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Intensified synthesis and post-synthetic modification of
covalent organic frameworks using a continuous flow of

microdroplets technique

Vikram Singh!>3, Seungwook Jang"3, Niraj K. Vishwakarma! and Dong-Pyo Kim!

Covalent organic frameworks (COFs) are two-dimensional/three-dimensional crystalline polymeric materials with diverse molecular
backbones and topologies and are strong candidates for numerous applications. However, the ready availability of these materials
is a challenge. The key issues are slow production rates, harsher and longer reaction conditions, and a need for post-synthetic
modification to obtain desired molecular functionalities. Only a few studies, including those using microfluidic techniques, have
focused on refining these factors, but these reports lack synthetic continuity and scalability. Herein, we present a fast,
intensified and continuous synthesis and post-synthetic modification of p-ketoenamine-linked COFs by confining organic building
units into moving microdroplets in a transparent capillary. This study introduces a one-step, facile approach to serially modify
NO,- to NH,-substituted COFs in a fraction of the time, effort and cost of traditional methods. These results may stimulate the
development of novel COFs with unique chemistries and functions for various applications.
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INTRODUCTION
Covalent organic frameworks (COFs) are a class of porous, crystalline
materials featuring organic building units (OBUs) linked via strong
covalent bonds.!= Recently, COFs have been used in diverse applica-
tions, such as CO, capture electrochemical CO, reduction,®
organocatalysis,® photocatalysis,” separation and storage of gases,®’
and sensing,'® which makes COFs highly promising futuristic materi-
als. Nevertheless, the construction of new two-dimensional/three-
dimensional COF structures with high crystallinity, higher surface
areas and enhanced stability remains a priority.!'=!* Likewise, the post-
synthetic modification of COFs to tailor the porosity, functionality and
surface reactivity is often required to introduce a reactive functional
group/moiety, which otherwise is challenging in a single step due to
the potential occurrence of side reactions.»1>10

Solvothermal-based strategies extraordinarily enhance the COF
synthetic efficiency and quality for intended applications.'*~'® How-
ever, harsh experimental conditions (sealed Pyrex tubes, inert atmo-
sphere, high temperature/pressure and longer
(72-168 h)) for the formation of the porous, crystalline covalent
network preclude the ready availability and processability of COFs
while impeding scalability.>!” Additional post-synthetic modification
step(s) with time-consuming purifications and separations are often
required.!®! Alternate synthetic approaches are scarce, except for

reaction times

microwave-assisted synthesis,’>?! which has rather inconsistent syn-

thetic control; mechanosynthesis,22 which affords COFs with relatively
low crystallinity; and a few flow-based approaches, which lack long-
term scalability owing to potential channel blockage issues with time.
In particular, there are no reports on performing serially intensified
synthesis and post-synthetic modification of COFs.

The continuous flow of microdroplets (CFM) technique in micro-
fluidic channels to encapsulate molecular-building units has enabled
the production of several inorganic materials, such as metal organic
frameworks,?>?*  zeolites,”®> metal nanocrystals’® and silica
nanoparticles,”” with higher space-time yields and qualities. The
advantage of this process lies in the advection-based mixing and
minimal contact of the ‘in-droplet’-generated material with the
channel even at a high concentration of growing
particles.?>?® This process is unlike simple continuous processes,
which are prone to channel clogging at extended periods, especially
when the growing particles (such as COFs) are insoluble in most
solvents.Z? On the basis of these observations, we report an alternative
strategy for the serially intensified and continuous synthesis and post-
synthetic modification of p-ketoenamine-linked COFs based on a
CFM approach in a transparent polytetrafluoroethylene capillary.
B-Ketoenamine-linked COFs were chosen due to their exceptional
stability under varying chemical and thermal stresses, unlike imine-

surface

Center of Intelligent Microprocess of Pharmaceutical Synthesis, Department of Chemical Engineering, Pohang University of Science and Technology (POSTECH), Pohang,

South Korea

2Current address: Centre for Nanoscience and Nanotechnology, Panjab University, Chandigarh, 160015, India.

