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ABSTRACT

The gas separation performances of free-standing planar aligned nematic LC polymer films were
investigated for gas separations of He, CO,, CH, and Xe. The films consist of derivatives of
1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)s with respective cyano, chloro, methyl
and phenyl substituents on the central aromatic cores. Two new LC derivatives of 1,4-phenylene
bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)s were successfully synthesised and fully characterised.
Single gas permeation and sorption data show increasing gas permeabilities with increasing steric
size of the substituents while the ideal gas selectivity of He over CH, and He over CO, decreases.
The sorption coefficient of all films is independent of the LC substituents, while the subsequently
extracted diffusion coefficient for the films with a phenyl substituent is three times higher
compared to the films with a cyano substituent, demonstrating that the steric size of the LC
substituents mainly affects the diffusion of gasses rather than the solubility of the gases.
Irrespective of a methyl or a phenyl substituent, a larger kinetic diameter of Xe gives a 20 times
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1. Introduction

Thermotropic liquid crystal (LC) molecules are small
molecules that can self-assemble into various nanos-
tructures and provide excellent control over the
molecular order and orientation of the molecules
[1-5]. Nanostructures like nematic and smectic
morphologies can be obtained, which differ in posi-
tional order of the LC monomers, by varying the
temperature in the fabrication process (Figure 1(b)).
Subsequent crosslinking of the LC monomers is
necessary to obtain free-standing LC polymer
films [2,3].

Safeguarding a sustainable future results in the neces-
sity to lower our greenhouse gas emissions (CO, and
CH,) and makes separations such as CO,/CH, and CO,
/N, crucial and relevant [6-9]. Polymeric membrane
processes are often used in gas separation processes
due to their high energy efficiency, low operating costs
and easy scalability compared to other separation tech-
nologies [10-13]. Using LC materials that can self-
assemble into nanostructured polymer films provide
control over the molecular order and alignment of the
film-building blocks and can be used to tune the gas
separation properties. However, the gas separation

CONTACT Albert P. H. J. Schenning @ a.p.h.j.schenning@tue.nl

Supplemental data for this article can be accessed online at https://doi.org/10.1080/02678292.2022.2134597.

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-7821-7256
http://orcid.org/0000-0002-3812-1735
http://orcid.org/0000-0002-1431-2174
http://orcid.org/0000-0002-3485-1984
https://doi.org/10.1080/02678292.2022.2134597
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2022.2134597&domain=pdf&date_stamp=2023-07-01

LIQUID CRYSTALS 415

a 0o 0 0 0
) ce-cN _}—O(CHmo—@—( }—OO(CHZ)GO—Q
— o <:2 d —
CN
0 0 0 0
c6-Cl _}—0<CH2>60—©—4 }—@—O(CHZ)BO—-(_
— 5 <:2 d _
cI
) 0 0 0
C6-CH, _>\-—0(CH2)60—©—/< )—Q—O(CHZ)GO—-(_
_ 5 <:2 d _
0 0 0 0
C6-C4H, =>—0(CH2)60—©—{0 O ()>—<i>fo(cm)so—<=
b) Fill glass Cool down to

cell isotropic

‘ P

—

-

TU/e

Freestanding
LC film

_ nematic phase b g
—
\/,
Photo-
polymerization
Release film
in hot water b g

—

Figure 1. (Color online) (a) the molecular structures of the nematic LCs under investigation. (b) schematic representation of the
fabrication process of nematic LC films. The purple rods represent the aromatic cores of the LCs.

performances of such nanostructured materials have
hardly been reported in literature.

In our previous work, we investigated smectic LC
polymer films for gas separation [14]. Now, we investigate
the effect of several substituents on the gas separation
properties of free-standing planar aligned nematic LC
polymer films with respective cyano, chloro, methyl and
phenyl substituents (C6-CN, C6-Cl, C6-CH; and C6-Cq
H; in Figure 1(a)) for gas separations of He, CO,, CHy
and Xe. Several nematic LC films are fabricated and char-
acterised consisting of LCs with different substituents,
which differ in steric size, on the central aromatic cores
of the di-acrylate monomers (Figure 1(a)). The gas separa-
tion properties of the prepared films are characterised by
single gas sorption and permeation measurements to
study the effect of the substituents on gas permeability
and ideal gas selectivity. Moreover, the effect of the kinetic
diameter of different gas species (CO, and Xe) on the gas
separation properties of nematic LC films was studied by
comparing single gas permeation and sorption data of
nematic LC films with different substituents.

