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ABSTRACT: To prevent greenhouse emissions into the atmos- B oo e o ool A Ao Y
phere, separations like CO,/CH, and CO,/N, from natural gas, e PaWat ;{: f_o\jﬁ O e; J§=

biogas, and flue gasses are crucial. Polymer membranes gained a
key role in gas separations over the past decades, but these
polymers are often not organized at a molecular level, which results
in a trade-off between permeability and selectivity. In this work, the
effect of molecular order and orientation in liquid crystals (LCs)
polymer membranes for gas permeation is demonstrated. Using the
self-assembly of polymerizable LCs to prepare membranes ensures / ) HHIHWEHIH
control over the supramolecular organization and alignment of the Isotropic Nematic Smectic C Smectic C
building blocks at a molecular level. Robust freestanding LC planar planar homeotropic
membranes were fabricated that have various, distinct morpholo-

gies (isotropic, nematic cybotactic, and smectic C) and alignment (planar and homeotropic), while using the same chemical
composition. Single gas permeation data show that the permeability decreases with increasing molecular order while the ideal gas
selectivity of He and CO, over N, increases tremendously (36-fold for He/N, and 21-fold for CO,/N,) when going from randomly
ordered to the highly ordered smectic C morphology. The calculated diffusion coefficients showed a 10-fold decrease when going
from randomly ordered membranes to ordered smectic C membranes. It is proposed that with increasing molecular order, the free
volume elements in the membrane become smaller, which hinders gasses with larger kinetic diameters (Ar, N,) more than gasses
with smaller kinetic diameters (He, CO,), inducing selectivity. Comparison of gas sorption and permeation performances of planar
and homeotropic aligned smectic C membranes shows the effect of molecular orientation by a 3-fold decrease of the diffusion
coefficient of homeotropic aligned smectic C membranes resulting in a diminished gas permeation and increased ideal gas
selectivities. These results strongly highlight the importance of molecular order and orientation in LC polymer membranes for gas
separation.
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1. INTRODUCTION The polymeric membrane technology decreases the
operating and energy costs compared to other separation
technologies and therefore gained a key role in gas separation
over past decades.” Other advantages of the use of polymeric
membrane technology are milder operating conditions and low
ecological footprint compared to other separation technolo-
gies, making it a competitive separation technology.”®’
Although polymeric membranes are successful and frequently
used for gas separations, the used polymers are often not
organized at a molecular level, which results in limitations such
as poorly defined free volume. These limitations lead to a
trade-off between permeability and selectivity, described by

Over the past century, the average human welfare has
increased tremendously due to technological advances
resulting in a broad availability of electricity, healthcare,
transportation, and food and clean drinking water. However,
these technological advances do not come without costs.'
Besides exploitation of earth’s resources, large-scale energy
production via incineration of fossil fuels resulted in increasing
concentrations of greenhouse gasses (CO,, CH,, N,0O) in the
atmosphere, leading to global warming. The largest contribu-
ting greenhouse gasses CO, and CH, are present in valuable
gas sources such as natural gas, biogas, or in waste streams like
flue gasses. To prevent emission into the atmosphere,
separations like CO,/CH, and CO,/N, are crucial to Received: July 21, 2021 S
minimize pollution.”> Moreover, separations of rare gasses Revised:  October 11, 2021
such as helium from natural gas (He/CH, and He/N,) are Published: October 25, 2021
getting increasingly more important due to the higher global

demand and costly production using conventional cryogenic

processes.é’7
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Figure 1. Reaction scheme of 4-((1l—methacryloylundecan—1—yl)oxy)—4’-(4’—carboxybenzo—15-crown-5)biphenyl (molecule 1).

Robeson’s upper bound, which limits the performance of
current membranes for gas separation.”®'°”"” The role of
supramolecular organization and orientation in the polymer
matrix on gas separation performance (permeability and
selectivity) is relatively unknown. Understanding the effect of
supramolecular organization and orientation could potentially
lead to better membranes.

Self-assembly as a bottom-up method can be used to obtain
in a wide variety of ordered nanostructures, thereby gaining
control over the supramolecular organization and alignment of
the building blocks at the molecular level.'"®™*" There are two
classes of materials that are of particular interest to obtain
nanostructured polymer membranes based on self-assembly.
The first class is block copolymers that consist of two or more
distinct homopolymers that are covalently bound to each
other, thereby having the ability to self-assemble into various
morphologies by micro-phase separation.'®** For gas separa-
tions, block copolymers have been widely investigated for the
removal of CO, from light gasses.'®** Often one of the blocks
in the copolymer is low-molecular-weight poly(ethyleneoxide)
due to the favorable interactions of the quadrupole of CO,
with the dipoles of the ether segments.'***~>°