3These authors contributed equally to this work.

Correspondence: Professor D-P Kim, Center of Intelligent Microprocess of Pharmaceutical Synthesis, Department of Chemical Engineering, Pohang University of Science and
Technology (POSTECH), Room 304, Environmental Engineering Building 77, Cheongam-ro, Nam-gu, Pohang 37673, South Korea.

E-mail: dpkim@postech.ac.kr
Received 13 July 2017; revised 29 September 2017; accepted 12 October 2017


http://dx.doi.org/10.1038/am.2017.209
mailto:dpkim@postech.ac.kr
http://dx.doi.org/10.1038/am.2017.209
http://www.nature.com/am

Microfluidics Synthesis and Post-Synthetic Modification of COFs
V Singh and D-P Kim

and/or boronic acid-based COFs, which directly affects their applic-
ability. This high stability arises from the irreversible nature of the
imine-to-enamine tautomeric step, which is attributable to the
reasonably large basicity of the -NH group and then the phenolic
—OH group, leading to a stable f-ketoenamine linkage.>

MATERIALS AND METHODS

1,3,5-Triformylphloroglucinol  (Tp) was synthesized using a
procedure.”? All other chemicals, including reagents and solvents were
commercially available and procured either from Sigma-Aldrich (Seoul, Korea),
Alfa-Aesar (Seoul, Korea) or TCI Chemicals (Tokyo, Japan). All reagents were
used as received without any further purification. All solvents received were
dried and used under an inert gas atmosphere. All liquid-state 'H nuclear
magnetic resonance (NMR) spectra were recorded using a Bruker (Billerica,
MA, USA) AVANCE III 300 MHz FT-NMR spectrometer. All solid-state 13C
and "N NMR spectra (cross-polarization magic angle spinning were recorded
using a Bruker AVANCE II* 400 MHz solid-state NMR (ssNMR) spectrometer.
The powder X-ray diffraction (PXRD) patterns were recorded on a high-
resolution powder X-ray diffractometer (SmartLab, Rigaku, The Woodlands,
TX, USA) with a Cu Ko radiation source (wavelength=1.5405 A) operated at
30kV and a power of 30 mA utilizing a HyPix3000 detector. The data were
collected within the 20 range of 4—-40°. Solid-state ultraviolet—visible (UV—vis)
spectra were recorded on a Shimadzu (Kyoto, Japan) UV-2501PC UV-vis

known

spectrophotometer equipped with a 50 mm integrating sphere. BaSO4 was used
as a white standard reference. Diffuse reflectance spectral data were transformed
into absorbance using the Kubelka-Munk function. Fourier transform infrared
spectra were recorded in the wavenumber range of 650—4000 cm™! using a
JASCO (Tokyo, Japan) FT/IR-4600 instrument equipped with a universal ZnSe
ATR accessory. Thermogravimetric analysis (TGA) was carried out on a TA
Instruments model SDT Q600 instrument under a N, atmosphere at a heating
rate of 10 °C min~! within a temperature range of 30~800 °C. Scanning electron
microscopy (SEM, North Billerica, MA, USA) images were obtained with a
Philips (Amsterdam, Netherlands) XL30S FEG FE-SEM instrument with a
tungsten filament as an electron source operated at 5 kV. The samples were
sputtered with Pt before imaging. High-resolution transmission electron
microscopy (TEM) images were obtained on a JEOL JEM-2100F instrument
at an accelerating voltage of 200 kV and were manipulated using Gatan
Micrograph software (Pleasanton, CA, USA). TEM samples were prepared by
drop-casting the sample from an isopropanol solution onto TEM copper grids
(200 mesh) provided by Electron Microscopy Sciences (Hatfield, PA, USA). N,
adsorption—desorption isotherms were performed using Autosorb-iQ and
Quardsorb SI instruments from Quantachrome (Boynton Beach, FL, USA).
Inductively coupled plasma atomic emission spectroscopy measurements were
performed using a Perkin Elmer (Waltham, MA, USA) Optima8 300 instru-
ment with a radio-frequency power of 1300 W, plasma flow of 121 min~1,
auxiliary flow of 0.2 L.min, nebulizer flow of 0.6 1 min~! and a segmented-array
charge-coupled device detector.
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Figure 1 (a) Schematic representation of the covalent organic framework (COF) synthesis through initial imine formation and subsequent tautomerization to
give the p-ketoenamine-linked COFs; (b) representation of the synthesis of the COFs (TpPa-H, TpPa-Me and TpPa-NO,) and serial post-synthetic modification
of TpPa-NO, to TpPa-NHy; (c) monitoring the ‘in-droplet’ reaction progress (15 min, 100 °C) using dynamic color changes and filling of the droplet with a

