. This might be discussed in the sound wave approach to the Boson peak. In the corresponding theories, a continuum is considered which is described by an elastic modulus. Due to the amorphous character of the materials that elastic modulus is subjected to spatial fluctuations around an average value [64]. One result of this approach is that the BP will move to lower frequencies when a material becomes softer. Investigations to this end were done where the stiffness of materials was changed in a controlled way either by adding another component [65] or by modifying the chemical structure of a materials in a continuous way [66]. In both cases a decrease of the maximum position of the BP was found. Moreover, this line of argumentation was further supported by a study of a nanoconfined discotic liquid crystal [67].



The shift of the maximum of the BP with the increasing BET surface area was discussed in the framework that with increasing microporosity the sponge-like structure of the considered polymers increases. A structure which is more sponge-like (higher BET value) should allow a higher compressibility, at a length scale defined by the lowest q value considered, than a more densely packed structure with a lower BET surface area value. The experimental observation that the data for PIM-EA-TB(CH3) and PIM-EA-TB(H2) have a similar trend regarding the BET surface area evidence that the microporosity is one discriminating parameter but not the only one. One has to consider that in addition the backbone stiffness of PIM-EA-TB(CH3) and PIM-EA-TB(H2) is much higher than that of PIM-1 and the polynorbornenes. A stiffer backbone will lead to a decrease of the local compressibility for the same value of the BET surface area. According to the consideration discussed above this will lead to a shift of the maximum frequency of the Boson peak to higher frequencies for the same value of the BET surface area. A correlation of the maximum position of the Boson peak and the microscopic stiffness was discussed in the literature [68,69,70]. For conventional polymers the chain stiffness is characterized by the characteristic ratio. Due to the ladder-type chain structure this property cannot be defined for PIMs in a senseful manner. Additionally, for the polynorbornenes values of the characteristic ratio are not known. Therefore, a more quantitative comparison could not be established.



In the literature also a relationship is discussed between the position of the Boson peak and the fragility of the material [71,72]. The fragility is estimated from the temperature dependence of the viscosity, or the relaxation rates of glassy dynamics close to the thermal glass transition temperature. As discussed above no glass transition temperature could be measured by conventional calorimetry before the thermal decomposition of the polymers. Therefore, also no temperature of the viscosity or the glassy dynamics could be estimated, and the fragility values remains unknown, and this correlation could not be evaluated here.



It is further interesting to note that the Boson peak for PIM-EA-TB(CH3) has a higher intensity than that of PIM-EA-TB(H2). Currently the intensity of a Boson peak is under controversial discussion and no convincing approach is available. Therefore, this point needs further experimental and theoretical investigations.




3.2. Microscopic Diffusion


To characterize the microscopic diffusion an effective mean-square displacement <u2eff> was estimated from the elastically scattered intensities measured at HFBS (elastic fixed window scans, ΔE ≈ 0). Such measurements provide information of the molecular mobility at a time scale characterized by the resolution of the backscattering spectrometer (ca. 2 ns). The calculation of <u2eff> was based on the conventional Gaussian form:


     I  el    ( q )     I 0   ( q )    =      e     (  −  q 2   〈     u  e f f  2   3   〉   )     



(4)




with a correction due to multiple scattering [73]. Iel(q) and I0(q) denote the elastically and totally scattered intensities where I0(q) was recorded with an improved statistic at 4 K. As the values of <u2eff> are low compared to those on other experiments employing the fractal model used earlier [74] was unnecessary and even turned out to increase the uncertainty of the results.



Figure 4a compares of the effective mean squared displacement for PIM-EA-TB(CH3), PIM-1 and PTCNSi1 in its temperature dependence. The chemical structure of PTCNSi1 is given as inset in Figure 4a. Figure 4b compares the temperature dependences for PIM-EA-TB(CH3) and PIM-EA-TB(H2).



