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Abstract: 
The molecular dynamics of addition-type poly(tricyclononenes) with Si-substituted bulky side 

groups has been investigated by a combination of neutron time-of-flight and neutron 

backscattering spectroscopy methods on a time scale from 0.1 ps to ca. 3 ns. The investigated 

poly(tricyclononenes) PTCNSi1 and PTCNSi2g both bear a high microporosity which makes 

them promising candidates for active separation layers for gas separation membranes. Pathways 

in the structure of the temporary network of micropores can be opened and closed for the 

diffusion of gas molecules. A low temperature relaxation process was found for both polymers 

by the performed neutron scattering experiments. This process was assigned to the methyl 

group rotation. It was analysed in terms of a jump diffusion in a three-fold potential. The 

analysis of the dependence of the elastic incoherent structure factor on the scattering vector 

yields the number of methyl groups which might be immobilized. For PTCNSi1 (3 methyl 

groups in the monomeric unit) it was found that all methyl groups take part in the methyl group 

rotation whereas for PTCNSi2g (6 methyl groups in monomeric unit) a considerable number of 

methyl groups are blocked in their rotation. This immobilization of methyl groups is due to the 

sterically demanding arrangement of the methyl groups in PTCNSi2g. This conclusion is 

further supported by the result that the activation energy for the methyl group rotation is three 

times higher for PTCNSi2g than that of PTCNSi1. 
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1. INTRODUCTION 

Membrane processes, for instance for the separation of gases, are among the key technologies 

in sustainable energy supply. Compared to techniques based on absorption or cryogenic 

processes they are cost and energy efficient. Glassy polymers are belonging to the most 

interesting class of materials for the active separation layers in these membranes. Moreover, 

polymers can be processed at larger scales and are inexpensive in comparison to other materials. 

The most attractive candidates for polymers in gas separation membranes are glassy polymers 

with a high free volume. The demand to optimize the polymeric materials stimulated an 

intensive development in the field and led for instance to the synthesis of polymers such as 

poly(trimethylsilylpropyne) (PTMSP)1 and poly(4-methyl-2-pentyne) (PMP)2,3. For these 

polyacetylenes the level of permeability was found orders of magnitude higher than that of 

classical or conventional glassy polymers. The research also lead to the development of new 

classes of polymers with an extraordinary high free volume like polymers of intrinsic 

microporosity (PIMs)4,5 or addition-type poly(norbornenes) or poly(tricyclononenes) 6-10 with 

Si-substituted bulky side groups. The microporosity of PIMs results from a rigid backbone 

having also spiro-centers which cause a contorted chain structure leading to an insufficient 

packing in the condensed state. In difference for the mentioned polynorbornenes in addition to 

stiff backbones the microporosity is mainly due to the bulky substituents. These substituents 

prevent also an effective packing of the segments in the condensed state. The microporosity is 

characterized by large values of Brunauer/Emmett/Teller (BET) surface areas of several 

hundred m2/g. This goes along with a high free volume in the form of a continuous void 

phase.11,12 The considered Si-substituted polynorbornenes/poly(tricyclononenes) exhibit, like 

PIMs, a favourable combination of reasonable permselectivities with high permeabilities 

values.9,10 

Recently broadband dielectric spectroscopy was employed to investigate the molecular 

mobility of two Si-substituted polynorbornenes poly(3-(trimethylsilyl) tricyclononene-7) 

(PTCNSi1) and poly(3,3-bis(trimethylsilyl) tricyclononene-7) (PTCNSi2g).13,14 Two 

relaxation processes were found for both polymers. The one found at lower temperatures or 

higher frequencies was assigned to localized fluctuations, whereas the process which was 

observed at higher temperatures corresponding to lower frequencies is related to 

Maxwell/Wagner/Sillars polarization effects induced by the microporosity of the 

polynorbornenes. Moreover, it should be noted that no glass transition temperature Tg could be 

estimated for the polynorbornenes/poly(tricyclononenes) prior to their thermal degradation by 
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conventional DSC. Molecular dynamic simulations gave some evidence that the Tg has to be 

expected close to the chemical decomposition temperature.15 

The gas transport through dense polymer membranes is generally discussed in the framework 

of a solution diffusion model. While the solubility of a gas molecule depends mainly on its 

polarizability, the diffusivity depends on its effective size. For instance, this size can be 

characterized by the minimal diameter of a molecule allowing its transport through a rigid or 