deep-red precipitate. Tp, 1,3,5-triformylphloroglucinol.
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COF synthesis using a CFM technique

The OBUs, Tp (Dsp) and the individual diamine (Pa) (that is, 1,4-phenylene-
diamine (Pa-H, Djyp), 2,5-dimethyl-1,4-phenylenediamine (Pa-Me, D) or
2-nitro-1,4-phenylenediamine (Pa-NO,, Cj},)) in a 2:3 molar ratio were partially
dissolved in 2 ml of a dimethylacetamide (DMA) and water mixture (9:1, v/v) for
the synthesis of COFs with three different substitutions (TpPa-H, TpPa-Me and
TpPa-NO,, respectively). Thereafter, 200 pl of 6 M aqueous acetic acid was slowly
added to the mixture to pre-mix the OBUs. This partially solubilized mixture was
carefully taken in a 10 ml syringe and quickly fed into a T-junction through
polytetrafluoroethylene tubing with a flow rate varying from 20 to 80 pl min ™!
using a Harvard Model PHD 2000 syringe pump (Holliston, MA, USA). In
another syringe, silicone 0il/FC-40 oil was utilized as a carrier fluid. Note that the
DMA/water mixture has negligible solubility in silicone oil even at elevated
temperatures. Silicone oil was flown at a higher rate (60-240 pl min~!)
proportional to the flow rate of the pre-mixed OBUs. At the T-junction, facile
droplet generation occurred, and the droplets were then carried by the coiled
polytetrafluoroethylene tubing, which was immersed in the silicon oil bath kept
at a desired temperature (80-100 °C). Optimization of the flow rates and
characterization details indicated that a residence time of 15 min was suitable to
obtain high-quality COF products. However, lower residence times resulted in
the presence of unreacted and oligomeric materials in the COF pores. Therefore,
the reaction time was equivalent to the residence time of the droplets in the
heating bath. The droplets were imaged using an optical microscope at time
points of 1, 3 and 5-10 min, where the droplets became filled with solid material
between 5 and 10 min. The droplets were collected at different time intervals
(after 5, 10 and 15 min), washed with n-hexane to remove silicone oil,
sequentially washed with 10 ml each of dry DMA, acetone and DCM, and
vacuum-dried at 150 °C for 12 h to obtain the deep-red-colored COFs.

Serial post-synthetic modification of the COFs

The TpPa-NO, droplets exiting the heating bath in the first step were merged
with the incoming solution of anhydrous SnCl, in DMA/ethanol at the second
T-junction. The flow rates were adjusted for efficient mixing as much as possible.
The combined droplets were moved through a heating bath maintained at 50 °C
for a residence time of 10 min, collected over dry n-hexane and subsequently
washed with 5 ml each of dry n-hexane and DMA and 20 ml of acetone. After
drying, the reddish-brown powder was treated with 5 ml of 1 M HCl for 10 min.
Further washing with 30 ml of 1 m HCl, a copious amount of water and 20 ml of
acetone, and vacuum drying at 150 °C provided activated TpPa-NH,.

