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ABSTRACT: Covalent organic frameworks (COFs) are commonlyssts.
synthesized under harsh conditions yielding unprocessable povg :
Control in their crystallization process and growth has been limited-t
studies conducted in hazardous organic solvents. Herein, we repofk
one-pot synthetic method that yields stable aqueous colloidal solutiong
of sub-20 nm crystalline imine-based COF particles at room temperatusp ~ —WaterRT o
and ambient pressure. Additionally, through the combination ofs: ..

experimental and computational studies, we investigated the mech@%ﬁ%ﬁ
and forces underlying the formation of such imine-based COF cotieidst ,%
in water. Further, we show that our method can be used to process e\
colloidal solution into 2D and 3D COF shapes as well as to generate a./*"
COF ink that can be directly printed onto surfaces. Thedags

should open new vistas in COF chemistry, enabling new application areas.
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INTRODUCTION boronate ester-linked COFs via a seeded growth précedure.

Covalent organic frameworks (COFs) are porous crystallinT erefore, having access to nanometer-sized particles of CO_Fs
materials generated from organic molecules linked via revers |gwed the a}uthors to overcome a Ion_g-standmg challenge in
covalent bonds.Since its discovery, COF chemistry hast€ €ld, thatis, the formation of large single crystals of COFs.
facilitated a modular construction of periodic crystalline matt su:tiesttms ?pe«:.lexagglg, C;OF crystal-downsl,)llzmg W'Itl tl)le

by connecting molecular subunits in a predictable and modufsffy !0 transtorming S Trom unprocessanle crystaliine
fashiorf. This strategy has proved cgent in generating powders into processable materials, integrating COFs into

extended crystalline and porous networks possessing permafRghPscale devicemnd establishing relationships between COF
porosity, high speci surface areas, and excellent thermal/CTystal size and properties. In addition, COF crystal downsizing

chemical stability, features that have found potential applicilll €xpand the range of applications of these materials, such as

tions in a vast number aflds’ However, conventional routes " the biomedical, device and printing afeavasenhance their

for COF synthesis involve high temperatures, which wh oava|lab|I|t§/.'Howeve.r, only nanopatrticles of boronate ester-

combined with the low solubility of the initial building blocks irfi"kéd COFs in organic solvents have been reported’so far,

common reaction media, yield poor control over the size of tHénfortunately, boron-based COFs have poor chemical

crystalline domains and the morphology of COF cf\/stals.Stak?'!'t'eS’ which limit theirrgctical |mpl_ementat|0n. In _

Unsurprisingly, such drawbacks have hampered the extractiof@fition, the fact that hazardous organic solvents are still

reliable information regarding theas of crystallite size and réquired as a medium to stabilize their colloidal dispersion

morphology on COF properties. Accordingly, muatt s pre;cludes their use in blolpglcal environments. In contrast,

now focused on both understanding and controlling the growtfline-based COFs are sigantly more stable and robust for

of COF crystals at length scales spanning from the nanometePfgctical us€Nevertheless, despite the high number of reports

micron scales. on imine-based COFs, it has not been possible yet to downsize
Recently, Dichtel and co-workers reported on the preparatian

of stable particles of boronate ester-linked COFs, whose size rabeived: November 27, 2019

be modulated between 40 and hundreds of nanometers by usmglished: January 27, 2020

mixtures of organic solvents at high temperatater, such

COFs colloidal solutions in organic media have been used by the

same authors for preparing micron-sized single crystals of
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W ACS Publications 3540 J. Am. Chem. S02020, 142, 35403547


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Franco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Rodri%CC%81guez-San-Miguel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Sorrenti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Semih+Sevim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramon+Pons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+E.+Platero-Prats"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+E.+Platero-Prats"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marko+Pavlovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Istvan+Szila%CC%81gyi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Luisa+Ruiz+Gonzalez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+M.+Gonza%CC%81lez-Calbet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Bochicchio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Bochicchio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Pesce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanni+M.+Pavan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inhar+Imaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mary+Cano-Sarabia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Maspoch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvador+Pane%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvador+Pane%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+J.+de+Mello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Zamora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josep+Puigmarti%CC%81-Luis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b12389&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12389?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12389?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12389?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12389?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12389?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.9b12389?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS

Water, RT
%
+ 72 h >

TAPB-BTCA COF
colloidal particle

’ (o]
= e = Y —  Surfactants
=9 SN = = (CTAB/SDS 97:3)
A P So
TA

Intensity/ a.u.

