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Identifying facile strategies for hierarchically structuring crystalline porous materials is critical for realizing
diffusion length scales suitable for broad applications. Here, we elucidate synthesis—structure—function
relations governing how room temperature catalytic conditions can be exploited to tune covalent organic
framework (COF) growth and thereby access unique hierarchical morphologies without the need to intro-
duce secondary templates or structure directing molecules. Specifically, we demonstrate how scandium
triflate, an efficient catalyst involved in the synthesis of imine-based COFs, can be exploited as an
effective growth modifier capable of selectively titrating terminal amines on 2D COF layers to facilitate an-
isotropic crystal growth. We systematically map a compositional pseudo-phase space and uncover key
mechanistic insights governing the catalyst-derived evolution of globular COFs with sub-micron diffusion
length scales into unique rosette structures. Comprised of interconnected, high-aspect-ratio crystalline
porous sheets of only several unit cells in thickness, the resulting COFs offer orders of magnitude
reduction in diffusion length scales and several-fold increase in external surface area, enabling rapid
uptake of bulky dyes. Generally, the resulting synthesis—structure—function relations hold promise for rea-
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Introduction

Covalent organic frameworks (COFs) are a burgeoning class of
crystalline porous materials formed by the reticulation of
building block molecules into two- (2D) or three-dimensional
(3D) porous organic networks."” Owing to the intrinsic
stability™” and tunable functionality® of the covalently bonded
framework, and the ability to design building block structure

“Dept. of Chemical and Biomolecular Engineering, Lehigh University, Bethlehem, PA
18015, USA. E-mail: snyder@lehigh.edu

bDept. of Materials Science and Engineering, Lehigh University, Bethlehem, PA
18015, USA

“Institute for Functional Materials and Devices, Lehigh University, Bethlehem, PA
18015, USA

tElectronic supplementary information (ESI) available: Morphology of COFs syn-
thesized under different amounts of acetic acid and a low concentration of 0.002
eq. Sc(OTf);; reproducibility of COFs synthesized under different catalytic con-
ditions and different reaction times; FTIR comparisons of as-made COFs, mono-
mers, solvents, and Sc(OTf); catalyst; Sc(OTf); dispersion in COF-LZU1 agglom-
erated particles; quantified elemental analysis of as-made COFs; crystallographic
indexing of as-made COFs, reaction time sensitivity, and estimation of edge
amines; DFT simulation of alternative metal triflate binding to COF framework;
morphology, composition, and crystallinity of as-made COF-LZU1 under 0.02 eq.
Sc(OTf); with added DI water; retention of morphology with activation; pore size
changes with introduction of defects; hierarchical COF literature comparison;
RdB and MB adsorption equilibrium time. See DOI: https:/doi.org/10.1039/
d4nr04717f
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lizing unique control over COF mesostructure, morphology, and function.

and chemistry to tailor pore topology and size,"” COFs show
promise in a wide range of applications, including in adsorp-
tion,® catalysis,’ separations,'® and chemical sensing,"* among
others." Such applications commonly rely on efficient mole-
cular access to pore topologies.>™®> However, larger particle
sizes, required for ease of processing in practical applications,
offer characteristic diffusion length scales that stymie access to
the intracrystalline pores. This is especially true in cases where
diffusion becomes sluggish as pore diameters approach mole-
cular dimensions.

Efforts to overcome transport limits in crystalline porous
materials have focused on strategies for introducing pore hier-
archy to facilitate molecular access of the smallest pores deep
within a particle. For example, strategies for the hierarchical
structuring of zeolites,'® a class of crystalline microporous
materials’”'® with pore topologies analogous to some COFs,
have included post-synthetic processing (e.g., etching)'® and
sacrificial templating®®*' resulting in embedment of meso-
pores within the microporous framework. Additional elegant
strategies have employed designer surfactants and organic
structure-directing agents®*>* or taken advantage of crystal
twinning and defects*>*® as a means for growing intrinsically
hierarchical zeolites.

2D COFs have a wider range of accessible pore sizes than
zeolites, classifying them among microporous to mesoporous
(ca. 5 A to 5 nm) materials.*”*® Despite the wide range of

This journal is © The Royal Society of Chemistry 2025
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nominal COF pore sizes, transport limits remain a persistent
challenge due to the common micrometer particle sizes and
concomitantly large characteristic diffusion length scales,”
pore restrictions deriving from the shifting of 2D COF sheets
from eclipsed to staggered positions,>®*" and the growing
interest in deploying COFs for processing of larger molecules
(e.g., per- and polyfluoroalkyl substances - PFAS,**** other
organic pollutants,®*® bulky polysaccharides,®” etc.) that
approach the size of COF pores. To circumvent transport limits
in COFs, studies have employed judicious selection of building
blocks to optimize pore size and chemistry®* and have focused
on avoiding undesired pore restrictions by ensuring highly
crystalline eclipsed stacking of 2D COF layers.***°

In cases where the pore size is commensurate with mole-
cular dimensions, strategies for hierarchically structuring
COFs have been analogous to those used for zeolites.*’™*
Sacrificial templating has led to COFs with meso to macroscale
pores embedded within the COFs upon template removal,****
whereas in situ templating of macrostructured COFs has been
achieved by adding foaming agents during COF crystalliza-
tion."* Separately, growth modifiers, building blocks with
reduced functionality, have been introduced to control growth
kinetics and realize structural hierarchy comprising thin inter-
connected COF sheets.’® Several studies have separately
demonstrated how concentration-sensitive dimerization or
temperature-dependent decomposition of specialized mono-
mers can be employed for tuning COF morphology among
globular, intrinsically hierarchical, or mesopore-etched
structures.*"*>

Dichtel and coworkers and others*®”° have extensively
studied covalent linkage kinetics and synthetic catalysts with
the goal of maximizing crystallinity by minimizing the defects
of 2D imine-based COFs. Here, drawing inspiration from the
elegant hierarchical structuring of zeolites, we explore the
opposite scenario of how crystalline defects—induced by cata-
lytic control of the covalent linkage kinetics—can be exploited
for synthesizing intrinsically hierarchical COFs at room temp-
erature and with facile and scalable strategies, namely without
the need to introduce secondary templates or structure
directing molecules. Specifically, we develop synthesis-struc-
ture-function relations linking catalyst type and composition
to product morphology for representative 2D imine-based
COFs, COF-LZU1 and TAPB-PDA. We show how scandium tri-
flate, Sc(OTf)s, an alternative to acetic acid that is traditionally
used in the synthesis of imine-based COFs, not only acts as an
efficient catalyst but also tunes framework defects and appears
to mediate anisotropic COF growth. The unique rosette-struc-
tured COFs that result bear interdigitated, planar features of
only tens of nanometers in thickness, offering several fold
higher external surface areas, orders of magnitude shorter
characteristic diffusion lengths, and more accessible pores
compared with globular forms of the same COFs synthesized
under different catalytic conditions. The hierarchical structure
and concomitant enhanced external surface area and
expanded direct access to COF pores result in faster uptake of,
and higher capacity for, bulky dyes.

47-49
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Experimental
Chemicals

All chemicals were purchased from commercial vendors and
used without further purification, including 1,3,5-
Triformylbenzene (TFB, Thermo Scientific Chemicals, 98%),
1,4-Diaminobenzene (DAB, Sigma, 98%), 1,3,5-Tris(4-amino-
phenyl)benzene (TAPB, AmBeed, 97%), Terephthaldehyde
(PDA, Sigma, 99%), Scandium triflate (Sc(OTf);, Sigma, 99%),
glacial acetic acid (Sigma, 99%), dioxane (Sigma, 99%), mesity-
lene (Sigma, 98%), methanol (Sigma, 99%), Rhodamine B
(RdB, Sigma, <100%), and Methylene blue (MB, Sigma,
<100%).