2. Materials and methods
2.1. Chemicals

2-chloro-1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)
oxy)benzoate) (C6-Cl) was prepared as described in
our previous publication [15]. 2-methyl-1,4-phenylene
bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (C6-CH3)
was obtained from Merck Life Science. The synthesis
of 2-cyano-1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)
oxy)benzoate) (C6-CN) and [1,1’-biphenyl]-2,5-diyl bis
(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (C6-CgHs) is
outlined in Scheme 1 (section 3.1). 4-(6-acryloyloxyhex-
yloxy)benzoic acid (1) was obtained from Synthon and
[1,1’-biphenyl]-2,5-diol (3b) from TCI. 2-cyanohydro-
quinone (3a) was made according to a literature proce-
dure [16].

All other chemicals that were used for the synthesis
of the LC monomers were obtained from Sigma-
Aldrich. Irgacure 819 was supplied by Ciba. t-Butyl-
hydroquinone was purchased from Merck Life Science.
For permeation and sorption measurements, the gasses
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Scheme 1. Synthetic routes to 2-cyano-1,4-phenylene bis
(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (C6-CN) and [1,1'—biphe-
nyl]-2,5-diyl bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (C6-C¢Hs).

He (5.0 grade), CO, (4.5 grade) and CH, (4.5 grade)
were obtained from Linde Gas (the Netherlands). Xe
(5.0 grade) was supplied by Westfalen BV (the
Netherlands). All reagents were used as received with-
out further purification.

2.2. Film preparation

LC mixtures with 0.5 wt% photoinitiator (Irgacure 819)
and 0.1 wt% inhibitor (t-Butyl-hydroquinone) were pre-
pared by dissolving the compounds in a minimum
amount of dichloromethane and subsequently removing
the solvent after mixing (see Figure 1 for the chemical
structures of the LCs and fabrication process). Planar
aligned nematic films were fabricated by processing the
LC mixtures in the nematic phase by capillary suction
between two 20 um spaced glass plates. The glass plates
were cleaned before use with isopropanol in an ultrasonic
bath for 30 min, dried with N, and treated with UV ozone
for 20 min. To obtain planar alignment, the glass plates
were functionalised with a rubbed polyimide layer
(Optimer AL 1254; JSR Corporation, Toyo Japan). Glass
cells were prepared by gluing two glass plates together
with glue that contained 20 um glass spacer beads. The
glass cells were filled with the LC mixture and placed
inside a temperature-controlled N, box, in which the
glass cells were cooled from the isotropic phase to the
nematic phase using a cooling rate between 1°C/min and
2°C/min. The planar aligned LC monomers were poly-
merised by exposing the samples for 10 min to an unfil-
tered spectrum of a collimated EXFO Omnicure S2000
UV lamp with a light intensity of 20 mW/cm” in the
range of 320-390 nm. Free-standing films were obtained
by carefully opening the glass cells in water at 80°C.

2.3. Characterisation

Nuclear magnetic resonance (NMR) spectra were
recorded on a 400 MHz Bruker Avance III HD spectro-
meter in deuterated chloroform with tetramethyl silane
(TMS) used as internal standard.

Matrix-assisted laser desorption/ionisation time-of-
flight mass spectrometry (MALDI-TOF MS) was per-
formed on a Bruker Autoflex Speed MALDI-MS instru-
ment using CHCA (a-cyano-4-hydroxycinnamic acid)
as matrix.

Attenuated total reflection Fourier transform infra-
red spectroscopy (ATR FT-IR) spectra were recorded at
room temperature on a Varian-Cary 3100 FT-IR spec-
trometer equipped with a golden gate attenuated total
reflectance (ATR) sampling accessory. Scans were taken
over a range of 4000 — 650 cm™' with a spectral resolu-
tion of 4cm™" and 50 scans per spectrum.

Polarising optical microscopy (POM) was performed
using a Leica DM 2700 M optical microscope equipped
with two polarisers that were operated either crossed or
parallel with the sample in between a Linkam hot-stage
THMS600 with a Linkam TMS94 controller and a Leica
DFC420 C camera.

Differential scanning calorimetry (DSC) measure-
ments were recorded in hermetic T-zero aluminium
sample pans using a TA Instruments Q2000 DSC
equipped with a cooling accessory. The DSC measure-
ments were performed with three cycles of heating and
cooling at a rate of 2°C/min with an isothermal equili-
bration of 3 min after each heating or cooling ramp.

