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ABSTRACT: Covalent organic frameworks (COFs) have showcased great
potential in diverse applications such as separation and catalysis, where mass
transfer confined in their pore channels plays a significant role. However,
anisotropic orientation usually occurs in polycrystalline COFs, and perpendicular  Vapor

infiltration

alignment of COF pore channels is ultimately desired to maximize their
performance. Herein, we demonstrate a strategy, solvent vapor annealing, to
reorient COF pore channels from anisotropic orientation to perpendicular
alignment. COF thin films are first synthesized to have flexible N—H bonds in their

solvent with low relative permittivity and a conjugated structure is then identified

skeletons, thus having structural mobility to enable molecular rearrangement. A ‘Perpend:cular .
: g ittivi ; i i i ahgnment e

to have a strong affinity toward the COFs, allowing its vapor to easily penetrate

into the COF interlayers. The solvent vapor weakens the 7—7 interaction and

consequently allows the COF monolayers to dissociate. The COF monolayers undergo a reorientation process that converts from
random stacking into the face-on stacking fashion, in which the through COF pores are perpendicularly aligned. The aligned COF
film exhibits high separation precision toward ions featuring a size difference down to 2 A, which is 8 times higher than that of the
anisotropically oriented counterpart. This work opens up an avenue for COF orientation regulation by solvent vapor annealing and
reveals the essential role of the perpendicular alignment of COF pore channels to enable precision separations.

Bl INTRODUCTION

Two-dimensional covalent organic frameworks (2D COFs) are
a type of porous and crystalline framework materials which are
constructed purely by organic building blocks.'™* They are
linked by in-plane covalent bonds to form atomic-layer-thick
monolayers, and the monolayers are further stacked into
laminar structures driven by the out-of-plane z—n inter-
action.”® The in-plane pores of each monolayer are connected
to form continuous and one-dimensional through pores along
the stacking direction. Through pores in COFs possess the
superiority of uniform but tunable aperture sizes typically
lower than 10 nm and appreciable structural robustness. These
features make COFs a highly promising platform for catalysis,
separation, control release, and many other applications where
the mass transfer in the confined pores plays a significant role
in determining the performances.””"" Specifically, COF-based
membranes are expected to show nanofiltration performances
with high separation precision, which are thought to be
superior to conventional membranes made by amorphous
polymers.'””~'* However, COF crystallites tend to grow
randomly, forming a polycrystalline structure with the pore
channels anisotropically oriented in all directions (Figure 1a).
In this regard, anisotropic orientation compromises the well-
defined structures of the through pores and increases the grain
boundaries that lead to defect-like intercrystalline gaps,
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impairing the separation precision. Therefore, COF mem-
branes with the pore channels aligned in the perpendicular
direction are of great promise because they not only maximize
separation precision by minimizing the intercrystalline defects
but also shorten the distance of mass transfer, favoring
permeance (Figure 1b)."*~"” Nevertheless, the control on the
orientation of COF pore channels appears to be overlooked,
and the pore channels are usually assumed to be perpendic-
ularly oriented, although it is not true in most cases.

The reorientation of the COF crystallites relies on the
modulation of the interaction between adjacent COF layers
and requires changing the stacking fashion and accordingly
tuning the arrangement of these porous frameworks. This can
be directly realized by using different precursors during the
synthesis of COFs. Zhao et al.'® introduced steric substituents
into the precursors, synthesizing COFs with the substituents
out of the plane. The arrangement of COF monolayers was
changed into an inclined stacking fashion, which significantly
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Figure 1. Schematic diagram of the (a) anisotropically oriented and (b) perpendicular aligned COF thin films.