COF-LZU1 synthesis

COF-LZU1 was synthesized from 1,3,5-Triformylbenzene (TFB)
and 1,4-Diaminobenzene (DAB) using either acetic acid or Sc
(OTf); as catalysts. In a typical synthesis 0.31 mmol of TFB
and 0.46 mmol of DAB were added to a 20 mL scintillation vial
under N, protection and charged with 6.2 mL dioxane/mesity-
lene solution (4:1, v/v). The catalyst solution was prepared in
a separate scintillation vial. In the case of acetic acid, a pre-
scribed volume of 10.5 M aqueous acetic acid (0.44, 1.32, 3.09,
4.85, 6.17 mL) was added to 6.2 mL dioxane/mesitylene solu-
tion (4: 1, v/v) to achieve 5, 15, 35, 55, and 70 eq. of acetic acid,
respectively, relative to amine groups of DAB. Additionally, a
water-free synthesis was carried out with a catalyst solution
comprising 0.26 mL of glacial acetic acid in 6.2 mL dioxane/
mesitylene solution (4:1, v/v), corresponding to 5 eq. acetic
acid. In the case of Sc(OTf);, prescribed amounts of the cata-
lyst (0.9, 9.1, 18.2, and 41.0 mg) were dissolved in 6.2 mL
dioxane/mesitylene solution (4:1, v/v) to achieve 0.002, 0.02,
0.04, and 0.09 eq. of Sc(OTf)s, respectively, relative to amine
groups of DAB. The monomer solutions and catalyst solutions
were sonicated separately at room temperature until the mono-
mers and catalysts fully dissolved (i.e., 1-2 min). Catalyst solu-
tions were added to the monomer solutions and vigorously
stirred for 1 h at room temperature. Precipitates from the reac-
tion were isolated by centrifugation at 10 000 rpm for 10 min,
followed by washing with reaction solvents (dioxane/mesity-
lene, 4:1, v/v) and vacuum filtration (Fisher Scientific, Q5
filter paper with 2-5 pm particle retention). The recovered wet
powders were dried by rotary evaporation at 40 °C for 1 h.

TAPB-PDA synthesis

TAPB-PDA was synthesized from 1,3,5-Tris(4-aminophenyl)
benzene (TAPB) and Terephthalaldehyde (PDA) using either
acetic acid or Sc(OTf); as catalysts. In a typical synthesis,
0.23 mmol of TAPB and 0.34 mmol of PDA were added to a
20 mL scintillation vial under N, protection followed by
addition of 4.6 mL dioxane/mesitylene solution (4: 1, v/v). The
catalyst solution was prepared in a separate scintillation vial.
In the case of acetic acid, a prescribed volume of 10.5 M acetic
acid in water (0.33, 1.3, 2.28, 3.58 mL) was added to 4.6 mL
dioxane/mesitylene solution (4: 1, v/v) to achieve 5, 20, 35, and
55 eq. of acetic acid, respectively, relative to amine groups of

Nanoscale, 2025, 17, 6488-6504 | 6489


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04717f

Open Access Article. Published on 17 January 2025. Downloaded on 1/13/2026 9:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

TAPB. Sc(OTf); solutions were prepared by addition of pre-
scribed amounts of the catalyst (0.67, 6.7, 30.2, 50.4 mg) to
4.6 mL dioxane/mesitylene solution (4 : 1, v/v) to achieve 0.002,
0.02, 0.09, and 0.15 eq. of Sc(OTf);, respectively to amine
groups of TAPB. The monomer and catalyst solutions were
sonicated and combined as described for COF-LZU1, but the
reaction was carried out for 24 h before the same washing,
recovery, and drying steps.

Activation of COF-LZU1

Activation of COF-LZU1 for dye adsorption requires the
removal of residual solvents and Sc(OTf);. Residual dioxane
and mesitylene were removed from as-made dried powders of
COF-LZU1 by dispersion of the powders (50 mg) in 45 mL of
methanol, followed by sonication for 20 min, vacuum fil-
tration, and rotary evaporation of the recovered wet powders at
40 °C for 30 min. The resulting powders are referred to as
“methanol-washed COF-LZU1”. Sc(OTf); was fully removed
from the methanol-washed COF-LZU1 powders by sonication
in 45 mL DI water for 20 min followed by vacuum filtration.
Finally, the resulting wet powders were dispersed by sonication
for 1 min in water and soaked at room temperature for ca. 10 h
before recovery by filtration and drying by rotary evaporation at
40 °C for 1 h. This water dispersion, soaking, and drying
process was repeated once to obtain fully activated COF-LZU1
powders.

Instrumentation and characterization

Scanning electron microscopy. Powder samples were imaged
with a Hitachi 4300 Scanning Electron Microscope (SEM) at 5
kv. All samples were sputter-coated (40 s) with Iridium before
imaging to improve conductivity and image quality.

Transmission electron microscopy. Transmission Electron
Microscopy (TEM) images were collected using a JEOL
JEM2100 operating at an accelerating voltage of 200 kV.
Samples for TEM analysis were prepared by drop casting COF
suspensions (0.02 g L™ in 4:1 (v/v) dioxane/mesitylene) onto
an ultra-thin holey carbon film supported on a copper mesh
(150 pm) TEM grid (Electron Microscopy Science, HC400-Cu-
150) followed by overnight vacuum drying.

Fourier-transform infrared spectroscopy. Fourier-Transform
Infrared (FTIR) spectra were collected at room temperature on
powder samples using a Thermo Scientific Nicolet iS 10 FTIR
spectrometer with a Thermo Smart iTX ATR optics module.

Energy dispersive X-ray spectroscopy. Energy Dispersive
X-ray Spectroscopy (EDS) was conducted on an aberration-cor-
rected JEOL JEM-ARM200CF transmission electron microscope
(STEM) equipped with a high angle annular dark field
(HAADF) detector and a Centurion X-ray energy dispersive
(XED) spectrometer. The microscope was operated at 200 kV in
STEM mode to characterize elemental spatial distribution. The
sample preparations were the same as the TEM samples.

X-ray photoelectron spectroscopy. Powder samples were
affixed by copper tape to a sample plate, and X-ray
Photoelectron Spectroscopy (XPS) measurements were carried
out on a custom-built SPECS NAP-XPS system equipped with a
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monochromated XR50MF Al Ka X-ray source which produced a
beam of 1486.6 eV photons. Electrons were detected with a
Phoibos 1D-DLD hemispherical analyzer with an acceptance
angle of 44° and a mean analyzer radius of 150 mm. The angle
between the X-ray source and detector was fixed at 54.7°.
Survey spectra were acquired at a pass energy of 70 eV and
core-level spectra were acquired at a pass energy of 20 eV.
Charge neutralization during the analysis was established with
a beam of 2 eV operated at a current of 20 pA. The binding
energy was calibrated using the adventitious carbon peak at
284.8 eV. Core-level data was treated by subtracting a Shirley-
type background and then fitting with pseudo-Voigt profiles
which generally consisted of 80% Gaussian and 20%
Lorentzian components. Atomic percentages were calculated
by normalizing the area of core level peaks by their Scofield
sensitivity factors and their inelastic mean free path, as esti-
mated by the KE®® approximation.

