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A B S T R A C T

This study investigates the molecular mobility and vibrational properties of polynorbornenes with bulky carbocyclic side groups using inelastic and quasielastic 
neutron scattering techniques. The polymers, synthesized via metathesis and addition polymerization, exhibit varying degrees of microporosity, which significantly 
influences their gas separation performance. By inelastic neutron scattering experiments, it could be shown that all considered polymers have excess contributions to 
the low frequency vibrational density of states known as the Boson peak. The maximum frequency of the Boson peak correlates to the microporosity of the polymers. 
This correlation supports the sound wave interpretation of the Boson peak, suggesting that the microporous structure enhances the compressibility of the material at a 
microscopic length scale. The molecular mobility, particularly the methyl group rotation, was characterized using elastic scans and quasielastic neutron scattering. 
The study revealed a temperature dependent relaxation process, with the onset of molecular fluctuations observed around 200 K for the polymer containing methyl 
groups. For the polymer having no methyl groups only elastic scattering is observed. The methyl group rotation was analyzed in terms of a jump diffusion in a 
threefold potential with three equivalent energy minima. This leads to an almost correct description of the q dependence of the elastic incoherent scattering function 
when the number of hydrogen nuclei undergoing the methyl group rotation is considered. It was further evidenced that the fraction of methyl undergoing the methyl 
group rotation increases with increasing temperature.

1. Introduction

In chemical and related industries, separation processes are central 
operations. For the separation of gasses, classical technologies based on 
adsorption or cryogenic distillation are often employed. However, these 
approaches are costly, energy consuming, and mechanically demanding. 
For the future, where more sustainable energy is needed, these con
ventional technologies must be replaced by energy- and cost-effective 
processes.

Membrane based separations using polymers for the active separa
tion layer represents a novel and green approach for gas separation. In 
addition to being cost- and energy-efficient, membrane processes are 
easily scalable, so, for example, they can be employed for the purifica
tion of natural gas on a large scale, as well as for the upgrading of biogas 
on a much smaller scale. Another application of membrane processes is 
the separation of hydrogen and methane distributed simultaneously in 
urban gas grids. For these applications, the polymer used in the 

separation layer should exhibit high permeability (flux) and good 
selectivity for the gas pair in question (e.g. hydrogen and methane) [1,
2].

Currently, the most promising materials for the separation layer of 
membranes are glassy polymers. To provide a high permeability the 
considered polymers should have a high fractional free volume. The 
requirement of a high fractional free volume is motivated by solution 
diffusion model which is generally accepted for the transport of gases in 
dense polymers [3]. In this approach besides the sorption of gas mole
cules they diffuse through the polymer film controlled by a diffusion 
coefficient. As molecular transport mechanism for such a diffusion 
process consecutive jumps of the gas molecules between free volume 
sites within the polymer bulk are considered. As for these jump events 
the formation of temporary channels between the free volume sites is 
required, the diffusion is related to the molecular mobility of the poly
mer matrix surrounding the gas molecule. Therefore, a need exists to 
investigate the molecular mobility of polymers in order to understand 
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the fundamentals of gas separation processes in addition to the ther
modynamic quantities influencing the gas transport.

The idea that the gas transport in dense polymers is mainly deter
mined by the fractional free volume on the one hand, as well as to the 
molecular mobility on the other hand, opens two different strategies to 
improve polymers for such processes. The first main direction to tune 
macromolecular systems for gas separation is to optimize the molecular 
mobility of polymers in the glassy state [4–6]. For instance, Alentiev 
et al. described homologous series of Janus-poly (tricyclononenes) 
synthesized by addition polymerization of norbornene-type monomers 
[7]. These polymers combine a rigid backbone of norbornene repeat 
units with three flexible alkyl side chains (-Si(OR)3) connected to each 
repeat unit. Employing a combination methods allows an in-detail 
characterization of the molecular mobility of that systems [8]. 
Recently, these Janus-poly (tricyclononenes) were also investigated by 
inelastic [9] and quasielastic neutron scattering [10]. From the appli
cational point view these polymers have potential for the separation of 
longer hydrocarbons [7].

