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Selective CO, adsorption and bathochromic shift in
a phosphocholine-based lipid and conjugated

polymer assembly
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We assemble a film of a phosphocholine-based lipid and a crystalline conjugated polymer using
hydrophobic interactions between the alkyl tails of the lipid and alkyl side chains of the polymer, and

demonstrated its selective gas adsorption properties and the polymer's improved light absorption

properties. We show that a strong attractive interaction between the polar lipid heads and CO, was
responsible for 6 times more CO, being adsorbed onto the assembly than N,, and that with repeated
CO, adsorption and vacuuming procedures, the assembly structures of the lipid-polymer assembly were
irreversibly changed, as demonstrated by in situ grazing-incidence X-ray diffraction during the gas

adsorption and desorption. Despite the disruption of the lipid structure caused by adsorbed polar gas

molecules on polar head groups, gas adsorption could promote orderly alkyl chain packing by inducing
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compressive strain, resulting in enhanced electron delocalization of conjugated backbones and

bathochromic light absorption. The findings suggest that merging the structures of the crystalline
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rsc.li/rsc-advances

1. Introduction

Carbon dioxide (CO,) recycling technologies for the reduction of
carbon footprints are crucial because the concentration of CO,
in the atmosphere has kept increasing from 280 ppm in the
preindustrial era to the current level of 410 ppm, driving global
warming."® Technologies to capture, store and convert CO,
directly from air are thus indispensable for stabilizing or
decreasing the concentration of atmospheric CO,. Furthermore,
it is greatly beneficial when both capture and conversion of CO,
can be simultaneously carried out in the air. Because the
sources of CO, emission are widely distributed over the world,
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functional polymer and lipid bilayer is a viable option for solar energy-converting systems that use
conjugated polymers as a light harvester and the polar heads as CO,-capturing sites.

not limited to point sources such as power plants and industrial
factories, localized CO, capture and storage facilities are not
adequate to achieve the goal for the CO, reduction. Technolo-
gies for direct capture of CO, from ambient air and immediate
conversion to useful fuels and chemicals such as formaldehyde,
methanol and methane should thus be a strong requirement to
prevent a drastic increase in CO, concentration.

One of the most effective approaches for this goal is to use
photocatalysts for both CO, capturing and reducing, environ-
mentally friendly harvesting and utilizing solar energy, which
has received a lot of attention. Carbon nitride,” metal-organic
frameworks (MOFs),*® surface-modified metal oxide semi-
conductor nanocrystals such as TiO,,'®"* nanocomposites of
TiO, and MOFs," and metal chalcogenides/nitrides' have been
investigated for CO, capture and photocatalytic reduction.
Photocatalysis based on conjugated polymers is also a prom-
ising candidate for both CO, capture and photoconversion
reaction. It's because, as proven by polymeric photovoltaic
systems, one may take advantages of conjugated polymers’
chemical stability'*** and outstanding light harvesting proper-
ties over a broad range of solar energy from ultraviolet (UV),
visible, to near infrared (NIR) light by easily tuning their
molecular structure.'®™®* However, CO,-fixation has been regar-
ded as the most difficult barrier to overcome in order to improve
overall efficiency.” Only a few investigations on CO, capture
and photoreduction based on conjugated polymers have been
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undertaken, including CO, adsorption to ionic liquid and
subsequent photochemical conversion by conjugated poly-
mers,” and conjugated microporous polymers.* Thus,
a process for effective CO, fixation is in great demand for
photocatalytic CO, conversion based on conjugated polymers.

Numerous investigations on capturing and storing CO, have
been reported in the field of CO, fixation.>>** CO, gas can be
collected in a variety of ways® that include physical adsorption
without any chemical reactions***® and chemisorption with
a chemical reaction such as the production of carbamic acid
with an amine*~** or mineral salts.>*" Low interfacial energy,
which derives from high polarity, and a large surface area are
critical elements for improving capture efficiency in both
physisorption and chemisorption.’®** As a result, materials
having a wide surface area and electrostatic or chemical
attraction sites, such as amine compounds,”*” inorganic salts,
covalent organic frameworks,”***” and metal-organic frame-
%31 have been proposed for CO, fixation.