Powder X-ray diffraction. Powder X-ray Diffraction (PXRD)
patterns were collected at room temperature from dried COF
powders using a Panalytical Empyrean XRD at 45 kV and
20 mA. Baselines were further subtracted using HighScore
XRD analysis software with bending factor of 0 and granularity
of 10. Materials Studio was used to compute theoretical diffrac-
tion patterns based on CIF files obtained from the Materials
Cloud database® for COF-LZU1 and TAPB-PDA in their
eclipsed form. Additionally, Pawley refinement was employed
to interpret diffraction patterns collected on as-made COFs.

Low-energy ion scattering. Low-energy Ion Scattering (LEIS)
was conducted on powder samples using an ION-TOF Qtac'%°
equipped with a toroidal analyzer. The surface of the sample
was bombarded with 3 keV He' operated at a current of 5 nA
and a raster area of 1 mm? The double toroidal analyzer
accepted ions at a scattering angle of 145 degrees with respect
to the incident beam across all azimuthal angles. The sputter
beam was 0.5 keV Ar" operated at a current of 100 nA and a
raster area of 4 mm?®. At each step in the depth profile, the ana-
lysis and sputter beam doses were 5e'* He" per cm” and 1.5¢"°
Ar" per cm?® respectively. This corresponds to a depth of
approximately 3 nm per sputter cycle. Charge neutralization
was performed using a 12 V electron beam operated at a
current of 4 pA. The percentage of all elements was calculated
by subtracting linear backgrounds and normalizing the peak
areas by their empirically calculated sensitivity factors.

Gas adsorption. Nitrogen physisorption analysis was per-
formed on a Micromeritics ASAP 2020 instrument under
liquid nitrogen conditions (77 K). Prior to measurements,
samples were degassed at 120 °C under 6 pmHg vacuum for
24 h. Low N, dosing (2 cc per dose) was employed until the
relative pressure P/P, = 1.05 x 10~* was reached after which
measurements of adsorption and desorption branches were
made according to a pressure table. Total surface areas were
calculated by applying the Brunauer-Emmett-Teller (BET)
method. Cumulative surface areas and cumulative pore
volumes were obtained from the adsorption branch by apply-
ing the non-local density functional theory (NLDFT) method
specifically with the N, - Cylindrical Pores — Oxide Surface

This journal is © The Royal Society of Chemistry 2025
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model.*® The micropore surface area (Smicro) and micropore
volume (Viniero) Were computed based on the cumulative
surface area and cumulative pore volume, respectively, associ-
ated with pores of up to 20 A in diameter. The defected surface
area (Sqefect) and defected volume (Vgefecr) was computed from
the cumulative surface area and cumulative pore volume,
respectively, associated with pores between 20 A and 25 A in
diameter. The external surface area (Sexernal) and external
volume (Vexternal) Was computed from the cumulative surface
area and cumulative pore volume, respectively, associated with
pores greater than 25 A in diameter.

Room temperature dye uptake experiments. Aqueous stock
solutions of Rhodamine B (RdB; 0.25 mM, 0.5 mM) and
Methylene blue (MB; 0.25 mM, 0.5 mM) were prepared and
kept in the dark. UV-Vis absorbance measurements at 555 nm
(Rhodamine B) or 664 nm (Methylene blue) were carried out at
room temperature on a Shimadzu UV-2600 spectrophotometer
under kinetic mode. Absorbance-concentration calibration
curves for each dye were made using solutions of concen-
trations up to ca. 0.05 mM for Rhodamine B and 0.01 mM for
Methylene blue. Dye uptake experiments were carried out in
20 mL scintillation vials by dispersing 10 mg of activated
COF-LZU1 in 8 mL DI water via sonication for 1 min. The vials
were covered with aluminum foil and injected with 2 mL of
the 0.25 mM or 0.5 mM stock dye solutions under stirring for
initial dye concentrations of 0.05 mM and 0.1 mM, respect-
ively. Dye uptake was measured by quantification of the con-
centration of unadsorbed dye (C; [mM]) via UV-Vis absorbance
measurement of supernatant samples that were periodically
extracted from the system between 30 min and 48 h.
Specifically, 1 mL aliquots of the uptake solutions were
extracted and microcentrifuged at 17 000g for 5 min. Duplicate
portions of the resulting supernatant, Vieasure, Were diluted
with DI water into the calibration range, and UV-Vis absor-
bance was measured. The remaining solution was sonicated to
redisperse the pelletized COF and returned to the uptake solu-
tion. Dye uptake at the time of the n'™ aliquot (Qy, [mmol g™'])
was calculated according to eqn (1),

Qtn =
a=n—1

[VO - (n - 1) X Vmeasure] X (CO - Ctn)] + Z Vmeasure X (CO - Cta)
a=

=1

Mcor

(1)

where V, [mL] is the starting volume of the uptake solution
(10 mL), Co [mM] is the initial dye concentration in the uptake
solution, Cy, [mM] is the concentration of dye for the n™
aliquot, and mcor is the mass of the activated COF-LZU1
powder (ca. 10 mg).

Room temperature dye isotherm experiments. 10 mg of acti-
vated COF-LZU1 synthesized under various conditions was dis-
persed by sonication in 8 mL DI water in 20 ml scintillation
vials. Vials were covered with aluminum foil, and 2 mL of
stock dye solutions of specified concentration (RdB: 0.25, 0.5,
0.75, 1.0, 1.25, and 1.5 mM; MB: 0.5, 1.0, 1.5, 2.0 mM) were

This journal is © The Royal Society of Chemistry 2025
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added to realize starting concentrations of ca. 0.05-0.3 mM
RdB and 0.1-0.4 mM MB. Dye adsorption was carried out
under stirring for 96 h in the case of RdB and 120 h in the
case of MB, after which the supernatant was extracted by
microcentrifugation. The resulting equilibrium concentration
of unadsorbed dye (C. [mM]) was measured by UV-Vis, and the
corresponding equilibrium uptake, Q., was calculated accord-
ing to eqn (2),

_ V() X (CO _Ce)

Mcor

Qe (2)
where V, [mL] is the volume of the uptake solution (10 mL), C,
[mM] is the initial dye concentration, and mgor is the mass of
COF (10 mg). Adsorption affinities (K, [mM™']) and capacities
(Qm [mmol g7']) were derived from fitting the Langmuir
equation (eqn (3)) to the results.

0 _ Qm X K, X Ce
¢ CexKy+1

(3)

The maximum specific loading of a dye on the external
surface area of a given COF, Luaxjpxr[mmol g7 "], was calculated
according to eqn (4),

Lmax\EXT = Sextemal/dee (4)

under the assumption of monolayer adsorption. Sgy. is the
area occupied by a single dye molecule (Sgqs = 8.16 x 10°> m?
mol ™, Syp = 3.84 x 10> m* mol™"), estimated as the product of
the kinetic diameter and the longest dimension of the dye
molecule.