The second way to improve macromolecules for the application in 
gas separation membranes is the synthesis or development of glassy 
polymer systems with extraordinary high fractional free volume like 
poly (trimethylsilylpropyne) (PTMSP) [11] and poly (4-methyl-2-
pentyne) (PMP) from the group of polyacetylenes [12,13]. The perme
ability values of both those polymers are by orders of magnitudes higher 
than those of conventional glassy polymers like polysulfone or poly
carbonate but they have low selectivity values due to the existence of a 
large, interconnected micropores. However, the search for macromole
cules with a high fractional free volume led to new groups of polymers. 
One of these groups are polymers of intrinsic microporosity also called 
PIMs [14–17]. PIMs are characterized by large values of Brunauer/
Emmett/Teller (BET) surface areas in the range of several hundred m2/g 
due to an interconnected network of micropores with characteristic sizes 
in the range of 0.5–2 nm [18,19]. The structural features causing the 
microporosity of PIMs are rigid ladder-type backbones which are con
torted, and which includes in cases also spiro-centers. These structures 
causing an inefficient segment packing when a condensed state is 
reached from a solution. In addition to PIMs, also addition polymerized 
polynorbornenes often exhibit significant microporosity with large BET 
surface areas. Examples for such polymers can be found elsewhere 
[20–25]. In the case of these materials the microporosity arises from a 
semi-rigid mainchain in combination with bulky, sterically demanding 
side groups. PIMs as well as microporous polynorbornenes show high 
permeability values together with reasonable selectivities. The latter 
property is currently not well understood as from the microporous 
structure a more Knudsen-like diffusion is expected which is less selec
tive. However, it was recently shown for a selected PIM that the diffu
sion of small molecules (H2, He) obeys a Knudsen-like behavior, whereas 
the behavior of larger gas penetrants follows the solution diffusion 
mechanism [26]. This size-dependent transition was discussed in such a 
way that for larger gas molecules (O2, N2, CO2 or CH4) there is a need 
that bottlenecks between adjacent free volume sites have to be opened 
and/or closed to allow for a selective transport. Such a process can be 
also explained in the context of the random gate model by Kanaya et al. 
[27]. Nevertheless, this establishes a further reason why the molecular 
mobility in polymers is relevant for separation membranes and should 
be investigated.

It is well known that the glass transition of polymers is related to the 
molecular mobility. However, for PIMs and microporous poly
norbornenes no glass transition could be detected before the degrada
tion of the polymer by conventional calorimetric methods. To 
circumvent this problem fast scanning calorimetry (FSC) with heating 
rates up 105 K/s can be employed [28–30] decoupling the time scales 
responsible for glass transition and degradation. For instance the 
archetypal PIM-1 shows a glass transition at 644 K at a heating rate of 
104 K/s [28,29]. Moreover, broadband dielectric spectroscopy can be 
utilized to investigate the molecular mobility in the considered 

polymers. In contrast to calorimetric experiments, with this method also 
more localized fluctuations can be investigated, and it also allows to 
characterize physical aging in these systems[31–34]. For these 
high-performance polymers a variety of dielectric active processes have 
been observed. Furthermore, one of these processes has been assigned to 
a Maxwell/Wagner/Sillars polarization due to the blocking of charge 
carriers at the pore walls.

Also, quasielastic neutron scattering (QENS) was employed to 
investigate the molecular mobility on microscopic time and length 
scales in such systems relevant for gas transport and separation. Early 
studies of Kanaya et al. examined polyacetylenes as sample systems [27,
35,36]. By these investigations, evidence was provided that the per
meabilities of CO2 or CH4 can be correlated to microscopic motions of 
the polymeric matrix at room temperature in the time range of pico
seconds. Further QENS investigations have been carried out on PIM-1 
[37] and microporous polynorbornenes [38]. These investigations 
focused on localized relaxation processes, for instance the methyl group 
rotation. For instance, localized relaxation processes like the methyl 
group rotation can open or close bottlenecks between the interconnected 
pores and so control the occurrence of diffusional jumps, especially for 
gases with larger kinetic diameters, as discussed in the random gate 
model and therefore giving rise to a favorable size selectivity of the gas 
transport. Besides the molecular mobility also the low frequency 
vibrational density of states was investigated for several PIMs [39,40] 
and a variety of microporous polynorbornenes where its BET surface 
area values were varied [41]. The vibrational density of states shows 
characteristic excess contribution, known as Boson peak. As a result, a 
correlation between the maximum frequency of the Boson peak and the 
microporosity characterized by the BET surface area was found. This 
correlation provides a direct link between microscopic properties and 
applications.

Here, to extent on the previous research, polynorbornenes with 
different bulky carbocyclic sides groups are investigated by neutron 
scattering on microscopic length and time scales. The polymers were 
obtained by different polymerization techniques which results in a 
variation of the values of the BET surface area. The investigation con
siders both vibrations as well as the molecular mobility.

2. Materials and methods

2.1. Materials

The structures of the repeat units of the considered polynorbornenes 
are given in Fig. 1.

The synthesis of the ZMA materials is given in Refs. [42,43] The 
polymers ZMA64 and ZMA66 were prepared by metathesis polymeri
zation. ZMA67 was synthesized by addition polymerization. The 
metathesis polymerization leads to a relatively flexible backbone while 
the main chain of polymers obtained by addition polymerization is more 
stiff and rigid. Table 1 gives some molecular details of the synthesized 
polymers like molecular weights and BET surface area values.