The second class is liquid crystal (LC) polymers that have
subnanometer nanostructures by self-assembly of the LC
molecular building blocks. The nanostructures are determined
by the positional order of the LC monomers like nematic and
smectic phases and can differ in orientation. A typical
fabrication method to obtain robust, freestanding LC polymer
membranes is to induce self-assembly of reactive LC
monomers inside an LC cell having alignment layers to
control the molecular orientation. Subsequent cross-linking
fixates the nanostructures. LC polymer membranes have
already been investigated for water filtration.””~** However,
these materials are rarely used for gas separations. Bara et al."’
showed the importance of molecular order for gas separation,
by testing the performance of light gasses, of cross-linked LC
polymer membranes with an ordered but not aligned columnar
morphology. The nanostructured membranes exhibit a slightly
lower CO, permeability but an increase in CO,/N, and CO,/
CH, selectivity compared to the membranes without molecular
order. To the best of our knowledge, there is no additional
work reported on this topic.
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Here, we study the molecular order and orientation of
freestanding thermotropic LC polymer membranes with a
lamellar morphology for gas separations of He, Ar, N,, and
CO,. Membranes are fabricated with various alignments and
molecular order (isotropic, nematic, and smectic), while using
the same chemical composition. An LC mixture consisting of a
monoacrylate (molecule 1) LC with a crown ether
functionality and a smectic diacrylate (molecule 2) cross-
linker is aligned and polymerized inside a glass cell with an
alignment layer, resulting in robust, freestanding membranes
(Figure 3). The single gas permeation performance (perme-
ability, selectivity) of these films for various gasses is studied,
and the effect of molecular orientation and order is shown.

2. MATERIALS AND METHODS

2.1. Chemicals. 11-Bromoundecyl methacrylate®® and 11-(4-
hydroxyphenoxy)undecyl acrylate®® were kindly provided by Philips
Research. 4,4'-Biphenol, sodium iodide, anhydrous N,N-dimethylfor-
mamide, anhydrous chloroform, thionyl chloride, anhydrous tetrahy-
drofuran (THF), t-butyl-hydroquinone, 4-carboxybenzo-15-crown-5,
terephthaloyl chloride, magnesium sulfate, hydrochloric acid (37%),
and silica were purchased from Merck Life Science. Potassium
carbonate and ethanol were obtained from VWR Chemicals.
Chloroform and triethylamine were purchased from Merck KGaA.
Dichloromethane and ethyl acetate were obtained from Biosolve.
Irgacure 819 was supplied by Ciba. For permeation and sorption
measurements, the gasses He (5.0 grade), CO, (4.5 grade), N, (5.0
grade), and Ar (5.0 grade) were purchased from Linde gas (the
Netherlands). All reagents were used as received, without further
purification.

2.2. Synthesis of Molecule 1 and Intermediates. 2.2.7. 11-
((4'-Hydroxy-[1,1'-biphenyl]-4-yl)oxy)undecyl Methacrylate. Syn-
thesis of 11-((4’-hydroxy-[1,1'-biphenyl]-4-yl)oxy)undecyl methacry-
late was based on the methods described before.*> 11-Bromoundecyl
methacrylate (2.3 g, 7.2 mmol), 4',4-biphenol (2.5 g, 13.5 mmol),
potassium carbonate (3.0 g, 22 mmol), and sodium iodide (0.2 g, 1.4
mmol) were added to a flask with a condenser. The system was dried
with three cycles of vacuum/argon, after which the compounds were
dissolved in 30 mL of anhydrous N,N-dimethylformamide. The
reaction mixture was stirred for 16.5 h at 50 °C, followed by filtration
and evaporation of the N,N-dimethylformamide by rotary evapo-
ration. The resulting solid was dissolved in 100 mL of chloroform and
filtered. Subsequently, the chloroform of the collected filtrate was
evaporated by rotary evaporation and the resulting solid was purified

https://doi.org/10.1021/acs.chemmater.1c02526
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using column chromatography (dry loading, dichloromethane as
eluent), yielding the final product as a white solid with a yield of 45%.

'"H NMR (400 MHz, chloroform-d) § 7.45 (d, J = 8.7 Hz, 2H),
7.42 (d, ] = 8.6 Hz, 2H), 6.95 (d, ] = 8.8 Hz, 2H), 6.89 (d, ] = 8.6 Hz,
2H), 6.10 (s, ] = 1.4 Hz, 1H), 5.55 (p, ] = 1.6 Hz, 1H), 5.05 (s, 1H),
4.14 (t, ] = 6.7 Hz, 2H), 4.00 (t, ] = 6.6 Hz, 2H), 1.95 (t, ] = 1.3 Hz,
3H), 1.79 (m, 2H), 1.69 (m, 2H), 148 (m, 2H), 1.41-127 (m,
12H). C NMR (101 MHz, CDClL) § 167.70, 15826, 154.67,
136.53, 133.70, 133.23, 127.92, 127.66, 125.26, 115.59, 114.76, 68.11,
64.92, 29.55, 29.50 (2C), 29.40, 29.31, 29.25, 28.61, 26.07, 25.99,
18.3S.

2.2.2. 4'-Acylchloride-benzo-15-crown-5. Synthesis of 4'-acyl-
chloride-benzo-15-crown-5 was based on the methods described
before.*' 4-Carboxybenzo-15-crown-5 (0.766 g, 2.45 mmol) was
added to a flask and dried with three cycles of vacuum/argon.
Subsequently, 15 mL of anhydrous chloroform was added followed by
slow addition of thionyl chloride (1.0 mL, 13.8 mmol). The resulting
suspension was stirred for 3 h at room temperature, after which the
solvent and excess thionyl chloride were removed under vacuum. The
conversion of the resulting acylchloride was checked with attenuated
total reflection Fourier transform infrared (ATR FT-IR) spectroscopy,
showing good conversion. ATR FT-IR (cm™): 2895 (C—H stretch,
Ar.), 1742 (C=O0 stretch acylchloride), 1586 (C—C stretch Ar.),
1511, 1420, 1350, 1254 (C—O stretch ether), 1131, 747 (C—Cl
stretch).

