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Abstract: Single-layer and multi-layer 2D polyimine films
have been achieved through interfacial synthesis methods.
However, it remains a great challenge to achieve the maximum
degree of crystallinity in the 2D polyimines, which largely
limits the long-range transport properties. Here we employ
a surfactant-monolayer-assisted interfacial synthesis (SMAIS)
method for the successful preparation of porphyrin and
triazine containing polyimine-based 2D polymer (PI-2DP)
films with square and hexagonal lattices, respectively. The
synthetic PI-2DP films are featured with polycrystalline multi-
layers with tunable thickness from 6 to 200 nm and large
crystalline domains (100-150 nm in size). Intrigued by high
crystallinity and the presence of electroactive porphyrin
moieties, the optoelectronic properties of PI-2DP are inves-
tigated by time-resolved terahertz spectroscopy. Typically, the
porphyrin-based PI-2DP 1 film exhibits a p-type semiconduc-
tor behavior with a band gap of 1.38 eV and hole mobility as
high as 0.01 cm*V~'s™, superior to the previously reported
polyimine based materials.

Introduction

Imine linkage formed by the condensation of an aldehyde
and amine has been widely employed for the synthesis of two-
dimensional (2D) and 3D covalent organic frameworks
(COFs).M Due to their high chemical/thermal stability,””
porosity® and crystallinity, imine COFs have attracted
considerable attention over the past decade with promising
applications in gas storage,””) ion separation, semiconduc-
tors,”! proton conduction,”! luminescence,” catalysis and
energy conversion."”! However, most of the reported imine-
based COFs have been successfully synthesized in the form of
polycrystalline powders. Therefore, incorporation of these
insoluble COF powders into thin film electronic devices
represents a formidable challenge. To address these issues,
considerable progress has been made in developing methods
for the synthesis of 2D COF films/nanosheets or single-/few-
layer 2D polymers including top-down exfoliation, bottom-up
on-surface synthesis and interfacial synthesis methods.""! In
particular, air-water and liquid-liquid interfaces assisted
synthesis offers a reliable pathway to prepare large-area,
single-/few-layer 2D polymers which can be easily transferred
directly from the interface to various substrates for further
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characterization and device fabrication.'>™ For instance,
large-area, imine-based 2D COF films (polyTB) with varied
thickness from ~2 to 200 nm were prepared at the DMF/air
interface, which could function as a semiconductor layer in
a field-effect transistor (FET) device and exhibited a charge
carrier mobility of 3.0x 107 cm?V~'s.[®l We have previ-
ously explored the synthesis of polyimine-based 2DPs (PI-
2DPs) at the air-water and liquid-liquid interfaces, which
resulted in free-standing, single- and multi-layer films,!'*!
respectively. Then PI-2DP was integrated as an active semi-
conducting layer in a thin film transistor which displayed
a mobility of 1.3x 107 cm™>V~'s™!. Besides the intrinsic low
in-plane conjugation of polyimine, the low mobility can be
majorly attributed to the defect densities and small crystalline
domain sizes (~10-20 nm) of the resultant 2D polyimine
films. It remains challenging to further improve the crystal-
linity of PI-2DPs via such interfacial synthesis due to the lack
of control over the ordered arrangement of the precursor
monomers at the interface. Moreover, many factors govern
the performance of electroactive layers, among which the
growth of long-range ordered crystalline 2D COF/2D poly-
mer films plays a key role in influencing the charge-carrier
transport properties.'® Therefore, considerable improve-
ments in the synthetic methods are required to prepare
highly crystalline 2D polymer films to realize their full
potential in electronic/optoelectronic devices.

Very recently, our group reported a surfactant-monolayer-
assisted interfacial synthesis (SMAIS) of few-layer 2D
polyimide and 2D polyamide films on water surface.'”
Nevertheless, the achieved 2D polyimide film showed abun-
dant amorphous areas (~40% ratio) interconnected within
crystalline domains.