The ZMA materials exhibit distinct gas permeation behaviors driven 
by their structural and porosity characteristics. ZMA64, characterized by 
its low BET surface area, results in low diffusion coefficients, as ex
pected, limiting gas transport. In contrast, ZMA66 features a signifi
cantly higher BET surface area than ZMA64 and slightly higher for 
ZMA67, which increases gas diffusion coefficients for most gases, 
including hydrocarbons, making it suitable for applications demanding 
a high permeability. While ZMA66 shows higher diffusion coefficients 
across most gases compared to ZMA67, ZMA67 displays slightly better 
selectivity for CO2, attributed to its denser and more rigid structure. 
Both ZMA66 and ZMA67 demonstrate low solubility for small gases. 
ZMA66 is therefore better suited for applications requiring high gas 
permeability values, such as hydrocarbon separation, gas sensing, or 
storage, where throughput is critical. On the other hand, ZMA67, with 
its denser and more rigid structure, offers greater selectivity, 
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particularly for CO2, making it more suitable for applications where CO2 
capture or controlled storage with limited permeability is required [42,
43].

For the film preparation the samples are dissolved in toluene. To 
reduce the influence of multiple scattering events, the thickness of the 
final prepared film sample should allow for approximately 10 % of 
neutron scattering. For this purpose, the concentration of the solution 
was adjusted. The solution was shaken for 5 h. Then it was cast in a PTFE 
mold after filtering with a PTFE filter with pores of 0.2 μm. A closed 
chamber saturated with the vapor of the solvent was employed to con
trol the evaporation of the solvent in the initial stages. The sample was 
placed in that chamber at room temperature for 3 days to form a film. 
After this initial process the formed film was moved into a vacuum oven 
with an oil-free vacuum and annealed at 393 K for three days. By this 
procedure a complete solvent removal was achieved. The final thick
nesses of the samples were: ZMA64 – 0.156 mm (6.8 % expected scat
tering); ZMA66 – 0.141 mm (9.3 % expected scattering) and ZMA67 – 
0.132 mm (9.1 % expected). scattering.

For the neutron scattering experiments the samples were sealed by 
electro-welding in flat aluminum containers, as Al is nearly transparent 
for neutrons.

2.2. Neutron scattering

In the neutron scattering experiments carried out here, the mo
mentum and energy exchange between the neutrons and the nuclei of 
the material under investigation is considered. Therefore, from the ex
periments information in space and time is obtained for the process of 
interest [44]. The spatial and temporal content of the experiment is 
expressed as the double differential cross section defined by 

d2σ
dΩdω=

1
4π

kf
ki

(σcohScoh(q,ω)+ σincSinc(q,ω)) (1) 

Equ. 1 is given in the frequency representation where the angular 
frequency ω is related to the measured energy transfer ΔE by ω = ΔE/ħ (ħ 
is the Planck constant divided by 2π). The neutron beam is characterized 
by its incident and final wave vectors ki and kf. The difference of both 
wave vectors gives the scattering vector q¼ kf - ki. Because of isotropy, 
only the modulus of the scattering vector, q, is considered in the 
following. The coherent and incoherent dynamic structure factors are 

denoted by Scoh (q,ω) and Sinc (q,ω). Ω describes the solid angle of 
detection. σcoh and σinc are the scattering cross-sections for coherent and 
incoherent scattering. All ZMA materials contain only carbon (C) and 
hydrogen (H) (see Fig. 1). The calculation and the values of σcoh and σinc 
are given in the Supporting Information. From the comparison of σcoh 
and σinc it is concluded that the scattering is predominantly incoherent.

For the neutron scattering experiments, different techniques have 
been used. These techniques include inelastic neutron scattering to 
measure the low frequency vibrational density of states (VDOS). To 
access the molecular dynamics, quasielastic neutron scattering has been 
carried out. The experiments include elastic fixed windows scans (elastic 
scans).

2.2.1. Inelastic neutron scattering
The cold neutron time-of-flight spectrometer FOCUS, operated at the 

Paul Scherrer Institut in Villigen, Switzerland, was used for the inelastic 
neutron scattering experiment. The incident wavelength of the neutron 
beam was 5 Å. For the measurement of the VDOS the full width of the 37 
mm wide sample (45◦ angle with respect to the beam) was used. This 
resulted in an energy resolution (full width at half maximum, FWHM) of 
80 … 121 μeV depending on the scattering angle. The energy resolution 
was estimated by measuring the sample at T = 2 K by assuming that all 
molecular fluctuations and vibrations are frozen. The VDOS was 
measured at 50 K to reduce the influence of quasielastic scattering on the 
measured signal. For these measurements the temperature of the sample 
was controlled by a helium cryostat.

The data reduction was done using DAVE [45]. For the calculation of 
the vibrational density of states, detectors were grouped by angle into 20 
groups in the range of 16◦ … 124◦, corresponding to elastic scattering 
vectors of 0.33 … 2.20 Å− 1. A self-written Python script was used to 
correct the data for self-shielding effects in a plate. Fig. 2a gives an 
example for the raw spectra measured at FOCUS for the low frequency 
vibrational density of states.