Medium- and wide-angle X-ray scattering (MAXS/
WAXS) measurements were recorded on a GaneshaLab
instrument equipped with a Genix-Cu ultralow diver-
gence source producing X-ray photons of wavelength
1.54 A and a flux of 108 photons per second. Diffraction
patterns were collected on a Pilatus 300 K silicon pixel
detector with 487 x 619 pixels of 172 um>.

2.4. Single gas performances

Single gas permeation measurements of He, CO,, CH,
and Xe were performed in a custom-built permeation
setup and have been carried out according to a literature
procedure [14]. The single gas permeabilities were
determined from the steady-state pressure increase in
time in a calibrated volume at the permeate side of the
film at a temperature of 40°C and a feed pressure of 6
bar. The order of the measured gasses was kept constant
for all films (He, CH,, Xe and CO,) because CO, could
induce swelling of the films. The ideal gas selectivity
(ayj) was calculated from the single gas permeabilities
by using Equation (1).



p;
A= (1)
) Pj
In Equation (1) P; is the permeability of gas species
i (Barrer) and Pj is the permeability of gas species
j (Barrer).

2.5. Gas sorption

The gas permeability through dense polymer mem-
branes is well described by the solution diffusion
model, which states that the gas permeability (P;) is
defined as the product of the diffusion coefhicient (D;)
and the solubility coefficient (S;) of a certain gas species
[17,18]. The diffusion coefficient and the solubility coef-
ficient highly depend on a combination of parameters
such as the kinetic diameter, critical temperature and
molecular interactions via the quadrupole moments of
the gas species. These parameters are shown in
Table 1 [19].

Gas sorption of CO, and Xe was measured at 6 bar
and 40°C with a magnetic suspension balance, using
a Rubotherm series IsoSORP® sorption instrument, to
investigate the effect of the different substituents and the
effect of the kinetic diameter of the measured gasses on
the gas separation properties of nematic LC films. The
measurements and the solubility coeflicient of the gasses
were determined as described in our previous publica-
tion [14]. The CO, and Xe diffusion coefficients were
calculated by filling in the obtained sorption and perme-
ability data in Equation (2).

P;
D= 2

S, (2)
In Equation (2), D; is the diffusion coefficient (cm?/s), P;
the permeability (Barrer) and S; the solubility coefficient
(cm® STP/(cm? -cmHg)) of a certain gas species.
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3. Results and discussion

3.1. Synthesis and characterisation of the liquid
crystalline molecules and mixtures

The effect of several substituents on the gas separation
properties of planar aligned nematic LC films was inves-
tigated by preparing LC monomers with respective
cyano, chloro, methyl and phenyl substituents (C6-
CN, C6-Cl, C6-CH3 and C6-C4H; in Figure 1(a)).
These substituents were selected for their difference in
steric size (cyano < chloro < methyl < phenyl). However,
it must be noted that the polar cyano and chloro groups
in C6-CN and C6-Cl can lead to improved interactions
with CO,, which can lead to enhanced CO, permeability
and selectivity for these films [20-25]. The LC monomer
C6-CH; is commercially available and often used in LC
polymer films. The LC monomer C6-Cl was synthesised
and characterised following a literature procedure [15],
while C6-CN and C6-CgHs were synthesised according
to Scheme 1. The synthetic preparations are described in
the supporting information. Characterisation by "H and
3C nuclear magnetic resonance (NMR) and mass spec-
troscopy (MALDI-TOF MS) confirmed the successful
formation of all synthesised molecules.

The LC behaviour of the molecules was studied by
determining the phase transition temperatures with dif-
ferential scanning calorimetry (DSC) and polarising
optical microscopy (POM). The results are shown in
Table 2 (Figure S1-S5 for DSC and POM).

All LC monomers exhibit a nematic phase but at
different temperature ranges. The compounds C6-CN,
C6-Cl and C6-CH; have similar isotropic-nematic
phase transitions but C6-CgHs, which has the largest
substituent of all LCs used in this study, has the lowest
isotropic-nematic phase transition [26,27]. Because the
viscosity of the pure C6-C¢Hs monomer was too high to
prepare aligned films, LC mixtures consisting of C6-Cg
H; with C6-CH; were prepared and characterised with

Table 1. The kinetic diameter, critical temperature and quadrupole moment of the measured gasses (He, CO,,

CH,4 and Xe) [19].