At low temperatures the temperature dependence of <u2eff> is related to vibrations for all materials. This issue will be further discussed below. For PTCNSi1 a strong step-like change is observed in the temperature dependence of <u2eff> which is assigned partly to the rotation of methyl groups (see also [32]). Additionally, the data for PIM-1 show a step-like increase of the mean squared displacement which was also related to the methyl group rotation of PIM-1 [31]. The onset temperature of the methyl group rotation is shifted to higher temperatures in comparison to PTCNSi1 which is due to a higher activation energy of the methyl group rotation in PIM-1 compared to PTCNSi1 as discussed elsewhere [32]. In the case of PIM-EA-TB(CH3) the effective mean squared displacement is higher than that of PIM-EA-TB(H2). These higher values of <u2eff> must be attributed to the mobility of the methyl group because PIM-EA-TB(H2) has a similar backbone structure as PIM-EA-TB(CH3) but without methyl groups. There seems to be also a step-like change of the effective mean squared displacement at even higher temperatures than the step-like change observed for PIM-1. The only mobile fluctuation that can be imagined from the chemical structure of PIM-EA-TB(CH3) at these temperatures is the rotation of the methyl groups. Therefore, the onset of molecular mobility observed for PIM-EA-TB(CH3) is also assigned to the rotation of methyl groups. This argument is further supported by the experimental result that no step-like change is observed in the temperature dependence of the effective mean squared displacement of PIM-EA-TB(H2) which has no methyl groups in its structure (see inset Figure 1).



At first glance, the different temperature dependence of <u2eff>might be related to the fact that a different number of methyl groups is present in the different materials. While PIM-1 has four methyl groups, PTCNSi1 carries three methyl groups and only two methyl groups are present in PIM-EA-TB(CH3). Because the scattering cross-sections of all monomeric units are approximately similar, without a detailed calculation from the chemical structure of the polymers the ratios in the step-height of effective mean squared displacement Δ<u2eff>CH3 should be approximately PIM-1:PTCNSI1:PIM-EA-TB(CH3) = 4:3:2. For a more detailed elaboration, the fraction of the scattering cross-section from the methyl groups fCH3 is considered. The mean squared displacement of a hydrogen atom in a methyl group can easily be calculated in the long-time limit. For a jump length of 1.779 Å which is derived from the geometry of the methyl group, the corresponding mean squared displacement is 1.055 Å2. Multiplying the two values gives the expected step height in the <u2>(T) plot contributed by the methyl groups (see Table 2).



These calculated data were added to Figure 4a as vertical double arrows. For PIM-1 where the measured step-high for the methyl group rotation is smaller than the one calculated here. As it was discussed in [31] the detailed analysis of quasi-elastic neutron scattering shows that a fraction of the methyl groups is immobilized with regard their rotation. A closer inspection of Figure 1c reveals that the arrangement of the methyl in PIM-1 is demanding from the sterically point of view which might lead to blocking of the methyl group rotation. Additionally, for PIM-EA-TB(CH3) the measured step for the methyl group rotation is smaller than the calculated one. This observation points to a blocking of methyl groups such as for PIM-1. This aspect will be further studied by quasi-elastic neutron scattering experiments.



Finally, the step observed in the mean squared displacement for PTCNSi1 is much higher than that predicted. The calculated Δ<u2eff>CH3 would fit the low temperature part of <u2eff> up to ca. 200 K. It is worth to noting that this temperature range was analyzed in [32] to estimate the elastic incoherent structure factor (EISF) for the methyl group rotation in PTNCSi1. The q dependence reveals a jump diffusion in a three-fold potential characteristic for the methyl group rotation. Further, the quantitative analysis gives the fraction of mobile hydrogen nuclei which corresponds to the number of hydrogens present in the methyl groups. The increase of <u2eff>(T) at temperatures above ca. 220 K must be due to the onset of fluctuations that are different from the methyl group rotation. Dielectric investigations on PTCNSi1 show that a β-relaxation sets in at temperatures above 200 K [75]. The β-relaxation will introduce an additional mobility to the polymer matrix.



A scaling procedure as discussed for PTCNSi1, PIM-1 and PIM-EA-TB(CH3) in previous work [31,32] cannot be carried out to compare <u2eff> measured for PIM-EA-TB(CH3) and PIM-EA-TB(H2) because the latter polymer has no methyl groups.