2.2.2. Elastic scans and quasielastic neutron scattering

2.2.2.1. Elastic scans. Elastic fixed window scans, or in short elastic 
scans, on a neutron backscattering instrument with an energy transfer of 
ΔE≈0 can be used to obtain an overview about the molecular dynamics. 
The underlying time scale corresponds to the resolution of the spec
trometer. The cold neutron backscattering spectrometer Emu operated 
at the Australian Nuclear and Technology Organization (ANSTO, Lucas 
Heights, Australia) was used for these experiments. Emu is a backscat
tering device of the second generation. It was used with Si-111 mono
chromators/analyzers and a wavelength of λ0 = 6.271 Å. This 
configuration results in a q vector range of 0.69 … 1.77 Å− 1 The energy 
resolution was about 0.98 … 1.02 μeV (FWHM). The Doppler drive is set 
at rest for the elastic scans. The scattering at the lowest temperature is 
used as reference for the analysis of the measurements. Therefore, it was 
measured with a higher statistic with a counting time of 10 min. The 

Fig. 1. Chemical structure of the repeating unit of the considered polymer: a – ZMA64, b – ZMA66 and c - ZMA67. The names given in brackets corresponds to the 
sample given in Refs. [42,43].

Table 1 
Molecular weight Mw, Polydispersity and BET surface area values. The data were 
taken from refs. 44,45.

Code Mw 

105 [g/mol]
PDI BET surface area [m2/g]

ZMA64 22 3.0 1.3
ZMA66 13 3.2 740
ZMA67 3 2.5 640
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temperature scanning rate was 0.94 K/min.
The data reduction was done by a Mathematica script available at 

ANSTO. From the scattered intensities an effective mean squared 
displacement is calculated by 

Iel(q,T)
/

Iel(q,2 K)= exp
(
− 〈u2〉effq2 /3

)
(2) 

assuming a Gaussian distribution of displacements. During the 
analysis multiple scattering is considered as described in Ref. [46]. The 
amount of multiple scattering is given in the Supporting Information.

2.2.2.2. Quasielastic neutron scattering (QENS). To cover a reasonable 
time range in the QENS experiments, neutron time-off-flight experi
ments were combined with neutron backscattering. As the resolutions of 
the time-of-flight and the backscattering spectrometers are different by 
ca. two orders of magnitude, Sinc (q,ω) obtained from both spectrometers 
were Fourier transformed and divided by the Fourier transform of the 
corresponding resolution. The spectra were corrected for multiple 
scattering. The procedure for the multiple scattering corrections is given 
in detail elsewhere [47]. The relative contribution of the multiple 
scattering is given in the Supporting Information. By that way absolute 
values of the intermediate scattering function Sinc (q,t) were obtained, 
and the data from both spectrometers can be directly analyzed in time 
domain.

For the shortertime part of the dynamics of the ZMA polymers the 
time-of-flight spectrometer FOCUS was employed. It was used mainly in 
the same configuration as described above. To improve the resolution at 
high angles, the beam size at the samples was reduced by a slit in the 
front of the sample. A resolution with a maximum FWHM of 91 μeV 
could be achieved. An example for the measured Sinc (q,ΔE) is depicted 
in Fig. 2b.

To cover a larger temperature range up to 390 K, the sample envi
ronment had to be changed on FOCUS. For the low temperature range 
(2 K, 50 K … 250 K) the helium cryostat discussed for the inelastic 
measurements had been employed. For the higher temperatures (50 K, 
300 K … 390 K) a closed cycle refrigerator was used. The closed cycle 
refrigerator allows only measurements down to 50 K. This means that 
the resolution of FOCUS for the measurements in the temperature range 
from 300 K to 390 K could not be estimated correctly as not all 
dynamical processes might be frozen as for an estimation at 2 K. To 
circumvent that problem all the samples were measured at T = 50 K 

using both cryostats. For the measurements carried out using the closed 
cycle cryostat alone, only iFT[Sinc,T=300…390 K(q,ω]/iFT[Sinc,50 K(q,ω)] can 
be calculated where iFT symbolizes the inverse Fourier transformation. 
But it is desired to calculate Sinc (q,t) as iFT[Sinc(q,ω)]/iFT[Sinc,2 K(q,ω)]. 
This was done by also using the data from the low temperature 
measurements and calculating as Sinc(q, t) =
(iFT[Sinc,T=100…390 K(q,ω))] /iFT[Sinc,50 K(q,ω)]) /(iFT 
[Sʹ

inc,50 K(q,ω)] /iFT[Śinc,2 K(q,ω)]) where the primes indicate the data 
from the helium cryostat measurements. The broadening of the spectra 
in comparison to the resolution indicate the onset of the molecular 
fluctuations.

For the slower part of the dynamics the neutron backscattering 
spectrometer Emu was employed. It was used in the same configuration 
as described above. The doppler drive was set to a maximum speed 
yielding an energy range of − 31 μeV … +31 μeV. Data reduction was 
carried out by Mantid [48] to obtain four q values in the range 0.69 … 
1.77 Å− 1. Fig. 2c gives an example for the neutron backscattering 
measured at Emu. Like for the time-of-flight data the broadening of 

Fig. 2a. FOCUS spectra for ZMA64 at a vector of 1.41 Å− 1 normalized to the 
height of the elastic line: Black squares – resolution of FOCUS measured at 2 K. 
Red circles – Inelastic scattering measured at 50 K. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 2b. FOCUS spectra for ZMA66 at a vector of 1.41 Å− 1 normalized to the 
height of the elastic line at the indicated temperatures. The measurement at 2 K 
serves as resolution for 150 K and 250 K (see text).