2.2.3. 4-((11-Methacryloylundecan-1-yl)oxy)-4'-(4'-carboxyben-
zo-15-crown-5)biphenyl (Molecule 1). Synthesis of 4-((11-meth-
acryloylundecan-1-yl)oxy)-4'-(4'-carboxybenzo-15-crown-S5 )biphenyl
(molecule 1) was based on the methods described before (see Figure
1 for reaction scheme).* Triethylamine (0.34 mL, 2.35 mmol) was
added dropwise over a time span of S min to a solution of 4'-
acylchloride-benzo-15-crown-S (1.077 g, 2.35 mmol) and 11-((4'-
hydroxy-[1,1"-biphenyl]-4-yl)oxy)undecyl methacrylate (1.0 g, 2.35
mmol) in S mL of anhydrous tetrahydrofuran cooled in an ice bath
under argon atmosphere. After 1 h, the ice bath was removed and
stirring was continued for 16 h at room temperature, after which the
THF was evaporated. The remaining product was dissolved in 8 mL
of chloroform and subsequently precipitated with S mL of ethanol.
The precipitate was filtered and dried, yielding molecule 1 as a white
powder with a yield of 62%.

'H NMR (400 MHz, chloroform-d) § 7.85 (dd, J = 8.4, 2.0 Hz,
1H), 7.68 (d, ] = 2.1 Hz, 1H), 7.59 (d, ] = 8.6 Hz, 2H), 7.50 (d, ] =
8.7 Hz, 2H), 7.23 (d, J = 8.6 Hz, 2H), 6.96 (d, ] = 8.7 Hz, 2H), 6.94
(d, J = 8.5 Hz, 1H), 6.10 (s, 1H), 5.55 (q, ] = 1.7 Hz, 1H), 4.23 (m,
4H), 4.14 (t, ] = 6.7 Hz, 2H), 4.00 (t, ] = 6.6 Hz, 2H), 3.95 (m, 4H),
3.78 (d, ] = 2.6 Hz, 8H), 1.94 (d, J = 1.2 Hz, 3H), 1.81 (m, 2H), 1.69
(m, 2H), 1.47 (p, ] = 6.8 Hz, 2H), 1.42—1.25 (m, 12H). *C NMR
(101 MHz, CDCL,) & 167.57, 165.01, 158.76, 153.78, 149.97, 148.62,
138.59, 136.57, 132.78, 128.10, 127.69, 125.14, 124.80, 122.07,
121.98, 114.96, 114.81, 112.09, 7120 (2C), 70.42, 70.32, 69.40,
69.26, 69.09, 68.65, 68.10, 64.85, 29.55, 29.50 (2C), 29.40, 29.30,
29.25, 28.62, 26.07, 25.99, 18.35. ATR FT-IR (cm™'): 2900 (C—H
stretch), 2345, 1725 (C = O ester), 1597 (C—C stretch Ar.), 1500,
1431, 1277 (C—0 stretch), 1205 (C—O stretch), 1143, 1058, 961.
HRMS (MALDI-TOF): [M + Na]* caled for C,,Hs,0,oNa: 741.36;
found: 741.30.

2.3. Synthesis of Molecule 2. 2.3.1. Bis(4-((11-(acryloyloxy)-
undecyl)oxy)phenyl)terephthalate (Molecule 2). Triethylamine
(15.2 mL, 110 mmol) was added dropwise to a solution of 11-(4-
hydroxyphenoxy)undecyl acrylate (33.1 g, 100 mmol) and tereph-
thaloyl chloride (10.1 g, SO mmol) in 200 mL of dichloromethane
cooled in an ice bath under a nitrogen atmosphere. Stirring was
continued for one night at room temperature, after which the solution
was extracted subsequently with 100 mL of an aqueous 1M HCI
solution and 200 mL of brine and dried over magnesium sulfate. The
crude product was obtained after filtration over a thin silica pad
followed by evaporation. Molecule 2 (29.1 g, 73% yield) was obtained
as white crystals after recrystallization from 300 mL of ethyl acetate
(see Figure 2 for reaction scheme).
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Figure 2. Reaction scheme of bis(4-((11-(acryloyloxy)undecyl)oxy)-
phenyl)terephthalate (molecule 2).

'"H NMR (400 MHz, chloroform-d) & 8.31 (s, 4H), 7.14 (d, ] = 9.0
Hz, 4H), 6.94 (d, ] = 9.0 Hz, 4H), 6.40 (dd, J = 17.4, 1.5 Hz, 2H),
6.12 (dd, J = 17.3, 10.4 Hz, 2H), 5.81 (dd, ] = 10.4, 1.5 Hz, 2H), 4.15
(t, J = 6.7 Hz, 4H), 3.97 (t, ] = 6.5 Hz, 4H), 1.79 (m, 4H), 1.67 (m,
4H), 1.46 (m, 4H), 1.41-125 (m, 24H). *C NMR (101 MHz,
CDCl,) & 166.35, 164.69, 157.10, 144.02, 133.96, 130.43, 130.21,
128.66, 122.25, 115.17, 68.44, 64.72, 29.54, 29.50 (2C), 29.38, 29.27,
29.25, 28.63, 26.05, 25.93. HRMS (MALDI-TOF): [M + Na]* calcd
for C,gHg,00Na: 821.42; found: 821.48.