We expect conjugated polymer nanomaterials assembled
with phospholipids to provide both CO, collecting sites and
photocatalysis via conjugated polymers, as well as nano-
dimensions for a large surface area. Phospholipids that include
phosphocholine (PC) and phosphorus amine® are the most
abundant lipids, with significant polarity due to phosphorus-
based zwitterions in their head groups. These differently
charged neighboring groups contain both positive and negative
areas in a molecule to maximize polarity and generate dipole
polarization to neighbour nonpolar but dipolar molecules,*®
making them a promising candidate for CO, capturing sites.
Phospholipids, on the other hand, can form a bilayer structure
with high polar boundaries and hydrophobic intermediate
layer, as seen in cell membranes, by compact packing of polar
heads and alkyl tails.**?® As we previously demonstrated,
conjugated polymers can be integrated into the intermediate
layer by alkyl chain association between the polymers’ side
chains and the phospholipids' tails, resulting in nanoparticles
with a hydrophobic polymer core and an outer surface made up
of polar lipid heads,** which can be employed for photo-
catalysis.*®** Such integration of organic and polymeric semi-
conductors in the intermediate layer of the lipid bilayer and
increased charge transfer efficiency** were also demonstrated
for microbial fuel cells,® membrane sensors***® and photo-
current generation systems.*” Based on these findings, we
presume that conjugated polymers in the nanomaterials’ core
area can efficiently harvest solar energy, and that charges can be
carried to the nanomaterials' outer polar surfaces, where CO,
can be adsorbed.

As a starting point for CO, conversion using assemblies of
phospholipids and conjugated polymers, we studied the struc-
ture variation during polar and nonpolar gas adsorption in
a model lipid bilayer film using 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (D7PC) and a highly crystalline conjugated
polymer, poly(3-hexylthiophene) (P3HT), as shown in Fig. 1a.
D7PC is a phosphocholine lipid with an alkyl chain length that
is similar to that of P3HT, resulting in a densely packed struc-
ture with exposed polar head groups that bind polar gas mole-
cules. We confirmed the selective physisorption between
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Fig. 1 Schematic image of (a) P3HT-lipid bilayer structure for CO,
adsorption and conjugate polymer annealing effect and molecular
structure of (b) lipid, D7PC and (c) P3HT.

external gases and lipid heads groups in the film assembly
structure and revealed that the effect of gas adsorption on the
assembly structure and optical property of the conjugated
polymer in the intermediate layer. By analyzing the structure
and intermolecular interaction variation in the assemblies of
phospholipids and conjugated polymers, we were able to better
understand the role of each section of lipids during gas
adsorption and highlight the potential for photocatalytic
application.

2. Experimental
2.1 Materials

Regioregular P3HT was purchased from 1-Material (Quebec,
Canada). D7PC in a 25 mg mL ™" chloroform solution were ob-
tained from Avanti Polar Lipids (Alabama, USA). All chemicals
were used without further purification.

2.2 Preparation of P3HT-D7PC lipid bilayer film

First, 0.2 mg of P3HT (molecular weight (MW) = 166.28 g mol '
on a repeat unit basis, 1.2 pmol) was dissolved in 2 mL of
chloroform. Then, 6 pmol of lipid (5 times larger than the molar
amount of P3HT) was added to the P3HT chloroform solution
(0.116 mL of D7PC solution, 2.89 mg of D7PC (MW = 481.56 g
mol ")) and ultrasonicated for 5 min. Uniform films were
fabricated by evaporating the solvent in an oil bath at 32 °C
while blowing a gentle stream of N,. For further drying, the
films were stored in vacuum at room temperature overnight. For
a control sample, a P3HT film was prepared via the same
method without the addition of the lipid solution. For
measurements of infrared (IR) spectra, surface morphology,
and grazing-incidence X-ray diffraction (GIXD), film samples
were assembled on silicon substrates or quartz plates and
scraped from substrates for gas adsorption examination.

2.3 First principle calculation

The selectivity of CO, gas absorption behavior was calculated by
first-principle calculations based on density functional theory
(DFT). The entire calculation has employed B3LYP hybrid
functional with a 6-311++G basis set, which is a highly reliable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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exchange-correlation functional in terms of precision and
calculation resource. All atomic and electronic structures were
first optimized at the relaxed states, and the lowest energy
structures were obtained for further absorption energy analysis
using Gaussian 16 package program.