05 10 15 20 25 30 35 40 45 50
/A’

Figure 1. TAPB-BTCA CORanoparticles. (A) Schematic representation of the synthesis of tARBeRT CA COmanoparticles in water. (B)
Photograph of the transparent reaction mixture. (C) Synchrotron >erewtiil diraction data of the reaction mixture contaifikigB-BTCA
COFnanoparticles. Experimentatdéntial data obtained after subtracting the data corresponding to the solvent mixture to that collected on reaction
mixture containin§APB-BTCA COFanoparticles are shown in red, with the calcutaisthgP3 a 15.91 Aand 3.54 A as rared cell

parameters in blue and associated residuals in gré@mandR,, values of 16.3% and 13.7%, respectively. (D) Cryo-TEM iMaAgBeBTCA

COFcolloid. For clarity, som&PB-BTCA COFhanopatrticles are outlined in green and some micelles are indicated by orange arrows. (E) HR-
TEM image of ZAPB-BTCA COFRhanoparticle along the [-211] zone axis, with the inset showing the FFT. (F¢d/idBATEM image of a

de ned area in (E) overlaid with the schematic structural mdded?BEBTCA COFalong the [-211] projection.

them to the nanoscafePut simply, routes for producing with computational calculations, gave unprecedented insights
aqueous colloidal solutions of imine-linked COF nanoparticlésto the mechanism and forces underlying the formation of
are still missing. imine-linked COFs. Additionally, we show that the produced
To overcome this limitation, we report here ariest one- colloids enable the processing of COFs into 2D and 3D shapes
pot method to generate stable and homogeneous colloidalch as crystalline freestandimg and monoliths. Further, we
solutions of sub-20 nm imine-linked COF patrticles in water. Thgrove that such colloids can also be used as inks to directly print
synthesis of crystalline COF colloids was performed frstthe COFs onto surfaces. Finally, we demonstrated the generality of
time at room temperature using micelles as reaction nanodr method by applying it to the synthesis of m@igdinic
compartments. This approach was inspired by living systefmsmework (MOF) colloids. In particular, we show the synthesis
that make use of camed volumes (such as intracellular of 20 nm MIL-100(Fe) particles at room temperature and
compartments) to control crystallization processes in aquecaimbient pressure. MIL-100(Fe) is a prototypical MOF that
media:? *® This method allowed us to use a combination ofrequires harsh conditions for its synthearsd only forms
experimental scattering techniques in solution that, togethiarger crystat§ We expect that the presented methodology will
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vastly increase knowledge on strucpuoperty correlationsin  mission electron microscopy (HR-TEM) study of drop cast
COFs and MOFs, allowing access to a large number of negaction mixtures further comed the crystallinity atAPB-
applications and functions while siamtly enhancing the BTCA COF nanoparticlestigure E shows a characteristic

bioavailability and processability of these materials. HRTEM image and its corresponding fast Fourier transform
(FFT). The measured periodicities (white arroWgjime E)
RESULTS AND DISCUSSION match well with the unit cell geometr'yAPB-BTCA COFRas

TAPB-BTCA COFis typically obtained via imine condensationviewed along the [-211] zone aXigjure F presents a
between 1,3,5-tris(4-aminophenyl)benZBABR) and 1,3,5- magryed detail of the above HR-TEM image overlgpped with
triformylbenzeneBTCA) in metacresol or DMSO. Addition-  the simulated crystal structureT&PB-BTCA COFviewed