In this work, we demonstrated the efficient synthesis of
large-area, highly crystalline PI-2DP films promoted by the
SMALIS method. Sodium oleyl sulfate (SOS) monolayer was
utilized to direct the pre-organization of monomers and
facilitate the polymerization in the 2D-confined space be-
tween surfactant monolayer and water surface.'® Three
crystalline PI-2DPs, including porphyrin containing square
network of PI-2DP 1, PI-2DP 3 and triazine incorporated
hexagonal PI-2DP 2 (Figure 1) have been successfully syn-
thesized. Particularly, under the presence of Lewis acid
catalyst (Yb(OTf);), the resultant PI-2DP 1 film was fully
crystalline with domain sizes of ~100 to 150 nm, which are
one order of magnitude larger than the previously reported
2D polyimine films.'*! The crystal formation was probed by
the ex-situ time-dependent TEM imaging. The extended
conjugation of the porphyrin moieties within a 2D layer
together with the high crystallinity of PI-2DP 1 make this as
an attractive material for the fundamental investigation of
charge carrier transport properties. In this context, ultraviolet
photoelectron spectroscopy (UPS) and Terahertz (THz)
spectroscopy were employed to probe the intrinsic electronic
properties of PI-2DP 1. The resultant crystalline PI-2DP
1 exhibited a p-type semiconductor behavior with a band gap
of 1.38¢eV and a mobility up to 0.01 cm*V~'s™, which is
superior to the reported 2D polyimine films. This work
highlights the controlled synthesis of crystalline, large-area
2D polyimine films and provides the rational approach to
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ascertain structure—property relationships which will shed
light on further developing semiconducting 2D polymer films
with improved charge transport properties.

Results and Discussion

Synthesis of PI-2DP Film: Figure 1a illustrates the
interfacial synthesis procedures of PI-2DP film. A chloroform
solution of SOS was first spread at the air-water interface.
With the evaporation of chloroform, the SOS molecules self-
assembled into a monolayer with SO,” polar head groups
toward the water phase (I). Then an aqueous solution of
monomer 1 or 2 (5, 10, 15, 20-tetrakis (4-aminophenyl)
porphyrin or tris (4-aminophenyl) triazine, 0.7 pmole) pro-
tonated by hydrogen chloride was injected into the water
phase (Figure 1a, II) at 50°C. Due to hydrogen bonding and
electrostatic interactions, the protonated monomers could be
readily adsorbed underneath the SOS monolayer. In the next
step, monomer 3 or 4 (2, 5-dihydroxyterephthalaldehyde or
1,5-dihydroxynaphthalene-2,6-dicarbaldehyde, 2.8 umole)
was added to the water phase and diffused to the interface
where polymerization was triggered with the formation of
imine bonds between amine and aldehyde groups (Figure 1a,
III). The interfacial reaction was kept at 50°C for 5 days to
provide a highly crystalline PI-2DP film. The synthetic PI-
2DP films exhibited a large area with lateral size up to several
cm’® on the water surface. After horizontal transfer, the films
could even cover 4-inch SiO,/Si wafer without any noticeable
defects and wrinkles (Figure 2a). The atomic force microsco-
py (AFM) measurements revealed the thickness of obtained
PI-2DP films as ~ 70 nm (PI-2DP 1), ~ 65 nm (PI-2DP 2) and
~40 nm (PI-2DP 3), respectively (Figure 2a and Figure S1).
Moreover, the SMAIS strategy provided the possibility to
control the thickness of PI-2DP films just by varying the
monomer concentration. For instance, the thickness of PI-
2DP 1 film could be tuned from 6 to 200 nm by varying the
concentration of monomer 1 from 0.2 pm to 2.7 um and
monomer 2 from 1.19 um to 11.7 um (Figure 2¢). Further-
more, Raman spectroscopy was performed to gain insight into
the chemical composition of PI-2DP films (Figure 2¢). The
Raman spectra show the disappearance of characteristic
aldehyde C=0 stretch peak at 1675cm ™! for monomer 3 in PI-
2DP films and the emergence of a new peak for (-C=N-)
(1650 cm™!; PI-2DP 1, PI-2DP 2 and PI-2DP 3), demonstrat-
ing that aldehyde monomers were efficiently transformed into
imine polymers in PI-2DP films.!""