Density-functional theory (DFT) simulations of Sc(ur)-COF
coordination. All calculations were carried out using plane
wave periodic density functional theory (DFT) code Vienna Ab
initio Simulations Package (VASP).”> A tri-layer slab of
COF-LZU-1 (with a 1 x 1 unit cell in the x and y directions)
with at least 15 A of vacuum in the third direction was used to
model a multi-layered COF nanoparticle. All calculations were
done using the Projector Augmented Wave (PAW) potentials
with the generalized gradient approximation (GGA) Perdew-
Burke-Erzenhof (PBE)** exchange-correlational functional with
a D3 dispersion correction.>*>® An energy cutoff of 550 eV was
applied with an SCF convergence criterion of 107> eV as well
as a force-convergence criterion of 0.02 eV A™'. Gaussian
smearing was applied with a spread of 0.05 eV and a Gamma
point K-point sampling was used (due to the large unit cell
size). Calculations involving the gas phase (e.g., metal triflates,
M(OTf),; M:Sc as well as Yb and Zn) were carried out using
identical settings in a box with at least 10 A of vacuum in all
directions. The binding energy (BE) of the triflate onto a site
(physisorbed or chemisorbed) was generally calculated as:

BE = Ecor+m(otf), — Ecor — Em(ors), (5)

where Ecopimorr), iS the energy of COF with the triflate
adsorbed, Ecor is the energy of COF, and Eyory), is the energy
of triflate. BEs, by definition, are negative; a more negative

Nanoscale, 2025, 17, 6488-6504 | 6491
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binding energy value implies stronger adsorption of the
triflate.

Results and discussion

We selected COF-LZU1 and TAPB-PDA from the array of estab-
lished 2D imine-based structures to elucidate how synthetic
catalysts might be exploited generally to tailor morphology,
and, thereby, the characteristic diffusion length scale. These
two imine-based COFs exhibit hexagonal pores and were
chosen due to their room-temperature synthesis relative to the
solvothermal processing common among other non-hexagonal
COFs (e.g., triangular HPB-COF;>” rhombic TAPPy-PDA’® and
Py-DHPh/Py-BPyPh;>® pentagonal TAPP-PBTD-COF;®® bi-porous
PT-COF®"). The comparable synthesis routes for COF-LZU1 and
TAPB-PDA COFs are depicted in Scheme 1, wherein room
temperature reticulation is achieved with distinct monomer
combinations in conventional dioxane/mesitylene solvents for
reaction times resulting in maximum ecrystallinity.*”*> With
the dioxane/mesitylene solvent ratio held fixed throughout this
work at the 4:1 (v/v) ratio employed broadly in the 2D imine-
based COF literature, we studied two common synthesis cata-
lysts, acetic acid and Sc(OTf);, exploring sensitivities of COF
chemistry, morphology, and functionality to catalyst concen-
tration. We focused on Sc(OTf); as an alternative to acetic acid
because of its identification from among a range of metal tri-
flates (e.g., Sc, Eu, In, Yb, Y, Zn) as the most efficient triflate-
based transimination catalyst leading to highly crystalline 2D
imine-base COF products.*’

Catalyst sensitivity of COF morphology

Fig. 1 shows scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of the COF-LZU1
and TAPB-PDA products resulting from acetic acid or Sc(OTf);
catalytic conditions. Consistent with earlier literature
reports,®® acetic acid-based synthesis of COF-LZU1 results in
globular particles (Fig. 1a). Such globular morphology persists
for syntheses at low to high acetic acid concentrations
(Fig. S1t). The alternative use of a nominally low concentration

Sc(OTf)zor 10.5 M acetic acid

dioxane/mesitylene = 4:1 (v/v)

Jé% g
TFB

rt., 1h
DAB
NH2

Sc(OTf)z or 10.5 M acetic acid
dioxane/mesitylene = 4:1 (v/v)

O O rt., 24h

NHy
TAPB
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(£0.02 eq., Fig. 1b and S17) of Sc(OTf); catalyst®” results in
strikingly hierarchical rosette-like particles. Upon increasing
the concentration of Sc(OTf)s;, the rosette-like features become
less pronounced, appearing as more subtle surface roughness
(Fig. 1c), with final emergence of fully globular structures at
the highest Sc(OTf); concentrations studied (Fig. 1d). SEM
imaging of the product of triplicate syntheses (Fig. S27)
confirms the reproducibility of the COF-LZU1 morphological
evolution as well as characteristic particle size with catalyst
type and concentration. Additionally, while literature reports
have suggested sensitivity of particle morphology to
reaction time,** time-series experiments reveal the robustness
of the unique rosette-like COF-LZU1 morphology and charac-
teristic particle size to reaction times spanning 1 h to 24 h
(Fig. S3af).

We observe analogous particle morphologies relative to
catalytic synthesis conditions for a different 2D imine COF,
TAPB-PDA (Fig. le-h and Fig. S11). Namely, TAPB-PDA pro-
ducts tend to be globular when synthesized with acetic acid as
the catalyst, but distinctly rosette-like when low concentrations
of Sc(OTf); are used. Similar to the morphological trends
observed for COF-LZU1, increasing the concentration of Sc
(OTf); leads to TAPB-PDA product morphologies that evolve
toward globular structures (Fig. 1h). As with COF-LZU1, SEM
imaging also confirms the reproducibility (Fig. S41) and reac-
tion-time invariability (Fig. S3bf) of TAPB-PDA COF prepared
with the nominal catalytic conditions studied here. The simi-
larities in morphological evolution point to potential general-
izability of the effects of catalyst type and concentration on 2D
imine COFs.

COF composition and crystallinity relative to catalytic
conditions

Fig. 2 shows the FTIR spectra collected for as-made COF-LZU1
and TAPB-PDA COFs prepared under specified catalytic con-
ditions, with band assignments concluded in some cases from
reference spectra in Fig. S5.7 The strong bands at 1620 cm ™
for COF-LZU1, and 1595 and 1621 cm™' for TAPB-PDA COF
indicate imine linkage formation.”””** The weaker bands at
3200-3600 cm™" and 1690 cm™" are assigned, respectively, to

TAPB-PDA

Scheme 1 Synthesis routes to (a) COF-LZU1 and (b) TAPB-PDA using either acetic acid or Sc(OTf)s as catalyst.
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Fig. 1 SEM and TEM images of COF-LZU1 synthesized under (a) 15 eq. 10.5 M acetic acid and (b) 0.02, (c) 0.04, and (d) 0.09 eq. Sc(OTf)z; and
TAPB-PDA synthesized under (e) 20 eq. 10.5 M acetic acid and (f) 0.02, (g) 0.09, and (h) 0.15 eq. Sc(OTf)s.

amino and formyl groups comprising terminal functionality
and/or framework defects (Fig. 2c).

Bands between 2750-3100 cm ™" are attributable to a combi-
nation of characteristic dioxane and mesitylene peaks overlay-
ing C-H vibrations originating from the COF framework.
Further, the band at 1617 cm™ is a combination of character-
istic mesitylene and COF-based C-C stretching vibrations.
Taken together, these spectra indicate that reaction solvents
remain despite rotary evaporation at 40 °C, owing to their high
boiling points (101-165 °C).

This journal is © The Royal Society of Chemistry 2025

In addition to solvent occlusion within the COF framework,
FTIR bands at around 1660 cm™*, 1250 cm ™, and 1030 cm™*
indicate the presence of triflate ligands as well. Specifically,
the band at 1250 cm™" can be assigned to both SO; stretches
from triflate ligands and COF-based vibrations, whereas the
band at 1030 cm™" can be assigned to C-F stretching from the
triflate ligands alone. The amount of triflate incorporated
within the COFs trends qualitatively with the concentration of
the catalyst used in the synthesis, as indicated by the corres-
ponding increase in the intensity of (OTf)s;-associated bands.