ally, acetic acid is used as a catalyst tffiBB-BTCA COF  alongthe[-211] zone axis, suggesting a good match between the
as an insoluble and unprocessable crystalline poveiein,  lightand dark fringes of the micrograph and the higher and lower
we employed theatanionimicellar systef¥' formed froma  atomic density regions of the COF structure. Additionally,
mixture of cationic hexadecyltrimethylammonium bromid€&canning electron microscopy (SEM) images of drop cast
(CTAB) and anionic sodium dodecyl sulfate (SDS) surfactanf§action mixtures revealed the presence of weddand
(CTAB/SDS 97:3) to generate stable colloidal solutions ofiniform nanoparticles (and nanoparticle clusters), with a size
crystallinefTAPB-BTCA COFnanoparticles in wateFiure that corr_elates well with both DLS and cryo-TEM measure-
1A). Note that this surfactant ratio guarantees the formation &hents figure STA _

small mixed micelles in iatanionimixture instead of bigger ~ After conrming that sub-20 nitAPB-BTCA CORarticles
vesicles as previously repatiemhd here it was optimized to  €an be generated, we investigated the possibility of isolating the
achieve the smallest size of colloidally $¥BB-BTCA COF COF material as a bulk solid. To this purpose, we added ethanol
nanoparticlesF{gure S)L The micellar medium allows the tothe reaction mixture to destabilize the surfactant agdfegates,
solubilization in water of the otherwise insoluble molecularhich triggered theocculation of APB-BTCA COFnano-
building blockBTCAandTAPBat room temperature, yielding particles as aninsoluble yellow powder, hereafter téxRigd

two homogeneous solutions of the reactants loaded into CTABTCA COF(s) After occulationfAPB-BTCA COF(syould

SDS mixed micell&sAfter mixing the solutions and adding Pe simply isolated from the reaction mixture by centrifugation.
acetic acid, the reaction mixture turned orange, indicating tHé\PB-BTCA COF(s)vere characterized by Fourier-transform
formation of imine bonds characteristitA®B-BTCA COF  infrared (FT-IR) spectroscopy and solid-state cross-polar-
growth. However, and in contrast to observations in standakation/magic angle spinning nuclear magnetic resotiénce (
synthetic protocols, the reaction mixture remained clear af&P-MAS NMR). FT-IR spectra comed the presence of imine
homogeneous with no apparent precipitafigu(e B), even bonds through the appearance of the characteristic imine C=N
after storage at room temperature for six months. Indeed, whifetching band at 1623 criFigure Sp while solid stateéC
irradiated with a laser£ 630 nm), the reaction mixture clearly CP-MAS NMR spectra exhibited the representative signal of the
exhibited WillisTyndall scattering behavidgon rming the ~ imine carbon atom at 157.1 ppRig(ire Sp Additionally,
presence of colloidal particl€sg(re SR To validate the  powder X-ray diaction (PXRD) patterns GfAPB-BTCA
existence of crystallifi@PB-BTCA COFhanoparticles inthe  COF(s) (Figure Sywere in excellent accordance with those
reaction mixture, synchrotron X-rayatition measurements previously reported for this matéria.should be noted that
were performed directly on the colloidal solution generated afiéte measured PXRD peaks were broader than those usually
mixing. The experimentaleliential diraction data weréted observed foafAPB-BTCA COF(s)prepared by conventional
using the Le Bail metifdd® against the reported structural bulk synthetic methodssuggesting the presence of smaller
model foTAPB-BTCACORP3a 15.91Aandc3.54Aas crystalline domainsTAPB-BTCA COF(sy ' The permanent

re ned cell parametersFigure C), demonstrating the porosity of TAPB-BTCA COF(s)was also commed by
presence of the crystalline COF phase with a main low-angjiérogen adsorption isotherm measurements on previously
peak centered gt= 0.46 A associated with the (100) Bragg activated samples, showing a characteristic isotherm with a
re ection*® Accordingly, this result unambiguouslyreoed ~ BrunauerEmmet Teller (BET) areaAggy) of 687 ntg * at

the formation of crystallif@APB-BTCA COFnanoparticles 77 K (Figure S Finally, the C@and water sorption properties

via the mixed micelle method. The sizes and morphology of thé TAPB-BTCA COF(s)vere also measuréddures S9 and
obtainedTAPB-BTCA COFnanoparticles were subsequently S10. It was found to be porous to £With a total uptake of 9
studied by dynamic light scattering (DLS) and cryogenionmol g*at 203 K and 760 Torr (1 mmol'gat 298 K and 760
transmission electron microscopy (cryo-TEM). DLS measurdorr). Moreover, water-vapor sorption isotherms showed a step
ments conducted on the reaction mixture after Zghré between 40 and 50% relative humidity, after which the water
S3A reported a monodispersestdbution of scatterers uptake increased monotonically untila maximum of 15% in mass
centered at 16 nm. Remarkably, the colloidal behavior of tf§@.15 g,..e:Gcor 1), Which is the typical behavior for this class of
reaction mixture remains stable and homogeneous (with moaterials bearing hydrophobic valls.