Fig. 2c. Emu spectra for ZMA66 at an angle of 89.4◦ normalized to the height 
of the elastic line at the indicated temperatures. The measurement at 2 K serves 
as resolution.
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spectra compared to the resolution indicates the molecular fluctuations.
For ZMA-64, between the low temperature spectrum used as reso

lution and the higher temperatures a sample change took place. For that 
reason, the absolute intensities differed by q-dependent factor. The 
presumed reason is that upon re-insertion in the cryostat the original 
position could not be exactly reproduced the original position. This was 
solved by matching the Sinc (q,t) from Emu to an extrapolation of the 
values from FOCUS at the shortest time available from Emu (67 ps).

3. Results and discussions

3.1. Boson peak

For crystalline materials, the Debye model of sound waves predicts 
for the low frequency vibrational density of states g(ω)~ω2. In difference 
to that behavior for amorphous materials like molecular glasses or even 
polymers characteristic excess contributions to the VDOS are found in 
the energy range of 1–5 meV. This corresponds to a frequency range of ω 
= 1.5–7.5 ps− 1. Reducing g(ω) by ω2 visualize these excess contributions 
as a peak, the so-called Boson peak (BP) [49]. There is a general 
agreement that the Boson peak is a feature of amorphous glasses. 
Nevertheless, it was also observed for materials with a partial order like 
plastic crystals (see for examples refs. [50–55]).

The theoretical understanding of the Boson peak is still under a 
debate. However, there are several groups of theoretical approaches. 
One of these approaches is the soft potential model. Here, quasi- 
localized vibrations which only exist for glasses due to their amor
phous nature are discussed as the origin of the BP [54–56]. It is worth 
noting that the quasi-localized modes assumed in the soft potential 
model are different from sound waves. A further theory to understand 
the Boson peak starts from the classical sound wave pictures developed 
for crystals. In that model the Boson peak is considered as a broadened 
and frequency-shifted version of the Van Hove-singularity of a hypo
thetical crystalline system due to the amorphous disorder [57]. This can 
be also discussed as a pseudo Van Hove singularity due to an interaction 
between the branches of the optical and acoustical dispersion [51]. It is 
worth noting that in the sound wave approach the Boson peak is related 
to a transverse sound velocity and a characteristic length scale consid
ering an elastic continuum characterized by a local modulus. (see for 
example [58–62]). Schirmacher et al. developed a third approach that 
connects the two aforementioned categories. In this model, the BP is 
attributed to harmonic vibrations occurring in a disordered environ
ment. These vibrations still exhibit properties of sound waves. Never
theless, this approach does not consider the BP to be a modification of 
the Van Hove singularity. Additionally, it aligns with the soft potential 
model in its conceptualization of "soft spots" [63,64]. Further models of 
the Boson peak are discussed elsewhere [65–67].

There is some experimental evidence that the BP is related to sound 
waves[68–72]. Recently the sound wave interpretation was also 
employed to understand the Boson peak in PIMs [39,40] and micropo
rous polynorbornenes [41] as well as for the Janus-polynorbornenes 
[71].

The standard expression of one phonon scattering is used in the 
incoherent approximation to estimate the vibrational density of states 
from the measured scattering. For one type of nucleus, one obtains [72]. 

Sinc(q,ω) = e− 2W(q)
(

δ(ω) + ħq
2

2m
g(ω)
− ω ×

(

1 − exp
(
ħω
kBT

))− 1)

(3) 

where e− 2w(q) symbolize the Debye/Waller factor. m denotes the average 
mass of an atom. As hydrogen has the highest scattering cross-section 
but the lowest mass its dynamics is overemphasized in the result. If it 
is assumed that all hydrogens contribute proportionally to the measured 
vibration spectra, the estimated g(ω) represents a VDOS in a thermo
dynamic sense. Generally, the observed scattering Sobs (q,ω) is a 
convolution of the resolution of the spectrometer R (q,ω) with the 

scattering from the sample. However, as the BP is a broad feature in the 
spectra the convolution can be approximated by a sum [73] 

Sobs(q,ω) =S(q,ω)⊗R(q,ω)

≈e− 2W(q)

(

R(q,ω)+hq2

2m
g(ω)
− ω

×

(

1 − exp
(

hω
kBT

))− 1
)

(4) 

When two temperatures are considered (here 2 K and 50 K) equ. 4 
defines a linear system of two equations from which g(ω) and R (q,ω) can 
be calculated. The finally obtained vibrational density of states is ob
tained as an average of the detectors with elastic q values ranging from 
1.2 to 2.2 Å− 1.