affected the mass transport within pore channels. Bein et al."’
utilized propeller-shaped precursors to adjust interlayer
interactions, which was favorable to guide the stacking of
COF layers during the nucleation and growth processes.
Furthermore, the stacking fashion can be regulated by the
electrostatic interaction. The COF monolayers with opposite
charges and different apertures can be assembled to form
interlaced pore networks, facilitating molecular transport and
separation.”’ Unfortunately, COF precursors with different
substituents may show considerable variance in the reaction
activity and crystalline ability, and well-defined COF structures
are frequently not available. Aiming to directly produce
perpendicularly aligned COF nanochannels, Lai et al.'“'*
reduced the concentration of catalysts and reaction temper-
ature, which are beneficial for the nucleation and crystallization
processes. Su et al.”' adjusted the potential difference across
the interface, thus promoting the interfacial polymerization to
grow oriented COF membranes. These results foreshadow that
the oriented two-dimensional (2D) COF membrane may offer
a distinctive platform with enhanced transport efficiency.
Despite such advances, further studies are required to shorten
the processing time for arranging the oriented COF nano-
channels and elucidate the underlying mechanism. Moreover,
control over the crystal orientation applicable to most COFs is
an important aspect, which contributes to the understanding of
framework assembly. The perpendicular alignment of COF
nanochannels reported in previous works was realized in some
specific COFs synthesized under delicately controlled con-
ditions. The orientation mechanism within the synthetic
processes largely remains unclear, which limits the number
of frameworks amenable to these approaches. However, in
most cases, as-synthesized COF films are in the random
orientation; an additional reorientation is necessary to align the
randomly oriented COF pore channels into the perpendicular
orientation. Moreover, the perpendicular alignment of
preformed COF films was never explored before. Therefore,
it is highly desired to explore strategies to obtain
perpendicularly oriented pore nanochannels from originally
randomly oriented COF thin films.

Solvents play a crucial role in the synthesis of COFs, in
which the characteristics of solvents (e.g., viscosity, polarity,
coordination ability, etc.) notably affect the crystallization
process and structural evolution.”” >* Rational selection of
solvents is significant to regulate the attractive interaction
between adjacent COF layers and accordingly adjust the
stacking fashion. For instance, Dichtel et al.”® found that 2D
hydrazone-linked COFs can be exfoliated into few-layer sheets
after immersion in the solvent used to synthesize the COFs.
The solvation effect accounts for this effect, in which the
strong affinity between solvent molecules and COFs weakens
the interlayer interaction. Zhao et al.>° found that 2D COFs
showed an obvious interlayer shifting when immersed in a

proper solvent, leading to the stacking rearrangement of
adjacent COF layers. In this context, solvated COFs
experiencing weakened interactions may endow COF skeletons
with structural mobility, which is conducive to orienting COFs
in the desired direction. However, as the interlayer distances of
COFs are in the sub-nanometer scale, it would be very difficult
for solvent liquids to sufficiently penetrate into the COF
interlayers. Alternatively, considering that gases show a
diffusion rate two to three magnitudes higher than liquids,
we expect that solvent vapors have a much stronger diffusion
ability to penetrate into the COF interlayers compared to
solvents in the liquid state, thus leading to more effective
tuning on the interlayer interactions.”” Also importantly, the
introduction and removal of solvent vapors into and from the
system containing the COF materials can be easily and rapidly
operated without the tedious rinsing and drying steps required
in the use of solvent liquids, which may cause structural
collapse as a result of phase changes. Actually, solvent vapors
have been extensively used for annealing block copoly-
mers,”>*” perovskites,”’>*" and other organic materials®>**
to preferentially orient them in desired directions. We believe
that the infiltration of solvent vapors would significantly adjust
the interlayer interactions, reorienting the COF crystallites in
the desired direction. Therefore, solvent vapor annealing
(SVA) to perpendicularly align COFs seems to be
thermodynamically and kinetically possible but, unfortunately,
has so far remained unexplored.

Herein, we investigate both the thermodynamic and kinetic
factors of SVA on COFs and realize the long-desired
perpendicular alignment of COF films. N—H linked COFs
are first synthesized to have a relatively flexible structure, thus
enabling the required structural rearrangement during SVA. A
solvent with low relative permittivity is identified to allow its
vapor to easily penetrate into the COF interlayers and
effectively weaken the #—r interaction, providing COF
crystallites with sufficient mobility to move. This induces the
structural rearrangement of COF monolayers, favoring face-on
stacking and thus forming through pores aligned in the
perpendicular direction. Thus-aligned COF thin films exhibit
impressive sieving precision toward ions with a size difference
down to 2 A.