2.4. Membrane Preparation. An LC mixture consisting of 49.7
wt % molecule 1, 49.7 wt % molecule 2, 0.5 wt % photoinitiator
(Irgacure 819), and 0.1 wt % inhibitor (tert-butylhydroquinone,
TBHQ) was prepared by dissolving the compounds in a minimum
amount of chloroform and subsequently evaporating the solvent. The
membranes with a thickness of 20 yzm were prepared by heating the
LC mixture to the isotropic phase at 130 °C and performing capillary
suction between two glass plates equipped with 20 ym spacers to fill
the glass cells. To obtain planar alignment, the glass plates were
functionalized with a rubbed polyimide layer (Optimer AL 1254; JSR
Corporation, Toyo Japan). After the glass cells were filled, the samples
were placed inside a temperature-controlled N, box, in which the
samples were cooled from 130 °C to the desired temperature (130,
114, and 104 °C for isotropic, nematic, and smectic morphologies,
respectively) with a cooling rate of 1 °C/min. Subsequently, the
samples were polymerized by exposing the samples for 10 min to an
unfiltered spectrum of a collimated EXFO Omnicure $2000 UV lamp
with a light intensity of 20 mW/ cm? in the range of 320—390 nm.
The glass cells were opened by immersing the samples in hot water
(80 °C) for 10 min to obtain the freestanding membranes. For
homeotropic alignment, Nissan polyimide sunever (Nissan Chemical
Industries Ltd.) functionalized glass cells were used and the
membranes were similarly processed as the planar aligned membranes
described before.

2.5. Characterization. Nuclear magnetic resonance (NMR)
spectra were recorded at room temperature on a Bruker FT-NMR
spectrometer AVANCE III HD-Nanobay (400 MHz, Bruker
Ultrashield magnet, BBFO Probehead, BOSS1 shim assembly) in
deuterated chloroform. Chemical shifts are given in ppm with respect
to tetramethylsilane (TMS, 0 ppm) as internal standard.

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) was performed on a Bruker
Autoflex Speed MALDI-MS instrument using 2-[(2E)-3-(4-tert-
butylphenyl)-2-methylprop-2-enylidene Jmalononitril (DCTB) as ma-
trix.

Attenuated total reflection Fourier transform infrared (ATR FT-
IR) spectra were recorded at room temperature on a Varian Cary
3100 FT-IR spectrometer equipped with a golden gate attenuated
total reflectance (ATR) sampling accessory. Scans were taken over a
range of 4000—650 cm ™', with a spectral resolution of 4 cm™ and S0
scans per spectrum.

Polarizing optical microscopy (POM) was performed using a Leica
DM 2700M optical microscope equipped with two polarizers that
were operated either crossed or parallel to the sample in between a

https://doi.org/10.1021/acs.chemmater.1c02526
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Linkam hot-stage THMS600 with a Linkam TMS94 controller and a
Leica DFC420 C camera.

Differential scanning calorimetry (DSC) measurements were
recorded in hermetic T-zero aluminum sample pans using a TA
Instruments Q2000 DSC equipped with cooling accessory. The DSC
measurements were performed with three cycles of heating and
cooling at a rate of 1 °C/min with isothermal equilibration for 3 min
after each heating or cooling ramp. The transition temperatures were
determined from the third heating and cooling cycle using TRIOS
DSC software.

Medium- and wide-angle X-ray scattering (MAXS/WAXS)
measurements were recorded on a GaneshaLab instrument equipped
with a Genix-Cu ultralow divergence 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 pum®.

2.6. Gas Sorption. Gas sorption of N, and CO, was performed at
6 bar and 20 °C for all membranes with a Rubotherm series IsoSORP
sorption instrument to determine the solubility coefficient (cm® STP/
(cm*cmHg)) for both gasses. The equipment uses a magnetically
suspended balance to measure the sorbed weight of the gas. Prior to
each sorption measurement, a buoyancy measurement with helium
was performed to determine the initial sample weight and volume.
Here, an assumption was made that the solubility of helium is
negligible. With the obtained sample weight and volume from the
buoyancy measurement with helium, the measured sorbed weight is
corrected using eq 1.

Meorrected = Mmeasured + pgas'VsampIe

(1)

In eq 1, Megreeq is the corrected weight (g), Myeuurea iS the
measured weight (g), Pgas 18 the density of the measuring gas (g/cm?),
and V. the sample volume (cm®). With the corrected sorbed
weight, the concentration of the measuring gas (N, or CO,) was
calculated at 6 bar and 20 °C using eq 2.

me p

my- p,(STP)

)

In eq 2, C; (cm® (STP)/cm® polymer) is the concentration of gas in
the membrane, p; (g/cm?) is the density of the membrane, and p;
(STP) (g/cm®) is the density of measuring gas at standard
temperature and pressure (STP = 273.15 K and 1.013 bar). The
solubility coefficient of N, and CO, in the membranes was calculated
using eq 3.

T 3)

In eq 3, S is the gas solubility (cm® STP/(cm*cmHg)), C; is the
concentration gas adsorbed (cm® (STP)/cm?), and P is the pressure
(cmHg).

2.7. Single Gas Membrane Performances. Gas permeation
experiments using He, Ar, N,, and CO, were performed in a stainless
steel cell with a permeation area of 2.1 cm® The flat sheet membranes
were supported by a Whatman filter paper (Grade SO with a pore size
of 2.7 ym) to provide additional mechanical support. The single gas
permeability of the membranes was determined using eq 4, at 20 °C
in duplicate by measuring the permeate pressure increase over time in
a calibrated volume with a feed pressure of 6 bar and vacuum at the
permeate side (AP = 7 bar).