Figure 4b shows that t <u2eff> (T) shows a strong change at ca. 175 K (TBend) for PIM-EA-TB(CH3) and PIM-EA-TB(H2). Such a change in the scattering behavior was related by Colmenero et al. to the onset of a fast dynamics related to the Carbon-Carbon torsional barrier [76]. Considering the backbone structure of PIM-EA-TB such a Carbon-Carbon torsion does not seem possible. Nevertheless, atomistic molecular dynamic simulations carried for PIM-1 indicated some localized fluctuations (bend and flex fluctuation) [77,78]. The change in the temperature dependence of <u2eff> (see inset Figure 4a) might indicate experimentally that such fluctuations are also possible for PIM-EA-TB as also indicated by atomistic molecular dynamic simulations [78]. The change in the temperature dependence of <u2eff> at TBend cannot be assigned to methyl groups because it is observed for PIM-EA-TB(CH3) and PIM-EA-TB(H2). It should be noted that such bend and flex fluctuation are also discussed to be the origin of the glass transition found for PIM-EA-TB(CH3) [59]. Such a change in the temperature dependence of <u2eff> is not clearly observed for PTCNSi1 and PIM-1. In those cases, <u2eff> related to the methyl group rotation is much larger and probably overlay that what is due to the bend and flex fluctuation.



In this section the microscopic diffusion was derived from elastic scans measured by neutron scattering. Localized molecular fluctuations might be of importance to understand the permselectivity in polymers bearing a microporosity because they can be door openers of bottleneck between the interconnected pores.




3.3. Microscopic Dynamics from the Vibrational Density of States


From the vibrational density of states g(ω) the effective mean squared displacement can be calculated by [62]:


   〈   u  eff  2   〉  =   3 ħ   2     m ¯         ∫  0   ω  max       g  ( ω )   ω    coth  (    ħ ω   2  k B  T    )     d ω  .  



(5)




where ωmax is the highest frequency in the vibrational spectrum. The results are given in Figure 5.



Figure 5a shows that the vibrational part of <u2eff> is well described by Equation (5). The same is true for PIM-1 (see inset Figure 5a). For PIM-EA-TB(CH3) and PIM-EA-TB(H2) there is also a reasonable agreement between the measured data and the calculated values (see Figure 5b). Moreover, it becomes also clear from Figure 5b that the change in the temperature dependence of <u2eff> at around 175 K found for PIM-EA-TB(CH3) and PIM-EA-TB(H2) cannot be related to vibrations. This result provides some further evidence that the temperature dependence should be related to the onset of some molecular mobility such as bend and flex fluctuations.





4. Conclusions


Polymers bearing an intrinsic microporosity are attractive materials for gas separation membranes as active layer. Currently it not well understood why these group has a reasonable permselectivity values in addition to high permeabilities.



Here, the low frequency density of states (Boson peak) and the molecular mobility at a time scale of 2 ns is investigated for PIM-EA-TB(CH3) and its demethylated counterpart PIM-EA-TB(H2) by neutron scattering employing inelastic neutron scattering at a time-of-flight spectrometer (low frequency density of states) and elastic fixed window scans on a backscattering device (microscopic diffusion). A detailed comparison is made to the archetype of polymers of intrinsic microporosity, PIM-1, and to the highly permeable polynorbornene PTCNSi1 which also bears an intrinsic microporosity. The investigation is motivated by the idea that vibrations and especially localized molecular fluctuations can play the role door openers of bottlenecks between pores to allow for the diffusion of gasses.



It was found that the maximum frequency position of the Boson peak shifts on the one hand to lower frequency values with increasing microporosity characterized by the BET surface value. On the other hand, the comparison with other polymers having also an intrinsic microporosity reveals that other parameters such as the stiffness of the polymer backbone will influence the frequency position of the Boson peak too.