B RESULTS AND DISCUSSION

Synthesis of Amine-Linked TbHz Thin Films. SVA
requires the material to be annealed to have certain structural
flexibility or mobility to allow segments or the whole molecule
to move, thus changing their configuration and orientation.
However, typical COFs such as the extensively studied imine-
linked ones have highly rigid skeletons with very limited
segmental mobility, thus thermodynamically prohibiting
reorientation by SVA. To realize a perpendicular alignment,
one should first overcome the thermodynamic limit by
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Figure 2. Synthesis of amine-linked TbHz thin films. (a) Synthetic scheme. (b) Surface (up) and cross-sectional (down) SEM images. (c) High-
resolution XPS N 1s analysis. (d) Experimental XRD patterns of TbHz thin films and powders and the simulated XRD patterns of TbHz
crystallites. (e) N, sorption isotherm curve and (f) the corresponding pore size distribution. (g) HRTEM image. Inset: the corresponding lattice

distance. (h) SAED pattern.

rendering sufficient structural flexibility to COFs. We notice
that amine linkages possess appreciable flexibility and can be
obtained by reducing rigid imine bonds via the Eschweiler—
Clarke reaction.’® Accordingly, we synthesized flexible amine-
linked COF films by covalently linking triformylbenzene (Tb)
and hydrazine hydrate (Hz) (Figure 2a). Formic acid serves as
both the catalyst and reducing agent, condensing the individual
steps into a single one-pot crystallization—reduction process.
With the process of nucleophilic additive elimination, the
primary amine is N-methylated with the aldehyde group with
the assistance of formic acid, giving iminium intermediate
species and final amine products (Figure $2).>* The film
thickness can be finely tuned from ~50 to 120 nm with a
growth rate of 16 nm day ™' during the first 7 days (Figures 2b
and S3). The yield of TbHz films (film mass divided by the
total mass of monomers) increases from 3.9 to 7.2 wt % within
this period. Note that the yield is comparable with the COF
films prepared in other works,” and can be increased simply
by putting more substrates in the reaction autoclave. Top-view
scanning electron microscopy (SEM) images reveal the
compact and cohesive morphologies of the synthesized films
(Figures 2b and S4). The TbHz crystallites grow and merge
together with many node-shaped regions, which is also
demonstrated by the increase of surface roughness after
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prolonging synthesis durations (Figure SS). The formation of
amine bonds in the film is confirmed by Fourier transform
infrared (FTIR) and X-ray photoelectron spectroscopy (XPS)
characterizations. Prolonging the reaction duration, the
stretching vibration peak assigned to C—N at 1263 cm™
appears and is intensified, while the peak of C=N at 1626
cm™ is gradually decreased (Figure S6). In the N 1s spectra of
XPS, a new peak at 400.3 eV is observed, which is assigned to
C—NH, and the reduction yield can be estimated to be 63%
after synthesis for 7 days (Figures 2c and S7). These results
demonstrate that TbHz films with flexible amine bonds were
successfully synthesized.

As shown in Figures 2d and S8, the X-ray diffraction (XRD)
pattern of the TbHz films agrees well with that of the
solvothermally synthesized TbHz powders, indicating the high
crystallinity of the films. Moreover, the comparison of the
experimental and simulated XRD profiles suggests the eclipsed
stacking of the TbHz monolayers in the films. N, sorption
isotherms were acquired at 77 K to estimate the porosity and
pore size distribution of the film via the Brunauer—Emmett—
Teller (BET) analyses (Figure 2e). The film has a typical type |
isotherm curve with a sharp uptake under P/P, = 0.05 as a
result of the presence of micropores. The pore width calculated
from the nonlocal density functional theory (NLDFT) is
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Figure 3. Solvent vapor annealing of the TbHz films. (a) Comparison of the relative permittivity of different solvents. Surface SEM images of the
TbHz film annealed in (b) DMF, (c) acetonitrile (ACN), (d) 1,4-dioxane (DOX), and (e) 0-DCB at 120 °C for S h. (f) Cross-sectional SEM
image and (g) EDS mapping with elemental distributions of the TbHz film annealed in 0-DCB. (h) HRTEM image of the TbHz film annealed in o-
DCB for S h showing perpendicularly aligned, hexagonally arranged pores. (i) Schematic representation of the GIWAXS measurement protocol. (j,
k) 2D GIWAXS patterns of the TbHz film (j) before and (k) after annealing in 0-DCB.