Catalytic performance of Pd(OAc),-TpPa-H (1)

In a typical catalytic reaction, 0.5 mol % of Pd(OAc),-TpPa-H (1) was added to
a mixture of a 1.0 mmol of a suitable aryl halide, 1.5 mmol of phenylboronic
acid and 2.0 mmol of potassium carbonate in 5 ml of p-xylene and refluxed at
150 °C for 4 h. Thereafter, the reaction mixture was centrifuged, and the solid
material was washed with dichloromethane (30 mlx3). The remaining solid
contained the catalyst. The collected organic fractions were combined, washed
with water (20 mlx 3) and evaporated under reduced pressure to obtain the
crude product. Chromatographic purification over silica gel yielded the pure
product in >90% yield. Catalyst recycle tests were performed under similar
conditions as above using p-methoxybromobenzene and phenylboronic acid as
coupling partners. The catalyst was recovered by centrifugation, consecutively
washed with dichloromethane and methanol, dried and used as the catalyst for
the next cycle. The initial Pd content was found to be 7.06 wt%, and after three
cycles, the Pd content decreased to 6.77 wt%, as determined by inductively
coupled plasma atomic emission spectroscopy.

COF stability tests

Thermal stability. To ascertain the extents of structural stability and decom-
position patterns of COFs and their usability at elevated temperatures, the
COFs were subjected to increasing temperatures ranging between 30 and
800 °C under a N, atmosphere with heating steps of 10 °C min~! using the
TGA instrument.

Temporal stability. The COFs were kept in open air for 2 weeks at room
temperature to determine their extents of degradation under atmospheric
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conditions. For this purpose, solid-state UV—vis spectra were recorded after the
synthesis, at the end of the first week and at the end of the second week.

Chemical stability. To determine the stabilities of the COFs under chemical
stress, the COFs were dispersed in various solvents, including water, DCM,
hexane and 9 M HCI for 48 h at room temperature. Afterwards, they were
subjected to a purification process and activated at 150 °C under vacuum before
subsequently measuring their respective PXRD patterns.

RESULTS AND DISCUSSION
Three p-ketoenamine-linked COFs with different substitutions,
namely, TpPa-H, TpPa-Me and TpPa-NO, (Figure 1), were synthe-
sized using a CFM technique under ‘microfluidic-solvothermal’
conditions.?>*! In a typical procedure, a solution containing 0.08 M
Tp and 0.12 M the corresponding p-diamine in 2 ml of a N,N-DMA
and water mixture (9:1, v/v) and 6M aqueous acetic acid
(Supplementary Table S1 and Supplementary Figure S1) was first
fed into a T-micromixer through a 0.01 m straight capillary. Silicone/
FC-40 oil, utilized as a carrier fluid, enabled smooth microdroplet
generation with a lateral diameter of ~200 pm at the T-micromixer
with judiciously optimized flow rates (dV/dt). A 1:3 flow rate ratio of
the OBUs to oil was found to be optimum. The OBU-filled
microdroplets moved through the coiled capillary maintained at an
elevated temperature (80—100 °C) for a residence time of 5-15 min
(t;). ‘By-eye’ visualization of the dynamic color changes (yellow—
orange - red) assisted in monitoring the reaction progress over time,
where the initial OBUs transformed into oligomers (yellow-orange)
and finally into the CFM-based COFs (deep red).>