appreciable turbidity or size increase) for periods in excess of siXo clarify the processes underlying the formatibARIS-
months Figure S3B Additionally, cryo-TEM images of the BTCA COFnanoparticles in theatanionimicellar medium,
reaction mixture after 24 Rigure D) showed two derent time-resolvedn situ DLS and SAXS experiments were
populations of objects; one centereddt Bm and the otherat  performed. DLS indicated that the average hydrodynamic
16+ 1 nmindiameter. The former value correlated well with thdiameter of colloidal particles increased duringrdhdew

size of surfactant micelles determined by small-angle X-tayurs (after the addition of acetic acid), levelirtg gield a
scattering (SAXS) in the pure CTAB/SDS (97:3) mixture (see nal average hydrodynamic diameter of 1&iwuré SI)LIn

below and-igure SY with the latter comparing well with the contrast, when the synthesis was performed in pure CTAB
size distribution measured by DLS, and thus being ascribednicelles (i.e., without SDS), the siz& APB-BTCA COF
TAPB-BTCA COFnanoparticles. The high-resolution trans-continued to increase until precipitation occurred. Accordingly,
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Figure 2.Growth ofTAPB-BTCA COFanoparticles. (A, B, C) SAXS spectra of the reaction mixture at 5, 13, and 21 h, respectively. Experimental
data (symbols) and bess to the used scattering model (line). The insets illustrate the species measured at #rethregidies, with yellow

disks representing th&PB-BTCA COFcore, red cylinders the hydrophobic tails of the surfactants, and blue spheres their polar heads. (D, E, F)
Snapshots GFAPB-BTCA COFassemblies comprising 1, 3, and 10 layers, respectively, after CG-MD simulation in water. (G) Total interaction
energy (sum of solutsolute + solutesolvent + solvensolvent interaction terms) between the COF layers normalized per-COE;gyeN,

calculated from the MD simulations of TAPB-BTCA COF assemblies in water (red) and hexadecane (black). Energy of a single layer set to 0
reference in the plot. TheEor/ N becomes more and more favorable while the number of layers in the COF stacking increases, evidence of
cooperativity.

the role of the anionic surfactant was clearly evidenced, wittaction times (5, 13, and 21 h) are shoWwigimre 2along with
SDS reducing the electrostatic repulsion of CTAB heads in thigeir best ts obtained from the used scattering model (further
micellar aggregates (i.e., decreasing the surface energy) detdils are provided Bupporting InformatipdnThese three
favoring the formation of assemblies with lower curvatires. SAXS spectra describe threeereint regimes during the
This is demonstrated by the increase in size of the nanopartigieegress of the reactiofidure 2 C andFigure S12 At
when increasing the amount of SDS in the CTAB/SDS mixturghort reaction times (5 hiigure ), SAXS prdes twelltoa
(Table S). In addition, the decrease in curvature caused by SDiisk-particle model with a radius of 6.4 nm and a thickness of
facilitates the colloidal stabilization of COF oligomers and of tt2354 nm, which corresponds to a single layer of ARR:

nal TAPB-BTCA COFnanopatrticles even over extended BTCA COF (Figure S13/and Table Sp As the reaction
periods of time. Time-resolved SAXS experiments providedoceeded (13 h iRigure B), SAXS data showed a sicgunt
further insights into the growth mechanismA®B-BTCA increase in intensity at low values of the scattering gector (
COF nanoparticles. SAXS spectra of the two micellar solutionsn 1), together with the appearance of a broad feature around 2
containing th& APBandBTCA precursors (in the presence of nm 1, suggesting changes of electron density contrast (further
acetic acid) indicated the existence of:428nm diameter  discussion on the particle models used for the analysis of the
ellipsoidal micelles, comparable to what it was observed in p@&XS data, including details of th]tiang procedure are
CTAB/SDS (97:3) solutiong={gure S} These data indicate  provided in theSupporting InformatipA® This spectrum
that solubilization of COF precursors has a negligéoieos could then be betteitted to a COF-core@double-shell disk
the size and shape of the CTAB/SDS micellar aggregatesodel, with a core thickness of 0.91 nm corresponding to a
However, after mixing the two micellar solutions loaded witthree-layeredTAPB-BTCA COF stack surrounded by
COF precursors, clear changes in the SAX&pneere  surfactant moleculeBigure S13Bnd Table SP At longer
observed as a function of time. Scatterindeprat selected reaction times (21 h iigure £), the SAXS prde showed a
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Figure 3 Processability of the reaction mixture. (A) Schematic illustration of the homemade microengineered clamp uSesRB gEherate
COF(s) Ims. (B) SEM image of the cross-section of a freestanding mnnmsitetdined using the setup shown in panel A. (C) SEM image of a
TAPB-BTCA COF(spctahedron (500m edge). (D) Schematic illustration of the continuous@Bfocusing micraidic device used to print
TAPB-BTCA COF(s)The reaction mixture was directly injected through inlet 1, while ethanol was introduced via inlet 2. (E) PHo@igraph of
printed withTAPB-BTCA COFon a planar surface using the device shown in panel D.

marked changea@k 1 nm %, with a clear slope variation at 0.5 the less these interact with solvent molecules, which interact
nm L. This spectrum could also be described using a COFrore between them. The fact that this leads to a greater
core@double-shell disk model, but with a core radius of 8.9 radvantage in water is consistent with the hydrophobic nature of
and a thickness of 3.74 nhigure S13@ndTable SP This the COF layers. In other words, the driving force for aggregation
thickness corresponds to ten-layEfdeB-BTCA COFstacks predominantly arises due to an increase in the water
fully covered by surfactant. Importantly, these extracted valueteractions upon COF aggregation, that is, a signature of the
were in good agreement with the overall size of the colloidaydrophobic e=ct. In addition, MD simulations reveal a higher
particles as measured by DLS and cryo-TEM. It should be noteekxibility of the COF single-layer, which deformedagtiy
that the formation of a compact surfactant layer around the CQfuring the simulations (e.dgrigure P and Figure S14
nanoparticles is crucial for their stabilization in the reactiocompared to the stacked systekmigufe E,F). These data
mixture, preventing further growth andculation. Accord- also explain the greater tendency of surfactant molecules to
ingly, SAXS data suggest that after an initial phase of latdrakract with thicker assemblies (as measured by SAXS) since
growth by covalent polymerization, the increase in size dfid COF stacks have more extended hydrophobic patches
TAPB-BTCA COFnanoparticles is essentially driven by the(e.g., pore walls) than rippled single-layers.

stacking of COF layerdgble Sp Coarse grained In addition to the importance of obtaining colloidal solutions
molecular dynamics (CG-MD) simulations of single-, threeaf sub-20 nm COF particles in water, the described method-
and ten-layeréelAPB-BTCA COPparticles were performed to ology also cers new opportunities for particle processing.
gain further insight into the forces driving the self-assemblygdeed, until now, a major limitation for the further
process. The simulations were run in water as well as hexadedapdementation of COFs outside of laboratory environments
to simulate the hydrophobic environment of the micellahas been their unprocessable n3titere, we show that by
interior (seeSupporting Informaticfor further details about controlling the occulation and aggregationT&PB-BTCA
the CG model and simulations). COF nanoparticles in the reaction mixture (through the