Structural Characterization of PI-2DP Film: To inves-
tigate the crystallinity and molecular structures of the three
PI-2DPs, we conducted high-resolution transition electron
microscopy (HRTEM) and selected area electron diffraction
(SAED) measurements. Towards this end, PI-2DP films were
horizontally transferred onto a hexagonal copper mesh with
a hole size of 20 pm, on which they remained free-standing
with only a few cracks visible which are likely induced by
drying/transfer process (Figure2d and Figure S1). Subse-
quent HRTEM imaging illustrates clearly the square lattice of
PI-2DP 1 and 3, as well as the hexagonal lattice of PI-2DP 2
(Figure 3a—c). As shown in the SAED pattern (insets in
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Figure 1. a) Schematic illustration of the synthesis of PI-2DP at the air-water interface using SMAIS method. (i) Assembly of surfactant monolayer
on the water surface. (i) Pre-organization of Monomer 1 underneath the surfactant monolayer. (iii) Polymerization at the surfactant-water
interface. b) Chemical structures of monomers 1, 2, 3 and 4. c) Chemical structures of all synthetic PI-2DPs.

Figure 3a—c), the nearest reflections at 0.40 nm ' (PI-2DP 1),
0.31 nm™~' (PI-2DP 2), and 0.35 nm™' (PI-2DP 3) correspond
to interplanar spacing of 2.50 nm, 3.22 nm, and 2.85 nm,
respectively (Figure S2). The lattice symmetry and parame-
ters determined from the HRTEM images and SAED
patterns agree well with the atomic models derived by density
functional theory (DFT) calculations (Table S1). Remark-
ably, the developed PI-2DP films are highly crystalline
without any amorphous fragments (Figure S3), demonstrating
the versatility and generality of the SMAIS method for the
dynamic imine chemistry, which are even superior to our
recently reported 2D polyimide and 2D polyamide films
where about 40 % amorphous areas were identified. Note that
the control experiment without using surfactant failed to yield
densely-packed crystalline PI-2DP films. The resultant PI-
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2DP films were dominated by largely occupied amorphous
regions (Figure S4).

To further characterize the role of the surfactant mono-
layer, we investigated the self-assembly of porphyrin mono-
mer 1 under the surfactant monolayer. The interfacial
reaction was carried out by the identical conditions but
without the addition of monomer 2. Due to hydrogen bonding
and electrostatic interactions between protonated monomer
1 and SO, head groups of SOS, monomer 1 could be readily
adsorbed underneath the SOS monolayer, leading to a local
pre-organization of monomer 1 with a face-on configuration.
As shown in Figure S5, the co-assembled film of monomer
1 and SOS presented an ordered network structure compris-
ing repeated square units with a size of 15.0 A. Notably, the
lattice spacing is in perfect agreement with that of the
porphyrin self-assembly in 2D plane. These results suggest

Angew. Chem. Int. Ed. 2020, 59, 6028 - 6036
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Figure 2. a) Photographic image of PI-2DP 1 on 4-inch 300nm SiO,/Si wafer. b) AFM image of PI-2DP 1 on 300 nm SiO,/Si wafer. c) The thickness
of PI-2DP 1 with respect to concentration of precursor monomer 1 and 3. (Inset: AFM images of PI-2DP 1 on 300 nm SiO,/Si wafer). d) SEM
image of free-standing PI-2DP 1 synthesized at 50°C and suspended over hexagonal copper mesh grid. e) Raman spectra of precursor monomers

and PI-2DP films.

that a face-on adsorption of monomer 1 beneath the
surfactant monolayer confines the subsequent polymerization
reaction within the interfacial plane (i.e., 2D confinement).

Analysis of Nucleation and 2D Polymer Crystal Forma-
tion Process: To gain insight into the formation mechanism of
the highly polycrystalline PI-2DP film, we probed the crystal
growth process using time-dependent TEM imaging. The
classical nucleation process of organic crystal follows a two-
step process which involves densification of monomers in the
amorphous state followed by the nucleation of crystallites.””!
In other case, monomers polymerize into oligomers where
they nucleate either through stacking or through monomer
addition onto the template structure.”! Our strategy follows
the later one, where the crystallite nucleates through the
addition of monomer onto the surfactant monolayer at the
air-water interface.