Apparently, the reaction conditions prohibited separate injection of
the OBUs through two inlets, as this invariably led to the deposition of
solid material at the T-junction at extended periods, likely due to
unrestrained, violent mixing and direct contact with the channel
surface. The optimized DMA/H,O (9:1, v/v) content intentionally
allowed only partial solubility of the pre-mixed OBUs at room
temperature to enable initial ‘error-correction’ akin to solvothermal
conditions. Note that the choice of solvent was based on the partial
solubility of at least one reactant at room temperature. Finally, we
observed a stable flow of droplets with no difficulty in back pressure
regulation, likely due to the suppressed volatility of DMA even at
~100 °C. Other tested solvents, that is, mesitylene, toluene, dioxane
and benzene, could not sustain smooth droplet generation and flow
due to violent motion and their undesirable solubility in silicone oil,
which resulted in material deposition on the channel surface. Under
these conditions, we achieved a remarkable continuous production
rate in excess of 40 mgh~!. Notably, the continuous flow process can
be scaled-up further by constituting parallel channels or by stacking a
number of reactors.>*= In addition, we tested our approach vis-a-vis
with recent regular continuous flow reports for imine-based COFs®’
and boronate-ester-based COF films,>® but longer reaction times
(>1min), even at room temperature, clogged the transparent
capillary with bulk COF powder. Moreover, the tautomeric step did
not appear to materialize in the given timeframe, thereby making
regular flow methods untenable for the p-ketoenamine-linked COFs.

The reaction progress at 100 °C was established via optical imaging of
the microdroplets, the concomitant color changes and ATR-IR (Atte-
nuated total reflectance-Infrared) analysis. For TpPa-Me, the droplets
completely grew within 5-10 min (Figure 1c), and the collected orange-
colored material exhibited ATR-IR resonances of C=0 at 1620 cm ™1,
C=N at 1690 cm™~! and phenolic O-H at ~3000cm™! (at 5min)
related to either imine-based oligomeric species or the COF with
trapped/unreacted OBUs (Supplementary Figure S2A and B). In
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contrast, after 15 min of reaction, the color changed to deep red, and
new ATR-IR resonances related to the enamine linkage, that is, C=C at
1580 cm ™! and G-N at 1250 cm™!, were observed (Figure 2a). The
broadened C = C absorption likely implied overlap with the lower-energy
B-keto (C=0) absorption. In addition, TpPa-Me showed a typical
methyl G-H absorption at 2920 cm ™!, and TpPa-NO, showed specific
NO, symmetric and asymmetric absorptions at 1346, 1445 and
1523 cm~ . Lower reaction temperatures (< 100 °C) and shorter droplet
residence times (<10 min) led to incomplete reactions, as confirmed by
ATR-IR analysis (Supplementary Figure S2). 1*C cross-polarization magic
angle spinning ssSNMR spectroscopy of the powders obtained with a
15min reaction time at 100°C revealed peaks consistent with the
enamine carbon (=C-NH) at ~ 145 p.p.m. (Figure 2b), methyl carbon
(—=CH3) for TpPa-Me at ~ 17 p.p.m. and f-keto-carbon (-C=0) at
~ 182 p.p.m., along with the notable absence of the imine carbon (-
C=N) resonance at ~165p.p.m. These analyses reveal that the
advection-based heat and mass transfer in the moving droplets effectively
facilitated the initial reversible imine formation and then locking of the p-
ketoenamine tautomeric form throughout the framework.