dynamic bottleneck of the polymer matrix. In that respect the molecular mobility of the polymer 

must be considered. It can be discussed that due to molecular fluctuations, for instance the 

rotation of methyl groups, the connection between the free volume elements can be opened or 

closed. Quasielastic neutron scattering has been employed to investigate the molecular mobility 

of high-performance polymers.16-18 Molecular fluctuations at a time scale of picoseconds are 

found to be relevant for the gas transport in polymers. Furthermore, the neutron data and the 

diffusion coefficient of gas molecules have been correlated.16 Recently, also quasielastic 

neutron scattering has been utilized to investigate the molecular mobility of a polymer of 

intrinsic microporosity, PIM-1, in comparison to a conventional high-performance polyimide.19 

Also the low frequency density of states was investigated for PTCNSi1 and PTCNSi2g by 

inelastic neutron scattering in a recent paper.20 

 

2. EXPERIMENTAL SECTION 

Materials. 

Addition-type polymerization was employed to prepare the polymers investigated here.7,8, The 

chemical structures of PTCNSi1 and PTCNSi2g are depicted in Figure 1 together with an 

optimized model of their repeat units. PTCNSi1 has one trimethylsilyl side group while 

PTCNSi2g bears two. Therefore, the influence of the number of trimethylsilyl side groups could 

be discussed for these two polymers. 

a  b  
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Figure 1: Chemical structure of the investigated polynorbornenes: a - PTCNSi1 and b ± PTCNSi2g. 

 

The molecular weights Mw were estimated by size exclusion chromatography to 550000 g/mol 

(PTCNSi1) and 350000 g/mol (PTCNSi2g) leading to good film forming properties. Both 

polymers have a distinct microporosity characterized by BET surface area values of 790 m2/g 

(PTCNSi2g)7 and 610 m2/g (PTCNSi1).7 As stated above, due to the rigid chain structure no 

glass transition temperature could be estimated for both polymers before their degradation. 

For the details of the sample preparation the reader is referred to ref. [13,14]. In brief, solutions 

of both polymers in toluene were prepared with concentrations adapted to end up with a film 

thickness allowing for ca. 10 % incoherent neutron scattering. Such a film thickness minimizes 

effects due to multiple scattering. A 0.2 µm PVDF-filter was used to cast the solution into a 

Teflon mold. To control the evaporation of the solvent from the film, the mold was placed in a 

closed chamber with a saturated toluene atmosphere at room temperature. A solid film was 

obtained after ca. 3 days. To remove the solvent completely, the film was subsequently annealed 

in an oil-free vacuum at a temperature of 393 K (120 °C) for 3 days. The samples were then 

sealed hermetically in flat aluminum cells for the neutron scattering experiments because 

aluminum is nearly transparent for neutrons.  

 

Neutron Scattering. 

During a quasielastic neutron scattering experiment both, momentum and energy, are 

exchanged between the nuclei of the sample and the neutrons. Therefore, neutron scattering is 

sensitive to molecular motions at microscopic length scales and times.22 The double differential 

cross section ࢊ૛࣌
࣓ࢊ ષࢊ

 is the main experimental quantity obtained from a quasielastic neutron 

scattering experiment. It is given by 
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Here are ki and kf are the incident and final wave vectors of the neutron beam where the 

scattering vector q is defined by q= kf - ki. The angular frequency Z is related to the measured 

energy transfer by Z='E/ƫ and : is the solid angle of detection. Si(q,Z) are the coherent (i=coh) 

and incoherent (i=inc) dynamic structure factors (scattering functions) which are weighted by 

the corresponding scattering cross-VHFWLRQV IRU FRKHUHQW DQG LQFRKHUHQW VFDWWHULQJ ıcoh DQG ıinc, 

respectively. PTCNSi1 and PTCNSi2g consist of hydrogen (H), carbon (C), and silicon (Si) 

(see Figure 1). This results for ıcoh DQG ıinc in 103.9 barn and 1605.2 barn, respectively, for 

PTCNSi1 as well as 136.8 barn and 2247.3 barn for PTCNSi2g.20 So for both polymers the 

measured scattering is predominantly incoherent. 

For the neutron scattering experiments different spectrometers were combined. 

Elastic scans: To gain an overview about the molecular dynamics at a time scale of ca. 2 ns 

fixed elastic window scans ('E|0) were carried out at a neutron backscattering spectrometer. 