Fig. 3 gives the vibrational low frequency density of states versus in 
the reduced representation g(ω)/ω2. Firstly, for all polymers investigated 
here, a Boson peak is observed. Secondly, the frequency position of the 
BP depends on the structure of the material under study.

In refs. 40 and 41 a correlation between the maximum frequency of 
the Boson peak ωBP and the microporosity characterized by the BET 
surface area values was discussed in the frame of the sound wave 
approach to the Boson peak. The sponge-like structure of microporous 
polymers results in a higher compressibility at a length scale defined by 
the lowest q value of the neutron scattering experiment. Furthermore, it 
was shown that the frequency position of the Boson peak depends on the 
structure of the backbone of the microporous polymers [40].

Fig. 4 depicts the maximum frequency of the Boson peak versus the 
BET surface area value for the polymers investigated here, but also 
including literature results for other addition polymerized microporous 
polynorbornenes [41] and PIMs [40].

Of the polymers investigated here, ZMA64, a metathesis poly
norbornene showing no significant microporosity (see Table 1) is 
located on the left, i.e. at a frequency observed also for other non-porous 
polymers like Matrimid. Interestingly, the maximum frequency of the 
Boson peak of the structurally related addition polymer ZMA67 lies on 
the same continuous curve established by the addition-type poly
norbornenes investigated earlier, but due to its higher BET surface area 
on the right end of this curve.

Fig. 3. Vibrational low frequency density of states in the representation g 
(ω)/ω2 versus angular frequency. Black squares – ZMA64; red triangles – 
ZMA66 and blue asterisks – ZMA67. The dashed lines mark the maximum po
sitions of the Boson peak. The curves are shifted along the y-scale for sake of 
clearness (ZMA66 + 0.05; ZMA67 + 0.2). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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This means the result found here is consistent with the previous data 
and provides some further evidence for the sound wave interpretation of 
the Boson peak [41].

The polymer ZMA66 was synthesized by metathesis polymerization. 
Compared to ZMA67 it has a completely different backbone with a 
higher flexibility. Therefore, it is not expected that ωBP obeys the cor
relation line of the addition polymerized microporous polynorbornenes 
as besides the microporosity of the stiffness of the backbone plays a role 
for the low frequency vibrational density of states. A similar result was 
observed for PIMs (see Fig. 4).

3.2. Molecular mobility

The molecular mobility was investigated by elastic scans as well as 

by QENS for the metathesis-type polynorbornenes ZMA64 and ZMA66, 
bearing different side groups, only.

3.2.1. Elastic scans
Fig. 5 depicts the temperature dependence of the effective mean 

squared displacement <u2>eff for the two metathesis polynorbornenes 
ZMA64 and ZMA66. For the lowest temperature the linear increase of 
<u2>eff with temperature is due to vibrations. In that temperature range 
there is no remarkable difference in the change of the effective mean 
squared displacements for both polymeric materials.

With increasing temperature, a step-like change in the temperature 
dependence of <u2>eff around 200 K is observed for ZMA66. This step 
indicates the onset of molecular motions in ZMA66. Besides two addi
tional cyclo-carbon rings in ZMA66, the presence of four methyl groups 
is the main structural difference compared to ZMA64. It is unlikely that 
the molecular mobility observed for ZMA66 at around 200 K is due to 
fluctuations of the cyclo-carbon rings or the segmental fluctuations as 
the glass transition could not be detected. Therefore, the underlying 
molecular fluctuations of the step-like change of <u2>eff(T) are assigned 
to methyl group rotations. This assignment is supported by ZMA64 
having a comparable backbone structure but no methyl groups.

At higher temperature there is a further kink-like change in the 
temperature dependence of the effective mean squared displacement for 
both materials. This kink-like change in <u2>eff(T) corresponds to the 
onset of further molecular motions besides the methyl group rotation.

The dense structure of ZMA64 and lack of methyl group rotation 
limit molecular mobility and gas transport, leading to low diffusion 
coefficients. In contrast, ZMA66 exhibits active methyl group rotation at 
elevated temperatures, enhancing localized mobility and facilitating 
efficient gas diffusion by opening bottlenecks between interconnected 
micropores. The interplay between methyl group dynamics, micropo
rosity, and molecular flexibility plays a crucial role in determining the 
gas transport properties, with ZMA66 showing a balance between 
permeability and flexibility [42,43].

3.2.2. Quasielastic neutron scattering
Fig. 6 compares the intermediate time dependent scattering function 

Sinc (q,t) for ZMA64 and ZMA66 at a scattering vector of q = 1.77 Å− 1 at 
T = 300 K. For both materials the data measured by neutron time-of- 
flight scattering and neutron backscattering agree nicely. For the 
ZMA64 only an elastic scattering independent of time is observed 

Fig. 4. Maximum frequency of the Boson peak versus the BET surface area. 
Open square – ZMA64; red triangle – ZMA66; blue asterisk – ZMA67. The back 
asterisks are addition polymerized microporous polynorbornenes. The data are 
taken from ref. 41. The solid data are data for Matrimid [39]. Circles are data 
for different PIMs where the data for PIM-1 are taken form ref. 39 and data for 
PIM-EA-TB are taken from ref. 40. The different lines are guides for the eyes. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 5. Temperature dependence of the effective mean squared displacement as 
indicated. Lines are guides for the eyes.