The PXRD patterns for the COFs synthesized at 100 °C were
recorded at droplet residence times of 10 and 15 min (Supplementary
Figure S3). The PXRD patterns at 15 min displayed characteristically
intense peaks at ~5.0° and relatively less intense but somewhat broad
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Figure 2 Spectra of the covalent organic frameworks obtained by the in-
droplet approach at 100 °C for 15 min reactions. (a) ATR-IR spectra clearly
indicating the absence of the organic building units and oligomers; the y
axis is %transmittance; (b) 13C cross-polarization magic angle spinning solid-
state nuclear magnetic resonance spectra displaying the characteristic p-keto
peaks at ~ 180 p.p.m.
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peaks at ~8° ~12° and 25-28°, corresponding to the (100), (110),
(210) and (001) reflection planes, respectively. These reflections are
comparable to previously reported solvothermal-based COFs and the
simulated patterns (Supplementary Figure $4).2231% However, these
features were not observed at 10 min. Note that the broadness of the
PXRD peaks for the B-ketoenamine-linked COFs is a well-established
phenomenon, which likely originates from stacking faults or disloca-
tions, displaying an inter-layer distance estimated at ~ 3.4 A.40 It is also
noteworthy that this series of COFs has not yet shown very high
crystallinity in comparison to COFs with reversible imine or boronate-
ester linkages.?! The high-resolution TEM images revealed parallel-
aligned, stacked sheets*® composed of crystalline domains with sizes of
1040 nm (Supplementary Figures S5 and S6). Accordingly, we
observed improved nanoscale crystallinity with slightly enhanced
short-range ordering, when compared to the P-ketoenamine-linked
COFs obtained by conventional solvothermal methods. SEM revealed
a spherical morphology with a spinous surface, a known feature of this
class of COFs (Supplementary Figure S7). Subsequently, we monitored
the thermal, temporal and chemical stabilities of the COFs. TGA
showed sufficient thermal stability up to at least 300 °C under nitrogen
(Supplementary Figure S8). The nature of the TGA curve and
decomposition pattern was found to be substituent-dependent. For
TpPa-Me and TpPa-NO,, the methyl/nitro groups decompose before
the actual decomposition of the entire framework, which is also in
agreement with the solvothermal-based reports.zz’3 I Furthermore,
when kept in open air, these COFs were found to be temporally
stable for at least 14 days, as evidenced by solid-state UV—vis spectra
(Supplementary Figure S9). The photoabsorption profiles of these
COFs revealed an absorption edge at 500-550 nm and were found to
be dependent on the nature of the substitution. For instance, for the
neutral (Pa-H) and electron-donating (Pa-Me) substituents, the solid-
state UV—vis spectra of the COFs were redshifted in comparison to the
electron-withdrawing Pa-NO,. The chemical stabilities at ambient
room temperature were confirmed by their PXRD patterns, which
remained intact even when the COFs were exposed to water, organic
solvents and highly acidic (9m HCI) conditions for at least 48 h
(Supplementary Figure S10). These results are indicative of the
persistent order across the framework, where stable z—7 stacking
interactions drive the COF crystallization under ‘droplet-solvothermal’
conditions and maintain the structural integrity under harsh conditions.

After collecting substantial amounts of the COFs, we performed
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Figure 3 N, sorption isotherms at 77 K for the post-treated covalent organic
frameworks synthesized at 100 °C for 15 min reactions.
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Figure 4 (a) Depiction of Pd(OAc), coordination to the TpPa-H layers leading to the formation of Pd(OAc),-TpPa-H (1); (b) 13C cross-polarization magic angle
spinning solid-state nuclear magnetic resonance spectra of TpPa-H and 1; (c) X-ray photoelectron spectroscopy (XPS) spectrum of 1 revealing characteristic
peaks at 337.7 and 343.2 eV, corresponding to the 3ds, and 3ds), states of Pd(ll). Tp, 1,3,5-triformylphloroglucinol.

simple post-treatment process to study its impact on the COF
characteristics, that is, the structural integrity and microscopic
effects.*> Herein, the process included heating the powder material
at 120 °C in water, then filtering and drying under vacuum. The post-
treatment duration was optimized based on the steric properties of the
substituents, that is, ~ 1 h for TpPa-NO, and a few minutes for TpPa-
H. Notably, extended post-treatment did not yield any better results.
Nevertheless, we did not observe any remarkable changes to the '*C
ssNMR spectra (Supplementary Figure SI11) and TGA curves
(Supplementary Figure S8) of the COFs after post-treatment, indicat-
ing that their chemical functionalities were intact. The noted
irreversibility of the tautomeric step makes ‘error-correction’ unlikely
in terms of chemical modification. However, the high-resolution TEM
images showed considerable alterations, where TpPa-H showed a
flower-like morphology with petals with a sheet-like structure,
consistent with literature reports,>"*> while TpPa-Me and TpPa-
NO, exhibited aligned stacked sheets and crystalline domains with
sizes of 20-60 nm (Supplementary Figure S12). These changes are
indicative of layer restacking or a reduction in stacking faults leading
to enhanced ordering. Then, we performed N, adsorption—desorption
studies at 77 K on the post-treated COFs, which exhibited typical type
I adsorption isotherms with Brunauer-Emmett-Teller (BET) surface
areas (Spgr) of 632, 934 and 167 m? g~ ! for TpPa-H, TpPa-Me and
TpPa-NO, (Figure 3), respectively, which are indicative of micropor-
ous structures with average pore sizes of ~1.8 nm (Supplementary
Figure S13). The Sggt values are comparable or even larger than those
obtained from solvothermal methods or mechanosynthesis.?!3>