We took highly crystalline PI-2DP 1 as an example to
study the detailed elucidation of nucleation and crystal
formation process. Figure 4 shows the snapshots of the PI-
2DP 1 formation after 1, 3 and 5 days at 50°C. After 1 day,
small crystallites started to emerge at the air—water interface.
Interestingly, despite the 2D confinement, the in-plane
rotation of the crystallites was not prohibited, leading to the
formation of domains with random in-plane orientations. At
this stage, some amorphous fragments coexisted with the
crystallites, which can be attributed to the stochastically
adsorbed monomers beneath the SOS monolayer. As the
reaction proceeded to 3 days, the crystallites expanded
laterally and neighboring crystalline domains began to
coalesce. As shown in Figure 4¢, we noticed an inhomoge-
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neity in image contrast; the larger grains exhibit darker
contrast. Assuming that the growth rate does not vary
significantly from domain to domain, then the larger domains
should have been formed earlier than the smaller ones. This
result also suggests a temporal overlap between nucleation
and growth. The lateral expansion of the crystalline domains
continued until the surface coverage approached saturation,
giving rise to a highly polycrystalline film without any
amorphous residuals (Figure 4d, 5 days). Strikingly, we did
not observe any overlap between the crystalline domains. This
result suggests a strong lock-in effect along the stacking
direction, which reveals that the stacking of two misoriented
layers is energetically unfavorable. In addition, upon coales-
cence, the grains merely “collided” with each other, whereas
no sign of Ostwald-ripening has been observed despite the
high reversibility of imine-linkage.

Next, we unraveled the effect of reaction temperature on
the polymerization rate and crystallinity of PI-2DP film.
Figure S6 presents the TEM images of densely packed
polycrystalline structures of PI-2DP 1 films synthesized at
25°C and 1°C, respectively. Compared with that at 50°C, the
single-crystalline domains with square symmetry are ran-
domly oriented and the average domain size in all the cases
(25°C,1°Cand 50°C) are up to approx. 50 nm, which suggests
the insignificant influence of temperature on domain size.
Time-dependent TEM measurements were performed on PI-
2DP 1 synthesized at 1°C and 25°C. These control experi-
ments generated similar results in terms of growth mechanism
(Figure S7) with that at 50°C. Due to the different diffusion
rate of monomers at varied temperature,”” longer reaction
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Figure 3. a) TEM images and SAED patterns (inset) of PI-2DP films synthesized at 50°C: a) PI-2DP 1, b) PI-2DP 2 c) PI-2DP 3. Scale bar: 20 nm.
The inset images are the relevant SAED patterns. Scale bar: 0.5 nm™'. d—f) Calculated DFT structures of PI-2DP 1, PI-2DP 2 and PI-2DP 3,
respectively. Grey: carbon; blue: nitrogen; red: oxygen; white: hydrogen.

Figure 4. a) Schematic representation of the growth of PI-2DP 1 at the interfaces with time. Time-dependent TEM images of PI-2DP 1 synthesized
at 50°C after 1 day (b), 3 days (c), and 5 days (d).
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Figure 5. a) TEM image showing the increased average domain size up to ~ 150 nm. b) SAED pattern of a single-crystalline domain along the
[001] direction of PI-2DP 1. c¢) GIWAXS image of PI-2DP 1 on 300 nm SiO,/Si. d) In plane projection of GIWAXS data from (c). €) HRTEM image
showing the square lattice with significantly reduced distortion (Inset: simulated HRTEM image with the atomic model overlaid, the porphyrin

units appear bright, Figures S9 and S10).

times (7-12 days) were required to yield densely packed
polycrystalline film at lower temperature. Therefore, the
control experiments suggest that reaction temperature plays
a vital role in the 2D polymer crystal formation rate, whereas
its impact on crystalline domain size is insignificant.