From the elastic fixed window scans an effective mean squared displacement was calculated. As a result, it as was found that <u2eff> is higher for PIM-EA-TB(CH3) compared to PIM-EA-TB(H2). This difference was attributed to the methyl groups present in PIM-EA-TB(CH3) but not in PIM-EA-TB(H2). A small step-like change is present in the temperature dependence of <u2eff> measured for PIM-EA-TB(CH3) which might indicate the onset of the methyl group rotation in that polymer. The temperature dependence of the effective mean squared displacement of PIM-EA-TB(CH3) is compared with that found for PIM-1 and PTCNSi1, where an estimation of the increments of <u2eff>(T) due to the methyl groups deduced from the chemical structure is employed. Further a kink-like change was found in the temperature dependence of <u2eff> for PIM-EA-TB(CH3) and PIM-EA-TB(H2) at ca. 175 K (TBend) which is at temperatures below the onset of the methyl group rotation. This change in <u2eff>(T) was assigned to the onset of a localized molecular mobility such as bend and flex fluctuations predicted by atomistic molecular dynamic simulations. This argumentation was supported by a comparison of the <u2eff> values measured with that calculated from the low frequency density of states. The presented studies will be extended by quasi-elastic neutron scattering experiments to characterize the molecular mobility and diffusion in these systems in more detail. Furthermore, the data will be correlated to the results of gas transport measurements.
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Figure 1. Chemical structure of the investigated PIMs: (a) PIM-EA-TB (CH3), (b) PIM-EA-TB (H2) and (c) PIM-1. 






Figure 1. Chemical structure of the investigated PIMs: (a) PIM-EA-TB (CH3), (b) PIM-EA-TB (H2) and (c) PIM-1.



[image: Crystals 11 01482 g001]







[image: Crystals 11 01482 g002 550] 





Figure 2. Sinc(q, ΔE) normalized by the maximum of the elastic line measured for (a) PIM-EA-TB(CH3) and (b) PIM-EA-TB(H2) at DCS at 50 K compared to the spectrometer obtained by measuring the sample at 4 K. The data were averaged over all angles. 
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Figure 3. (a) Low frequency density of states divided by ω2 vs. frequency for PIM-EA-TB (CH3) (red squares) and PIM-EA-TB(H2) (blue circles). The lines are guides for the eyes. (b) Maximum frequency of the Boson peak versus BET surface area. Squares—Matrimid, data was taken from [58]. Asterisks—polynorborenes, where the data was taken from [53], Circles—Polymers of intrinsic microporosity as indicated. The data for PIM-1 was taken form [56]. Lines are guides for the eye. 
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Figure 4. (a) Temperature dependence of <u2eff>: Black squares—PIM-EA-TB(CH3), red circles—PIM-1 and green asterisks—PTCNSi1. The dashed lines are guides for the eyes. The vertical solid lines give the theoretical contribution of the methyl groups to <u2eff>. The color code is same than for the materials. (b) Comparison of <u2eff> for PIM-EA-TB(CH3) (black squares) with that of PIM-EA-TB(H2) (blue triangles). Lines are guides for the eye. 
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Figure 5. (a) Comparison of the measured effective mean squared displacement (green asterisks) with that calculated by Equation (5) (green line) for PTCNSi1. The inset shows the same for PIM-1: red circles -measured; red line calculated. (b) Comparison of the measured <u2eff> for PIM-EA-TB(CH3) (black squares) and PIM-EA-TB(H2) (blue triangles) with those calculated by Equation (5): black line—PIM-EA-TB(CH3), blue line—PIM-EA-TB(H2). In both (a,b) the <u2eff> values shown have the value due to the removed zero-point motion. Because the experiments start at a finite temperature, the experimental values of <u2eff> were shifted to coincide with the theoretical vibrational at the lowest temperature of the experiment. 
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Table 1. BET surface values for the discussed polymers.
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	PIM-EA-TB(CH3)
	PIM-EA-TB(H2)
	PIM-1
	PTCNSi1





	BET surface area m2/g
	1030
	845
	720
	610
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Table 2. Relative scattering cross-section of the methyl group fCH3 and contribution of the methyl groups to the effective mean squared displacement Δ<u2eff>CH3.
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	PIM-1
	PTCNSi1
	PIM-EA-TB(CH3)





	fCH3
	0.523
	0.423
	0.271



	Δ<u2eff>CH3
	0.552 Ǻ2
	0.446 Ǻ2
	0.286 Ǻ2
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