2.4 Characterizations

Gas adsorption isotherms were recorded on an ASAP 2020
volumetric adsorption apparatus (Micromeritics, USA) at
a range of absolute pressures from 0 to 870 mmHg for N, and
CO, at 273 K. The samples were degassed in the degas port of
the adsorption analyzer at 298 K for 12 h before measurement.
Fourier-transform IR (FT-IR) absorption spectra were obtained
in reflection mode in the range of 600 to 4000 cm ' with
a Hyperion 3000 FTIR microscope and a Vertex 80/v FTIR
spectrometer equipped at PLS-II 12D IRS beamline of Pohang
Accelerator Laboratory in Korea. Phase images of the polymer
films were obtained via atomic force microscopy (AFM, Nano-
scope III, Veeco Instruments, Inc.). Contact-angle images were
obtained using a drop-shape analyzer (DSA100S, KRUSS, Ger-
many) via the sessile drop method. Synchrotron grazing-
incidence X-ray diffraction (GIXD) measurements were con-
ducted at the PLS-II 6D UNIST-PAL beamline. The X-rays
emitted from the bending magnet were monochromated at
11.6 keV (wavelength: 1.0688 A) using Si(111) double crystals
and were focused on the detector by using a combination of
a sagittal-type monochromator crystal and a toroidal mirror
system. The incident angle of the X-ray beams was set at 0.13°,
and the sample-to-detector distance was approximately 246
mm. The diffraction patterns were recorded with a two-
dimensional (2D) charge-coupled device detector (MX225-HS,
Rayonix LLC, USA) and the diffraction angles were calibrated
using a lanthanum hexaboride (LaBg) standard material (NIST
SRM 660c). Ultraviolet-visible (UV-vis) absorption spectra were
obtained using a UV-vis spectrometer (V-670, JASCO, Japan).

3. Results and discussions
3.1 Selective gas adsorption

The polar head group in D7PC, highly polarized phosphate
choline, has been shown by DFT calculations to have the ability
to attract polar gas molecules. Charge distributions of lipids
based on DFT calculations (Fig. 2a and b) demonstrate that the
phosphocholine group strongly polarizes with electron-
deficient choline group (blue) and electron-rich phosphor
group (red), resulting in partial polarization of the gas mole-
cules.*® The partially negative oxygen atom in CO, interacts with
the choline group and the partially positive carbon in CO,
interacts with the phosphor group due to electrostatic attrac-
tion.**** In comparison to N, molecules, the CO, molecule is
more likely to be stabilized closer to the lipid head group. The
distance between the choline group and the gas molecules was
calculated to be 3.421 A in CO, adsorption and 3.710 Ain N,
whereas the distance between the phosphor group and the gas
was 2.472 A in CO, and 2.990 A in N,. CO, adsorption energies
eventually reached —1.49 kJ mol ', about three times higher

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 DFT model for calculating the interaction between lipid (D7PC)
and (a) CO, and (b) N, gas molecules. (c) Adsorption of N, (black dots)
and CO, (orange dots) based on a BET analysis at 273 K for the P3HT—
D7PC film.

than N, adsorption energies of —0.57 k] mol '. The DFT
calculations demonstrate that D7PC may preferentially adsorb
gas molecules and that it is primarily made up of phos-
phocholine groups, which are polar head groups that cause
dipole interaction. The selective adsorption of N, and CO, was
evaluated using a Brunauer-Emmett-Teller (BET) analysis
(Fig. 2c) in agreement with the DFT calculations. The amount of
CO, gas adsorbed into 1 g of the PBHT-D7PC lipid bilayer film
at 760 mmHg was 0.102 mmol, over six times higher than that
of N, (0.016 mmol). This indicates that CO, was attracted to the
polar head group by electrostatic interaction with induced
polarization.

FT-IR spectroscopy was used to analyze the intermolecular
interaction between D7PC and CO, molecules as experimental
evidence for DFT computations (Fig. 3 and S11). D7PC and
D7PC-P3HT films were assembled on Si wafers and used for
reflected mode measurements. The D7PC and D7PC-P3HT
films' FT-IR spectra were collected sequentially in three

RSC Adv, 2022, 12, 8385-8393 | 8387
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Fig. 3 Normalized FT-IR absorbance spectra in 1300 to 1000 cm™!

range of D7PC (solid line) and D7PC/P3HT film (dashed line) in air
(black), vacuum (blue) and CO, (red) condition.