AP

permeate

V.-V, -L-10"
‘T AtR-T-A-AP

(4)

In eq 4, p; is the permeability of gas species i (Barrer), AP . ... is
the increase in permeate pressure (Pa) per time interval At (s), V, is
the calibrated permeate volume (m?), V,, is the molar volume at STP
(cm®/mol), L is the membrane thickness (cm), R is the gas constant
(J/K'mol), T is the permeate temperature (K), A is the membrane
area (cm?), and AP is the transmembrane pressure (cmHg). Before
each single gas permeation measurement, the membranes were
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conditioned for at least 1 h with the gas to be measured. First, He
permeation was measured, followed by Ar and N,. CO, permeation
measurements were performed last, since CO, could induce swelling
of the membrane. The ideal selectivity of gas species i with respect to
gas species j, @;;;, was calculated with eq S.

Ay =
F (s)

The N, and CO, diftusion coeflicients of the LC membranes were
calculated using eq 6.

D=—
$ (6)
In eq 6, D is the diffusion coefficient (cm?/s), P is the permeability
(Barrer), and S is the solubility coefficient (cm® STP/(cm*cmHg)).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Molecules 1
and 2. A photopolymerizable nematic monoacrylate (mole-
cule 1) and a smectic diacrylate (molecule 2) were selected
and synthesized to fabricate membranes with various
morphologies and alignments, while using the same chemical
composition (Figure 3a). Molecule 1 was selected for its crown
ether moiety, from which it is known that the cyclic
oligoethylene oxide segment has favorable interactions with
CO,. Molecule 2 was synthesized to improve the mechanical
strength of the fabricated membranes, and it was expected that
undecyl side chains would enlarge and stabilize the smectic
lamellar phase.”

Molecule 1 was synthesized and characterized following a
literature procedure (Figure 1 for reaction scheme).”'
Intermediate product (4) and molecule 1 were characterized
by 'H and "*C nuclear magnetic resonance (NMR) and are in
accordance with literature values (Figures S1 and S2).
Moreover, mass spectroscopy (MALDI-TOF) and attenuated
total reflection Fourier transform infrared (ATR FT-IR)
spectroscopy showed the successful synthesis of molecule 1
(Figure S3). The phase behavior of molecule 1 was determined
with differential scanning calorimetry (DSC) and polarizing
optical microscopy (POM) (Figure S4). DSC revealed upon
cooling an isotropization temperature of 117 °C, which is in
accordance with the literature (114 °C). Upon further cooling,
molecule 1 exhibits a nematic phase at 116 °C and crystallizes
at 99 °C.

Molecule 2 was synthesized for the first time by the addition
elimination reaction between intermediate terephthaloyl
chloride (7) and 11-(4-hydroxyphenoxy)undecyl acrylate (8)
(Figure 2 for reaction scheme). Characterization by 'H NMR
and “C NMR and MALDI-TOF confirmed the successful
formation of molecule 2 (Figure SS). The phase transitions of
molecule 2 were determined with DSC and POM (Figure S6).
DSC revealed upon cooling an isotropization temperature of
132 °C. Further cooling shows a nematic phase between 132
and 131 °C, a smectic phase between 131 and 116 °C, and
crystallization at 115 °C.

An LC mixture consisting of molecule 1 and molecule 2 (in
a set ratio of 1:1 in wt %), a photoinitiator, and an inhibitor
was prepared and characterized with DSC and POM to
determine the phase transitions (Figure S7). DSC revealed an
isotropization temperature of 118 °C. Upon cooling, the LC
mixture shows a nematic phase at 117 °C, a smectic phase at
108 °C, and crystallizes at 100 °C, elucidating that this specific
LC mixture can be used to prepare membranes with isotropic,
nematic, and smectic morphologies.

https://doi.org/10.1021/acs.chemmater.1c02526
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Figure 3. (a) Molecular structures of a monoacrylate crown ether LC (molecule 1, red rods) and diacrylate LC cross-linker (molecule 2, blue rods),
which are used in a 1:1 (wt %) ratio for all membranes. (b) Schematic representation of the fabrication process of the LC membranes. (c) Artist
impression of freestanding membranes with various morphologies that differ in the degree of molecular order and orientation (cross-sectional area).
Note that only the cross section of the freestanding membranes is shown and therefore the smectic C morphology looks similar to a smectic A

morphology.

Figure 4. WAXS (top row) and MAXS (bottom row) spectra of membranes with different molecular alignments and orientations. (a, e)
Membranes polymerized at 130 °C representing a randomly oriented (isotropic) morphology. (b, f) Membranes polymerized at 114 °C
representing a planar aligned nematic cybotactic morphology. (¢, g) Membranes polymerized at 104 °C representing a planar aligned smectic C
morphology. (d, h) Membranes polymerized at 104 °C representing a homeotropic aligned smectic C morphology. The single arrow shows the
alignment direction.

3.2. Preparation and Characterization of Liquid alignment layers to control the orientation (Figure 3b). The
Crystalline Membranes. Membranes were prepared by LC mixture was polymerized at 130, 114, and 104 °C for
incorporating the LC mixture in glass cells having different isotropic, nematic, and smectic orders, respectively, and after
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Figure S. Single gas permeability (He, CO,, Ar, and N,) of membranes with, respectively, isotropic, nematic cybotactic, and smectic C

morphologies at 20 °C and 6 bar feed pressure.

opening of the cells, freestanding membranes were obtained
(see Figure 3c for an artist impression of the freestanding
membranes with various morphologies that differ in molecular
order and orientations). FT-IR spectra confirmed full
conversion of the acrylate moieties (Figure S8).