Figure B F present snapshots of the equilibrated assembliasgldition of ethanol), 2D and 3DAPB-BTCA COFshapes

in water (sed-igure S14or the associated simulations in could be easily achieved. For exanipts, of TAPB-BTCA
hexadecane). Simulations cored the strong cooperativity in  COF(s) on the millimeter scale were prepared bynawg a
the interaction between COF layers in both solvents, where thencentrated reaction mixture into a homemade micro-
total interaction energy per-COF laydtr/ N: accounting  engineered clampigure 3) followed by evaporation of the
for solute solute + solutesolvent + solvensolvent inter-  solvent. The concentrated reaction mixture was prepared by
actions) becomes more and more favorable for the three asgichanging water for ethanol (further details are provided in the
ten-layere@tAPB-BTCA CORparticles. By comparing the two Supporting InformatipnWe observed that highly uniform
cases, the aggregation was found stronger and more cooperditaastandingms with controlled thickness in the range of 0.5 to
in water than in hexadecaRgy(ire &, total energetic gain per- 50 m were e ciently obtained via this approdely(re B and
COF layer), suggesting that the self-assembly and stacking offfiipires S16 and J1Alternatively, reducing the size of the
COF layers is globally more stabilized in water (highehomemade microengineered clamp to squares of ¥t@ral
cooperativity) compared to hexadecane (lower cooperativitygize or even changing its 2D shape to 3D morphologies led to the
However, when considering only the sotieite contribution  generation of smallEAPB-BTCA COF(s) Ims (Figure S18
in this analysis, the data extracted from the simulations show tbat3D octahedrond={gure € andSupporting Informatipn
the cooperativity, although always present, is rather similarin 8EM analysis of these structures showed a nanoparticulated
two casesHjgure S1p Altogether, these results indicate that texture similar to the one observedri®iPB-BTCA COF(s)
the additional driving force that makes the aggregation mofEigure S1P These data indicate that the processing steps
cooperative in water than in hexadecane can be imputed alowedTAPB-BTCA COF(s)o be shaped into 2D and 3D
solvent eects. The more the COF layers interact between thenmorphologies, with negligible reductions in the integrity of the
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COF material. Additionally, PXRD patterns of these structures ASSOCIATED CONTENT
were identical to those previously reported in the literature far

this COF figure S20AInterestingly, the controlled dsion ; . CEi
of ethanol to the reaction mixture through a @®-focusing Mgtt)?ensalssi ndSI;/I-eE\r/llc(;g?e, Ssulp pl.?{}?gﬂgpgﬁﬁ;:%%?ﬁiilon is

micro uidic device allowed us to generate a processable ch ailable free of chargehebs://pubs.acs.org/doi/10.1021/
ink from the initial colloidal solution. Indeed, the lamowar . ' R '
Earcs.9b12389

conditions operating within such a device provided control ov

Supporting Information

the occulation and aggregation TAPB-BTCA COF Movie of direct printing of TAPB-BTCA COF colloid

nanoparticlesF{gure B). Accordingly, a direct printing of (MP4)

TAPB-BTCA COF(s)pnto surfaces was possible through the Materials and methods, syntheses and fabrication, SEM

tubing connected to the outlet of the miardic deviceKigure images, photographs of colloidal solution, DLS size

3E andVideo S). PXRD analysis of the printed structures distributions, SAXS ples, ATR-FT-IR spectr¥C

con rmed thatTAPB-BTCA COF(s)was deposited-{gure CP-MAS NMR spectra, PXRD patterns,@0,, and

S208. . water adsorption and desorption isotherms, hydro-
To demonstrate the generality of our method, we prepared dynamic diameter variation, model used for SEXG

another imine-based COF, nariighCOF>" via the reaction SAXS parameters, TAPB-BTCA COF assemblies, solute-

of 2,4,6-tris(4-aminophenyl)-1,3,5-triazine BNGA in a solute interaction energy, SEM micrographs, optical

CTAB/SDS (97:3) mixture. SEM, DLS, and PXRD analyses  mjcrographs, TGA tracdz{P
clearly corrmed the formation diz-COFparticles with a size

distribution centered around 20 niFigires S21S23.%?

Permanent porosity was measured using BET analysis, with AUTHOR INFORMATION
results agreeing with previously reported values for the sa®grresponding Authors

COF material Kigure S26™ Finally, it is signcant to note Felix Zamora Departamento deéifiga Inorgéca, Institute
that our method can be extended to MOFs. To demonstrate  for Advanced Research in Chemical Sciences (IAdChem) and
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