different environments: air (@air), vacuum for 15 minutes of
degassing (@vac), and finally 30 minutes of CO, purging
(@CO,). Fig. 3 shows normalized absorbance spectra in the
range of 1300-1000 cm ™" for assessing any variations in phos-
phate bonds. The phosphate group's four IR bands were allo-
cated to terminated bonds (1250-1220 cm ', »,(P=0) and
1190-1070 cm ™', »3(P-O7), and bonds connected to choline
(1170-1055 em ™, v,) and alkyl tails (1140-1000 cm ™", v,)).>"*
Variations in the environment had a significant impact on the
terminated bands that were exposed to the media. When
ambient air was removed, the peak attributed to »; in the
spectrum for D7PC-P3HT film (dashed lines in Fig. 3) was
displaced from 1234 to 1253 cm ™", then restored to 1240 cm™"
following CO, purging. This finding indicates that CO, might be
put near the terminal bonds and pull electrons from the
electron-rich oxygen molecule, resulting in a lower force
constant and the shorter interatomic distance between carbon
in CO, and oxygen in the P=0 bond as calculated by DFT. The
wavenumber of the peak assigned to v;(P-O~) followed the
same pattern, varying from 1078, 1082, and 1080 cm ™ in air,
vacuum, and CO,, respectively, but the change was not as
pronounced as it was in ;.

Meanwhile, even after CO, purging, the peaks assigned to »,
and v, remained unchanged at 1159 and 1039 cm ™. Because of
their relationship to heavy alkoxyl groups, these two bonds were
situated opposite the bonds exposed to the environment, cor-
recting electron distribution, and their bond strengths were
unaffected by the environment. All of these findings point to
P=0O and CO, as the primary intermolecular interaction
between D7PC and CO, molecules. It's worth noting that the IR
spectra of D7PC reveal a somewhat different pattern for v,,
despite the fact that the patterns for »,, v,, and »; are similar to
those of D7PC-P3HT. For measurements in air, vacuum, and
CO,, the peak of v, varies from 1051, 1045, and 1047 cm ™,
respectively (solid lines in Fig. 3). These findings suggest that
when alkyl tails are coupled with alkyl side chains of P3HT via
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hydrophobic interactions, the P-O bond connected to lipid tails
is less influenced by environmental change.

3.2 Structural and optical characteristics

Surface morphologies and any structural features of films were
investigated by utilizing AFM. Fig. 4a and b show a P3HT film
generated by N, blowing with an uneven surface morphology
and a roughness of 1.23 nm. The D7PC-P3HT film, on the other
hand, produced a remarkably homogenous, smooth surface
with a roughness of 0.194 nm. P3HT and D7PC-P3HT films
have contact angles of 90° + 1° and 9° + 1°, respectively. These
findings show that P3HT chains are embedded in the D7PC
bilayer's alkyl intermediate region, and that the D7PC-P3HT
film's outermost surface is made up of D7PC polar heads, which

Contact angle: 10.1 °

Fig. 4 AFM height and phase images of the (a and b) P3HT film and (c
and d) P3HT-D7PC film. Contact-angle images of the (e) P3HT film
and (f) P3HT-D7PC film. (g) A cross-sectional SEM image of P3HT—
D7PC film.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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are hydrophilic.>*** The thickness of assembled films was in
a range from 200 nm to a few micrometer, which was irregular
due to our film preparation process by nitrogen blowing. In
a uniformly coated region on the silicon substrate, it was about
1 pm as shown in Fig. 4g.

We investigated in situ GIXD patterns in vacuum and during
CO, adsorption to observe if there was any structural alteration
due to gas adsorption on the D7PC-P3HT film. Fig. 5a, b, and ¢
show 2D GIXD patterns of P3HT, D7PC, and D7PC-P3HT films
recorded in vacuum on silicon wafers, with their line cuts along
in-plane (Fig. 5d) and out-of-plane (Fig. 5¢) directions, respec-
tively. The pristine P3HT film has a highly ordered edge-on
structure, vertically aligned with the z-axis, as shown in the
2D GIXD image in Fig. 5a. The (100) lamellar stacking peak of
P3HT chains, which is strongest in the z-direction, is ascribed to
the most conspicuous peak that appears as a ring pattern at ¢ =
0.364 A~ (d-spacing = 17.262 A). As illustrated by the red-
colored line in Fig. 5e, more repeating lamella peaks arise at
¢r- = 0.744 A~ and 1.130 A" for the (200) and (300) planes,
respectively, which are similar to a scattering pattern of a P3HT
film in literature.>® Additionally, the clear peak of (010) plane
characteristic for w7 stacking (g, = 1.622 A7, d-spacing =
3.874 A) and a weak but distinguishable peak of alkyl chain
association (g, = 1.4 A, d-spacing = 4.5 A) were observed,
supporting the edge-on structure of the pristine P3HT film, as
indicated by the red line in Fig. 5d (the 1D line cut of the P3HT
film scattering pattern along in-plane direction).”® The (100)
peak, on the other hand, also emerges in the g,, 1D plot,
showing that the P3HT was substantially crystallized but that
some of the crystal domain was scattered randomly.