Nanoscale, 2025, 17, 6488-6504 | 6493


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04717f

Open Access Article. Published on 17 January 2025. Downloaded on 1/13/2026 9:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
ra
B}
5]
2 =
T 3% T
Z ), C
; (c)
[72]
J+)
- 2
3 )
S =
I b
c
s
£ N
(=
o
©
o ’\w 55 eq. 2—8
L& &
B O 35 eq 8=
@ W) &
"
T —// v
RV oo T
m ! BN A N/ \ Q
=2
= L O
S . 3
@, NG ~
& 09 eq B
g
=
5 W |
2 4
G “ﬂ\ll 55 eq f__b,_c
= W —0 tn
35
_—\VN/ eq g. =
J
(b) 20 eq.
"

4000 3500 3000 1500

Wavenumber [cm']

1000

View Article Online

Nanoscale

Fig. 2 FTIR spectra of as-made (a) COF-LZU1 and (b) TAPB-PDA synthesized under different catalytic conditions, with (c) molecular representation
of the pores (shown for COF-LZU1) as well as possible framework defects, terminal functional groups, and potential sitings of Sc(OTf)s within the
COF framework, including: (S1) physisorbed in the pores, coordinated with (S2) a framework N, (S3) a dangling terminal amine, or (S4) an amine N

from a framework defect.

Separately, EDS elemental mapping (Fig. S67), carried out on a
representative COF-LZU1 sample prepared with 0.02 eq. Sc
(OTf); catalyst, reveals a uniform distribution of Sc throughout
the COF-LZU1 particles, suggesting the incorporation of the
full Sc(OTf); moiety within the COF structure.

Potential siting of Sc(OTf); in the COFs could conceivably
occur via physisorption in the pores, or by coordination with
framework imines or with amines from framework edges or
defects, as depicted in Fig. 2c. Complementary XPS analysis
offers critical insight into Sc incorporation during synthesis.
Fig. 3 shows N 1s and Sc 2p spectra for COFs synthesized
under different catalytic conditions (C 1s, S 2p, and F 1s
spectra included in Fig. S7-S9%). The increasing intensity of
the Sc 2p peaks (Fig. 3a and c) indicates increasing Sc incor-
poration with increasing catalyst concentrations in the reaction
solution as quantified in Tables 1, S1, and S2.t

Deconvolution of each spectrum from 396 to 402 eV accord-
ing to contributions from amino (-NH,) and imine (C=N)
nitrogens reveals a slight shift of amino fitted peaks to a
higher binding energy by ca. 0.5 eV with increasing Sc(OTf);
concentration. Such a shift is expected upon coordination of
the lone pair electron of the amino nitrogens with metals, as
has been reported for Pd-imine COF coordination.®® Here, the
observed shift is attributed to the increasing amount of Sc
(OTf); coordinating with the N-containing dangling bonds
associated with framework defects and/or the terminal edges
of the COF framework, owing to the electron donation of lone

6494 | Nanoscale, 2025, 17, 6488-6504
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Fig. 3 XPS of as-made (a and b) COF-LZU1 and (c and d) TAPB-PDA
synthesized under different catalytic conditions; (a and c) N 1s and Sc 2p
spectra, (b and d) O 1s XPS spectra.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04717f

Open Access Article. Published on 17 January 2025. Downloaded on 1/13/2026 9:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Table 1 XPS spectra-derived Sc to N ratio and O % (excluding O from
Sc(OTf)s) of as-made COF-LZUl and TAPB-PDA synthesized under
different catalytic conditions

COF-LZU1 TAPB-PDA
Catalytic 0 % 0 %
condition Sc:N  (pristine COFs) Sc:N  (pristine COFs)
15 or 20 eq. 10.5 N/A 2.74 N/A 5.40
M acetic acid
0.02 eq. Sc(OTf); 0.03:1 3.79 0.05:1 3.45
0.09 eq. Sc(OTf); 0.07:1 11.59 — —
0.15 eq. Sc(OTf); — — 0.16:1 9.27

pair electrons from amino nitrogens to Sc.®® Additional quanti-
fication of O content (Fig. 3b and d) offers insight into frame-
work formyl groups comprising defects and terminal dangling
bonds. Specifically, the increase in oxygen content (Table 1)
with increasing Sc(OTf); catalyst concentration is indicative of
commensurate increases of framework defects, likely resulting
from the faster reaction kinetics during COF formation.®”%®

Such defects are borne out by the COF crystallinity as
revealed by comparison of experimental diffraction patterns
collected from materials synthesized under specific catalytic
conditions for nominal reaction times leading to the
maximum crystallinity (Fig. S10t), with simulated XRD
patterns (Fig. 4). Namely, the attenuation of XRD reflections
with increasing Sc(OTf); catalyst concentration is consistent
with XPS evidence of concomitant increases in framework
defects. Scherrer equation analysis of the (100) and (001) peaks
reveals the presence of anisotropic crystallites with in-plane
dimensions (ca. 21.7 nm) that average ca. 2.7-3 times the out-
of-plane dimensions (Table S37). Interlayer spacing, calculated
from Bragg’s law analysis of the (001) peak, was estimated to
be ca. 3.5 A under nearly all catalytic conditions considered.

Comparison of the 20 angles of the (100) and (001) reflec-
tions as well as lattice parameters extracted from the Gaussian
fittings of the peaks (Fig. S11t) and Pawley refinement of the
diffraction patterns using Material Studio (Fig. S12t), confirms
nearly eclipsed stacking in all cases.*””®* A uniform shift of the
reflections relative to the theoretical patterns for perfectly
eclipsed structures is observed as the synthesis catalyst is
changed between acetic acid and scandium triflate. The subtle
shifts to lower angles in the case of the Sc(OTf);-catalyzed
materials, indicate minor expansion of the unit cell that we
attribute to sensitivity of the COF framework to metal coordi-
nation as reported in the literature.®®”® The shifts to higher
angles in the case of acetic acid-derived COFs indicate a rela-
tive contraction of the unit cell/pores. This reproducible phe-
nomenona, one that we are investigating further, is likely a
manifestation bond rotation owing to the weakening of n-n
stacking energies upon shifting of COF layers under room
temperature synthesis.

The emergence of subtle higher angle reflections in the
case of TAPB-PDA synthesized under 0.09 eq. and higher Sc
(OTf); indicates the development of mixed crystalline phases.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Experimental PXRD patterns of as-made (a) COF-LZU1 and (b)
TAPB-PDA synthesized under different catalytic conditions compared to
patterns simulated for eclipsed structures.

Hence, we will focus on the apparently phase-pure COF-LZU1
for the remainder of this work.

DFT calculations: Sc(m) siting and mechanistic insight into
anisotropic crystal growth

Motivated by the XPS evidence of Sc(OTf); coordination with
framework amines and imines (Fig. 3), we have carried out
density functional theory (DFT) calculations to elucidate the
strength of Sc(w) triflate coordination within the COF frame-
work and to thereby assess where Sc(OTf); is most likely to
site. Specifically, as shown in Fig. 5, we have computed the
binding energies associated with various Sc(OTf);-COF con-
figurations enumerated in Fig. 2c, including the physical
adsorption of Sc(OTf); in the pores (Fig. 5a) and the coordi-
nation of Sc(OTf); with various imine or amine functional
groups, including coordination of Sc(OTf); with an imine
group of a pristine COF layer surface (i.e., crystal 001 surface)
(Fig. 5b), simultaneous coordination of Sc(OTf); with an

Nanoscale, 2025,17, 6488-6504 | 6495


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04717f

Open Access Article. Published on 17 January 2025. Downloaded on 1/13/2026 9:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

.
4

@
p .0 5 of

Epinding = -222 kJ/mol

®ON OH (Osc @o (Os OF

Fig. 5 DFT simulation results of optimized structures (top and side
view) and the calculated binding energies within COF-LZUL1 trilayers for
Sc(OTf)s (a) physisorbed in the pore, (b) adsorbed on an imine bond of
the top layer of the pristine COF-LZU1, (c) adsorbed on a single defect
resulting in an imine-Sc(OTf)3-amine linkage, and (d) coordinated with
two defects resulting in an amine-Sc(OTf)s-amine linkage.