Gas species Kinetic diameter [A] Critical temperature [K] Quadrupole moment [cm?] - 10%°
He 2.60 5.19 0.00
(€0 3.30 304.13 -13.71
CH, 3.80 190.55 0.00
Xe 3.96 289.77 0.00

Table 2. Phase transitions and fabrication conditions of all LCs used in this study.

Compound/Mixture Isotropic [°C] Nematic [°C] Polymerisation temperature [°C] Cooling rate [°C/min]
C6-CN >104 104-96 100 2
Ce6-Cl >110 110-99 100 2
C6-CH3 >113 113-86 100 2
C6-CeHs >30 30-20 - -
C6-CgHs with 20 wt% C6-CHs >39 39-30 32 1
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DSC and POM. Compositions of C6-CgHs with 20 wt%
C6-CH; and more could be used to fabricate aligned
films, hence an LC mixture consisting of C6-CgHs with
20 wt% C6-CH; was used.

3.2. Preparation and characterisation of liquid
crystalline films

Planar aligned nematic LC films were prepared by mix-
ing the LCs with a photoinitiator and inhibitor and
subsequently incorporating the LC mixtures in glass
cells with alignment layers. After heat treatment, the
LC mixtures were photopolymerised to fixate the
aligned nematic morphology. Subsequent opening of
the glass cells in hot water yielded free-standing nematic
LC films. FT-IR spectra of the LC films showed full
conversion of the acrylate moieties after photopolymer-
isation (Figure S6).

POM shows the planar alignment of all films with
dark images under parallel conditions and bright images
under 45° tilt (Figure S7). Wide-angle X-ray scattering
(WAXS) and medium-angle X-ray scattering (MAXS)
were measured to further confirm the morphology and
alignment of the prepared films (Figure 2).

The two-dimensional (2D) WAXS spectra in Figure 2
show for all films’ diffraction spots, indicating aligned
LCs. The C6-CHj3 and C6-CgHjs films show only diffrac-
tion spots in the wide-angle region (Figure 2(c,d)),
which is characteristic for a nematic molecular organi-
sation. Additionally, the C6-CN and C6-Cl films show
weak diffused diffraction spots in the medium-angle
region (Figure 2(e,f)), which is characteristic for
a nematic cybotactic morphology having localised
nanometre-sized smectic domains [28,29]. The inter-
molecular spacing, which corresponds to the

intermolecular stacking of the molecules, is not affected
by the different substituents and was found to be similar
for all films, varying between 4.6 and 4.7 A. The above
results show the successful fabrication of the planar
aligned nematic LC films.

3.3. Single gas permeation and selectivity of
nematic LC films

The effect of various substituents on the gas permeation
data and ideal gas selectivities of He/CH,, CO,/CH, and
He/CO, are presented in Figure 3 (see Table S2 and S3
for all permeation and ideal selectivity values).

Figure 3(a) shows that the permeability of all gasses is
affected by the substituents on the LC monomers, show-
ing the lowest permeabilities for the C6-CN films and
the highest permeabilities for the C6-C4Hs films (C6-
CN < C6-Cl < C6-CH; < C6-CgH;). This most likely
originates from the different steric sizes of the substitu-
ents on the central aromatic cores of the LC monomers
that affects the packing density of the polymer chains.
A frequently used system for evaluation of the relative
steric size of functional groups is the Winstein-Holness
A-value system [30-33], which states that the relative
steric size of the substituents used in this study is CN <
Cl < CH; < C¢Hs. Comparing the relative steric sizes of
the substituents with the measured gas permeabilities of
the C6-CN, C6-Cl, C6-CH; and C6-CcHj films reveal
a relationship between the increasing steric size of the
substituents and increasing gas permeabilities. Here,
a larger steric size of the substituent leads to a larger
overall free volume and/or size of the free volume ele-
ments in the film, resulting in higher diffusion rates
through the films and therefore higher gas permeabil-
ities for films with larger substituents. However, next to

C6-C¢H; with
20 wt% C6-CH,

Figure 2. (Color online) WAXS (top row) and MAXS (bottom row) spectra of the prepared nematic LC films with different substituents.

(a, e) C6-CN, (b, f) C6-Cl, (c,

g) €6-CH3, (d, h) C6-CgH5s with 20 wt% €6-CHs. The single arrow shows the alignment direction.
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Figure 3. (Color online) Gas permeation data and ideal gas selectivities of nematic LC films with cyano, chloro, methyl and phenyl
substituents. (a) single gas permeability (He, CO, and CH,) of C6-CN, C6-Cl, C6-CH3 and C6-CgHs with 20 wt% C6-CHj5 films measured
at 40°C and 6 bar feed pressure. (b) Ideal gas selectivities (He/CH,4, CO,/CH,4 and He/CO,) of €C6-CN, C6-Cl, C6-CH3 and C6-CgH5 with 20
wt% C€6-CHs films at 40°C. The small error bars represent the spread of two independently prepared membranes, where each

membrane is measured in triplicate.

the steric size of the substituents also the small differ-
ence in molecular organisation between the films might
affect the gas permeabilities [14,34].