The D7PC film, on the other hand, shows a densely packed
lamellar structure with recurrent peaks in the z-direction at g,

Intensity (a.u.)

, P3HT-D7PC
1.5 2.0

0.5 1.0
Oxy (A1)

0.0
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= 0.204, 0.398, 0.816, 1.025, 1.232, and 1.439 A~* for (100),
(200), (400), (500), (600), and (700), which are similar to litera-
ture.* The calculated lipid bilayer thickness of 30.80 A is similar
to that of D7PC's liquid crystalline phase (L phase, 30.14 A).%
Because of the packing of lipid molecules, the bilayer structure
is also packed in a plane orientation. Three distinct peaks can
be seen in Fig. 5b and d: g,, = 1.314 A" (d-spacing = 4.782 A),
@xy = 1.500 A" (d-spacing = 4.109 A), and g, = 1.624 A" (d-
spacing = 3.869 A). The peak at gy =1.314 A~'is due to packing
of liquid alkyl chains in a lamellar structure, while the other two
peaks are due to alkyl chain packing in an orthorhombic crys-
talline structure. These findings suggest that D7PC film's liquid
crystalline structure is a mix of liquid lamellar and ortho-
rhombic crystalline structures, comparable to the lipid
assembly structure in the stratum corneum.*®

The GIXD pattern of the D7PC-P3HT assembly is similar to
that of the D7PC assembly. It has a lipid bilayer thickness of
29.778 A (g = 0.211 A7), which is somewhat less than the
bilayer thickness of D7PC alone (30.8 A). It's also worth noting
that the peak at g,, = 1.3 A~ persists, whereas the peaks at Gy =
1.5 and 1.6 A~* vanish. These results indicate that the alkyl
chain packing with the orthorhombic crystalline structure is
disrupted when P3HT chains are assembled with D7PC mole-
cules, with only an interchain spacing between alkyl chains in
the liquid lamellar structure. The D7PC-P3HT, on the other
hand, does not have lamellar peaks in the (200) and (300) planes
for the crystalline P3BHT assembly. At ¢ = 0.364 A", only the
peak of the (100) plane of the P3HT assembly is visible, which is
overlapped with the peak of the (200) plane for D7PC. These
findings strongly suggest that P3HT chains do not form a self-
domain in its crystalline structure and are bound to D7PC via
alkyl chain association, with D7PC's lamellar structure

P3HT-D7PC

or1l7or'h0177p/c
= (700)
i (600),
— (500)
(400)

~~ (200)

(700)
<= (600)
- (500)
= (400)

(200)

lamellar

Intensity (a.u.)

P3HT-D7PC

L I L

0.5 1.0 1.5
e (A1)

0.0 2.0

Fig.5 GIXD 2D images of (a) P3HT film, (b) D7PC film, and (c) D7PC-P3HT film in a vacuum condition. (d) 1-D g, plots and (e) g, plots of P3HT

(red), D7PC (blue) and P3HT-D7PC composite (black).
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dominating D7PC-P3HT assembly. These results also indicate
that the D7PC-P3HT assembly exhibits a slightly reduced
bilayer thickness because the D7PC bilayer structure is con-
stricted by the presence of P3HT via alkyl chain association
outside of the D7PC domain.