Fig. 6. Incoherent intermediate scattering function Sinc (q,t) versus time at T =
300 K for q = 1.77 Å as indicated: The data at short time are measured at 
FOCUS where that at longer times are obtained from Emu.
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indicating the absence of any molecular fluctuations in the considered 
temperature range. In difference to that behavior the time dependence 
of Sinc (q,t) for ZMA66 reveals a step-like decay evidencing a relaxation 
process. According to the discussion above, this relaxation process is 
assigned to the methyl group rotation.

The generally accepted model for the methyl group rotation is the 
Rotation Rate Distribution Model (RRDM) [74]. In order to ease the 
analysis here, a simple stretched exponential function is utilized. The 
employed fit function reads 

Sinc(q, t) = DWF*

(

(1 − EISFM(q) )exp

(

−

(
t

τM

)βM
)

+ EISFM(q)

)

.

(5) 

In equ. 5 DWF denotes the Debye/Waller factor DWF = exp( −
q2 < u2

fast >/3). The mean squared displacement 〈u2
fast〉 takes account for 

fast processes like vibrations. τM is the relaxation time for the methyl 
group rotation, whereas βM is the corresponding stretching parameter. 
EISFM symbolizes the elastic incoherent structure factor for the methyl 
group rotation. Fig. 7 depicts Sinc (q,t) for ZMA66 at T = 300 K for all 
available q vectors including the fitting function. The figure shows that 
equ. 5 describes the data well.

The dependence of the EISFM on the q vector can be calculated 
straightforwardly by a jump-diffusion assuming a three-fold potential 
V(ϕ) ∼ (1 − cos(3ϕ))/2 with three equivalent energy minima with 
respect to the rotation angle ϕ [74,75]. This calculation yields 

EISFM(q)=
1
3

(

1+2
sin
( ̅̅̅

3
√

qr
)

̅̅̅
3

√
qr

)

. (6) 

r denotes the radius of the circle defined by the positions of the hy
drogens in the methyl group. Its value is 1.027 Å.

The estimated values of the EISFM are plotted versus q in Fig. 8a and 
compared to the prediction of equ. 6. This comparison reveals that the 
experimental data do not follow the theoretical expectation. To discuss 
the discrepancy between the experimental data and the theoretical 
approach one has to consider the number of hydrogens in the methyl 
group in comparison to all hydrogens in the repeating unit. ZMA66 has 
46 hydrogen nuclei in the repeat unit but only 24 hydrogens in the eight 
methyl groups. This means 24 hydrogens are visible during the QENS 
experiment where the rest scatters elastically. Therefore, equ. 6 must be 
modified considering the theoretical fraction of hydrogens Cfix which 

scatters elastically. Cfix is defined by Cfix=(Hrepeating unit - Hmethyl groups)/ 
Hrepeating unit. With this definition equ. 6 is corrected for the number of 
hydrogens which scatters elastically by [37,38,47,66]. 

EISFM,corr(q)=
(
1 − Cfix

)
EISFM(q) + Cfix. (7) 

The value of Cfix calculated from the chemical structure of the 
repeating unit is (46-12)/46 = 0.478. Fig. 8a shows that EISFM, corr(q) 
with the theoretical value of Cfix is closer to the experimental but still 
does not describe it correctly. Finally, equ. 7 is fitted to the data yielding 
to a value of Cfix of 0.574. This larger value of Cfix compared to the 
theoretical one indicate that not all methyl groups present in the 
chemical structure take part in the methyl group rotation.

Fig. 8b compares the q dependence of the EISF of the methyl group 
rotation for all measured temperatures. This figure reveals that besides 
the q dependence of the EISF it is also temperature dependent which can 
be described by a temperature dependent Cfix(T). For all temperatures 
Cfix is estimated by fitting equ. 7 to the corresponding data and plotted 
versus temperature in Fig. 9. Generally, Cfix decreases with increasing 
temperatures. This means that methyl groups that are immobilized at 
lower temperatures become mobile at higher temperatures. A similar 
behavior was observed previously for PIM-1 [37]. A closer inspection of 
the data reveals that the temperature dependence of the relaxation time 
of the methyl group rotation undergoes a change at ca. 330 K. For higher 
temperatures, Cfix becomes lower than the theoretical value. That 
behavior cannot be explained only by the methyl group rotation. There 
must be some additional contributions due to some mobility of the 
polymer matrix. A similar behavior was also observed for poly (methyl 
phenyl siloxane) and explained by localized islands of mobility [76]. It is 
worth mentioning that the data points of Cfix which are below the 
theoretical one are at temperatures above the second kink in the tem
perature dependence of the effective mean squared displacement. 
Therefore, the molecular mobility of the ZMA materials should be 
further investigated for instance by broadband dielectric spectroscopy 
or dynamical calorimetry.