centered at 10.3 A (Figure 2f), which is slightly larger than the
film linked by imine bonds (Figure S9). This could be
attributed to the stretching of the flexible amine bond, thus
leading to a relaxed framework. High-resolution transmission
electron microscopy (HRTEM) clearly shows the lattice
fringes of the film with a spacing of ~3.4 A, which represents
that the interlayer distance of TbHz monolayers originated
from the 7—7 stacking (Figures 2g and S10). Besides, clear
diffraction rings also can be seen in the selected area electron
diffraction (SAED) pattern, further indicating the high
crystallinity and anisotropic orientation of the TbHz films
(Figures 2h and S10).

Perpendicular Alignment of TbHz Thin Films by SVA.
Flexible amine links thermodynamically enable SVA to reorient
COFs, and there is still a kinetic issue in identifying suitable
solvents to practically start and regulate the SVA process. To
study the influence of solvent vapors on structural develop-
ment during SVA, we screened solvents to identify the optimal
condition for a perpendicular alignment (Figure 3a). We
selected common solvents used in the synthesis of COFs with
a permittivity gradient ranging from N,N-dimethylformamide
(DMF) (383) to l4-dioxane (DOX) (2.2).°° For these
experiments, the TbHz thin films grown on the Si/SiO,
substrates were placed in a sealed vapor chamber containing
the respective solvent (Figure S1). The morphology evolution
of the films was first analyzed. As shown in Figure 3b—e,

crystallite assembled morphology with an obvious grain
boundary can be observed after DMF annealing, which is
close to that of the pristine film. Strikingly, reducing the
permittivity, the films exhibited a progressively smoothening
surface morphology. It is worth noting that the COF film
annealed in 1, 2-dichlorobenzene (0-DCB) exhibits the
smoothest morphology. This remarkable transformation is
mainly attributed to the nonpolar and conjugated interaction
between 0-DCB vapor and TbHz, strengthening their affinity
and promoting the diffusion of 0-DCB vapor. To obtain deep
insights into the strong impact of 0-DCB vapor on the
structure of the TbHz films, a time-dependent morphology
analysis was conducted (Figures S11 and S12). With time
elapsed, 0-DCB vapor continuously diffuses into the
crystallites, resulting in attenuated interlayer interactions and
a relaxed structure. The crystallites are reorganized laterally to
assemble into a uniform morphology structure after annealing
for 5 h. As SVA further proceeds, the crystallites would
dissociate owing to the overlong interaction between 0-DCB
vapor and TbHz, which is responsible for the presence of
cracks (Figure S11gh). Moreover, the TbHz film annealed in
0-DCB exhibits reduced surface roughness of 4 nm, whereas
that of the as-synthesized film without annealing is above 38
nm (Figures SS and S13). This further demonstrates the
structural rearrangement of COF crystallites. Energy-dispersive
X-ray spectroscopy (EDS) reveals a sharp transition of the
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Figure 4. Perpendicular alignment of TbHz thin films. (a) Schematic simulation of the SVA process in 0-DCB. (b) Influence of representative
structures and solvent molecules on their binding energies with TbHz monolayers. The inset is the structural unit of TbHz. (c) PXRD patterns of
TbHz with different durations of SVA. (d) Schematic showing the effect of infiltrating 0-DCB vapors into the TbHz crystallites and the structural
rearrangement from randomly oriented intergrown crystallites to perpendicularly aligned thin films.

TbHz film after 0-DCB annealing, revealing that the annealed
TbHz film possesses a uniform morphology across the
thickness (Figure 3fg). The ratio of the C—NH bond is kept
at ~65% with the extension of annealing duration, which
reflects the framework integrity during SVA (Figure S14).
FTIR characterization reveals that the relative intensity of the
C=O0 bond decreases with the extension of annealing
duration, demonstrating the occurrence of the Schiff base
reaction (Figure S15). In addition, the crystallinity of TbHz
films is slightly enhanced with the extension of the annealing
duration, implying that recrystallization takes place during the
SVA process (Figure S16).