The high-resolution spectrometer SPHERES23,24 was utilized for that purpose. SPHERES is 

operated by the Jülich Centre for Neutron Science (JCNS) at the Heinz Maier-Leibnitz Zentrum 

(MLZ) in Garching, Germany. It is a cold neutron backscattering spectrometer of the third 

generation and is equipped with a focusing optics as well as a rotating phase-space-transform 

chopper and a linear doppler drive. Standard configuration was employed with an incident 

wavelength of On= 6.27 Å leading to a maximal accessible elastic scattering vector of q=1.76 

Å-1. From the elastically scattered intensities an effective mean-square displacement <u2> eff is 

calculated by a fractal model25 which in case of a clear separation of elastic and inelastic 

scattering reduces to the usual Gaussian form 

 

𝐼 ୪ሺ𝑞ሻ/𝐼଴ሺ𝑞ሻ ൌ  eሺି௤మழ௨మவ౛౜౜/ଷሻ.        (2) 

 

Beside the separation of elastic/inelastic scattering the fractal model is also more reliable in a 

temperature range where the <u2>eff values become large due to molecular motions, compared 

to the standard Gaussian approximation. In equ. 2, Iel(q) and I0(q) are the elastically and totally 

scattered intensities where I0(q) was measured with increased statistics at 4 K. The experiments 

were carried out with a heating rate of 0.6 K/min for PTCNSi1 and 0.7 K/min for PTCNSi2g. 

This rate corresponds to 0.78 K and 0.97 K per data point. 

Quasielastic measurements: To cover a broad time range for the quasielastic measurements 

neutron time-of-flight (TOF) spectroscopy was combined with neutron backscattering (BS). 



 7 

The multi-chopper cold neutron time-of-flight spectrometer NEAT-226,27 was utilized for the 

TOF measurements. It was operated by the Helmholz-Zentrum Berlin (HZB). A configuration 

was employed with an incident wavelength of On= 6 Å. The energy resolution was 64 µeV ± 68 

µeV (full width at half maximum) depending slightly on q with a maximal elastic scattering 

vector of q=2 Å-1. Figure 2a depicts the incoherent dynamic structure factor for PTCNSi1 

measured at NEAT-2 for different temperatures. For higher temperature the measured spectra 

show the characteristic quasielastic broadening in comparison to the resolution of the 

spectrometer R(q,'E) obtained by measurements of the sample at 3.5 K. For the latter it was 

assumed that all molecular fluctuations leading to quasielastic scattering are frozen besides 

quantum zero-point motions. 

For the neutron backscattering measurements IN16B was employed operated by the Institut 

Laue-Langevin (ILL) in Grenoble, France.28 IN16B is a cold neutron backscattering 

spectrometer of the third generation with a focusing optic, a rotating phase-space-transform 

chopper and a linear doppler drive. It was employed in the standard high flux configuration 

with unpolished Si-111 monochromators/analyzers and an incident wavelength of On= 6.27 Å. 

This configuration results in a resolution of 0.74«0.81 PeV. The maximal accessible elastic 

scattering vector was q=1.83 Å-1. Examples for SInc(q, 'E) for PTCNSi1 measured at IN16B 

are shown in Figure 2b. Like the TOF data also the backscattering spectra show the quasielastic 

broadening compared to the resolution of the spectrometer measured at 2 K. 
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Figure 2: a) Incoherent dynamical structure factor SInc(q,'E) normalized by the height of the elastic line 
measured for PTCNSi1 at NEAT-2 at an q vector of 1.61 Å-1: black squares ± resolution (3.5 K); blue - circles 
± 75 K, red asterisks ± 275 K. b) Incoherent dynamical structure factor SInc(q,'E) normalized by the height of 
the elastic line measured for PTCNSi1 at IN16B at an angle of 88 °: black squares ± resolution (2 K); blue - 
circles ± 75 K, red asterisks ± 275 K. Lines are guides for the eyes. 
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The program Mantid29 was used to evaluate the NEAT-2 data which features TOF to energy 

conversion, background subtraction, Vanadium normalization, and self-attenuation correction. 

Mantid was also used for the data reduction of the backscattering data where Vanadium 

normalization were applied together with self-attenuation correction as well as an attenuation 

correction on the background to be subtracted. For both data sets an effective but cross section 

weighted SInc(q,'E) was obtained. 