The structural change of the D7PC-only and D7PC-P3HT
assemblies with gas absorption was studied using in situ GIXD
measurements with purging N, and CO, gases. 2D GIXD
patterns of the assemblies were recorded every 10 seconds to
examine the gas environment conditions. Both assemblies in
vacuum (~5 x 102 Torr) revealed a lamellar structure with
distinct alkyl chain packing peaks (red arrows) in the in-plane
direction and layering peaks in the out-of-plane direction, as
shown in Fig. 6a and b. However, depending on the types of
gases, they displayed distinct structural variations upon gas
adsorption after purging them. With N, purging (540 Torr), the
strong diffraction peaks of the lamellar and alkyl chain packing
were sustained for up to 15 minutes (Fig. 6a at an intensity
maximum of 500 and Fig. S2+ at that of 380). On the other hand,
the strength of the lamellar and alkyl chain packing peaks is
considerably reduced within 1 min after CO, purging (540 Torr)
as shown in Fig. 6b at an intensity maximum of 500 and Fig. S3+

@ COo;
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at that of 380. These findings indicate that CO, molecules are
quickly adsorbed onto the D7PC-P3HT assembly and pierced
into the lipid bilayer, disrupting the assembly's ordered struc-
ture, whereas N, gas molecules are difficult to adsorb and
penetrate into the assembly.

The ordered assembly structure is recovered to its original
structure when the sample was purged with N, for 40 min and
then vacuumed for 20 min (Fig. S21), but not fully recovered
when the sample was purged with CO, (Fig. S31). These results
suggest that structural changes generated by N, purging and
vacuuming are reversible, whereas those caused by CO, gas
molecules adsorption and penetration are not. Furthermore, as
shown in Fig. 6¢c and d, repeated vacuuming for 20 min and CO,
purging for 40 min rearranged alkyl chains into an orderly
structure. With repeated vacuuming and CO, purging, the
diffraction peaks of P3HT's (100) plane at g ~ 0.38 A~* and
D7PC's alkyl chain packing peak at g ~ 1.3 A~* become clearer,
as demonstrated in the 1D line cut along the in-plane direction
measured in vacuum (Fig. 6¢) (note: the samples used in Fig. 6¢
and d are thinner than the samples used in Fig. 6b, resulting in
less sharp diffraction patterns in vacuum). Azimuthal cut
profiles for the diffraction peak of alkyl chain packing at g ~ 1.3

1 1
Gy (A1) Gy (A1)

1 1
Gy (A1) Gy (A1)
Purging
time Initial vacuum 1 min 5 min 10 min 20 min
(©) (d)
] 4th CO, ] 4th CO,
- 4thvac. A
3 4 35
s G
> 3rd CO, E,’
o N ‘@
5 3rd vac a:,
£ 7 =
N 2nd C02
N _ 18C0,
= 1stvac 1st vac. i o
0.5 1.0 15 20 0 30 60 90 120 150 180
Oy (A1) Azimuthal angle (°)

Fig. 6 2D GIXD images of D7PC-P3HT assembly in (a) N, and (b) CO, purging condition and (c) g,, plots in a repeated vacuuming and CO,
purging. (d) Azimuthal cut profiles of alkyl chain diffraction at g ~ 1.3 AL
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A" (Fig. 6d) show increased intensity at around 0 and 180°,
suggesting that alkyl chains are vertically organized on the
substrate surface after repeated vacuuming and CO, purging.
Our findings present that CO, can be easily absorbed and
penetrated into a lipid bilayer assembly, allowing lipid mole-
cules to reorganize themselves into an ordered structure.
Furthermore, with repeated vacuuming and purging processes,
increased gas scattering intensity, seen as an amorphous hollow
below ¢ 1.0 A" in Fig. 6¢, suggests that some CO, is trapped in
the assembly even after the vacuuming process.

We examined the effect of CO, treatment on the optical
properties of P3HT assembled with the D7PC. The optical
absorbance measured with samples assembled on a transparent
slide indicated that the aligned alkyl chains in the D7PC-P3HT
assembly improved the absorption property of P3HT, as shown
in Fig. 7. The absorbance of the D7PC-P3HT assembly was red-
shifted to 564 nm (red dotted line in Fig. 7) in vacuum,
compared to 520 nm for the pure P3HT film (black dotted line),
which is assigned to S; band transition.”® There was also
a second absorption band at 606 nm, which is assigned to a (0-
0) transition of S, band in aggregates of P3HT in literature,
indicating a bathochromic shift due to improved intra- or
intermolecular electron delocalization.®>** The maximum
intensity ratio of S¢/S;, is 0.951, which is unusually high for
P3HT based thin films.** Then, the two films were placed in
a small chamber charged with CO, for 1 hour to confirm the
CO, purging action and utilized to measure absorption spectra
in ambient atmosphere within 5 min after they were removed
from the chamber. Fig. 7 indicates that following CO, charge,
the absorption spectrum of the P3HT film (orange solid line)
didn't change, whereas the D7PC-P3HT film (blue solid line)
showed an even further bathochromic shift of the S, band to
611 nm and a higher S,/S; ratio of 0.982. Because we couldn't
discover distinct diffraction peaks of the (200) and (300) planes