The preferential orientation of the o-DCB-annealed TbHz
films was visualized with HRTEM and corresponding SAED
patterns. With an SVA duration of 3 h, the TbHz film shows
randomly oriented pores with lattice distortion, indicating the
mobility of the segments during SVA (Figure S17). After
prolonging the SVA process to S h, the star-shaped contrasts
surrounded by dark contours are clearly detected in a large
size, where the darkest parts represent the hexagonal pore
channels in the TbHz film along the [001] direction (Figures
3h, S18 and S19). The lateral lattice size reflects a pore
diameter of approximately 9.1 A for the annealed TbHz film,
which corresponds well to the theoretical upper diameter of
9.8 A (Figure 2a). This suggests that the thus-annealed TbHz
film has a face-on orientation and extends horizontally. The
SAED pattern reveals the diffraction dots cohering along the
lattice direction, demonstrating the perpendicular alignment of
the film (Figure S19). The observation of the lattice evolution
indicates that SVA is favorable for crystallite relaxation, which
affects the local structures at grain boundaries. As a result, this
rearrangement process could promote the coalescence of
adjacent domains, affording the large-area aligned structures.

To further understand the degrees of orientation on a
macroscopic scale, grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) was performed (Figure 3i). The 2D area
detector is used to simultaneously acquire the signal collection
in both the in-plane and out-of-plane directions. For the
pristine TbHz film, the GIWAXS pattern shows sharp
reflections in both the in-plane and out-of-plane directions,
reflecting the high overall crystallinity of the film over the size

11435

of several square centimeters. The well-defined and arc-like
diffraction peaks at 5.3, 8.7, and 15.8 nm™' are assigned to
(100), (110), and (001) peaks observed in the GIWAXS
pattern (Figure 3j). After annealing, the near-isotropic
diffraction rings in the GIWAXS pattern of the TbHz film
are replaced with discrete Bragg spots, indicating the
development of a distinct preferential orientation (Figure
3k). The partial pole figure of the (100) reflection of the
annealed TbHz film records its intensity as a function of the
azimuthal angle. As a result, the intensity distribution narrows
and intensifies, confirming that SVA enhances the face-on
orientation (Figure S20). Moreover, the 7—7 stacking signal of
the annealed TbHz film is stronger than that of the pristine
one, further indicative of the face-on stacking of the TbHz
monolayers. To quantify the extent of the preferential
orientation, we calculate the Hermans orientation factor of
the (100) and (001) reflections. After annealing the TbHz film
in a saturated atmosphere of 0-DCB vapor at 120 °C for S h,
the film gives an enhanced Hermans orientation factor of the
(100) reflection from 0.12 to 0.91. Furthermore, the Hermans
orientation factor of the (001) reflection also increases from
0.18 to 0.82. This enhanced orientation factor confirms that
SVA not only improves the arrangement of the TbHz skeleton
but also corrects the adjacent crystallites into larger crystalline
domains. That is, the TbHz film with a thickness down to 100
nm annealed in 0-DCB possesses ordered pore channels that
are perpendicularly aligned and spanned the entire thickness.

Structural Evolution in the Annealing of TbHz Films.
To understand to what extent the molecular factors could
influence the evolution of TbHz films during SVA, we
performed molecular dynamics (MD) simulations to study
the interactions between interlayers and various solvents
(Figure 4a). We built an all-atom model of TbHz monolayers,
which was exposed in different solvents and equilibrated for 10
ns at T = 120 °C.