Figure 2 evidences the large difference in the energy resolution of the time-of-flight and the 

backscattering data. To analyze the results from NEAT-2 and IN16B jointly both sets of data 

were Fourier transformed and divided by the corresponding Fourier transform of the resolution. 

By that procedure absolute values of the incoherent intermediate scattering function SInc(q,t) 

were obtained. Furthermore, both the NEAT-2 and the IN16B data were corrected for multiple 

scattering. Because the exact scattering geometry is not known for that correction, in the time 

domain a multiple scattering fraction was fitted to optimize the limit Sinc(Tĺ0,W)=1.30 The 

estimated multiple scattering fractions with respect to single scattering for PTCNSi1 were 16% 

and 20% for IN16B and NEAT respectively and for PTCNSi2g 24% and 25%. 

 

3. Results and Discussion 
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Figure 3a: Effective mean squared displacement <u2
eff> versus temperature: squares ± PTCNSi1, 

circles ± PTCNSi2g. Lines are guides for the eyes. 

The temperature dependence of the effective mean squared displacement for PTCNSi1 and 

PTCNSi2g is depicted in Figure 3a. For both materials the temperature dependence of 

<u2
eff>(T) at low temperatures is due to vibrations. In the temperature range from 150 K to 275 

K for PTCNSi1 the temperature dependence of the effective mean squared displacement shows 

a step-like change. This step indicates the onset of molecular motions at a time scale of ca. 2 ns. 

By means of dielectric spectroscopy, sensitive to molecular fluctuations connected to a dipole 

moment, no relaxation process was detected for PTCNSi1 in this temperature range.14 

Therefore, it has to be concluded that the observed relaxation process is related to nonpolar 

groups. The only molecular moieties which can be mobile at these low temperatures and which 

are not polar, i.e. do not contain any polar bonds or dipole moments, are the methyl groups. It 

is also known from the literature that the methyl group for conventional polymers becomes 

active in that temperature range.30-33 Therefore, the step observed in <u2
eff>(T) for PTCNSi1 is 

assigned to the methyl group rotation. 

For PTCNSi2g a different behavior is observed in the temperature dependence of the effective 

mean squared displacement. Firstly, at temperatures higher than 100 K <u2
eff>(T) for 

PTCNSi2g is higher than that for PTCNSi1. Secondly, after a first increase of the mean squared 

displacement which occurs almost in parallel to that of PTCNSi1 there seems to be a further 

change in the temperature dependence of <u2
eff>(T) for PTCNSi2g. This might indicate a 

second process in addition to that what is observed for PTCNSi1. This possible second process 

could be also assigned to a methyl group rotation, but with a higher activation barrier. It should 

be noted that also dielectric spectroscopy reveals two different E-relaxation processes for 

PTCNSi2g at higher temperatures which is not the case for PTCNSi1.14 Also a bimodal size 

distribution of the microporosity was reported for PTCNSi2g.7,8 As concluded also in ref. [14] 

the morphology of PTCNSi2g is more heterogeneous than that of PTCNSi1. 
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Figure 3b: Effective mean squared displacement <u2
eff> versus temperature normalized by the scaling 

factor SF described in the text: squares ± PTCNSi1, circles ± PTCNSi2g. The inset enlarges the data 

in the temperature range from 200 K and 400 K. Lines are guides for the eyes. 

To understand the difference in the temperature dependence of <u2
eff>(T) for both materials 

one has to consider that PTCNSi1 has three methyl groups while PTCNSi2g has six (see Figure 

1). A scaling by the factor SF= (3 * number of methyl groups) / (number of all protons in the 

repeating unit) should lead to a collapse of <u2
eff>(T) for both polymers when the number of 

methyl groups per repeat unit is the only difference in the behavior between PTCNSi1 and 

PTCNSi2g. Figure 3b reveals that the reduced values of the effective mean squared 

displacement overlap up to ca. 250 K. In the temperature range from ca. 250 K to 375 K 

differences between both data sets are observed where the normalized values for PTCNSi2g are 

lower than those obtained for PTCNSi1. The inset of Figure 3b reveals that the differences in 

both data sets are significant considering the uncertainty of the measurement reflected by the 

scatter of the data. This result means that compared to PTCNSi1 for PTCNSi2g the rotation of 

some the methyl groups are not thermally activated in that temperature range. The distinct 

deviations in the normalized mean squared displacement data indicate a significant difference 

of the motional processes connected to the methyl group rotation of the two polymers. For 
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temperatures above 375 K the data measured for PTCNSi1 and PTCNSi2g show again the same 

temperature dependence. 
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Figure 4. Incoherent intermediated scattering function SInc(q,t) versus time for PTCNSi1 for different 

q vectors at 150 K: circles ± 0.3 Å-1, down sided triangles ± 0.84 Å-1, octagons ± 1.13 Å-1, triangles ± 

1.4 Å-1, asterisk ± 1.61 Å-1 and squares ± 1.78 Å-1. Lines are fits of equ. 3 to the corresponding data. 