Finaly from the fit of equ. 5 to the data, a relaxation time for the 
methyl group rotation can be extracted. As the methyl group relaxation 
is a localized relaxation process, the relaxation time are independent of 
the q vector (see SI, Fig. S1). A mean value of the relaxation time is 
estimated by averaging over the available q vectors. The relaxation time 
is plotted versus inverse temperature in the activation plot (see Fig. 10). 
At first glance the temperature dependence of τ seems to roughly follow 
the Arrhenius equation which reads 

τ(T)= τ∞ exp
(

EA

R T

)

. (8) 

Here EA is the activation energy and R is the general gas constant. From 
such a fit 17.4 kJ/mol is estimated for the activation energy. The esti
mated energy corresponds to that estimated earlier for PIM-1 [37,40]. It 
is worth mentioning that the values of the activation energy obtained for 
the microporous polymers is higher than those found for polymers with 
a flexible backbone. This points to some influence of the stiff backbone 
of the microporous macromolecules on the methyl group rotation.

A closer inspection of the temperature dependence of the relaxation 
time of the methyl group rotation reveals that there is a subtle change of 
the slope at ca. 330 K. The temperature range of this change of τ cor
responds to that were also a change in the temperature dependence of 
Cfix is observed. From that coincidence one can conclude that both ef
fects are related. As the regression coefficient of the linear regression 
including all data points is already R2 = 1 no conclusion can be drawn by 
comparing the regression coefficients of one or two linear fits.

4. Conclusion

This study successfully demonstrates the critical role of vibrations as 
well as the molecular mobility and microporosity in the performance of 

Fig. 7. Incoherent intermediate scattering function Sinc (q,t) for ZMA66 versus 
time at T = 300 K for the indicated q vectors. The lines are fits of equ. 5 to 
the data.
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polynorbornenes with bulky carbocyclic side groups. The low frequency 
vibrational density of states and the molecular mobility were estimated 
by a combination of inelastic and quasielastic neutron scattering.

For the inelastic neutron scattering the time-of-flight spectrometer 
FOCUS operated at the Swiss spallation source SINQ at the Paul Scherrer 
Institute was employed. It was shown that all polynorbornenes with 
bulky carbocyclic side groups considered in this study show a Boson 
peak. The correlation between the maximum frequency of the Boson 
peak and the microporosity, characterized by the value of the BET sur
face area, highlights the importance of structural features in deter
mining the vibrational properties of these polymers.

Furthermore, the molecular mobility of two polynorbornenes ob
tained by metathesis polymerization was investigated by quasielastic 
neutron scattering. One main structural difference of both polymers 
considered is that one polymer has methyl groups in the side group 
whereas the other has none. To cover a reasonable dynamic range in the 
QENS experiments, neutron time-of-flight experiments were combined 
with neutron backscattering. For the time-of-flight measurements again 
the FOCUS was employed. For the neutron backscattering part of the 
experiment the spectrometer Emu (ANSTO, Lucas Heights, Australia) 
was utilized. The data obtained from both instruments were Fourier 
transformed and divided by the corresponding Fourier transform of their 

resolutions. By that approach both set of data could be jointly analyzed 
in the time domain. For the polymer having no methyl groups in the 
carbocyclic side group, only elastic scattering is observed in the 
considered temperature range. In contrast, for the polymer bearing 
methyl groups, one relaxation process was present in the intermediate 
incoherent scattering function. It was assigned to the methyl group 
rotation and analyzed in the framework of a jump diffusion in a three
fold potential. This analysis provides the correct q dependence of the 
elastic incoherent structure factor for the methyl group rotation when 
the amount of hydrogen taking part in the methyl group rotation is 
considered. It was also observed that the amount of methyl groups 
which participate in the rotation increases with temperature. The study 
provides deeper insights into the dynamics of the polymers, which is 
crucial for the fundamental understanding of transport processes related 
to molecular mobility of the polymer matrix, necessary for optimizing 
gas separation efficiency of such materials.

Fig. 8. EISFM and EISFM, corr versus the scattering vector q for ZMA66: a) At T = 250 K – dashed dotted EISF according to equ. 6. Blue dashed line – according to equ. 
7 with the theoretical value of Cfix = 0.478. Black solid line – fit of equ. 7 to the data. b) At the indicated temperatures. Colored lines are fits of equ. 7 to the 
corresponding data. Dashed dotted EISF according to equ. 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 9. Cfix versus temperature for ZMA66. The solid lines are guides for the 
eyes. The dashed-dotted line marks the theoretical values due to the chemical 
structure of the repeating unit. For the calculation of the theoretical value of 
Cfix see above.

Fig. 10. Relaxation rate of the methyl group rotation versus inverse tempera
ture for ZMA66. The dashed line is a linear regression to all data points. The 
regression coefficient of the linear regression including all points is R2 = 1. The 
solid line indicates the change in the temperature dependence of the relaxation 
rates of the methyl group rotation.
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