In general, the flexibility of the TbHz skeleton is mainly
caused by the rotation and torsion of the amine linkages, which
would contribute to the structural variation during solvent
annealing. Thus, we first determined the stacking interactions
of the amine- and imine-linked TbHz monolayers (Figure 4b).
The binding energy between the amine-linked monolayers
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Figure S. Composite membranes with aligned TbHz films as the selective layers. (a) Photographs of the perpendicularly aligned film protected by
the PSF-b-PEG layer floating on water and composited with the PVDF substrate. (b) Cross-sectional SEM image of the trilayered composite
structure containing the perforated PSF-b-PEG protective layer, the perpendicularly aligned TbHz film, and the PVDF substrate. (c) Permeance
and rejection to Na,PTS of TbHz films subjected to annealing in 0-DCB for different durations. (d) Pore size distribution and (e) size-selective
solute rejection curves of the pristine (randomly oriented) and perpendicularly aligned TbHz films. (f) UV—vis spectra of the solutions involved in
the selective removal of K;Fe(CN)g from a CL,Rubipy and K;Fe(CN)4 mixture using the aligned TbHz film.

(—47.3 kcal mol™) is much lower than that between the
imine-linked monolayers (—67.7 kcal mol™) (Figure S21).
This underlines that the amine-linked TbHz monolayers would
be much more easily dissociated, which could combine more
solvent molecules during SVA.

Subsequently, the interactions of TbHz monolayers within
different solvent environments were examined. The o-DCB
molecules significantly increase the stacking distance and cause
the TbHz skeleton to twist relative to each other (Figures S22
and S23). This weakens the 7—7 interaction, and the binding
energy is calculated to be —2.9 kcal mol™". The value is 2—20
times lower than that in DOX, ACN, and DMF (Figures 4b
and S24). Thus, the amine-linked TbHz monolayers can be
readily dissociated by o-DCB due to the strong solvophilic
effect (Figure S25), which is also experimentally confirmed in
Figure 3a—e. Indeed, we experimentally detected a shift of the
(001) reflection toward a lower 20 value, corresponding to an
increased stacking distance of the adjacent TbHz layers upon
vapor exposure (Figures 4c and S16). This observation points
to a slow anisotropic displacement of the TbHz layers
promoted by the weakening of the stacking interactions, thus
allowing efficient rearrangement and extension of TbHz
crystallites.

To obtain the preferential orientation of TbHz pore
channels during SVA, model calculations with face-on and
edge-on orientations were investigated. As shown in Figure
S26, perpendicularly aligning the TbHz monolayers minimizes
the stacking interaction, which indicates that the face-on
arrangement is the most probable conformation for stacked
monolayers. Moreover, the time-depended MD simulation
shows lower interaction energy between TbHz monolayers in
the eclipsed stacking mode (Figure S27). These results
underline that the specific interactions of o-DCB with the
TbHz skeleton can greatly dissociate the monolayers and
promote structural transformation, which contributes to the
oriented alignment of TbHz crystallites.

Based on the above experimental and theoretical inves-
tigations, we understand the mechanism for the perpendicular

alignment of TbHz films by SVA (Figure 4d). Amine linkages
in TbHz endow the framework with flexibility and reduced
interlayer interactions. 0-DCB vapor has a favorable affinity to
the flexible TbHz skeleton because of its low relative
permittivity and conjugated structure. This is helpful for
solvent molecules diffusing into the TbHz crystallites. In this
case, the surrounded 0-DCB further weakens 7—r interactions,
enlarging the interlayer distance and allowing the TbHz
monolayers to dissociate. Benefiting from the strong
interaction between o-DCB molecules and TbHz monolayers,
the dissociated crystallites can keep in a stable state without
agglomeration. Moreover, 0-DCB provides efficient mobility
for TbHz crystallites to reorient and adopt its face-on
orientation, which is thermodynamically favorable. With the
evaporation of 0-DCB, the rearranged TbHz crystallites are
frozen because of the reduced mobility of the monolayers,
leading to perpendicularly aligned pore channels in the TbHz
films.