We also monitored the substituent (Ri/R,) effects on the COF
properties. The largest effect was evident in the PXRD patterns of the
COFs, where a general broadening of the peaks at higher 260 was

observed moving from H - CH; - NO, (Figure 1 and Supplementary
Figure S3 (bottom)). In addition, the presence of the relatively bulky,
flexible and electron-withdrawing NO, group in TpPa-NO,, which
can potentially block the pore space and result in less-effective 7—n
stacking interactions between adjacent layers, afforded lower crystal-
linity, based on a comparison of the increased intensity of the (001)
peak with respect to the (100) peak, which was further demonstrated
by the low Sggr even after post-treatment.

To establish the utility of these COFs, we performed a proof-of-
principle study utilizing post-treated TpPa-H as a heterogeneous
catalyst to conduct the Suzuki-Miyaura coupling reaction. First,
TpPa-H was loaded with Pd(OAc), to form the Pd(OAc),-TpPa-H
(1) active catalyst (Figure 4a).*>** The amount of Pd in 1 was
determined by inductively coupled plasma atomic emission spectro-
scopy measurements as 7.06 wt% (see the corresponding spectrum in
Supplementary Figure S14), while the acetate C=0O resonance at
174 p.p.m. in the 13C cross-polarization magic angle spinning ssNMR
spectrum (Figure 4b) confirmed the presence of the Pd(OAc), moiety
in the framework. In addition, X-ray photoelectron spectroscopy of 1
showed characteristic 3ds;, and 3ds, peaks at 337.7 and 342.3 eV,
respectively, in accordance with literature values for a Pd?** state
(Figure 4c).*> Note that the characteristic peaks of Pd(0) metal are
observed at ~334.9 and 340.2 eV.43 A comparison of the TGA curves
of TpPa-H and 1 indicated only a modest loss of structural stability
due to Pd(OAc), incorporation (Supplementary Figure SI15A).
Furthermore, 1 displayed a Sggpr of 400 m>g~!, which decreased
compared to TpPa-H (632 m? g~1), while the pore size distribution
curves of TpPa-H and 1 indicated Pd(OAc), partially occupied the
micropores of TpPa-H (Supplementary Figure S15B and C). The Sggr
for 1 is indicative of fairly accessible pores for potential guests
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Figure 5 Intra-reduction of TpPa-NO, to TpPa-NHy via post-synthetic
modification in a serial microfluidic process. (a) ATR-IR spectra; (b) 15N
cross-polarization magic angle spinning solid-state nuclear magnetic
resonance spectra. Tp, 1,3,5-triformylphloroglucinol.

(Supplementary Figure S15C) when compared to literature reports
with other COFs.*>* The catalytic reactions using 1 resulted in
expected biphenyl product yields in excess of 90% (Supplementary
Table S2 and Supplementary Figures S16-S18). Note that the pristine
TpPa-H was unable to catalyze these reactions at all. The high surface
area of 1 compared to other Pd-loaded COFs and only ~4% Pd
leaching after three rigorous catalytic cycles (7.06 wt% Pdipia to
6.77 Wt% Pdcyqe3 in Supplementary Figure S14) could be the result of
the strong adherence of Pd(OAc), in the post-treated COF layers,
which signifies a moderate improvement over the work of Ding et al.*4
despite our limited scope of reactants under similar conditions.