Lewis Acid Catalyst Mediated Synthesis of PI-2DP:
Besides the reaction temperature, catalysts play a crucial role
in the rate-limiting step of converting amorphous imine
polymer network into crystalline framework.”! Thereby,
a small amount of Lewis acid metal triflate catalyst Yb(OTf),
was added into the water phase. The subsequent interfacial
polymerization at 50°C yielded a PI-2DP 1 film with
a substantial increase in average crystalline domain size up
to ~ 150 nm (Figure 5a), which is larger than that with acetic
acid as catalyst (Figure S8) and without catalyst (Figure S6).
Here, water-tolerant Yb(OTTf); can efficiently catalyze imine
formation and transamination reaction,? thus enabling the
enhancement of the crystallinity of 2D polyimine.! SAED
performed on a single-crystalline domain (Figure 5b) displays
a square diffraction pattern with nearest reflections at
04nm™" (i.e., a=b=2.5nm, y =90°). Notably, the employ-
ment of Yb(OTT); catalyst led to reduced lattice distortion,
which was evidenced by the appearance of 1k0 reflections (,
k=1, 2, 3...) in the SAED pattern (Figure 5b) as well as
HRTEM imaging (Figure 5e). Synchrotron grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurement was
performed to elucidate the molecular packing of PI-2DP 1 on
a macroscopic scale. The reflection peaks of PI-2DP 1at Q,, =
023A7", 033A", 048A™" and 0.73 A" were observed
(Figure 5¢,d), which correspond to (0,1,0), (1,—1,1), (0,2,0),
(1,-3,0) interlayer planes, respectively. The resultant unit cell
was assigned with a=27 A, b=27 A, y=88.9°, and the

Angew. Chem. Int. Ed. 2020, 59, 6028 - 6036
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interlayer spacing was 3.9 A, agreeing well with the SAED
results and DFT calculation (Table S1). The large crystalline
domains of PI-2DP 1 with significantly reduced distortion
enabled us to visualize the molecular structure by AC-
HRTEM. Figure 5e presents the HRTEM image of PI-2DP
1 showing the square lattice with 25.0 A spacing. As
demonstrated by image simulation (inset image in Figure 5¢),
the porphyrin units appear bright on a dark background,
allowing us to determine the domain boundary structure with
molecular precision (Figure S10 and Figure S11).

Optical and Electronic Properties: The optical and
electronic properties of PI-2DP 1 were investigated by UV-
vis absorption spectroscopy and ultraviolet photoelectron
spectroscopy (UPS). Figure 6a shows the absorption spectra
of the samples, revealing the Soret (S) and Q bands of
monomer 1 and PI-2DP 1. The S band of PI-2DP 1 is red-
shifted by ~40 nm and broader when compared with that of
the monomer 1. This bathochromic shift is a consequence of
the conjugated configuration of PI-2DP 1, enabling the
formation of extended m system in PI-2DP 1. From the data,
an optical band gap inferred from the Q band of the
absorbance spectra of PI-2DP 1 was estimated as ~1.4 eV
which agrees with the electronic band gap of 1.38 eV obtained
from DFT calculations (Figure S12). UPS measurements
were obtained using a Helo excitation source at 21.22 eV
while recording the kinetic energies of the photoelectrons by
a hemispherical analyzer (Specs Phoibos 100). Figure 6b
shows the UPS spectrum of a PI-2DP 1 film on top of a gold
substrate. The work function (Wf) can be extracted from the
high binding energy cutoff position (E,,) and shows a value of
Wf=4.22 eV. The inset displays an enhanced section of the
occupied density of states close to the Fermi level, from which
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Figure 6. a) UV-vis spectra of PI-2DP 1 and monomer 1-SOS film.
b) UPS measurement of PI-2DP 1 (inset: enhanced HOMO region).
c) Energy level diagram of PI-2DP 1.

the onset of the HOMO level valence band vs. the Fermi level
can be extracted. The resulting energy level diagram is shown
in Figure 6¢ as well. The low ionization energy value of
5.38 eV in combination with the previously discussed band
gap of 1.4 eV is indicative of a delocalized m-electron system,
achieved through the conjugation in PI-2DP 1 film. The low
IE value of 5.38 eV makes PI-2DP 1 a promising candidate as
hole injection or hole transport material in organic optoelec-
tronic devices.