To demonstrate the universality of the SVA strategy, we
prepared another two types of COF films: COF-LZUI and
TpPa (Figure S28). COF-LZU1 was prepared by employing
Pa to replace HZ and Tb as the building blocks. As expected,
COF-LZUI films are composed of amine linkages owing to the
Eschweiler—Clarke reaction of formic acid (Figure S29). SEM
images exhibit the smooth morphology of the COF-LZU1 film
after being annealed in 0-DCB for $ h, reflecting the structural
rearrangement of COF-LZUI crystallites (Figure S30).
Meanwhile, the discrete Bragg spots can be clearly observed
within the COF-LZU] film, indicating the in-plane orientation
of COF-LZUI films after annealing (Figure S31). Conversely,
obvious grain boundaries can still be observed within TpPa
films after annealing for 8 h, which is mainly attributed to -
ketoenamine, which greatly restricts the structural evolution
during SVA. Therefore, the SVA strategy proposed in this work
is expected to be applicable to the imine-linked COFs, which
have been widely studied and used in diverse applications.

Precise Separation of Perpendicularly Aligned TbHz
Films. Because of the ultrathin thickness of the TbHz films, we

https://doi.org/10.1021/jacs.3c03198
J. Am. Chem. Soc. 2023, 145, 11431-11439


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03198/suppl_file/ja3c03198_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03198?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03198?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03198?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03198?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

used a perforated polymer-assisted transfer method to protect
them during the transfer operations (Figure S5a).”””® The
polysulfone-block-poly(ethylene glycol) (PSF-b-PEG) protec-
tive layer was cavitated by selective swelling in a solvent
mixture,” producing interconnected mesopores throughout
the entire thickness with a thickness of ~400 nm (Figure S32).
The copolymer-protected TbHz films were then transferred
onto poly(vinylidene fluoride) (PVDF) macroporous sub-
strates to prepare composite membranes with the TbHz films
as the selective layers. Figure Sb exhibits the trilayered
structure of the composite membranes, where the TbHz
films as the interlayers can be clearly recognized. The
copolymer-protected TbHz films are closely adhered with
the underlying macroporous PVDF substrates, demonstrating
good interfacial stability even under bending.

We first measured permeances and rejection properties of
the composite membranes with TbHz films subjected to
annealing in o-DCB for different durations using pyrenete-
trasulfonic acid tetrasodium (Na,PTS) with a diameter of 1.05
nm as the probe (Figure Sc). In the SVA process, the control
over the annealing duration is critical as SVA effectively
weakens the stacking interactions, triggering the structural
rearrangement and oriented configuration. Here, the pristine
TbHz films before SVA exhibit a high permeance of 314 L m™>
h™" MPa™!, but the rejection to PTS*~ remains at a low level of
5%. The permeance is gradually decreased to 306, 37, and 69 L
m~2 h™! MPa™! after annealing in 0o-DCB for 1, 3, and 5 h,
respectively. The rejections to PTS*™ are sharply increased
from 5 to 90%. Moreover, a slight decline in the rejection is
observed when the annealing duration keeps rising to 6 h. This
is mainly due to the excessive interaction between o-DCB and
TbHz monolayers, leading to cracks in the TbHz films (Figure
S11). Notably, the highest rejection is obtained from the TbHz
films subjected to SVA for S h because of their perpendicularly
aligned pore channels. In addition, the aligned TbHz
membranes exhibit a high ionic rejection rate and decent
water permeability (Figures S33 and Table S1). Notably, the
water permeability of the aligned TbHz film is comparable or
even higher than that of the polyamide membranes,””*" which
can be further enhanced by reducing the film thickness.

Solute rejection tests were performed to elucidate the
precise sieving ability of the perpendicularly aligned TbHz film.
The film was first challenged with poly(ethylene glycol) (PEG)
of varying molar masses. The rejection data for PEG is
collectively fit using a logistic function to afford a reasonable
representation of the rejection characteristics of the film
(Figure S34). On this basis, we estimated that the aligned
TbHz film can completely reject PEG with a diameter of 1.1
nm (Figure 5d). Moreover, the narrow pore radius distribution
demonstrates the highly ordered perpendicular channels of the
aligned TbHz film. By contrast, the effective pore size
distribution of the pristine, randomly oriented TbHz film
before annealing is markedly higher, suggesting the broad
distribution of the transport channels. The ionic sieving
properties were evaluated using a series of ions with sizes
ranging from 0.86 to 1.73 nm, viz, Na,SO,, K;Fe(CN)s,
Na,PTS, ruthenium tris(2,2’-bipyridyl) dichloride
(CL,Rubipy), and tetra-n-octylammonium bromide
((CgHy;),NBr) (Figures Se and $35)."* For the aligned
TbHz, rejection for SO,*” is lower than 10%; however, its
rejection sharply increases for ions with a diameter close to 1.1
nm (90% for PTS*" and 94% for Rubipy’*). However, the
pristine TbHz film exhibits a low ion rejection of 9.8% and