Contrary to the gas permeability, the ideal gas selectivity
of He/CH, and He/CO, decreases with increasing steric
size of the substituents (Figure 3(b)). This results in the
highest selectivities for the C6-CN films (respectively 65.4
for He/CH, and 4.5 for He/CO,) and the lowest selectiv-
ities for the C6-CgH; films (respectively 40.7 for He/CH,
and 2.7 for He/CO,). This decrease in selectivity towards
He can be attributed to the increase of the total free volume
and/or size of the free volume elements with increasing
steric size of the substituents. This effect also affects the
diffusion of CO, and CH,, which have larger kinetic dia-
meters than He, resulting in lower selectivities towards He.
Counterintuitively, the CO,/CH, selectivity is similar for
all films. Although one would expect that the CO,/CH,
selectivity decreases with increasing steric size of the sub-
stituents (C6-CN > C6-Cl > C6-CH; > C6-Cg¢Hs), the
difference in kinetic diameter between CO, and CH,

(respectively 3.30 A and 3.80 A) is smaller compared to
the difference between the kinetic diameter of He and CH,
(respectively 2.60 A and 3.80 A), resulting in more com-
parable diffusion rates of CO, and CH, through the film.
This diminishes the effect of steric size of the substituents
and leads to very similar CO,/CH, selectivities for all films.
Secondly, the relatively low cyano and chloro content in
the C6-CN and C6-Cl films does not give significant
improvement in CO, permeability and selectivity com-
pared to the C6-CH; and C6-CgH; films and therefore
results in comparable CO,/CHy selectivities for all films.

3.4. Gas sorption and diffusion of nematic LC films

The effect of the different substituents on the gas separa-
tion properties of nematic LC films was further studied
to identify the underlying mechanism for the observed
differences. CO, sorption in the films was measured to
determine the solubility coefficient and subsequently
extract the diffusion coefficient using Equation (2).



420 J. KLOOS ET AL.

Table 3. CO, permeabilities, CO, solubility coefficients measured at 6 bar and 40°C and the
associated calculated diffusion coefficients of all films.

P S D
3 (sTP)- 3(sTP) 2
Film [(rcnmz»scmH(gm] +10_10 [::lmHg} 105 [%] 10,
C6-CN 0.43 8.05 533
C6-Cl 0.55 8.83 6.28
C6-CH; 0.57 8.38 6.76
C6-CgH5 with 20 wt% C6-CH3 1.22 7.37 16.63

Unfortunately, only CO, sorption could be measured
because He was used for the buoyancy measurements
and the CH, sorption was for all films too low to obtain
accurate values. The CO, permeabilities, CO, solubility
coefficients and associated diffusion coeflicients of all
films are shown in Table 3.

Table 3 shows that the solubility coefficient of CO, is
similar for all films, meaning that the increase in CO,
permeability with increasing steric size of the substitu-
ents can be completely attributed to an increase in the
diffusion coefficient. All films exhibit similar CO, solu-
bility coeflicients, elucidating that the polar cyano and
chloro groups in the C6-CN and C6-Cl films do not lead
to improved CO,-polymer matrix interactions. This
explains the similar CO,/CH, selectivities (as depicted
in Figure 3). Consequently, the polarity of the cyano and
chloro groups in the C6-CN and C6-Cl films does not
affect the gas separation performance of these films and
the difference in performances solely depends on steric
effects of the substituents. Contrary to the solubility
coefficient, the diffusion coefficient increases with
increasing steric size of the substituents, resulting in
a 3 times higher diffusion coefficient for the C6-C¢Hjs
films compared to the C6-CN films. The similar solubi-
lity coefficients of the films indicate that not the total
free volume [35], but the size of the free volume ele-
ments in the films increase with increasing size of the
substituents. This finding is in accordance with the
intermolecular spacing of the molecules (section 3.2),
which is similar for all films, indicating that the overall

free volume in the films is similar regardless of the size
of the substituents. However, although the intermolecu-
lar spacing is similar for all films, the size of the free
volume pockets in the films likely increase with increas-
ing size of the substituents. These increased free volume
pockets increase the diffusion coefficients of all gasses
and result in higher permeabilities for the films contain-
ing larger substituents. The diffusion coeflicient of the
larger CO, and CH, gasses is more affected by the size of
the free volume elements compared to the smaller He,
resulting in lower selectivities towards He with increas-
ing steric size of the substituents [36,37].