To investigate the molecular dynamics further quasielastic neutron scattering is employed. 

Figure 4 depicts the time dependent intermediate scattering function SInc(q,t) at 150 K for 

different q-vectors for PTCNSi1. In the time range 0.1 ps to ca. 50 ps the data correspond to 

the neutron time of flight measurements at NEAT-2, whereas the data for longer times than 50 

ps were measured by neutron backscattering at IN16B. Figure 4 proves that the measurements 

results obtained from both spectrometers do nicely match. A single decay was observed for 

SInc(q,t) indicating a relaxation process. As discussed above this relaxation process is assigned 

to the methyl group rotation in PTCNSi1. The Rotation Rate Distribution Model (RRDM)31 is 

the standard model for the methyl group rotation. Here a simplified treatment is used: a 

stretched exponential function 

S୍୬ୡሺq, tሻ ൌ DWF ∗ ቆሺ1 െ EISF୑ሻexp ൬െ ቀ ୲
த౉

ቁ
ஒ౉

൰ ൅ EISF୑ቇ    (3) 
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is fitted to the data. DWF is the Debye-Waller factor, EM is the stretching parameter describing 

the distribution of relaxation times and WM is the relaxation time for methyl group rotation. The 

Elastic Incoherent Structure Factor is denoted by EISFM. Figure 4 shows also that the data can 

be well described by equ. 3. Values of EM are given in the SI, Table S1. 

The q-dependence of the EISMM for PTCNSi1 is depicted in Figure 5a. The most 

straightforward model to calculate the Elastic Incoherent Structure Factor for methyl group 

rotation is a jump diffusion in a three-fold potential Vሺϕሻ~ሺ1 െ cosሺ3ϕሻሻ/2.31,34 It considers 

three equivalent energy minima with respect to the rotation angle I of the methyl group. This 

model gives for the EISFM 

EISF୑ሺqሻ ൌ  ଵ
ଷ

 ቀ1 ൅ 2 ୱ୧୬ ሺ√ଷ ୯୰ሻ
√ଷ ୯୰

ቁ.        (4) 

 

Here r= 1.027 Å describes the radius of a circle spanned by the positions of the hydrogen nuclei 

of the methyl group. Figure 5a shows that the data obtained for PTCNSi1 do not follow equ. 4. 

To understand this discrepancy, one must consider that not all hydrogen nuclei are involved in 

the methyl group rotation. For PTCNSi1, the monomeric unit has 20 hydrogen nuclei of which 

only 9 are situated in methyl groups. Therefore, 11 hydrogens do not participate in the methyl 

group rotation and scatter elastically in the temperature range relevant for the methyl group 

rotation. The corresponding fraction of hydrogens which scatter elastically Cfix is (20-

9)/20=0.55 which must be considered in equ. 4 as30,32,33 

EISF୑,ୡ୭୰୰ሺqሻ ൌ ሺ1 െ C୤୧୶ሻEISF୑ሺqሻ ൅  C୤୧୶.      (5) 

Figure 5a shows that equ. 5 describes the data reasonably well with the EISFM from equ. 5 

taking into account the theoretical fraction Cfix=0.55. A best fit of equ. 5 to the data yields an 

effective Cfix=0.52 which is quite close to the theoretical value. This provides further evidence 

that the observed relaxation process is indeed the methyl group rotation. The slight difference 
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between the theoretical Cfix and the fitted value might be due to experimental error or that a 