The alignment and organization of the polymerized
membranes were investigated with POM (Figure S9).
Membranes with a planar alignment show dark images under
parallel conditions and bright images under 45° tilt, revealing
birefringent polymer membranes. Homeotropically aligned
membranes showed dark gray images for all angles. This
indicates that the membranes are well aligned. Wide-angle X-
ray scattering (WAXS) and medium-angle X-ray scattering
(MAXS) were employed to further investigate the alignment
and morphology of the membranes (Figure 4).

The two-dimensional (2D) WAXS and MAXS spectra
(Figure 4a,e) of the membranes that were polymerized at 130
°C show full diffuse circles in the wide- and medium-angle
regions. The full circle in the wide-angle region corresponds to
randomly oriented LC molecules, which is characteristic for an
isotropic morphology. However, the presence of two full circles
in the MAXS (Figure 4e) indicates that the isotropic
membranes contain randomly oriented layered structures,
which corresponds to a smectic morphology. These randomly
oriented layered structures were not expected because the
membranes were fabricated well above the isotropization
temperature. Moreover, POM images of the membranes
fabricated at 130 °C show dark images at all angles, indicating
an isotropic morphology. Combining the POM and XRD data
makes it likely that the membranes fabricated at 130 °C have
an isotropic morphology with randomly oriented smectic
domains in the nanometer scale that are therefore not visible
with POM (Figure 3cl illustrates the cross section of an
isotropic bulk morphology with randomly oriented smectic
domains). Figure 4b,f shows the WAXS and MAXS spectra of
membranes that were polymerized at 114 °C, respectively.
Both WAXS and MAXS contain diffraction spots instead of full
circles, which indicates that all molecules are oriented into a
common direction. In addition, the MAXS spectrum in Figure
4f shows two spots parallel to the alignment direction, which
would correspond to an ordered planar smectic A morphology.
However, from the absence of smectic features in the POM, it
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is concluded that these membranes have an ordered nematic
morphology that contains localized, fluctuating regions of
smectic domains in the nanometer scale (Figure 3c2 illustrates
the cross section of a planar nematic bulk morphology with
smectic domains). This so-called nematic cybotactic phase is
known to appear close to the nematic—smectic transition.”>**
Figure 4g shows the MAXS of membranes that were
polymerized in a planar manner at 104 °C. The MAXS
shows splitting of the two centered spots, which corresponds
to an ordered smectic C morphology that consists of a tilted
layered structure with a tilt angle of 23° (Figure 3c3 illustrates
the cross section of a planar smectic C morphology).
Moreover, a layer spacing of 4.6 nm that corresponds to the
distance between two layers was determined. The determined
layer spacing is in close approximation with the theoretical
layer spacing of molecule 2 (4.99 nm), which is expected to
mainly determine the layer spacing as it is connecting the
layered structures. The small discrepancy between the
experimentally determined and theoretical layer spacing can
be explained by the fact that the flexible alkyl chain of molecule
2 can be folded, leading to a slightly lower value. Contrary to
the WAXS and MAXS spectra of planar aligned smectic C
membranes, homeotropic aligned smectic C membranes in
Figure 4dh show no diffraction spots in the medium-angle
region due to the fact that the X-ray beam is parallel to the LC
molecules but only show a full diffuse circle in the wide-angle
region (Figure 3c4 illustrates the cross section of a
homeotropic smectic C morphology).”” The intermolecular
spacing that corresponds to the intermolecular stacking of the
LC building blocks was found to be 0.43—0.44 nm for all
morphologies and orientations. The above confirms the
formation of the different nanostructured membranes as
presented in Figure 3c.

3.3. Effect of Molecular Order on Single Gas
Performances. The effect of molecular order on gas
permeation performance was investigated by measuring single
gas permeation of He, Ar, N,, and CO, in membranes with
isotropic, planar nematic cybotactic, and planar smectic C
morphologies. The permeation data are shown in Figure S (see
Table S1 for permeation values).

Figure 5 shows that the permeability of all gasses decreases
when going from a randomly ordered (isotropic) to a highly

https://doi.org/10.1021/acs.chemmater.1c02526
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Figure 6. Ideal gas selectivities (CO,/N,, He/CO,, He/N,) of membranes with, respectively, isotropic, nematic cybotactic, and smectic C

morphologies at 20 °C.

ordered smectic C morphology. Helium has the highest
permeability for all membranes, while the membranes with
isotropic and nematic cybotactic morphologies have relatively
similar permeabilities for CO,, Ar, and N,. Oppositely, the
permeability of membranes with the smectic C morphology
decreases tremendously for Ar and N, (22-fold for Ar and 67-
fold for N,) compared to He and CO, (3-fold for He and 4-
fold for CO,). To visualize the effect of molecular order on gas
separation performance, the ideal gas selectivities were
calculated from these permeation data, and the selectivities
of the three most important gas pairs (He/N,, CO,/N,, and
He/CO,) are shown in Figure 6 (see Table S2 for all gas
pairs).