3.5. The effect of kinetic diameter of different gas
species on the gas separation properties

The effect of the kinetic diameter on the gas separation
properties of the LC films was studied in more detail by
comparing single gas permeation and sorption data of
CO, and Xe because both have similar critical tempera-
tures but Xe has a larger kinetic diameter. Due to the
scarcity of Xe, its permeation and sorption were only
measured for the C6-CH; and C6-C¢Hs films. For
comparison, the permeation data of He and CH, are
also plotted in Figure 4.

Figure 4(a) shows that irrespective of the LC substi-
tuent He has the highest permeability followed by CO,,
CH, and Xe following the order of kinetic diameter and
critical temperature. As discussed in section 3.3, the
larger steric size of the phenyl substituent in the C6-Cs

0081 0054
Xe

CO,/Xe

| C6-C4H; with C6-CH,

C6-CH, C6-CoHs with C6-CH,

Figure 4. (Color online) Gas permeation data and ideal gas selectivities of nematic LC films with methyl and phenyl substituents. (a)
single gas permeability (He, CO,, CH4 and Xe) of €C6-CHs and C6-CgHs with 20 wt% C€6-CHs films measured at 40°C and 6 bar feed
pressure. (b) Ideal gas selectivities (He/Xe, CO,/Xe and CH,/Xe) of C6-CH3 and €6-CgHs with 20 wt% C6-CHj5 films at 40°C. The small
error bars represent the spread of two independently prepared membranes, where each membrane is measured in triplicate.
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Table 4. CO, and Xe permeabilities and solubility coefficients measured at 40°C and 6 bar and the associated calculated

diffusion coefficients of the C6-CHz and C6-C¢H; films.

P S D
’* (STP)m —~10 ’ (STP) -3 |
Film Gas species "“2“'“"9] 10 ["“3-‘“‘"9} 10 { s ] 10
C6-CHs o, 057 8.38 676
Xe 0.02 6.89 0349
€6-CeHs with 20 wt% C6-CHs 0, 1.22 7.37 16.63
Xe 0.05 6.38 0.847
H; films result in larger free volume pockets in the films ~ Acknowledgment

and therefore higher permeabilities for all gasses
(including Xe) but lower ideal gas selectivities towards
He when compared to the C6-CHj films with the smal-
ler sized methyl substituent. Figure 4(b) shows that the
selectivity towards Xe for both the C6-CH; and C6-Cq
Hs films decreases for gas pairs with more similar
kinetic diameters, resulting in the highest selectivity
for He/Xe > CO,/Xe > CHy/Xe. The CO, and Xe per-
meabilities, solubility coeflicients and the associated
calculated diffusion coefficients for the C6-CH; and
C6-C¢H; with 20 wt% C6-CHj; films are shown in
Table 4.

Table 4 shows that the slightly lower critical tempera-
ture of Xe compared to CO, (289.77 versus 304.13 K)
leads to a 1.2 times lower solubility coefficient for Xe
compared to that of CO, for both films. However, due to
its larger size, the diffusion coefficient of Xe is approxi-
mately 20 times lower than the diffusion coeflicient of
CO,, which means that the low Xe permeability mainly
originates from the low diffusion rate of Xe through
the film.

Conclusions

New LC 1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)
oxy)benzoate)s derivatives were successfully synthesised
and fully characterised. The gas permeation perfor-
mance for He, CO,, CH, and Xe of well-aligned free-
standing planar aligned nematic LC polymer films with
respective cyano, chloro, methyl and phenyl substitu-
ents was investigated.

Single gas permeation of He, CO, and CH, and gas
sorption of CO, demonstrated that the gas permeability
of the nematic LC films increases with increasing steric
size of the substituents, while the ideal gas selectivities
towards He decrease with increasing steric size of the
substituents. An increasing diffusion coefficient with
increasing substituent steric size was responsible for
these effects and not the solubility of the gases in the
polymer matrix. The effect of kinetic diameter is most
obvious from a 20-fold reduction of the diffusion coefli-
cient of the larger Xe compared to the smaller CO,,
resulting in considerably lower Xe permeabilities.
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