small amount of methyl groups is hindered in its rotation. 
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Figure 5: a) Squares - q dependence of the elastic incoherent structure factor EISFM for PTCNSi1 at T=200 K. 
Dashed line - calculated dependence according to equ. 4. Black line ± calculated according to equ. 5 with the 
theoretical fraction Cfix=0.55. Red line ± Fitting of equ. 5 to the data which results in Cfix=0.52.  
b) Comparison of the q dependence of the EISFM for PTCNSi1 (squares) and PTCNSi2g (circles) at 200 K. 
Black line ± calculated according to equ. 5 for PTCNSi1 with the theoretical fraction Cfix=0.55. Red line ± 
Fitting of equ. 5 to the data of PTCNSi1 which results in Cfix=0.52. Dashed black line ± calculated according to 
equ. 5 for PTCNSi2g with the theoretical fraction Cfix=0.357. Blue line ± Fitting of equ. 5 to the data of 
PTCNSi2g which results in Cfix=0.253. 
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Figure 6. Comparison of the incoherent intermediate scattering function SInc(q,t) versus time for 

PTCNSi1 (squares) and PTCNSi2g (circles) at q=1.78 Å-1 and T=125 K. Lines are fits of equ. 3 to 

the corresponding data. The data are shifted along the y-scale for sake of clarity. 

Figure 6 compares the time dependent intermediate scattering function for PTCNSi1 and 

PTCNSi2g at the same temperature of T=125 K and q=1.78 Å-1. Compared to PTCNSi1, the 

SInc(q,t) measured for PTCNSi2g is stretched of a much broader time range. On the one hand, 

this might be due to two relaxation processes involved in SInc(q,t). This interpretation would be 

in agreement with the temperature dependence of the mean squared displacement (see Figure 

3). Nevertheless, no clear two-step decay could be observed in the time dependent intermediate 

scattering function of PTCNSi2g. Moreover, two stretched exponential functions could not be 

fitted unambiguously to the data. On the other hand, the ³VWUHWFKLQJ´ of SInc(q,t) for PTCNSi2g 

might also be due to a broad distribution of activation energy barriers for the methyl group 

rotation related to the their sterically slightly hindered arrangement. For both reasons, equ 3 is 

also used to analyze the data of PTCNSi2g. Values of EM are given in the SI, Table S1. 

Figure 5b compares the q dependence of the EISF for PTCNSi1 and PTCNSi2g. PTCNSi2g 

contains 28 hydrogen nuclei in the repeat unit of which 18 hydrogen nuclei are in methyl 

groups. This yields 0.357 as the theoretical value of Cfix. Figure 5b shows that in contrast to 

PTCNSi1, equ. 5 with the theoretical value of Cfix does not describe the data of PTCNSi2g. 

Rather, a fit of equ. 5 to the data of PTCNSi2g leads to 0.253 for Cfix which is considerably 

lower than the theoretical value calculated from the chemical structure. This difference cannot 

be explained as result from experimental errors. Therefore, it must be concluded that for 

PTCNSi2g a considerable number of methyl groups is hindered in their rotation. It can be seen 

from Figure 1 that the arrangement of the methyl groups in PTCNSi2g is sterically demanding. 
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For a free rotation enough free space must be available in the vicinity of the respective methyl 

group. Whether this space is available or not might depend also on the rotational positions of 

adjacent methyl groups attached to the second Si atom in the same repeating unit as well as 

their hydrogen nuclei. This discussion assumes that a rotation of the Si group around the single 

bond to the butene cycle is frozen at these temperatures. 

The analysis of time dependence of SInc(q,t) gives also the relaxation time WM of the methyl 

groups. For a local 3-fold jump diffusion process the relaxation time should be independent of 

the scattering vector q. This is indeed observed for PTCNSi1 and PTCNSi2g. The relaxation 

rates for the methyl group rotation are depicted for PTCNSi1 and PTCNSi2g in Figure 7 where 

WM is plotted versus inverse temperature in Arrhenius coordinates. The data for both polymers 

can be described by the Arrhenius equation which reads 

τ୑ ൌ ߬ஶexp ቀ୉ఽ
ୖ୘

ቁ          (6) 

where EA is the activation energy, Wf is the relaxation time at infinite temperatures, and R is the 

universal gas constant. For PTCNSi1 an activation energy of 4.2 kJ/mol with a prefactor of 

log10(Wf [s])= -12.1 is obtained which is comparable to data obtained for the methyl group 

rotation of poly(methyl phenyl siloxane) (PMPS).32 PMPS is a quite flexible polymer for which 

it can be expected that the methyl groups can rotate freely. From the similar value of the 

activation energy of the methyl group of PMPS and PTCNSi1 it can be concluded that methyl 

groups can also rotate freely in PTCNSi1. This is further confirmed by the value of log10(Wf 

[s])= -12.1 which is in the typical range expected for a thoroughly localized process. This 

conclusion is also in agreement with the q-dependence of the elastic incoherent structure factor. 
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Figure 7. Relaxation time for the methyl group rotation versus inverse temperature: Squares ± 

PTCNSi1, circles ± PTCNSi2g and asterisk ± poly(methyl phenyl siloxane) (PMPS). The data for 

PMPS was taken from ref. 32. Lines are fits of the Arrhenius equation to the corresponding data. 