The next target was to serially modify the obtained COFs into
potentially more useful forms, particularly transforming TpPa-NO,
into TpPa-NH,. The presence of reactive functional groups, such as
—NH,, in framework structures facilitate intended applications, such as
selective gas adsorption*>. However, pre-synthetic -NH, incorporation
in the COFs under study is complicated, as this functionality strongly
reacts with the aldehydic OBUs, which even inhibits framework
formation.> Therefore, a separate post-synthetic modification process
is often required, which entails step-wise purification and separation
steps. To avoid these issues, we applied a one-step, serial microfluidic
strategy to reduce TpPa-NO, to TpPa-NH,, which is advantageous in
terms of integrated and on-demand syntheses. For this purpose,
droplets containing the grown TpPa-NO, particles were directly fed
into another T-micromixer, where they spontaneously merged with a
SnCl, solution in DMA/EtOH (9:1, v/v) after careful optimization of
the flow rates (Figure 1b). The merged droplets moved through a
coiled capillary in a heating bath maintained at 50 °C for only 10 min.
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This serial microfluidic strategy did not require any protracted
separation steps and completed the transformation in 1/10th of the
reported time of the bulk process.!®

This intra-reduction process was monitored by ATR-IR analysis,
where characteristic -NO, resonances (vide supra) disappeared and a
broader C-N resonance (-C-NH,) appeared at 1261 cm™!
(Figure 5a). Complementarily, the 1°N cross-polarization magic angle
spinning ssNMR spectra of TpPa-NO, showed a single signal at
—244 p.p.m. corresponding to a 2° amine (-C=NH), while TpPa-
NH, exhibited an additional signal at — 357 p.p.m. assigned to the 1°
amine (—C-NH,) in the framework (Figure 5b). Furthermore, there
were no discernable changes in the PXRD patterns, crystallinities and
morphologies of the COFs after the reduction process (Supplementary
Figures S19 and S20). Interestingly, the Sggr for TpPa-NH, was found
to be 177 m? g~ !, slightly higher than that of TpPa-NO, (167 m?> g~ 1)
(Supplementary Figure S21). These analyses imply that the substituent
chemistry was selectively and precisely switched throughout the
framework, which was made possible by the fairly accessible pores
in the TpPa-NO, backbone, with no change in structural integrity in
our serially intensified synthesis. Therefore, we conclude that our one-
step synthesis and post-modification strategy via this model reaction is
effective and time efficient. To the best of our knowledge, this is the
first report on a serially intensified synthesis and post-synthetic
modification of COFs in a CFM technique.

CONCLUSIONS

To summarize, our objective was to develop a fast, effective and serial
process for the synthesis of COFs and their post-synthetic modifica-
tion by to avoid long separation and purification steps. For this
purpose, we confined OBUs for the synthesis of specially chosen
f-ketoenamine-linked COFs in continuously moving droplets in a
transparent capillary for 15min at 100 °C and obtained crystalline
COFs, as established by complementary techniques. The choice of
solvent, which showed very limited volatility at high temperature
(~100 °C) and allowed only partial solubility of the reactant(s), was the
critical factor for a stable, continuous stream of microdroplets.
However, the choice of solvent may vary for different classes of COFs,
and this could restrict the feasibility of our process in limited cases. In
addition, the flow rate ratio of the carrier fluid and reactant solution
played a considerable role in the creation of microdroplets at the
T-micromixer. We speculate that a simple post-treatment could help
reduce stacking faults and improve the COF properties.

To assess the applicability of the continuously synthesized COFs, we
used Pd(OAc),-loaded TpPa-H as an active catalyst to perform proof-
of-principle catalysis of the Suzuki-Miyaura coupling reaction. It is
noteworthy that the in-line post-synthetic modification of these COFs,
as established by the conversion of TpPa-NO, to TpPa-NH, via a
serial microfluidic approach, is a promising step forward to eliminate
the long separation and purification steps to realize mass production
of suitably functionalized COFs for desired activities.
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