Photoconductivity by Terahertz Spectroscopy: Terahertz
(THz) spectroscopy has been demonstrated as a powerful
non-contact method for time-resolving photoconductivity
properties of semiconductors.”” The intrinsic charge trans-
port properties of PI-2DP 1 was evaluated by THz spectros-
copy. A thin PI-2DP 1 film with the thickness of 20 nm and an
averaged domain size of ~ 150 nm was placed onto a 1 mm-
thick fused silica substrate. THz spectroscopy was performed
in transmission mode by employing 400 nm pump, 50 fs
pulsewidth and 1 KHz repetition rate (90 uJcm2). After an
ultrafast laser pulse excites the material optically, electron-
hole pairs are generated. The photoconductivity induced in
the sample is then probed over a 0.4-2 THz frequency range.
Figure 7a presents the time-resolved transient signal of the
real component of the conductivity which is characterized by
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Figure 7. a) THz characterization of PI-2DP 1. The conductivity of PI-
2DP 1 as a function of the pump-probe delay (excitation wavelength,
400 nm, 90 yjcm~?). b) Frequency-resolved complex-value of PI-2DP
1 (1 ps after photoexcitation). Blue filled circles and transparent blue
circles represent the measured real and imaginary components,
respectively, and lines through the data points represent best fit
obtained using the Drude—Smith model.

an ultra-fast rise followed by a decay of approximately 1 ps.
This response is consistent with the generation of quasi-free
electron-hole pairs that subsequently condense into localized
states. To obtain the mobility of PI-2DP 1 film, we determine
the frequency-resolved conductivity over the frequency range
of 0.4-2 THz. The real and imaginary conductivity compo-
nents as a function of frequency (0.3 ps after pump excitation)
are plotted in Figure 7b. The obtained spectrum can be
described by the phenomenological Drude-Smith model,
which allows to evaluate the transient mobility of
0.01 cm?*V's™! (the details seen in SI). This mobility repre-
sents a lower bound estimate as we assumed that all photons
are absorbed and generate quasi-free charges immediately
after pump excitation.

Angew. Chem. Int. Ed. 2020, 59, 6028 - 6036
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As contrast, amorphous PI-2DP 1 film (Figure S4)
synthesized without surfactant on the water surface failed to
generate a photo conductivity during the THz spectroscopy
measurements. These results suggest that long range ordered
structures are essential to enhance charge transport in 2D
polyimine films. It should be emphasized that the mobility
value in crystalline PI-2DP 1 is superior to the previously
reported polyimine films and even higher than sulfur-
enriched conjugated polymer nanosheets (2DP-S)! and
azulene-bridged coordination polymer films (PiCBA).*"

Conclusion

In summary, we have demonstrated a successful synthesis
of three crystalline imine-based 2D polymer films with square
and hexagonal patterns via SMAIS method, respectively. The
achieved PI-2DPs are freestanding with lateral dimensions in
the range of cm?. With the assistance of Lewis acid metal
triflate as catalyst, the average single-crystalline domain size
of the obtained PI-2DP 1 film can reach ~ 150 nm. The crystal
formation mechanism was investigated with the support of
time-dependent TEM observation, which reveals a crystallite
nucleation- coalescence progress. The abundance of large
crystalline domains provides a perfect architecture to inves-
tigate the intrinsic charge transport properties of PI-2DP
films. The synthetic PI-2DP 1 exhibits a transient mobility as
high as 0.01 cm?V~'s™! as characterized by THz spectroscopy.
Our work highlights to utilize dynamic covalent chemistry
and SMALIS strategy towards the highly crystalline large-area
2D polymer films and further establish the structure-transport
property relationship which is a significant step for the
development of organic 2D materials as well as their future
device integration for electronics, sensor, separation as well as
energy conversion and storage. How to control the interfacial
polymerization conditions, such as nucleation density, surfac-
tant types, monomer design and reaction catalysts, for
growing larger crystalline domains and even single crystals
remains a formidable task and thus requires further research.
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