45% for PTS*" and Rubipy”*, respectively. The difference in
solute rejections is owing to the discrepancy of the transport
pathways. For the perpendicularly aligned TbHz film, transport
occurs through its intrinsic channels, exhibiting precise ionic
discrimination. Conversely, the pristine TbHz film with
randomly oriented pore channels allows the solute to transport
through both the intrinsic pores and gaps among the
crystallites. As such, although the geometric-mean diameter
for a solute may exceed the pore size, the passage of the solute
may still occur if its dimension does not exceed the gaps
among crystallites.”>** Besides, the TbHz films annealed in the
solvents with high permittivity were also prepared with the
perforated polymer-assisted transfer method (Figure S36).
They display analogously inferior sieving performance,
demonstrating the randomly arranged crystallites within the
films (Figure S37). The above results unambiguously reveal
the importance of controlling the orientation of pore channels
in COF membranes for precise sieving.

Benefiting from the perpendicularly aligned nanochannels in
COF membranes, we expect that the ions with similar sizes can
be separated at the Angstrom scale. The essential role of the
perpendicular alignment for the precise separation is further
demonstrated by comparing the separation factors of different
TbHz films toward similarly sized solutes, Na,SO, and
Na,PTS (Figure S38). High-precision separation for Na,PTS
and Na,SO, is of significance for the real-world manufacturing
process. During the synthesis of Na,PTS, which is an
extensively used fluorescent material, excess H,SO, is usually
served as the sulfonating agent to enhance the efficiency.*>*
However, after the reaction, the separation between Na,PTS
and H,SO, with common strategies remains challenging.
Precise separation offered by the perpendicularly aligned TbHz
membranes is expected to improve the yield and purity of
Na,PTS. The perpendicularly aligned TbHz film exhibits the
highest separator factor of 16.8, much higher than that of the
randomly oriented imine-linked (7.3) and amine-linked (2.1)
film. This enhancement originates from the perpendicularly
aligned and ordered pore channels within the annealed TbHz
film, endowing the film with superior selectivity properties.
Meanwhile, the films without annealing produce higher
permeance, which is mainly attributed to the additional
pathways from intercrystalline gaps. The perpendicularly
aligned film was then used to filter a mixture containing
K;Fe(CN)4 and CLRubipy to verify the ionic sieving effect. As
can be seen in Figures 5f and S39, the film selectively allows
the transport of K;Fe(CN)y from the mixture, which is also
confirmed by the UV—vis spectra. Furthermore, the perform-
ance stability of the aligned film was also verified over time,
and there was no obvious decline in permeance and rejection
(Figure S40). Hence, the SVA approach developed in this
work can efliciently regulate the orientation and consequently
enhance the separation precision of TbHz films, which would
be significantly beneficial for improving the practical
application of COF-based membranes.

B CONCLUSIONS

In conclusion, we realize perpendicular alignment of COF thin
films, which are strongly desired in mass-transfer-involved
processes by a simple strategy of solvent vapor annealing. The
COF films with flexible amine linkages possess lower interlayer
binding energy, thermodynamically enabling SVA to reorient
the films. 0-DCB vapor with low permittivity and a conjugated
structure exhibits considerable affinity to the nonpolar COF
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skeleton, kinetically providing sufficient mobility for the
crystallites to reorganize into the more favored face-on
orientation. The resulting COF films present hexagonally
arranged pore channels aligned along the [001] direction,
which contributes to narrowed pore size distribution and
precise ionic discrimination at the Angstrom precision. This
work demonstrates the capability of SVA to regulate the
orientation of COF thin films and reveals the decisive role of
structural flexibility and the solvent—COF interactions in
achieving a perpendicular alignment.
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