For PTCNSi2g it was found that the activation energy (11.3 kJ/mol) is almost three times higher 

than the value estimated for PTCNSi1 (4.2 kJ/mol). This result is in direct agreement with the 

conclusion drawn from the q-dependence of the EISF, i.e., that the methyl group rotation is 

sterically hindered for PTCNSi2g in comparison to PTCNSi1. Moreover, for the prefactor 

log10(Wf [s]) a value of -13.8 is obtained which is not typical for a localized molecular process. 

This means that besides enthalpic also entropic contributions are involved in the relaxation 

process. On the one hand, these entropic contributions can be assigned to the steric hinderance 

of the methyl group rotation. On the other hand, the smaller value of the prefactor can be also 

discussed in terms of the so-called compensation rule (Meyer/Neldel rule).35-38it seems to be 

clear that the physical reason for the compensation law is directly related to the cooperativity 

of the underlying process. Regarding the methyl group rotation, it can be assumed that due to 
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the sterically arrangement of the CH3-groups in PTCNSi2g, they can only rotate when they 

move ± at least in part - somehow cooperatively together. 

 

4. Conclusion 

A combination of neutron time-of-flight and neutron backscattering is employed to carry out 

quasielastic neutron scattering experiments to investigate the molecular dynamics of two 

addition-type poly(tricyclononenes) with Si-substituted bulky side groups, PTCNSi1 and 

PTCNSi2g on a broad time scale from 0.1 ps to 3 ns. While PTCNSi1 bears three methyl groups 

in the monomeric unit (-Si(Me)3), PTCNSi2g has six (two -Si(Me)3). Therefore, the 

arrangement of the methyl groups is sterically more demanding for PTCNSi2g compared to 

PTCNSi1. The Si-substituted bulky side groups give rise to a considerable microporosity 

characterized by high BET surface area values of 790 m2/g (PTCNSi2g)7 and 610 m2/g 

(PTCNSi1). The microporosity results in a rather high gas permeability for both polymers. In 

combination with reasonable permselectivities these two polymers are considered as promising 

materials as separation layer in gas separation membranes. Molecular motions like methyl 

group rotations might change the structure of the temporarily interconnected microporous 

network by opening and closing channels or bottlenecks between voids providing pathways for 

gas transport processes. This might be the molecular reason for the good permselectivity of 

these polymers. It should be also noted that the molecular mobility of the methyl groups might 

be also related to the physical aging of these systems as discussed for the archetype of polymers 

of intrinsic microporosity PIM-1 by NMR measurements.39 

To obtain an overview about the molecular dynamics, elastic scans were carried out on a 

neutron backscattering spectrometer. For both polymers the effective mean squared 

displacement reveals one relaxation process which is assigned to the methyl group rotation.  

To analyze the time-of-flight and the backscattering data jointly together, the dynamic structure 

factors are Fourier transformed and divided by the Fourier transform of the corresponding 
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resolution measured at low temperatures. Absolute values of the incoherent intermediate 

scattering function SInc(q,t) were obtained by this procedure. A single step-like decay was 

observed in SInc(q,t) for which a stretched exponential was used to further analyze the data. This 

analysis results in the EISF in its q-dependence and relaxation time. The diffusional jump 

rotation in a threefold potential, the standard model for the methyl group rotation, was 

employed to analyze the q-dependence of the EISF. For PTCNSi1 it was found that more or 

less all methyl groups participate in the methyl group rotation. This is different for PTCNSi2g 

where a considerable amount of methyl groups is blocked or hindered in their rotation. This 

result is discussed by the sterically complex arrangement of the methyl groups in PTCNSi2g 

compared to PTCNSi1. This line of argumentation is further supported by the result that the 

estimated value of the activation energy for the methyl group rotation of PTCNSi2g is 

approximately three times higher than the value found for PTCNSi1. 
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