Figure 6 shows that isotropic membranes exhibit almost no
selectivity toward a specific gas species, and only a slight
selectivity increase for all gas pairs is observed for the nematic
cybotactic morphology. However, selectivities toward He and
CO, increase tremendously (24-fold for He/N, and 18-fold for
CO,/N,) for the highly ordered smectic C morphology. The
difference in gas permeability and selectivity between the
nematic cybotactic and smectic C membranes is considerable
and most likely originates from the difference in molecular
order. As shown in Section 3.2, the nematic cybotactic
membranes have a less ordered nematic bulk that contains
localized, more ordered smectic domains. For gas separation,
this means that permeation will mainly occur through the less
ordered nematic bulk of these membranes. The smectic C
membranes have an ordered smectic C bulk and permeation
occurs through the smectic bulk, which results in a lower gas
permeability. These permeation results can be further
explained by the effect of a combination of parameters being
kinetic diameter, molecular weight, critical temperature, free
volume, and molecular interactions via the quadrupole
moments of the gasses. These parameters are presented in
Table 1.¥

As the fabricated membranes can be considered dense, the
mechanism of permeation is best described by the solution-
diffusion model.** Dense membranes separate gasses via their
intrinsic differences in solubility and diffusivity. Irrespective of
the molecular structure and orientation of the membrane,
some general considerations can be given. Helium has the
smallest kinetic diameter and lowest molecular weight of all
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Table 1. Kinetic Diameter, Molecular Weight, Quadrupole
Moment, and Critical Temperature of Various Gas
Species”’

kinetic molecular quadrupole critical
gas diameter weight m(z)ment o temperature
species [nm] [g/mol] [em] x10 IEK]
He 0.26 4.00 0.00 5.19
CO, 0.33 44.01 —13.71 304.13
Ar 0.34 39.94 0.00 151.00
N, 0.36 28.01 —4.91 126.20

measured gasses, leading to a higher diffusion rate through the
membrane, resulting in the highest permeability of all gasses.”’
N, has a lower molecular weight than CO, and Ar, but this is
accompanied by the largest kinetic diameter of all measured
gasses. Combined with its low solubility into the polymer
matrix due to its low critical temperature (see Section 2.6 and
Table 2), this results in a lower N, permeability than for He.

Table 2. CO, Permeabilities, Solubility Coefficients

Measured at 6 Bar and 20 °C and the Associated Calculated
Diffusion Coeflicients of LC Membranes with, Respectively,
Isotropic, Nematic Cybotactic, and Smectic C Morphologies

P S D
3 3 2
STP)- _ STP
[cmg >°m}xm r [““3( ) [cm ]xm

morphology cm”-s-cmHg cm’-cmHg s
isotropic 3.49 0.01204 29.00
nematic 1.46 0.01201 12.20

cybotactic

planar
smectic C planar 0.37 0.01198 3.05

CO, and Ar have similar kinetic diameters and molecular
weights, but CO, has a higher critical temperature, which
results in a higher solubility into the polymer matrix.** In
addition, the CO, solubility is expected to be enhanced due to
favorable interactions of the quadrupole of CO, with the
dipole moments of the crown ethers."***

For both the isotropic and nematic cybotactic LC
membranes (Figure 3cl,2), the permeabilities of CO,, Ar,
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Figure 7. Gas permeation data and ideal gas selectivities of different molecular orientations. (a) Single gas permeability (He, CO,, Ar and N,), of
planar and homeotropic aligned smectic C membranes at 20 °C and 6 bar feed pressure. (b) Ideal gas selectivities (CO,/N,, He/CO,, He/N,) of

planar and homeotropic aligned smectic C membranes at 20 °C.

and N, are relatively equal for the same membranes. This
suggests that the differences in solubility and diffusivity
between the gasses cancel each other out while permeating
the membrane. Based on the high critical temperature and
quadrupole moment of CO, (high solubility and low
diffusivity) and the large kinetic diameter of N, (low solubility
and low diffusivity), one would expect a higher CO,
permeability than N, permeability. Still, both have equal
permeabilities, which suggests that either the solubility of CO,
or the effect of the kinetic diameter is lower than expected. By
comparing the kinetic diameters and critical temperatures
(shown in Table 1) of CO,, N,, and Ar, one can hypothesize if
the solubility or diffusivity is dominant for permeation through
LC membranes with isotropic and nematic cybotactic
morphologies. If the solubility would be the dominant effect,
one would expect a higher Ar permeability than N,
permeability because both gasses have similar critical temper-
atures and therefore comparable solubilities, but Ar has a
smaller kinetic diameter than N,. Since both Ar and N, have
equal permeabilities, this suggests that diffusivity is dominant
over the solubility and gas permeation through LC membranes
with isotropic and nematic cybotactic morphologies mainly
depends on diffusion. For membranes with an ordered smectic
C morphology, the permeability of Ar and N, is significantly
lower than that of He and CO,, resulting in an increase in He/
N, and CO,/N, selectivities. In line with the previous
discussion, this most probably originates from the increased
molecular order. With that, the total free volume within the
membranes decreases, which affects the diffusion coefficient
and increases the selectivity between gasses with a larger
kinetic diameter (Ar and N,) and the gasses with a smaller
kinetic diameter (He and CO,). To further investigate the
effect of molecular order on the gas permeability of these LC
membranes, the gas sorption of CO, was measured.
Subsequently, the diffusion coefficient was calculated using
eq 6. Unfortunately, the N, sorption for all membranes was too
low to obtain accurate values. Therefore, Table 2 only presents
the permeabilities, solubility coefficients, and diffusion
coeflicients of CO, in membranes with, respectively, isotropic,
nematic cybotactic, and smectic C morphologies.