@c

amine comprising a framework defect and a framework imine
within an adjacent COF layer (Fig. 5¢), and co-coordination of
Sc(OTf); with amine groups comprising adjacent framework
defects (Fig. 5d).

Sc(OTf); coordinates most strongly to adjacent amines com-
prising a double framework defect, a configuration that is also
representative of Sc(OTf);-mediated co-coordination between
dangling amines terminating adjacent crystallites. This coordi-
nation state (BE: —222 kJ mol™) is 60-160 k] mol™" more
favored than Sc(OTf); coordinated with framework imines,
and the strength of Sc(OTf); binding with all frameork N
exceeds by ca. 84-300% the energy associated with Sc(OTf);
physisorption in COF pores. The coordination of Sc(OTf); with
amino nitrogen rather than absorption in COF pores was con-
firmed by the shift of the amino fitted XPS peaks with increas-
ing Sc(OTf); concentrations (Fig. 3).

According to XPS analysis (Table S1), amino nitrogen com-
prises at most ca. 15% of all N in the 0.02 eq. Sc(OTf);-cata-
lyzed COF-LZU1, and terminal amines make up a maximum of
ca. 8% of all N according to approximate crystallite sizes esti-
mated from XRD data (Table S3 and Scheme S17) in the limit
of all terminal groups being amines and not formyl groups.
Thus, the XPS-measured coordination of Sc with just 3% of all
amino N in the case of 0.02 eq. Sc(OTf);-catalyzed COF-LZU1
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Scheme 2 Proposed mechanism of anisotropic and isotropic COF par-
ticle growth under different catalytic conditions.

(Table S17), would be fully accomodated by terminal amines,
the strongest and likely most accessible binding sites. Such
preferential titration of terminal amines decorating the edge
of 2D COF sheets at low Sc(OTf); concentrations could enable
recruitment of, and co-coordination with, amine-functiona-
lized monomers, oligomers, or precursor sheets or nanocrys-
tals at the edge of COF sheets (Scheme 2a). At the same time,
the lack of Sc(OTf); coordination with surface imines may sup-
press layer stacking and, thereby, result in anisotropic crystal
growth consistent with the high-aspect-ratio features of the
rosette structures formed at low Sc(OTf); concentrations.

The relative binding energies determined by DFT calcu-
lations (Fig. 5) suggest that Sc(OTf); would titrate amines/
imines on the 2D COF layers only at higher concentrations of
the catalyst. For the 0.09 eq. Sc(OTf);-catalyzed COF-LZU1, XPS
analysis shows an increase in Sc coordination to 7% of all N
(Table 1), likely exceeding the number of terminal amino N
(Table S3 and Scheme S1t) when accounting for the inevitable
mixture of amine and formyl group terminations, and thereby
increasing the likelihood of Sc(OTf); to also titrate more steri-
cally hindered defect-derived framework amines and lower
binding energy surface/framework imines. The concomitant
coordinative bonding among amines/imines on different COF
sheets supports the emergence of a sheet stacking mechanism

This journal is © The Royal Society of Chemistry 2025
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simultaneously with continued 2D COF sheet growth. Such iso-
tropic growth is consistent with the observed formation of
globular COF-LZU1  structures at higher  Sc(OTf);
concentrations.

Complementary DFT calculations (Table S4}) show that the
difference in binding energies between adjacent amine lin-
kages and surface imines of ca. 120 k] mol™" is also preserved
for other representative metal triflates (e.g., Yb, Zn), suggesting
that triflates may more generally preferentially titrate double
framework defects and edge amines over surface imines. Yet,
the higher binding energies for the Yb- and Zn-based triflates
make it less clear whether sequential titration of these sites
would similarly encourage preferential lateral layer growth or if
the higher binding strengths may instead explain reports by
Dichtel and co-workers” of the decreasing efficiency (Sc > Yb >
Zn) of these catalysts to form crystalline 2D imine-based COF
products.

When acetic acid is instead used as a catalyst, we conceive
an isotropic growth mechanism like that which occurs at high
Sc(OTf); concentrations is at play in the formation of only
globular structures. Namely, Jesus and Redinha’ have demon-
strated the hydrogen bonding of water with primary and/or
protonated amines. Both types of amines likely populate COF
framework edges and defects in this system, and hence serve
as points for water- and/or acetic acid-mediated lateral growth
of 2D COF layers and layer stacking as schematized in
Scheme 2c. A third possibility for hydrogen bonding with
amine radicals as reported in the literature,”” is not considered
here given the unlikely formation of amine radicals under the
synthesis conditions studied.

We have determined (not shown) that 5 eq. of acetic acid is
sufficient to drive COF-LZU1 formation, far exceeding the
amount of catalyst equivalence in the case of Sc(OTf);-based
COF-LZU1 synthesis (i.e., 0.002-0.15 eq.). Therefore, the high
concentrations of hydrogen bonding mediators (ie., acetic
acid, water) under the minimal conditions sufficient for
COF-LZU1 growth would enable simultaneous growth and
stacking of COF layers akin to that observed for high concen-
trations of Sc(OTf);. Indeed, by introducing controlled

View Article Online
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amounts of water (as high as 60 eq.), and thereby more hydro-
gen bonding mediators, to 0.02 eq. Sc(OTf); synthesis solu-
tions, the COF-LZU1 morphology (Fig. S131) evolves from its
nominal rosette structure toward featureless globular struc-
tures bearing signature bonding and crystallinity as confirmed
by FTIR (Fig. S14at) and PXRD (Fig. S14bt), respectively.

Activation and textural analysis of a COF-LZU1

As-made COF-LZU1 products were activated by sequential
solvent exhange. Initial methanol treatment removes residual
solvents, as indicated by attenuation of FTIR bands at ca.
3000 cm ™" (dioxane, mesitylene) and 1617 cm™" (mesitylene).
Triflate ligands are also partially removed, as denoted by
attenuation of peaks at 1660 cm™*, ca. 1200-1300 cm™, and
1030 cm™" (Fig. 6a). Low energy ion scattering (LEIS) (Fig. 6b)
confirms clear attenuation of triflate-specific O, F, and S
whereas the persistent Sc signal highlights the ineffectiveness
of methanol for breaking coordination between Sc and frame-
work N. Subsequent water washing is sufficient to break Sc-N
coordination, leading to full removal of Sc(OTf); as confirmed
by the vanishing FTIR bands (i.e., 1660 cm™', 1030 cm™")
(Fig. 6a) and loss of F, S, and Sc LEIS signals (Fig. 6b). Powder
XRD (Fig. 6¢) and complementary SEM images (Fig. S15t) of
activated COF-LZU1 samples synthesized under various cata-
Iytic conditions highlight the robustness of the crystallinity
and morphology to full activation.

Nitrogen physisorption (Fig. 7) reveals Type 1(b) iso-
therms,”® characterized by precipitous micropore filling that
gives way, at higher relative pressures, to adsorption in distrib-
uted but narrow mesopores. Gradual multi-layer adsorption in
mesostructures at intermediate relative pressures and unrest-
ricted monolayer-to-multilayer adsorption at the highest rela-
tive pressures is most distinct in the case of the rosette
material (0.02 eq. Sc(OTf)3).