[ ceeese P3HT
i P3HT, CO,
[eevses D7PC-P3HT
| e D7PC-P3HT, CO,
8 Fd %
o P4 %
o k] v.
c ? % .
o ) 4 )
< { % :
o 4 ] .
[ ““ " o'
< N R %
o [ 5
® [ 5 o
E I v
o 13 .
z 4 4 .
'." 4.” 'n
Y b o
PP I I S A r::i“_n_.‘;;ea.: s,
300 400 500 600 700 800
Wavelength (nm)

Fig.7 UV-vis absorbance spectra of pristine P3HT (black dotted line),
the P3HT-D7PC composite film (red dotted line), CO,-treated P3HT
(orange solid line), and the CO,-treated P3HT-D7PC composite film
(blue solid line).
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and -7 stacking of P3HT in the assembly with an excess of
D7PC used in our investigation, it's unlikely that P3HT forms
crystalline aggregates as reported in thin films. Thus, the
bathochromic shift of P3HT assembled with D7PC is most likely
caused by intramolecular electron delocalization. As predicted
by theoretical calculations,*” such intramolecular electron
delocalization is possible by reduced torsional angle and pro-
longed 7w conjugation along P3HT backbone. Our analysis
shows that CO, adsorption and penetration into the D7PC-
P3HT assembly causes compressive strain, and rearrangement
of conjugated backbones and alkyl chains for the intra-
molecular electron delocalization when CO, molecules are
muscling with polar heads and alkyl chains.

It is noteworthy that the CO, annealing under supercritical
circumstances of P = 8-15 MPa and T = 35-36 °C could plas-
ticize P3HT films and accelerate their crystallization for
enhanced charge carrier mobility.**** In our investigation,
a similar CO, annealing effect was obtained for the P3HT
assembled with D7PC at a lower pressure of 0.072 MPa and
room temperature than the critical pressure and temperature of
CO,, which is remarkable. We believe that high CO, gas
adsorption on D7PC's polar heads and trapping in the assembly
plays a key role in the molecular rearrangement.

4. Conclusions

As a model system for photochemical reactions of gas molecules
based on conjugated polymers, we investigated the gas
adsorption property on the assembly films of a phospholipid,
D7PC, and a crystalline conjugated polymer, regioregular P3HT.
Because the polar heads of D7PC are arrayed on the outermost
surface of the films and CO, has a stronger electrostatic
attraction to the polar heads than N, gas molecules, a higher
amount of CO, than N, gas molecules could be adsorbed onto
the assembly films, as confirmed by DFT calculations and
experimental results. In situ GIXD measurements revealed
structural changes based on gas adsorption and penetration
into the D7PC-P3HT films. CO, gas molecules are immediately
adsorbed on polar heads, disrupting the layering of lipids and
alkyl chain packing, and allowing for orderly rearranging of
lipid and polymer molecules. The increased intensity of the S,
band in the absorption spectra of the D7PC-P3HT assembly
films was due to enhanced electron delocalization along the
conjugated backbones that are embedded in the lipid bilayer via
alkyl chain association between lipid heptyl tails and ethylhexyl
side chains. Our findings suggest that a phospholipid-
conjugated polymer assembly could be a promising CO, fixa-
tion and photochemical conversion candidate. The well-
blended lipid-conjugated polymer films with strong and closer
packing between the lipid and conjugated polymer films have
the potential to improve CO, accessibility to the photochemical
reaction site, resulting in increased conversion efficiency.
Furthermore, the aligned conjugated films enable for the
development of specialized photochemical processes by
enlarging the light absorption range to acceptable energy levels
via repeated adsorption/desorption. This research presents
a lipid-conjugated polymer composite model that has the
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potential to produce a dual fixing and CO, conversion system. It
should be further emphasized that a new technique should be
created to enhance surface area of this system, for example, by
manufacturing nanomaterials or porous structures based on
this kind of system. In addition, for practical applications, novel
amphiphilic materials that feature CO, collecting sites and can
be combined with conjugated polymers should be manufac-
tured in a cost-effective process to
phospholipids.
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