Sorption experiments (Table 2) show that the solubility
coefficient of CO, is equal for all morphologies, meaning that
the decrease in CO, permeability with increasing molecular
order can be completely attributed to a decrease in the
diffusion coeflicient. Going from an isotropic to a nematic
cybotactic morphology, the diffusion coefficient decreases 2
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times while the smectic C morphology compared to the
isotropic morphology even shows a 10-fold decrease in the
diffusion coeflicient. A similar solubility coefficient for all
morphologies indicates that the overall free volume in the
membrane is equal for all morphologies.”” It is therefore likely
that with increasing molecular order, not the total free volume
within the LC membranes decreases, but the free volume
elements within the membrane decrease in size. A decrease in
the size of the free volume elements results in a larger
reduction in diffusion coeflicients for gasses with larger kinetic
diameters (Ar, N,) than gasses with smaller kinetic diameters
(He, CO,), inducing selectivity for the membranes with a
smectic C morphology.”””' Contrary to membranes with a
smectic C morphology, membranes with an isotropic or
nematic cybotactic morphology exhibit far lower selectivities
due to their larger free volume elements and therefore higher
diffusion coefficients.

3.4. Effect of Molecular Orientation on Single Gas
Performances. The effect of molecular orientation was
investigated by comparing the single gas performances of
planar aligned smectic C membranes versus homeotropic
aligned smectic C membranes. In the case of planar aligned
membranes, the lamellar structures are oriented in the
permeation direction, whereas in the homeotropic membranes,
the lamellar structures are perpendicular to the permeation
direction. Permeation data and ideal gas selectivities of planar
and homeotropic aligned smectic C membranes are shown in
Figure 7 (see Tables S1 and S2 for permeability values and
ideal selectivities of all gas pairs).

Figure 7a shows that the permeability of all gasses is
diminished when going from a planar to homeotropic
orientation. This decrease in permeability can be attributed
to a hindered gas transport. When the lamellar structures are
oriented perpendicular to the permeation direction, the gas
molecules have to pass highly cross-linked acrylate areas of the
membrane that inhibit diffusion and decrease the permeability.
Contrary to the permeability, the ideal selectivities of
homeotropic aligned membranes are higher compared to
those of planar aligned membranes (Figure 7b). The highly
cross-linked areas decrease the diffusion of gasses with a larger
kinetic diameter such as CO,, Ar, and N, more compared to
the smaller He, resulting in enhanced He/N, and He/CO,
selectivities. Surprisingly, the CO,/N, selectivity of the
homeotropic aligned membranes decreases with 20% com-
pared to planar aligned membranes, indicating that CO, is
more retained by the cross-linked areas compared to N,. To
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study this in more detail, gas sorption of CO, was measured at
6 bar to determine the gas solubility and calculate the diffusion
coefficients (Table 3).

Table 3. CO, Permeabilities and Solubility Coeflicients
Measured at 6 Bar and 20 °C and the Associated Calculated
Diffusion Coefficients of Planar and Homeotropic Aligned
Smectic C Membranes

P S D
3 3 2
STP)- _ STP
[cm2< >°m]xw 10 [cm3< ) [cm < 10°

morphology cm”-s-cmHg cm’-cmHg s
smectic C planar 0.37 0.01198 3.05
smectic C 0.13 0.01196 1.09

homeotropic

Sorption measurements (Table 3) show that the solubility
coeflicient of CO, is similar for both planar and homeotropic
aligned smectic C membranes. This is expected because both
orientations have the same chemistry and morphology but only
differ in the direction in which the lamellar structures are
aligned. Consequently, the decrease in permeability for
homeotropic orientations can completely be attributed to a
decrease in the diffusion coeflicient. The 3-fold decrease of the
diffusion coeflicient of homeotropic aligned smectic C
membranes compared to planar aligned smectic C membranes
confirms that the lamellar structures perpendicular to the
permeation direction result in increased resistance, which
decreases gas diffusion and permeation but favors the increase
in selectivity for the smaller components.

4. CONCLUSIONS

The effect of molecular order and orientation in freestanding
thermotropic liquid crystalline (LC) polymeric membranes on
their gas separation performance for He, Ar, N,, and CO, was
studied. An LC mixture, consisting of a monoacrylate with a
crown ether moiety and a smectic diacrylate with a set
chemical composition, was aligned and polymerized, resulting
in robust freestanding membranes with various, distinct
morphologies that differ in the type and degree of molecular
order and orientation. A combination of POM, DSC, and X-
ray scattering measurements confirmed the isotropic, nematic
cybotactic, and smectic C morphologies of the LC membranes.

Gas sorption and single gas permeation of He, Ar, N,, and
CO, in membranes with isotropic, planar nematic cybotactic,
and planar smectic C morphologies demonstrated that the
permeability of all gasses decreases with increasing molecular
order, while the ideal gas selectivities toward He and CO,
increased tremendously (36-fold for He/N, and 21-fold for
CO,/N,) when going from randomly ordered to an ordered
smectic C morphology. It was found that a decreasing diffusion
coefficient with increasing molecular order is responsible for
the decreasing permeability, showing that gas permeation
through LC membranes mainly depends on diffusion rather
than solubility. The effect of molecular orientation has been
demonstrated by a 3-fold reduction of the diffusion coefficient
of homeotropic aligned smectic C membranes due to hindered
gas transport compared to planar aligned smectic C
membranes. For homeotropic smectic C membranes, yields
of lamellar structures perpendicular to the permeation
direction result in increased resistance, which decreases gas
diffusion and permeation. Contrary to the permeability, the

ideal selectivities of homeotropic oriented membranes are
higher compared to those of planar aligned membranes.

Our results highlight the crucial role of molecular order and
orientation in LC polymer membranes for gas separation.
Further research toward LC chemistry for improved gas
polymer matrix interactions and in-depth morphology
performance experiments would be a next step to study the
role of supramolecular organization on gas separation perform-
ance.
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