Cumulative surface areas, cumulative pore volumes, and
corresponding quantitative textural measures (Table 2) derived
from adsorption branch NLDFT analysis of triplicate COF
syntheses help differentiate COF-LZU1 synthesized under the
various catalytic conditions studied here. The globular acetic-

(b) ——as-made (c)
Activated 2.0 MeOH washed
— activated

E —
: mvw\ﬂ 5 ~
_— c =]
8 2 S
< As-made S 2
E= 2 B
E 2 5
0 -—
=

a * from sample holder

(a)

4000 3500 3000 2500 2000 1500 1000 1000 1500 2000 5 0 15 20 25 30
Wavenumber [cm™'] Energy [eV] 26[°]
Fig. 6 (a) FTIR spectra and (b) average LEIS spectra over 3nm sputtering depth for 0.09 eq. Sc(OTf)s-derived COF-LZU1 at points along the solvent

activation process. (c) PXRD patterns of activated COF-LZU1 synthesized under different catalytic conditions.
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Fig. 7 Representative (a) N, adsorption and desorption isotherms (77K), (b) cumulative surface areas, and (c) cumulative pore volumes of activated

COF-LZU1 synthesized under different catalytic conditions.

Table 2 Textural measures of activated COF-LZU1 synthesized under different catalytic conditions derived from N, adsorption isotherms at 77 K

Smicro Sdefect Sexternal SBET Vmicro Vdefect Vexternal Vtotal
Catalytic condition [m?g™] [m?g™] [m*>g™] [m?g™] [em® g7 [em® g7 [em® g7 [em® g7
15 eq. 10.5 M acetic acid 1029 + 44 0 52+10 1149 £ 27 0.44 + 0.01 0 0.06 + 0.02 0.50 + 0.02
0.02 eq. SC(OTf)3 782 +93 0 95+21 906 + 40 0.33 £ 0.04 0 0.11 + 0.02 0.44 + 0.02
0.09 eq. Sc(OTf); 163 + 50 27 £3 30+8 235+ 40 0.06 + 0.02 0.02 +0.01 0.05 +0.03 0.12 + 0.003

acid synthesized material has the largest BET surface area
(Table 2), attributable to its high crystallinity (Fig. 6c), whereas
the total specific surface areas for the rosette and 0.09 eq. Sc
(OTf);-synthesized globular structure were ca. 24% and 84%
lower, respectively.

Micropore surface areas and pore volumes (Fig. 7b, ¢ and
Table 2), classically associated with pores of 20 A or less in dia-
meter, also trend with material crystallinity and defects.
Namely, the most crystalline and least defective material pre-
pared under acetic acid conditions shows the most crystalline
micropores and, hence, the largest cumulative micropore
surface area and micropore volume. The reduced crystallinity
of the 0.02 eq. Sc(OTf);-derived material leads to ca. 25%
reduction in both cumulative micropore surface area and
micropore volume. The presence of significant framework
defects, introduced when the highest amount (i.e., 0.09 eq.) of
Sc(OTf); catalyst is used, further reduces the cumulative micro-
pore surface area and micropore volume by ca. 82%. These
defects are manifested by the corresponding distributions of
features (‘defect’ in Fig. 7bc) in the ca. 19-23 A size range that
are absent in the case of the less-defected materials prepared
with acetic acid and 0.02 eq. Sc(OTf);. The characteristic size
of the defect features is consistent with the likely pore opening
that occurs with framework defects (Fig. S161). We estimate a
corresponding surface area and pore volume associated with
such defects in Table 2.

The general trends in textural measures change when it
comes to external surface areas and pore volumes. Namely, the
rosette materials (0.02 eq. Sc(OTf);) have the highest external
surface area and pore volumes, nearly twice that of the acetic
acid-derived materials and 2-3 times larger than the 0.09 eq.

6498 | Nanoscale, 2025, 17, 6488-6504

Sc(OTf);-derived materials. This stark difference in external
textural measures can be simply rationalized according to the
distinct hierarchical rosette morphology, and hence larger
external surface area, of the 0.02 eq. Sc(OTf);-derived material.
Ultimately, the ability to realize hierarchically structured 2D
COF-LZU1 with enhanced textural properties simply by multi-
purposing the Sc(OTf); catalyst at room tempeature for 1 h,
distinguishes this approach from others reported in the litera-
ture (Table S51*'7*°) in terms of its simplicity, scalability, and
sustainability. Specifically, alternative COF structuring strat-
egies commonly introduce secondary templates (requiring sep-
arate synthesis) or growth modifiers, employ higher-tempera-
ture (sometimes solvothermal) conditions to achieve crystal-
line products, require extended reaction periods of up to 2-15
days, and rely on complicated, multi-step pre-, reaction, and
post-processing conditions. Direct comparison of this work to
literature reports of the impact of structuring on textural pro-
perties is confounded by differences in the specific COF frame-
works reported. Yet, the ca. 286% enhancement of the BET
surface area, achieved herein by structuring Sc(OTf);-catalyzed
COF-LZU1 simply by reducing the catalyst concentration from
0.09 eq. (globular) to 0.02 eq. (rosette), is ca. 2-12 times higher
than textural enhancements achieved in other COF systems.

Dye adsorption on activated COF-LZU1

In order to assess how the catalyst-tuned particle morphology
and textural properties can be leveraged for applications, we
have studied transient uptake and equilibrium adsorption of
two cationic dyes, Rhodamine B (RdB) and Methylene blue
(MB). These dyes were chosen on the basis of distinct kinetic
diameters of ca. 11.3 A and 5.1 A, respectively, with RdB

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Room temperature uptake from 0.05 mM and 0.1 mM (a and b) RdB and (d and e) MB solutions, and (c and f) corresponding adsorption iso-
therms (dashed lines represent Langmuir fits) for activated COF-LZU1 synthesized under different catalytic conditions.

approaching the characteristic pore size of COF-LZU1 (ca. 18 A)
and MB being significantly smaller."* In addition to van der
Waals interactions of the dyes with the COF framework—spec-
fiically in cases of strong confinement in the pores,”* the posi-
tively charged N* and S* centers of RdB and MB, respectively,
likely drive adsorption on the electron-rich imine and defect-
derived amine sites within COFs (Fig. 8; equilibration times of
5 days (RdB) and 4 days (MB) established in Fig. S177).
Cationic dyes that were significantly smaller than (e.g,
2-Naphthol, ca. 4-5 A) and commensurate with (e.g., Reactive
Black 5, ca. 17.0 A) the COF-LZU1 pore size were also studied,
but both led to negligible uptake (not shown).

Fig. 8a and b show RdB uptake from solutions of two
sorbate concentrations over a period of 48 h by representative
COF-LZU1 prepared with acetic acid and Sc(OTf); catalysts. In
the case of the lower RdB concentration (0.05 mM, Fig. 8a), the
uptake among the COF-LZU1 samples is effectively indistin-
guishable. Differentiation of the materials occurs at higher

uptake, achieved upon doubling the RdB concentration
(Fig. 8b). Specifically, the rate of uptake from 0.1 mM RdB
solutions is fastest for the rosette-structured
COF-LZU1 material (0.02 eq. Sc(OTf);) and slower for the glob-
ular particles, with the most sluggish uptake measured for the
0.09 eq. Sc(OTf);-derived material.

The sensitivity (or lack thereof) of the RdB uptake rates to
adsorbents at the different sorbate concentrations can be
understood in terms of the two modes of RdB adsorption on
the accessible external surface and within the confining COF
pores. While the textural properties vary among the three
materials, the increasing rate of uptake at higher RdB concen-
trations (Fig. 8b) trends with increasing external surface area.
Indeed, it is instructive to consider the maximum measured
uptake relative to the estimated maximum loading of RdB that
can be accomodated on the external surface of the three COF
sorbents or directly within accesible pores, a measure we term
Limax|exr (Table 3).

Table 3 The maximum loading of dye that can be accomodated on the external surface of COF-LZU1 or directly within accesible pores (Lmaxlext).
affinities between dye and COF-LZUL1 (K\), and dye capacities of COF-LZU1 (Q,,,)

Rhodamine B

Methylene blue

Catalytic condition of activated 15 eq. 10.5 M acetic  0.02 eq. Sc 0.09 eq. Sc 15 eq. 10.5 M acetic  0.02 eq. Sc 0.09 eq. Sc
COF-LZU1 acid (OTf)3 (OTf)s acid (OTf)3 (OTf)3
Linax| sxr [mmol g7 0.06 + 0.01 0.12 + 0.03 0.04 + 0.01 0.12 + 0.03 0.25 + 0.06 0.08 + 0.02
Ky [M1] 2.6 x 10* 1.2 x10* 1.9 x10* 5.2 x10° 1.2 x10* 9.3 x10°
Qm [mmol g™ 0.11 0.18 0.12 0.06 0.08 0.06
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In the case of the lower RdB concentrations (Fig. 8a), the
maximum specific uptake of ca. 0.045 mmol g* (48 h) can be
nearly completely accommodated by adsorption on the accessi-
ble external surfaces of the three sorbents or directly within
accessible pores without the slower diffusion into the COF
pores impacting the uptake. Increasing the RdB concentration
(Fig. 8b), however, results in higher RdB uptake (ca. 0.07 mmol
g~ at 48 h) that reaches or exceeds Ly |exr Of the acetic acid-
and 0.09 eq. Sc(OTf)s;-synthesized materials, respectively.
Specifically, with the lowest external surface area and hence
fewest directly accessible COF pores, uptake by the 0.09 eq. Sc
(OTf);-synthesized sorbent is the first to be noticeably
impacted by the sluggish rate-limiting diffusion of RdB in the
COF pores. With further uptake, L .«|exr of the acetic acid-syn-
thesized material is approached next, such that restricted RdB
adsorption and diffusion in the associated COF pores slows
the overall uptake. Ultimately, the total uptake is only approxi-
mately half the Ly..|exr of the rosette-structured 0.02 eq. Sc
(OTf);-synthesized sorbent, with the most rapid RdB uptake
resulting from adsorption on the accessible rosette surfaces
and directly in accessible pores minimizing the impact of the
slower diffusion in COF pores.

The impact of the accessible external surface area and
thereby directly accessible pores of the rosette-structured sorbent
over the globular sorbents is further indicated by the RdB iso-
therms collected at room temperature for the three materials
(Fig. 8c). Langmuir fitting of the isotherms enabled calculations
of the affinities (K;) and capacities (Qn,) of dyes for the various
activated COF-LZU1 samples (Table 3). The equilibrium iso-
therms are statistically indistinguishable at low RdB concen-
trations below the L. exr, and remain indistinguishable for
the two globular materials even at higher sorbate concentrations
despite the nearly sixfold higher total specific surface area of the
acetic acid-derived COF-LZU1 relative to the 0.09 eq. Sc(OTf),-
synthesized material (Table 2). We hypothesize that the lower
total specific surface area of the latter is offset by the larger
number of framework defects (Table 1) comprising electron-rich
terminal amines that serve as strong binding sites for RdB via its
positively charged N* center. Strong dispersion forces likely also
contribute, in part, to this common equilibrium adsorption.

We attribute the divergence of the isotherm measured for
the rosette sample at higher RdB concentrations to the contri-
butions of enhanced sites for adsorption on the higher accessi-
ble external surface area. Such surface-dominated adsorption,
for which dispersion forces are commonly weaker than for
molecules under pore confinment, is further supported by the
lower effective affinity, K, for RdB on the rosette-structured
materials compared to globular materials where we expect
pore adsorption to play a bigger role at equilibrium.

Uptake of the smaller MB molecule (Fig. 8d and e) falls well
below the Lya|exr (Table 3) for all three materials at both
sorbate concentrations studied. Hence, the total uptake should
be accomodated in all cases by adsorption on the external
surface or directly in the accessible COF pores. The much
smaller size of MB relative to the COF-LZU1 pore size likely
limits the role of dispersion forces in MB adsorption and cer-
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tainly eliminates any possible impact of diffusion limits on
uptake. Instead, interaction of the S* center of MB with elec-
tron-rich imine and defect-derived amine sites within COFs is
expected to dominate adsorption, such that the differences in
the uptake rates and equilibrium adsorption capacity can be
attributed to differences in the number of accessible adsorp-
tion sites in these materials.

The most sluggish uptake and lowest equilibrium adsorp-
tion capacity occurs over the globular acetic acid-derived
sample, owing to it being the least defective material. The
larger number of defects (Table 1) in the 0.09 eq. Sc(OTf);-cata-
lyzed materials result in more rapid uptake, higher affinity,
and similar capacity (Fig. 8f). The most rapid uptake and
highest MB capacity are measured for the rosette-structured
material (Fig. 8d-f and Table 3). While the specific defects are
lower in this material than in the globular 0.09 eq. Sc(OTf),-
synthesized sample (Table 1), the hierarchical structure of the
material (i.e., its ca. 4.5-fold higher external surface area) likely
offers access to a larger specific number of those defects,
resulting in the highest MB adsorption capacity.

Conclusions

The identification of facile strategies for tailoring structural hier-
archy of porous materials is key to accessing diffusion length
scales suitable for the efficient manipulation of molecules and
ease of processing required for applications. Here, we have
identified how catalytic conditions alone can be exploited as a
powerful and scalable handle for tuning morphology of 2D
imine-based COFs without the need to introduce complex struc-
turing strategies, employ higher temperatures, require extended
reaction periods, or rely on complicated multi-step reaction and
processing steps. Through combined experimental and compu-
tational insights, this work offers mechanistic insight into the
dual role of Sc(OTf); as an efficient synthetic catalyst and growth
modifier. Rather than optimizing the system to minimize crystal-
line defects, we show how the titration of framework defects and
terminal groups of different binding strengths can instead be
exploited to tune crystal growth. The result is the ability to
switch from isotropic crystal growth of globular porous materials
with large diffusion length scales to anisotropic crystal growth of
interconnected high-aspect-ratio hierarchical products. The sen-
sitivity of this mechanism to triflate binding strength (e.g., stron-
ger binding calculated for alternative metal triflates) and the
influence of synthesis temperature (e.g., solvothermal proces-
sing) and pore topology (e.g., non-hexagonal topologies includ-
ing triangular, rhombic, square, pentagonal) on the resulting
morphology remain as potential additional design handles to be
explored in the future. Yet, the rosette-structured COFs in this
work offer unique textural properties with dramatically
enhanced external surface area, highly accessible pores, and
reduced diffusion length scales enabling their efficient inter-
action with bulky molecular sorbates. More generally, by exploit-
ing rather than eliminating framework defects, this work offers a
unique strategy for morphological design and COF synthesis

This journal is © The Royal Society of Chemistry 2025
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that should extend beyond sorbents to impact anisotropic
growth of COF thin films as a means for extending its impact.
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